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SUMMARY

The rapid development of organic electronics isglileg to a number of promising
devices in the area of energy sources and congarv@.g., solar cells and solid-state
lighting), while also advancing display technologgnsors, and thin-film transistors.
One obstacle to this development is the susceipyibil these devices to water vapor and
oxygen, which are well known to cause rapid degradan many organic electronic
devices. In order to guarantee the minimum lifetimeeded for various applications,
high barrier performance encapsulation materiats structures must be developed and
has been the object of much experimental reseaddbwever, there is a dearth of
comprehensive studies which link the characteonatmodeling, and integration of ultra-
high barrier films with organic electronics. Sustudies are necessary in order to
advance the understanding of thin-film encapsutatiad to find methodologies which
greatly improve its performance.

The present work investigates the processing awvelal@ment of high quality
single-layer and multilayer encapsulation architees for ultra-high barrier films. For
compatibility with organic electronics, this stufbcuses on low temperature fabrication
processes which can lead to poor film quality. di@wumvent the issue of defects,
multilayer encapsulation films with alternating rganic and organic layers were used to
provide ultra-low permeation films. By reducingeticomplexity of typical multilayer
architectures, a new encapsulation processing guoeavas developed which combines
a plasma enhanced chemical vapor deposition fabdciamorganic film followed by a

high quality film deposited by atomic layer depmsit The improvements that this

XXii



hybrid film provided were through the quick coatin§ the device via plasma-based
deposition followed by a short atomic layer deporiexposure to seal the defects in the
first film. The barrier performance of all thinsh encapsulation was characterized in
terms of the effective water vapor transmissioe (8¢VTR) by using Ca corrosion tests.
A detailed study of the water vapor permeation raa@m through thin-film layers was
presented. Finally, fully characterized encapsutalayers were integrated with organic
solar cells to validate the effectiveness of thaibalayers. The compatibility of the
encapsulation process with organic devices was stigagged by comparing the
performance parameters of organic device before aftdr encapsulation. The
parameters of encapsulated organic devices witlbusarencapsulation structures were
compared with their initial values as a functioregposure time to atmosphere to provide

a link between effective WVTR and shelf-lifetime ehcapsulated organic devices.
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CHAPTER 1

INTRODUCTION

1.1  Reliability Issues of Organic Electronic Devices

Over the past decade, rapid advances in organieccgeducting materials and
their processing techniques have led to the dewsdop of organic light-emitting diodes
(OLEDSs), organic photovoltaics (OPVs), and orgahia-film transistors (OTFTs) with
unprecedented performance (Figure 1.1). Intemestuich organic electronic devices
arises due to their wide range of tunable propgrtieulti-functional characteristics, and
potential for use in flexible electronics as weB &eir amenability to wide-area

manufacturing processes such as inkjet or gravtirging.*™

In light of the many

promising results reported in the literature, itlsar that the unique properties of organic
semiconducting materials will most likely enable ttevelopment of a new class of low-
cost electronic devices with highly flexible forractors and properties which are not

possible with traditional crystalline semiconduatoaterials.

(b) (b)

Figure 1.1 (a) A full color flexible OLED prototype from Soniab (http://www.
digitaltechnews.com/news/2007/05/sonys_flexiblelhtm(b) OLED as a solid stating
light application developed by General Electric awhica Minolta (www.science.edu
/TechoftheYear/EnterNominees.htm). (c) Pentacegdi@sed OPYV fabricated on plastic
substrate by Bernard Kippelen’s group at Georgsditite of Technology). (d) OTFTs
array fabricated entirely by printing process orplastic film (www.aist.go.jp/2008
/20080728/20080728.html
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Figure 1.2 Schematic diagrams showing the basic structucegsnic diodes: (a) organic

photovoltaics and (b) organic LEDs. These deviagssist of a transparent anode which
is deposited on a substrate followed by the dejpositf active layers and a low work

function cathode. The device is generally encapsdldao prevent direct exposure to
water vapor and oxygen. In the case of polymer tsates, an additional encapsulation
layer is generally used on the substrate due toldwebarrier properties of polymer

substrates.

In spite of the major advances seen in organiccesyitheir reliability remains
one of the greatest challenges which must be asleligsrior to wide spread commercial
application. Device structures for OLEDs and ORWs shown in Figure 1.2. Such
devices consist of a substrate, a high work funcéinode, active layers, and a low work
function cathode. One of the electrodes is gelyetr@nsparent. In addition, the devices
usually contain some type of encapsulation layearer hermetically sealed to protect
them from exposure to the environment. Deviceabdity issues, in part, arise due to the
environmental instability of both the active matdsiand low work function electrode in
the device$§™'® In these applications, low work function metalgts as Ca and Li are
often used in the cathode in order to obtain edfitielectron injection or collection
within the devicd'* Low work function metals are highly reactive wibtlxygen and
water vapor and, thus, oxidize very quickly. Thesults in the formation of insulating
oxide barriers, making the injection and collectioh charge carriers less efficient.
Exposure to water vapor and oxygen in the envirortimmeay also result in the formation
of black spots in OLEDs, reducing their light outpand lifetimed!®  Another

detrimental degradation mechanism which can arreen fenvironmentally-induced



oxidation is delamination within the device. Wheatar vapor permeates through defects
into the interface formed by the cathode and afvedayer, it may cause chemical

reactions which induce outgassing or volumetricagsion leading to delaminatiéii. ¥
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Figure 1.3 (a) Conductance decrease in ambient air fgrtlin-film FET at a source-
drain voltage of 30 V without alumina covering (gses) and with alumina covering
(circles). Taken from reference. [18] (b) Optipalwer output of an encapsulated OLED

device as a function of time. The inset shows threesponding response of a bare OLED.
Taken from reference.[19]

In addition to the environmentally-induced degramtatof the electrodes,
environmental exposure of the active layers is a@stimental to the performance of
organic electronic devices. Because of direct reastof water vapor and oxygen with
semiconducting small molecules, materials suchgsnCorganic field-effect transistors
(OFETSs) have shown rapid degradation of their alsdtproperties after exposure to air
when compared to a transistor with alumina, as shfowinstance in Figure 1.3 (&5 In
the case of OLED applications in Figure 1.3#), previous results have also shown
that the optical power output rapidly degradesrafi@ly 10 hours of exposure to the
environment whereas encapsulated devices showetimids at least an order of
magnitude longer. Thus, the development of endapsn technologies is critical to

increase the lifetime of organic electronic devices



1.2  Brief Overview of Existing Encapsulation Technologes

In general, the development of encapsulation tdolgmes is critical to the
improvement of lifetime and reliability of organétectronic device&® *® 1”1 A number
of approaches to encapsulation have been develomdading the use of thin-film
coatings, metal lids, glass and the sealing of asvibetween two glass substrates or
plastic substrates treated with barrier filfis!® Metal or glass lids with UV-cured
sealing epoxy resin have been used for encapsulasishown in Figure 1.4 (a). An inert
gas such as nitrogen or argon fills the sealedmelvAdditionally, getter materials such
as calcium and barium are used to remove any ra@swdater in the encapsulated volume
or water vapor which diffuses through the epoxylae&® However, these rigid
materials are not amenable for use in flexible tedmics. Hence, several flexible
encapsulation approaches such as barrier-coatedbléelids, ultra-thin glass, and
vacuum-deposited thin films have been developeshasn in Figure 1.4 (b) and (¢Y:
22l Of the various flexible encapsulation approachieis, films have attracted the most
attention due to their light weight, transparerany high level of mechanical flexibility.
Additional technologies using thin-film barrier &g will be discussed in Chapter 2.

While most of the research in developing encapisuiamaterials for organic
electronics has focused on their barrier perforrmanther critical aspects must also be
considered in the development of this technolo§dot only is the development of the
encapsulation constrained by the need for a lowllef/water vapor permeation, but the
processing of the encapsulation must also be cobhpatith organic electronics. For
active layers and substrates with low glass-tranmsitemperatures and thermal stability,
the processing temperatures at which the barn@rsacan be deposited will be limited.
This inevitably requires that the inorganic layetsch exist in the encapsulation must be
deposited at low temperatures for device compdtibildeposited directly on the device.

However, processing at low temperature may leaadoe defects in the films, limiting



the overall barrier performan€€! Thus, the development and integration of highibar

encapsulation films with organic electronics remsarchallenging endeavor.
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‘ E / Flexible polymer substrate
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(b) (c)
Figure 1.4 Schematic diagrams of encapsulation for OLEDs:typjcal rigid lid, (b)
coated flexible lid, and (c) thin-film.

1.3  Objectives and Organization of Dissertation

As has been discussed above, organic electronicetehave reliability issues
which should be addressed prior to widespread cawialeation due to their
susceptibility of organic devices to water vapod axxygen. Of the current solutions,
thin-film encapsulation is the most promising arwhlenging encapsulation process.
However, its development will allow for unique aigptions of organic electronics
specifically flexible devices. Hence, the primaigjective of the present work is to
develop high barrier performance thin-film encapioh which can be integrated with
organic devices. First, the fundamentals of difnsof water vapor and oxygen through
single and multilayer films will be addressed. Neke fabrication and evaluation of
barrier layers are presented. Utilizing the Caragion method to quantify ultra low
permeation through these films is discussed inolygiermeation mechanism through
these films. The second objective is to study riexhanical response of thin films.

Starting from the basic understanding of mecharbedlavior and limitation of barrier



layers, a highly flexible encapsulation structure proposed and demonstrated
experimentally for the development of flexible angaelectronics. Lastly, integration
with organic solar cells and their shelf-lifetireegresented to demonstrate the usefulness
of the barrier layers and the extended shelf-fieti

According to the objectives outlined above, thissdrtation is organized as
follows. First, the basic principles of water vapand oxygen permeation through
organic and inorganic thin films are reviewed inaPter 2. The various permeation
mechanisms of water vapor and oxygen are revievidairier performance measurement
methods for water vapor and oxygen are introdunedktail for the understanding of the
reported barrier performance in the relevant stidi@he next section in Chapter 2
introduces and compares recent achievements iougthin-film barrier technologies.
The last section briefly covers the basic mechaoidkin-film barrier layers on flexible
substrates.

Chapter 3 describes all of the experimental methwsdsl in this study in detail.
The fabrication processes for thin films using PBC\ALD and paryelene CVD are
explained. Experimental methods for the measurémkthe barrier performance and
the mechanical response of these barrier coatirggalso explained. Test procedures for
device performance organic solar cell are includedChapters 4 and 6, the experimental
results of original studies on both single and ifayler encapsulation architectures are
presented. In the case of multilayer encapsulatioGhapter 4, studies focused on the
correlation between the number of barrier layerdl dime barrier performance are
presented. Also, the impact of fabrication proesssf thin films on the barrier
performance is discussed. Analytical simulatioreyavperformed to investigate how
permeation properties of individual films impacetlverall barrier performance and
results are presented in Chapter 5. This studyiges a basic guideline for designing
barrier layers for each application. A hybrid gmaaation structure, which combines the

advantages of single and multilayer structureyappsed, and the results are presented in



Chapter 6. In Chapter 7, the mechanical respoh&bdcated thin films is investigated
by using nanoindentation and the wafer curvaturthate The cracking of various thin
films under tensile stress is investigated, andudysof the barrier performance under
mechanical deformation is carried out to understdred mechanical limitation of the
barrier layers under bending. Furthermore, a nepwlpposed highly flexible
encapsulation structure with a low permeation retedemonstrated to show its
effectiveness as a flexible barrier layer.

Finally, in Chapter 8, the effectiveness of theriearlayers is demonstrated by
encapsulating organic devices. The compatibilityhe thin-film encapsulation process
with organic solar cells is verified by comparimg tbasic performance parameters of the
devices before and after the encapsulation procé&s® shelf-lifetime of encapsulated
organic devices with different encapsulation aegttitres are investigated to provide a
one-to-one correlation between the effective WVTH the shelf-lifetime. These results
provide suggestions concerning the minimum bap@formance required for adequate
lifetime of encapsulated organic devices, spedlfigaentacene/gy-based organic solar

cells in the present study.



CHAPTER 2
BACKGROUND AND LITERATURE REVIEW ON

ENCAPSULATION

2.1 Introduction

The main goal of this chapter is to provide anresv of thin-film encapsulation
technologies for protecting organic electronic desi from water vapor and oxygen in
order to extend the shelf-lifetime of devices. V&t review the basic principles of water
vapor and oxygen permeation through organic andgarmoc thin films. The
measurement techniques for water vapor and oxygemmgation rates are then
introduced in detail with a focus on measuring aitiigh barrier films. Next, we
introduce and compare recent achievements in \artbin-film barrier technologies
comprised of high quality single and multilayer togs. Along with barrier
performance, the extended shelf-lifetime of enckgted organic devices is discussed.
Finally, we briefly cover the basic mechanics ahtfilm barrier layers on the flexible
substrates. The failures of barrier layers fronthaaical deformation and their detection

techniques will be presented.

2.2 Basic Principles of Permeation

The basic function of barrier films is to limit tlexposure of organic electronics
to water vapor and oxygen. This is done by colmglthe permeation rate through
barrier films. A gradient of the chemical potehBach as pressure and concentration is
the driving force for the permeation. Formallye thermeation is described as a two-step
process combining absorption of a substance irgcstiid followed by diffusion of the

substanc&?!  Therefore, in the case of a homogenous film aady state, the



permeabilityP is equal to the product of solubility coefficigdand diffusion coefficient

D :[24]

P=S D (2.1)

The solubility and diffusion coefficients are ingic material properties and the
permeation rates of barrier films are usually régmin the unit of ciiim®day at a given
temperature and pressure in the case of gas péomead g/ri/day at given temperature
and concentration (generally described in relahuenidity: RH) in the case of water
vapor permeation.

P c c P
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Figure 2.1 Permeation of gas or vapor through single laygraa multiple composite
(b). P, c, L, D,andSin (a) indicate vapor or gas pressure, concentrathickness, and
diffusion and solubility coefficients, respectively

This process also can be described using Ficisslw of diffusion and Henry’s
law and Figure 2.1 (a) shows permeation model ithndary conditions. The permeant
flux Jis proportional to the concentration as
J=-DN (¢ (2.2)
Where,c is the concentration. With the assumption of Kentaw which relates the

concentrationg to the partial pressureP through the linear relationship=S P, the



concentration in Equation (2.2) can then be reglacgng the solubility coefficient and
partial pressure. In the case of steady statd;kmelv equation can be written as

DS(R- R)
L

J= (2.3)

and total mass transmitted through this layer ocarcddculated by multiplying the flux
and timé?® However, the transient study of permeation haeted much attention due
to the introduction of barrier layers having lorag ltime. In the case of time dependent

gas permeation, Fick’s second law can be used:

fic ‘ITC Tc ‘ITC)

—=N(D Nc)=D 2.4
it (D Ne) ( iy (2.4)

The diffusion coefficientD is assumed to be concentration-independent anbjse.
Such case is only valid in the absence of chemegadtions between the permeant and
solid and gives the well-known solution in the cas@finite source and sink®

o(x9=Ga-T) 2,? ¥ 1smH)eD”2"2”'2 (2.5)

n=1 N
whereC; is a fixed concentration on one side ans the thickness of film. In general,
the previous equations apply to diffusion througdirale-layer film.

In the case of widely used multilayer encapsufaticchitectures, the diffusion of
water vapor and oxygen through multilayer films Hmscome an important problem
which must be addressed. The equation for the pataneability coefficientPr of a
multilayer structure withn layers each with a uniform thicknekg and permeability

coefficientPr as illustrated in Figure 2.1 (b) is

L Liotal
—= o (2.6)
R h+£+5+ X X X i

R B R R
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In Equation (2.6)Lwt IS the total thickness of the multilayer structurdhis total
permeability coefficient of the multilayer film derived assuming a constant permeant
flux through all layers under steady state condg&io However, recent calculations
showed that the permeation rate for a multilayencstire consisting of organic and
inorganic layers is determined not only by steadyespermeation but also by transient
permeation due to long lag time, which can be lonfpan the required lifetime of
organic devices. The transient permeation thromgiitilayer structures can also play
significant role in overall barrier performance, pyoducing an initial region of low
permeation rate prior to reaching steady statesprart which will be explained in
Chapter 6 in detail.

Briefly, the lag time for single-layer barrierrfiland multilayer film are in the

form of equation (2.7) and (2.88), respectivély.

|2

e G- Ok Th Ok T (G-
i m 1- i 1+ b m -
i=1 2D| i=1 Dm j=1 ] 3Di2 j=1 } i=1 Di JZleZI+l 6k m=b Dm jzla 2Db
J
- =1

L= T8

i-1 D, j=1 )

(2.8)

In Equation (2.8)K;=S/S+1. As shown in Equation (2.7), the lag time for egkrayer
film is dependent on the thickness and the diffustoefficient while the lag time of a
multilayer film depends on solubility of the layeas well. It should be noted that
analytical approach in this section requires thatttansport through all layers behave in
a Fickian manner. More analytical simulations #m&lr results for transient permeation

studies will be discussed in Chapter 5.

2.3  The Permeation Mechanism of Water Vapor and Gas

11



It should be noted that the permeation mechanisimga® and water vapor in
organic polymer and inorganic thin films are difet. The barrier properties of organic
polymers have been investigated and are known¥fellThe internal lattice structure of
polymers is dynamic such that the entanglementobynper chains creates interstitial
spaces which can change with time. Water vapor axl pgprmeate through these
interstitial spaces which are often short-lived ahstarying size and geomety/! In the
application of encapsulation for organic devicesgle polymer layers themselves have
not been employed because they cannot satisfy thegent criteria for barrier
performance. Therefore, polymers coated with angemaic or multilayer thin film have

been used for the achievement of high barrier pevdoce.

!

(b)

Figure 2.2 (a) AFM image for surface morphology of Si@eposited on the PET

substrate by PECVD from 45 ° angle. Taken from sxfee.[29] (b) Energy-filtered

(zero loss) TEM image of a relatively poor Sil@arrier coatings deposited by PECVD on
the PET substrate. Enlargement reveals the naeodwgfects between adjacent SiO
grains which provide permeations path for water vapod gas. Taken from

reference.[31]

In lieu of the deficiencies of polymer materiatee development of ultrahigh
barrier films has focused on developing inorganimg. However, the permeation
mechanisms in inorganic thin films deposited byiaas techniques such as sputtering,

thermal evaporation, and plasma enhanced chemagarwdeposition (PECVD) are still

12



under investigation. While the diffusion throudtetbroad class of silicon oxides in the
bulk form collectively know as “glass” occurs thréuthe very constricted interstitial
spaces of the Si-O latti¢g! the permeation through the deposited thin filrexpected to
occur through macro defects and nano-scale deifeditsding interstitial spacdé? The
relative contribution of each component on pernoeatilepends on the size of the
permeant molecule and the size and density of tiefethese defects originate from the
imperfect structure of the deposited inorganic film such as voids, columnar structures
and grain formation, which have been widely invesédan other reporté* 2”39 The
atomic force microscope (AFM) image in the Figur2 @) shows the grain-like structure
of PECVD deposited SiOfilm on polyethylene terephthalate (PET) substfdte
Transmission electron microscopy (TEM) images guFeé 2.2 (b) reveal the presence of
nanoscale defects between adjacent, $i@ins and these defects can be further reduced
by optimizing process conditidf?! For better understanding of imperfect structwks
deposited films, Figure 2.3 (a)-(c) show surface photogies of SiQ) deposited by
PECVD on glass substrates with different resoluthgch clearly contains voids, and
grain formation resulting in relatively rough sw#a(root mean square (RMS) surface
roughness: 3.8 nm). This imperfect structure ef &iQ, provides a permeation path for
water vapor and oxygen as illustrated in Figure(@)3and discussed in other repdffs.
27301 Based upon the size of the permeant such as \(@iteneter: 0.33 nfi') and
oxygen (diameter: 0.32 i) molecule and defects, permeation can be categbiizo
hindered permeation and un-hindered permeé&fbnif the permeant size is comparable
to the defect size, the defect provides significgaststance to permeation and vice versa.
In most thin film deposition techniques relativeiyall islands nucleate on the surface of
substrate and grow through coalescence with adjaskmds to produce a continuous
film.*%  This growth mechanism is not a thermodynamic émiim process so it
induces imperfect structures which may favor themgation of water vapor and gas

compared to densely packed thin film.
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Voids  , Grain

(d)
Figure 2.3 AFM images show the surface morphology of .Sif@éposited by PECVD on
glass substrates ((a)-(c)) in different resoluta@n the glass substrate. (d) Schematic
illustrates the expected cross-section of St@posited by PECVD based upon AFM
images and shows defects such as void, channelramdbgpundary.

Besides these intrinsic defects from the growtlchmaism, micro-size defects in
films originating from particles on the substratel@eometrics shadowing by structural
topography was reported to attribute to defect odiett permeatioft> >3 Sobrinho et al.
reported that these micro-size defects determinedrthntly the barrier performance and
proposed a defect driven permeation model. Theyraed permeation was governed by
defect geometries and that the inorganic coatimgsirmpermeable. In this model, the
defect size and density in the coatings are donifactors for permeation so the
characterization of defects is critical to prediod understand the permeation. Hence, a
new approach to render visible defects on cleatiplaabstrates was developed by using
atomic oxygen etchinG® ** More details about this characterization techeigue
explained in their report& ¥ Briefly, the scanning electron microscope (SEMage
in the Figure 2.4 (a) shows a micro-sized defecseduwby a particle and the optical
microscope image in Figure 2.4 (b) shows the ewatutif defect size with initially a 1

m diameter after 120 min of atomic oxygen (AO) expe&! Other references also
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report that the diameter of defects is ~rt and a defect density ranges 5 ~ 1000“mm
according to deposition techniques and materidlfiese data are summarized in the

Table 1132353

@

¢ —
1412  5KU  X7.588 dwn WD 7

(b)

Figure 2.4 (a) SEM image of defects caused by a dust partihg After 120 min AO
exposure, defects can be identified by optical ascope efficiently due to the evolution
of defects. Taken from reference.[36]

Table 1.Defect sizes and densities for inorganic films é#ed on polymer substrates.

Deposition Deposition Defect radius Defect density

material method ( m) (1/mn) Substrate
SiO, PECVD 0.6 11-1100 PET
SisN,4 PECVD 0.6 5-1000 PET
Al Evaporated 1.0 25-400 PET
Al Sputtering 2-3 200 PET
AION, Sputtering 0.5-1.4 600 PET

Al Evaporated 0.4 100-1000 BOPP

For the investigation of diffusion mechanism folater vapor and oxygen,
activation rate theory has been widely used in mafgrence&* 27 3* 32 Activation
energy for water permeation is a measure of theggrmeeeded to elevate the permeant to
the activated state and to distort the barrier imats that the permeant may move into the
next vacancy. The transport of ideal gas througbos oxide and glassy polymers

below glass transition temperatufig)(can be described by Arrhenius equadtion
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P=P @DE»/RT (2.9)

whereP, Py, and Ep, are the permeability, pre-exponential factor, aotivation energy
for permeation in kJ/mol, respectivelR, is ideal gas constant in J/mol/K amds the
temperature in K. Also, this theory can be used¢dlipt the temperature dependency of

barrier layers?® 4!

Sobrinho et al., employed activation rate thefmy diffusion of
oxygen and water vapor through $iénd SiN coated PET and bare PET substfite.
The activation energy for permeation can be catedl®dy measuring the permeability at
different temperatures. It was found that acttatenergies for oxygen through bare
PET, SIQ/PET, SIQ/PET/SIQ and SiN instead of SiQQ are same within the
experimental errors suggesting that inorganic besrsuch as SiOand SiN can be
considered as imperfect structures allowing gas eation through defects as discussed
above and PET is the dominant rate limiting barrigr contrast, the activation energies
for water vapor through same barrier layer strustuddfer from that of bare PET
substrate as summarized in the TabR#2.These results indicate that the diffusion of
water vapor deviates from the diffusion of an idga$ and can’t be explained solely by
defect dominant permeation mechanisms. It is wedwn that water vapor interacts
strongly with both PET and silicon oxi{@@ resulting in more complex mechanism than
that of oxygen. Also, other phenomena such as virderced swelling of polymefé
and adsorption of water vapor molecules in nanopofethe inorganic barriers are
possible reasons for non-Fickian behavior of watapov through barrier layel&!
Reported activation energies and their interpretsti are still controversial among
researchers but it is very persuasive that theaoten of water vapor with barrier layers
should be considered to characterize the barridoppeance and design adequate thin-

film encapsulation for organic electronics.
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Table 2. Activation energies for OTR and WVTR through bare Ri&d@ inorganic coated
PET substrate.

Sample description EP(B;n?é?;gen Ee f(zrk\\]/\//ﬁ:glr) vapor
PET 29.3 47.2
SIO/PET 30.1 60.5
SIO,/PET/SIQ 314 62.7
SiN/PET 32.8 50.9
SiN,/PET/SIN, 31.2 64.5

2.4 Barrier Performance Measurements

The techniques to measure the transmission raterabér vapor and oxygen
through barrier layers are essential for the sisfaedesign of high quality barrier layers
and the requirements of ultra high barrier perfaragalayers for encapsulation of organic
electronics have pushed sensitivity limits and a&cy of water vapor permeation tests.
Measuring and quantifying ultra-low permeation radésvater vapor (~16 g/nf/day)
and oxygen with high reliability and accuracy is ook the main challenges of
characterizing encapsulation films. The permeatiates of oxygen and water vapor
across the barrier layers are characterized inst@fnthe oxygen transmission rate (OTR)
and the water vapor transmission rate (WVTR). StasdgASTM F1249) and
commercial tools (Mocon Aquatran shown in Figure(2)5 modified ASTM 1249) exist
for measuring WVTR and OTR independently. Basicdllgth methods use similar
experimental setup in principle as shown in Figute(B). The sample in the form of a
thin film is placed between wet chamber and dry chamtat ambient atmospheric
pressure. Water vapor in the wet chamber flows timodry chamber through the thin-
film sample. Permeated water vapor is carried pyessure-modulated infrared sensor
and absorbs infrared energy. This sensor meashee$raction of absorbed infrared
energy and produces an electrical signal which iepgtional to water vapor

concentration. By comparing the produced eledtrsignal to that produced with a
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calibration film of known water vapor transmissiaate, one can calculate the rate of
transmitted water through the films being testdd. The difference between the two
methods is to use a coulometric detector to meaeregermeated water vapor in the
case of modified ASTM F1249 instead of infrared sens

Moist N, in l T Moist N, out

”i;i :55”

/ Barrier

NET R
4 .

|
Dry N, in T 1 To moisture
sensor

(@) (b)

Figure 2.5 (a) Picture shows Permatran-W by MOCON for permeatasurement
(http://www.mocon.com/permatran398.php). (b) Schemsitiows experimental set-up
for ASTM1240.

Typically, commercial systems are useful for anagzmost single-layer and
some of multilayer films but are not sensitive eglodo detect the ultra-low permeation
rates of advanced encapsulation materials, haviogver limit on the order of Ihg/n?
/day. On the other hand, the Ca corrosion tes, lalewn as Ca button test, is a widely
known method for measuring ultra-low permeation ragerier films. Calcium is a
conducting and opaque metal which becomes non-ctinquand transparent after
oxidation. It rapidly oxidizes in air due to théghly negative Gibbs free energy of
formation of Ca oxidesiG = -1200 kJ 1/mole ©at room temperatureyaking it very
sensitive for detecting the presence of oxygen \aater vapor. Since the oxide is a
dielectric and transparent, both of them are ptss$domonitor the consumption of Ca by
either measuring the change in electrical condwetam in optical transparency. Hence,
the measurement of Ca conductance or transparéanges provides an indirect method

to determine the oxidation and corrosion rates af (Also, this test can distinguish
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between bulk permeation and defect-based permeadtecause the change in
transparency is observed using optical microscapeisual inspection. The chemical

reaction of Ca in air is as follows the following pide reactions:
2Ca+Q ® 2CaC (2.10)

Ca+2H,0® Cq OH),+ H, (2.11)

It has been reported that the reaction with oxygeoants for less than 5 % of Ca
degradatiod”® Hence, the reaction with water in Equation (2.1@jnihates the Ca
oxidation in the presence of both water vapor angher. However, any measurement
of Ca conductance change as a function of timewadsdor the permeation rate of both
water vapor and oxygen so must be viewed as an ieepermeation rate (effective
WVTR). In such testing, it is impossible to separtite contribution from either water
vapor or oxygen to the Ca corrosion. It should be noted that such distinction between
WVTR and effective WVTR is often not discussed in méterature reports using the
Ca tests for permeation measurements. For theureasnts included in this report as
well as those cited from the literature using Caasion test, we will utilize the term
effective WVTR to denote the combined effects of wabgpor and oxygen permeation.
One of the methods to monitor the calcium corrosgothrough electrical conductance
measurements. Figure 2.6 (ahows an example of the experimental set-up for
monitoring electrical conductance of Ca. In thggested set-up, a 4’57 mnf Ca
sensor and Al interconnects for conductance measumsmvere used. An encapsulation
layer which we study is deposited on top of Ca seasor conductance change of Ca
sensor is monitored by using data acquisition syst€éhe effective WVTR can be
determined by monitoring the time rate of changehef electrical conductance of Ca

through the use of Equation (2.12).
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In Equation (2.12),n is the molar equivalent of the degradation reactichich is
assumed a® = 2 due to the dominant reaction with wategf; and ¢, are the Ca
resistivity (3.4° 10° m) and density (1.55 g/chn respectively, whileG is the
conductance of the Ca and the valual(®)/dtin equation from the linear fitting in the
conductance change versus time as shown in theeF®yar(b). Also in Equation (2.12),
M(H20O) andM(Ca) are the molar masses of water vapor and of&Sagectively, whild
andw are the length and width of Ca sensor, respectivEhe ratio of the area of the Ca
sensor to the area of the window for water permeatiwhthe ratio of the length is unity
due to the geometry of the experimental set-upaddeng the electrical conductance as
well as measuring the optical transmittance is ab#l for the Ca corrosion test. The
latter needs no electrical contact for the condwameasurement but needs an optical
microscope or camera for the transmittance measmem Briefly, this test tracks
changes in optical transmittance as shown in Figai&*® instead of electrical
conductance resulting from the reactivity of Ca withter vapor and oxygen in &f!
Hence, it can distinguish between bulk permeation detect-driven permeation.
However, it still cannot distinguish the permeatcaused by water vapor and oxygen
because both can degrade Ca sensor resulting imgeban optical transmittan€g!
More details about Ca corrosion testing can beddnrdetail in other referencés. 46 48!
The use of Ca corrosion testing has allowed the uneasent of effective water vapor
transmission rates on the order of 107 g/m*day!*®“*®! Hence, Ca corrosion testing is
one of the most promising candidates for measuiitrg-high performance barrier films

required for organic electronics.
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Figure 2.6 (a) Side view of Ca test cell and barrier layerbath Ca (300 nm) and the
glass substrate. Top view of Ca test cell with Al &leal contacts. (b) Normalized
conductance change as a function of time with lifiégarSymbols are experimental data
and solid lines are linear fits corresponding ®v¥halue ofd(G)/dtin equation (2.12).

(b)

Figure 2.7 Examples of oxidation of optically Ca corrosiostteThe Ca square patterns
are 5 mm wide and each shows before oxidation (apfiadoxidation (b). Taken from
reference.[48]

In order to measure the effective WVTR accuratelpgiglectrical monitoring of
Ca corrosion, it is assumed that the oxidation dakéace uniformly through the
encapsulation barrier film. The effect of locatizexidation of the calcium due to defects
along the sample edge (side permeation) or defectdly concentrated within the film
will give erroneous values of effective WVTR. To ckdor uniform permeation through
the coatings, a visual inspection of the Ca capdyéormed to observe whether or not the

oxidation occurs in a localized region. Typicasuks from such inspections are shown
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in Figure 2.8 (a), (b), and (c) for Ca encapsuldigd®ECVD deposited SiCand CVD
deposited parylene thin films. It is evident frdfigure 2.8 (a)-(c) that the oxidation
occurs evenly and there is no side permeation. Gadayer becomes transparent and
non-conducting, revealing a symbol which was hiddemird the sample. In the case of
Figure 2.8 (d) and (e), the Ca was not oxidizechBvdue to side permeation and local

defects, respectively. Such cases must be exclodedthe calcium corrosion test.

@ (b)

Figure 2.8 Photographs showing the oxidization of an encapsdl€a layer as a
function of time. Pictures (a), (b), (c) show homoges oxidation, (d) and (e) show non-
homogenous oxidation due to side and local permeati

2.5  Thin-Film Barrier Technologies for Organic Dexces

The relatively strong sensitivity of organic dewwc® water vapor and oxygen,
which induces degradation, places stringent demamdshe barrier performance of
encapsulation. The most stringent barrier perfocearalues estimated to be necessary
for adequate lifetimes in OLEDs are on the ordet®fg/m’/day for WVTR and 18-
10° cm¥/m?day/atm for OTR*! Literature reports for OPVs suggest values which are
on the order of 16- 10°g/m?/day for WVTR and 18 - 10° cm*’m?/day/atm for OTR as
shown in Figure 2.9% In general, the true encapsulation requirememtsniany OPVs
and OLEDs are not known and remain the subject adhiéty and lifetime studies.
Very few studies have linked WVTR measurements withithe studies of devicé¥: 5*

*11 Thus, a one-to-one correlation between these easis difficult to make at this
present time for many organic electronic matereisl devices. Overall, the barrier

requirements of a particular organic device wilim#tely depend on the structure and
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materials used in fabricating the device as wellthes functional requirements of the

device itself.
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Figure 2.9 Estimates of barrier performance requirementsafaumber of technological
applications, including organic electronics, alomigh the reported barrier performance
for various encapsulation technologies. Adaptedhfreferences [21], [30], [51], [54]
and [84].

Much of the thin-film encapsulation technology fganic electronics has been
developed in the food and pharmaceutical indusfaeproduct packaging. Water vapor
transmission rates of many of the monolithic polynfédms used in food and
pharmaceutical packaging range between 1 - 46/day as seen in Figure 21828 52
To improve the barrier performance of monolithidypeers, vacuum-deposited inorganic
thin films are often used and have been shown tedugpthe overall barrier performance
by a factor of 10 - 100 (Figure 2.9). However, makthe thin-film coating materials
developed for the food and pharmaceutical industie inadequate for use in protecting
organic electronics. Thus, research in the devedopnof ultra-barrier encapsulation

films is necessary for the commercialization ofamg electronics.
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2.5.1 Single-Layer Thin-Film Encapsulation

The barrier performance of inorganic materialghe most promising for the
development of thin-film encapsulation with the negments necessary for improving
the lifetime and reliability of organic electronicsSingle-layer encapsulation films are
quite attractive since they simplify the manufatgrprocess as compared to other
multilayer thin-film encapsulation methods which ugg multiple processing steps.
However, inorganic films are limited in their perfante mainly due to the presence of
defects in the films which provide pathways for watapor and oxygen to permeate
through the barrier layers (See Figure 2.3 (d))usfithe main research objective in
developing single-layer encapsulation films througlkthods such as physical vapor
deposition (PVD), PECVD, ALD and Plasma enhanced ALEAED) has focused on
the reduction of defects to improve barrier perfance. At present, the leading
processing methods for developing single-layer pswiation films are based on PECVD
and ALD and involve the use of inorganic oxides fritta Si-O-N and Al-O-N systems.
PECVD is an attractive manufacturing technique duetdohigh deposition rate as
compared to ALD (~ 2 orders of magnitude fasterosMcommonly, PECVD-deposited
SiO; and SIN films have been utilized to create single-layerriba films for organic

51 However, these films contain

electronics at low deposition temperaturés.
sufficiently high defect densities which can resaleffective WVTR values greater than
0.01 g/nf/day, which are orders of magnitude higher than terget requirement of
organic electronic§? °* %

As previously stated, few studies correlate theifife of devices with known
permeation rates in encapsulation layers. Ratleasilbility of encapsulation layers are
generally shown by demonstrating improved lifetinbgsintegrating them with actual
devices. For instance, W. Huang et al. reportetitb®alifetime of encapsulated OLEDs
containing a single-layer of PECVD SiMas 600 h as compared to 6 h for a bare device

(the WVTR of the SiNfilm was not reported in this cas®). Recently, advances in
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PECVD processing of SiH films have shown remarkable protection ability @tED
deviced>® By using HDMSO and ©as precursors for deposition, researchers fouatd th
it was possible to deposit a single composite Idyer which consisted of Si@and
silicone. While the WVTR of these films has noebemeasured, data show that they
were able to protect OLED devices up to 7,500 h whereg at 65 °C in 85 % relative
humidity (RH).

Promising single-layer encapsulation films haveo dieen achieved using A&
deposited by ALD** 5"%° ALD deposited films are desirable due to their higimsity,
low number of defects, and ability to conformallyatosurfaces at relatively low
temperatures. ALD deposition is a layer by layerdup of materials beginning with
chemisorption of molecular precursors. These pestugases are introduced into the
deposition chamber with an inert carrier gas to farmonolayer coverage on the surface
of the sample. Excess precursor is then removegubying with an inert gas followed
by the introduction of the next precursor. Thesmesses are repeated and can produce
high quality films with featureless microstructuradaconformal coatings. While the
measured effective WVTR of the best performing ALDriea is 1.7 x 10 g/nf/day for
25 nm of AbO; deposited on a PEN substr&f&there was no attempt to integrate such a
film with an actual device to observe its impactlibetime in this report. Other attempts
to measure the barrier performance of ALD deposite®; also show variability in the
effective WVTR, being as high as’110° g/nf/day using a tritiated water measurement
techniqué?® In addition, laminated structure consisting 0@y and ZrQ and dual
layer structure using SiCand AbOs; deposited by ALD have shown excellent barrier
performancé®® ®2 While these structures can be considered as layelti structure due
to different materials, they are introduced herealbige all of them are fabricated using
only ALD. Meyer et al. used nano-laminated struetaonsisting of alternating 2.6 nm
thick Al,O3; and 3.6 nm thick Zr@film with total thickness of 100 nm deposited at°80

and compared its barrier performance with singlgOAllayer with same thickne&!
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Besides preventing corrosion of ;85 layer by water vapor, ZrOlayer suppress the
formation of voids in the AD; layers observed in neat A& by stopping the
accumulation of unreacted Al-OH species possibly teguhigh barrier performance.
Also, an AbOs layer combined with Si©deposited by ALD at 175 °C was reported to
improve barrier performance further and this imgment is not explained solely by
lamination theory?? This improvement by combining two layers argueat SiQ layer

is filling pinhole defects in the AD3 layer resulting in further improvement.

The use of AIO; deposited by ALD has been demonstrated on a numiber
occasions to provide excellent extended lifetimemdapsulated OLEDs and OPVs. For
instance, pentancenggtbased organic solar cells encapsulated with 20@ih/l,03 by
ALD were shown to be stable for 6,000 h in ambientdittoms with negligible
deterioration in properties as shown in the Figut®5” ALD encapsulation process on
the device was performed at a temperature of 10@rfCany negative impact on the
device performance was not found except thermal aimgeeffect which was already
reported previousl{® Top emitter OLEDs encapsulated with,®4 deposited by ALD
at 100 °C which is the primary moisture barrier weh®wn to maintain excellent
performance more than 1,000h in conditions of ®5afd 85 % RHFY While these
films show excellent encapsulation performance rtredatively slow deposition rate as
compared to PECVD-based methods make them moreudiffo use in low-cost mass
manufacturing processes. To overcome these lamgprocess issues in ALD, Kim et al.
proposed a hybrid encapsulation structure which coeshbthe advantage of fast PECVD
deposition and high quality film deposition by Al Here, devices were first coated
with a layer of PECVD SiQor SiN, which was then sealed with 10-50nm 0t®@d by
ALD. Encapsulated pentacengfased organic solar cell maintained their device
performance up to 6,000 h with an effective WVTR e order of 18 g/nf/day

effective WVTR measured by Ca corrosion test.
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Figure 2.10(a) Electrical characteristics measurement of peme/Ge-basedsolar cells
before (filled shapes) and after (empty shapespsigpn 200 nm thick AlO; by ALD.

(b) Relative change in (top) and dc (bottom) of encapsulated solar cells with UV epoxy
(dashed line, diamond), AD; (dotted line, square), and A&l; and UV epoxy (solid line,
circle). Dash-dotted line with triangle is a referesample without encapsulation. Taken

from reference.[59]

Besides the widely used deposition technique sud¢tE&3vD and ALD, different
attempts to encapsulate organic devices with silagkrs have been made. For instance,
Jung et al. reported that encapsulated by tetemmttane (TTC) [n-GHgg OTFTs
maintain their performance up to 40 days in ambaariditions. TTC (96 % purity),
which is hydrophobic, closely packed, and highlystajine!® was deposited directly
on OTFTs by thermal vacuum evaporation with thickre#<200 nm®®!  In addition, 100
nm thick SnQ@ fabricated by ion beam-assisted deposition (IBAD)swssed to
encapsulate OTFTs by Cho et'®}l. They reported that the mobility of device was
sustained up to 30 days. Furthermore, spin - dagi®, was employed as passivation
layer for protecting OFET as well as scavenging rldge recovering degraded device
from dipping in water and exposure to &ft. Encapsulated OFETs based on P3HT and
PCBM show extended lifetimes greater than 500 h28@d h, respectively. Besides the
barrier layer performance, Figure 2.11 (a)-(c) slewovering effects by comparing the

transport properties of device either with or withasgt well as before and after TiO

27



coating®®® However, reported lifetimes of either TTC, Snér TiO, encapsulated

organic devices still need to be extended up tcOQ®,hr for real application.
Furthermore, it is important to note that systemasiudy between the barrier
performance and the lifetime of encapsulated omydevice should be investigated to

continue to understand barrier performance needspkcific material systems.
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Figure 2.11(a) Transport characteristics of P3HT FETs with attlout TiG, deposited
by spin-casting in air. (b) Recovery effect of Ti@yer on the degraded P3HT FET after
being dipped into deionized water for 15 s. (c) &ecy effect of TiQ layer on the
degraded PCBM FET after storage in air for 12 hkeh from reference.[68]

2.5.2 Multilayer Thin-Film Encapsulation

Multilayer films are widely used to encapsulate amig electronics and often
consist of alternating organic and inorganic maytrs™® *° ¢77% Other examples of
multilayer films include alternating layers of igamic materials such as SiEnd SiQ
deposited by PECVD or the combination ob®@¢/SiO deposited by ALD?® %% 1 The
multilayer film approach was developed to circumvém defect issues limiting the
barrier performance of single-layer films. By appy multilayer films with alternating
materials, defects which span the entire thicknédbeoindividual inorganic layers are

interrupted and do not channel continuously throtigh film structure. This structure
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creates a tortuous path resulting in very longatiffe diffusion pathways, increasing the
barrier performance as illustrated in Figure 2’#2.In general, the barrier performance
of multilayer films is better than the individudis by 3 - 4 orders of magnitude. While
a number of polymer films have been used as théttlenterruption layer” in these
multilayer structures, most multilayer systems hdeen able to achieve very low
effective WVTRs (<10 g/nf/day), showing little dependency on the permeatites of
the specific polymers used in the architecture. il§Vh is clear that controlling the
defects in the inorganic layers by applying orgdaigers is very important, it is still
inconclusive which properties and characteristiesjolnd planarization and smoothing,
the organic layers should possess. Greener etvastigated the effect of organic layer
thickness on the overall barrier performance thhoagnumerical simulatioi® It is
assumed that the inorganic layer is impermeablevdter vapor and permeation only
occurs through the defects of inorganic layer lastiated in the Figure 2.13 (a). Based
on the ratio of polymer layer thickness to defeze sthe plot of WVTR was divided into
two distinct regimes as shown in the Figure 2.13 (W/hile numerical simulation
suggests that dimensionless WVTR is dependent othitiemess of organic layer in the
Regime 1, WVTR in Regime 2 is no longer dominateclyanic layer thickness. The
latter case suggests that there is no additiontddos path effect from the multilayer
structure so it is desirable to design the muléfagtructure within the Regime 1.
However, there should be a trade off between the ribgk of organic layer and the
ability of decoupling the defect by organic layétis due to the fact that thinner organic
layer is beneficial for the barrier performance adig to simulation results but thin
organic layers cannot passivate or decouple thectiefin inorganic layer efficiently.
Hence, those issues should be considered durindesign of multilayer encapsulation

films.
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Figure 2.12 (a) Tortuous water permeation path through orgemicganic multilayer
structure. (b) Focused ion beam image shows crat®seof organic/inorganic
multilayer structure. Bright films are 100 nm-thi&N, and dark films are In-thick
parylene. Image taken by Sarah Wagner from theFAilce Research Laboratories,
WPAFB, OH.
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Figure 2.13 (a) lllustration shows the geometry of a laminagédicture by organic
adhesively andL, are the size of defect and the thickness of ocgadhesive layer,
respectively. (b) Numerical simulation results forr@nsionless WVTR versus the ratio
of adhesive thickness to the defect size. Takem freference.[75]

Commercial companies have reported multilayer bargoatings with low
effective WVTR, such as BariX from Vitex with an estimated effective WVTR
equivalent to 2 10° g/nmf/day at ambient conditions measured using Ca domos
tests’?  This geometry uses several dyads of PVD ,Ad UV curable acrylate
monomers which can be deposited in a roll-to-robbcess in vacuum and the cross-
section of this geometry is shown in Figure 2.14 (8)-N. Chen et al. reported that the

effective WVTR of their combined SiZBiN,/parylene barrier structure on polycarbonate

substrates was found to be 2.8.07 g/nf/day at 25 °C and 45 % Rf¥! These values

30



are to the best of our knowledge the lowest effedfi¢TR measurements reported and
are at least two orders of magnitude lower than thobtined by single-layer
encapsulation films. Alternatively, General Electnas developed a graded barrier layer
by PECVD and its cross-section is shown in the Figuie (b)"> " It consists of a
single graded layer made up of alternating orgamd inorganic layers deposited by
PECVD at 55 °C, and its total thickness is less thamm. A combination of
organosilicon precursor and Ar gases were usedrffanic layer and this process creates
organic material (Si@C,) having less than 10 GPa modulus. The inorgamucgss used

a combination of silane (2 % silane diluted in Hejymonia, and oxygen gases to create
SiOWNy having the modulus ranging from 100 to 500 GPapdrRed effective WVTRSs
for various graded films range from'510° g/nf/day to 5~ 10° g/mf/day. While
multilayer films show high barrier performance, dstaf the impact of their structure on
encapsulation behavior has not been repdfted Thus, it is difficult to relate structure,
permeation rates, and device lifetime requiremdotsthe development of advanced

encapsulation films.

LI R RSP ——

(@) (b) (c)
Figure 2.14 Cross-section SEM image of Baltkencapsulation is shown in (a). Taken
from reference.[76] Cross-section transmissiorcted@ microscopy (TEM) images of
graded UHB coating by GE with low magnification (b) dngh magnification. Taken
from reference.[77]

In the case of the barrier performance of multitesteuctures, it should be noted

that the results of multilayer encapsulation do swictly represent the steady state
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permeation raté® since there has been few experimental report atheutag time of
multilayered barriers. Recently, analytical castidns indicate that lag time can be up to
several years in the case of multilayer barrietesys. Graff et al. reported that obtained
results of WVTR are limited not by steady statewdifbn but by lag-time effects induced
by the extremely long effective water permeationhpatspecially in the case of
multilayered barrier layer as shown in the Figurs5#> They calculated 1,752 h (~73
days) lag time in the case of five - dyad structwiéh defect spacing 100m as
presented in the Figure 2.15 (b) based upon analyolution. However, this calculation
was based upon the assumption that the permeaticontsolled dominantly by micro-
size defects and sufficient defect spacing (i.éeatesize; ~2 m, defect spacing; > 100
m) as shown in the Figure 2.15 (a) and inorganicticgs are assumed to be
impermeable. This increased lag time is due tof#oe that permeated water vapor
through defect in the first inorganic layer shotrlvel along the organic layer before the
next defect in the second inorganic layer as iaisetl in the Figure 2.15 (a). On the
other hands, Tropsha et al. reported that grea fwarkeeping the substrate clean and
enough thick deposition over the critical thickness remove most of micro-scale
defectd?”!  Dominant water permeation occurs though “impetfstcuctures which is an
irregular surface array of grain-like structuresused by a thermodynamically non-
equilibrium deposition proce&s: 2% However, there are still controversial issues in
permeation mechanism and some disagreement ovelothmant source for permeation
through single inorganic and multilayer structureTherefore, at this stage, it is
recommended that the barrier performance of mydiled encapsulation should be
investigated by means of the permeability measunémued the lifetime of encapsulated

organic device together.
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Figure 2.15(a) Schematic illustration of the effective difilms lengthl of the polymer
layer (approximately half of the defect spacing\lpOs layer). (b) Calculated lag time as
a function of polymer/AlO; dyads and defect spacing. Taken from reference.[2

As in the case of single layer films, these mulglayilms provide extended
lifetimes of encapsulated organic devices. Chwangl.ereported that the lifetime of
3700 h and 2500 h for multilayered encapsulatecspihorescent OLEDs (PHOLEDS)
fabricated on glass and barrier coated plastictsaties respectively, at ambient condition
as shown in the Figure 2.16 {4). This encapsulation consists of 4 — 5 pairs of
alternating AJO; and polyacrylate (BariX' encapsulation) and the total thickness is 5 - 7
mm. Recently, Lungenshmied et al. used altern&iy and organosilicon deposited by
PECVD on the PEN substrdfé. The SiQ was deposited using volatile organosilicon
under oxidative plasma condition and organosiliceas produced from similar
organosilicon with non-oxidizing plasma. Encapsulatganic solar cells based on
MDMO-PPV devices sustain their function up to 30008y. using more stable P3HT for
the device, the lifetime was extended to approxiipa@®000 h with the same
encapsulation structure as shown in the Figure Ph)6 These results suggest that
developing ultra-high barrier performance encapmualayer as well as more stable

materials for organic device is important for exted lifetime.
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Figure 2.16(a) Normalized luminance for PHOLED on glass packagéu glass lid and
desiccant, thin film encapsulated on glass sulesteatd thin film encapsulated on barrier
coated plastic substrate. Taken from referencg.[TB) Normalizedls. and overall
efficiency of encapsulated solar cells based on MDBDRRY:PCBM blends (open
diamonds) P3HT:PCBM blends (stars) versus storage in ambient air. Taken from
reference.[79]

Much of the encapsulation methodologies have fatuse the development of
OLED devices due to their stringent requirements agdr term commercialization
potential. However, one major technical differemdgch exists between encapsulating
OLEDs and OPVs results from the environmental conution which they will be
utilized. Due to their direct insolation with sokmergy, the barrier layers developed for
OPVs should maintain their performance under the sxgoof UV irradiation, unless
UV blockers are utilized. When OPVs are exposed &aliation at AM 1.5G conditions,
radiation combination of UV exposure and significdrgating could result in the
degradation of barrier films, especially those aanihg polymer interlayers. To date,
few tests have reported the long term barrier perémce of encapsulation or
encapsulated devices which have been exposed tct dwkar irradiation or controlled
AM 1.5G environments. Hauch et al. tested their P3E@MB based solar cells
encapsulated with barrier films with a WVTR rate o®@3® g/m/day measured at 38 °C
and 100 % RH under AM 1.5G illumination and at 65 a&& ambient humidity (30-

60 % RH)"® While this study showed the encapsulated orgaolar cells under the
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described conditions lost ~ 15 % of their initi@rfprmance after 1200 h, there was no
independent study about the degradation of thedogrerformance when exposed to AM
1.5G. Hence, to provide reliable protection for omigadevices which are used under
insolation with solar energy, it is necessary toestigate the degradation of the barrier

performance under the same conditions.

2.6 Mechanics of Thin-Film Encapsulation

In addition to the requirement of low permeationcagsulation films should
maintain their barrier performance during and aftechanical deformation. One of the
unique characteristics of organic electronic device their ability to be utilized in
flexible electronics. Inorganic layers used in teecapsulation provide the largest
resistance to water vapor and oxygen, yet limit thechanical flexibility of the
encapsulation and, thus, the device lifetime. The##e layers in the encapsulation can
sustain a limited amount of strain, typically 1.2.0 % prior to factur&® 3 7989 |
general, fractures in the encapsulation layers ecaapid device failure due to the
increased permeation rates of water vapor and oxypewsugh the cracks in the
encapsulation. Failure of the films may take pldwme®ugh the formation of parallel
cracks or debonding which can initiate from preexgstdefects in poor quality films.
Such cracks can yield pathways for rapid transpbaxggen and water vapor causing
device failure. Overall, devices that require exie/ low permeation rates, such as
OLEDs and OPVs, may necessitate the use of inordaygcs for such low permeation
since few alternatives exist! Therefore, the response of thin films under meaiz
deformation should be understood, and more mechalniaobust encapsulation
structures should be developed in order to comralézeiflexible organic electronics.

While inorganic layers are necessary for ultra-higdrrier performance, they
introduce the additional risk of barrier failuredem bending. For organic electronics to

be flexible, the device as well as the encapsulat&yer must be able to withstand
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repeated flexural stresses and strains. It isddsirable for these films to maintain their
barrier performance under both tensile and compresstress and to have adequate
adhesion to deviceswWhile a number of investigations into the brittéélure of indium

tin oxide (ITO) transparent electrodes have beeropaed® 8 there have been
relatively few studies on the mechanical behavicerafapsulation film&? ! While the
crack or failure of ITO electrodes can be detecteg rbeasuring electrical
conductanc&” the imaging of cracks in transparent thin filmaishallenging task. In
general, small damaged regions which can not becteéetdy visual inspection or even
optical microscope efficiently in the brittle layaf the encapsulation can quickly
accelerate device failure. Due to this reasomrted results about crack formation in
transparent thin films under mechanical deformatoa limited. While the images of
cracks caused by tensile uniaxfai® or biaxial stres&”obtained by AFM or SEM have
been reported, such studies require a large amoflrstatistical work for reliable
conclusions. To reduce the number of samples redjdor this analysis, oxygen plasma
treatments suggested by Sobrinho ét*afor defect detection introduced in Section 2.3
was employed to image cracks caused by bertfhgThis method is based on the
etching and undercutting of the polymer beneathdiiects. After a certain exposure
time to atomic oxygen, the cracks become visibleneunder an optical microscope as
previously explaine#” However, in-situ imaging of cracks to determine ¢hack on-
set strain under mechanical deformation is stikliemging and many approaches are
under investigation. Similar to the oxygen plagmeatment method, cracks caused by
mechanical deformation can be made visible by usin@a layer. As previously
explained, Ca is opaque and electrically conductyedore oxidation and becomes
optically transparent and electrically non-condugti After encapsulation of Ca
deposited on the transparent coated polymer swbstigh barrier thin films which we
study, cracks caused by mechanical deformatiorbeashetected easily due to the change

of optical transparency even under low resolutioticap microscopy. Images in the
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Figure 2.17 show Ca degradation due to the peroreaif water vapor and oxygen
through cracks which becomes more visible as tinssgrh Therefore, as we change the
mechanical strain on the encapsulation layer byging the bending radius of curvature,

the formation of cracks can be found.

(b) (c) (d)
Figure 2.17 Optical microscope images show encapsulated Cadeaton after bending
at certain radius of curvature after 1 min (a)ndi@ (b), 30 min (c), and 1 h (d).

While most encapsulation films are tested undexuflel deformation, they are
typically tested in a 2 point bend configuratiowl(@psing radius). Here, the sample is
simply flexed between two points as shown in Figur&82(a)®® While such
experiments are easy to set up, the radius of tuevan the sample is not constant,
resulting in a strain distribution throughout tilenf Thus, care must be taken in trying to
relate the failure of the films to strain due t@ thon-uniform radius of curvature. To
circumvent this issue, a X-Y-bending system shown in Figure 2.18 (b) and (c) was
developed to overcome the limitation of 2 point dieg experimental setdf! More
details about this bending experimental method @etb to collapsing radius method

have been discussed elsewH&te.
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@ (b) (c)
Figure 2.18 Picture showing a 2 point bending configuratiom) taken from
reference.[91] Images (b) and (c) show a X-Ybending system taken from
reference.[86].

Grego et al. reported the onset of mechanical &itiirl00 nm thick SigNy film

on 130 m thick PEN substrate by using the newly developed-X-bending system
which enables well defined radius of curvature hsstitated in the Figure 2.19 (&
Results in the Figure 2.19 (b) show cracks initidtech 7 mm radius (~ 0.9 % strain) of
curvature bending and crack density increasesdagsraecreased. This experiment also
demonstrated experimentally that a top-coating mpely can improve the mechanical
ruggedness of an inorganic layer by passivatingriechanical flaw¥* 8 Results
indicate onset crack radius of SN film with epoxy top-coat is reduced from 7 mm to 5
mm. In addition, the onset crack strain of inoigditms as well as the failure of films
caused by repeated bending stress should be coeifier the actual application of
flexible organic electronics. Siy film with epoxy top-coat was bent with 6 mm radius
of curvature which does not cause any cracking is éxperiment. However, after
repeated bending (n= 10, 100, and 1000) a low tleakicracks was found although the
crack density appeared to saturate. Thereforefdihgre of barrier layers caused by
single and multiple flexural events should be aoted for designing mechanically

robust encapsulation.

38



200
—&— SION/PEN
Actuated end of the sample ) 5 ~8-Fpoxy ASIONPEN T I
| “We00) }@/*
b Mechanical ~ § 100
Fixed end bk 3 % /
X 2 [
of the (X.Y,0) E 50 i
sample Y! > -/¥
v’e’ 0 L=t 1 | L
8 7 6 5 4 3 2
Bending radius (mm)
(2) (b)

Figure 2.19 (a) Schematic of the mechanical bending test inthé apparatus. (b)
Crack density as a function of decreasing bendaugus for SiQNy, on PEN and same
film with a polymer top-coat of epoxy. Taken froeference.[90]

In addition to understanding the mechanical respafsencapsulation films, it
may also be advantageous to find architectures wimghthe amount of strain placed on
barrier films, thereby increasing their flexibility As stated earlier, most of the
mechanical liability in encapsulation films ariskem the limited strain to failure of
inorganic layers. However, the strain placed onrbgganic layer is related to the radius

of curvature during bending as it position relativehe neutral axis of the devices given

by:

€ == 2.13
= (2.19)

In Equation (2.13)z is the distance from the neutral axis & the radius of curvature
as illustrate in the Figure 2.20. Thus, the stream be minimized by reducing z by
moving the inorganic layers closer to the neutsas.a A more detailed expression for
strain in the non-homogeneous structure was degdldgy Suo et al. and is given by

Equation (2.14)

dl+d2) (ch®+2h +1)

(2.14)
2R " (A+ch)1+h)

efilm = (
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Where =Ei/E; and =di/E,. E; andE; andd; andd, are the modulus and thickness of
film and substrate, respectively. In such systeths, neutral axis can be shifted
according the modulus of materials. They repotiad neutral axis is shifted towards the
brittle film which can reduce the strain by as masha factor of 5 for giveR, d; andds

by using different modulus materidl®. Park et. al. also, proved strain reduction
numerically by inserting the compliant material ioeén the substrate and the barrier

layer®H

Neutral axis

_—— \\ ; —

I D Compression <
[N !
R \\ . |:| Tensile stress

N |:| Compressive stress

Figure 2.20 Schematic shows strain distribution through film whe is bent with
bending radius of R. The region below the newdxdé has a compressive tensile stress,
while that above neutral axis has tensile stress.

Furthermore, Sekitani et. al successfully showed minated organic FETs as
illustrated in the Figure 2.21 (a) are functionaéatremely small bending radii (less than
1 mm) as shown in the Figure 2.215}. They fabricated the device on a 18 thick
polyimide film and covered by a 13m thick poly-chloro-para-xylylene encapsulation
layer so the device can be embedded at a neutrf@iceu Such concepts can also be
applied to the development of encapsulation strestuo improve the mechanical

performance under flexural deformation.
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Figure 2.21 (a) Schematic shows the cross-sectional view of wgigheéd organic

transistor between plastic fiims and parylene passin layer.
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characteristics with bending radii of R=20, 10, 512and 0.5 mm; which corresponding
to (top) inward and (bottom) outward bending straifiaken from reference.[94]
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Introduction

The main goal of this chapter is to provide dstail the experimental methods
used in this dissertation work. It starts with vagdabrication techniques for thin films
including detailed process parameters. PECVD amylggee CVD were used for
multilayer encapsulation structures and PECVD and Adafsingle and hybrid structures.
Detailed fabricated structures for each encapsuldéiger are described in corresponding
chapters. The barrier performance of thin-filmagsulation was characterized using Ca
corrosion test and detailed test procedures aréaieeg in this chapter. Mechanical
responses of the barrier films were also chara&eriar application of flexible organic
electronics. In the last section, test procedoredkvice performance of organic solar

cell is explained.

3.2 Thin-Film Fabrication

Vacuum deposition techniques were used to createebfims used in this study.
Such techniques are well established for the faomabf organic and inorganic films
which are imperative to the development of ultrahigtirier films. While a number of
vacuum deposition methods can be utilized for angatnorganic layers, this work
concentrates on the use of plasma enhanced chevaigat deposition, chemical vapor
deposition, and atomic layer deposition. Suchrigpres give a wide range of materials
and tenability in the deposition of coatings. Dlethiaspects of these techniques are

discussed in the following sections.

3.2.1 PECVD
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PECVD is one of the techniques which allows for indakscale deposition of
good quality insulating films such as silicon oxi@ad silicon nitride with good
adhesiod®™ One of the main advantages of PECVD is the avaitgbdf low
temperature deposition compared to other chemiapbwr deposition (CVD) methods,
such as thermally driven CVD. While temperaturesoafy 250 °C or lower are
sufficient for depositing films by PECVD, deposititemperatures of 700 °C to 900 °C
are required to deposit similar films by thermal CVDhis lower temperature capability
is very attractive for application to the encapsala of both organic electronics and
flexible electronics because the intrinsic progsrtof organic materials and polymer
substrates for flexible electronics limit the mawim processing temperature (preferably
below 100 °C, maximum limit ~ 130 °¢¥!

A Plasma-Therm PECVD was used in this study for thedation of both SiQ
and SiN, and equipment is shown in Figure 3.1 (a). Precarssed were SikI N, and
NH; for SiNy depositions and SiiiN,O, and NH for SiQ,. These precursors were fed
into the vacuum chamber at a user-defined massriev The precursors were reacted
between two parallel plates in a radio frequency (R&)iced plasma to deposit the films.
Depositions in our experiments were carried out &t X1 for compatibility with organic
electronic devices. PECVD-fabricated films were uasdan inorganic layer in either
multilayer or hybrid-layer encapsulation structuaesl as a buffer layer in both structures
for the entire coverage of Ca sensors, which wilekglained in section 3.3.1. Table 3.1
lists the detailed processing conditions for thpad&ion of the SiQand SiN films. The
deposition rates were 32 nm/min and 10 nm/min f@; @ind SiN, respectively. Both of
the inorganic films were deposited with a thickneE400 nm as previous studies have
shown that this is the critical thickness for boid,Sand SiN barrier layer&® % No
further improvement in barrier performance is ofbedrfor films thicker than the critical

thickness.

43



Table 3.1Summary of SiQand SiN film deposition conditions.

Parameter Unit : Film -
Si0, SiN,
RF power W 30 30
Chamber temp. °C 110 110
Chamber press. mTorr 900 900
SiH, flow rate Sccm 400 200
N,O flow rate Sccm 300 NA
He flow rate Sccm NA 560
N, flow rate Sccm NA 720
NH, flow rate Sccm NA 14

(@) ® ©
Figure 3.1 Thin-film fabrication equipments used in this studa) Plasma-Therm
PECVD for SiQ and SiN films, (b) Lab Coater PDS2 for parylene films, @dvanah
100 for ALOs film.

3.2.2 Parylene CVD

Parylene was chosen as an organic layer in mudtilagructures and as a top
protecting layer in both single and hybrid layeustures due to its low modulus and
relatively hydrophobic nature. Also, it was repdrtinat parylene keeps water from
condensing on the AD; films® which is known to corrode ADs. Parylene is a
relatively flexible polymer (modulus ~ 4 GPa), whisblps with stress relaxation during
the fabrication of inorganic layers such as ,S&dhd SiN by PECVD. Parylene is

generally produced by vapor-phase deposition withoytadditional curing process. For
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CVD, parylene dimmer is vaporized to a monomer ardd@l °C and condensed below
10° Torr at room temperature to result in a conforowdting on the all surfaces in the
chamber. The deposition at room temperature eéitagall risk of thermal damage of
samples, which is favorable for the encapsulationomfanic electronic devices as
previously described.

In our experiment, a Lab Coater PDS2 shown in Figute(b) was used for the
parylene deposition. Parylene C dimmer was loadedhe vacuum chamber and
converted to a monomer vapor at around 650 °C. d@asation of the vapor on the
sample at room temperature resulted in spontanolgmerization and conformal
deposition on the surfaces of all objects in thancber. Parylene C dimmer was chosen
because it has a low permeability for gas and wedeor compared to other parylene
dimmers such as parylene N and parylene D. Paryleckness was controlled by the
amount of parylene dimmer loaded in the systeme Fdrylene thickness was measured
to be 1 m in our study with a KLA-Tencor P-15 profilometem general, it takes 30
min to deposit this thickness excluding vacuum pudgwn and furnace heating

processes.

3.2.3 ALD

ALD is well-known for its thin, highly uniform, confaral and pinhole-free films
with featureless microstructures at relatively le@mperature. It was already reported
that ALD deposited films show excellent dielectrioperties® This is consistent with
pinhole-free films, which are required for high harrperformance encapsulatiBﬂ.
Insulating materials such as 8k, SiQ,, and SiN as well as transition metals including
copper, cobalt, and iron can be deposited by APD Al,O; was chosen for fabrication
by ALD because it can be deposited with a varietgretursors with high reliability and
relatively short cycle time€” ALD is a CVD method and is based on sequential pulse

of two different chemical precursors. ALD is a lay®y layer buildup of materials

45



beginning with chemisorption of molecular precursor§hese precursor gases are
introduced into the deposition chamber one by onih w&n inert carrier gas such as
nitrogen to form monolayer coverage on the surfafcihe sample. Excess precursor is
then removed by purging with an inert gas followedtbg introduction of the next
precursor. These processes are repeated and odaocer high quality films with
featureless microstructure and conformal coatings.

In our experiment, a Savanah 100 (Cambridge Nanp&wwn in Figure 3.1 (c)
was used to deposit AD; films. The deposition was performed at 110 °C, whi@as
reported to be compatible with organic devices, gisequential, shelf-limiting exposures
to trimethylaluminum (TMA) and water vapor {8). Our ALD cycle for AJOs
consisted of a 0.015 s TMA exposure, a 5 s nitrqgege, a 0.015 s water exposure, and
another 5 s nitrogen purge. One cycle above pradaneapproximately 0.1-nm-thick
Al,Oj3 film, so the thickness of the deposited film isicolled by the number of cycles.
For example, 500 cycles are needed to deposit 5€hiuk Al,O3, which corresponds to
1 hr 25 min. Process time depends on the chamebgpdrature because the precursors

take longer to react at lower temperatures.

3.3  Barrier Performance Investigation

3.3.1 Ca Corrosion Test

For the effective WVTR measurements, Ca corrosiststeiere performed, and
the basic concept of this method was described ap@ 2. In our experiment, we used
Ca corrosion tests with electrical analysis (measerdg of electrical conductance
change) instead of optical analysis (measuremenbptical transmittance change)
because the electrical analysis test can be peefibima highly parallel and automated
manner. By using an Agilent data acquisition switclit, we can automatically monitor

the resistance changes of 20 samples at the samae ti
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Figure 3.2 (a) Side view of a Ca test cell and encapsulatiyer on both Ca and the
glass substrate. (b) Top view of three Ca tessaeilh 310 nm-thick Ca and 100 nm-
thick Al electric contacts. (c) Electrical condunta was measured by data acquisition
system. (Agilent 34970A) (d) Ca corrosion testseysgrformed in the shown controlled
humidity chamber (Cincinnati subzero micro-climaystem) at 20 °C and 50 % RH.

In this experiment, three Ca sensors with an area5sf 7 mnf and Al electrical
interconnects were used for resistance measurerasrdisown in Figure 3.2 (a) and (b).
The thickness of Ca sensor and Al electrode was 310and 100 nm, respectively.
Before the fabrication of thin-film encapsulatiamustures, a 400 nm thick Siuffer
layer was deposited on top of Ca sensor as showigure 3.2 (a) to cover Ca sensor
entirely. This buffer layer covers entire Ca sens@revent side permeation. To reduce
the effects of contact resistance during measursnéour wire measurements were
carried out with an Agilent 34970A shown in Figurg &). The Ca corrosion tests were
performed in a controlled humidity chamber (Cin@trSubzero Micro-Climate System,
Figure 3.2 (d) at 20 °C and 50 % RH.

It should be noted that substrates should be cteana clean room environment

before the deposition of Ca sensors and Al electrdeiticle contaminations on the Ca
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sensor and in the encapsulation layers causestsiédading to localized oxidation giving
erroneous values of effective WVTR. The cleaningcpss employed in this study
consisted of five cleaning steps: acetone — methandsopropyl alcohol (IPA) —
deionized (DI) water — nitrogen blowing. After cleag the substrates were transferred
to deposition system. To create the Ca test strecaluminum (100 nm) and calcium
(310 nm) layers were deposited through shadow masksither glass or coated PET
substrates using a vacuum deposition system ($ysedfiurt J. Lesker) connected to a
nitrogen-filled glove box. Deposition rate and Kmess were monitored using a
calibrated quartz crystal microbalance near thestsate. Al was deposited at a rate of 2
Als and Ca at 2 - 3 A/s with a base pressure of ~18%Torr. Both depositions were
made without breaking vacuum. After deposition, @& sample was transferred in
container sealed under nitrogen to a Plasma-Thé&&@MuD system. The Plasma-Therm
system was used to deposit a 400 nm,3a@er (buffer layer), which is thicker than the
thickness of the Ca sensor to remove the side @ioneeffects by completely covering
the Ca. After depositing the 400 nm Qi@yer, either multilayer or hybrid-layer
encapsulation was deposited. Reported effective R/Was averaged over data from
three Ca sensors.

In order to measure the effective WVTR accuratelyngislectrical resistance
monitoring during the Ca corrosion test, it is ased that the oxidation takes place
uniformly through the barrier film. To check fomiform permeation through the
coatings, a visual inspection of the Ca can beopexd to observe whether or not the
oxidation occurs in localized regions. As explainedhe previous chapter, a sample
with localized oxidation of the Ca sensor would gemoneous values of effective

WVTR. Therefore, those samples were avoided whemnilegileg the effective WVTR.

3.3.2 Uncertainty and Error Propagation
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In the barrier performance measurement, reportegttefe WVTR values were
calculated based on Equation (2.12). In this egoathe measured values are the
conductance changeGttit) denoted by and dimension of Ca sensbrafdw) denoted
by D. The area ratio of Ca to window was assumed to iig dae to geometry of our
sample as explained in Section 2.4 and other valges taken from references. Hence,
the uncertainty of reported WVTR can be found usiagvative metho&®

DMWTR__ DE _ DC
=D—+E— (3.1)
WVTR E D

While other values may have uncertainty, these lshoe very small compared to
the uncertainties dt andD. Conductance (G) was measured by Agilent 34970A which
has uncertainty of 0.8 % calculated based on 5Gurements with 4-wire measurement.
The Ca sensors were fabricated using thermal eatiporthrough a shadow mask of
fixed dimensions. As such, those uncertainties friooth E and D are expected
negligible compared to uncertainties from statadtigariations among three samples
encapsulated with same structure. Hence, statistiaysis was applied to report the
uncertainties in our measurement. Average value$ standard deviations were

calculated using equation (3.2) and (3.3), respelgt/®®

(3.2)

(3.3)

Where, «> andN are average value over samples and the total nuailsamples for
each calculation, respectively, ands the standard deviation. All effective WVTRs and
uncertainties were based on three samples and e€pasing equation (3.2) and (3.3) in
each chapter. Other reported values in this studlg as device performance parameters

of organic solar cells were also averaged over teemples. Hence, for same reason,
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reported uncertainties were calculated using eguaf.3) and reported with averaged

values.

3.4  Mechanical Response Investigation

3.4.1 Nanoindentation

In order to investigate the mechanical propertieshm films, nanoindentation
tests were carried out on a Nano Indenter XP. Foeraccturate measurements, we used
the continuous stiffness method (CSM) in this studye elastic modulus and hardness
can be calculated from the elastic contact stifngs In the classical method, the elastic
contact stiffness is determined from the slope h#d toad-displacement data that is
measured during unloading. However, one can get oméyelastic contact stiffness at
the maximum penetration depth. CSM allows one tocgatinuous measurements of
elastic contact stiffness during loading. The expental set-up for nanoindentation is
shown in the Figure 3.3 (a), and the simple harmosllator used to model dynamic

response of a Nano Indenter head in contact witetaséanple is in the Figure 3.3 (b).

Nano indenmter XP

Kg= 1/Cg

| Mass = m |1—
F(t) = Fe" .
@ O=FEd 7= 7,900

(b)
Figure 3.3 (a) Nanoindentation test was performed using NanotedeXP (http://www.
mse.gatech.edu/Research/Equipment_Facilities/CNCiNami@rXP/nanoidenterxp.htm).
(b) Schematic illustrates simple harmonic oscillatbaken from reference. [102]
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In CSM, the force balance of the simple harmonicillagor in Figure 3.3 (b)

yields the second ordinary differential equation:
mz'+ Cz+ K= K} (3.4)

Where, K=(8+ki)+Ks , m and C are mass and damping coefficient in bafm

oscillator shown in Figure 3.3 (b). If a known dngiforce of

F(t) = Fe™ (3.5)
is applied, then the displacement response ofnitheniter will be

Z(t)=z,e"" (3.6)

Substituting equations (3.6) and (3.5) into (3e8ds to relationships between the contact
stiffness and the reduced elastic modulus, andtailei@ derivation can be found in the

referencé'® The contact stiffness can be calculated by
2
—p L A (3.7)
=07 Eq/

where is a constant that depends on the indenter gegrietr1.034 for a Berkovich
indenter™®) andEe is the effective elastic modulus, which accountsthie fact that the
deformation during indentation occurs in both tlenple and indenter. The elastic

modulus of the sample can be extracted by

1 10 1- 0 (3.8)
Eeff E E

whereE; andyv; are the elastic modulus and Poisson’s ratio ofiidenter, respectively,
andE andv are those of the sample. For diamoBdjs 1141GPa ans is 0.071%,
Therefore, the elastic modulus of the films demabkibn the substrate can be calculated.
If the films are very thin, the elastic modulusrfrahe experiment can be affected by the

substrate. As a rule of thumb, the elastic modalud the hardness are independent of
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the substrate up to some maximum indentation degttie film. Typically, it is 10 % of
the total film thickness for substrates which appedgid*®? In this study, we used
glass substrates and report the elastic modulus thed hardness measured by
nanoindentation experiments with indentation deptbsyreater than 10 % of the total

film thickness.

3.4.2 Wafer Curvature Method

One of the widely used methods for the measurermoemésidual stress is the
wafer curvature method using the Stoney equatféh. It assumes that the film is very
thin compared to the substrate and that the defnsare very smalt® Residual

stress of the film; is then given by

2
PHENE O N S, (3.9)
6 R... R,. (-u)t,

post

whereEs is Young's modulus of the substraf,.s: and Rye are the radii of curvature
before and after film deposition, ahdandt; are the thicknesses of the substrate and the
film, respectively. The key parameter in this drais the change of substrate’s radius
of curvature. BothR,ostand Ry Were measured using a KLA Tenkor p-15 contact mode
profilometer. If the height of the substraig (s scanned as a continuous function of
distance along the substrate),(then the radius of curvature at any point may be
calculated by
3
R(X) :M (3.10)
wherey’ = dy/dx, andy” = d?/d¥. Each scan is fitted to d"5order polynomial that
gives the least sum of squares, and the polynamiifferentiated to gef’(x) andy”(x).

These differentiated functions are inserted intodigpn (3.10) to calculate the radius of

curvature both before and after deposition. FHnalese two radii of curvature are
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substituted into equation (3.9) to calculate residiress. Negative values from equation
(3.9) indicate compressive stress, which results aonvex surface, and positive values

correspond to tensile stress (concave surface).

3.5 Device Performance Characterization of Organi&olar Cell

To study the shelf-lifetime of encapsulated orgasitar cells, pentacenefe
based organic solar cells were used. The devioengey consisted of ITO/pentacene
(45 nm)/Go (50 nm)/BCP (8 nm)/Al, and the fabrication andtites procedures were
identical to those produced by Prof. Kippelen'sugrat Georgia Tech® As explained
in the literature review, organic electronic degi@an be damaged by high temperature
or plasma during the encapsulation process. Thexrethe main device performance
parameters such as power conversion efficien@pen-circuit voltag&/occ, short-circuit
current densityJsc, and fill-factor FF measured before and after encapsulation were
compared to verify the compatibility of the encdption process with the organic solar
cells. These parameters were extracted from threrudensity-voltage curves measured
under illumination as shown in the Figure 3.4. sThraph is a typical current density-
voltage curve for the ITO/pentacene (45 nrgy/(50 nm)/BCP (8 nm)/Al organic solar
cells used in this study. The current densityhis ¢urrent divided by device area. The
Jsc (current density for V=0)Voc (voltage for 1=0), and voltageVipy) and current
density Ompp at the maximum power poinPgay are also shown in the figureFF is
defined as the ratio of the actual maximum gendrggewer Vmpp X Jmpp t0 the

theoretical maximum powe¥§c ™ Isg and is given by

— Vmpp xJ mpp

FF =
VOC XJSC

(3.11)

The power conversion efficiency of a solar cekxpressed as follows
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p =Yoo Jsc ¥F (3.12)

in

where Py, is the incident light power. By monitoring thogarameters, one can

investigate how the encapsulation process affeetpérformance of organic solar cells.
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Figure 3.4 Typical current density-voltage curve for a glaBS/pentacene (45 nm)ig
(50 nm)/BCP (8 nm)/Al organic solar cell.

After the investigation of the compatibility of thencapsulation process with
pentacene/gg-based organic solar cells, encapsulated devicese vgtored in an
environmental chamber (20 °C and 50 % RH). Perailti, encapsulated devices were
removed from the chamber, tested in the dark armtEmuilumination in the laboratory
environment, and returned to the chamber. The paiformance parameters such as
Voc, Jsg andFF were compared to those of un-encapsulated dewvices $tudy of shelf-
lifetime. Degradation and shelf-lifetime of thecapsulated organic solar cells were
evaluated from the evolution of those parametersugetime. In this study, shelf-
lifetime was defined by a drop in power conversefficiency of 50 % from its initial

value*®!
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CHAPTER 4

MULTILAYER ENCAPSULATION

4.1 Overview

In this chapter, multilayer encapsulation struesubased on alternating organic
and inorganic layers are introduced. The motivatm use multiple layers instead of a
single layer was simply to enhance the overallieaperformance. Many defects exist
in most deposited thin films due to the intrinsiogerties of vacuum deposition as
discussed in Chapter 2, and these defects allovthbpermeation of water vapor and
oxygen, resulting in low barrier performance. Bypkling an organic layer between
inorganic layers, the defects in the inorganic tagee interrupted and do not channel
continuously through the encapsulation structuféie permeation path of water vapor
and oxygen become tortuous, which results in im@noent of the barrier performance.
As such, it is the goal of this chapter to achiavligh performance barrier layer by
applying alternating organic and inorganic filmsdao investigate how the number of
layers impact on the overall barrier performané&r a comprehensive study about the
barrier layers, the impact of individual constituéims on the barrier performance and
water vapor permeation mechanism through these weestigated in this chapter.

In order to investigate the improvement in barperformance using multilayer
films experimentally, SiQand SiN deposited by PECVD are used as inorganic layers,
and parylene is used as the organic layer in thdys PECVD-deposited SiGand SiN
were used to investigate how different quality ofgee inorganic layers affects the
overall barrier performance in the multilayer stuwe. Barrier performance was
examined in terms of the effective WVTR using Carasion tests, and the results are

presented in the following section of this chapt@y applying a different number of
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dyads (one pair of organic and inorganic layers® can find the correlation between the
number of barrier layers and the effective WVTR.tHis study, SiQJparylene structures
with one to three dyads and Siparylene structures with one to fives dyads were
investigated in terms of the effective WVTR.

Additionally, the impact of the process temperataf the PECVD on the barrier
performance was investigated. Of all of the patanseof the PECVD process, only the
impact of process temperature was investigatedusecarocessing at lower temperatures
is more favorable for integration with organic eteaic devices. Furthermore, a study of
physical changes in the parylene organic layer nduthe multilayer encapsulation
process was performed. Previous reports have shmatrihe surface roughness and free
volume of parylene can be reduced when annealedtsegass transition temperature of
109 °C. Thus, the impact of parylene annealingttom barrier performance was
investigated in both Sigparylene and Sipparylene multilayer structures.

In the last section of this chapter, the dominmermeation path for water vapor in
the inorganic layers was addressed based uporxfiegimental results. The permeation
of water vapor and oxygen through thermoplastio/pelrs has been known and well-
exploited, while little is known about the permeatiof water vapor and oxygen through
inorganic thin films. Therefore, inspection usiogtical microscopy after reactive ion
etching (RIE) and surface characterization usingMAfwere employed in order to
indentify the defects on the surface in the différenorganic layers which can be a

permeation path.

4.2 Barrier Performance

In order to investigate the barrier performance nadltilayer encapsulation
structures, Ca samples were prepared includingnt@nlayer as shown in the Figure 5.1
(a). The buffer layer between the Ca sensor amdirt$t inorganic layer in the multilayer

structure was used to prevent side permeation es e Figure 3.2 (a) because the
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thickness of the first inorganic layer was muchii@r than that of the Ca sensor. In this
study, 400-nm-thick SiQfabricated by PECVD, which was thicker than thesgasor,
was used as the interlayer to completely coveiGhaeensor as shown in the Figure 4. 1
(8. Then, alternating organic and inorganic layerere fabricated on top of the
interlayer to form a multilayer structure. In tisgidy, dyad means the structure consists
of one organic layer and one inorganic layer. @toss-sections of multilayer structures

are shown in the Figure 4.1 (b) and (c) and thi8rifages were shown in (c) and (e).

400 nm SiO,
buffer layer . _
=~ /4 —
\ Encapsulation 7] [> 7 [>
9 Ca [ =<
C ] Ca | | -
Glass substrate (b) ©
/ ] ] —_ g O
Al electrode Side view + _
N I ——
@ e
(@) L] EE (e)

Parylene  SiO, SiN,
Figure 4.1 (a) Side and top views of a Ca test cell with @ 8in-thick Ca sensor, 100
nm-thick Al electric contact, 400 nm-thick SiObuffer layer, and multilayer
encapsulation. (b, d) and (c, e) are schematidscawss-section views by Focused ion
beam of multilayer films, courtesy of Sarah Wagrdr the Air Force Research
Laboratories, consisting of 3 dyads of ggarylene and SiMparylene, respectively.
The dark region is parylene, and the relativelgluriines are either Sitr SiN, layers.

After the fabrication of the multilayer film, encsydated Ca sensors were stored
in a controlled environmental chamber. Conductasicthe Ca sensor was monitored
automatically by a data acquisition system. THeotive WVTR was calculated based
upon the theory introduced in Chapters 2. The ltesaf the effective WVTR
measurements for Siparylene and Siparylene structure as a function of the number
of dyads are shown in the Figure 4.2. The datthenFigure 4.2 show a clear trend of

improving barrier performance with an increasingniver of dyads. For Sigparylene,
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the effective WVTR for 1 dyad was found to be oe ¢nder of 3.1 + 0.7 102 g/nf/day

at 20 °C and 50 % R.H. Additional dyads resultedhilarge decrease in the effective
WVTR for each dyad added, reaching a level of 636G 10* g/m/day with 3 dyads of
SiO/parylene. A similar trend of improvement in tharter performance with more
dyads was also seen for Siphrylene structures. However, compared top@ylene,
the effective WVTR was lower for 1 dyad of Siparylene with values of 5.8 + 271
10° g/m/day. With 3 dyads, the barrier performancéhef SiN/parylene structure was
still better than that of Sigparylene films, yielding values of 1.8 + 0.610* g/nf/day.
These results are in agreement with previous reptitat SiN has better barrier
performance compared to S ¥ The difference in the barrier performance arising
from the choice of SiQor SiN, will be further discussed in the next section luSt
chapter. Based upon the results, the quality @fsthgle inorganic layer was found to be

critical to the overall barrier performance of nialfer encapsulation structures.

10 | | |
L3 A SiOx/parylene
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Figure 4.2 Effective WVTR as a function of the number of dyddr SiQ/parylene and
SiNy/parylene. Clear trends between the number of exutafon layers and the barrier
performance are observed.
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Further investigations of multilayer structures twiour and five dyads were
conducted using Si)parylene instead of Syparylene because Silgarylene
demonstrate better barrier performance compare&i@yparylene. With five dyads of
SiN/parylene, an effective WVTR value of 2.6 + 1.210° g/mf/day was obtained,
which is very close to the requirement for the @scgation of OLEDs. However, the
impact of additional dyads diminishes beyond 4 dyaldSiN/parylene. Based upon the
trend from this investigation, there will not beysificant improvement in the barrier
performance with more than five dyads in the enalg®n structure. Therefore, in
order to improve the barrier performance in the tifayler structure, there should be a
additional improvements in either the inorganicelagr organic layer itself instead of an
increase in the number of dyads. This will be used in details and verified by

modeling in Chapter 5.

4.3 Impact of Processing on Barrier Performance

4.3.1 Impact of Processing Temperature

Investigations of individual flms were performea pursuit of improvement in
barrier performance as well as to better understhagpermeation mechanism of water
vapor. First, the effect of process temperatumnguhe PECVD process on the barrier
performance was examined. In addition to the 1COafready discussed, additional
deposition temperatures of 50 °C and 170 °C welectsal for PECVD. The process
temperature of 110 °C, which is the standard dépoastemperature in our study, was
initially chosen for compatibility with organic e@®&onic devices, while even lower
temperatures may remove additional risk from higieenperatures. Hence, a substrate
temperature of 50 °C was investigated to explores hmwer temperature affects the
overall barrier performance in the multilayer sttwe. On the other hand, substrate

temperature was also increased from 110 °C to 17Qo° better understand barrier
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performance even though the process may be lespatinie with devices. Recently,
polymer substrates that are resistant to highep¢eatures, like polyethersulfone (PES),
have attracted more attention due to their compifilwith both flexible and higher
temperature applications. PES can withstand u86°C without any thermal damage,
which is higher than the more generally used PET withstand (120 °C¥?! so the
substrate temperature was limited up to 170 °@imgtudy.

Table 4.1 Impact of deposition temperature on effective WVOR annealed Si@
parylene multilayers (samples annealed as descimbsection 4.3.2).

Deposition  Deposition RMS roughness Size of grain-like

Effective WVTR
temp. rate overlx1m features (g/nPiday)
(°C) (nm/min) (nm) (nm) 9 y
50 37 4.0 ~30 8+2.0x10
110 30 3.7 ~30 7+3.1x710
170 50 3.4 ~30 6+2.5x 710

The influence of the process temperature on thesigpn rate, surface roughness,
grain feature size, and effective WVTR of 3 dyaflSm,/parylene are summarized in
the Table 4.1. When the substrate temperaturemnasased from 50 °C to 170 °C, the
deposition rate increased and roughness decred¥bade higher temperatures induce an
increase in the diffusion rate of the reactive sggeadsorbed on the surface resulting in
an increase in the deposition rate, higher tempeatalso enable more horizontal
surface reactions to take place without simplyigaly stacking. Consequently, more
horizontal surface reaction can result in a smaosiieface. In order to investigate the
surface morphology in a systematic fashion, grame svas calculated by using the
height-height correlation methd®' and results are summarized in Table 4.1. The
corresponding AFM phase images of films depositedifeerent temperatures in Figure
4.3 also show negligible differences between thmpdas which were fabricated at
different temperatures. Compared to AFM heightges phase images can clearly show

the grain structure because the phase change esuositive to grain boundaries. While
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SiO films fabricated at 110 °C and 170 °C show incedadarrier performance
compared to the films fabricated at 50 °C, theedédhce is insignificant and within the
experimental standard deviation. These resultsrasgreement with previous reports
that have shown that the permeability of silicondexfilms on polymer substrates is
independent of the substrate temperature durinB@VD proces§> 1°! Therefore, it

is favorable to decrease the substrate temperdtuineg the PECVD process to minimize
the thermal damage to the organic layers and palygubstrate during the integration

with organic electronic devices.

Figure 4.3 AFM phase images of Sjdayers deposited at 50 °C (a), 110 °C (b), and 170
°C (c), respectively. Images show negligible ddfeces in the structure of the films.

4.3.2 Impact of Thermal Annealing of Parylene

Next, changes in the physical properties of pagylerganic layers by annealing
were investigated in order to study how annealiagylene affects the overall barrier
performance in the multilayer encapsulation stmectuPrevious reports have shown that
parylene can be crystallized and become smoothenwahnealed near its glass transition
temperatureTy) of 109 °C%! When parylene is annealed aroundTijsthe surface of
parylene reflows, which results in a smoother s:ef®®¥ In order to evaluate the
annealing effect on the barrier performance, tifecéffe WVTR of multilayer films
consisting of 1 - 4 dyads of Silparylene with and without annealing were compared.

Parylene was annealed at 110 °C at a pressure @f&rr for 10 minutes in the
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PECVD chamber prior to the PECVD process. Thiseating step had a significant
result on the effective WVTR, resulting in a desea the effective WVTR as listed in
Table 4.2. In order to compare the effective WVB&ore and after annealing, time
periods for Ca conductance measurement were idénfar each dyad. The
improvement in the barrier performance from anmeglincreases as the number of
SiNy/parylene layer is increased. To verify these Itesuhe same experiment was
performed with 3 dyads of Sigparylene. A similar trend was also seen in thigcsure.
This result is very promising because it shows ihas possible to obtain effective
WVTR values on the order of P0g/nf/day with only three dyads of Sjiparylene by
adding an annealing step prior to the PECVD progasthe same chamber. The
negligible change in effective WVTR between threwl dour dyads suggests that the
maximum benefit of the multilayer system can nowdained with fewer layers of
encapsulation.

Table 4.2Effect of annealing parylene on effective WVTR.

_ Effective WVTR Decrease in
Film No. of dyads (g/nt/day) effective WVTR

Without annealing  With annealing (%)

1 6+21x10 3+1.0x16 57

SiNJparylene 2 6 + 2.5 x10 1+0.3x 10 82
3 6+ 0.6 x 10 7+50x10 96

4 5+2.8x10 7+51x10 85

SiO/parylene 3 7+3.0x10 7+3.1x%x10 89

In order to verify what the exact mechanism is tieafuces the effective WVTR,
change in crystallinity, permeation properties andace morphology were investigated.
Firstly, characterization of the films using Ramapectroscopy before and after
annealing showed no changes in the intensity, lidikwy or location of Raman active
peaks as shown in the Figure 4.4, suggesting tbasignificant structural difference
between films before and after encapsulation asethemperatures and time scales.

Raman spectroscopy was performed with a Renishafa laystem utilizing a 488 nm
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laser with a 3000 I/mm grating. To investigates thifect further, x-ray diffraction (XRD)
experiments were carried out on the parylene firere and after annealing, and the
results were found to agree with those from the &aexperiments. (Courtesy of Yeny

Hudiono of Prof. Nair's group at Georgia InstitateTechnology)

Without Annealing

Intensity (Arb. Unit)

| With Annealing

0 1000 2000 3000

Peak position (1/cm)

Figure 4.4 Raman spectroscopy scans show the dominant phoiwations in the
parylene C film before and after annealing. Tlok laf change in the phonon vibrational
frequency and linewidth suggests that there arenar structural differences between
the films before and after annealing. (Courtesyllobmas Beechem of Prof. Graham’s
group at Georgia Institute of Technology)

Secondly, permeation properties such as diffusioth solubility coefficient of
parylene were measured by using a quartz crystatolmalance (QCM). Detailed
experimental procedures for the QCM experimentseapdained in Appendix A. Both
permeation properties were measured before and afteealing and results are
summarized in Table 4.3. It was found that bottfiudion and solubility coefficients
were not changed significantly after annealing.ditidnally, if the permeation properties
of parylene do not decrease by several orders ghinale, it is not expected to impact

on the barrier performance. This will be furtheplkained in Chapter 5.

63



Lastly, surface morphology was scanned by usingA&M because it was
expected that smoothing of the parylene layer dutte annealing process could help in
producing a subsequent inorganic layer with highelity in the initial nucleation steps
of the PECVD process. AFM scans of the parylenyerldefore and after annealing
revealed a reduction in RMS roughness from 3.44tntn to 3.0 = 0.4 nm. These data
clearly show that there is no statistically sigrafit change in surface roughness and it
cannot be considered a contributor to the reducticapparent WVTR. It is also known
that annealing the parylene can reduce the absevhtat vapor during the encapsulation
process resulting in a decrease in permeation emjgecially in the transient region.
Simulation results in Figure 4.5 by finite elemenéthod (FEM) show the impact of
absorbed water during encapsulation on the WVTRh&transient region. After the
transient region, there is no impact on steadyestgion. According to the amount of
absorbed water which could not be characterizeegraxgntally in this study, the WVTR
in the transient region can be decreased significay the removal of residual absorbed
water in the organic layer. Hence, reducing theodted water in the multilayer structure
by annealing process is critical to decreasingpttieneation rate in the transient region.
This is very important for organic device encapsoiabecause high permeation rates in
an early stage can damage the device performanicé wén't be recovered.

Table 4.3 Effect of annealing parylene ob and S (Courtesy of Annapoorani
Sundaramoothi of Prof. Henderson’s group at Gedrgititute of Technology)

Diffusion coefficient,D (cnf/s) Solubility coefficientS (g/cntatm)
Before annealing After annealing Before annealing fterdannealing
8.0 +1.0x 10 1.2 4.0 x 1§ 0.025 + 0.004 0.027 + 0.002
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Figure 4.5 FEM simulations were carried out with two differanttial conditions; no
absorbed water and absorbed water condition ifilthe Results show WVTR reduction
in the early stage of permeation with no absorbéal condition.

4.4  Discussion: Water Vapor Permeation through Inoganic Films

It is proposed that the permeation of water vapat exygen through inorganic
films is comprised of three permeation paths irs tetudy: unhindered permeation
through micro-scale defects (>200 nm), unhinderedmgation through nano-scale
defects (~30 nm), and hindered permeation throbglatorphous lattice (<1 nm). Most
micro-scale defects result from particles on théase of the substrate causing geometric
shadowing during the deposition and from cracks tudigh compressive streS8.
Optical micrographs in Figures 4.5 (a) and (b) sheme examples of micro-scale
defects in both SiQ(a) and SiN (b) films deposited by PECVD on a PET substrate.
These defects are detrimental to the barrier paidioce and cause partial oxidation of Ca
sensors as shown in the Figure 4.5 (c). For atzwalculation of the effective WVTR,
these samples possessing micro-scale defects welteled from our Ca corrosion tests.

However, these defects were reduced after mulgfdp-cleaning processes (Acetone —
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Methanol — IPA — DI water — Blowing compressed fied nitrogen) in a clean room
environment.

For more accurate characterization of microscogiects, a recently developed
technique based on reactive ion etching (RIE) wapleyed. Theoretically, optical
microscopy has a detection limit of 200 nm due he wavelengths of visible light.
Therefore the detection of defects within this size transparent film on a transparent
substrate is challenging task. Using the RIE tephe) an inorganic film deposited on a
polymer substrate is exposed to oxygen plasma, hwditacks the polymer substrate at
the location of the defects in inorganic films séikely as previously explained in
Chapter 2. Due to the undercutting of the polyswdrstrate underneath the micro-scale
defects in the inorganic film by oxygen plasma, kbeation and size of defects can be
detected. However, repeated observation of overrd@s of PECVD-deposited Siénd
SiNk on PET substrates revealed no obvious microsabgliects after careful cleaning
and handling in a clean-room environment. Thesalt® are in agreement with previous
reports that great care for keeping the substrg@ncand depositions thicker than the
critical thickness can remove most micro-scale ctef€ 2® This experiment strongly
suggests that nano-scale defects and the amorpdiitioe of the films are the dominant
permeation paths for water vapor and oxygen whey peor barrier coatings which

possess micro-scale defects are excluded.
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Figure 4.5 Optical microscope images show the micro-defentS®—coated PET (a)
and SiN—coated PET (b). Image (c) shows the partial olodadf a Ca sensor due to
micro-defects on the substrate.
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The permeation through both nano-scale defectsredmorphous lattice results
from the “imperfection” of the PECVD process. Bu8Q (amorphous glass) is
impermeable to water vapor and oxygen due to tig eenstricted interstitial spaces in
the Si-O latticd®® while either SiQ or SiN, thin films fabricated by PECVD have many
defects resulting in the dominant permeation pébhsvater vapor and oxygen. Both
SiO, and SiN deposited by PECVD start to grow in the form ¢dnsls, and these islands
nucleate on the substrate surface. Films are pemlby coalescence with adjacent
clusters as shown in the Figure 4.6. This growt#timanism of the PECVD process
results in a series of columns or cones aroundidaal nucleation sites at the end of the
deposition as shown in the surface morphology géifé 2.3 and Figure 4.7. However, it
should be noted that the formation of islands amtleation are not equilibrium processes;
that is, these processes during the film growthenereach the thermo-dynamic
equilibrium. As a result of the non-equilibriunopess, it produces an “imperfect” glass
structure with nano-scale defects and an irregglarface providing the primary
permeation paths for water vapor and oxygen. Sofmie defects are passivated by
other coalescence processes (circled area in there=i2.3 (c)) during the PECVD
process, while others are not passivated and resulbhhindered permeation paths for

water vapor and oxygen (described as a channkeikigure 4.6 (d)).
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(c) (d)

Figure 4.6 Schematicshow the mechanism of PECVD deposition. In the fitcleation
step during the PECVD deposition, there are mamgnpation paths as shown in (a) and
(b). As the thickness of film is increased, itgwoes a more continuous film resulting in
good surface coverage with limited permeation patfsvas seen in (c). After certain
thickness called as critical thickness, most defdtave been sealed with only a
characteristic porosity remaining as seen in (dj thie film quality does not change with
thickness.

These imperfect structures of PECVD-deposited fitrims were also proven using
treatment with activated rate theory by Sobrinhd\etas explained in section 2.8?
The reported activation energyH,) for oxygen transport through PECVD-deposited
SiO; on polycarbonate (PC) substrates ranges betweenvalue of bare polymer
substrate (17 kJ/mol for PC substrates) and amaopgtass (80 — 100 kJ/mol for a well-
constricted SiQ) matrix). Activation energy was defined as a measaf the energy
required to elevate the permeant to the activatizteé and to distort the barrier matrix so
that permeant can move into the next vacéjr?&/. Therefore, activation energy of
oxygen through the fabricated thin film is stronggpendent on the film qualiy?! For
example if unhindered permeation through nano-scale defecich as channels or
relatively wide grain boundaries is dominant ovs hindered permeation through the
amorphous lattice or very narrow grain boundariesmparable with the dynamic
diameter of the permeant, 0.33 nm for oxyifén the activation energy of oxygen is
closer to that of bare substrate. If the situat®nonverse, the activation energy should

reflect closely that obtained for amorphous glass.
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Therefore, it is crucial to investigate the surfacerphological characteristics of
these layers in order to identify the expected atmon path for water vapor and oxygen
through the inorganic layers. Surface characteozaof these coatings by AFM has
shown that such coatings can be described as  ljtaistructurd**® and this was also
verified by AFM scanning in this study (Figures 2ahd 4.7). AFM roughness
measurements have shown that the barrier perfornayenerally improves with
decreasing surface roughn&5. A Dimension 3100 scanning probe microscope
(Veeco) with tapping mode was used for surface mamqgy characterization of
PECVD-deposited inorganic films. First, heightalahages of PECVD-deposited SiO
on a glass substrate are shown in Figures 2. 3(@)in different resolutions. A number
of areas were scanned in the same manner, and hihnsimages are typical
morphologies of SiQfilms on a glass substrate. Based upon these snage principal
defect structure of the PECVD coatings consisteasfo-scale defects instead of micro-
scale defects, which were detected by neither AEdhsing nor optical microscopy after
RIE. It is suggested that such nano-scale defeaiside permeation paths for the
unhindered permeation of water vapor and oxygesxpkained in the previous section.

Identical AFM studies were conducted on S glass substrates to investigate
the difference in the barrier performance betwedss tivo coatings arising from the
surface morphology and roughness, and correspordliages are shown in Figures 4.7
(@) - (d). The RMS roughness of Si@nd SiN are 3.7 nm and 0.5 nm (ovenrt ~
1nmm), respectively. Compared with the surface of,St@at of SiN consists of densely
packed grains with smaller lateral size resultindeiss defects and a smoother surface.
Such fine features in Si\are responsible for the low permeation rate oewaapor and
oxygen. Furthermore, the grains and grain bourdaof SiQ are clearer and better
defined, which may favor the formation of defectsthe films and form diffusive
pathways in the coatingS' The difference in the surface morphologies between

coatings can be seen clearly in the 3-D topographinages included in Figure 4.7.
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When compared on a fixed vertical scale (heighgeaof 15 nm), the topography of the
SiNx coatings appears to consist of small grain featufehis suggests that SiMoating
are fabricated more densely, resulting in less rwmate defects compared to KiO

coating.

@ (b)

(c) (d)
Figure 4.7 AFM images show the surface morphologies of ,S&d SiN coatings
deposited by PECVD on glass substrates from arogotial perspective (a) and (b),
respectively, and 45° angle (c) and (d), respelgtive

4.5 Summary

The goal of this chapter was to achieve high peréorce barrier films by
applying alternating organic and inorganic filmslastablish the correlation between the
number of barrier layer and the barrier performanceo this end, multilayer films
consisting of both SiMparylene and Si@parylene were evaluated using Ca corrosion

test and they demonstrated the ability to providg barrier performance. The effective
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WVTR values for 3 dyads of annealed gparylene and Sigparylene were 7.3 £ 5.0 x
10° and 6.6 + 3.1 x IDg/nf/day, respectively. The effective WVTR of the nilajter
encapsulation was found to be a strong functiorthef number of dyads. Overall,
SiNy/parylene structure outperformed Sf@arylene suggesting the quality of the
inorganic layer is dominant on the overall barperformance in multilayer structures.
In addition, the barrier performance is improveghsicantly by up to 96 % by annealing
the parylene layer. By annealing parylene inclgdtacked multilayer structure, water
absorbed in multilayer structure can be reducedltreg in significant WVTR drop in
the transient region. Investigation by optical mgcopy after RIE suggests that the
dominant permeation path for water vapor is not tedects caused by particle
contamination but the imperfect structure of inangdilm. Great care for cleaning and
putting the fabrication process in a clean roomiremment can reduce the defects
originating from particle contamination. The swedacharacterization of inorganic film
was performed using AFM to investigate the struetaf inorganic films. While it is
believed that water permeates through the impesdeatture of inorganic layer such as
channels, voids, and grain boundaries, it is stdhtroversial which path is more
dominant for water permeation. However, it is pass to investigate how the
permeation properties of each constituent filmsaatp the overall barrier performance.

This study will be presented in the next chapter.
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CHAPTER 5

PEMEATION MECHANISMS THROUGH MULTILAYER FILMS

51 Overview

Some of the recent analytical calculations shoat the barrier performance of
multilayer structures is dependent not only ondguilibrium permeation rate but also on
lag time!® The lag time indicates how long it takes to reafuilibrium state
permeation and can be up to several years, which mealonger than the required
lifetime of the encapsulated organic devices. ditoon, the permeation rate in the
transient region is generally lower than the steathte (SS) permeation rate, so
characterizing the barrier performance simply frthra initial transient period yields an
underestimation of total permeation rate for loegyt applications. As a result, the
overall barrier performance should include the p=tion rate in SS conditions as well
as the lag time in the case of multilayer strugurdn this chapter, we introduce the
analytical calculation of lag time for both singésd multilayer structures and the
calculation of the total permeability and the peatien rate from the individual
properties of each constituent film. By compariadculated data with experimental data,
the range of effective diffusion coefficier@) and solubility coefficientS) of constituent
films are extracted.

The first goal of this chapter is to simulate thgact of theD and S on the
calculated lag time and SS WVTR of the multilayteusture. Then, the second goal is to
deduce the range dd and S for water vapor permeation through the films oé th
multilayer structure by comparing calculated lagdiand SS WVTR with experimental
data from Ca corrosion test. These deduced valt€s and S for each film cannot

represent the actual constituent films in the raylér structure precisely because we
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neglect the effects which may arise at the interfat organic and inorganic films and
non-ideal behavior of water vapor in the calculaticSuch effects are lumped into tGe
and D values extracted from the experiments. HowevaQugh this study, we can
estimate the rages of effectii& and S and explore how those parameters impact the
overall barrier performance in the multilayer stures and this can be critical guidelines

for designing efficient encapsulation structures.

5.2 Basic Theory

5.2.1 LagTime

Lag time was defined as required time for systerbecome equilibrium state. In
order to help understand this concept in the diffusFigure 5.1 shows initial and
boundary condition with zero concentration for @ige and constant for the other side
and conceptual plot of time dependent concentratidks shown in Figure 5.1 (b),

concentration becomes time independent when syistatrsteady state after lag time.

—0— t=0

Initial condition
C(x,0)=0

Constant
concentration

Zero
concentration

@) (b)
Figure 5.1 (a) Diffusion through a single layer showing iaitand boundary conditions.
(b) Conceptual plot for time dependent concentratio

We consider the diffusion of water vapor througmaltilayer consisting oh-
component films. Each constituent film is formddaalifferent material with a different

thickness as shown in Figure 5.2. Here, we proweply the basic idea of this
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approach for lag time calculation. A detailed dation can be found in other
reference&™ ™' 2 |n this study, we assume that the propertiesliofnaterials are
independent of concentration and that the diffusfoliows Henry's law. The
concentration at interface, and flux,J, are time dependent in the transient region, but
they become independent of time after the lag tinhe.the case of the steady state

condition,

lim J(t) = J, (5.1)

t@¥

and Jss can be written in the form of equation (5.4) dedvrom equation (5.3) which is
the diffusion equation for 1-dimensional and steatite condition. Similarly, time
dependent](t) is in the form of (5.6) from (5.5) which is th&dr 1-dimensional and
transient condition. Also, ikt) is the concentration at positionin theith component

and it becomes steady state as time goes to finit

im C,(x 9 = G(3 (5.2)

i=1 i =2 iy film Ny, film

Figure 5.2 Diffusion through a multilayer consisting oflayers showing concentration,
flux, and location notations.

d o dC(¥, _
&(Di T) =0 (5.3)
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The total quantity of permean@(t), up to time t through a unit area can be
calculated by integrating the transient fluXn,t), from 0 to timet. This value is the
same as the area under the cul(Vg,t) as a function of timd,as shown in the Figure 5.3
(a). As time goes to infinityQ(t) approachef), which is the asymptotic value as shown
in Figure 5.3 (b). Thi®, should be equal tds" (t-L) (Equation (5.8)), wherg is the

lag time andlss is the flux of permeant at the steady state cardés shown in equation

(5.4).
Q) = ;J(Xn,t)dt (5.7)
ImQ() ® Q= J5 (+ (5.8)

Hence, on substituting equation (5.4) and (5.6) ijuation (5.8), the lag time can be

derived as follows:

n 2 n 2 i1 L3 1 noL k1 n Lb "L o1 L2
(5 1Ok 0K (o [ ( 0 K -
im 2D i Dm;c:)l ' 3Di2,cz)1 4 i D j:llﬁb:iﬂ 6k_m:b D, ,~:1BE 2D,
J
L= i = (59)
n Loukl
iz D, j=1

wherek; = S/S+1. In the case of=1 (single layer), lag time is simply a function of

thickness an@® of the film as follows:

L=—1m (5.10)

75



In contrast to the case for a single layer, tlgetilme for multilayer (n 2) is a function
of thickness an® as well asS of the films. HenceD as well asS should be considered
for analyzing the overall barrier performance. ths section, the overall barrier
performance includes SS permeation rate as wddgasime because long lag time can

effectively extend the lifetime of organic deviasexplained previously.

Jss » Steady state flux

194
IS
R - A st ot ——— g
L] “(((‘ a_)
X o
=} & —
= & °
= O b L, Lag time
c = ’
g |° = itivios
£ [ g '
3 s
i s
H . o
i L, Lagtime [
. Time, t
Time, t

(@) (b)
Figure 5.3 (a) Conceptual plot for permeant fluXt) and it becomes steady state after
transient state. (b) Conceptual plot of total (alative) quantity of permean(t) and it
can be calculated by integratinift) with time. After transient statel(t) becomes
constant an@(t) approaches asymptotic valu@,j.

5.2.2 Steady State Permeability

Calculation and prediction of water vapor permkgior permeation rate through
multilayer films from the permeability data of eacbnstituent film is important in
designing high barrier encapsulation for organiecebnics. We summarize the
equations for the calculation of permeability ormeation rate of water vapor through
multilayer films in steady state. Transmissiorer@iR) refers to the amount of permeant
(Q) passed through the unit are® (f a tested film during timet)(under a pressure
difference ( p) of permeant across the film thickness at a aett&inperature and vapor

pressure.

- 4q
TR=—_
D (5.11)
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- _gqL
P=TRxL =——
D (5.12)

For multilayer structures, totalRr and total permeabiliti?r of films with n layers can be

calculated with the equations below.

1 1
TR[: =
TR TR TR TR R B R R
R = =
L L L, L (5.14)
P B R R

By using these equations, we can calculate andigbrélde total permeability and

transmission rate of multilayer films based ondhaéa of individual materials.

5.3  Analytical Simulations

We simulate hovb andS impact the calculated lag time and effective SSTRV
using the equations explained in the previous sectBy comparing the simulation data
with experimental data from Ca tests, the rangesDofand S can be deduced.
Experimental results in the Figure 5.4 show lagetidata for multilayer encapsulation
structures from 1 to 4 dyads of Siplarylene, and the results are summarized in Table
5.1. As listed in Table 5.1, lag time increasesh@snumber of dyads increases, but no
clear correlation such as a linear or exponenbaletation between the lag time and the
number of dyads exists. Also, the effective WVTRthe SS region are summarized in
Table 5.1 for comparison with calculated result&igures 5.4 and 5.5 show the
normalized conductance change as a function of fiitmeach dyad to show transient and
SS region and those in specified ranges for eaciplea respectively. The effective SS
WVTR dropped at least one order of magnitude in@asmwith more than 2 dyads of
SiNy/parylene. Although one order of magnitude dropS8 WVTR was measured

between 2 and 3 dyads, it is not clearly understdbds just believed that the non-ideal
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behavior of water vapor, such as an interactiom wie films and accumulation of water
vapor between films, becomes more significant astimber of dyads increases.

Table 5.1Lag time and steady state effective WVTR for ntayger structures with 1 ~ 4
dyads of Sil/parylene evaluated by Ca corrosion tests

1 dyad 2 dyads 3 dyads 4 dyads
Lag time (h) 10 355 1250 1980
Effective WVTR in 0.036 0.029 0.0032 0.0026

SS region (g/fiday)

Table 5.2 The values oD andS from the literature, and the rangesfand S for the
parametric stud{> ***!

Inorganic layer

(Effective values) Organic layer Defect
spacing
S D P S D (nmm)
(g/cntlatm)  (cnf/s)  (g/cm/atm/s) (g/cn/atm)  (cnf/s)
Ref. 0.029 1010 2.9 x 10 0.05 2.6 x 10" 0~
values 1000
Rangesin — \/A  qot-10%  10%10%* 0005-01 18~10% O~

this study 1000
"[27],7 [115]

To deduce the values BfandS of the constituent films, we first investigate how
D andS of each individual film in the multilayer struceurmpacts the calculated lag time
and SS WVTR, and then compare them with the exmariat data. For this purpose, we
set the baseline for the rangesDpfand S for inorganic and organic films based on the
reported data in the reference, which are sumnthiizeéhe Table 5.2. The presented
values forD andS of inorganic films are not direct measurement dait are instead
deduced from lag time dafa! It is difficult to measure individual permeatiproperties
of inorganic film. Furthermore, simple measuretr@ma single inorganic layer may not
present the individual film properties of thoseridun the multilayer structures because
it was reported that alternating organic and inoig@arriers results in synergistic effects

such as the reduction of substrate-induced defleaisigh surface planarizatiéri® Also,
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it is generally characterized by a diffusion cagéint and porosity instead of solubility in
the case of water vapor permeation through inogéiimn because permeation of water
vapor occurs through defects in inorganic ld§8rHenceP is described by multiplied

by porosity ) instead ofD andS. However, for our purpose of this chapter, we RBse

instead of separat2 ande for simplicity.

Normalized conductance change

L n 1 n n 1 1l
400 800 1200 1600 2000

Time (h)

Figure 5.4 Change in the normalized conductance of Ca serasoes function of time
shows that lag time depends on the number of digadis-4 dyads of SiNMparylene.
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Figure 5.5 Graphs (a) - (d) show the same data in Figuren&il3 specified ranges for
each sample.

5.3.1 Impact of Permeation Properties of Organim Fi

First, the value oD for organic films were varied within the rangedasther
values are fixed as listed in Table 5.2. Figu ghows effect oD of organic film on
the lag time and the SS WVTR. Change®iof organic film have only a minor effect
on both lag time and the effective SS WVTR withime tgeneral range of values for
polymeric films. The ranges of the diffusion caa#nts of organic films are far higher
than those of the inorganic films, so they haveligdde effect on the overall barrier
performance of multilayer structures. Next, thiedf of theS of the organic films was
investigated to explore its impact on the overalirier performance.S of the organic

film has only a minor impact on the SS WVTR, whildas impact on the lag time as
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shown in the Figure 5.7. Increasiggof the organic film results in longer lag time
without increasing the SS WVTR. While this chamg®eneficial to the overall barrier
performance, it should be noted that higlef organic film causes additional problems

related to dimensional stability, adhesion, and lmacal integrity of the multilayer

structurd?
o o
5
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- =) ——
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% 1] /ﬂ 8 | =
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Figure 5.6 Calculated lag time (a) and the effective SS W\MbIRas a function of the
number of dyads for differem values in the organic films.
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Figure 5.7 Calculated lag time (a) and the effective SS W\bIRas a function of the
number of dyads for differel@values in the organic films.

5.3.2

Impact of Permeation Properties of Inorganic Film
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As previously mentioned in the beginning of thestson, we use onli instead of
separatd andS because the use Sffor the inorganic layer is not physically consigte
with permeation mechanism of water vapor througirganic films. The value d? for
inorganic films were varied within the range of skoshown in Table 5.2 while other
values were fixed. To obtaiR, we utilized the diffusion coefficient and effecti
solubility shown in other references, combiningnthi® create the reference permeability
range forP (P= DS). Figure 5.8 shows the effect Bfof the inorganic film on the lag
time and the SS WVTRP has a significant effect on both the lag time dredeffective
SS WVTR. HenceP of the inorganic film plays an important role ihet barrier

performance of multilayer structures.
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Figure 5.8 Calculated lag time (a) and the effective SS W\IbIRas a function of the
number of dyads for differeft values in the inorganic films.

5.3.3 Impact of Effective Permeation Path

For the calculated SS WVTR to match the experialeddta summarized in Table
5.1, P of the inorganic film should be on the order of*46nf/s and on the order of 16
cn’/s to match the lag time. Requir@dvalues of inorganic film for each dyad were

summarized for each criterion in Table 5.3. Bagpdn these results, there are at least
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two orders of magnitude difference in tReof inorganic film needed to match both lag
time and the effective SS WVTR simultaneously. ¢nit leads that different
permeation mechanism of water vapor in the mukitagtructure is expected to be
different from what has been assumed for theseailzdions. As shown in the Figure 5.8,
water vapor permeates through either micro-sizedagfsuch as channels or nano-size
defects such as grain boundaries, and it is nar eldich mechanism is more dominant
for water vapor diffusion through inorganic thirinii Hence, “effective” diffusion
permeation path is used instead of diffusion petimeaath simply. Those permeation
mechanisms through inorganic films were explaimedatails in Chapter 2 and 4. As a
result, the permeation through micro-size defettsukl be considered when defect
spacing,L, is much longer than the physical thickness ofanrg layer,t, as shown in
Figure 5.9. In this case, permeated water va@odefect in inorganic layer keep flowing
through organic layer until there is another defadhe next inorganic film resulting in
long effective permeation path as well as longtlage. Hence, the effective diffusion
length, L, for water vapor permeation should be the defeatisg instead of physical
thickness of organic layet,

Table 5.3P of inorganic film required to match WVTR and laqé¢, respectively.

1 dyad 2 dyads 3 dyads 4 dyads
P (cn¥/s) based -13 -13 -14 -14
on SS WVTR 2.1x10 2.2x10 1.0x 10 2.1x10
P (cnfls) based ;o 3.6x 10" 1.7 x 107 2.0x 10"

on lag time

Sﬁi Z : : t = thickness

L= effective diffusion length (L>>t)

Figure 5.9 Diagram which shows that water vapor permeatesl@facts in an inorganic
film and flows through effective diffusion path Bn organic film with an effective
permeation path.
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By considering this effective long permeation pa&of inorganic film required
to match both lag time and effective WVTR simultamgly can be deduced. Required
length of effective permeation path is summarized able 5.4 for each dyad. For the
purpose of deducing of inorganic film, results using QCM in the chapfewere used
for D and S of organic films. In order to match the measulegl time as well as the
effective SS WVTR simultaneously, the valuePobf inorganic film should be 2.3 x 10
14 g cnflcm®s atm with 539mm effective permeation path in the case of 3 dyads
SiNy/parylene. As previously mentioned, it is more ctical to report permeation

properties withP instead of separate values BrandSin the case of inorganic film.

Table 5.4Length of effective diffusion path for each paguired to match lag time and
SS WVTR simultaneously.

1 dyad 2 dyads 3 dyads 4 dyads

Length of effective

permeation path (n) NA 558 539 494

Based on deduced values from criteria for 3 dyadSiN,/parylene, Table 5.5
shows comparison between calculated and experimgataes of lag time and SS
WVTR for each dyad. As listed in the Table 5.5, \WSTR mismatch in samples of 1
and 2 dyads might be partially due to critical kimess issue. It is well know that
permeation rate is not inversely proportional e film thickness in the case of deposited
thin film but the rate is inversely proportionalttee thickness in the caser of calculation.
Also, lag time mismatch in samples of 2 and 3 dyiadexpected due to absorbed water

during encapsulation process which could not beidened in lag time calculation.
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Table 5.5 Calculated and experimental SS WVTR and lag tioreebch pair based on
values deduced from criteria for 3 dyads of SiNryfEne.

1 dyad 2 dyads 3 dyads 4 dyads

SS WVTR  Experiment 0.036 0.029 0.0032 0.0026

(g/mfday)  calculation 0.0044 0.0037 0.0032 0.0027
Lag time Experiment 10 355 1280 1980
(h) Calculation 2 448 1280 2273

In addition, this analytical calculations showtthdag time can be achieved up to
four years (35,000 h) which is much longer than stendard lifetime of an OLED
(20,000 h) in the case of four dyads of organiefaaic films with defect spacing of 500
mm, 10*° g cnf/cm®s atm of the inorganic film. This suggests thanbiming organic
and inorganic layers in a multilayer structure pudeg not only low steady-state
permeation rate in both transient and steady séafion but also an additional effect of
long lag time. Hence, the lag time should be aereid when designing multilayer
encapsulation for efficient designing encapsulastmcture. Furthermore, lag time can

be further increased by employing dessicant ireti@psulation structures.

5.4 Summary

The goal of this chapter was to calculate Hdvand S of organic and inorganic
films impact on the overall barrier performancenufltiiayer encapsulation structure. To
this end, equations for calculating lag time andV8%TR were derived and presented.
Based on the calculation using these equatiomgstfound thaP of inorganic film have
a significant impact on both lag time and SS WVTIR the case of organic filnh has a
negligible effect on both lag time and steady sW@TR. In contrastS of organic film
has a significant impact on lag time as in the @dgaorganic film but negligible on SS
WVTR. This is because the permeabiliB=DS) of inorganic film is at least three orders

of magnitude lower than that of organic film so moesistance to water vapor is from
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inorganic film. Hence, the total permeability otitilayer structure by lamination theory
which was introduced in section 5.2.2 is dominad#pendent on the permeability of the
inorganic film.

By comparing the calculated lag time and the eiffectSS WVTR with
experimental data from Ca corrosion tests, theeslof effectiveP of inorganic film
were deduced. However, there was no value to madti calculated lag time and SS
WVTR with experimental data simultaneously with i@eg geometry. Hence, it was
necessary to allow the thickness of organic lagesary, which corresponds the length of
effective permeation path of permeant through amyéilm. Value for effectiveP of
inorganic film were then found to be 2.3 x@ cnf/cm’s atm with 539vm effective
permeation path in the case of 3 dyads,fiaylene.

Based on simulation results, it suggests that @oimdp organic and inorganic
layers in a multilayer encapsulation structure mes not only low SS WVTR but also
an additional effect of long lag time. Hence, thg time should be considered when
designing efficient multilayer encapsulation sturetfor organic devices. Also, it should
be noted that lag time and SS WVTR were calculdtased on assumptions of ideal
behavior of water vapor. It means that there igthee interaction between water vapor
and barrier layers nor accumulation of water vapetween barrier films in our

simulation.
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CHAPTER 6

SINGLE AND HYBRID-LAYER ENCAPSULATION

6.1 Overview

In this chapter, single-layer encapsulation filmased on an AD; layer deposited
by ALD is introduced. While PECVD-deposited fi@nd SiN were investigated by
using Ca corrosion tests, neither layer has sefiicbarrier performance to be the sole
encapsulation layer for organic electronic devicksthe case of a single 100 nm layer of
either SiQ or SiN, on a Ca sensor, oxidation of the encapsulatece@sos was observed
to be very rapid. Films deposited by PECVD werenfib to have many defects which
provide unhindered permeation paths for water vapaor oxygen resulting in low barrier
performance. Therefore, thin fiims deposited byCRP, which are desirable for their
fast deposition rates at low temperatures, cansbd effectively only in hybrid structure,
which will be presented in this chapter and mufglastructures, Single layer and hybrid
layer films are desirable as they simplify the grstdation architecture and can possibly
reduce processing time when compared to multildiyers. The key is to develop
processing methods which can reduce the numberetdcts in order to eliminate
unhindered permeation through the films.

In contrast to PECVD films, ALD processing prowda method to deposit high
quality films with low defect density. Hence, thest goal of this chapter is to fabricate
high performance single barrier layer having eglengbarrier performance of multilayer
structure. The barrier performance was chara@enising Ca corrosion tests and results
are presented in the next section. Additionalg, long-term stability of AD; films was
investigated because it was reported that watedamsation on AD; can cause

corrosion of the film. While single layer films plesited by ALD has a high barrier
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performance, its processing time is too long fghképeed and low-cost manufacturing.
Hence, the second goal of this chapter is to cik@mhlong processing time of ALD and
propose newly developed hybrid encapsulation siract This structure combines the
advantages of fast deposition of PECVD and higHityuaf ALD processing, and results
are presented. The proposed hybrid encapsulatioctgre can satisfy the stringent
barrier requirements for the encapsulation of oigdevices as well as can be produced

with a simplified fabrication process.

6.2  Single-Layer Encapsulation

Single-layer encapsulation films made from@d deposited by ALD were first
analyzed to determine their WVTR properties. Sasplere deposited directly on Ca

samples and measured in an environmental chamloks@ssed below.

6.2.1 Barrier Performance

Barrier film measurements for ALD deposited filmgre created with a single
layer of 100 nm-thick AIO3; which was deposited directly on top of Ca sensatisout
any interlayer which was in the case of multilagtructures. ALD is a conformal
coating, so the side walls of the Ca sensors wepeated to be covered by the,B%
film. Compared to PECVD-deposited Siénd SiN films, Ca sensors encapsulated with
Al,O3 oxidized slowly and uniformly enough that the efifee WVTR could be
measured by Ca corrosion tests. A single lay&ldd-deposited A}O; with a thickness
of 100 nm yielded effective WVTR values of 410* g/nf/day at 20°C and 50% RH.
However, some of samples showed localized oxidadiaing the Ca corrosion tests as
shown in the top and bottom samples in Figure &1 By employing optical microscopy
on the area where Ca was oxidized partially, the-ungiform oxidation was found to be

due to the delamination between the Ca sensoré@d as shown in Figure 6.1 (b)
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@) (b)
Figure 6.1 Top and bottom Ca sensors in (a) show partialai}ad while center sensor
shows uniform oxidation. Optical microscopy imagg) shows delamination of ADs
layer. Uniformity in the Ca oxidation was obtainby using a 1mm parylene layer
underneath the AD; which showed negligible impact on the magnitud&®\WfTR.

To help circumvent the issue of non-uniform Ca dation caused by
delamination, a Irm parylene layer was deposited between the Ca easd A}Os;.
This resulted in very uniform oxidation of the Cansors without any statistically
significant change in the effective WVTR. No delaation was found with the
additional parylene layer. Additional testing of,®; was performed by reducing the
thickness of the AD; layer to 50 nm with a frm-thick parylene interlayer. Again, very
uniform oxidation was observed in all samples. sTiesulted in an average WVTR of 2.8
+ 1.3° 10% g/nf/day. As previously mentioned in Chapter 2, apgOAfiims grown by
ALD directly on polyethylene naphthalate (PEN) shswn WVTRs on the order of £0
g/nf/day as measured by the radioactive tracer méffioand an effective WVTR of 1.7
" 10° g/nf/day at 38 °C and 85 % RH by using the Ca corrotst}*”

6.2.2 Discussion: Long-Term Stability of 28z Layer

As shown in previous results, &); films deposited by ALD showed promising
results having low permeation rate. However, &iptes report has shown that water can
corrode A}Os films.** This can be detrimental for long term encapsoesipplications.
To investigate the long-term stability of &5 film, two different types of encapsulation

structures were tested on Ca sensorgOfdnd ALOs/paryelene as illustrated in Figure
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6.2. As explained in previous sectionmh thick parylene as a buffer layer between Ca
sensor and 50 nm thick AD; film was deposited. The additionalnin thick parylene
layer was deposited on top of the,®4 film to prevent water from condensing directly
on top of the AIOs film. The additional parylene layer does not efffine overall barrier
performance because the @} film is primarily responsible for the large resiste to

water vapor and oxygen.

Parylene ——~= A ~—
buffer Iayer\ Encapsulation ) I — w
N\ =7 oo N_v
[ [TCAaT ] |
Glass substrate ] —
Parylene ALO,

Figure 6.2 Schematics for long-term stability test of,@} film on the glass substrate.
Circled are indicates encapsulation consisting wither single 50 nm thick AD; or
Al,O3 protected by dm thick parylene layer.

The data in Figure 6.3 show that both encapsulatanctures maintain similar
barrier performance up to 20 days. After 20 d&ysDO; without an additional parylene
protecting layer on top of the AD; film lost its barrier performance, while the stiwe
with a parylene protecting layer on top of the@d maintained its barrier performance
after 4 months. Some of the Ca sensors encapduldth Al,O; without a parylene
protecting layer lost their barrier performancehwit20 days. Based upon these results,
an additional parylene protecting layer should kseduto guarantee the barrier

performance of AlO;thin-film encapsulation in long-term applications.
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6.3  State-of-Art Hybrid Encapsulation

The development of thin-film encapsulation has saliprimarily on high quality
single layers of inorganic materials as well as tilayler films often containing
alternating layers of organic and inorganic materiaResearch has shown that the
effective WVTRs for multilayer structures have ashid permeation rates of 16 10°
g/m’lday for structures using 3 — 6 dyads of,@dpolyacrylate, SiQparylene, or
SiNy/parylene as mentioned in the Chapter 2 aftf 4% However, their complex
architecture and/or the long processing times l@esen to be barriers themselves to
their integration in actual devices. Overall,sitdesirable to develop vacuum deposition
methods for thin-film encapsulation which reduces tomplexity and processing time
while providing high quality films which are scalakto large areas. As an alternative
approach, high quality single-layer encapsulatias also been developed While single
layer films fabricated by ALD have shown promisirggsults as previously mentioned,

the processing time for ALD is too long for highes, low-cost fabrication (~ 4 hr for a
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25 nm-thick AbOsfilm).! % 1% Therefore, we propose an encapsulation struethieh
combines the fast processing of PECVD and the tgttity of ALD coatings.

Most thin films deposited by PECVD have pinholesl @efects, which provide
permeation pathways for water vapor and oxygemckegesingle-layer films deposited by
PECVD cannot satisfy the stringent encapsulatiaquirements of organic electronic
devices. This barrier performance of films depasiby PECVD can be improved by
combining a high quality and conformal depositisach as ALD. In this manner, the
defects on the first deposited film can be passtvéty next film. The-state-of-art for this
method is that the first deposited film can be ifedied quickly by PECVD to form the
base of encapsulation and the second defect filiipgr needs to be deposited ultra-thin,
reducing the process time of ALD. This structuhewed ultra barrier performance

similar to that of multilayer encapsulation buthwvé simplified geometry.

6.3.1 Barrier Performance

Hybrid encapsulation structures were investigaaed, their performance was also
examined using Ca corrosion tests. To study thwithyencapsulation, Ca samples on
glass substrates including a 400 nm-thick ,Siauffer layer, which prevents side
permeation as previously described, were prepareithié same way as the multilayer
encapsulation structures. After this interlayersweposited by PECVD, 100 nm of
either SiQ or SiN, was deposited by the same PECVD process on ttpgeahterlayer to
begin the hybrid encapsulation structure. This Yalewed by depositing 50 nm of
Al,O3 by ALD. Finally, a Im thick parylene layer was deposited on top of Ahg€;
layer to prevent corrosion of the /813 by water condensation. The schematics in the

Figure 6.4 shows the hybrid structure including séasors and buffer layer.
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Figure 6.4 Schematics for hybrid encapsulation test structurethe glass substrate.
Circles indicate hybrid layer consisting with eitd®0 nm-thick SiQ or SiN/ combined
with 50 nm-thick A}Ozand Irm thick parylene layer.

The SiN/AI,Oz/parylene and Si@Al,Os/parylene barrier films yielded effective
WVTR values of 2.3 + 1.5 10° g/nf/day and 3.0 + 1.4 10° g/nf/day, respectively.
While multilayer films containing SiNdeposited by PECVD have been reported to show
better barrier performance than $i6% 7 our results show that there were no
significant difference between the two films whetized in the hybrid structure. These
results suggest that the water permeation throhghdefects and pinholes in both giO
and SiN films are well passivated by the »8k; layer, providing a barrier film with
performance similar to multilayer encapsulation Wwith a far simpler architecture. As
performed previously, AD3; (100 nm)/parylene (Irm) films and SiQ(100 nm)/parylene
(1 nm) yielded effective WVTR values of 2.8 + 310" g/mf/day and 3.1 + 0.7 10?
g/nf/day, respectively. Based upon lamination thealgwdations?® ! the effective
WVTR of the two films combined is expected to betbe order 19 g/nf/day, which is
one order of magnitude higher than that of the alctobeasured value. The measured
lower permeation rate of the hybrid film is belidvi® originate from the passivation of
defects in the SiQlayer by the AlO; layer. Such synergistic effects have been reported
in the cases of interlayers between inorganic agdroc multilayer encapsulation as well

as ALD-deposited AD; and SiQ, and ALD-deposited AD;, ZrO,.1'% 41 ¢
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Figure 6.5 (a) Schematic shows expected imperfect structtRECVD deposited SiOx
deposited by PECVD based on AFM images (b). (¢)e8mtics illustrates the sealing
effect of ALO3; on a SiQ surface: (1) SiQ (2) interlayer of SiQ and ALOs, and (3)
Al,Os. (d) Surface morphology of AD; deposited by ALD on glass substrate.

Figure 6.5 (a) shows the expected imperfect stractd SiQ film deposited by
PECVD from the surface morphology of this film upiAFM, which clearly contains
voids, and grain formation resulting in relativedyrough surface (root mean square
(RMS) surface roughness: 3.8 nm). This imperfeaicsure of the SiQ provides a
permeation path for water vapor and oxygen as digliin other report® In contrast,
the ALO; surface in Figure 6.5 (d) consists of densely pdckmaller spherical clusters
of Al,O3 resulting in a uniformly deposited and smootherfasie (RMS surface
roughness: 0.5 nm). Therefore, by applying@3lby ALD on the SiQ, the defects in
SiO, can be sealed resulting in expected interlayeionegonsisting of both SiQand
Al,O3 between the two films (See Figure 6.5 (c)).

Additional studies on the hybrid films were perfa@unby reducing the thickness
of the ALOs; to determine its impact on the effective WVTR aw®dect passivation. By

decreasing the thickness of the ALD layer to 10 tim,effective WVTR of Si@based
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hybrid film was 4.0 + 0.5 x I0g/nf/day. Therefore, a 10 nm-thick /&; film deposited
by ALD was enough to seal the defects and pinhaolethe SiQ film, reducing the
overall processing time. With a deposition rat® & nm/min for the AlO; layer along
with a deposition rate of 33 nm/min for the i@yer (3 times faster than that of N
this hybrid encapsulation architecture provides @ody combination of barrier
performance and reduced processing time when cadgarsome multilayer structures
with similar permeation rates. This is affordedutiizing the fast deposition process of
PECVD and minimizing the deposition time needed AtD, especially when the 10
nm-thick layer is used. Overall, we have obseraedecrease in processing time of a
factor of 5 when compared to the multilayer struetwith similar effective WVTR
values consisting of Sigparylene which we have produced.

In considering the encapsulation of devices onilllexpolymer substrates, it is
necessary to seal the polymer substrate due thitgfrewater permeation rates of many
polymer substrates. To test the performance ofhifeid layers in this role, a SiO
Al,Os/parylene layer was deposited on a b@®d-thick polyethylene terephthalate (PET)
film. A calcium sensor was then deposited on sieigled polymer substrate followed by
the deposition of another hybrid encapsulationcstme. This resulted in the Ca layer
being sandwiched between two hybrid layers. Thectiffe WVTR was measured to be
2.4 + 1.5 10° g/nf/day at 20 °C and 50 % R.H. which is very similar the

performance on glass substrates.

6.3.2 _Activation Rate Theory

The synergistic effect from the interlayer in thgbrid structure is investigated
using activated rate theory. The permeation oileal gas through silicon oxii@ and
glassy polymers below their glass transition terapge ;) can be described by an

Arrhenius equation:

P= PO e—DEP/RT (9)
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P, R, and Ep, are the permeability, pre-exponential factor, astivation energy for
permeation in kJ/mol, respectivel\R is the ideal gas constant in J/mol/K ahds the
temperature in K. Epis a measure of the energy needed to elevate tineepat to the
activated state and to distort the barrier mataxteat the permeant may move into the
next vacancy*® Hence, by comparing the values of activation gnewhich barrier
layer is more tightly packed can be deduced. Alsig,theory can be used to predict the
temperature dependency of barrier lay&ré"

The activation energy for water vapor through theybrid layer
(SiIO/AlO4/Parylene) is calculated by measuring the permigabiit constant
temperatures of 10, 20, 30, 40, and 50 °C in thudys Figure 6.6 shows the Arrhenius
behavior of the permeation of water vapor throdghhybrid barrier layer, and the value
of Ep was calculated to be 91.04 + 13.17 kJ/mol. Fsingle layer of AJO; by ALD,
values of Ep in the range of 52 — 58 kJ/mol have been repoatsdl the value of 92
kd/mol for nano-laminated AD4/ZrO; fabricated by ALD was also report&d.* 4
By comparing those reported datakp of the hybrid barrier layer shows a higher
activation energy than a single .8 layer and similar to a nano-laminated structure.
This higher value of Ep for the hybrid layer supports the idea that aeriayer between
the ALO3; and SiQ films results in an additional rate limiting layes illustrated in Figure
6.5 (c). The rate limiting permeation step canrierpreted as not solely a function of
permeation through the ADs layer but also a function of the interlayer. Llpport of
this interpretation, the measured permeabilityha&f hybrid layer is also lower than the
permeability calculated using lamination theorydshsn the values of individual ADs

and 1 dyad of Si@parylene layers as presented in section 6.3.1.
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Figure 6.6 Plot of In(P) as a function of 1/Tempareture f@ater and oxygen permeation
through the hybrid barrier layer. Filled circlag &xperimental data, and the solid line is
a linear fit.

6.4 Summary

The first goal of this chapter was to fabricatghhperformance single barrier
layer having equivalent barrier performance of mayer structure. To this end, an ALD
process was employed to deposit@d single layer films and their barrier performance
was evaluated using the Ca corrosion test. Whiehbarrier performance of this layer
shows equivalent or superior properties to that2ofdyads of SiQparylene or
SiNy/parylene, the deposition rate for ALD films is igally an order of magnitude lower
than PECVD processing, resulting in very long dépostimes.

The second goal of this chapter was to circumvemg lprocessing times of ALD
and propose newly developed hybrid encapsulatianctsires. To this end, a hybrid
encapsulation structure was proposed and thiststeicombines the advantages of fast
deposition of PECVD and high quality of ALD procegs Very thin AbO3 layers which
can reduce the processing time needed by ALD wepesited on either SjQor SiN
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produced by PECVD to seal their defects. Thiscstme was demonstrated to have an
effective WVTR as low as 3.0 + 17410° g/nmf/day, which is similar to that of multilayer
barrier films but with far simpler structure. THmv permeation rate is expected to be
originated from the interlayer between either S SiN, deposited by PECVD and
Al,O3 deposited by ALD.
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CHAPTER 7

MECHANICS OF THIN-FILM ENCAPSULATION

7.1 Overview

One of the unigue characteristics of organic devisetheir ability to be utilized
in flexible electronics. To realize this, stiffagls substrate will be replaced by flexible
plastic substrate such as PET or PEN. Howeverergérplastic substrates are too
permeable to water vapor and oxygen, so these ratdsstwill be coated with barrier
films. Inorganic layers used in this purpose pdevihe largest resistance to water vapor
and oxygen, yet limit the mechanical flexibility thfe encapsulation and, thus, the device
lifetime. In general, fractures in the encapsaolatayers cause rapid device failure due to
the increased permeation rates of water vapor atygem through the cracks in the
encapsulation. Therefore, the response of thimsfiunder mechanical deformation
should be understood, and mechanically robust endajon structures should be
developed in order to realize flexible organic &ieaics.

The first goal of this chapter is to investigatectmical properties of various
thin films to understand their mechanical respomséer deformation. As explained in
section 2.6, the geometry of the structure suchthaskness and bending radius of
curvature as well as mechanical properties impde mechanical response of
encapsulation structures. Hence, nanoindentatipereanents were performed for the
study of the modulus of the deposited thin filmSecondly, the deformation induced
cracking was investigated to study mechanical &troh of both individual and
combined thin-film structures. In addition, therder performance of multilayer
structures under bending was investigated for s@ason. Based on these results, it was

concluded that a more flexible encapsulation stmeéctshould be developed for the
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application of flexible encapsulation. Hence, sikeond goal of this chapter is to propose
a flexible encapsulation structure. Coating theickewith an epoxy layer resulted in a
shift in the neutral axis for bending towards thecapsulation, reducing the induced
strain. It was observed that this new structurs alale to maintain barrier performance

under deformation at smaller radii of curvature.

7.2  Mechanical Properties of Barrier Films

In order to investigate the mechanical behaviathof films, the nanoindentation
explained in the Chapter 3 was employed. It isyvienportant to understand the
mechanical response of thin films to address cmsceabout their reliability.
Furthermore, the mechanical behavior of materialthe form of thin films can be quite
different from those of materials in bulk form r#gyg in unexpected mechanical
behaviof'*® Therefore, it is a necessary step to characténigenechanical properties
of thin films to understand, predict, and improvee tflexibility of encapsulation
containing thin films.

Nanoindentation tests on 1 pm-thick parylene laygedded elastic modulus
values of 4.3 GPa. The modulus of 100 nm-thick,&i@d SiN were found to be 42.1
GPa and 87.7 GPa, respectively. These resultSifarand SiN deviate from reported
values for the bulk materials. The modulus of b8l was reported as 70 GPa, and
SiN, was in the range of 202 GPa to 307 GPA. The differences in mechanical
properties between thin films and bulk materiaks dne to micro-structural differences
and surface oxidatiof?! As expected, the elastic modulus of the paryfdmeare far
lower than those of inorganic materials such as, %@ SiN by at least an order of
magnitude. Hence, in addition to the benefit afalgpling defects in inorganic layers as
explained previously, a soft organic layer betwewmganic layers has an important role

in stress relaxation during the deposition of nfaytr encapsulation structures.

7.3 Film Residual Stress and Crack On-set Strain in Baier Films
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The residual stress of SiNind SiQ deposited by PECVD and A); by ALD
were investigated. The residual stress is veryomant because the film stress can affect

the mechanical properties and flexibility of therier films 112

It was also reported that
compressive residual stress in the films is berafio the barrier performance and
adhesiot’® However, high compressive stress can cause mfooblems such as
buckling of the fiimd'*? Measured stresses of films are listed in Table @nd these
results prove that deposition conditions and methoan change the residual stress.
Residual stress of the film is the summation ofhbitte stress induced by the growth

mechanism and the stress caused by CTE mismateledetthe deposited film and

substrate. Hence, total residual stress is giyeirB

S S +S

thermal . :(Y

total — < growth

Stress induced by CTE mismatch is written in a fasrollows:2*!

(a;-apT

sthermal = a DT +1
s

(7.2)

wherekE is the modulus of the film, T is the temperature difference, andand ; are the
thermal expansion coefficient of the substrate fAng respectively. As listed in Table
7.1, both SiN and SiQ deposited by PECVD have compressive stressestinegalue)
due to the ion bombardment of the growing film wathergetic particles induced by the
plasma. Both of them have very small thermal stbesause CTE mismatch between the
films and substrate is insignificant as listed able 7.2. On the other hand, the residual
stress of ALD-deposited ADs is highly tensile (positive value) because ther@o ion
bombardment in the case of ALD, and CTE mismatctwéen substrate and As
cannot be neglected. Hence, thermal stress doesirthe residual stress in the case of
ALD-deposited AJOs. This highly tensile stress can be detrimentaht flexibility of

the barrier layer because the top surface of thidelbdayer experiences tensile stress

during inbound bending. By applying an additioteler of PECVD-deposited SO
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which has compressive stress, on thgD4|l the resultant film stress was measured with
28 MPa, which is very low compared to the initisless of A}Osand more preferred for
a flexible encapsulation structure.

Table 7.1Residual stress of thin films deposited by difféq@mocesses.

Deposition Method Film Thermal Stress  Total Stress

(MPa) (MPa)
PECVD SiO -7.9 -196
(Plasma Therm at 13.56
MHz) SiN, +5.5 -54
ALD A0, +148.5 +183

(Cambridge Nano Tech.)

Table 7.2CTE of the deposited films and substrate.
Materials SiQ SiN, Al,O; Silicon

CTE 0.5 3.3 8.1 2.6

Next, the development of cracks as a functionti@irs were investigated in S§O
and SiN layers deposited by PECVD and in,@4 layers by ALD. All coatings were
fabricated on substrates of 1@@n-thick PET coated with hm-thick parylene film.
Samples were bent on cylinders with different radiicurvature. Crack patterns were
characterized by means of optical microscopy. Kxastarted to appear at a radius of
curvature of between 6.4 and 10 mm, which corredpan a strain of 0.8 % (6.4 mm) in
both SiQ and SiN layers. The crack densities increase as the saafilcurvature is
further reduced (see Figure 7.1 (a)-(c)). Therswathe top surface of film is calculated
by using equation (2.14) which was introduced iragbr 2.5.

In this experiment, Young's moduli measured forTP&hd parylene of 3.0 GPa
and 4.3 GPa, respectively, were used. In princiglmore complicated equation should
be used in this calculation. However, it can beuaged that PET and parylene are the
same materials because the modulus is almost safence, the neutral axis shifts

toward PET substrate, and the top surface expa&selass tensile stress compared to a
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uniform material with same thickness. Cracks appethe films for strains greater than
or equal to 0.8 % for a 6.4 mm bending radius o¥ature, and this is supported by other
reference$* ! Typical crack onset strains of brittle films aeported as 0.5-2.5 &%

8l The reason why these reported data are diffeiertecause the properties of
fabricated films can vary stochastically accordittg the processing and substrate
conditions. In the films of ADs;, parallel and branched cracks appear, as shown in
Figure 7.1 (d). The highly tensile stress ob@d is expected to induce these many
branched cracks. It should be noted that highigite residual stresses in deposited films
are more detrimental to the barrier performancélmis under mechanical deformation.
Thus, it is imperative to consider both the residiiiess state and barrier properties when

designing and developing encapsulation layersléxilile devices.

SiOox SiOx SiOox ALO

=& 4} mm =48 mmm r=1.95 mm r=6.8 mm
@ (b) (©) (d)
Figure 7.1 Optical micrographs show the crack pattern and itlems SiOy (a) - (c)
samples bent to different radii of curvature. Inage (d) on AJOs;, there are many
branched cracks (R = 6.4 mm), which suggest thatehsile stresses in the film provide
additional driving force for crack propagation ataimage in the film.

7.4 Barrier Performance under Mechanical Deformaton

In order to investigate the barrier performanceen€apsulation barriers under
mechanical deformation, bending tests were perfdrinethe same way as the crack
density measurements on encapsulated Ca sensoshoas in Figure 7.2. In this
experiment, Ca sensors were fabricated on eleliyricesulated 50mm-thick stainless
steel substrate. Stainless steel substrates wsed hecause they are flexible and

impermeable to water vapor and oxygen. However,stirface of the stainless steel is
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too rough for the deposition of thin Ca and Al lesy¢100-300 nm), so chemical and
mechanical polishing (CMP) was used to smooth thitase of the substrates before the
deposition of insulating films. Also, both paryéeland PECVD deposited SiNvere
used as insulating layers between the Ca sensardh&nstainless steel substrates as
shown in the Figure 7.2 (a). The Ca sensors aneletrodes were deposited on top of
the insulation layer, and finally, encapsulatiogels of 3 dyads of SiMparylene or
SiO/parylene were deposited on the Ca sensors. Thapsulated Ca sensors on
stainless steel were bent at fixed radii of curkatietween 6.4 — 29 mm as shown in the
Figure 7.2 (b) in order to investigate the barperformance under bending conditions.

Radius of curvature

/ Ca Sensor
Multilayer
barrier Al Electrode
- e . Insulation layer

¥~ S.S. substrate

Side-view
@ (b)

Figure 7.2 Schematic describes (a) the side view of encagzll@a on an electrically
insulated stainless steel substrate. Encapsu@desensors were bent on a cylinder at a
fixed radius of curvature (b).

The results in the Table 7.3 show that the effeciWVTR as a function of the
radius of curvature. The barrier performance apgptabe constant down to a radius of
curvature of 10 mm, after which a drastic increaseNVTR is observed for both
structures. These data suggests that damage®ijfp&iylene and Sipparylene layers
were initiated between 6 mm and 10 mm radii of atuxe. Previous results about
cracking development with bending (6.4 mm radiuswivature) of SiQand SiN are
also supported by the effective WVTR measurememgeements performed under

bending. This effective WVTR experiment under begdsuggests that crack onset
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strain is very important because multilayer enckgigun layers lose their barrier
performance immediately after crack initiation netless of the number of cracks. This
experiment shows that the flexibility of the enaapton structure is not sufficient for
the realization of highly flexible organic electics. Therefore, a new encapsulation

structure is proposed in the next section.

Table 7.3Effective WVTR of 3 dyads of Sigparylene and SiMparylene as a function
of radius curvature.

Radius of curvature 29 13 9.5 6.4
(mm) [Strain (%)] [0.2] [0.4] [0.6] [0.9]
: SiO«/ Rapid
E\;‘\l;%(_;ﬂ\?/e parylene 1.3+06x10 11+02x19 9.3+0.9x18 oxidation [a]
(g/nfiday) SN 31.06x10 85+19x10 23+17x1¢ _ apd
parylene oxidation [a]

[a] Ca was oxidized through cracks in the encapsuaso effective WVTR cannot be
calculated

7.5 Highly Flexible Encapsulation Structure

As introduced in section 2.6 the flexibility of ancapsulation layer can be
improved by placing the brittle barrier layer onabose to the neutral axis because there
is neither compressive nor tensile stress along#utral axis as described in the Figure
7.3 (a). While the top and bottom surfaces expegetensile and compressive stress,
respectively, these materials are very soft congpdce the inorganic barrier layer
resulting in no cracks from the bending.

In order to demonstrate the effectiveness of ptathe barrier layer on the neutral
axis, a hybrid barrier layer was employed on a RElstrate because PET itself is too
permeable to water and oxygen. A hybrid-coated BHbbstrate was shown in the
previous chapter to provide enough high barriefquerance to replace the stainless steel
substrate. However, it was also found that therilylayer lost its barrier performance
when it was bent at a radius of curvature of 6.4, wimich produced a tensile strain of

0.8 % in the hybrid layer. Optical micrographsHigure 2.17 show that Ca is oxidized
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by reaction with water that permeated through sackherefore, this study stresses that
the neutral axis should be placed close to theitiyayer to prevent these cracks. After
sealing PET with a hybrid layer, Ca sensors anctlattrodes were deposited on the
coated PET followed by deposition of another hydager. Consequently, the Ca
sensors were sandwiched between two identical thylaers. In order to shift the
neutral axis to the hybrid layer, a layer of pangevas deposited on the hybrid layer to
match the 100 m-thick PET substrate, which was used for easy Iiand The thickness

of the deposited parylene was determined based f@iowing equation:

N =Yd (7.4)
where Y, and d and Y, and ¢ are the modulus and thickness of the PET and qaeyl
respectively. As a result, the Ca sensor and Oybairrier layer can be located on or

close to the neutral axis resulting in no or ldéssiis induced by bending.

<4mmmm Tension mmm—p> @ - Ca Sensor

100 nm Parylene e Al Electrode

i = J Hybrid barrier

J layer

Neutral
axis

Compi’ession

i _ 100 nm PET
:_] Tensile stress
Compressive stress Side-view

(@ (b)
Figure 7.3 Schematic (a) shows the compressive and tensédssstvhen the structure is
bent. While the top surface relative to the neutwat experiences highly tensile stress,
the bottom surface experiences compressive stesasequently, the neutral axis
experiences no stress from bending. Schematic (mws the highly flexible
encapsulation structure. Hybrid barrier layers an@da sensor are sandwiched between
two polymer layers.

This structure was expected to be able to encatgsorganic devices with high

barrier performance as well as highly flexibilityHowever, delamination between

106



parylene and the top layer of the hybrid structoceurred during bending because the
adhesion between the two layers is less of a cl@nfionding than a mechanical

adhesion. Although adhesion can be improved byyagpan adhesion agent between
the parylene and hybrid layer, this approach waelglire one additional process step.
Therefore, epoxy deposited by spin-coating was usst@ad of parylene because of its
good adhesion properties. While epoxy is more dyhiitic compared to parylene, most

of the resistance against water and oxygen conoes fhe inorganic layer. Replacing

parylene with epoxy does not affect the overalribamperformance of the hybrid layer.

The modulus of cured epoxy was measured to be B& ®hich is comparable to that of

the PET substraté?® and the thickness was determined based upon Bquati).

As discussed previously, encapsulated Ca senstirsawiepoxy sealant were bent
at a radius of curvature of 6.4 mm, and the bap@formance was investigated under
bending in a controlled environmental chamber. piacing the brittle barrier layer close
to the neutral axis, the encapsulation structurgasns its barrier performance under
bending. In order to visually observe the effemtigss of this structure, GT logos printed
paper were wrapped around the cylinder underndegthencapsulated Ca sensors. The
oxidation of the encapsulated Ca can be seen bedhasCa becomes transparent after
oxidation, revealing the GT logos underneath. igufe 7.4, the top three samples are
encapsulated without a top layer of epoxy resultim¢ensile stress on the hybrid layer.
The bottom three samples have an epoxy top laysitieg in reduced stress on the
hybrid layer due to the shift of neutral axis te thybrid layer. After 2 days, the GT
logos can be clearly seen in the case of encapsulaithout an additional epoxy coating
(top samples) due to water permeation through staghile the Ca sensor is still opaque
in the case of encapsulation with an epoxy codtimgtom samples). Consequently, this
demonstrates that the encapsulation structure ogselfor high flexibility does sustain
its barrier performance when bent to a small radiisurvature. This result is very

promising for the future development of highly flebe organic electronics.
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Figure 7.4 Picture (a) shows GT logos wrapped around thedgli for visual inspection.
In pictures (b) ~ (d), the top three Ca sensorsesmreapsulated without a top epoxy
coating and the bottom three are with a top epmating; (b) after bending, (c) after 10
min, (d) after 2 days.

7.6 Summary

The first goal of this chapter was to investigatechanical response of various
thin films. To this end, nanoindentation was emgptb and the modulus of films and
substrates were investigated. Also, cracking dgraknt as a function of strain for
single inorganic films and hybrid structure wasestigated using optical microcopy and
results show that cracks developed for strainstgreghan ~ 0.8 % of strain in most
inorganic films. This result was also verified tmeasuring the barrier performance of
multilayer encapsulation under bending. This mada limitation of encapsulation
layer corresponds to that of organic electronicsabee fractures in the encapsulation
layers cause rapid device failure due to the irsgdgermeation rates of water vapor and
oxygen.

Overcoming the mechanical limitations of encapsutalayers was the second
goal of this chapter. To this end, hybrid layersrevcoated on a PET substrate and
additional hybrid layers combined with epoxy wepplged on top of Ca censors. This

structure leads in a shift of the neutral surfaoward the barrier layer resulting in
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reduced strain. This experiment demonstrates bagher performance as well as high
flexibility. However, additional testing should hmerformed to investigate long term

stability of this structure by applying repeateddiag.

109



CHAPTER 8
INTEGRATION OF ENCAPSULATION WITH

ORGANIC SOLAR CELLS

8.1 Overview

In this chapter, the encapsulation layers that wiereloped and characterized in
chapter 4 and 6 are integrated with organic satdls ¢o validate their effectiveness as
barrier layers. Annealed Silgarylene multilayer structures with 1 to 3 dyadd aybrid
structures using either Sj@r SiN, were integrated with organic solar cells in thisdy.

By encapsulating organic solar cells with thesbyfcharacterized encapsulation layers, it
is possible to obtain a one to one correlation betwthe barrier performance and the
shelf-lifetime of encapsulated organic solar cell¥herefore, the main goal of this
chapter is to evaluate the effectiveness of deweldparrier layers by presenting the
performance parameters of encapsulated organicel@d a function of exposure time.
The device geometry used in this study was expiainesection 3.5. The compatibility
of encapsulation with organic solar cells was itigased by comparing the device
performance parameter before and after encapsulatiofrhe device performance

parameters were measured periodically and resdtgrasented in this chapter.

8.2 Process Compatibility with Organic Solar Cells

The first concern when encapsulating organic a=vis whether the processing of
the thin-film encapsulation impacts the performaotthe organic devices. In this study,
two types of encapsulation structures were studi@de is a multilayer structure and the
other is a hybrid structure. For both encapsutasimuctures, a SiOnterlayer deposited

by PECVD at 110 °C is the first layer to contaat tevices. After fabrication of the
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SiO interlayer, encapsulation continues with repegieatesses of parylene CVD at
room temperature and PECVD at 110 °C in the cagbeoinultilayer structure, or one

process each of ALD at 110 °C and parylene CVDairr temperature in the case of the
hybrid encapsulation structure.

Table 8.1Performance parameters of solar cells before aed eficapsulation with a
multilayer structure. For each type of encapsumtibe data is averaged over 3 devices.
Before encapsulation

l\!o. of layers 3 = v
(SiNy/parylene) (%) (m A/S((:: ) (m??)
0 dyad 3.2+0.0 11.6+0.3 0.54 +£0.01 387+1
1 dyads 3.2+0.0 11.6+0.1 0.53+0.01 385+ 2
2 dyads 35+0.1 12.7+04 055+0.01 399+ 3
3 dyads 32+0.1 119+ 04 053+0.01 385+1
Average 3.4+0.2 12.0+0.7 0.54 + 0.03 390+ 4
No. of layers After encapsulation
(SiNy/parylene) %) m AJ/Sc(:.: ) FF (\rr/10\5)
0 dyad NA NA NA NA
1 dyad 3.3+0.0 11.1+0.1 0.49 +0.01 407 + 2
2 dyads 35+0.1 11.8+0.1 0.53+0.01 4105
3 dyads 3.1+0.1 11.1+0.1 0.49 +0.01 408 £ 4
Average 3.3+0.2 11.4+0.5 0.52 + 0.02 412 +7

First, the main performance parameters of dewa#s multilayer encapsulation
were compared before and after the encapsulatioceps, and the parameters are
summarized in Table 8.1. These main performancanpeters were extracted from the
current densityJ) - voltage V) curves which are plotted in Figure 8.1 for gpdrylene
encapsulation with 1 — 3 dyads. T#& curves were measured with a Keithley source
meter unit under a broadband Xeon lamp (ASB-XEEX,5CVI). The data in Table 8.1
and Figure 8.1 show the thermal annealing effeet tias been reported in other
references after encapsulation due to the PECVDegmat an elevated temperature (110
°C).[63] This thermal annealing effect results in a srmshlft up in open-circuit voltage

and a reduction in the diode reverse saturatiorentidensity as shown in the Figure 8.1.
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However, efficiency averaged over 9 devices doéshange significantly, indicating no
strong negative impact. These results show thatntiultilayer encapsulation process
does not harm pentacengé®ased organic solar cells and is therefore corlgatvith

these devices.
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Figure 8.1 Electrical characteristics measured in the darkpfg shapes) and under
illumination (filled shapes) for the same pentacér&gy-based solar cells before (blue
shapes) and after (red shapes) deposition of alayelt consisting of 1 ~ 3 dyads of
annealed SiNparylene.

Secondly, the compatibility of the hybrid encajps$ioin process with pentacene/
Cso-based organic solar cells was investigated in samay as the multilayer
encapsulation process. While the total numberatgss steps are reduced in the case of
the hybrid structure compared to the multilayenctire, the processing time at elevated
temperature is longer than that of the multilayee do the long processing time with
ALD. The main performance parameters before atet ahcapsulation are summarized
in Table 8.2, and-V curves are plotted in Figure 8.2 for both S&dd SiN based hybrid

structures. The main performance parameters wetechanged significantly, but
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thermal annealing effects were also observed asoteg. All data clearly show the

devices suffered no significant damage due to ytoeith encapsulation process.

Table 8.2 Performance parameters of solar cells before atet aehcapsulation with a
hybrid structure. For each type of encapsulatioa,data is averaged over 3 devices.

Before encapsulation

No. of layers 3 v
SiN,/parylene sC oc
(SiNJparylene) = o) (mA/cn) FF (mV)
Wlo 32400 11.6+03 054%001  387%1
encapsulation
SiO/ AlL,O4/P 3.2+0.0 10.4+£0.0 0.56 £ 0.01 392+2
SiN,/ AlL,O4/P 3.1+0.1 104+0.2 0.55+0.01 394 +2
Average 3.2+0.1 10.8+0.4 0.55+0.01 391+3
No. of layers ‘,JAfter encapsulation .
SiN,/parylene SC oc
(SiN,/parylene) %) (mAJen?) FF (mv)
wio NA NA NA NA
encapsulation
SiO/ AlL,O4/P 3.3+ 0.1 9.8+0.1 0.53+0.02 448 £ 2
SiN,/Al,O4/P 3.5+0.0 92+1.0 0.54 +0.01 450+ 7
Average 34+0.1 95+0.1 0.53+0.01 449 + 7
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Figure 8.2 Electrical characteristics measured in the darkplg shapes) and under
illumination (filled shapes) for the same pentac¢€gebased solar cells before (blue
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shapes) and after (red shapes) deposition of aichyayer of SiQ/Al,Os/parylene
(triangles) or SiNAI,Os/parylene (circles).

In conclusion, both the multilayer and hybrid ersm#ption processes do not
affect the performance of pentacengffased organic solar cells significantly based
upon the comparison of the main performance pammiebefore and after the
encapsulation process. While thermal annealingceffwere observed in both cases in
this study as previously reported, these did nderdwate the performance of the
encapsulated organic solar cells. Therefore, thmpatibility of the encapsulation
process with pentacenefttbased organic solar cells was verified. It iSehadd that this
process is compatible with other organic devicest thave a similar glass transition

temperature.

8.3 Shelf-Lifetime Study of Encapsulated Organic Sar Cells

8.3.1 Multilayer Encapsulation

After the verification of the compatibility of thencapsulation processes with
organic solar cells, the effectiveness of the raylér structures as an encapsulation layer
was investigated over a long period of time. Fuglyaracterized encapsulation structures
consisting of alternating Silparylene layers were integrated with pentacegdi@sed
organic solar cells. Structures with 1 to 3 dyadge tested to study the correlation
between the barrier performance in terms of thectiffe WVTR and the shelf-lifetime of
encapsulated solar cells. Encapsulated organar sells were stored in a controlled
environmental chamber with the same environmentalditions as during the Ca
corrosion tests (20 °C and 50 % R.H.). Main perf@nce parameters were extracted
from theJ-V curves as done in section 8.2. Th¥ curves were measured periodically
with a Keithley source meter unit in the lab enammeent under a solar simulator (91169,

Oriel) to investigate device degradation as a fionobf time.
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Figure 8.3 displays the change in the normalizesigpaconversion efficiency of
the organic solar cells encapsulated with 1 to &dyof SiN/paryelene versus exposure
time. The data in Figure 8.5 show a clear trendinproving shelf-lifetime of
encapsulated pentaceng/®ased organic solar cells with an increasing numife
SiN,/parylene dyads. As generally expected in orgdeigces, un-encapsulated organic
solar cells in the environmental chamber degradeyg fast. The values of dropped to
less than 20 % of their initial values within 50amd the cells stopped generating power
completely after 200 h. This fast degradationhaf tin-encapsulated solar cells stresses
the importance of encapsulation for the practiggliaation of organic solar cells. In the
case of the 1 dyad Siifparylene encapsulation structure, normalizetbcreases by 50 %
after ~1,000 h. While the shelf-lifetime of thevi® encapsulated with 1 dyad of
SiNy/parylene is longer compared to that of un-encapsdldevice, the improved shelf-
lifetime is still too short for most actual applicas. As the number of encapsulation
dyads is increased, the shelf-lifetime improvesor the samples encapsulated with 3
dyads of SilNparylene, less than 10 % degradation in the depedormance was
observed within the first 7,000 h as seen in FigureThis encapsulation architecture
yields an effective WVTR of 7.3 + 5.0 x 1@/m?day as measured. Considering the
current results, encapsulation layers with bapenformance on the order of or less than
10° g/nf/day are thought to block oxygen and water vaptecéfrely for organic solar
cells consisting of pentacene ang.C

It should be noted that devices might start to degrduring the multilayer
encapsulation process, especially during the paeylE€VD process due to its long
processing in relatively weak vacuum condition. dAidnal degradation can occur
during transport of the devices from one procesanother. Ca corrosion tests cannot
account for this degradation because the Ca comdsist only reflects the conductance
measurement after the encapsulation process. Glogos is to use a moisture and

oxygen getter like CaO that can remove permeatdadrwapor and oxygen during the
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encapsulation proceS§ Furthermore, in-line processing of the devicenfrdevice
fabrication through encapsulation can reduce thenoks for degradation during the
encapsulation process. Degradation during thepsodation process can be especially

detrimental because the devices are not fully endafed yet.

> AV y——V—
2 T T
Q A
2 A
b= \ .
()
© e A
5 i
>
o
-o \
N ° i
:c_:u —m— unencapsulated
£ A —e— 1 pair SiN /P
2 \ —A— 2 pairs SiN /P
o-o¢ A —v—3parsSIN/P |

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (h)

Figure 8.3 Normalized efficiency as a function of exposuredifor pentacenefgbased
organic solar cells encapsulated with 1 to 3 dyddmnealed SiMparylene including an
un-encapsulated device as a reference. Clearstiggtdieen the number of encapsulation
layers and the shelf-lifetime are observed.

In conclusion, the shelf-lifetime of over 7000 htlw3 dyads of annealed
SiN,/parylene encapsulation and the one-to-one -coisalabetween the barrier
performance and the shelf-lifetime of the encapedlarganic solar cells achieved in this
study represent a fundamental step towards theeuimnprovement of the shelf-lifetime

of encapsulated organic solar cells.

8.3.2 Hybrid Encapsulation

A second shelf-lifetime study of encapsulatedaarg solar cells was performed

with the hybrid encapsulation structure. As expdi in Chapter 6, the hybrid structure
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combines the advantages of the high quality of Adrial the fast processing of PECVD
and yielded an effective WVTR on the order ofi@nf/day. The compatibility of the
hybrid encapsulation process with pentaceggeb@sed solar cells was already verified in
the previous section. In order to investigatedfiectiveness of the hybrid structure as a
barrier layer for organic devices, both {iEnd SiQ based hybrid structures were
integrated with pentacenejfé&based organic solar cells. Encapsulated organtér sells
were stored in a controlled environmental chambéh whe same environmental

conditions as during the Ca corrosion tests (2@r€50 % R.H.).
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Figure 8.4 Normalized efficiency as a function of exposuredifor pentacenelgbased
organic solar cells encapsulated with hybrid strreg consisting of either 100 nm of
SiO or SiN;, 50 nm of A}Oz, and 1nmm of parylene as a protecting layer. No
degradation was observed for up to 6000 h in basies.

The data in Figure 8.4 show the evolution of tleenralized power conversion
efficiency versus exposure time for both §ilnd SiQ based hybrid encapsulation
structures. The structure was the same as thomd wikere tested in Chapter 4, and the

effective WVTRs are 2.3 + 1.5 10° g/nf/day and 3.0 + 1.4 10° g/nf/day at 20 °C
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and 50 % RH for SiQand SiN based structures, respectively. Even after 6QQben

normalized still remain the same compared to initial valussoth structures.

Figure 8.5 Optical images taken after 7300 h show the delatoimaf the device on the
right encapsulated with the Si®ased hybrid layer.

The results in the Figure 8.4 indicates that endapsd devices with the SO
based hybrid layer started to degrade after 700@hile those encapsulated with the
SiNy-based hybrid layer still showed no degradatiorhisTdegradation is due to the
permeation of water vapor through a defect in thierid layer. At the beginning of the
test, the permeation of water vapor through theeaefvas not significant enough to
affect device performance. However, permeated nuapor into the defect eventually
induced a device degradation and volume expangitredhin films simultaneously after
long exposure to ambient air. Pictures in Figuteshow the partial delamination of the
constituent films in the device on the right. ddlto delamination between films with
weak adhesion and catastrophic failure. Hencs, fthding emphasizes that even few
defects during the encapsulation process can bengettal to the long-term reliability of
encapsulated organic devices.

In conclusion, improved shelf-lifetime of devicescapsulated with hybrid layer
is thought to be caused by the;®} layer more effectively preventing the permeatién o
water vapor and oxygen through hybrid layer stmectuShorter processing time of the
hybrid structure compared to the multilayer stroetmight contribute to the extended
shelf-lifetime because this can reduce the degi@daduring the fabrication of the

encapsulation. Furthermore, there is less chamcthé side permeation of water vapor
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and oxygen through the organic layer because dguaryrganic layer was used only for
the top protective layer. While further shelf-tifee experiments will have to be
performed over longer periods of time and in hargleaditions, the results obtained so
far with the hybrid structures are very promising the realization of long-lived organic
solar cells encapsulated with thin films depositgectly on the devices. The use of
these hybrid structures represents a critical fitep towards achieving lifetimes of 3-5

years, which are expected to be necessary foraimenercialization of organic solar cells.

8.4 Summary

The main goal of this chapter was to evaluate dffectiveness of developed
barrier layers. To this end, pentacengfased based organic solar cells were used in
this study and encapsulated with hybrid layer andgtilayer with known effective
WVTR. The compatibility and effectiveness of bathcapsulation structures were
successfully validated on pentaceng/fased organic solar cells.

In the case of multilayer encapsulation, the des/gteelf-lifetimes of over 2,000 h
can be achieved by encapsulating with barrier fithed have effective WVTRs on the
order of 10 g/mf/day. For over 7,000 h of shelf-lifetime in orgamievices, a barrier
layer with a WVTR of 18 g m? day" is required based upon our results. Hybrid
encapsulation structures based on both/8iIQ0; and SiN/AI, O3 provide over 7,000 h
shelf-lifetime of organic devices. These result®ve that encapsulation films with
effective WVTRs on the order of P0g/nf/day are sufficient for protecting the shelf-
lifetime of pentacenelfg-based solar cells. However, while this work pded the
correlation between the effective WVTR of barrieaydrs and shelf-lifetime of
encapsulated organic devices, no test has beeorped in harsh condition such as at
high temperature, high humidity, and under solaadiation. Hence, it is strongly

suggested for encapsulated organic device to kedtes harsh condition, thereby
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providing reliable protection for organic devicesigh are used under insolation with

solar energy with further research.
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CHAPTER 9

CONCLUSIONS AND OUTLOOK

Thin-film encapsulation is a critical technologyr fthe commercialization of
flexible organic electronics. Effective encapsiolatto prevent the permeation of water
vapor and oxygen, which degrade organic deviceg, key for achieving the lifetime
required for most applications. The main reseaumnttributions of this dissertation were
providing a systematical study exploring the par@msewhich impact both multilayer
and single-layer encapsulation films and theirgraéion with organic electronic devices.
Through the efforts of this work, we were able stablish the importance of defects in
determining the overall film barrier performancedahrough this, created a new hybrid
layer barrier film. This new film effectively prades an ultra higher barrier performance
film with a simplified architecture by treating tliefects which commonly exist in low
temperature vacuum deposited inorganic materiasnalytical simulations of the
permeation through encapsulation films provided thesic understanding for the
permeation mechanism of water vapor and the crigoaelines for designing efficient
barrier layers. Comparisons to both WVTR and lagetmeasurements in films elucidate
the role of the diffusion coefficient, solubilityand defects in the barrier layer
performance. Overall, such analytical modelingvptes a tool to understand how the
manipulation of barrier film architecture can impabe overall performance the
encapsulation. Additional studies of the mechdnedavior of thin films enable the
development of highly flexible encapsulation staes by controlling the position of the
neutral axis within the device architecture. Sochcepts are important for extending the
flexibility of the device while maintaining good ieer performance. The following are

important findings of this dissertation and insigiained from those findings which are
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summarized by chapter. Furthermore, based onrduresults of this dissertation, future
work to address outstanding research issues iestegy

In Chapter 4, the experimental results of multifagacapsulation architectures
including a comprehensive study of the water vaggmeation through various films are
presented. SiMparylene and Si@parylene dyads were fabricated, and the barrier
performance was investigated to correlate it whiga number of dyads. This study is one
of the first to show the strong correlation betwéle® number of dyads and the barrier
performance and diminishing effect of improvementhe barrier performance after 4
dyads. This diminishing effect suggests that ttedreuld be a limitation in improving
barrier performance of multilayer structure by siyngpdding dyad. Instead of increasing
the number of dyad, the development of high qudiity is critical to improve the
overall barrier performance of multilayer structreln addition, the results concerning
the improvement of barrier performance by anneapiagylene layers were presented.
Parylene annealing provided a smoother surfaceingelm producing a subsequent
inorganic layer with higher quality. This findinglso supports that the quality of
inorganic layer is dominant factor in determiniing tbarrier performance of multilayer
structure. In addition, it should be worth tryitayfind other organic layers which can
reduce processing time and provide smoother surfacesubsequent inorganic layer
deposition and investigating its impact on the altdrarrier performance.

Based on the results of Chapter 4, an analyticallsition study was undertaken
in Chapter 5 to investigate how individual propestof constituent films impact on the
overall barrier performance. By comparing anabiticsimulation results with
experimental results from Ca corrosion test, theeeted range of permeation properties,
such as the diffusion and solubility coefficientsindividual films were determined.
Permeation properties of inorganic film are domtnandetermining the permeation rate
in the steady state region as well as lag time.addition, this result provides that lag

time can be further increased up to several yeanich can be longer than required
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lifetime of organic devices. This lag time is degent on the permeation properties of
constituent films as well as on the effective léngt permeation path through organic
layer, which is directly related to the defect spgcin the case of multilayer
encapsulation structure. Hence, it was concludeat fowering the steady-state
permeation rate as well as increasing the lag isneétical to extending the shelf-lifetime
of encapsulated organic devices. However, vetlg litttention is given to engineering in
a lag time effect. Future work should consideruke of desiccant layers which improve
lag time effects. Layers such as Ti@ other materials can be easily integrated iheo t
films to give such behavior.

Chapter 6 presents the results of single-layer laylarid-layer encapsulation
structures. While single film fabricated by ALD adarrier layer has advantage in high
barrier performance with simple process step angttire, long processing times makes
it difficult to be adapted widely. A hybrid encagetion structure, which combines the
advantages of single and multilayer structures, pvaposed, developed and tested. This
structure showed promising results due to its lggality barrier performance as well as
its simpler structure compared to that of multilymcapsulation. Defects in films
quickly deposited by PECVD are well passivated hyudtra-thin layer deposited by
ALD. A synergistic effect from combining PECVD amd.D was found by applying
lamination theory and verified by comparing activatenergy with those of current
results.

While this contribution of creating a hybrid-layencapsulation was deemed a
successful approach, more work must be done tyg apture the effects of the hybrid
approach. First, detailed experiments should bd#opeed to investigate the cross-
section of interlayer between the ALD depositedhfilnd PECVD deposited film by
using TEM. Also, the approach of defect fillingingg ALD can be expanded to other
techniques such as Pulsed PECVD. Pulsed PECVDawik to deposit higher quality

films and would render the approach a single chambposition method, simplifying the
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processing even further. Also, techniques sucRlasma ALD being developed should
be considered as they increase the deposition dd Alhile maintain excellent film
quality. In general, additional processing methathéch can exploit rapid defect filling
must be investigated.

In Chapter 7, the mechanical response of thin filmas investigated by using
nanoindentation and the wafer curvature methodHermeasurement of modulus and
residual stress, respectively. The crack behadfiearious thin films under tensile stress
was investigated, and cracks were found at a radfusurvature of 6.4 mm, which
corresponds to a strain of 0.8 % in both SiSiN, and hybrid layers. In order to
improve the mechanical limitations of brittle inargc layers, which should be utilized to
satisfy the stringent requirements on barrier parémce, a novel approach for highly
flexible encapsulation structures was proposed.plBging the brittle barrier layer close
to the neutral axis using an additional epoxy layath suitable thickness, the
encapsulation structure can sustain its barridiopaance under bending smaller radii of
curvature due to the reduction in strain on thendil This effect was demonstrated
experimentally in this Chapter 7. For actual aggilon of this structure, long-term
stability and fatigue tests of the proposed stngctunder repeated bending should be
performed.

The effectiveness of developed hybrid and multitagacapsulation structures
which were characterized in Chapters 4 and 6 werdied by encapsulating organic
devices in the Chapter 8. The compatibility ¢ #ncapsulation processes with organic
devices was investigated by comparing device pexoce parameters before and after
encapsulation. Encapsulated organic devices wieredsat constant conditions and their
performance parameters were measured periodicailycdmparison with their initial
values. Both multilayer encapsulation with 3 dyaafs SiN/parylene and hybrid
encapsulation provided over 7,000 h of shelf-lifeti Therefore, it was concluded that

10° g/nf/day is a minimum requirement for barrier performetior at least 7,000 h of
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shelf-lifetime in pentacenejfgbased organic solar cells. In addition, reporsbelf-
lifetime of encapsulated organic device can behartimproved by applying inline
processing. Organic devices start degrading duhagncapsulation due to the exposure
to air during processing and transferring from pnecess to another. This degradation
can be prevented using inline processing withowosyre to the air. This process also
can reduce the barrier failure caused by partiolgtamination which can occur during
transferring organic devices. Additional work shibalso consider barrier performance
at high temperatures and humidity (65°C and 85%.RAl$0, barrier performance under
UV or AM 1.5 illumination must be addressed for kgadion to solar cells.

The primary advantage of plastic organic electrongctheir ability to produce
lightweight, mechanically flexible, and dimensidgallarge electronics at low
manufacturing cost. However, many challenges &ithain before the paradigm shift in
electronics from conventional silicon based elautr® to plastic organic electronics can
be fully realized, including developing fabricatioprocesses, increasing device
performance, and improving reliability. In the aref reliability, more thin-film
encapsulation technologies must be developed that provide adequate barrier
performance while being compatible with the uniqueperties of plastic electronics.
More fundamental studies behind barrier layers sashwater vapor diffusion, which
shows non-ideal gas behavior through the varidossfand interaction with water vapor
resulting in changing properties of barrier filnad its impact on the performance of
organic devices should be investigated extensivaéfy.addition to the application with
organic solar cells, developed thin-film barrieydes can be applied in encapsulating
other organic electronic devices such as OLED afd~10 Hence, further study
concerning the compatibility and the effectivenesdarrier layers with these devices
should be a future research area. Furthermots,viery important to consider optical
effects created by barrier layers. Transparendyaofier layers is a major consideration

for the application of displays, lightings, andasotells because it directly influences the
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efficiency of these devices. Yoshida et al. us@éidos oxynitride (SION) for the
encapsulation of OELD and changed the oxygen-dematio (O/O + N) in order to
improve the transparency ( > 90 %f! Therefore, those efforts should be combined
with improvement in the barrier performance and mmaedical flexibility for fully
exploiting advantages of thin-film encapsulation.

Regarding the commercialization of organic eledt®nmanufacturers demand
increased line speeds and reduced material consanmipt thin-film barrier processing.
Hence, based on the current results using widefypted deposition techniques in this
dissertation, further study for reducing procesdinge and steps should be performed.
Spin coating process with reduced annealing timejet printing, roll to roll processing,
and spraying methods for film deposition can beesavof the candidates. However, it
should be noted that the film quality of these psses have not outperformed that of
processes used in our study so far. Hence, effortémproving the quality of films
should be addressed before adapting these teche®logs an alternative, based on the
barrier structures developed in this study, optingzhe dimension of individual films or
replacing some of the constituent films with othéeposited by different processes can
be considered. In addition to reducing processitegs and time, studies concerning the
reliable and continuous yield of encapsulation psscand effort to decrease failure rate
should be performed because the increased fadieeof processing leads to increases in
manufacturing cost. The capability for producingntogeneous film on large areas
should be addressed to realize low cost manufagtuof encapsulation. When
encapsulation barrier layers can be processed highly efficient organic electronics,

the realization of plastic electronics is expedtedecome a reality in our daily lives.
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APPENDIX - QUARTZ CRYSTAL MICROBALENCE

8.1 Basic theory

To measureD and S of parylene which was used as an organic filmha t
multilayer structure, a quartz crystal microbalar(@CM) was employed. Details
concerning QCM measurements and its applicatiotmaiasport property measurements
are well explained in other reference’*? |n this appendix, we briefly explain how to
calculateD and S using QCM. Mass uptake can be measured by margtahe
frequency change of a quartz crystal resonatoredoatth a film of interest based on the

Sauerbrey equation,

om=2" A (A1)

f

where, m, f, C;, A are mass change, frequency change, integral sggsaonstant

(0.056 Hz/ng/crf), and the active oscillation area (34.19 fhmespectively.

In our application, mass change is due to watspibion in the parylene film

and we assume that this process folloWsFck’s law for 1 dimensional transport,

2
fe_pIe (A.2)

qt %2

With boundary conditions of fixed concentration @me side and zero flux on the other

side, solutions can be derived as folld8,

12 y

M, Dt 1 . oonL
=2 — +2 (-1 ierffc— A.3
|\/|¥ Lz p1/2 n:1( ]) /Dt ( )

whereM; andM are the mass gains at any time, t, and at equiliyrrespectively. L is

the thickness of film. At short times, this sodutican be simplified #®!
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Mt
M¥

(A.4)

Dt 1/2
Je,

N

This equation is often referred to as the ‘sharteti equation and is used to estimate
Fickian D. Hence,D of parylene film can be determined from the ihisbope of the

absorption curveM/M <0.6)*?® which will be shown in the next section.

Next, the solubility of water vapor in parylenenche calculated based on the
following expressiof->*!

_ M¥ rp0|ymer s 22,414
M, MW,

penetrant p

(A.5)

M (the equilibrium mass uptakeanbe measured using QCM experiment8s, polymes
MWhenetrant @nd p are the mass of water-free parylene, density o¥i@ae, water
molecular weight, and water vapor pressure, respygt

To perform these experiments, quartz crystal rastons were coated with im
and 3mm thick parylene layers. The thicker flms ensueetugh signal to noise ratio
from mass uptake and to ensure that our D and 8 madra function of sample thickness.
The system utilized was a Maxtek RQCM system witliloav cell attachment for
exposing the sample to dry nitrogen or humid ngrodFigure A.1). To create humid
nitrogen, dry nitrogen was bubbled through two bBebbystems in order to saturate the
nitrogen before entering the flow cell. A secom lallowed only dry nitrogen to enter
the flow cell. By exposing the surface of the fibm either dry nitrogen or humid
saturated nitrogen, the boundary condition on tine fivas changed and the mass uptake
or decrease could be measured by monitoring tligiérecy change of the quartz crystal

resonator.
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ov,
2 5%
u®

Dry N,

Figure A.1 (left) Picture showing the Maxtek RQCM quartz ¢aysmicrobalance
measurement system with flow cell (middle). Ontight, a depiction of the test system
with both dry and humid nitrogen which can be pdsst the flow cell.

8.2 Experimental results

The frequency change as a function of time ist@tbin Figure A.2 (a) and these
were converted inttMy/M as a function of time based on Sauerbrey equatianshown
in the Figure A.2 (a), frequency drops as the fldvange from dry N into humid N.
Experiment was conducted at 20 °C and the RH ofithiNpwas 50 %. Fractional water
vapor uptake was plotted as a function of timeigufe A.2 (b). Plotted data exhibited
Fickian diffusion behavior in the initial short taxphase of the sorption process. Same
cycles were repeated at least three times for stamgi measurement. Determined
FickianD is based on short time approximation as previoesptained. Results for both
D and S of parylene for water vapor before and after 1@ mmnneal at 110 °C were
summarized in Table A.1 and A.2. Experiments amalyasis were conducted mainly by
Annapoorani Sundaramoothi of Prof. Henderson's grat Georgia Institute of

Technology.
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Figure A.2 (a) Typical raw data for the QCM frequency resgottssorption of water in

parylene film as a function of time, courtesy ofrapoorani Sundaramoothi of Prof.
Henderson’s group at Georgia Institute of Techngplodt shows frequency drops as
humid N, starts flow. (b) Comparison of short time Fickiaredicted fractional water

vapor uptake to typical observed experimental rogszke in parylene.
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Table A.1 Estimated of parylene for water sorption before and afterealing.

Diffusion coefficient,D (cnf/s)

Test #
Before annealing After annealing

1 7.4 x 10 1.0 x 1¢°

2 8.3 x 10 1.5 x 10°

3 1.1 x 10 1.3 x 10°
Average 8.0x 18 1.2 x 1¢°
STDV 1.0 x 10 4.0 x10°

95 % confidence 1.8 x 0 2.6 x 10°

Table A.2 DeterminedS of parylene for water sorption before and afteresiing.

Solubility coefficient,S (g/cntatm)

Test #
Before annealing After annealing
1 0.025 0.029
2 0.021 0.027
3 0.028 0.025
Average 8.0x 18 1.2 x 10°
STDV 1.0 x 10 4.0 x 10°
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