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SUMMARY

Organic electronic devices are attractive for tipeiential to produce lightweight,
scalable, and flexible electronics as opposedaditional inorganic electronics. In spite
of these advantageous properties, the implementatfoorganic electronics in many
applications is still challenging because of thdeptal for rapid degradation upon
environmental exposure to oxygen, humidity, and lmatal stress. To enhance the
stability of the devices, a reliable barrier layerprevent the ingress of moisture and
oxygen is required as well as more stable functitengers inside the device. Both of
these goals can be partially achieved using ddéfeetconformal atomic layer deposition
(ALD) films integrated into the devices. Howevéretpractical electrical performance as
well as the chemical stability of ultrathin ALD riils has not received much attention
from researchers. In some cases, characterizatethoas for the ultrathin ALD films
have not been established. Therefore, this diggmrtavork proposes to investigate the
functional properties of ultrathin (<10 nm) ALDrfik to create an encapsulation barrier
film as well as to create environmentally robusttamys for electron selective contacts in
organic electronics to improve their reliability.

First, the chemical stability of ALD in aqueous gomments was evaluated.
Based on the results, select ALD films were appéiseither electron selective functional
layers to modify ITO contacts in an organic solalt or as a robust encapsulation barrier
layers for organic solar cells. In addition, thes dmarrier performance of ultrathin ALD
films was investigated using an improved calciunra@sion test, which can discriminate

between the intrinsic film permeation and the deéssisted permeation. Also, the
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mechanical failure of the barrier films in the prese of particle defects observed in the
fabrication process of ultrathin thin films arealissed, and a method to circumvent such
issues is suggested. Finally, this research degdlagvo methods to improve the
characterization of ultrathin barrier films, firgt improving the measurement of the
effective water vapor transmission rate and thenethod to measure the intrinsic and
defect assisted permeation rate through barriersfii These methods together have
established chemical, electrical, mechanical, arhpation characterization methods to
evaluate the potential of ultrathin ALD film for éhenhancement of the stability of

organic photovoltaic devices.
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CHAPTER 1

INTRODUCTION

1.1 Overview and Motivation

With the development of functional organic matesfal? organic electronics
such as organic photovoltaics (OPVs), organic lightitting diodes (OLEDs), and
organic thin film transistors (OTFTs) have receivedch attention from researchers as a
new class of electronic devices. Organic electral@cices overcome certain limitations
of inorganic material§° possessing a number of advantages such as bgigadight,
having a wide range of tunable properties, flekipiland being amenability to large-area
manufacturing proces$s’! However, unlike inorganic devices, organic deviaeshighly
susceptible to degradation from environmental expo$o UV, heat, and water vapor or
oxygen because of their intrinsic chemical reastiVi'!! Therefore, resolving the issue
of the chemical reliability of organic electroniewvdces is one of the top priorities for the
long-term performance and the adoption of thesécdewvith the advantages.

A major effort to extend the lifetime of organiceetronic devices is to prevent
any oxidation of layers in the devices. Methodsptevent the oxidation of layers in
organic electronics can be accomplished eithentgducing chemically stable materials
or by encapsulating the device with a gas bariier. in conventional OPVs, low work
function materials, such as calcium (Ca) and lithidluoride (LiF) have been
successfully used as electrode modification lay@rdow work function electrodes, but
their susceptibility to oxidation limits the lifetie of device operatiof?'4 To prevent

the oxidation of the low work function electrodes, inverted OPV was introduced by



researchers by reducing the surface work functiomore stable high work function
electrode materials through chemical modification tbe use of coatings such as
phosphonic acids® % polyethylenimine exothylated (PEIEY;*® or zinc oxide (ZnO)
(Figure 1.1).12°-221 By creating low work function electrodes such @agiim tin oxide
(ITO) modified with the aforementioned coatinggsipossible to use high work function
electrodes such as molybdenum oxide/silver (MA@) as an anode electrode, thus
providing electrical contacts with improved chenhistability!*® 2* 24 To date, ZnO
modified ITO has been the primary modified elec&rodsed in inverted organic
photovoltaicd?® 25271 put ZnO is also susceptible to degradation upoposwre to
moisturel?®-3% thus providing a reliability issue in OP¥?$.32 Figure 1.2 shows stability
study of inverted OPVs with ZnO layers, and it gates that the device performance
degrades and the degradation rate is affectedéyyfies of ZnO layer. Other modifiers
such as phosphonic acitts®¥ and PEIE" 8 have not undergone chemical stability
testing in the presence of moisture in OPVs, sar thesceptibility is still unknown.
Therefore, it is still required to investigate lawork function modification layers with

good chemical stability and required electricalgedies.



Figure 1.1 Architectures of (a) conventional organic photdaials which use a highly
reactive low workfunction material for electron leation and (b) inverted organic
photovoltaics which use a less reactive material diectron collection to improve
stability. Adapted from referené®!.
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Figure 1.2 Inverted OPV performance over time with sol-gedgassed ZnO as an low
work function modification layer using differentnzi precursors: Zinc acetate (red),
diethylzinc (blue), phosphonic acid-modified Zinmetate (green), and phosphonic acid-
modified diethylzinc (gray) electrodes. Adaptednfreeferencé®.

As a promising candidate for the use of low workdtion modification layer,
titanium oxide (TiQ) has been watched with interest. Ti® a semiconductor that has
similar band energy structure with ZnO, and thus/jgles electron/hole selectivity that is

required for the electrode of organic solar cellg®)x has been widely used in dye-



sensitized solar cell (DSSC) as an electron accépto®l In addition, the use of
photocatalyst in water treatment applications hhaggn the water resistance of bulk iO
material. Table 1.1 compares electric and chemical properties of Au®x and ZnO
materials. Compared to ZnO, Ti@as advantages in terms of fast charge injecats r
and fewer sub-band gap states that reduce the tj@téor charge recombination.
Therefore, it is expected to serve as a good el@etcontact layer with environmental
stability. However, the challenge is that the ef@ttmobility of TiO« is much lower (0.1-

4 cn?/V s) than that of ZnO (200-300 éfW s ) so that it is difficult to replace ZnO inegth
same structure. Therefore, in order to usexEB®a low work function modification layer,
the high resistance of TiOshould be compensated for by methods such doping o
fabricating an extremely thin layer to minimize ist@nce of the layer. Using
conventional film deposition methods such as ewapmw, sputtering, chemical vapor
deposition methods, however, thin films in the g 10 nm are difficult to produce
without sacrificing the film coverage and allowidgfects such as pinholes which lowers
the shunt resistance of a photovoltaic. Therefatemic layer deposition (ALD), which
can be used to control the film thickness on thaepof 0.1 nm3” %8 is an interesting
method to fabricate ultrathin TiQayers for the use of low work function modificati

layers that may serve as a replacement for unszatfdelayers.



Table 1.1Property comparison of TiGand ZnO. Adapted from refereniég 4%l

Properties TiOs ZnO
Electron mobility 0.1-4 cn?/V s 200-300 crfiV s
Charge injection rate fast Moderate
Stability good Poor
Sub band gap states few Many
Band gap 3.2-3.6 eV (anatase) 3.2-3.4 eV

In addition, while such electrodes are in improvetr@ver the conventional OPV
structure, it is still desired to have a hermetckaging to block the ingress of moisture
and oxygen into the OPV to both prevent the po&ofi electrode degradation as well as
protect the active layers of the OPV. For this pgg commercial organic electronic
devices still rely on conventional packaging methalich as metal lids or glass
encapsulation to protect the device from envirortiaderexposure. However, the
advantages of organic electronics have not bedy ftullized with these rigid type
packaging. To prevent gas permeation into orgaeidgcgs using thin film barrier, the
film should possess no defects as well as have goweerage on a device or a substrate.
Therefore, defect-free conformal ALD films have tpetential to meet the thin-film
barrier requirements for OPVs and other organictedaics!?® 37 4% 42Moreover, ALD
has potential to fabricate conformal thin films tbe above applications to improve the
environmental reliability of organic electronic dess. However, the chemical stability of
ultrathin ALD films, that is precedence propertgvk not been studied actively. Also,
characterization methods to evaluate the envirotahestability of the ultrathin (<=10

nm) ALD films have not been established yet.



Even if ALD has the potential to produce defecefesmnd chemically stable films,
actual films may possess defects by external factoch as dust particléd. 4 The
defects can provide stress concentrations as aredlmay result in structural failure such
as cracks in the film. In addition, those extrindefects contribute to the gas permeation
rate, and reduce the barrier performance of filfiserefore, a proper investigation
method that can identify the permeation mechanisrhaorier films as well as that is
sensitive enough to measure the low permeationisatequired to evaluate barrier film
performance. For the measurement of gas permeataoijum corrosion method has
been used in recent studi&s?”! However, those studies still have not provided the
information of defect-assisted permeation in aibafiim.

Therefore, the goal of this dissertation is to Btigate the properties of ultrathin
ALD films regarding its chemical stability, elearproperties of ALD TiQ for a stable
low work function modification layer, and gas barrproperty for an external device
packaging application. For the chemical stabilitydy, an optical sensor method using
photoluminescence spectroscopy will be introducedvestigate the stability of ultrathin
ALD films in water. For an electrode modificatioaykr, the electrical and chemical
properties of ultrathin TiOfilms will be investigated and demonstrated in OtRYices.
For barrier film applications, the defect-relatédustural issues will be discussed first,
and then the measurement of gas permeation wiladdressed with improved gas

permeation characterization procedures using calciorrosion test.

1.2 Objectives and scope of dissertation



As has been discussed above, this research wklteamprove the reliability and
lifetime of organic electronic devices using ALDnfs. The research will focus on two
strategies to achieve the goal of the reliabilityprovement: an internal approach to
improve the intrinsic device reliability by emplog an environmentally stable work
function modification layer to create electron sélee contacts, and an external approach
to improve the lifetime of device by creating ALDaded barrier films. In both
approaches, the salient film properties will berabterized based on the purpose of
applications. If necessary, new or improved charaction methods will be also

introduced Figure 1.3 shows the overview of research objectives of thsaitation.

ALD ultra-thin film for organic electronics

I. Chemical Stability

* Chemical stability testin the presence of
water with various ALD films

) Preventgas
Replacing Q ingress
instable material

I1l. Structural Issues of Ultrathin Film

Il. Electron Selective Layerin OPV « Defects and crackin a barrier film
* Smoothing layer, stress engineering

« Stable ESL using ALD

* Chemical, electrical property investigation . .
property € IV. Gas Permeation Barrier Layer

* Intrinsic & defect-assisted permeation study
* Highsensitive WVTR test method

OPV device S

- e o e o

. J

Figure 1.3 Overview of the dissertation objectives.



According to the objectives described above, thssattation is organized as
follows. First, Chapter 2 will give background imfeation regarding organic
photovoltaic devices and their current status rdiggrtheir reliability. Chapter 3-6 will
present the details of ALD film study for improvirdgevice lifetime. The details of

Chapter 3-6 are as follows:

Chapter 3 will investigate the fundamental chemstability of ultrathin ALD
films. For the investigation, the passivation perfance of various ALD films
exposed to water will be tested by introducing anczioxide (ZnO)
photoluminescence (PL) sensor technique. Additidital characterization will
be also performed to understand the chemical gtabflthe ALD films.

Chapter 4 will utilize an ultrathin ALD TiQlayer to create an electron selective
contact for OPV devices. In this effort, ALD titamn oxide (TiQ) film will be
investigated, and its chemical, structural, andctalmal properties will be
examined. Chapter 4 will also demonstrate OPV a=vivith the ultrathin ALD
films.

Chapter 5 will discuss the structural issues oh tALD films for barrier film
application. This chapter will address mechanisalies such as cracks and defect
that can arise during the film deposition procems] will introduce possible
solutions to avoid those structural issues usirggnaothing layer and residual
stress arrangement.

Chapter 6 will investigate the gas barrier perfanoe of ALD films for the

application of external device packaging. Chaptavil6 show improved barrier



performance test procedures using calcium corrosidso, improved analysis
procedures to allowing the separation of intrinscmeation and defect assisted

permeation to the barrier performance will be shdéavrthe first time.

Finally, Chapter 7 will summarize the achievememd #he contribution of this
dissertation. Chapter 7 will also address futurekwbat can strengthen the research and

extend the research for further applications.



CHAPTER 2

BACKGROUND

2.1 Introduction
Chapter 2 will explain the fundamentals of orgapimtovoltaic (OPV) devices,
and will describe the degradation issues of thecgswelated to environmental exposure.
Afterwards, current studies to improve the envirental reliability will be discussed.
Finally, atomic layer deposition (ALD) will be exphed as a thin film fabrication
method and its potential to fulfill the requiremerndf films used in the fabrication of

OPVs such as environment stability, converge, tiesks control.

2.2 Device principle of organic photovoltaic

2.2.10rganic Semiconductors

Organic thin film electronics such as OPVs are cased of organic
semiconductors. The organic semiconductors can roadly classified into small-
molecules and polymers depending on their molecwigight and basic unit$! The
electro-chemical properties of the organic semicatmrs such as energy levels and
charge transport rate can be tailored by modifyting chemical structure of organic
molecules, which provides more versatility thanrgamic semiconductors. The common
optical and electronic characteristics of orgareengonductors arise from electronic
conjugation, the alternation of single and doubteds between carbon atdffl. The

delocalized molecular orbitals formed by overlapping atomic orbitals along the
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backbone define the frontier electronic levels, hiegf occupied molecular orbital
(HOMO, bonding orbital) and lowest unoccupied malac orbital (LUMO, anti-
bonding orbital), depending on the configurationsmjns of thep, orbital. The HOMO
and LUMO are separated by an energy band-dg&ap that makes such an organic
compound a semiconductor. The HOMO and LUMO bealogy to the valence band
and the conduction band, respectively, in an in@@aemiconductorFigure 2.1
illustrates the energy band diagram of organicr@aaic) semiconductor, which shows
location of Evac, LUMO, HOMO, and presents tHes, ionization energy (IE), electron
affinity (EA), and work function (VF). However, being different from inorganic
semiconductors, the organic semiconductors canrbeepsed at low-temperature and
large-scaled by casting or roll-to-roll processttban reduce the manufacturing costs.
This section will introduce the fundamental knovgedof OPV device, representative

organic electronic devices.
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Figure 2.1 Energy band diagram of an organic semiconductoe.idnization energyf)

is the energy difference between vacuum energyl igxe) and the highest occupied
molecular orbital (HOMO) energy level. Electron iaiffy is the energy difference

between the vacuum energy levdl,) and lowest unoccupied molecular orbital
(LUMO) energy level.

2.2.20rganic Photovoltaics

Organic photovoltaics (OPVs) are devices that carsunlight into electricity by
employing thin films of organic semiconductors. é&ftthe first invention of organic
photovoltaics by Tang in 1988,the operating principles of OPVs have been rekedrc
intensively. One of the most essential parts iranrg photovoltaics is the light-absorbing
semiconducting layer, also referred to as the @utice layer. As described previously,
if a photon with energy larger than tke is absorbed in the light-absorbing donor layer,
an electron is excited and forms an excitoa, a bound electron-hole pair. Excitons
diffuse to an electron acceptor layer where thesgatiiate and transfer an electron into
the acceptor layer while the hole is transportethendonor layer. The energy difference

of lowest unoccupied molecular orbital (LUMO) of raw material and the highest
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occupied molecular orbital (HOMO) of the accepsarer help to generate an open circuit
voltage in the OPV. In general, electron donor tayas low ionization energy (IE), and
the electron acceptor layer has a high electromitff (EA).[*®) Depending on the
configuration of the donor and accepter layers,@f/ can be categorized by a single,

bilayer, disordered bulk heterojunction, and ordeheterojunction OPV as seen in

Figure 2.2
a) b)

- | top electrode
mwm*‘: :" electron acceptor
transparent electrode I N e

transparent electrode
\e
\\ y
hy——-t> )
] \ e\
tralnsparent top hv——
electrode N | electrode oomarenr top
h+ electrode N electrode
polyme h*-.
polymer electron
acceptor
top electrode

TR

transparent electrode

Figure 2.2 Four device architectures of conjugated polyneeell photovoltaic cells: (a)
single-layer PV cell; (b) bilayer PV cell; (c) disiered bulk heterojunction; (d) ordered
bulk heterojunction. Adapted from referert®
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Figure 2.3 depicts the operating principle of a heterojunct@PV device in
further detail through an energy band diagram.tEssshow irFigure 2.3 @), photons
with an average energy larger than the optical fgapl of the photoactive layer are
absorbed in the photoactive donor layer, and exaitelectron in the ground state to a
higher energy state. The excited electron relaxasgndto the lowest excited state and
forms an exciton that is generally known as Couldrbnd electron-hole paif¥! Since
the binding energy of the exciton is on the ordes@ meV at room temperature and is
larger than their thermal energy (25 mé¥),a donor-acceptor interface is required to
dissociate an exciton into free charge carrierschvis called a hole selective layer or an
electron selective layer, respectively, agigure 2.3 (b). Once excitons reach the donor-
acceptor interface, they can dissociate to freegesaand transport to their respective
electrodes as ifrigure 2.3 (c). Still, many factors such as the energy levednmatch
between the work function (WF) of charge-collectegigctrodes and the EA or IE of the
organic semiconductor, the interfacial charge itligtion, etc, can affect the charge
collection efficiency at the interfad®: >3 In addition, since the diffusion length of the
exciton is short, 4- 20 nm, a bulk heterojunctitructure with dimensions of nanoscale
heterogeneity on the order of the diffusion lenigtipreferred in order to minimize the
charge recombination that can occur if charges wetealissociated and transferred to the
electrode interface withifg? 51

Figure 2.3 also presents common material comprising a conwest OPV
device. Poly 3-hexylthiophene (P3HT) and phenyHautyric acid methyl ester (PCBM)
are common donor and accepter materials used @nmrghotovoltaics. For the hole

collecting electrode, indium tin oxide (ITO) is dsas a transparent electrode, and
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Figure 2.3 Photovoltaic processes of a conventional bulk#ogiaction OPV device
structure illustrated using an energy band diagr@nThe light absorption and exciton
formation process, (b) the charge selection procgsghe modification electrode

interfaces, and (c) charge collection process.
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poly(3,4-ethylenedioxythiophene) polystyrene sudfien (PEDOT:PSS) is used for the
high work function hole selective layer (HSL) witigh WF. In an electron collecting
electrode (cathode), aluminum is used for an eldetrand low WF materials such as
lithium fluoride (LiF) or calcium (Ca) is widely esd for an electron selective layer
(ESL).

Currently, the majority of research is focused mprioving the power conversion
efficiency (PCE) of the photovoltaics by findingghi efficiency photoactive materials
and improved charge selective layers. The bottlenéthe OPV cells or hybrid cells still
lies in the reliability of the devices. Particulgrthe low work function materials used for
an electron collection layer such as LiF and Cahagély susceptible to oxidation and
limit the lifetime of the device in practical apgition®¥ Therefore, avoiding the
degradation of those layers is primary concerrtHerapplication of OPV devices. In the
following section, the degradation issues will becdssed, and efforts to suppress the
degradation will be addressed by an inverted cardigon, new materials, and barrier

encapsulation.

2.3 Device degradation
The previous section 2.2 introduced a represemtatiganic photovoltaic device,
OPVs, and explained the principle of operation degice. Even though there has been
significant improvement in OPV devices in termsdavice performance, the critical
challenge of OPV devices still exists in the issefeenvironmental stability. One
approach to address the stability is to improvecthemical stability of the active layers.

For example, P3HT was found to be orders of madaitmore stable than poly-
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phenylenevinylene (PPV) derivatives, which had beewlely used as a p-type
semiconducting polymer in early stage OP¥s> 581 |n addition to active layers, the
stability issues also occur at the cathode laydredactron selective layer (ESL), whose
work functions are low and they are susceptibldeog oxidized. However, even as
more air-stable materials are being developeddéwelopment of such materials has not
reached a stage which is sufficient to addresdifistme of organic electronic$.57-¢%
Thus, the subsequent approach is to encapsulaéamiorglectronic devices with a gas
barrier layer on each side, which prevents oxygeh \®ater vapor permeation. While
most barrier research is focused on developing Ipigtiormance barrier films to be
placed around the exterior of the device, a fewlisgihave begun to investigate methods
to integrate the barrier into the electrode stmectf the organic electronic devidés

63 Such integrated approaches simplify the structfrerganic electronics and are
attractive from a manufacturability point of view.n general, both the electrode
modification and barrier films can be depositecabymic layer deposition that allows for
excellent control over the thickness and compasitbd the modification and/or barrier
layers. Thus, the work proposed here will invesghe use of this technology to create
both ESL and barrier films to address the stabilitgrganic electronics.

Figure 2.4 demonstrates the degradation of organic devicel aid without
encapsulatio?* % The performance of organic devices degrades rapidthout
encapsulation, whereas the devices with encapsulatork for an extended time. In
2012, International Summit on Organic Photovoltaiability carried out a life time test
for various OPV devices from 6 research laborasoriastitute of Physics, lImenau

University, German (IAPP), National Renewable Egetgboratory, USA (NREL),
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Interuniversity Microelectronics Centre, BelgiunM@&C), Holst Centre, Netherlands
(HOLST), Fraunhofer Institute for Solar Energy ®yss, German (ISE), and Risg
National Laboratory for Sustainable Energy, Denm@isg)®® Figure 2.5 plots the
results of the study in terms of power conversifficiency (PCE) versus time. OPVs
from IAPP and ISE have glass encapsulation, andekiges last up to 1,800 hours. OPV
devices from Risg have thin film barriers, andddstor 1,800 hours but with low PCE.
The OPV device from IMEC is an inverted OPV, whiefll be discussed in the next
section, also lasted for 1,800 hours. However pdgréormances of the other conventional
OPVs without encapsulation decrease rapidly wigl@ hours. These results suggest that
OPV devices are very sensitive to environmentabseype, and how important the barrier

encapsulation is to improve the environmental bdiigz of OPV devices.
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Figure 2.4 Degradation of organic electronic devices with amidhout encapsulation. (a)
OLED devices with various encapusation showing thegncapsulated OLED degraded
within 500 h, whereas thin film or glass encapsda®LED last more than 2000%, (b)
Short-circuit current (Isc) and effeciency of OP&tes (red) with and (black) without a
barrier film 651

19



2,5
—6-1-1APP
—33-6-NREL
21-B-IMEC
—5.1-HOLST
——56-3-ISE
e 56-01-RISPP
73-01-RIS@S

—— - .'______| |
—

0 500 1000 1500 2000 2500
Time (hours)

Figure 2.5 Lifetime test of various types of OPV devices frafnresearch groups:

Institute of Physics, llmenau University, GermaARP), National Renewable Energy
Laboratory, USA (NREL), Interuniversity Microeleotrics Centre, Belgium (IMEC),

Holst Centre, Netherlands (HOLST), Fraunhofer togi for Solar Energy Systems,
German (ISE), Risg National Laboratory for Susthi@ed&nergy, Denmark (Risg). IAPP
and ISE devices have glass encapsulation, the eeVast more than 1,500 h. NREL,
HOLST devices have no encapsulation showing thatpibwer conversion efficiency
(PCE) drops rapidly within 100 h. IMEC device is ianerted OPV, Risg devices have
thin film encapsulation, and operate up to 1,508dapted from referendé!,

The major cause of the device degradation over tgmeported as a chemical
instability of functional layers in organic devidés: 5 67 €8ln particularly, the oxidation
of layers due to the ingress of moisture and oxygesults in the chemical-electrical
property changes and raises the degradation ofl¢hize performancerigure 2.6 (a)
shows the schematic of oxidation in an OPV devieermeated oxygen and moisture
react with functional layers at various locatioffighee device. In particular, the oxidation
process is more dominant in low work function mialsr In addition, hygroscopic

organic materials such as PEDOT:PSS and P3HT cecelemate the permeation of
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moisture, and cause more rapid oxidation processdavice®” %% For exampleFigure
2.6 (b) shows the oxidation of calcium. In an extrecase, the oxidation process can
cause the delamination between the layers becdube tormation of gaseous products,
which results in adhesion failure in a device a$l.i{R"!!

Therefore, major goals of research to improve th@renmental reliability are
focused on replacing the sensitive materials withrerstable materials and preventing

oxygen and moisture permeation by packaging.
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Figure 2.6 Chemical degradation of OPV devices. (a) Many esscthat conspire to
degrade OPV devices related to ingress of oxygehveater including photo-oxidation
effects as well as the diffusion of Al from conwatto the cell’l (b) TEM images for
(left) freshly prepared and (right) aged ITO/BHJ&IEOPV devices. The calcium layer
oxidized and formed thick calcium oxide (CaO) afteration> Adapted from
references.
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2.4 State of efforts to improve device lifetime
Section 2.3 explained the degradation issue ofracgahotovoltaic devices, and
the major cause of their degradation, which is dhalmnstability of materials. This
section will introduce the status of research tprione the device reliability as well as
more details of practical devices. While the issdescribed here are focused on OPVs,
some of the issues are similar to those found herobrganic electronic systems such as
organic light emitting devices (OLEDs) and orgathin film transistors (OTFTs) and

some solutions discussed herein can be applidteto {e.g., barrier film technology).

2.4.11mproving the intrinsic material stability

One of the goals to improve the device reliabiigyto improve the intrinsic
chemical stability of materials that used in desida OPV devices, the ESL layer or the
cathode metal was one of the critical locations»aflation. Still, thin interlayer materials
are essential to act as hole blocking layers atEk or electron-harvesting contact, to
enhance charge collection efficiency and reducemdxination, leading to enhanced
device fill factor FF) and increased device shunt resistaf®g, (vithout undo increases
in series resistanceR9).’? In standard OPV devices, Ca or Al/LiF can be ussd
electron harvesting contactd.”® "I'However, it is well known that low work function
metals with low ionization energies are highly teac and not environmentally stable,
thus limiting the lifetime of OPV devices when emyzd®

One elegant way to overcome such an issue is tialkm “inverted” BHJ PSC
as shownFigure 1.1, a device geometry in which the charge colleci®mverted in

comparison with the standard geometry device. hinitiverted structure, the electrons
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are collected by the bottom electrode and the hojethe top electrode (in contact with
air in Figure 1.1). The inverted configuration removes the use ghly reactive low
work function materials to improve device lifetinf2.”®! The transparent conductive
oxide contact (e.g., ITO) is modified to become e@actron harvesting contact by
lowering its work function through the introductiasf interlayer materials such as
phosphonic acids, polymer layers, and metal oxXflés.!%-2% 26. 33, 76-80rhjs inverted
geometry allows one to use a high work function ogtal electrode, like silver or gold
(thus avoiding its fast oxidation and degradati@amyl eliminates the need of a polymeric
hole transport layer such as PEDOT:PSS, typicdlgnoacidic and hygroscopic material,
on top of the transparent metal oxide bottom ebeletr In this configuration, an
additional benefit is that the permeation of oxygemoisture takes longer time to reach
the electron harvesting contact, and thus the dewam work for longer time with less
degradation. This is the reason that the IMEC i¢kphotovoltaic works for long
lifetimes compared to other convention OFS7s.

For inverted photovoltaics, Zinc oxide (ZnO) is ibgldly used as an ESL
interlayer since its conduction bands are locatedecto the LUMO level of electron
acceptor materials such asdf®M, and they possess a wide band gap that blocks ho
transport to the electron-collecting contact, tmisimizing surface recombinatidts: 2°
21, 39, 53, 78-85] Figure 2.7 plots the energy band diagram of an inverted OR¥ &nO
interlayer. ZnO is a promising candidate as a bdeking layer because it is low-cost,
earth abundant, and provides high electron molititytransporting charge carrigfs.’®!
Even if ZnO is reported to be more stable than &aifl Cd®®" ZnO can be still

hydrolytically unstablé®® 8l and thus may present concerns in terms of long tivice
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stability for OPVs. In addition, the rich defectethistry of ZnO films has also been well
documented and these defects, which are believéé less prominent in other oxides,
may act as recombination centers in OPV platformsskaown inFigure 2.8 [89-9
Therefore, the current effort would be to find ald¢ electron harvesting contact layers
that is not only chemically stable but also canvple required electrical properties to
work as an electron harvesting layer instead of .ZnO

As an other candidates for ESL, titanium dioxideQy), caesium carbonate
(CC0s), and niobium pentoxide (N®s) have been researché®,** ° but they still
suffer from the issue of uniform film deposition laick of requirements of electrical
properties for ESL such as energy band alignmetit wiphotoactive layéts! Among
those candidates, Tihas been already used as an electron acceptiregiahah DSSC
devices. Also, recently, server studies have beported the use of Tifilms in BHJ
OPV devices®!! However, due to the low mobility of TiOmaterial, there still need
further improvement to compete with ZnO. One sggt® reduce the resistance of TiO
layer would be to fabricate ultrathin films (< 1@ using a noble deposition method

such as atomic layer deposition.
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Figure 2.7 General band structure of inverted an OPV usin@ &r an electron selective
layer. Adapted from referen&g.
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Figure 2.8 Charge recombination (a) in clean bandgap mat@jain the material with
sub bandgap states (defect states) at the intevfaceO and PbS in a QDSC device. The
sub bands gap states increase the chance of retatiobi resulting in decrease of OPV

performance. Adapted from referert®
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2.4.2Development of Barrier Film Technology

As mentioned previously, an alternative methodnprove the device lifetime is
to protect devices from the ingress of oxygen amdstare by packagin§® 64 *“IFigure
2.9 (a) shows a traditional device packaging methadgua metal lid or glass substrate
can be used for the rigid device application. Hosve¥f thin film device encapsulation
can provide considerable barrier performance, tharoc thin film electronic devices can
take their advantages such as lightweight and Hikgtyi over inorganic electronic
devices. In this case, the packaging can be donearnways depending on the barrier
film preparation. In one case, a barrier film ¢endeposited on a separate substrate and
then bonded to the devicEigure 2.9 (b)) or secondly, the barrier film can be directly
deposited on the deviceFigure 2.9 (c)). The first method is called indirect
encapsulation. In the indirect encapsulation metsoate the barrier film growth process
does not affect the device, there is a wider rasfgmaterials and processing conditions
that can be used to create the barrier film teduwl limited primarily by the
compatibility with the substrate material chosermwdver, the lamination or bonding
process of the barrier film on a device can belehging using an adhesive and sealant.
The second method is called direct encapsulatiothe direct encapsulation method, a
barrier film is deposited on the device directlythwiut the lamination issues, but the
deposition process is limited by the process coinitit with the device based on

factors such as temperature, reactants, plasmagrassure.
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Figure 2.9 Schematic diagrams for OLED device encapsulatiorctures. (a) The first
structure shows a traditional package with a méthl The second structure (b)
laminated shows a barrier-coated lid (indirect @saation) sealed onto the device. The
third structure (c) shows a monolithic thin filmrbar grown onto the device (direct
encapsulation). Adapted from refereffée

2.4.2.1 Gas permeation in a barrier film
The major goal of a barrier film is to reduce oxygend moisture permeation.

The permeation of gas occurs due to the presenperet or defects in a barrier film as
seen inFigure 2.1Q Depending on the size ratio of permeates andsp@{audsen

number), the diffusion can be progressed in differdiffusion mechanisms: Knudsen
diffusion and molecular (continuum) diffusiéf. If the mean free path of a permeate is
larger than or same order as the pore dimensiond&an diffusion mechanism governs.
Otherwise, molecular diffusion process occurs tglolarge pores or defects in a barrier
film. In both cases, the effective diffusion coeifint can be defined that combines all
permeation mechanisms, and the diffusion coefftctam be obtained experimentally as

well.
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Figure 2.10 Different permeation mechanism depending on defextes. Lattice
permeation is responsible for intrinsic permeabbthe material, and nano/macro defects
leads to intense gas permeation depending onglzeirby molecular diffusion. Adapted
from referencé.

Once the effective diffusion coefficient is knowhen the Fick’s second law can

be used to predict the flux of a permeate throubhraer film in one-dimensiof{!
r_ (2.1)
1 1

whereC is the concentration of a permeate, t is tibas diffusion coefficientx is the

position in a barrier film. Using Eq. (2.1) with estant concentration conditions at the

boundary, = and = , the total cumulative flux of peateecan be

derived agto!
S (2.2)

whereQ is the cumulative flux| is the barrier film thickness. As time passes, fthe

increases but saturated finally, and the steadg 8tax becomes,

¥ =— - — (2.3)
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Figure 2.11 plots the cumulative permeation flux over time antransient
permeation using Eq. (2.2). The slope, which is ftbg, approaches t®Cy/I in the
steady state region as time passes. In additiamy tise slope lag-time_) can be defined
as Eq. (2.4), which is the intercept of the slape &nd the x-axis in the plot.

= (2.4)

Cumulative flux, Q

T —>
Lag time =12/6D Time, t

Figure 2.11Conceptual plot of cumulative permeation flux,idiefy lag-time and steady
state regime for a single barrier layer.

In the steady state regime, the flux can be reswriftom Eq. 2.2. depending on
the gas of interest: water vapor transmission (f&TR), and oxygen transmission rate
(OTR), which are measures of passage of water ggex through a barrier film,
respectively. The derived WVTR is written in Eq R. Figure 2.12 plots the
requirements of WVTR and OTR for a number of agtlans along with reported
barrier film performances. As se€igure 2.12 widely accepted WVTR requirement for
OLED device is less than £@/n?/day. Burrowset al. suggests this WVTR requirement
by estimating the amount of water that reacts withO nm thick Mg electron injection

layer completely?”! This estimation, again, emphasizes the importaficee stable low
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work function material on the cathode side as heenlmentioned previously. Thus, it
may be possible to change the barrier film requiet® for organic electronics by

introducing more stable materials into the deviahidecture.
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Figure 2.12Estimates of barrier film performance requiremdatsvarious applications,

including organic electronics, along with the rapdrbarrier performance. Adapted from
reference$s: 101-103]

Considering permeation theory, possible methodsetuce gas permeation
through a barrier film are decreasing the diffustoefficient or increase the barrier film
thickness. However, the diffusion coefficient i timtrinsic property of the barrier film
material. Even if inorganic films are, theoretigalalmost impermeable due their small

lattice dimensions compared to the diameter of tages the imperfection of the film
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deposition process results in defects or pinhalethée deposited inorganic films. Then,
the embedded defects can contributes to increadiffgsivity of inorganic film.
Therefore, it demands to fabricate a uniform defiess film with less porosity, and it
claims a high-quality film deposition process sueh ALD, rather than sputtering,
evaporation, and CVD.

As an alternative approach, Eq. (2.3) suggeststkigatag-time can be increased
by increasing the film thickness, delaying thetstdthe steady state permeation so that it
postpones the maximum permeation rate conditionveyver, since the film thickness of
thin film electronics is limited within the rangd micrometers, it is problematic to
increase the film thickness enough to achieve reduength scale. Instead of this, state-
of-the-art barrier films employ a multilayer struct as shown irFigure 2.14 In a
multilayer structure, impermeable inorganic layease alternatively stacked with
smoothing layers. The laminate structure reducegtbwth of defects, and separates the
defects in each layer by reinitiating the nucleatiprocess of material deposition.
Therefore, the permeant should go through a longdas pathway to pass through the
multilayer barrier film as shown iRigure 2.13 Figure 2.14 (a) shows a cross section
SEM image of an organic/inorganic multilayer barfiém. In this structure, the organic
layer performs as a smoothing layer, which redubesmpact of surface topology and
presence of large particlefigure 2.14 (b) shows a cross section TEM image of
inorganic/inorganic multilayer barrier film. In gialternating configuration suppresses
the formation of crystal structures, and reducesbibundary defects related to the crystal
structurest® In addition, similar to multilayer structures, rack nanoparticle barrier

films are also introduced, which simplify the fili@brication procesg%!
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Figure 2.13Tortuous pathway by multilayer structures. Adagftedh referencét®l,
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Figure 2.14 Cross-sectional image of multilayer barrier stoues. (a) inorganic/organic
multilayer, (b) inorganic/inorganic ALD multilayeAdapated from reference (Baltk
Vitex systems) ang®4,
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Figure 2.15Nanoparticles in a barrier film. Adapted from refecel%%.
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2.4.2.2 Issue of particles and cracks
Even if an intrinsic barrier film property of a t&n type of barrier film is

expected to satisfy the WVTR requirement, theransther issue when the barrier is
fabricated practically. For example, common polyimsubstrate embeds small particles
called anti blocking particles as shownFigure 2.16 The purpose of the anti blocking
particles is to prevent substrate adhesion betweersubstrates due to the van der Waals
force. In addition, dust particles in a fabricatif@tility can lie down on substrates and
affect the film deposition procesBigure 2.17 shows SEM images of defects of films
due to presence of anti-block particles and dustighes. Moreover, the nature of
conventional deposition process can bring abouemombers of defects in a deposited
film. Table 2.1tabulates defect density and defect sizes of fdeyosited using different

deposition methods.

o =
_.. ® ¢ © @ VPLT - aniiblock ﬁ:rﬁcle.‘ ® o0 o' | ¢
PET =4
o™
PET N

smooth side anti-block particle

Figure 2.16 SEM images of Hostaphan RD 23 PET-film contairamgj-block particles.
Adapated from referenc®.
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Figure 2.17 SEM images of film defects caused by an antiblpekticle and dust
particles. Adapted from referenté!

Table 2.1 Measured defect sizes and defect densities fgleslayer inorganic barrier
films deposited on polymeric substrates. Adaptethfreferencé -,

Defect radius Defect d_<29nsity Coatir_lg Deposition Substrate
(um) (mm) material method
0.6 11-1100 Si® PECVD PET
0.6 5-1000 SNy PECVD PET
1.0 25-400 Al Evaporated PET
1.0 100-300 Al Evaporated PET
2-3 200 Al Sputtering PET
0.5-1.4 600 AIGQNy Sputtering PET

0.4 100-1000 Al Evaporated BOPP
0.5 700 AIQNy Sputtering PET

In addition to particle-related defects, cracks oanur in a fabricated film. The
reason of the crack formation is the mechanicaisstduring or after the film deposition
process. For examples, the mismatch of the theexpénsion coefficient and elastic
constants between the film and substrate mategaldt in bi-axial stress in the film after
high-temperature deposition processes. Post defmrmaracks can be generated if a

barrier film undergoes mechanical stress such aslibg and elongatiorFigure 2.18
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shows optical microscopic images of barrier filmdjere cracks were generated after
bending tests.

As a result, both pinhole defects and cracks lealbdal failure of barrier film,
and play an important role in gas permeation pmcé&bserefore, the barrier film test
should consider the contribution of intrinsic peaten and defect-related permeation,
separately in order to understand the real perowatharacteristic of barrier films.
However, current research is focused on only ope-tf permeation or total permeation

without discrimination.

‘SiOx SiOx

-

r=6.4'mm 1 r=4.8 mm

Figure 2.18Crack formation of SiQand AkOz barrier films after a bending test.
Adapted from referendé®

2.4.2.3 WVTR of recent barrier films
As previously mentioned, considerable effort hasnbenade to fabricate high

performance barrier films for organic electroni€able 2.2tabulates the WVTR values
of number of barrier films deposited using a PECpidcess. In additionTable 2.3

tabulates WVTR values of single and multilayer tearfilms deposited using an ALD
process. As seen in the table, however, direct eoisgn of reported WVTR values
among the barrier films is difficult because thestt¢ewere carried out at different

temperature and humidity conditions. Overall, manyhe films are reported to attain
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ultrabarrier performance, but determining whiclmfils best cannot be done due to the

differing test conditions for WVTR measurement.

Table 2.2Summary of performance of PECVD barrier films. At from reference

[108]

Coating Deposition WVTR

Material Structure Substrate Temp. (g/mPiday) Reference
SiONy o 5x 10° Schaepkenst
ISI0.C, Graded layer  Polycarbonate <100°C (23°C/50%RH) al. (2004§1

. . o 2.5 x 10/ Chen et al.
SiC Multilayer PET 120°C (23°C/40% RH)  (2007)110)

. . o o Zambov et al.
SiC Single layer PET 25°C-50°C (0] (2006411
Si02 . o Mandlik et al.
Ipp-HMDSO Single layer OLED on glass <80°C - (2008§112

Van Assche
Nitride Multilayer OLED on glass 80°C - et al.
(2004131

. . Nitride/oxide OLED on glass; o Rosink et al.

SINJSIO. multilayer PET <130°C 3.5x10 (2005)**4

Table 2.3Summary of process and performance of ALD bafiiies. Adapted from
referencd®’ 108

Material Method Structure  Substrate Deposition WVTR Reference
Temp. (g/m?/day)
AlO3 Single o 1.5 x 10° Carcia et al.
25 nm ALD layer PEN 120°C (38°C/85%RH) (2006)**°
AlO3 Single PEN, o~ 1x10° Groner et al.
1-26 nm ALD layer Kapton 100-175°C (RT) (2006J16]
AlO3 Single o 5x 103 Langereis et al.
40 nm PEALD layer PEN 100°C (21°C/60%RH) (2006}
Al,O3/Zr0, Nano- i o 3.2x10% Meyer et al.
100 nm ALD laminate ~ >/S1%  80°C (85°C/85%RH) (2010118l
Al,O3/SiO; . PEN, o 5x10° Dameron et al.
26 nmisonm AP Multilayer o on 175°C (RT/100%RH) (2008}
(SIO/SINy) . .
ALD/ . o 2x10 Kim et al.

/Al1,03 PECVD Multilayer Glass 110°C (20°C/50%RH)  (2005)

100 nm/50 nm
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Moreover, since there is no standard measuremenégure to evaluate the ultra-
low permeation rates of high performance barrilendj there is a great challenge in the
evaluation of gas permeation rate through the filks mentioned previously, the target
water vapor transmission rate (WVTR) for barriégmB used in most organic electronic
devices is 1x10 g/n?/day®” but the resolutions of many standard WVTR measargm
techniques may be a few orders of magnitude highbave safety issu&$!

Figure 2.19 demonstrates a number of WVTR measurement mettiadsare
commonly used in the researé¥: the gravimetric cup te8£% isostatic metho#?!,
isostatic methods with infrared sensor (PermatM@®CONY'?2 or with coulometric
sensor (Aquatran, MOCONYZ mass spectrometh?®! radioactive tracing?* 2%
residual gas analyz&¢® or the calcium corrosion test with optical measweat*?’! or
electrical measuremelit: 1281 Of these, only mass spectrometry, radioactiverica and
calcium corrosion test can meet the WVTR resoluteguirement of 1x180g/m?/day!*6l
Furthermore, mass spectrometry requires expengjugment, and radioactive tracing
method requires special facilities with radioactimaterials. Thus, methods such as the
calcium corrosion test with electrical or opticakasurements are the most feasible to
implement, but must be done in a specific mannanfoove its sensitivity.

In addition to the sensitivity of measurementsiteneficial if the measurement
technique provide spatial information of the pertiwearate in a test barrier film because
a barrier film can contain pinholes or cracks, \aigay contribute to the permeation rate
regardless of the intrinsic barrier film property. the information about the local
permeation can be acquired, the reason of gas pionean be determined, which helps

to determine pathways to improve the barrier filabrfcation. However, most of the

38



WVTR measurement methods can measure only a toteffective WVTR, and lack
spatial data except an optical calcium corrosish te

Therefore, for a barrier film application on OPWiabes, it is required not only to
fabricate the high quality barrier film, but alsw grovide a precision measurement that

can investigate high performance barrier films.

(b)

il || * ||
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. L4 .. [ ] e . _6 2 q | ‘
Gravimetric cup method Sensitivity (10 g/m2/day) I
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Simplicity Ca test (optical)
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(e) (f) N3 + H2O N2 + H20
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-6 2 day (Infrared
Mass spectrosco 1x10° g/m?/ _
p py radioaCtiVity commercial Coulo?;etric}
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Figure 2.19Various methods for WVTR measurement: (a) gravilmetup method, (b)
electrical calcium corrosion test, (c) optical oate corrosion test, (d) mass

spectroscopy, (e) radioactive tracing method, &hdoulometic sensor method. Adapted
from referencé®l.
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2.5 Atomic layer deposition

As previously mentioned, the first requirement tbe ESL using TiQ is to
reduce the film thickness to lower the layer resise. The ultrathin film structure also
benefits the mechanical reliability as well becatise crack onset strain is inversely
proportional to the thickness of filffable 2.4lists theoretical expression of crack onset
strain with respect to film thickness, showing thia¢ crack onset strain is inversely
proportional to the film thicknes&igure 2.20also presents experimental results of the
crack onset strain of thin flms depending on ibs fthickness. As seen iRigure 2.2Q
the crack onset strain increases rapidly when ihe thickness is below 20 nm. To
fabricate the films in this thickness range, ALDaisne of the most promising fabrication

methods to control the film thickness less thamnl n

Table 2.4 Theoretical expression for crack onset straincesting thickness. Adapted
from referencé??),

Author Crack onset strain €, Scaling

p y . 2G Eh Es -1/2
Laws and Dvorak, 1989 R TOEE h;

AP : Ge _ a -1/2
Nairn and Kim, 1992 FW Erc hg
Takeda and co-workers, 1998 | ——2G g2 h;14

3E]" A/ (1 4ve)hehs | Eg
2 (o} ol
Hu and Evans, 1989 G, = (%) (;L:l+ b2 E)) h;'3
Leterrier and Andersons, 2000 %3 [ 3Get Live (1) h'A3

I—wue - 2, Eche (1 N
Ethe ]*%*’E‘h\( —U:)
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Figure 2.20crack onset strain of ADs films depending on the film thickness. Adapted
from referencé'3l,

In addition, for barrier film application, the fienshould be defect-free. With
conventional deposition methods such as evapotaspattering, CVD, defects are
unavoidable due to the nature of the film growthchanism.Figure 2.21 shows the
cross section TEM images of CVD and ALD films. Aees in the figure, the CVD film
has grain features while the ALD film is smoothaitit any grainy feature. The grain
features can play as defects for a films, and eadd to either local electrical leakages in
an electrical application or local gas permeatiorhples in a barrier application. Due to
the nature of ALD process, the nucleation and faoiwnaof film process is highly
uniform, and thus it produces defect-free film thetnecessary for the barrier film

application.
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Figure 2.21 Cross section TEM images of CVD and ALD films. C\Yiln shows the
grainy feature while the ALD film is uniform. Adagt from reference (Lin Wang,
Dupont 2010)

2.5.1Principle of atomic layer deposition

Atomic layer deposition (ALD) is a film fabricatiomethod that utilizes the
precursor properties of self-assembled monolayendtion as shown ifrigure 2.22
Because of the nature of ALD deposition processfitm thickness is controllable down
to sub-nanoscalecd. 0.1 nm), and the film is extremely conformal withgoinhole
defectd®”! Due to this fact, among various thin film fabricat techniques such as
chemical vapor deposition (CVD), thermal or e-beamaporation, sputtering, and etc.,
ALD is considered to be a good candidate for fatting a defect-free uniform fili’ 6%
1311331 previously, ALD was not regarded to be compatibith organic electronic
devices because it requires high temperature psooasdition. The low growth rate of
the ALD process, which is in the order of 0.1 nmaleywas also an issue for ALD films
to be applied to mass-production. However, regertle development of new ALD
systems such as plasma-enhanced ALD, spatial Alid, @mospheric ALD have
widened the application space for ALD films to maother applications including

organic electronic devices with processing ratesigh as 1 nm/834 Also, with the
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development of new precursors, various materials ba deposited through ALD
including metal oxides, metal nitrides, metals, aken organic materials through
molecular layer deposition (MLDY®! Furthermore, by alternating ALD precursors
during each cycle, ALD can produce a composite rizter a nanolaminate film, which
tunes the material properties. Therefore, ALD filpgssess great potential to implement
into organic electronic devices with various apgiiens, particularly for barrier film

applications because the ALD film has the potentidie conformal without defects.
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Figure 2.22 Schematic representation of ALD using self-limgtisurface chemistry and
an A-B binary reaction sequence. Adapted from ezfegl*36!,

Repeat

In general, the ALD process is a two-step pro@sgxplained previously. For
example, the most common ALD process is aluminumdeoxAl.Os) deposition using
trimethylaluminum (TMA, AI(CH)3) and water vapor (¥D) precursors. The surface
chemistry of A}Os ALD process can be described &8

AIOH* + AI(CH3)3  AIOAI(CH3)2* + CH4 (2.6)

AICHz* + H2O  AIOH* + CHa4 (2.7)
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In the first precursor pulsing step, TMA precursoeact only with hydroxyl
group on a substrate and form solid AIOAI(gHand methane(CHl by-product (Eq.
(2.6)). Then, the chamber is purged with noble gash as argon, which removes
excessive TMA and methane. In the second precgdsing step, BHO precursors react
with AICH3 and form solid AIOH and methane by-product (Eg7)2 The followed
purging step removes the excessive water vaponaidane, and the ALD step repeated
from the first TMA pulsing.

In order to achieve the ALD process, however, sgveonditions must be met.
Not only the self-limiting property of a precursdout also the condensation and
desorption processes are important. The condensahd desorption processes should
allow the precursor to form a monolayer. Since ¢dbedensation and desorption rate is
affected by the temperature, there is an availédeperature range called the ALD
window. Figure 2.23plots the behavior of the ALD growth with respeztemperature.
The ALD window is generally a chemical propertyaoprecursor, thus much research is
invested into looking for a better ALD precursortiwithe desired ALD temperature

window.
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Figure 2.23 Schematic of possible behavior for the ALD growbr cycle versus
temperature showing the ALD window. Adapted frorference?8l.

2.5.1.1 Thermal and plasma enhanced ALD
In order to complete the ALD reaction, the tempaimust be within the ALD

temperature window that is determined by a giveecgrsor. Therefore, certain
precursors may not be compatible with polymericssudtes or organic semiconductors
due to the need of high process temperatures om#ienergy. In order to overcome the
temperature limitation, plasma-enhance ALD (PEALi2s been suggested. Different
from the conventional thermal ALD, PEALD utilizes plasma to create the second
precursor, which provides sufficient reaction eyemyven at low temperatubg’!
Moreover, by eliminating water as the oxidizerat temperatures, it is easier to remove
excess oxygen from the vacuum chamber than waparwahich typically sticks to the
walls of the vacuum system. Thus, ALD reactiond growth even at room temperature
are possible with PEALDFigure 2.24illustrates the schematic representation of therma
ALD and PEALD. The first cycle is the same in bptiocess, but in the second cycle, the

reactant is plasma in PEALD process. Dependinghenchamber configuration of the
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plasma system, various PEALD systems were intratlaseshown irFigure 2.25137)
Among them, remote plasma systerhgg(re 2.25(a) and (c)) are commonly used for
commercial PEALD system that reduces the direetoeif plasma on substrates.

In addition to reduced process temperature, PEAIBDSsf show improved
material properties with increased growth rate. cAISPEALD can control film
stoichiometry and composition, and increases choiqerecursors and materiats” 3!
Figure 2.26 compares the purging time of thermal ALD and PEApfcess, which
indicates that the process time of PEALD is fasken that of thermal ALD at low
temperature condition. Therefore, it is more appede to use PEALD films than thermal

ALD if the film needs to be deposited at low tengiare but with high quality.
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Figure 2.25Schematic of various PEALD systems. Adapted frefenencé'®7],
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2.6 Summary

This chapter introduced the operating principl€OéfV devices. The chapter also
addressed their reliability issues and effortseotve the reliability issues. Finally, ALD
films were introduced for the application of orgamlectronic devices to improve the
device reliability.

Even if the ALD film is a strong candidate to beedswith the organic thin film
electronics, the research of ultrathin ALD filmsr fdevice reliability is still sparse.
Moreover, important questions are still remain @ning the utilization of ALD films
for the application of organic electronics regagdir(1) whether ultrathin ALD films are
chemically stable in the range of the film thickees intended for OPV use (< 10 nm),
(2) whether ALD films have proper electrical ancechcal properties to perform as an
ESL for a OPV to replace the instable ZnO layed &) whether ALD films provide
sufficient gas barrier properties for the use ofeexal encapsulation barrier film of a
device.

In addition, there is no standard characterizatotest the environmental stability
of ultrathin films. Also, further improvement is q@red to measure the barrier
performance down to the required level. (WVTR <®1@/n¥/day). Therefore, this
dissertation research will address these questamswvell as introduce appropriate

characterization techniques accordingly in theofeihg chapters 3, 4, 5, and 6.
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CHAPTER 3

CHEMICAL STABILITY OF ALD METAL OXIDES

3.1Introduction

A key goal of this chapter is to determine the smwvnental stability of ALD
films for use as electrode modifiers for electrefestive contacts and as barrier films in
the packaging of organic and sensitive electronics.

The environmental stability of a material is testdy observing any
physical/chemical change or change in critical props after exposing the material to
various environmental conditions. There are stahdarethods to evaluate the
environmental stability of materials such as sptag test (DIN 50021 SS), Kesternich
test (DIN 50018 KFW 0,2S), climate test (DIN 583B®-120), dilution resistance

(alcohols and ketones) and tarnishing tdsigure 3.1 presents one example of

accelerated thioacetamide :fENS & tarnishing test (ISO 4538) showing the color

changes of uncoated and coated silver coins inebtq@osure to thioacetamitié!
Abdulagatovet al. presented a study on the water resistance of Albsfby observing
ALD coated copper surface with a microsc8p8.However, these tests are difficult to
acquired quantitative information of material sliji On the other hand, chemical
composition analysis techniques, such as X-rayqeiettron spectroscopy (XPS) and
time of flight secondary ion mass spectroscopy (FIHMS), can investigate the

chemical composition changes due the reaction aitfironmental exposures such as
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oxygen, water, but they are destructive analysithaus. Thus, continuous measurement

with an identical sample is difficult with XPS oOF-SIMS.

nSILVER®

Figure 3.1 Accelerated thioacetamide tarnishing test of AlLdatings on silver coins
(ISO 4538). The color of the coin without an ALDatimg changes over time due to the
thioacetamide exposure. Adapted from referétice

Therefore, this chapter suggests a new analysisedure to evaluate the
environmental stability of ALD layers. Similar the calcium corrosion method, as a
trace layer is prepared and coated with ALD filnisrmberest. An optical measurement
technique is used to detect the trace layer nosimgly and nondestructively after
exposing the ALD coated trace samples to environaheonditions such as deionized
(DIl) water. For the trace sensor material, ZnO hesen because it is known to be
unstable in water. ZnO films have been found tataim numerous hydroxyl groups
(OH-) and hydrogen interstitial defect& % and which hydroxyl groups can initiate
chemical reaction with water.

In order to observe ZnO optically, photolumineseeeission of ZnO can be

used. Photoluminescence (PL) spectroscopy is i@aciegization technique to determine
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the bandgap of a semiconducting material. Whileminating a semiconductor with a
light source whose photons have an energy thateelscthe bandgap, photoemission can
be observed in some semiconductor materials wighggnequal to the bandgap energy as
well as energy of defect states within the bandgBHms, ZnO, a direct bandgap
semiconductor with a band gap of 3.4 eV, emitsiBhtiwhen it is excited with photons
that have an energy greater than the bandgap sug8k5anm UV light source as used in
this work.

This chapter investigates the environmental stgbif ultrathin ALD films
exposed to a water environment using the ZnO Plss&on technique as a sensor to
determine degradation in the ALD films coated omp tof the ZnO. The water
environment is chosen for studying corrosion sitlee stability of the ALD films as
barrier layers and as electrode modifiers in tres@nce of water that can be experienced
by an OPV is of prime importance. Since the maguse of the OPV degradation is
moisture permeation, and the permeate moisture ccawdlense on the inner porous
surfaces of the ALD films during water permeati®ddhile it is understood that water
soaking is not the exact same as what ALD filmd ggke in practice, the use of water
soaking in terms of studying corrosion and stabwitll provide a harsh environment test
for the ALD films. It is expected that if the fisrcan survive the water soaking test, they
will also show stability in humid environments. &ZnO PL test is still an indirect
method to investigate the stability of capping layby means of ZnO trace layer.
Therefore, additional film characterization methade used to explain the results of

ALD film stability
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3.2 Experimental

3.2.1Sample fabrication using PEALD

To create samples for stability testing, ALD filmgre fabricated on silicon (Si)
substrates using a commercial PEALD system (FgimnBridge Nanotech) as shown in
Figure 3.2 First, a 11 nm thick ZnO sensor layer was depdsiin solvent cleaned Si
substrates at 250°C. A polished Si wafer was cat a5 cm by 2.5 cm square pieces,
and cleaned in acetone with sonication for 10 rfotipwed by cleaning in IPA with
sonication for 10 min. Then, the Si pieces wersathin flowing DI water and were dried
with a gentle M flow from a nitrogen gun. The Si pieces were thramsferred into the
PEALD processing chamber. Before the depositiorcgss, the substrates were kept in
the processing chamber under vacuum for 15 minctoeae temperature equilibrium
between the substrate and the chamber at 250°€rwkftd, 3 cycles of ADs PEALD
films were deposited as a nucleation layer, whitiproves the nucleation of the ZnO
layer when compared to the growth on a native Si@face. Trimethylaluminum (TMA)
was used as the Al precursor using 40 sccm Arasdlrier gas with pulses lasting 0.06
s followed by 5 s of purging with Ar followed byramote oxygen plasma generated by
flowing 20 sccm of oxygen in a 200 sccm Ar flow amgplying an RF electric field of
300 W upon its entrance for 20 s. Next, ZnO setsger was deposited in the same
manner using diethylzinc (DEZ) as a Zn precursdterAa 0.06 s pulse of DEZ, the
chamber was purged for 5 s, and a remote oxygeampalavas applied with 20 sccm of
oxygen in a 200 sccm Ar flow for 30 s, followed bys of purging. The process was
repeated for 100 cycles, which produced an 11 nok #nO layer. The thickness of the

film was measured using a spectroscopic ellipsoniste2000, J.A. Woollam Co.)
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(@) (b)

Figure 3.2 The dual chamber Fiji PEALD system. The right chamis used for running
the PEALD ZnO deposition, and a purple glow is obseé due to Ar/Q plasma in the
window port of the system during the oxidation step

After ZnO deposition, metal oxide ALD films of imtsst were deposited on the
ZnO sensor layers at two temperature condition8;@Gnd 250°C. ADs, TiOy, ZrOy,
and HfQ were selected due to their potential for high iydlarrier films. Also, TiQ is
of interest for the application of ESL to replaceESL in inverted OPV devices. The
deposited ZnO sensors samples were taken out twsptrare with Ar purging, and then
loaded again to deposit interest ALD capping layera similar manner using different
precursors of the metal organic. TMA, tetrakis(dinggamido) titanium (TDMAT),
tetrakis(dimethylamido) hafnium (TDMAH), tetrakisfoethylamido) zirconium
(TDMAZ) were used for AlOs, TiOx, HfOx and ZrQ deposition, respectively, as shown
in Figure 3.3 The ALD run was repeated by 100 cycles to produaelO nm thick
capping layers for ADs HfOy, ZrOy, and For TiQ, 100 cycle and 200 cycles of ALD
process was done to produce ca. 5 nm, and 10 nch fthin. All precursors were
purchased from Sigma-Aldrich as packaged jacketi$er of deposition systenifsigure
3.4 depicts the structure of ZnO PL sensor samplds pvittecting ALD films, and able

3.1 tabulates the detail parameters of ALD process @ardmeters for each material
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deposition. Also, at the 100°C processing tempegeathe purging time increased for the

adsorption and desorption processes of each pasursbe completed @ble 3.2.

Figure 3.3 Chemical structure of metal precursors used foDAdrocess. (a) TMA, (b)
DEZ, (c) TDMAT, (d) TDMAZ, and (e) TDMAH.

Figure 3.4 Schematic diagrams of tested ALD films in thisfudy. From the left, an
uncapped ZnO sensor sample, agOAlcoated ZnO sample, a Ti@oated sample, a
ZrOyx-coated sample, and a Hf@oated sample.

55



Table 3.1Parameters for metal oxide deposition at 250°GgUBEALD.

Zno AI 203 T|Ox HfOx ZI’O X
Metal precursor DEZ TMA TDMAT TDMAH TDMAZ
Ar flow rate for precursor 40 40 40 40 40
delivery (sccm)
Ar flow rate for plasma 200 200 200 200 200
source (sccm)
Pulsing time (s) 0.06 0.06 0.2 0.06 0.06
15 Purging time (s) 5 5 5 5 5
Oxygen flow rate (sccm) 20 20 30 20 20
Plasma time (s) 30 20 20 20 20
2" Purging time (s) 5 5 5 5 5

Table 3.2Parameters for metal oxide deposition at 100°GQUBEALD.

ZnO Al203 TiOy
Metal precursor DEZ TMA TDMAT
ereﬂcct)lvrvsz)e:tggl(i)\;ery (sccm) 40 40 40
lowaelopsns o0 20 a0
Pulsing time (s) 0.06 0.06 0.2
15t Purging time (s) 60 45 90
Oxygen flow rate (sccm) 20 20 30
Plasma time (s) 30 20 20
2" Purging time (s) 10 10 10

3.2.2Photoluminescence

Photoluminescence (PL) spectroscopy is one of Hmogemission spectroscopic
(PES) techniques which can investigate the eleitratructure by observing light
emission from semiconductor materials. When intdmgle energy light such with photon
energy greater than the bandgap is illuminated hen surface of a semiconductor, a

ground state electron is excited to the conductiand and relaxes back to the ground
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state by a radiative transition processegre 3.5. From the energy of the radiation

light, the bandgap of a direct semiconductor, aginO, can be investigated.

Figure 3.5Energy diagram showing absorption of light andphecesses involved in the
emission of light as fluorescence and phosphorescekdapted from referen€é?l,

In this dissertation, PL emission spectra of th€&©Zayer were obtained using a
Horiba Jobin Yvon LabRAM HR800 Raman Spectrometguigped with a backside-
illuminated liquid nitrogen cooled charged-couplbevice (CCD) detector (Symphony,
Horiba) Figure 3.6. A 325 nm (3.81 eV) Helium-Cadmium (He-Cd) las&rs used as
the excitation source with an incident laser powér3.2 mW on a spot size of
approximately 3 um. A 40x UV achromatic objectiveMU-40x, Optics for Research)
was used to acquire ZnO near band edge (NBE) Pkstoni that lies in UV region (340

nm-400 nm).
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The intensity of the PL emission measured in tRfgeement is dependent on the
power of excitation source, radiative recombinatiate of a material, sensitivity of the
photodetector, and the efficiency of the collectaptics. To quantify the PL emission
spectra of samples, the UV laser source was tuonetl hour before the measurement.
The spectrometer position was calibrated using asdiebn carbide (SiC) sample from
Cree with its Raman shift peak at 776 tnThe measured PL intensity was affected by
the fluctuation of the laser source intensity ahgnanent changes of optical mirrors in
the spectrometer, thus a control sample was preépgarérack and compensate for the
fluctuations after alignment and calibrations wpegformed. For the control sample, a
TiOx coated ZnO sample was prepared and stored inageit-filled glove box (MB10,
MBraun) at the conditions of both water and oxytgxels below 0.5 ppm.

In addition, the PL intensity is highly dependemt lmow well the sample is in
focus, particularly of a thin ZnO film ( < 10 nmi)herefore, the Z-stage mapping was
carried out to find the stage position for the mawin intensity. After all, PL spectra
were scanned over the range of 340 nm to 450 nim aviD0.3 attenuator filter and 3 s
acquisition time. Each scan was repeated 3 timasdaire single average spectrum, and

3 spots were measured for each sample.
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Figure 3.6 The LabRAM HR800 Raman system for PL measurmajptwbole system,
(b) a sample under a microscope objective duristjng.

3.2.3Water soaking test

After the initial PL emission measurement, the daspvere soaked in 15 ml
deionized (DI) water in beaker at room temperatioredetermine the stability of the
various ALD layers to aqueous media as showhigure 3.7. The DI water acidity was
pH 7 (measured with Model 2100 pH meter, VWR). Afteater soaking, the samples
were taken out from the water and dried out wittmil N> air gun. PL spectra of the
samples were repeated and the samples were pladd ibto the water. The PL
measurements were carried out at 0, 1, 3, 5, 7,1&nhdays. For each day, the PL

emission of the control sample, a Ti€ated ZnO sample, was also acquired.
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Figure 3.7 Experimental procedures of water stability testirsing photoluminescence
spectroscopy. PL emission spectra of samples amtjperiodically after water soaking at
room temperature condition

3.2.4Spectroscopic ellipsometry

For additional characterization, spectroscopigpstimetry (SE) was used. SE is a
primary characterization tool to investigate thé&ckhesses and the optical refractive
indices of ALD films. Figure 3.8 illustrates the schematic of light pathways in an
ellipsometer. The focus of ellipsometry is to meadww parallel (p-) and perpendicular
(s-) polarization components change upon reflectiptransmission in relation to each
other based on interactions with the sample. Is thanner, a known polarization is
reflected or transmitted from the sample and thguwtupolarization is measured. The

change in polarization is the ellipsometry meas@mmcommonly written as,

Yy °P (3.1)
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The incident light is linear with both p- and stgmonents. The reflected light has
undergone amplitude and phase changes for bothng- sa polarized light, and

ellipsometry measures their changes.

(@)

(b)

Figure 3.8 (a) Typical ellipsometry configuration, where laryy polarized light is
reflected from the sample surface and the polaomathange is measured to determine
the sample response. (www.jawoollam.com) (b) Phajaly of M-2000 variable angle SE
system.

In order to evaluate the optical properties, thasneed data must be fitted with

an optical model such as Cauchy’s equafibhwhich is the one of the most common
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empirical models for a transparent material. Theegal form of the refractive index with

respect to wavelength is,

/ = +/—+/— (32)

wheren is the refractive index, an@o, Ci1, andC; are coefficients that need to be fitted
from the experimental data. From this model, tHeotive index and film thickness can
be estimated.

In this dissertation, the film thickness and refirae index were evaluated using
variable angle spectroscopic ellipsometry (M-20D@,. Woollam Co.) at four incidence
angles: 60°, 65°, 70°, and 75°. The fitting valéshCo, C1, Co, and the film thickness, of
a Cauchy model layer were fitted with the measB&ddate to estimate the refractive

index and film thickness using the CompleteEASEveafe.

3.2.5X-ray photoelectron spectroscopy

In order to explore chemical compositions of theDAlims, X-ray photoelectron
spectroscopy (XPS) was used. The sample was pla@tigh vacuum environment and
irradiated with a focused beam of X-rays allowirgpiwelectrons to be emitted from the
surface, as shown iRigure 3.9 (a). The emitted electrons are collected by teetmn
analyzer and the kinetic energy of the emitted pélectrons was determined by a
spectrometer, which finally presents intensity gding energy data. The binding
energy Ep) of individual electrons that exist on the surfaxeetermined using Eq. (3.3)
with known information such as the energy of X- potons If ), the kinetic energy of

the emitted electron, and the work functidF) of the spectrometer.
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Figure 3.9 (a) Schematic showing the processes that occungl¥PS where xray
energy ejects a core electron which is picked up bgtector and (b) a Thermo K-Alpha
X-ray photoelectron spectroscope similar to the omeed in this study
(www.thermoScientific.com).

In this dissertation, a Thermo K-alpha XPS systétme(mo Scientific) was used
for the elemental analysis of ALD films in a deptofiling mode. Al K-alpha X-ray
(1486.3 eV) was used as an excitation source, lamdliameter of X-ray gun was set at
400 um to define the sampling area. Also, a flooth gvas used to compensate the
binding energy shift due to charge condensatiom.tk® depth profiling, a sputter gun
was used at 2000 eV ion energy and mid-range dufoen 3.8 pA). The sputtering
process was carried out for 30 s for each stepdmtwhe XPS analysis steps. At this
sputtering conditions, the etch rate ob®@d layer is expected to be 0.081 nm/s, which

leads to 2.4 nm per etch step.
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The acquired data were analyzed using a commexncay/sis software (Avantage
Data System, Thermo Scientific). The primary caeel elemental peaks were fitted to
Lorrentz-Gaussian peaks. Since the spectra carhiiedsdue to argon bombardment
during the sputtering, the spectra were calibra®dhat the peaks are consistent to the

spectra of the first scanning step.

3.2.6Scanning electron microscopy

Scanning electron microscopy (SEM) images werentalsng Ultra60 FE-SEM
(Zeiss) to investigate the surface morphology dm@ldonformality of the films. Both a
secondary electron image and backscattered eleotrage were used for imaging. In
general, topography differences are more cleardyalized by the secondary electrons
while backscattered electrons provide better melteantrast.

In order to acquire a high resolution image, 10 ke&¢eleration voltage at short
working distanceda. 4 mm) was used. Also, both the secondary eledtnaige and back
scattered image were combined for better contresordingly. For a cross sectional
image, the sample was broken and mounted on a eamgider with the broken edge

facing to the detector.

3.3 Stability of ultrathin ALD films

3.3.1PL Emission of ZnO
Figure 3.10shows the photoluminescence spectra performetehdaseline ZnO

sensor before and after soaking in DI water foh@drs at room temperature conditions.
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The as-deposited ZnO peak shows near band edge) MBEmission at around 340 nm
and defect related deep level emission (DLE) betwks® eV to 650 eV attributed to Zn
and O vacancies produced in the diethyl zinc psmubased PEALD ZnO film&*!
Following soaking in DI water for 24 hours, the Zr@yer was observed to have
completely disintegrated in the DI water with ncsetvable PL signal detected despite
scanning at multiple locations. This result is catifde with that observed by Yamadti

al. 1%l where they observed that solid state ZnO is uteiabwater with pHca. 7. The
result also suggests that ALD ZnO can be usedtescar sensor in this water soaking

test to investigate the stability of other ALD fgno water environment.

Figure 3.10 The PL emission from ALD. PL emission of ALD Zn@ykr on a Si
substrate showed a primary peak near 350 nm ardtdednd between 450 and 650 nm.
The signal was not detectable after water soalon@4 h.
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3.3.2Zn0 PL emission with ALD capping layers

The PL emission spectra of all samples were medsard®, 1, 3, 5, 7, and 10
days. Figure 3.11shows the integrated area of the PL emission spettthe prepared
control sample over this period of time. As seethafigure, the intensity fluctuates over
this period and thus, the variation must be aceaurior when measuring the actual
devices exposed to water soaking. To do this,ntensity of the samples was divided by
the intensity of the control sample on a given daynormalize the response and to

compensate for the fluctuation of the measuremysiesn.
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Figure 3.11Integrated area of PL emission spectra of therobsample, N2-stored TiO
coated ZnO.

Figure 3.12plots the PL spectra of ALD coated ZnO films that deposited at
250°C, andFigure 3.13 plotted in the PL spectra of ALD coated ZnO filtieat are

deposited at 100°C.The peak intensity was compeddat dividing the intensity of the
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control samples. In the preliminary test, the PLissmon of 10 nm ZnO without
protection was not observed after 18 hours in wedaking. However, with the 10 nm
thick capping ALD layer, the PL spectrum was obednfor 10 days during water
soaking experiments except for two cases. As sedigure 3.12(c) andFigure 3.13
(a), the PL spectra of ADs coated ZnO samples decreased after 5 days andatas
observed for the full 10 days, whereas the PL speaft TiOy, ZrOy, and HfQ coated
ZnO samples survived up to 10 days. The resultgesigthat 10 nm thick ADs is
hydrolytically unstable for long exposure to watdrich has been observed previously in
barrier film experiment&1°

Figure 3.14 plots the normalized peak area of a ZnO NBE emispieak over
time. There is some fluctuation in the peak arear dvne, but the graph suggests that
TiOy, ZrOy, and HfQ coated ZnO samples are stable for 10 days. Haweé\MeOs
coated ZnO and unprotected ZnO is unstable in Dtewdor both deposition
temperatures: 100°C and 250°C.

The PL tests can be used to determine whethertaamALD films is susceptible
to corrosion in water, but it is not quantitative mature. Overall, the reason or the
kinetics of the ZnO removal process is unclear.ds@mple, it is unclear whether ZnO is
dissolved in water or is converted into some ott@npound. Also, it is also unclear
whether the protecting ADs film is also removed completely or not. Therefdtether
investigation is necessary to understand the datjoad behavior of ZnO and ADs

films.
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Figure 3.12 PL emission spectra of ALD film protected ZnO sansamples. (a) 5 nm
TiOx, (b) 11 nm TiQ, (¢) 10 nm AIOs, (d) 10 nm HfQ, and (e) 10 nm ZrQcapping
layer. The ALD capping layers were deposited at’€50
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Figure 3.12(continued) PL emission spectra of ALD film prdegt ZnO sensor samples.
(@) 5 nm TiQ, (b) 11 nm TiQ, (c) 10 nm AfOgz, (d) 10 nm HfQ, and (e) 10 nm ZrO
capping layer. The ALD capping layers were depdsie250°C.
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Figure 3.12(continued) PL emission spectra of ALD film prdegt ZnO sensor samples.
(@ 5 nm TiQ, (b) 11 nm TiQ, (c) 10 nm AiOsz, (d) 10 nm HfQ, and (e) 10 nm Zr©
capping layer. The ALD capping layers were depdsie250°C.
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Figure 3.13PL emission spectra of ALD film protected ZnO sansamples. (a) 10 nm
Al20z3 and (b) 6 nm TiQ These capping layers were deposited at 100°C
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Figure 3.14Normalized peak intensity of ZnO PL emission afteter soaking. (a) ALD
films that are deposited at 250°C and (b) ALD filthat are deposited at 100°C.

3.3.3Spectroscopic ellipsometry

In order to support PL test results, SE data wexasured for each sample before
and after water soakingrigure 3.15plots the SE data of representative ALD films: (a)
Zn0O, (b) AbOz-coated ZnO, and (c) Tiaoated ZnO. The refractive index (n) and the
film thickness of 100 cycle ZnO layer is estimatedbe 1.95 and 11 nm, respectively.
After one day of water soaking, the SE data becoah@gst identical to a bare silicon

substrate Kigure 3.15(a)), and no film is expected on the samples.theiowords, the
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ZnO sensor layer dissolved in water. On the othendh for the AdOs-coated ZnO
samples, the refractive index and the thicknegd #0; was estimated to 1.76 and 10 nm,
respectively, initially. After 10 days water soakirthe SE data suggest that an unknown
film still remained on the Si substrate. The SEadednnot be fitted with the Cauchy
model for AbOs or ZnO showing a dramatic change in the film hasuaed. The
estimated total film thickness is slightly thickiman the initial total film thickness, but
the refractive index is lower than A&, which may indicates removal of underlying ZnO
trace layer and/or partial degradation 0$@d capping layer. Finally, in the TiCGcoated
ZnO sample, the change of the SE data after watkirsg was negligible, and indicates
that the film is stable in water for 10 days. Tlesults of ZrQ-coated ZnO and Hf@

coated ZnO are also identical as expected fromebdts of the PL test.
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Figure 3.15Ellipsometry data of ZnO and ALD protection lay&fore (solid lines) and
after water soaking (dashed line). The light inoidengle is 75°. (a) 10 nm thick ZnO
layer was not measurable after 19 h water soakimdptical density and/or thickness
changed in AlO3z coated ZnO sample. (c) Ti@oated ZnO shows almost no change in

the ellipsometry data.
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3.4Investigation of degradation behavior
The optical characterization methods in the previ@ection provided only
indirect evidence to determine the existence andragiation of the ALD films.
Therefore, the results are not clear how the degi@u progressed in an Abs-coated
ZnO samples. Therefore, this section performs tickaracterization techniques such as

XPS and SEM.

3.4.1XPS depth profiling

Al>0Os samples showed instability in water, elemental gosition and binding
energy of the elements in &) were analyzed using XPS before and after watediisga
Figure 3.16plots the electron binding energy distributiongafAl 2p level and (b) O 1s
level. Figure 3.16 (a) indicates that no binding energy change waemed in the Al
element, suggesting the remained@l stays without chemical change. In O 1s spectra
(Figure 3.16 (b)), the portion of hydroxyl group peak at 532\ increases after water
soaking due to surface contaminations. However,Qhé&s peaks of fresh and water

soaked samples are almost identical after remawedgop surface by sputtering.
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Figure 3.16 XPS results of AlOs samples before and after 10 day water soakingAl(a)
2p spectrum showed no binding energy change, stiggas chemical state change in
Al20s. (b) O 1s peak has more hydroxyl (Qigroups after 10 day water soaking due to

surface.

For the elemental compositions of entire film tmeks, XPS depth profiling was

carried out on selected samples;@d, Al2Os coated ZnO, and TiEcoated ZnOFigure
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3.17 plots the atomic ratio of ADs films and AbOz-coated ZnO films on silicorkigure
3.17 (a) is the initial A#Os films. Considering the alumina film thickness 8 dm and
the XPS surface sensitivity is also around 10 rim, results indicates alumina forms a
uniform film and has a clear boundary between tlaenea film and silicon substrate.
However, after 5 days in watefigure 3.17 (b)), the film became slightly thinner, and
the boundary become vague. In addition, Si wasrgbderom the first scan (etch time).
Since single crystal Si is stable at room tempeeatinese results suggest that alumina
may be partially removed during water soaking wh&in agreement with other studies
that have shown that ALD alumina films can be upistén the presence of water.

In case of the ADscoated ZnO sample, two distinct films,.8 and ZnO, are
clearly observed initiallyKigure 3.17(c)). However, after 10 days, Zn was not detected
at all, only aluminum and oxygen are detected thhothe entire film on silicon.
Furthermore, the boundary becomes undefined aghese results indicate that alumina
still exists on the silicon substrate, but could m@vide enough protection to prevent the
dissolution of ZnO in water. Also, the reason faifudre may be due to the local or
partially degradation of the ADs film. The results also coincide to the result loé PL
test and the SE data.

On the other hands, Ti@oated ZnO sample showed no elemental composition
changes after 10 day water soakikigure 3.18 plots the atomic percentage of TiO
coated ZnO samples (a) before and (b) after wattakisg. As proved in PL emission
test, ZnO sensor layers were preserved by T@ating, and the depth profiling results

also suggest that the thickness of Jddes not change.
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Figure 3.17 XPS depth profiling of ALD films, atomic percentags. etching time. X=0
corresponds to the surface of samples, and astthetiene increase the percentage
represents the composition of the sample in thetdacation from the surface. (a) Fresh
10 nm AbOs, (b) AlOs after water soaking, (c) fresh &8s coated ZnO, and (d) ADs
coated ZnO after 10 day water soaking.
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Figure 3.17 (continued) XPS depth profiling of ALD films, atdenpercentage vs.
etching time. X=0 corresponds to the surface ofpdas) and as the etch time increase the
percentage represents the composition of the samptbe lower location from the
surface. (a) Fresh 10 nm 28k, (b) AlLOs after water soaking, (c) fresh 283 coated
Zn0O, and (d) AIOs coated ZnO after 10 day water soaking.
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Figure 3.18 XPS depth profiling of ALD films, atomic percentags. etching time. X=0
corresponds to the surface of samples, and astthetiene increase the percentage
represents the composition of the sample in thetdacation from the surface. (a) Fresh
TiOx coated ZnO, and (b) Ti&oated ZnO after 10 day water soaking.
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3.4.2SEM

Finally, SEM images were taken to support the pneviresults and explanation.
The samples were broken into pieces along withn@&ital direction to make clear cross
sectional faces. High resolution FE-SEM (Ultra B@jss) with back scattered electron
and secondary electron detectors was used to eaphages at 10 kV acceleration
voltage.

Figure 3.19(al), (a2), and (a3) shows the top view, the madi view, and the
side view SEM images of fresh &s-coated ZnO films on Si substrate, respectively.
The top surface is extremely uniform, and the @asitof the film cross-section is fairly
uniform except several highlights due to morpholadyhe breakage. After 10 days in
water, however, the top surface has numerous Idpoks Figure 3.19 (b1)), and the
contrast of the film’s cross-section is strongarkdblack areas was observed.). The tilted
image view Figure 3.19(b2)) clearly shows the roughened surface of thtemsoaked
sample. In conclusion, ZnO can easily dissolve aten AbOs is also unstable, but

partially degrades in water.
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Figure 3.19 SEM images of ZnO/AD3 samples before water soaking (al, a2, a3) and

after water soaking for 10 days (b1, b2, b3). (@), are the top views, (a2, b2) are the
tilted views, and (a3, b3) are the cross secti@md¢ views. The ADs3 surface was
smooth and uniform before water soaking, but théase has numerous black spots after

water soaking.
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3.5Conclusion

This chapter investigated hydrolytic stability ¢firt ALD films, and introduced ZnO
sensing technique to evaluate the protection pmidace of the ALD films. The first
achievement is that a non-invasive atmosphere ctaization technique was newly
introduced to test the stability of thin ALD filnvghen exposed to water. Using the ZnO
PL tracing test, more ALD films at various harsmdiions also can be tested in the
future.

Second achievement in this chapter is that hydoosgability of ultrathin (10 nm)
ALD films was identified. ZnO is widely used semmchucting material, particularly in
inverted OSC devices. However, the thin ALD ZnOelsy have been shown to be
unstable both in the PL studies as well as in 4colar cell testing. A3 is one of the
most popular materials for a dielectric layer inedactronic device as well as a barrier
film application. However, the results indicatetthathin ALD film is not stable enough
to sustain its properties in water for a long time also seen in high temperature
accelerated barrier testing by research groupsus,TWhile the PL test method is not
guantitative, its quick screening method does shwmvability to detect two oxides that
have been known to show hydrolytic instability. @ hand, the method does suggest
that other oxides such as Ti@rOy, and HfQ are stable enough to protect ZnO sensor at
least 10 days in water conditions which suggeststtiey may serve as replacements for
ZnO an AbOs in solar cell applications, provided other projgertare sufficient for its
targeted use. Therefore, TaZrOx, and HfQ are recommended candidates if one wants

chemically stable ALD films for devices.
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Since the method is not quantitative or provides #bility to determine the
kinetics of the corrosion of the films, it must t@mbined with other analysis methods in
order to determine the mechanism or rate of degada In this study, it was shown
through ellipsometry and XPS that ZnO films dissola the presence of water while
Al20z films partially remain, possibly even changing mh&l composition in some
areas. Correspondingly, measurements of the ottides used in this study show little
or no chemical or physical changes in correlatiath the PL measurements.

Based on the results of this chapter, the stabl® Alms from this work will
form the basis to be applied to replace ZnO aslbetron selective layer and to replace

Al>0s as an ALD barrier film in OPV devices in the follmg chapters.
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CHAPTER 4

ALD TIO x AS A STABLE ELECTRON SELECTIVE LAYER

4.1 Introduction
As a major cause of the OPV device degradation,pténa? addressed the
oxidation of electron-harvesting contacts or elattselective layers (ESL). Even with an
inverted OPV device that is more stable than a eotiwnal OPV, ZnO ESLsHgure
4.1) in an inverted OPV are still susceptible to degtan from exposure to moisturé
Chapter 3 also showed the chemical instability bDAZnO by a DI water soaking test.
Therefore, to replace unstable the ZnO ESL in it@ekOPVs, TiQ has received interest

for its similar energy band structure and environtakstability.

Figure 4.1 Schematics of common layer structures of OPV d=svia (a) conventional
and (b) inverted geometries with typical materia$ed. Adapted from referen&é®l.

As found in the Chapter 3, TiQs highly stable, and TiQinterlayers that are
highly stable have been used to create electrorebting contacts in OPV devices with
similar band energy structufg:8* 47149 Figure 4.2 shows the band structure of

semiconductors, ZnO, TiZrOy, and HfQ, that were investigated in Chapter 3, showing
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that TiO, has the closest band gap as well as Fermi en&ggpdsition to that of ZnO.
For film fabrication, TiQ films have been processed using sol-gel metiddsolution
processed at room temperatlifé atomic layer deposition (ALD}? 147 150 chemical
vapor deposition (CVD¥Y and a layer-by-layer method using titania nanashié® and
have shown power conversion efficiencies as higl3.8% with poly(3-hexylthiopene)
(P3HT):PGiBM OPV cells. While titania layers have shown thetility in creating
electron harvesting contacts in OPV, their lowexctbn mobility and overall lower
conductivity, compared to ZnO films, presents alehge, as these layers can add to the
seriese resistanc®d) in the OPV to an extent which impacts the dewffieiency!’? 5%
1521 Thus, doping of the titania layers to improve &leal conductivity or the use of
extremely thin, but non-porous layers of titang,of interest in order to improve the

performance of OPV utilizing electron selective tzmts.

Figure 4.2 Band energy structure for selected metal oxidesvsig that TiQis the most
similar to ZnO in terms of the water stable oxidesasured in Chapter 3. Adapted from
referencd!®® 154

The use of ultrathin layers of titania (<3 nm) haeen demonstrated through

solution processing, CVI8Y and through the use of nanosheets depositedayea-by-
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layer approacH?® While such processes are scalable, care muskbg ta eliminating
pinholes that lower the shunt resistariee, in the solar cell. Thus, excellent conformal
coverage of the electrode is a foremost requireraéthe deposition of the TiQayer,
regardless of the technique. In this regard, nogtsuch as ALD are quite attractive for
modifying the electrode with metal oxide layersowpding excellent control over
thickness and the potential for pinhole free filmALD TiOx films as hole blocking
layers have been demonstrated with thicknessesowas as 6 nm, deposited by
atmospheric spatial ALD methods, or as thin asnd5when used in conjunction with a
thick ZnO layef/® 83 147 18IThys, it is not clear how well monolithic ALD TiQayers
behave as rectifying contacts as the thicknesskent below 6 nm, nor do we understand
how these electrical properties vary with Titickness. It is therefore of interest to
understand the constraints on ALD Ti@hickness and morphology, which lead to
optimized rectification and OPV response, and ibfisnterest to have characterization
methods which can rapidly assess oxide film quakgspecially with respect to film
porosity.

Titanium oxide can exist in various crystal strueflsuch as anatase, rutile,
brookite, Magnéli phasetc, or as an amorphous film, and the electrical prtigse such
as bandgap, electrical conductivity, and carriencemtration are closely related to the
structure of the oxideé%¢-1%9 If the crystal structure of TiOchanges via post-processing
such as annealing, the electrical properties atsangd!®816% Also, the nucleation
process of film deposition may affect the structafehin films*5% 1621 Several studies
have shown that ALD TiQfilms start to grow as an amorphous phase andfoan to

the crystalline anatase form as the film grows, nevat constant processing
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temperaturé®3-1%61 The critical thickness where the ALD films undergo phase
transformation has been reported to be around Mm8mthese studies. However, the
effect of the phase transformation on the perfogranf TiQ: as an ESL is unknown.
Therefore, we targeted films with thickness up @onin to determine where an optimal
thickness regime occurred for ALD Ti@iIms. It should also be noted that thin ALD
TiOx films have been extensively used in recent attemiptboth chemically stabilize
semiconductors such as Si, GaAs, GaP, etc. in plemttoochemical water splitting
platforms. As in OPV, these films also provide hblecking and attenuation of surface
recombination of these energy conversion platforams] we note that extremely thin,

conformal and amorphous Ti@Ims are often the most desired outcdfie®’: 168!

4.2 Experimental

4.2.1Sample fabrication

For the sample for spectroscopic ellipsometry, XPE\, and Si heterojunction
diode test, PE-ALD Ti@was deposited on highly-doped p-type (<0.02m) or n-type
(<0.005 cm) silicon wafer. The Si wafers were cut intengées 20 mm by 20 mm
size, and then dipped into buffered oxide etchért)(for 1 min to remove the native
silicon oxide on the substrates before ALD film dsiion. The Si substrates were then
rinsed with deionized (DI) water, and dried by biogvwith dry nitrogen (M) gas. The
samples were then immediately placed into the msing chamber of PEALD (Fiji,
Cambridge Nanotech). The substrates remainedeirtdithe chamber for 10 min under
vacuum (0.2 Torr) so that the temperature of thessate could equilibrate with the

chamber temperature which was 250 °C prior toistathe ALD deposition. For Ti©
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deposition, TDMAT was pulsed into the chamber vigoa gas flow (60 sccm), then the
chamber was purged for 5 s to remove excessivau@cgas. Then, as an oxidizer,
oxygen remote plasma is generated at the top ghribaessing chamber by applying 300
W RF field on oxygen flow (30 sccm), and is dele@into the chamber in the 200 sccm
of argon gas flow. The chamber was purged foragan to remove excessive oxygen
and reaction byproducts. This cycle was repeatdd tne desired film thickness was
reached. For the experiment of angle-resolved XR&6measurement, conductive AFM,
and OPV device fabrication, Tidilms were deposited on low surface roughness ITO
substrates €20 sg?, Thin Film Devices Inc.). The ITO substrates weut into 25
mm by 2.5 mm size, and rinsed with acetone, isopra@icohol, and DI water,
sequentially, for each 10 minute with sonicatioifter blowing dry with N, the
substrates were transferred into the PE-ALD charmabdrfollowed the same procedures

in the Si/ TiQ sample case for TiQdeposition.

4.2.2Film characterization

After ALD film deposition, the films were analyzedsing various-angle
spectroscopic ellipsometry (M-2000, J. A. Woollara.Cdnc.), XPS (Thermo K-alpha,
Thermo Scientific), angle-resolved XPS (Kratos Akidra), UPS (Kratos Axis Ultra),

grazing incidence XRD (Rigaku Dmax 2000), and C-Afk&eco Dimension 3100).

4.2.2.1 Angle resolved XPS
In order to profile the chemical composition alotige film thickness, angle-

resolved XPS (ARXPS) was used. The information ldépt XPS is a few nanometers,
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depending upon the kinetic energy of the electrand the material being analyzed.
ARXPS, however, is a technique that varies the gionsangle at which the electrons are
collected, thereby enabling electron detection frdifferent depths. ARXPS provides
information about the thickness and compositiomulafathin films. Such measurements
are non-destructive, unlike sputter profiling.

In this chapter, the Kratos Axis Ultra system wasdiin collaboration with the
research group of Professor Neal R. Armstrongatthiversity of Arizona for ultrathin
TiOx ALD study. Two collection angles, normal (0°) amgind 60°, were used by tilting

the sample stage accordingly.

4.2.2.2 UV photoelectron spectroscopy
In order to investigate the work function (WF) aiwhization energy (IE) of

semiconductor, UV-photoelectron spectroscopy (URf&tos Axis Ultra) is used in
collaboration with the research group of Profed¢eal R. Armstrong at the University of
Arizona. UPS is similar to XPS except the excitatsource is UV light (He I, 21.22 eV)
that is much lower energy than X-ray. Therefordy dhe valence band electron can be
excited and reaches the detector. From the disioibof kinetic energies of the electrons
that reach the detector, WF and IE can be evaludted analysis was done in the
ultrahigh vacuum (5x10-6 Torr) chamber, and theespeneter was calibrated frequently
with a clean gold foil, to ensure that a work fuoetof ca. 5.1 eV was obtainedrigure
4.3 shows the electron transition process in UPS.hEurtletails of WF and IE analysis

will be discussed later with measurement data.
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Figure 4.3 Schematic illustration of election transitionsdURS!¢® The distribution of
kinetic energy of excited electrons, WF and IE barevaluated with respect to vacuum
energy level.

4.2.2.3 X-ray diffraction
X-ray diffraction (XRD) is a primary method for @eiining the arrangement of

atoms in minerals and metals. In this research, XiRi3 used to detect the crystalline
phases present in the film. In order to acquireeteatable signal from ultrathin ALD
films, grazing incidence XRD (GIXRD, Rigaku Dmax () was carried out in
collaboration with the research group of Dr. Jos&ghry at the National Renewable
Energy Laboratory. The X-ray beam angle was 0.48d,the X-ray source is Cu HKine,
whose wavelength is 1.5406 A.

4.2.2.4 Transmission electron microscopy
The atomic structure of the TiOfilm was investigated using scanning

transmission electron microscope (STEM, JEOL 2200FS
Cross-sectional specimens were prepared usingrabeam milling, and mounted

on a copper ring for STEM.
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For the TEM specimen, a 10 nm think ALD Tifdm was deposited onto a Si
substrate. Two same samples were adhered to eheh uging epoxy and cured for 2
hours at 100°C on a hot plate. This sandwichedctstre was then diced into smaller
pieces of Imm x 1mm x 2.2mm using a dicing saw s€&hamall pieces were then dipped
into a small drop of epoxy and then baked for 2re@i 100°C. They were then attached
to stub using wax and polished from one side uS§itg) papers of grit size 800, 1200,
2400 and 4000, in the same order so as to makside®f the sample smooth and free of
cracks. After this, the sample was flipped and tnd into a circular disc of 3mm
diameter. After this, it was again polished usihg same procedure until the sample
thickness reached approximately 108. After this, the whole sample, along with stubs
was taken for dimpling using copper wheel and diath@aste. The diamond paste
particles used were of 3 um size. The thicknessaofiple after dimpling was reduced to
about 10mm at the center. The thickness of the samples weasuaned using an optical
microscope. The samples were then detached fromttis by placing them in acetone
to dissolve the wax. Samples were then fixed orda aing using epoxy. Afterwards, the
samples were ion-milled using precision ion pohghsystem (PIPS) for final thinning.

! tH# e % &

# (H)y"* +H& # "% * with a probe current of 30 pA
and probe size of roughly 0.8 Angstroms.

4.2.2.5 Atomic force microscopy
The surface morphology and surface roughness ahtttal oxide thin films were

studied by AFM (Dimension 3100, Veeco) in collakima with the research group of

Professor Thierry Mélin at the Institute of Electics, Microelectronics and
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Nanotechnology in France. The surface morphology maasured is in the intermittent-
contact mode (or a tapping mode) AFM. In the inteent-contact mode AFM, the film
surface was probed with a sharp tip that was atthtd a cantilever. The system vibrates
the cantilever near its resonance frequency thpémtts on the distance between the tip
and the sample surface. Changes in the frequeny tven used for imaging the surface
topography. The tip vibrates very close to the aefjust barely hitting the surface so
that no lateral forces are applied to the surface.

In addition to surface topology, the conductive ARBIAFM) was also carried
out in the same tool by adding an external modoléCfAFM. A platinume-iridium coated
silicon probe tip (SCM-PIC, Bruker) AFM tip was as& acquire current data during
CAFM scanning. For CAFM, contact mode scanning wasied out to acquire current
mapping images. The underlying ITO layer was graghdsing silver epoxy and a probe
tip was biased from 0 V to -2 V. Current mappingagas and |-V curves of specific

locations were measured at room temperature conditi

4.2.3Cyclic voltammetry
The cyclic voltammetry (CV) is an electrochemicllaacterization method to
investigate charge transport behavior of metal sgrdiconductor. Nicholson and Shain
performed quantitative simulations of CV in 1964daexplained that all reversible
voltammograms look the same and the typical shaplbled Nernstian system as in
Figure 4.4 (b)*"% Also, the peak currentsf can be expressed as,
(4.1)

wheren is the number of electrons transferr@ds the electrode areB), is the diffusion
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coefficient,C is the bulk concentration of species, and scan rate. Observing the peak
current, the amount of oxidation and reductionrddlgte at the electrode. If the electrode
is coated with a semiconductor, charge transpapegaty of the semiconductor can be

investigated.

Figure 4.4 (a) Typical excitation signal for cyclic voltammgtand (b) acquired cyclic
voltammogram. Adapted from refererité!.

In this dissertation, hole blocking properties dfDATiOx films were studied in
collaboration with the research group of Professeal R. Armstrong the University of
Arizona. CV experiment was carried out using a 6B0c potentiostate with a three-port
electrochemical cell consisting of platinum counéectrode, Ag/AYBASI, 10 mM
AgNOs in 0.1M TBAPK electrolyte) reference electrode, and ALD JiOO working
electrodes (area = 0.671 §n{SeeFigure 4.5. Probe molecules Decamethylferrocene
(97%, Aldrich), 1,1-Dimethylforrocene (97%, Aldrich and TPD (N,NBis(3-
methylphenyl)-N,N-diphenylbenzidine) (99%, Aldrich) were prepared0as mM with

TBAPFs (0.1 M) in acetonitrile (HPLC grade, EMD). Voltagescanned at 0.05 V/s.
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Figure 4.5 Schematic diagram of the CV measurement. ITO/ALDxTsamples were
used as a working electrode in the measurement.

4.2.4Si heterojunction diode device fabrication and chaacterization

In order evaluate the hole blocking property of CYIDy layer, Avasthiet al
proposed a Si/TiQheterojunction diodeFigure 4.6).172 In the same manner, Si/TiO
heterojunction test diodes were made by depositihgnd Ag metal contacts on the
Si/TiOx samples using an e-beam evaporator (Denton E-bgaporator). After the ALD
deposition on Si substrates, samples were traesf@nto the e-beam evaporator chamber
within 30 min. First, 100 nm silver layers were dsped on the bottom side of the Si
substrate at the pressure of 3%1Mbrr, and 50 nm thick aluminum layers were dejaksit

on the top side of the ALD layers with a shadow knéksing the patterned shadow mask,

95



an array of circular shaped Al electrodes wereiabed with an area of 0.114 émThe

metal thickness was monitored byiarsitu quartz crystal during deposition.

Figure 4.6 Si/TiOx heterojunction diode test for charge selectivestt (a) I-V curves of
Al/TiO/p-type Si/Ag heterojuntion diode test device, shgwetification contact was
made with TiQ and p-type Si. (b) energy band diagram of the,/BOheterjuntion diode,
showng the energy barrier 2.1 eV is built at thieriace of TiQ and Si in their the
valence band. Adapted from refereH¢é.

The J-V characteristic of the fabricated heterojunctiomicles was tested with a
custom-made 4-point probe stage and a source rtiedghley 2400). The stage used
gold-coated spring pins for top and bottom planetacts using the 4-point configuration
reduced the effects of parasitic resistance froresvéind contacts. The voltage was swept
from -1 V to 1 V with 0.02 V step on the Al contaahd the current flow was measured.
Table 4.1summarizes the samples made in this chaptgure 4.7 (a) and (b) shows a
device structure and the configuration of the mesament, respectivelyfFigure 4.8
shows (a) a fabricated Si/Ti®eterojunction test diode, and (b) a custom 4tpgpning-

pin probe stage used in this experiment.
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Table 4.1List of TiO«/Si heterojunction test diode devices with varioasfigurations.

Cathode Substrate lHoIe-bIocklng Anode
ayer
n-type Si (500 m) TiOx 3.0 nm
Al 50 nm TiOx 0.5 nm Ag 100 nm
p-type Si (500 m) TiOx 1 nm
TiOx 3 nm
ZnO 3 nm
(a) (b) % \?7
Al (50 nm)
Tio,
p-type Si (500 m) G@ C—_—
Ag (100 nm)

Figure 4.7 Test structure of metal oxide/Si diode for testihg hole blocking capability
of ALD TiOyx films. (a) Schematic illustration of the diode it patterned top Al
electrode, and (b) current-voltage measurementigumattion by a 4 point probing
method.
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(@) (b)

Figure 4.8 Heterojunction Si/TiQ diode devices. (a) Fabricated test sample and (b)
custom probing stage, probing the top Al pads u&irgpring pins, and the bottom Ag
layer is connected on the bottom copper surface.

4.2.50PV device fabrication and characterization

General procedures for the OPV device fabricatiod a&haracterization are
described in previous studi€$.2”3! ALD films with thicknesses including 0.5 nm, 1 nm,
3 nm, and 10 nm were prepared using PEALD (FgmBridge Nanotech), and shipped
to the research group of Professor Neal R. Armsgtrthve University of Arizona to
complete TiQ OPV device fabrication and characterization atdveel grant allowed me
to go and work in his laboratoryable 4.2 lists the samples fabricated for this set of
tests. A solution for the BHJ layer were prepabgddissolving BHT(20 mg, Rieke
Metals) and P&BM (16 mg, Nano-C) into 1,2-dichlorobenzene solvdnimL), and the
solution was stirred at 60 °C for at least 3 hoAts:oom temperature, a 150 pL solution
was obtained to spin on ITO/TiQubstrates at 700 rpm for 1 minute. The substvate

then stored in covered Petri dish right after gmating. On the following day, the
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substrates were annealed at 100 °C for 10 minutes dot plate. Then poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEBR3S, Hereaus) solution with
Triton X-100 (1 wt%, Fisher Scientific) was spinated at 4000 rpm for 1 min. The
PEDOT:PSS layer was rinsed off with ethanol andpnspanol and spin coated
repeatedly until a full uniform PEDOT:PSS layeroistained. Thereafter each substrate
was transferred to a hotplate and annealed at €1for°10 min in a M filled glovebox.
Finally 100 nm Ag (99.99%, Kurt J. Lesker) was dsifesl by thermal evaporation at®0
Torr with a shadow mask defining the cell area 42 cn?. All device creation steps
were undertaken a inNilled glovebox (Mbraun Labmaster) except for PEEDOT:PSS

spin-coating steps.

Table 4.2List of organic photovoltaic cells.

Substrate/ .
Bottom Hole-blocking Active layer Electr_on- Top
layer blocking layer  electrode
electrode
TiOx 0.5 nm
Glass/ITO  —1x1nm P;HT:PCBM PEDOT:PSS  Ag
TiOx 3 nm
TiOx 10 nm

The performance of photovoltaics was evaluatedusyeat density-voltagel{V)
characteristic. The main device performance parrsesuch as power conversion
efficiency (PCE), open-circuit voltag®dc), short-circuit current densityl{c), and fill-
factor (FF) was measured using a source meter l{l€gi2400) while illuminating the
device with a simulated solar light in a glove bdokese parameters were extracted from

the measured current density-voltage curves asrsiotheFigure 4.9
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Figure 4.9 A typical J-V curve of a solar device.

The Jsc (current density at V=0)Yoc (voltage at 1=0), and voltage/{ay and
current densityJnay at the maximum power poinPgay are also shown in the figurer
is defined as the ratio of the actual maximum gateel power {max<Jmay to the

theoretical maximum powe¥écxlsc) and is given by,

R (4.2)

=t oo ’ (4.3)

whereP;, is the incident light power density. In additiohetdevice series resistané®)(
and shunt resistancB) can be estimated with the inverse slope di\acurve.

In this chapter, thel-V characteristics were measured using a source meter
(Keithley, model 2400) and custom software (Natidimgtruments LabView) in a N

filled glovebox under a 300 W Xe arc lamp (Newpoffe light passed through a neutral
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density filter (Thorlabs), an AM 1.5 filter (Mell&Sriot), and a 40 degree output angle
optical diffuser (Newport). The light intensity dhe devices was calibrated by a
response thermopile (Newport) and a silicon phatdei(Newport—Model 818-SL with

OD3 Attenuator) to be 100 mW ¢

4.3 Film properties of ALD TiO x films

4.3.1Chemical composition

The chemical composition of ALD Tidilms were analyzed from high resolution
Ti 2p and O 1s XPS spectra for the Yifdm. The shape and peak positions of the Ti
2p32,12 peaks were consistent with the formation of J Miith no observable lower
oxidation state mid-gap defects as shown in FigirSthe Supplementary Information
section!’¥ Table 4.3 summarizes the analyzed composition ratio of the& end G
components from the O 1s XPS spectra at 2 colle@mgles, 0° and 60Figure 4.10.
As the film becomes thicker, the relative intengifythe O 1s peak for OHiecreases for
both collection angles. As the Ti@Im thickness increases from 0.5 nm to 3 nm, the
ratio of OH peak decreases from 18.3% to 11.1% at 0° colleaimgle, and 21.1% to
13.7% at 60° collection angle. This suggests that dtoichiometric titanium dioxide
component becomes dominant as the film thicknesseases to 3 nm. Also, the
hydroxyl components were found more at the 60°ectibn angle than at 0° collection
angle, which suggests that the hydroxyl componesities on the top surface of the layer
rather than inside of the layer, and some of tlydréxide may have formed when the
PE-ALD films were briefly exposed to atmospherefobe containment in the argon-

filled vessel for transport to the surface analygsistem. In any case it is clear that the
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thinner (< 3 nm) TiQ film are slightly more susceptible to hydroxylatjcas would be
expected for a thin film which still contains a femn-holes, allowing exposure of the

remaining ITO substrafs? 175!

Table 4.3Ratio of oxide O 1s and hydroxyl O 1s in variobgkness of TiQ layer on
ITO.

TIO Percent Percent
XPS collection .~ " composition of composition O 1s components
o thickness : . )
angle (°) (nm) oxide of hydroxyl  ratio Oxide/hydroxyl
0 1% (%) 0 19 (%)
0.5 81.7+0.3 18.3+0.1 3.47+£0.01
0 1 84.5+0.3 155+0.1 5.44 £ 0.02
3 88.9+0.3 11.1+0.1 8.03 £ 0.03
0.5 78.9+0.3 21.1+0.1 3.74 £ 0.01
60 1 81.4+£0.3 18.6 + 0.1 4.39 £ 0.02
3 86.3+0.3 13.7+0.1 6.29 + 0.02

2Binding energy at 530.6 e\PBinding energy at 532.0 eV.

(@) (b)
700 700
- 0.5nm 0 angle ) O 1s -~ 0.5nm 60 angle O1s
600 1 nm 0 angle /”\ 600 1nm 60 angle
/
500 3 nm 0 angle \ 500 3nm 60 angle |
Lo "’ ,(? f
§ 400 // \ S 400
~ / \ Z
> 300 Vi 2 300
s /7 %)
c 200 S/ S 200
c ,"'/,,// / =
£ 100 L \ = 100
L N
= B 0
-100 -100
534 532 530 528 534 532 530 528

Binding Energy (eV) Binding Energy (eV)

Figure 4.10 Angled resolved XPS spectrum of normalized O lakpeof TiQ, (a)
spectrum of normal detection angle, 0°, and (bEspe of shallow detection angle, 60°.
As the film thicker, the ratio of hydroxyl Ol1s peg@32.0 eV) to oxide O 1s peak (530.6
eV) decreases in both cases.
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Figure 4.11 Angled resolved XPS spectrum of normalized Ti Z2aks of TiQ (a) at
normal detection angle 0°, and (b) a shallow d&tecangle, 60°. No difference was
observed in Ti 2p spectrum.

4.3.2Electron band energy structure

UPS was used to characterize both the work funcéiod &g for the 3 nm
PEALD TiOx film deposited on a p-type Si substrafég(re 4.12(a)), and 1 nm, 3 nm
PEALD TiO« film on ITO substrates. As in several previousdss!®® 176 177 the
effective work function of the TiQfilm was evaluated by estimating the energy
difference (w) between the low kinetic energy edi&E) of the photoemission
spectrum, and the spectrometer/sample Fermi er{(segfFigure 4.12, and subtracting
this difference from the source energy, 21.2 e\s= 21.2 eV —-w. In the same manner
Evs was estimated by computing the differenae petween LKE and the high kinetic
energy edge for photoemission from the oxide fiiKE) and subtracting that from the
source energy: \B = 21.2 eV -w'. Thus, the work function and the VBE with redpec
to the vacuum level for 3 nm Ti@ilm on Si was 3.7 eV and -7.1 eV, respectiveilso,

the work functions of 1 nm and 3 nm &kifms on ITO substrates were 3.6 eV and 3.7
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eV, respectively. These values are close to tleapected for stoichiometric TiGhin
films or bulk semiconductors, even though the alisokhickness is just above the
sampling depth for the UPS experiment, which isuabess than 3 nii’® 17?IClearly the
PE-ALD process leads to the stoichiometric oxideth&cknesses predicted to lead to
good electrical properties (see below), avoidinmef the resistance effects seen for
thicker TiQ films.

Based on these UPS resulBgure 4.12 (b) shows a proposed general band
energy diagram of Ag/p-type Si/THR test device structures, which were used inShe
diode experiment later. The energy band in thgrdma is aligned at the Fermi level
when the device is at short-circuit condition, gmd-contact energy levels of Ag, p-type
Si, and Al were taken from other studf®s!’? According to the diagram, holes in the
valence band of the silicon must overcome an enbgagyier to travel to the Al metal
contact due to the large band gap and low valeace lenergy of the TiOlayer. This
low valence band energy introduces a valence b#éisdtqor a barrier height for hole
transport) Ev 2.0 eV which would be more than sufficient for dvbllocking in these

devices, when the Tidilm is of sufficient thickness.
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Figure 4.12 Electron band energy structures of ALD fi@nd ZnO films. (a) UPS
spectra of a 3 nm TiOfilm on Si substrate, and (b) band energy diagfeom UPS
spectra.

4.3.3Structural properties (XRD, TEM)

The crystal structure of TiOfilms on Si substrates were investigated using
GIXRD with an incident angle of 0.18°, afigure 4.13shows the GIXRD patterns of 3
nm, 5 nm, and 10 nm TiOfiims. The 10 nm Ti® film shows peak patterns that
completely overlap with those for anatase J@cept a peak at 50.5°, which was caused
by diffraction from the Si substrat&® However, 5 nm Ti@films show no diffraction
peaks suggesting that these are amorphous filmsle wt® nm TiQ films are
predominantly in the anatase form. Thus, thera islear phase transition as film
thickness increases. This result also agrees pvighious studies that show there is a
critical thickness that ALD TiQstructures develop from amorphous to anatase glurin

film depOSition[_35’ 163-166]
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Figure 4.13XRD peak analysis of 3 nm, 5 nm and 10 nmTii{dns on Si substrates. 3
nm and 5 nm film have no peak, suggesting amorpidds On the other hand, 10 nm
TiOx film shows XRD peaks corresponding to anatasetire.

Cross-sectional TEM images kigure 4.14 support the formation crystal phase
in 10 nm thick TiQ film on Si substrate. However, the crystal phasste partially in the
film, and that may results in localized varianceelactrical properties as some regions

remain amorphous while some are crystalline.
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Figure 4.14 Cross-sectional TEM images of 10 nm Yifdm on Si substrate at two
locations. (The top right scale bar is 2 nm) Atalben (a), two crystal phases was
observed in 10 nm TiOx film, and at location (btfbamorphous and crystal phase were
observed.

4.3.40ut-of-plane conductivity

We also used C-AFM to investigate details of micopsc electrical properties of
these ALD TiQ films, acquiring both current mapping images anurent-voltage
profiles. Figure 4.15 shows surface morphology and corresponding cunmesgpping
images with 1, 3, and 10 nm TjQayers on glass/ITO substrates. Successive scans
showed that there is no noticeable difference m mmorphology among 3 different
thicknesses of TiQon ITO surfaces, and root mean square roughnésssvare 0.4 nm
for all cases, which is consistent to that of bAM®. However, the current mapping
images by C-AFM showed that the average curreetsliffierent depending on TiGilm
thickness. As seen figure 4.15(d), the average current for 1 nm %i® -164 pA at -
1.3 V bias, and the current distribution is quitgferm. With 3 nm TiQ films, the

average current, -160 pA was measured when theleasipiased down to -1.5 V as seen
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in Figure 4.15 (e). The high current in 1 nm TiGilm seems to be affected by the
contribution of the tunneling current while the meting current was suppressed with
thick 3 nm films. Finally,Figure 4.15 (f) shows C-AFM images of a 10 nm Ti®Im,
and the average current was -155 pA at -1.5 V bissvever, as the film thickness
increases, local dark spots appear that indicatdied large current flows. For detailed
electrical behavior of TiQfilms, current-voltage (I-V) curves were acquiredeeping
bias from 0 Vto -2 V.

Figure 4.17 (a) plotted I-V curves of bright areas and dar&aarin the 10 nm
TiOx C-AFM image. In the dark area, higher current #oveven at lower bias than in the
bright area. These results suggest that highly ectinee areas form locally as the kO
film become thicker, which may be related to thenfation of anatase crystalline
structures in thick TiQfilm as we observed in GIXRD and TEM results. hits been
proposed that the crystallinity of the anatase @hasults in high conductivity as charge
can transport along the grain boundaries of the./® 8% Figure 4.17 (b) shows the
average |-V curves of bright area in 1, 3, and &0 O film, and thresholds voltages
were evaluated by finding x-intercept of the tarigleme of data points where current
flows more than -30 pA. As discussed, becauseetuhneling current, lower threshold
voltage,ca. -1.3 V, and higher current were observed with 1Ty film than 3 nm or
10 nm TiQ film. In 10 nm TiQ films, the current is higher than that of 3 nm J#n at
above the threshold voltage, even if the threskolthges were similaga. -1.5 V. This
also indicates that thick TiOfilm is more conductive because of the differentstal

phase of TiQthat we observed in the GIXRD results as well BMTanalysis.
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Figure 4.15 Conductive AFM of the ALD Ti@ films on glass/ITO substrates. Surface
morphology images of (a) 1 nm TyQb) 3 nm, and (c) 10 nm thick Ti@ilms on ITO;
Current mapping images of (d) 1 nm %j@e) 3 nm, and (f) 10 nm thick TiQilms on
ITO. The dark spots in the current mapping imagfesv regions of high current. These
regions increase with increasing film thicknessalibact to reduce the shunt resistance of
the film in spite of increased film thickness. Tisbelieved to be due to the growth of
anatase crystals in the films.

Figure 4.16compared the histogram of current distributiorthaf 1, 3, and 10 nm
thick ALD TiOx films. As seen in the figure, the distributiomisrrow with the 1 nm film
while the distribution widens as the film thicknéssrease. As previously mentioned, the
formation of the high leakage current region isted to the crystal phase of TiGnd

may lead to the increased leakage currents in GRAtes, which is unfavorable.
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Figure 4.16 Histogram of conductive AFM current distributioor f1L nm, 3 nm, and 10
nm TiOx films showing that the distribution of current wits as the film thickness
increases. Overall, the shunt resistance detée®ith increasing film thickness.
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Figure 4.17 Current-voltage I€V) curves with C-AFM. (@)l-V curves of two

distinguishable areas of 10 nm Ti@-AFM images (inset image).

The dark curve

comes from the bright areas where current flonoger and the red curve comes from
dark features where current flow through the fisrhighest. (b) AveragkV curves of
bright areas with 1, 3, and 10 nm Tiftdms on glass/ITO substrates.

4.4 Investigation of charge selectivity
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4.4.1Electrochemical characterization of charge selectity

As a first approach to evaluate the charge seigctiv TiOx layers on ITO prior
to full BHJ OPV device characterization, we purswbectrochemical studies of redox
processes for solutions of probe molecules in @méh the ITO/TIQ electrodes. This
is an approach that has been used successfuligipdst to evaluate the pinhole density
(porosity) of thin oxide and polymer layers coverindicator electrodes of a variety of
types, including ITO, and to verify that chargeetjon pathways are blocked in wide
bandgap semiconductors, such as oxide fifind>% 181 182IAs Quet al. have shown
recently for characterization of CVD Ti@ilms on ITO®Y we chose the following redox
couples: N,N-Bis(3-methylphenyl)-N,N’-diphenylbediie (TPD), 1,1-
Dimethylforrocene (MgFc), and Decamethylferrocene (Mec), whose redox potentials
on an absolute energy scale age -5.6, -5.0, and -4.6 eV respectively vs. vacuum,
they lie within the TiQ band gap energy range: -3.4 (CB) to -7.4 (VB)vaxzuum level.
If the oxide film is stoichiometric, without sigmbnt mid-gap states through which
charges can be injected, no charge transfer reactice anticipated in the dark, provided
that the oxide film is also thick enough to suppresharge injection through
tunneling™®3 As discussed recently by Bard and coworkéts pinholes and defects
within the oxide films permit diffusion of thesegtme molecules to the underlying ITO
contact where charge transfer can occur, and irergerwe have found that these
voltammetric probes are an excellent indicatorhef ¢conformal nature of both CVD and
ALD oxide films.

Figure 4.18 shows the voltammograms (from left to right: TPe.Fc, and

MeioFc) of bare ITO, ITO/TiIQO0.5 nm, ITO/TIQ 1 nm, ITO/ TiIQ 3 nm, and ITO/ TiQ
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10 nm samples. In the case of bare I'F@re 4.18(a)), typical voltammograms were
seen for all three probe redox couples, with gogdmsetry in the oxidation/reduction
waves, narrow separation in anodic/cathodic ped&ntials, consistent with reasonably
fast and reversible charge transfer events onahe IFO surfac& Strikingly, even for
TiOx ALD films with thicknesses of only 0.5 nm and 1 rigigure 4.18(b) and (c)), the
voltammetric responses become significantly disthriwith much larger separation in
the anodic/catholic peak potentials. As shown ievus voltammetric studies on
passivated electrodes these results are consistigimteven the 0.5 nm TiOfilms
exposing less thaca. 1% of the geometric area of the underlying IT@gesting nearly
conformal coverage fara. 10 ALD cycled!8+ 18] Charge transfer is completely blocked
for ITO films coated with 3 nm and 10 nm K@LD films (Figure 4.18(d) and (e)),
where we only observe capacitive charging currémdg-Faradaic) that become smaller
as TiQ thickness increases. It should be noted that pusvexperiments of this type
using CVD TiQ layers on the same ITO contacts showed that 1@s2€hicknesses were
required to achieve the same degree of blockinipesde redox probé¥! In work to be
reported elsewhere, we have observed that evekethgol-gel derived ZnO films are
required to achieve the same degree of electroda¢rniocking of these redox probes,
and that in all cases this voltammetric characéion of these redox probes is a rapid
and useful means of predicting which types of lat@r films will be useful in OPV

device platforms for electron harvestih!
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Figure 4.18 Cyclic voltammograms of probe molecules Decamétimdcene, 1,1-
Dimethylforrocene, and TPD(N,MBis(3-methylphenyl)-N,Ndiphenylbenzidine) with
(@) bare ITO, (b) ITO/ TiR0.5 nm, (c) ITO/ TiIQ 3 nm, and (d) ITO/ TiQ10 nm.
Potential showed in graph is referenced to Ag/AgNOrhe data show that current
blockage begins with 0.5nm thick films and is stiéintly blocked by 3nm thick films.
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4.4.2Si/TiOx heterojunction diode characterization

Figure 4.19 shows thel-V characteristics of Al/p-type or n-type Si/Ag deasc
with and without the TiQlayer between the Al contact and the Si activerdayFor both
p- and n-type Si devices, without the PE-ALD Ti@yer, there is no evidence of
rectification consistent with ohmic Al-Si and Si-Agntacts, with negligible interface
resistance. With the n-type Si diode using a 3 rErARD TiOy layer between the Al
contact and Si, ohmic behavior is still seen, vaithigher device series resistancecaf
0.071 cn?. This again is consistent with electron injectéraction at both contacts,
with minimal energy barriers, as expected givenldework function of both Ag and Al
contacts, and the fact that the conduction banc ddg TiO, and its effective work
function provide for minimal energy barriers foeetron flow in either directioR”? For
the Al/TIOx (3 nm)/p-type Si/Ag device th&V response clearly demonstrates rectifying
behavior. While the current density increased erptially under negative bias on the Al
electrode and was 1.46 A &at -0.4 V bias, the current flows was less thai2 39A cm
2 in positive bias up to +0.4 V showing a rectifioatratio of 48. The rectification ratio
was higher for even thicker Tidilms, however this response was accompanied by a
higher series resistance in the device, which wadodd problematic in an energy
conversion platform.

Figure 4.20 showsJ-V characteristics of Si/ TiOheterojunction diode devices
with 0.5 nm, 1 nm, and 3 nm thick Ti@Ims on (a) a linear scale and (b) a semi-log
scale. In all three cases, the current densityma® than 6000 mA crat -0.5 V bias,
and current densities below 40 mAémvere observed for positive bias up to 0.5 V,

which indicates the rectification ratio is highbah 150 at £0.5 V. The turn-on voltages,
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estimated by linear fitting of the current flow eas, were -0.39 V, -0.37 V, and -0.36 V
for 0.5 nm, 1 nm, and 3 nm TiQayer, respectively. The decrease of the turn-atage
may be caused by either the decrease of the bamd\embarrier, or the decrease of
different interfacial resistance. As seenHigure 4.20 (b), the rectification ratio was
more than 500 in 0.5 and 1 nm TLi€amples. Similar to the cyclic voltammetry results
this suggests that PE-ALD Ti@Ims are highly uniform and have low pinhole afeict
densities over the 0.114 érarea. Also, a sub-nanometer scale film demonsttat it is
possible to flow a large amount of current via thisathin TiQ. while maintaining the
hole-blocking property. Compared with previousdss of modified-CVD TiQ/Si
diodes with layer thicknesses between 1-3W4ifhthe overall current densities of these
devices are 100 times higher. Considering the $emrasistivity in the previous work is
lower (<0.005 cm) than that of ours (< 0.02 cm), there is a clear improvement in the
current density by the use of ALD TiOand not from the doping level of the substrate.
In addition, the data ifigure 4.20shows an increase in current density with incregsi
film thickness. For now, it is not clear as to wiys occurs, but two reasons may be
possible for this behavior. First, the work funasoof TiO, layer can vary with thickness
in these ultrathin layer regimes, and are differfeoin the work function of bulk Ti©
film. The UPS results reveal that the work functafil nm and 3 nm Ti©film on ITO
are 3.6 eV and 3.7 eV, respectively. Considerirag the work function of 24 nm CVD
TiOx film was 3.74 eV in a previous stuff§, the work function variation is uncertain to
affect the current density. The second is the lgalairrent that is related to the crystal
structure of TiQ films. As discussed previously with XRD resultsQf film develops

from amorphous to anatase crystal structure a3 ithgthickness increases during ALD
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processing at 250 °C. Studies by Skinal, and Danget al. reported that the grain
boundaries of anatase structure can contributentoeased conductivity or leakage
current of TiQ films.'%® 189 Even if anatase TiOwas not detected in our films by
GIXRD until they reached 10 nm in thickness, thesgolity of nano crystal domain

formation can lead to an increased number of cupatinways via grain boundaries.

Figure 4.19 Current density - voltage characteristics of 3 Tid@x layers on p-type and
n-type silicon wafer (Ag/SI/TiIJAl) The p-type Si/TiQ junction shows rectification
behavior, whereas n-type Si/TiQunction is an Ohmic contact. Without TiCthe Si
wafer showed a good Ohmic contact for both p-tgoel, n-type wafer.
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Figure 4.20 TiOx heterojunction diode results in (a) linear scald &) log scale. The
heterojunction diodes with all 0.5 nm, 1 nm, andhr@ thick TiQ films showed
noticeable rectification performance. The turnwamitage of the diode decreased with
increasing film thickness in this study as well.

4.5 0PV performance

Figure 4.21 showsJ-V characteristics of inverted configuration OPV deg,
which consists of ITO/ TiQ/ PsHT:PGi1BM/ PEDOT:PSS/ Ag, under light and dark
conditions, andTlable 4.4 tabulates the summary of tlleV characteristics including
short-circuit current densityJ{c), open-circuit voltage Moc), fill factor (FF), power
conversion efficiency (PCE), shunt resistanige),(and series resistandgs). With OPV
devices with 0.5 nm, 1 nm, 3nm, and 10 nmI®le-blocking layerJsc ranged from -
9.24 to -9.66 mA cm, andVoc ranged from 0.61 to 0.64 V. Even if the variatifnlsc
and Voc with various thicknesses of TiQayers was insignificant, the FF of the each
devices showed noticeable changes depending omhitimmess of the TiQlayer as

shown inTable 4.4 Among these various TiQlevices, the maximum FF, 0.51, and the
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maximum PCE, 2.98%, was achieved with devices u8imgn PE-ALD TiQ layers,
which is a favorable performance when comparedtberosimilar TiQ OPV devices
whose PCEs range from 1-2.6%%.147 149 |n these results, we also observed an
interesting variation in device resistan€® &ndRp) versus the TiQthickness. First, the
shunt resistance increases from 0.4 &n? to 3 k cn? when the thickness increases
from 0.5 nm to 3 nm, but it decreases slightly bac k cn? when the thickness is
increased to 10 nm. The increment Rf may be due to the better hole-blocking
performance with more stoichiometric ki@ith increases film thickness as we observed
in the CV measurement results, but the reasorm®decrease d® with 10 nm TiQ is
posited to be related to the crystal structure ghdnom amorphous to anatase when the
film thickness reaches 10 nm as we observed ifGB&RD results. We observed that
ALD TiOx film starts to grow as an amorphous film initialgnd starts to form anatase
crystalline structure later between 5-10 nm thiegions. Also, C-AFM results showed
that increased and localized conductivity with 10 hiOx film compared to 3 nm. Thus,
the crystallinity of the anatase phase is belietedesult in the lower shunt and series
resistances seen in the thicker Ti@lms as charge can transport along the grain
boundaries of the Tig*®® 9 The higher conductivity of anatase Ti® also reported in
the annealing study of amorphous Tfiins.*®"1 Thus, anatase Tidilms may actually
lead to decreased hole blocking properties verghéaer amorphous Ti¥ilm, as has
also been seen for ALD TiGstabilization of semiconductors (such as Si, Gaf&£d in
photoelectrochemical water splitting proced&es®’l However, theRe values in this
work are still larger than other similar studie§,65 k cn? with atmospheric-ALD

TiOx, ™71 1.1 k cn? with layer-by-layer-deposited Tic#*®! 0.8 k cn? with sol-gel
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prepared TiQP? and 0.4 k cn? with chemical-vapor-deposited Ti€§Y! Even if the
thickness of the PEALD TiQis thinner than any of these other studigsis higher than
that of the other studies, which implies that PEAODOx provide improved hole
blocking properties with superior uniformity.

Second, the series resistance of the devices desrdé@mm 19 cnfto 9 cn?
as the TiQ thickness increases from 0.5 nm to 10 nm. THeatiomship shows that the
resistance is inversely proportional to the filmckimess over this range unlike bulk
materials, whose resistance is linearly proporiidnathe film thickness according to
Ohm’s law. As we observed in the XPS results thatratio of hydroxyl O 1s and oxide
O 1s changes depending on the film thickness, itirerésistivity may not be constant
either, and this also affects the current densityaases in the previous Si heterojunction
device as well as the series resistance of the @®Ates. As mentioned previously, this
may be due to different crystallization status @\ such as amorphous or anatase. On
the other hand, the changes Rf and Rs can be resulted from the different phase
structure in P3HT:P&BM heterojunction layer which is spin-coated on tdpghe TiG
layer. Yeet al. reported that anatase %@ more hydrophilic than amorphous Tj@nd
thus enhance the vertical phase separation of eterdjunction layer with more of the
fullerene phase, which is more hydrophilic than P3% 18 181 Eventually, the
reduction in the series resistance and increatiesishunt resistance with increasing film
thickness shows that 3 nm thick films are the nogdimal for the range ultrathin TiO
layers tested in this study.

In summary, the inverted OPV device with less thBmm thick TiQ film as a

hole-blocking layer provides excellent photovoltgerformance, comparable to that
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observed with solution-processed ZnO or Jiins of much greater thickness, and CVD
deposited TiQfilms that wereca. 10 times thicker than these PE-ALD films. Evethw
0.5 nm thick PE-ALD TiQfilms, the PCE of these OPV devices was 2.7%, ntlicimer
than previous OPV studies using %ilms ranging from 6 nm to 100 nif;84 147 1491
Considering the potential disadvantage of long dejom times for some ALD processes,
0.5 nm thick, (only 10 ALD cycles) TiOfilms, with good uniformity on a variety of
electrical contacts, would appear to be extremdiyaatageous, and might also provide
enhanced environmental stability for films suchza®, or other hydrolytically unstable

semiconductor systentf8; 1671
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Figure 4.21J-V characteristics of fabricated organic photovoltatts with various TiQ
hole-blocking layer thicknesses: (a) 0.5 nm Ji®) 1 nm TiQ, (c) 3 nm TiQ, and (d)
10 nm TiQ.

Table 4.4 Summary ofJ-V characteristics for MT:PCs1BM photovoltaics with various
TiOx hole-blocking layer thicknesses.

Tiox 2 Re? R
thickness J . (MA/cm’) V. (V) FF PCE (%) 2 5 no
(nm) (k -cm) ( -cm)

0.5 -9.24 £+ 0.040.612+£0.010.48+0.012.70+0.0904+0.1 19+2 102
1 -9.66 + 0.290.623 + 0.0030.47 £ 0.012.86+0.10 11 16+1 8%2
-9.26 + 0.210.623 £ 0.0030.51 £+ 0.022.98 £ 0.04 32 15+2 1907

10 -8.97 + 0.090.615 + 0.0020.50 + 0.01 2.73+0.06 2=*0.7 9+1 31+10

AShunt resistancdzf) is estimated from the inverted slopele¥ curves at -1 V?Series
resistanceRs) is estimated from the inverted slope of ligh¥ curves at +19Ideality factor(n) is
estimated from the datkV curves at 0.4 V.
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4.6 Conclusion

This work has demonstrated the hole blocking prigeof ultrathin TiQ films
deposited using PE-ALD process. Even with 0.5 nitktiiiOy films, these layers have
shown the ability to form conformal, pin-hole-frékens (as revealed electrochemically)
and charge selective and rectifying contacts thadlyce high current density in Ti@-
type Si heterojunction diode device, and noticeghbletovoltaic efficiency, 2.98%, in an
inverted OPV device with P3HT:PCBM active layer. WhTiOx is known to more
resistive than ZnO, it is possible to reduce thektiess in order to address the series
resistance of the contact while maintaining holecking capability. Also, in this
thickness region (<10 nm), the chemical compositicnystal structure, and electrical
properties are dependent on the film thickness,vamdh affect the overall OPV device
performance. Moreover, previous studies have shtanTiO, is more environmentally
stable than ZnO. Thus, Ti@lectrodes with such ultrathin layers may be wsednore
stable contacts in devices such as OPV, perovshkares other thin film photovoltaics
where the environmental stability of the contacynmapact overall device reliability.

In addition to these results, for further underdtah charge transfer behavior in
the ultrathin ALD TiQ layers of OPV devices, it is recommend to invedggghe charge

lifetimes in the TiQ layer by means such as transient photovoltaicyarsal
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CHAPTER 5

STRUCTURAL ISSUES OF ALD BARRIER FILMS

5.1Introduction

As mentioned in Chapter 2, barrier film packagisgmandatory to protect the
organic electronics from the ingress of oxygen auilsture that leads to the degradation
of device layer§®>-1%% For high performance barrier films, ALD procesdedhs are
promising for their film properties such as low gsity, defects, and conformalii?: 17
119.1%] Metal oxide films such as ADs, TiOy, and ZrQ fabricated by ALD have gained
interest as very effective water vapor barriers ttughe dense and conformal coatings
they form(37. 132,197 198These ALD barrier films, usually a few nanometerisk, have
been grown in various combinations either as a nithibarrier layer or in combination
with other inorganic films such as plasma-enharatesimical vapor deposition (PECVD)
grown silicon nitride (Sily) or as nanolaminates with other ALD metal oxidepaymer
layers to create tortuous pathways to extend the tlme of the water vapor
permeationt90: 199-201]

Films made by ALD have been shown to possess deslte-barrier properties
(WVTR< 1x10* g/m?/day), but face challenges when directly grown afewice surfaces
with varying composition and topography. On theeothand, even if the barrier film is
fabricated on a separate polymer substrate forantipackaging, ultrathin barrier films
by ALD still encounter morphological surface defeon the polymer film such as anti-
blocking particles that are embed in polymer sabstand dust particles that are found

during fabrication processes. The challenges inosiipg barrier films on polymer
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substrates or polymer films arise in the form o€s$ concentrations in the presence of
particles as well as the coefficient of thermal amgon (CTE) mismatch and elastic
constant mismatch between the barrier film and tsates that may impact the
performance and reliability of the ALD barrier. Tiséress concentrations can cause
localized cracking in the vicinity of defects the&n allow for moisture and oxygen
permeation and lead to failure of the devi€& 2%l Keuninget al.?% studied the effect
of particle contamination on the barrier performan€ AlOz ALD films and SiN/AI2O3
hybrid films using electroluminescence measuremeht®©LEDs and determined that
ALD films are more effective at conformally coatisgaller defects but larger particles
or defects remained either uncoated or localizegssés possibly resulted in cracking of
the ALD film leading to moisture permeation. Theeggnce of particle contamination
was addressed through the use of polymer coatysydahat are used to smooth over the
particle defects prior to the deposition of therigarfilm.[200: 201, 203, 2040ther groups have
used multiple layers of PECVD SiNind ALD ALOs3 layers in order to try to passivate
defects, which has shown promi€¥! Finally, other groups have utilized multiple layer
of PECVD SiN and SiQ in order to create better barriers and it was dotivat films
with lower intrinsic stresses worked better thamgi with higher intrinsic stress&8° Of
these methods, the use of polymer layers can peopidnarization of the sample and
may be more desirable in protecting devices frobssquent deposition steps, especially
those involving plasma processes during direct @gsdation processes.

The use of polymer planarization layers also briagdditional challenges in the
form of mechanical reliability of the barrier filmdeposited on top of the polymers.

Cordero et al.[?%! studied through numerical modeling the crackingdew in
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inorganic/polymer/inorganic multilayer barrier fitnto determine the optimal structure to
maximize the strain to failure. They found that dnitical fracture strain increased as a
function of the fracture energy of the polymer wédh other parameters being equal.
They found that there is an optimal thickness @& polymer interlayers to limit the
driving forces for channel cracking in the inorgaldyer. When the polymer interlayer is
too thick, the inorganic layer is decoupled frone timorganic layer underneath the
polymer and the critical strain to failure decreas&hus, thinner polymer interlayers will
allow for increased constraint on the crack drivifagces for channel cracking in
inorganic layers. However, thin polymer layers nmay be as effective in planarization
and passivating any particle defects that can oatutevice deposition. Thus, these
issues provide challenges in developing robustidrafiims for direct deposition on
planarized devicedrigure 5.1 (a) shows their results of critical strains ofetlircrack
opening cases which include a combination of chlaenecks and tunnel cracks in
inorganic layers sandwiched between organic lagesrfound in multilayer organic/
inorganic barrier films. For the case of an ALDrriex film grown on a polymer
substrate, Figure 5.1 shows us from case (a) tleahdrmalized critical strain to failure
decreases as the ratio of the polymer to inorghinncthickness increases. Since ALD
films are thin (~10 nm), even thin polymer films the order of 100 nm are expected to
lower the critical strain in ALD barrier films. Keever, this is a numerical study, but the
effect has not been observed experimentally anthadstto improve the critical strain in

ALD barriers have not been explored based on thiddre mechanics approach.
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Figure 5.1 Normalized critical strain as a function of the matized thickness of the
organic layer for cracks in inorganic layers. (a)cBannel crack in the top inorganic
layer, (b) a channel crack in the top inorganielagnd a propagating tunnel crack in the
bottom inorganic layer, and (c) a propagating cledorack in the top inorganic layer and
a propagating tunnel crack in the bottom inorgdaier sandwiched between organic
layers. Adapted from referen&®l,

In this chapter, the barrier performance of ALD@d/HfOx nanolaminate films
deposited on polymer coated glass substrates wabedt using an optical calcium
corrosion test. Since the hydrolytic instability afmonolithic AbOsz film was shown in
the Chapter 3, ADs/HfOx nanolaminates are chosen as a barrier film tozetithe
multilayer architecture for tortuous diffusion pathy as well as the water stability of
HfO,.[104 106, 2071 The barriers are built on top of a CYTOP (CTL-8Q9Akahi Glass

Company) layer, which is a hydrophobic amorphousrihated polymer. The effect of
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the thickness of CYTOP polymer planarization orrieamperformance was investigated
in terms of passivating particle-assisted defestshe ALD barrier films. All barriers
were tested at 3C€/85% relative humidity (RH) and their qualitatiygerformance

analyzed based upon the degradation in calciunosansa.

5.2 Experimental

First, calcium sensor samples were prepared teiigate the ALD nanolaminate
barrier films. In order to investigate the effedttbe polymer planarization layer, a
fluorinated polymer (CYTOP) was coated on top ofcicen sensors with various
thickness: 40 nm, 200 nm, 780 nm, 1000 nm, and 4800 Afterwards, ALD
nanolaminate barrier films were deposited on tothefCYTOP layerFigure 5.2 shows
the schematic of calcium corrosion test sampled lie two barrier structures. In
addition to optical imaging, scanning electron msope (SEM) images were obtained
using a Hitachi SU8230 FESEM with an energy-disperX-ray spectroscope (EDS)
system, which was used to provide additional detiadefects found in the barrier films.
Among the fabrication procedures, calcium layer adgpon, CYTOP coating, ALD
deposition were done in collaboration with the aesb group of Professor Bernard

Kippelen at the Georgia Institute of Technology.
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Figure 5.2 Structures of calcium corrosion test samples Aldirier film deposited

directly on a CYTORP layer.

5.2.1Sample fabrication

5.2.1.1 Thermal evaporation of the calcium serspen
For calcium deposition, thermal evaporation (EvoVAaogstrom Engineering)

was used in this work. In the thermal evaporatigstesn, the substrates and source
materials were loaded in a vacuum chamber belowTidlr. Then, the source material
contained in a crucible was heated up, and evagbrat sublimed. The evaporated Ca
was deposited onto the substrate and the deposditenwas monitored using a quartz
crystal microbalances and controlled by the heatiogrer on the source crucible. The
calcium was deposited with a deposition rate of /€ The system was connected to a
glove box (MBraun) in order to process the sampid begin the application of the
barrier films without exposing the calcium to air.

For the calcium corrosion test samples, 16 calcsonares were deposited
through a shadow mask on top of detergent solviesaned 38 mm x 38 mm glass
substrates as shown kgure 5.4 Each calcium square sensor size was 5 mm x 5 mm

and 100 nm-thick.
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Figure 5.3 Thermal evaporation system (EvoVac, Angstrom Eegimg) used for
calcium deposition, which is installed in a glovexi{MBraun).

Figure 5.4 Calcium sensor layer fabricated using the theemaporation.

5.2.1.2 Spin-coating of a smoothing layer
Following Ca deposition, the samples were tranggotd a spin coater located

within the glove box and coated with CYTOP as a atimog layer; an amorphous
fluoropolymer (CTL-809M, Asahi Glass Company). TG¥ TOP was mixed with the

solvent (CT-SOLV180) and stirred for one hour abtmotemperature. The spin-coated
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polymer films were cured at 100 for 30 min. CYTOP films with six different

thicknesses ranging from 40 nm to 4300 nm were ywed by varying the mixing ratio

of the CYTOP and the solvent. The thickness of GVeTOP films was determined by

spin-coating the films on glass substrates and mmedsusing spectroscopic ellipsometry
(M-2000, J.A. Woollam) and a stylus profilometeredak 6M, Veeco).

5.2.1.3 ALD of barrier films
Following the spin-coating of CYTOP, the substratese transferred into azN

filled stainless steel canister that was sealedgamckly transported to the ALD chamber
for barrier film deposition. The CYTOP films wereuind to protect the Ca squares from
oxidizing in air for roughly 6 min, thus providirigne for the transfer. The time taken for
transporting the substrates in theffled canister from the glove box to the starpoimp
down of the ALD chamber usually lasted less thais.60

ALD films were deposited in a Savannah 100 therrAAD system from
Cambridge Nanotech Ind-igure 5.5. Trimethylaluminum (TMA) was used as the
Al20s precursor and tetrakis(dimethylamido) hafnium (TDMNAas the HfQ precursor
with water vapor (O) as the oxidizer for both cases and nitroges) &¥ the purge gas.
The growth rates for ADs and HfGQ were 1.1 A/cycle and 1.27 A/cycle on Si witness
samples, respectively. All depositions were perfetinat 100C, and the ALD chamber
had a constant Nflow at 20 sccm. For ADs growth, the oxidation step was first
performed by pulsing ¥ for 0.015 s, followed by a 45 s wait time. TMA svpulsed
next for 0.02 s followed by a 45 s wait time fotadal of 90 s per cycle. For HfQthe
H-0 oxidation step was performed with a 0.015 s pats® 60 s wait time followed by a

pulse of TDMAH for 0.4 s and a 60 s wait time foto#al of 120 s. The nanolaminate
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was produced by depositing 5 cycles oi@d followed by a 45 s wait before depositing 5
cycles of HfQ, repeated for a total of 20 dyads. Previous stfdf@ showed that the
ALD Al 203 films on CYTOP suffer from a delay in the initiati of film growth due to
the fluorinated polymer, with very little film graw after 100 cycles. The nucleation
delay was found to be overcome (measured using X#8)the deposition of a buffer
layer of 200 ALD cycles of ADs; on top of the CYTOP prior to ADs/HfOx

nanolaminate barriers.

Figure 5.5Savannah ALD system (Cambridge Nanotech).

5.2.20ptical calcium corrosion test

In order to evaluate the barrier performance ofibafilms, a calcium corrosion
test was used, which is briefly introduced in Clap2. The calcium corrosion test
utilizes the rapid reactivity of calcium metal witxygen or water vapor to detect the

presence of water vapor in its vicinity. The progldicalcium oxide is transparent and

131



non-conductive, and can be detected either opgicalklectrically. When calcium meets
oxygen or moisture, the following reactions ocdtfr$2el
2Ca+Q 2CaO (5.1)

Ca+2HO Ca(OH} +H (5.2)
Therefore, by determining the remaining mass ofathetcalcium in the test calcium
layer, one can estimated how much moisture or axyge permeated through the barrier
and reacted with the calcium.
In this research, the barrier performance of thei¢ated films were tested by using an
optical calcium test, which evaluates the barrigrdptically observing the calcium
corrosion rate of samples encapsulated with tesiebdilms. For an accelerated test,
fabricated calcium samples encapsulated with theidpafiims were exposed to a
controlled environment of 50°C/85% RH in an envir@ntal chamber (Cincinnati Sub
Zero MicroClimate System;

Figure 5.6). The samples were taken out of the humidity chemalvery 24 hours,
and optical images were taken using a high-resmiufiatbed photo scanner (Epson
V600). The photo scanner was equipped with a whig® light source along with a
charge-coupled device (CCD) image sensor and aewbdick reflector behind the
samples. The color images were acquired at 2400e$olution without any color
correction algorithm. Then, the images were comekmto binary images and analyzed
using MATLAB to determine the degraded calcium aféar binary image conversion,
an intensity threshold value was determined by ©tsnethod using a MATLAB

function 209
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(@) (b)

Figure 5.6 (a) A benchtop environmental test chamber (Micho@te, Cincinatti
SubZero, Inc.). (b) Calcium test samples undeirtg$h the environmental chamber.

Figure 5.7 A flatbed photo scanner V800 (Epson). The calcsamples are mounted in a
sample frame, and images were scanned while th@lsam facing down (toward the
image sensor).

5.2.3Film stress measurement (curvature method)

The residual stress of the barrier films was measwsing the wafer curvature
method with the Stoney equatiBH 2*YI The wafer curvature method assumes that the
film is very thin compared to the substrate and tha deformations are very small. The

residualstress of the film ¢ is then given by,

s =— — - - - % 0 0 (53)
-n I"#$ "I o
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whereEs is Young’s modulus of the substraii,a andRinita are the radii of curvature
before and after film deposition, atdandts are the thicknesses of the substrate and the
film, respectively. In this researcRpostand Rore Of @ 4 inch silicon wafer (500 pm thick)
before and after film deposition, respectively, eneasured using an optical stress

measurement system (BowOptic 208) to evaluategsidwal stress barrier films.

5.3 Defect-related and mechanical issues of the barrididm fabrication

5.3.1Issue of particles in practical deposition process

Figure 5.9 shows images of Ca films on glass coated withrB@0CYTOP layers
and the ALD nanolaminate before and after exposoré0°C/85% RH for 10 days.
Figure 5.9 (b) shows that there is local degradation of thedGe to defects in the barrier
films. Figure 5.9 (c) shows the image of one of the locally degracegions where a
particle can clearly be observed at the centehefpinhole. While the exact location of
the particle within the multilayer stack may bed&r determine, it is very likely that the
particle was located below the barrier film sind@3analysis showed the presence of Al
and Hf on top of the particle. However, as seerigure 5.9(d), cracks can be observed
around particles which are believed to provide gathway for oxygen and moisture to
enter through the barrier film. The cracks areidveld to be caused by stress
concentrations around the particles which can cdlusebrittle ALD films to fracture.
Stress measurement of ALD films deposited on 500 thitk silicon wafers by a
curvature method showed that the@d films had a tensile residual stress of 500 MPa on
Si while HfQ, had a residual compressive stress of -100 MPaus, Tthe ALD film has a

positive tensile stress that can contribute tolkcfacmation and propagation. However,
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the cracking does not extend across the barri@r fior two reasons. First, the decay of
the stress fields around the particle (or crack wgh radial distance from the particle
(Figure 5.8 reduces the crack driving force plus the constraf the glass substrate felt

through the thin polymer layer that also reducescttack driving force.

Figure 5.8 Crack tip stress fields in elastic material. Farack of length 2a in an infinite
plate of unit thickness under uniform tension, theect stress component is given by

, Where K is the stress intensity factor.

Based on linear elastic fracture mechanics, thairstenergy release rate for

channel cracks which form in the ALD layer is givan

! 00 E (5.4)

whereGssis the steady state strain energy release Zatea dimensionless constastjs
the residual or applied stress in the filmis the film height, ang* is the plane strain
film modulus 6% 5 %6 ). As shown by Huang et Bl?, Z is a function of the

elastic mismatcha)) between the ALD film and polymer layer which isen by,
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(5.5)

where5§ is the plane strain modulus of the substrate seBaon the materials used for
ALD barrier structuresa is approximately 0.98 which yields a Z value tapproaches
25 as the polymer layer thickness becomes largepamd to the ALD layer
thicknesd?'?l Thus, the crack driving force or strain energigase rate increases with
polymer layer thickness and with residual stresscéSthe stress is elevated around the
particles due to stress concentrations, it is ebgaethat cracks will initiate around such
defects, if the stress elevation is high. Thudy docal cracking around particles is
observed in the ALD barrier films on 200 nm thick TOP layers, leading to localized
degradation in the Ca sensors around the partwdhésh have cracked. It can also be
seen fromFigure 5.9 (b) that in the region away from the particleg @a film appears
to be well protected by the barrier film even afiér days of 50°C/85% RH exposure.
This undegraded Ca region accounts for the intripsotection offered by the ALD
barrier films, whereas the radial growth of thealbc degraded Ca is related to the
permeation through the defects around the partidkesther investigation on these

permeations will be discussed later in Chapter 6.

136



Figure 5.9 (a) Image of Ca films on glass coated with 200afr€YTOP polymer and
the ALD Al2O3/HfOx nanolaminate. (b) Image of the sample after exgosu50C/85%
RH for 10 days showing evidence of localized degtiath (c) Microscope images
showing the presence of a particle and the dedgoadaf the Ca sensor in the vicinity of
the particle. (d) SEM image of a particle defetipwsing the presence of cracks in the
vicinity of the particle.

Optical microscopy and SEM imaging of the variowstigles showed that the
particle sizes ranged from tens of nanometersféawaens of microns. However, not all
of the particles are expected to actively partigpa allowing localized permeation
around the defects. For the purpose of this stildynumber of locally degraded spots in
the Ca samples was used to track the impact gighaner layer on alleviating the effect
of particle defects from the deposition procebgyure 5.10plots the number density of

particles observed in the calcium images as the @ Tayer increases from 40 nm to
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4300 nm. The number density of locally degradedsspo the Ca samples decreased,
showing that thicker polymer layers are better adspvating the presence of particles
which arise in the deposition process. The numieasitly of active particles decreased
from 80/cnt to 5/cnf. As expected, thicker smoothing layer contributeseduce the
particle-assisted defects in a barrier film as snawFigure 5.11 While this is effective,
it should be noted that full elimination of paréslis desired and the practicality of

achieving this will depend on the deposition systersed.
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Figure 5.10 Observed degraded calcium spots densities in a Alols with various
CYTORP layer thickness.

Figure 5.11 Schematic illustration of the effect of a smoothifayer on particle
coverage. (a) With a thin smoothing layer more csfean be caused by poor particle
coverage, and (b) With a thick smoothing layer, Isiparticles can be covered by the
smoothing layer.
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5.3.2Issue of film cracking

While increasing the CYTOP film thickness appeatededuce the impact of
particles on localized degradation, the thickerypwr films led to an additional
challenge where cracks appeared in the barrégsire 5.12 shows the images of ALD
nanolaminate barriers on 200 nm, 780 nm, 1000 nin4&00 nm thick CYTOP layers.
Figure 5.12(a), (b), (c), and (d) show the films immediatafter ALD barrier deposition
while Figure 5.12 (e), (f), (g), and (h) show the films after 24 hoexposure to
50°C/85% RH. The barrier layers on the 780 — 4300 hioktlayers of CYTOP all
showed the presence of localized degradation ah@ae form of linear features. These
linear features were found to be due to channa&keréhat formed in the ALD layer as
seen inFigure 5.13 It was found that these crack formed aroundig@artiefects in the
barrier film, promoted by the stress concentrafoound the particles which provides a
large crack driving force (Eq. (5.4)). As proposgdthe work of Cordero and Miller, the
thicker polymer layers decoupled the barrier frdm stiff glass substrate and is thus
unable to constrain the channel crack propagatidhe vicinity of particles, causing Z in
Eq. (5.4) to increadé’® 2¥ICYTOP has a modulus of 1.3 GPY! which is much lower
than that of ALD AOs or HfOx (effective modulus ota. 200 GPES2). As a result,
the compliant CYTOP is unable to constrain the adehmrracks that occur in the ALD
layer, resulting in a larger driving force with measing polymer film thickness. The
formation of the crack appears more pronouncetiencase of the thickest CYTOP film
(4300 nm) as seen froRgure 5.13(d) where the freshly deposited film started shnagwi
crack formation immediately after removal from ttieposition chamber. Thus, while

thicker polymer layers have benefits in reducing trumber of particle defects, they
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allow for larger crack driving forces in the ALD ro@r film which results in poor

performance of the barriers.

Figure 5.12ALD barrier films on calcium sensors on glass wigtious thicknesses of

CYTOP polymer layers. Images a-d are as-made sampbged immediately after
barrier film deposition. Images e-h are samplegmedaafter 24 h at 50°C/85% RH where
the Ca degradation along the crack defects aréyhaible for CYTOP layers greater
than or equal to 780 nm. (It should be noted that@es with 40 nm of CYTOP did not
withstand the first 24 h period and are not shown.)
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Figure 5.13 (a) ALD barrier films with 1000 nm thick CYTOP ded with an
Al>03/HfOx nanolaminate showing the occurrence of cracksSEY image of the crack
opening due to the residual tensile stress initire(t) an optical image showing cracks
initiating from a particle defect.

5.4 Preventing cracks of ALD barrier films
In order to address the issue of crack formatioa, modified the barrier film
architecture by introducing a 100 nm thick siNim deposited using PECVD in between
the CYTOP and ALD layers as shownhkigure 5.14to provide a constraint to fracture

and its performance was evaluated.
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Figure 5.14 Structures of calcium corrosion test samples foytaid (ALD/PECVD)
barrier film deposited on a CYTOP layer.

5.4.1Hybrid barrier film fabrication and characterizatio n

For the hybrid barrier film fabrication, PECVD (@xti PECVD) was used prior
to ALD deposition Figure 5.2 (b)). PEALD allows industrial-scale deposition gfod
quality insulating films such as silicon oxide asiticon nitride with good adhesidfie!
One of the main advantages of PECVD is the avditpluf low temperature deposition
compared to other chemical vapor deposition (CVI@thads, such as thermally driven
CVD. While temperatures of only 250 °C or lower atdficient for depositing films by
PECVD, deposition temperatures of 700 °C to 900af€ required to deposit similar
films by thermal CVD. This lower temperature cafigoiis very attractive for
application of organic electronics (preferably kel@00 °C, maximum limitca. 130
°C).['%I Table 5.1 tabulates the parameters that are used for silidtide films at

100°C.
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Table 5.1Summary of PECVD deposition conditions for giilim fabrication.

Parameter Value
Temperature (°C) 100
Chamber pressure (mTorr) 1000
RF power (W) 20
SiH, flow rate (sccm) 12
NHs flow rate (sccm) 10
He flow rate (sccm) 50
N, flow rate (sccm) 440

Figure 5.15 Oxford PECVD system used to deposit SiNims at a low temperature,
100°C.

The characterization procedures of the hybrid filns identical to the previous
ALD nanolaminate work. Calcium corrosion was obsdivand the residual stresses of

SiNy films were evaluated in the manner by curvaturéook

5.4.2Effects of hybrid configuration on the barrier film integrity

The role of the PECVD films is primarily to provi@estiff layer to constrain the
crack opening displacement and reduce the drivengef for the propagation of channel
cracks in the ALD layers. Moreover, the Silms were measured to have a residual

compressive stress of -350 MPa using wafer curgatueasurements, thus also helping
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to compensate for the tensile residual stressdarAltD nanolaminate film. As shown in
Figure 5.16 the ALD layer on CYTOP with an elevated tensisidual stress near a
particle can cause a crack to form due to the &deverack driving forces. For the films
grown on SiN, the modulus of the SiNfilm (ca. 200 GPd$'®! and the compressive
residual stress acts to create a film with a losxarage stress in the vicinity of the ALD
film. Thus, energy for fracture and driving forcese expected to be reduced.
Measurements of the Ca samples with a 200 nm CYIE@& and 100 nm SiNlayer
showed that the Ca film was completely degradeer &# h of exposure to 50/85%
RH. Thus, the SiNis not expected to contribute greatly to the tasise of water vapor

permeation, but will contribute to the mechaniaddustness of the barrier layers.

Figure 5.16 (a) Depiction of the tensile stresses acting ahannel crack in an ALD
barrier sample where the polymer layer offersdittesistance to the crack opening
displacement and crack driving force. (b) Depittiof the stiff and compressively
stressed SiNacting to reduce the overall average stress irvitiaity of the ALD film
and reduce the probability of cracking (as weltesck driving force).

The benefit offered by the incorporation of PECVINSfilms between the
CYTORP layer and the ALD films is confirmed gure 5.17. In hybrid barrier samples,
the CYTOP layer thickness was varied from 200 -043@, capped with a 100 nm SIN

layer prior to the ALD deposition. None of the fdnshowed the presence of cracks when
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exposed to 5@C/85% RH. The beneficial influence of the Sildyer is also very evident
in Figure 5.18where the normalized Ca area for each sampleoitedl as a function of
time with and without the PECVD Siayer. FromFigure 5.18(a), which presents data
for samples of ALD barrier films without SiNx, salap with 4300 nm and 1000 nm
CYTORP layers show a 30% and 18% degradation inr€a after just 24 hours of testing,
respectively. Samples with 200 nm and 780 nm-tRi¥k OP layers show slightly better
performance with 7.5% and 2.5% degradation of tadilgs after 24 h, respectively. On
the contrary, the samples of hybrid barrier (ALD5#NX) showed negligible change in
the Ca area after 500 h of exposure under the samditions Figure 5.18 (b)). After
240 h of exposure, these samples showed less #hate§radation in Ca area for films of
all CYTOP thicknessesFigure 5.18 (b) demonstrates the benefit of using a stiff
inorganic layer underneath the ALD barrier filmattensures mechanically robust barrier
films that can better withstand processing industeesses that will otherwise fail almost
instantaneously after ALD barrier film depositioAs suggested by Eq. (5.4), the
reduction in stress in the films, reducing film dkmess, as well as reducing the
dimensionless parameter Z appears to be the mesiriamt factors in reducing the crack
driving forces in the barrier films. To reduce &quires a reduction in the elastic
mismatch between the film and polymer layer whismot practical. Thus, thin layers
with low residual stresses may be the best methadetating low crack driving forces in
the barriers. Thus, stress engineering and lignitilm thickness are options that should

be considered in the design of mechanically robaster film.
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Figure 5.17Hybrid (ALD/PECVD) barrier films on calcium sensashowing the lack of
crack formation after 500 h of exposure to G85% RH. In contrast to ALD barrier
films which do not have the SiNayer, these films are more resistant to craclangd

show fewer particle defects than ALD barrier films.
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Figure 5.18 Degradation of the calcium sensor layers as atifumof time for varying
CYTORP film thicknesses for ALD and hybrid (PECVD/B. barrier films.

5.5 Conclusion
Particle contamination issues and stress effeasaasignificant challenge in
developing ALD barrier. The use of thick polymeradrization layers to minimize

particle-assisted defects is possible, but cantieadacking in the ALD film due to stress
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concentrations around the particles and the inetkasack driving forces from the elastic
mismatch between the ALD layer and the polymer dayéis becomes problematic in
the use of AIO3z ALD layers deposited by both thermal and plasnfeaened ALD at low
temperatures (<10Q) since both techniques typically produce filmghwhigh tensile
stresses. It should be noted that the stress syatuthe film which lead to cracking can
also arise from CTE mismatch and external loadilmgall cases, the crack driving force
will be enhanced due to the elastic mismatch batwbke ALD layer and the polymer.
Through this work we were able to demonstrate tieeeiase in cracking of ALD films
directly deposited onto CYTOP polymer layers fémfthicknesses greater than 200 nm.
Thus, the management of stress in barrier flmgainimg ALD alumina or reducing the
polymer layer thickness in order to reduce the fomeht Z (Eq. 5.4) must be considered
if ALD alumina barriers will be deposited directhnto polymer planarization layers
where particle defects are present. By insertimgrapressively stressed Sildyer into
the barrier stack, it was possible to reduce tlaeking in the ALD layer for the entire
range of polymer thickness used in this study.usTlthe use of the SiNayer along with
alumina containing ALD films is seen as a key congrd to producing more robust

barrier films for direct deposition onto devices.
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CHAPTER 6
IMPROVED MEASUREMENTS OF WVTR OF ALD BARRIER

FILMS

6.1 Introduction

Chapter 5 discussed the impact of defects in ALDi&s that can arise during
the fabrication process due to mechanical and tstraic conditions such as CTE
mismatch, elastic constant mismatch, and residusgses around particles. In chapter 5,
the barrier performance was qualitatively measimean optical calcium corrosion test.
However, the qualitative procedures employed inpfdrab accounts for only the defect-
related permeation that is observed as a trangpspenor feature in the calcium sensing
layer. No quantitative value of the permeatiom rats given since the method employed
(the global loss of Ca area) does not provide médron the local permeation through
defects or more importantly, the intrinsic valuepefmeation, which is the lowest value
that can be achieved when the barrier film is fadigd ideally without external defects.
Since both permeation mechanisms are present ibathier (defect driven and intrinsic)
the effective WVTR of a barrier film is higher thahe intrinsic WVTR due to the
presence of pinholes and macroscopic defects thaé¢ auring the manufacturing
procesg?* %9 2201 Thys, better knowledge of the different contribog from intrinsic
permeation and defect permeation will enable betagineering of advanced
ultrabarriers, placing the focus more on defectigatton during manufacturing while

improving the intrinsic quality of the barrier.
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To measure the WVTR of high performance barriemdil Nisatoet al. first
introduced the calcium corrosion test, and theigaldest has been widely accepted due
to its theoretically high sensitivity over otherriais measurement techniques introduced
in Chapter 2*5 1271 The evaluation procedures to determine the WVTdnfrcalcium
layer corrosion vary according to the test apparased in different studies. The optical
calcium corrosion test measures the transpareragase of a calcium sensor ldyer
2211 or the area increase of a fully oxidized calcivensor layef:'® which was used in
Chapter 5. On the other hands, the electrical walccorrosion test measures the
conductance decrease of a calcium sensor layetodie formation of calcium oxide as
a result of the oxidatiot> 222 22%lFor both tests, a calcium testing sample should be
prepared that is similar to a device structure pgeld with a barrier films.

Figure 6.1 illustrates devices packaged with a barrier cgatither by direct
encapsulation or by indirect encapsulafféhDirect encapsulation is a method where the
barrier film is coated directly on top of a deviegjich was used in Chapter 5. Indirect
encapsulation is a method where a barrier filmegasately prepared on an independent
substrate and then subsequently sealed over theedév the latter case, the barrier film

is attached using an edge sealant or an adhekive fi

Figure 6.1 Two different approaches of barrier film encapsala (a) direct
encapsulation where the barrier is grown on thecgeand (b) indirect encapsulation
where the barrier is attached to the device usimgaé@hesive layer. Pathways of the
intrinsic film permeation and pinhole-driven perriiea are illustrated with arrows.
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In order to measure the WVTR of a barrier film, tihevice inFigure 6.1 is
replaced with a calcium layer which corrodes ingihesence of oxygen and walér: 22!
Using the calcium corrosion test with a direct grstdation barrier, Carciat al, and
Meyer et al. have reported WVTR values as low as®fin?/day’ 1° However, these
WVTR values were estimated with small sized sam0e®5-40 mri) which measure
very little area of the barrier film which may nbé indicative of the distribution of
defects or changes in barrier film quality acrdse size seen in an actual device. In
optical tests, the reported WVTR values are esedhaither only by evaluating the
calcium layer thickness change in the pinhole-fiessl!?* 224 or by measuring the area
change in a fully degraded region in the calciulyet&?® Therefore, neither of the
methods can differentiate between the dominant eation mechanisms in the barrier
film (e.qg., intrinsic permeation through a barreerby defect-assisted local permeation).
In an alternate configuration, the barrier film wasted with a gas space above the
calcium sensor as shownhigure 6.1 (b). In this case, the measured value is always a
effective WVTR since local transport through de$eand intrinsic transport are diffused
in the gas space above the sensors that smearsegioms of high flux. However, the
dominant permeation mechanism which contributateceffective WVTR is not known
from such experiments (intrinsic or defect relateifinito et al, and Robertst al,
have studied theoretically the contribution of mlds with different sizes for WVTR in
an independent barrier filf® 26! However, experimental methods to determine the

WVTR have not been widely developed and employed.
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In addition to the investigation of permeation maukm of a barrier film, the
electrical calcium corrosion test is widely usednteasure the effective WVTR for its
advantages over the optical calcium test suchadyrior automation and compatible for
in situ measurement in an environmental chantfef?® Also, depending on the calcium
sensor design, the sensitivity can be improved. éxample, Reeset al. (Figure 6.2
introduced an aperture spacer to increase the shfaotest barrier film area to a calcium
sensor size, allowing increased sensitivity by ioverthe area over which the permeation
is measured and then concentrated onto the séttc*”) However, the increased inner
volume in the spacer delays the time for the memsant to reach steady state
permeation as well as the absorption and desorpfionoisture on the metal spacer can
disturb the measurement. In addition, the challenfiethe electrical calcium test
apparatus still lies in reducing the side permeati@at occurs at any bonded interface in
the setup irFigure 6.2 which decreases measurement sensiti¥ity Therefore, further
improvement is recommended to establish a highlugeso WVTR measurement

technique.

a

\ 4

Figure 6.2 Calcium corrosion test cell with a spacer usedntprove measurement
sensitivity developed by the National Renewable rgypel aboratory. Adapted from
referencé'?®l,
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Therefore, this chapter introduces WVTR measurenm@ntedures that can
evaluate intrinsic permeation and defect-assistednpation independently using an
optical calcium corrosion test. Also, the contribatof intrinsic permeation and defect-
assisted permeation will be measured with a hybadier film structure that was found
to be the best barrier film among the tested filmsChapter 5. In addition, for the
continuous measurement of the effective WVTR valaesimproved electrical calcium

test apparatus is suggested that can reducegithpeimeation error.

6.2 Optical calcium corrosion test for defect-assistediVVTR measurement
As previously described, the optical calcium caonstest can visualize the
defect-driven permeation, which is also observe@hapter 5. In this section, the optical
calcium test images is investigated in detail, pralvides further information regarding

the intrinsic permeation as well as the defectahripermeation.

6.2.1Experimental

Figure 6.3 shows the diagram of the calcium test sample uséus section that
is the same structure used in Chapter 5. A 100maok-talcium layer was deposited in
the form of 16 square patterns (5 mm x 5 mm) o8 B x 38 mm glass substrate using
a thermal evaporator (EvoVac, Angstrom Engineerifig)e thickness of the calcium
layer was controlled using a quartz crystal mictabeein situ. After that, a 200 nm
polymer layer (CYTOP) was spin-coated on the catcilayer in a glove box. The
purpose of the polymer layer was not only to preval short-term barrier layer that
prevents calcium degradation during sample transpom the glove box to the
deposition system, but also to reduce pinholehénkarrier film that can be caused by

contaminant particles as it shown in Chapter 5. Takeium deposition and CYTOP
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coating were done in collaboration with the reskagroup of Professor Bernard
Kippelen at the Georgia Institute of Technology.

Afterwards, the sample was transferred to a PECY&em (Oxford) using a
vacuum canister, and 100 nm $iNas deposited on top of the CYTOP layer at 100°C.
After the PECVD deposition, a 20 nm 28k layer was deposited by atomic layer
deposition (ALD) followed by a 20 nm-thick ALD nalaminate consisting of ADs and
HfOy, alternating every 5 cycles. All ALD film growtlvas performed in a Savannah
ALD system (Cambridge Nanotech) at 100°C.

Directly-encapsulated calcium samples were plagedaihumidity chamber
(MicroClimate, Cincinnati SubZero) at 8D and 85% RH. Images of the samples were
taken periodically in order to track the degradatal the calcium layer using a high-
resolution flatbed photo scanner (Epson V600), Wwhias described in Chapter 5. The
color sample images were taken at 2400 dpi resoluti reflection mode as shown in
Figure 6.3 (b) without any color correction algorithm. Thehe images were converted
into 256-level gray scale images and then binargges using MATLAB functions for
further analysis to investigate the detail featwkesample degradation. For binary image
conversion, an intensity threshold value was ddatexch by Otsu’s method using a

MATLAB function.[209]
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Figure 6.3 Schematic diagram of (a) the calcium degradagshgample and (b) the
flatbed photo scanner used to scan the image a@éhsample to determine changes in
light transmission through the Ca and regions oéliaed defects.

6.2.20bservation of local degradation spots in opticalalcium test

First, the most obvious degradation behavior of éheapsulated calcium layer
was the appearance of macro-sized local degradagiots as shown iRigure 6.4 (a),
larger than the pixel size of the 2400 dpi imagsohgtion, being 10.6 um 20.6 um.
These macro size local degradation spots were lysaaompanied with a particle at the
center of the spotdrigure 6.4 (b) shows a microscopic image of one of the local
degradation spots, and the associated particte eenter. Thus, it appears to be clear that
the local degradation spots arise from pinholethébarrier film caused by the presence
of macroscopic sized particles; much larger thantéms of nanometer-thick layers used
in our test samples. Macroscopic particles can teathe formation of pinholes in the
barrier layer because of either residual stressammnation or poor barrier film coverage
on the particle Figure 6.4 (c))[??®! According to the classification of pore sizes hg t
International Union of Pure and Applied ChemistiyRAC),22° 229 the pinhole defects
can be classified as macropores ( > 50 nm) bedhesebserved particle size is on the
order of micrometers under a microscope a§igure 6.4 (b). Also, since the radial

growth rate of the locally degraded Ca is directyated to the water vapor that is

155



transported through the pinhole defect, analyzimg growth of the spots will help to

understand the water vapor permeation behaviougtrehe defects.

Figure 6.4 An example of pinhole local degradation of a Casse due to the existence
of particle defects. (a) A scanned image of theé 1l calcium square sample after
degradation, (b) a zoomed in image of a local d#agran spot, and (c) a cross-sectional
diagram of devices showing localized high permesitioregions with defects.

In addition to the local degradation spots, the gesaof a calcium sample
displayed a change in intensity of the intact, @iedt-free, calcium area ashigure 6.5
(c). This intensity change is due to the uniforegiddation of the calcium layer by water

vapor permeation through the barrier film. In these, the permeation occurs through
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uniformly distributed sub-micron defects or porgsit the film. Thus, the reaction of
calcium and permeated water vapor flowing througisoscale porosity is not detectable
with the resolution of the image, but manifestelftas a change in the intensity of the
image. This change is usually reported in the ditee as the intrinsic barrier film
performance and the permeation through this reigi@ssumed to be negligible in case of
barrier films with macroscale defects as most peagkume that local permeation around
macroscale defects dominate the film response.riDig@ation between the intrinsic
permeation rate and the defect-assisted local @romeis critical to better understand
the total or effective WVTR of barrier films and wh permeation mechanism truly
dominates the film behavior.

The effective WVTR of the barrier film arises frdyth the flux through pinholes
or defects and the intrinsic flux through the barfilm. In other words, the effective flux

of gas permeation in a barrier film can be expresse

_ c,
eff —  “intrinsic ﬂ_x pinhole (6-1)

where Jer is the effective flux of a barrier filnDintinsic IS the molecular diffusivity of
intrinsic film, C is the concentration of gas molecules, dpghole is the flux through a
pinhole. The evaluation of the defect assistedl l@¢dTR and the intrinsic WVTR can

be conducted using the experimental procedure itbesicin this study.
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Figure 6.5 Calcium sample image of a tested barrier film (@PV100 nm SiN20 nm
ALD/20 nm ALD nanolaminate) after 506 h at °&385%RH condition. (a) Fresh
calcium sample, (b) a scanned image of the caldample after 506 h of degradation,
and (c) images showing the growth of selected Idegkadation spots over time.

6.2.3Defect assisted permeation

As described previously, the calcium layer degrddeaslly due to permeation of
water vapor through pinholes or defects in theibafiim, and the degradation appears
as a light spot in the sample’s image; since caichydroxide is transparent optically

allowing light to reflect from the white backgrounds seen inFigure 6.5 (c), the
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calcium hydroxide spot size grows radially over djnsuggesting that the permeated
water vapor via the pinhole diffuses isotropicafigide the layers under the barrier film.
Figure 6.6 (a) shows calcium sample images after 506 h aCB%%RH. From the
images, local degradation spots that are indepericen each other are selected. Then,
the radius and the area of the selected spots @easured from the binary images using a
feature extraction function of MATLAB, and plottesh Figure 6.6 (b) and (c),
respectively. Differences in pinhole size lead tdaege variance in the growth rate
between calcium hydroxide spots. However, the tealpevolution of the spot radii
displays a similar functional dependence over tiwia)e the area of each spot increases

approximately linearly over time.
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(b) (©)

Figure 6.6 Growth of local degradation spots over time: (@c&l degradation spots
chosen from the 16 Ca sensors, (b) Change in thesraf the selected local degradation
spots versus time, and (c) Change in area of tleeted local degradation spots versus
time.

From the experimental results, it is reasonablednsider that the growth of
calcium hydroxide spot is due to a radial diffusiprocess of water vapor inside the

underlying layer, modeled through a 1-dimensioadlal diffusion equation,

1€ _brec=plit 1€ (6.2)
Tt TR

wheret is time and is the radial positid/**! as shown irFigure 6.7 (a). This model has
a semi-infinite boundary condition th@=0 asr goes infinity, but the other boundary

condition atr=0 is not clear. If the boundary condition is a canstconcentrationC=Co
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atr=0, Eq. (6.2) is solvable using the separation ofalde method, and the solution of

Eq. (6.2) is expressed by Bessel functions,

¥
C= expt/2Dt) C I, (/,N+C,Y,(/ ) (6.3)
n=1

whereas if the boundary condition is a constardl tiiix condition,Q=Qo atr=ro, Eq.

(6.2) is solvable using a similarity function, ahé solution is

C

¥ 1
C, | ;q:exp(- hé)dhq (6.4)

where the similarity functiof? | is defined As= r/\/4Dt

From the solutions for both cas&sgure 6.7 (b) and (c) plots the contour profiles
of the concentration with versug for both boundary condition, respectively. Evethi
constants such a3, Co, Qo, andro were arbitrarily selectedsigure 6.7 (b) and (c)
clearly show the difference of the profiles ovenei because of the different boundary
condition. In case of constant concentration coolitit the pinhole, the diffusion rate
decreases more rapidly than the case of constantéindition at the pinhole over time.
Between the two conditions, it is apparent that sbkition with a constant total flux
boundary conditionKigure 6.7 (c)) coincides with the radial growth profiles rinothe
experimental resultsF{gure 6.6 (b)). Knowing that the spot area corresponds ® th
amount of water vapor in a calcium test and thevgraate of the spot area is constant,
these modeling results suggest that the local dagom follows a radial diffusion
process with a constant total flux condition. lhetwords, the permeation rate through a

pinhole is constant over time even if the barrilen fs directly deposited on the device.
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(@)

(b) (©)

Figure 6.7 A 1D axisymmetric diffusion model of water vapogrmeation inside the
underlying layers: (a) a diffusion model diagranthva quarter symmetry image of a
local degradation spot, (b) The concentration aenpdot on radius vs. time plane with a
constant concentration boundary condition at thetese(C=Co at r=0), and (c) The
concentration profile on radius vs. time plane wahconstant total flux boundary
condition,Q=Qo atr=ro.

6.2.4Intrinsic film permeation

In addition to the defect assisted local degradatibe calcium layer appears to
degrade uniformly in absence of local pinhole dgfas seen irFigure 6.5 (c). The
uniform calcium degradation appears as a transpgrehange of the intact calcium
layer. If we assume that the calcium oxidation pesges uniformly, forming a calcium
hydroxide layer on the top of the calcium layee temaining calcium thickness can be

determined from the transparency of the calciureday
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The transparency of the calcium layer in a pinHode-area is evaluated through
the following procedure. From an original imadeg(re 6.8(a)), the pinhole-free area is
selected from an intensity threshold value deteeshiby Otsu’s method® In Figure
6.8 (b) plots the histogram of the original image wilte threshold value (red vertical
line) and inFigure 6.8 (c) shows the selected intact calcium area asewdotor in a
binary image. Referring to the binary image, thiginal intensity of the pixels that are
within the selected defect-free area is averagdterdards, the transparency and the
thickness of the remaining calcium layer is deteedifrom the average pixel intensity
by neglecting interference effects and using Beanhert law,

2
ICa_area » Isource(TsubstrateTCaTbarrier) I:’zback — TCa2 — eXp(— aCahCa)z ( 6.5 )

I background I source(TsubstrateT barrier )2 Rback

wherelca_area Ibackground @ndlsource @re the intensity of selected calcium area, bamkut
area, and the light sourceé.is the transparency of each layBsack is the reflectance of
the white back reflector, anda andhca are the attenuation coefficient and the thickness
of a calcium layer, respectively. Sinceais a function of wavelength, it is difficult to
calculate the representative value without knowtmg spectrum of the incident light on
the calcium layer. Instead, an effectivgis estimated using the calcium transparency of
the first imagetE0) with the assumption that the thickness of calclayer is 100 nm as
deposited. Finally, irfFigure 6.8 (d) plots the average pixel intensity and thenested
calcium thickness versus time. The calcium thickndscreases linearly up to 500 hours

in this barrier film test at a 50°C/85% RH.
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Figure 6.8 Uniform degradation of the calcium layer and thealeation of the
degradation. (a) An original sample image after F@urs at 50°C/85% RH, (b)
histogram of the original image with a thresholduea(orange vertical line), (c) intact
calcium region, selected using the threshold vatue, (d) average intensity change of
the intact calcium area over time.

6.2.50verall permeation

The WVTR of a barrier film is estimated from the@mt of calcium degradation
that was analyzed previously for the two permeapathways; defect assisted local
degradation and intrinsic permeation. If we asstina¢ the permeated water vapor has
reacted with calcium, the WVTR for each permeapathway through the barrier film
can be estimated from the degree of calcium degomdaFor a defect assisted local

permeation, the amount of water vapor that perrseetgroportional to the mass of

164



calcium layer that reacts with water, which is nugable from the area of local
degradation spot in the scanned image. Therefbeewater vapor transport rate for a
single spot is,

M water ﬂp% 0
Qdefect =2y CehC &

Mca T (6.6)
whereMuwater andMca are the molecular weight of water (18.02 g/mok) aalcium (40.1
g/mol), respectively, ca andhca are the density (1.55 g/énand the thickness of the
calcium layer (100 nm), respectively. Thus, WVTRabifspots per area is the summation

of all local degradation spots,

1 N 1 Mwa er N ﬂpg ot i
WVTI%efect e— Qefect i~ 2 —aeLy —==

Ca Ca
Abarrier,o i Abarrier,o MCa i ﬂt

(6.7)

whereAvarrier 0 is the area of the barrier film (415 rynandN is the number of spots. The
total area growth rate of all the spots in the dangpcalculated by finding the total spot
area changes from whole binary images insteadazfuating individual defect spots, and
is found to be 0.14n¥/day. The average and the standard deviation chrie@ growth
rate of the spots in the 16 calcium squares arevisho be 9.1x18 mnmf/day and
1.53x10 mn¥/day, respectively. Since defects are distributeddomly on several
calcium squares in the sample, the standard deniadi relatively large. The total area
growth rate results in th&VTRerectbeing 4.84x10 g/n/day using Eqg. (6.7).

In addition, intrinsic WVTR of the barrier film iproportional to the rate of

thickness decrease of the calcium layer, and isesgpd as

WVTR]trinsic = ZM rCaA\:a ﬂhCa 1

MCa fit Abarrier ( 6.8 )
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where Aca and Avariier are equal when a barrier film is directly depakit&éhe rate of
thickness decrease of the tested calcium samplsdouvad as -0.102 nm/day using the
slope of inFigure 6.8 (d), and theVVTRuwinsic is calculated as 1.41x1t@/mé/day using
Eqg. (6.8).

Finally, the effective WVTR of a barrier film isersummation of the two WVTR
values, Eq. (6.7) and Eq. (6.8).

WVT'%ff :WVTl%efect-FWVTR]trinsic ( 69 )

Using Eq. (6.9) and the previous results of theinal degradation analysis, the effective
WVTR of the tested barrier film was calculated a89%10* g/n?/day at 50°C/85%RH.
As a result, the intrinsic permeation rate contelsica. 3 times more to the effective
WVTR than the defect assisted local permeationimathe tested barrier film. However,
since the defect assisted WVTR is dependent oddfext density in a given barrier film,
the ratio is also dependent on the conditions ofidrafilm fabrication process, such as
handling and cleanness of the environment. For gigman inferior barrier filmKigure
6.4 (a)) that was prepared in uncontrolled environmestiows much higher defect
density than the tested barrier filfigure 6.5 (b)), and the contribution of the defect
assisted WVTR is more dominant than the intringio permeation in the inferior barrier

film.

6.2.6Section summary

By studying the contributions to WVTR from the ing8ic and defect driven
permeation pathways, a better understanding oéffieetive WVTR of a barrier film can
be obtained. By employing optical calcium corrostest, it is possible to observe the

results of these two permeation mechanisms indegpetyd The defect-assisted WVTR
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was estimated from the area growth rate of loc&tiwa degradation spots, and the
continuous layer intrinsic barrier film WVTR was awated from the transparency
change rate of the intact calcium area. Compargg drea growth rate of the local
degradation spot with a cylindrical diffusion modlwas found that the WVTR though
a pinhole is constant with a negligible lag timenc® the defect-assisted WVTR is
dependent on the size of the pinholes and the nuddmsity of pinholes in a barrier film,

they can contribute a significant amount to theralepermeation, if they are not
controlled during the fabrication process. For Idefect densities, as shown in this
study, the WVTR is dominated by the intrinsic peatnen through the barrier film.

Thus, efforts to reduce the WVTR should focus oprioning the intrinsic properties of

the barrier. In addition, local defects should feeluced in order to prevent local
degradation of devices in the vicinity of defect$dlowever, other methods such as

multilayer films or the use of getters may helpradd these issues.

6.3 Electrical calcium corrosion test for the effectiveVVTR measurement
As seen previously irFigure 6.1, devices can be packaged by direct barrier

deposition or by indirectly using separate barfiens and a method using optical Ca
testing was used to help determine intrinsic anth@ie driving permeation in direct
encapsulation barriers. In the case of indirecepsalation, the effective WVTR of the
individual barrier film can be measured using agcelcal calcium corrosion tele: 128l

Figure 6.9illustrates a simplified calcium corrosion celltast indirect barrier films and
possible permeation pathways with the cells. Inebattrical calcium test, there is no

method to distinguish between defect assisted rnidsic permeation since the electrical

167



measurement is sensitive only to changes in resistaf the Ca layer regardless of the
mechanism for its change. The assumption is maatethle degradation progresses from
the top of the calcium layer, corroding the Ca fayaiformly over time such that the Ca
layer thins, but a real shape stays the sdfmife 6.9). By measuring the conductivity
of the calcium layer, the mass of reacted or degtazhlcium can be evaluated from the
conductivity change of the calcium layer with tredotum conductivity () and density

( ca using the Ohm’s Law. After that, the WVTR is adbted from the rate of Ca
degradation determined by the rate of change rtradal conductance using the reaction
ration of calcium and waten), molecular weight of watetMuwate) and calcium Kica)

with the following equatiorn#°!

" (6.10)

where Areaca is the top surface area of calcium layAreawindow IS the permeation
window area of a barrier filnh) is the height of degraded calcium layRris measured
calcium layer resistance, ahdandw are the calcium layer channel length and width,

respectively.

Figure 6.9 Water vapor permeation test of an indirect batriecalcium degradation.
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In order to test the effective WVTR values of indwal barrier films, the indirect
encapsulation methodrigure 6.1 (b)) should be used to prepare calcium test sample
since water vapor that permeates through the Idetdcts or intrinsically through the
layer will be spread out by the gaseous layer therCa sample. However, if the side
sealing is poor, then the WVTR measurement can dairthted by the permeation
through the side sealindrigure 6.9, resulting in higher WVTR valuessigure 6.10
shows a long-term test of the sealing materiahtestigate the side permeation through
the sealant. As seen in the figure, apparent samgation was observed through the
sealant for a long-term test. As a different apphoto identify the side permeation,
samples irFigure 6.11use ‘L’-shape Ca makers at the corners of theasgalvhich can
indicate whether the side permeation occurs dutim test.Figure 6.11 shows the
calcium sensor in case A was more quickly degratiash case B. Observing the L
marker is degraded in case A while the maker ire c8sis fine, side permeation
contributed the calcium sensor degradation, andchvhprohibits the accurate
measurement of the WVTR of a test barrier film. fEfiere, the side permeation should
be suppressed by means of desiccants as well atdshe identified whether the side

permeation affects the WVTR measurement.

Figure 6.10Side permeation test of the sealant material (FX(SADCO). Calcium was
encapsulated with a glass lid using the sealand, degradation from the sample
boundary was observed due to the side permeatidaptad from referend&? .
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Figure 6.11 Calcium corrosion test with barrier films. 'L'-gfgacalcium marker was
embedded under the side sealant, the marker debcasketo the improper edge sealing
procedure.

Also, the electrical measurement can be an iss@n\ths tested at high humidity
condition such that electrode corrosion used toamadntact with the Ca layer and the
testing equipment can become an issue. Therefbeejssues will arise in resistance
measurements needed to sense the Ca degradatiamellaas from side permeation
through the edge sealant in the calcium corrosgehwhich must be resolved in order to

achieve a truly high resolution measurement.

6.3.1Experimental
In order to achieve a highly sensitive calcium osion sensor, the calcium test
configuration has been redesigned in order to ivgrgoon previous configurations used

in other studie&? 233 The goal of the improved design is to improve #oeuracy of
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calcium conductance measurement and to minimizesittee permeation of the calcium

test sample. The distinctive features of the nemfigaration are in the followings.

2 calcium sensors for measurement reliabilfig(re 6.12(a))

4 point probing configuration for the accurate measent of calcium conductance
without the effects of contact and wire resistarfegure 6.12 (b))

Boundary check line to detect the test failurely gside permeationFigure 6.12(c))
Double side sealants to suppress the side permeggigure 6.12(d),(f))

Simple electrode connection using a standard cdge-eonnectorHigure 6.12(b))
Embedded desiccant that can reduce or eliminatsidleepermeationHgure 6.12(e))
Large ratio (7.4) of the permeation window arfae@uwindow) and the calcium sensor

area Areac,) to enhance the measurement sensitivity.
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Figure 6.12 Design steps to achieve a high sensitive calciensar that is resistance to
the side permeation: (a) dual calcium sensor lafl®r4 wire Au probing, card edge
compatible connection pads, (c) side permeatioeatiegg check line, (d) inner side seal,
(e) interim desiccant, and (f) outer side seal.

Figure 6.13illustrates the final design of calcium test saenfadr the electrical
calcium corrosion test. In this section, the fedtion procedures of the improved
calcium sensor are described, and the measureraenipsand the fabricated calcium

sensor are shown after that.
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Figure 6.13 Schematic of an improved sample design for elgadtrtalcium corrosion
test.

6.3.1.1 E-beam evaporation
For the deposition of electrode layers, E-beam esson (Denton Explorer,

Denton) was used for chromium (Cr) and gold (Awaigtion Eigure 6.14(a)). Similar

to the thermal evaporation, target material is evajed and is deposited on a substrate
through a shadow mask. For the fabrication of cafcsensor devices, 38 mm x 38 mm
glass substrates were solvent-cleaned using acatahéA with sonication for each 10
min, and rinsed with DI water. Then, the substratese dried on a hot plate for 5 min at
120°C to remove residual moisture that may redbeeatihesion strength of the metallic
layers on glass. Afterwards, 20 nm chromium and @9 thick gold layers were
deposited with the shadow masks. The chamber peessas pumped down to #0rorr
before the deposition using a cryogenic pump. Tégodition rates for both films were
both 1 A/s, controlled bjn situ QCM and the controller. A shadow maskgure 6.14

(b)) was made using the patterns illustrated inca@dr inFigure 6.13(right).
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(@) (b)

Figure 6.14 (a) Denton E-beam evaporation system for depgsi@a layers. (b) A
shadow mask used to fabricate electrode patter@s/Ai layers.

6.3.1.2 Calcium sensor layer deposition
The Ca sensor layer was deposited using a thewagloeation system (Specros,

Kurt J. Lesker) in collaboration with the reseagchup of Professor Bernard Kippelen at
the Georgia Institute of Technologkigure 6.15. A 100 nm thick calcium layer was
deposited on the previous substrates with a shadask for patterning (green area in
Figure 6.13right). The chamber pressure was below Torr, and the deposition rate

was 1 A/s.

() (b)

Figure 6.15(a) Spectros thermal evaporation system (Kurte3ker), which is installed
in a glove box. (b) Four 38 mm x 38 mm samples nediion a deposition holder with a
shadow mask for calcium deposition.
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6.3.1.3 Barrier encapsulation using a side sealant
After the calcium sensor samples were depositedjebdilms deposited onto

PET films were packaged on top of the calcium sensong a side sealant (HelioSeal
PVS 101, ADCO) as seen kigure 6.13 The sealant is a thermoplastic material based
on polyisobutylene with integrated desiccant. Sitheecalcium layer can oxidize even in
a N glove box if the water and oxygen levels are tgh l{>10 ppm), the encapsulation
procedure was performed as soon as the calciunsdigpmowas completed..

First, the side sealants were cut into 2 mm widpstand a liner film was peeled
off from the sealants. Then, the sealant stripevagplied on the calcium sensor samples
one by one along with the boundary of the sealisigl@own in black color ifrigure
6.13 Figure 6.16 shows the step-by-step procedures of placing sea@ips on a
prepared a calcium sample. When placing the sedaluiuts, the sealing should not
overlap to keep a consistent sealant thicknésgure 6.17 (a) shows an improper
example, andrigure 6.17 (b) shows appropriate alignments of the edge seadlfathe
width of the sealants is wide enough to cover @pdhtire calcium sampleBigure 6.17
(c) is also recommended to avoid inferior junctiahshe corners. The samples were then
heated up on a hot plate at 110°C for 10 min. Qneesealant was heated and softened, a
test barrier film was placed gently with the cogtside facing down onto the sealant.
Afterward, the whole sample was heated again orhtheplate for 10 min, and pressed
evenly. A special heat press can be used for th&sprg step, but any small misalignment
of the gap can results in the collapse of the sasph addition, excessive pressure can
leads to increased internal pressure in the aiy whgh may induce mechanical stress in
the barrier films. The pressure needed to makesdéingples should only be applied until

the sealant adheres uniformly on both glass substad the barrier film, which is
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apparent visually by the color change if their emhis complete. Ifrigure 6.18 the top
sealant strip in shows the case when the sealat#svapartial contact between glass and
the sealant, whereas the bottom strip completetyaots with glass showing the contact

area as dark black.

Figure 6.16 Sequence of applying the sealant strips by pieces

Figure 6.17 Alignment of the ADCO side sealants using 4 str{p¥ Improper alignment
due to overlapping, (b) proper alignment, and écpmmend sealant preparation.

176



Figure 6.18Examples of good and bad applications of sideas¢sl The top sealant strip
contacts partially with glass, whereas the bott@alant strip completely contacts with
glass.

6.3.1.4 WVTR measurement
Once the encapsulation was completed, the sampes meady to measure to

determine the effective WVTR. The calcium sensordemtance was measured using a
data acquisition system (34970A, Agilent) with nplé#xer modules (34901A, Agilent)
The multiplexer was connected to a card edge (AMIRDH, Sullins Connector
Solutions) for a single testing module with a matinductor (10 wires) cable. The body
material of the card edge is thermal stable ugBfC, and the pins are coated with gold,
providing electrical stability in the humidity chéer. Figure 6.19 shows the data
acquisition unit and the multiplexer module usedhia measuremenkigure 6.20 also
shows the details of wire connections with a singl@tiplexer module for 4 calcium
samples. Since the data acquisition system canumwtd 3 multiplexer modules, a single
system can measure up to 12 calcium samples ahea wiith 3 multiplexer modules.
Finally, Figure 6.21 shows the electrical calcium corrosion test samfde the WVTR

measurement in an environmental chambegure 6.21 (b) shows a fabricated calcium
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sensor sample encapsulated with a test barrier thian is inserted in a card edge for

electrical measurement.

(@) (b)

Figure 6.19 (a) Data acquisition system (34970A, Agilent), éb)nultiplexer module
(34901A, Agilent).

Figure 6.20Configuration of the wiring of a single multiplexeodule that can measure
four calcium samples at a time. Two 4-wire sensang one 2-wire sensing for each
sample.
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(@) (b)

Figure 6.21 Electrical WVTR measurement setup for multiple ples in an
environmental chamber. (a) Multiple samples undsting, and (b) a fabricated calcium
sample inserted in a card edge for the test.

6.3.2Results of the effective WVTR

Before testing the barrier films, the sensitivity the improved calcium test
apparatus was investigated using a glass lid. ddsté barrier films, the calcium sensor
sample was covered with a glass lid that is impableeto water as shown Figure
6.22 (a). The resistance change of the calcium selas@rs over time is plotted in
Figure 6.22at two temperature conditions: ambient lab coodgi(25°C/35%RH) and at
50°C/ 85%RH in a humidity chamber. As seen in the, ;o resistance increase was
observed at room temperature conditions up to 18 dacept the daily fluctuations due
to the temperature change in the lab. In the meantithe calcium sensor resistance
increased from 2.95 to 2.96 for 8 days in the humidity chamber, which corresgs
to a WVTR = 6x10¢ g/n?/day evaluated using Eq. (6.10). This increase weased by
the side permeation through the sealants matetmises performance can decrease at
high temperature due to its thermoplastic properéiad/or deterioration of integrated

desiccant of the sealants. Therefore, the impraaédum test configuration can measure
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the WVTR values in the region below 1x1§/m?/day at room temperature conditions,

and minimum 6x10 g/m?/day at 50°C/85%RH conditions.

(@)

(b)

Figure 6.22.Minimum WVTR resolution test using a glass covertentrol samples. (a)
Schematic of the control samples covered with agjlia, and (b) measured resistance of
calcium sensor over time at two envrionmental comas: room temperature in a lab, and
50°C/85%RH in a humidity chamber. A WVTR = 6x10/m?/day was observed due to
the side permeation.

Using the improved calcium test sensor, the WVTRhode types of ALD barrier
films were measured. ADs, ZnO, and nanolaminate of &3/ZnO barrier films are
fabricated on 125 um thick polyethylene terephtiga( ET, MELINEX ST-505 DuPont
Teijin) substrates using PEALD (Fiji, Cambridge M&th) at 100°C. The fabricated
barrier films were applied on the calcium sensarsl the WVTR values were evaluated
using the calcium test at 50°C/85%RH conditionthim humidity chambelFigure 6.23
(a) shows a cross-section SEM image afRIZnO nanolaminate films on a Si substrate,

and Figure 6.23 (b) plots the conductance changes of calcium senfw the three
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barrier films. In results, the WVTR were estimatas 1.8x1¢ g/m?/day, 9.3x16
g/mP/day, and 9.3x16 g/n?/day for AbOs, ZnO, and nanolaminate barrier films,
respectively Table 6.1). As reported in other ALD laminate barrier filfi§, the
nanolaminate configuration showed the best bapgeformance among the three barrier

films.

(@)

(b)

Figure 6.23 A) An SEM image of a nanolaminate 28:/ZnO barrier film and B) the
conductance change of calcium sensors over timarfoAkOs, ZnO, and AIOs/ZnO
nanolaminate barriers.
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Table 6.1Measured effective WVTR of ALD barrier films prepd on PET substrates.

Sample WVTR [g/nv/day]
Al,0s 400 cycles €a.50 nm) 1.8x18
ZnO 400 cycles ¢a. 35 nm) 9.3x18

8 bilayer AbOs/ZnO nanolaminate

(25 cycles for each layeca. 50 nm) 9.3x10"

6.3.3Section summary

In this section, the electrical calcium corrosiesttapparatus was redesigned in
order to measure the WVTR of high performance baiffilms for organic electronics,
whose goal is below 1xf0g/né/day. The first advantage of the improved eleatric
calcium test setup is that the sensitivity of measient was increased by accurate
resistance measurement and increased barrier filincalcium sensor area ratio. The
resistances of calcium sensors were measured bynt grobing, which reduces parasite
resistances due to wiring and contacts. Also, &tie of permeation area of a barrier film
to calcium sensor area increased from 1.6 to heteased the measurement sensitivity
by 4.6 times. Secondly, side permeation issue vdalseased by utilizing double side
sealing and desiccant layer between the sealingddiition, the moisture ingress through
the side sealant is detectable with a boundarykchiee, enabling to determine seal
failure.

Throughout the diverse design changes, the redssigralcium test sensor
showed that it can measure the WVTR in the rangelxf0® g/m?/day at room
temperature. At elevated temperature 50°C/85%RH, side permeation affected the

measurement, and showed a limitation of the WVTRiezaf 6x16° g/né/day. While
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this is in the range of ultrabarrier films, it istras low as 1xI®g/né/day as desired by
some testing. This can be done by incorporatingesof our advancements with the
larger sample area/Ca sensor area ratio shownebgrdup from the National Renewable
Energy Laboratory as seenhkigure 6.2.

Since the electrical measurement can be done atitathain situ in a humidity
chamber as well as accommodates multiple samptes,imiproved calcium test is
anticipated to be a good measurement techniquestermdine the effective WVTR of
high performance barrier films. However, the encégion work with side sealants
requires careful handling in order to fabricateganmotesting samples without damaging
the barrier films. Thus, the calcium fabricatiomgedure needs further improvements to

prepare samples with less failure.

6.4 Conclusion

This chapter addressed two types of WVTR measurernteshniques. One
technique is an optical calcium corrosion test eestigate the intrinsic and defect-
assisted permeation separately. The other techmscare electrical calcium corrosion test
to measure the extremely low WVTR values sensiiveahd continuously during an
environmental testing.

From the study of the calcium corrosion test, tbatgbution of defect-driven
permeation and the intrinsic permeation on the céffe WVTR were evaluated
separately. Also, the permeation rate in the defaeen was found to be consistent over
the time in the tested hybrid barrier film. Thesed of knowledge on the different

contributions from intrinsic permeation and defqmrmeation will enable better
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engineering of advanced ultrabarriers, placingftttes more on defect mitigation during
manufacturing while improving the intrinsic qualy the barrier.

In addition, the effective WVTR was measurablehe tange of OLED barrier
film requirement (<=10 g/mP/day) using the improved electrical calcium tesheT
electrical calcium test is beneficial when multiseEmples need to be tested continuously
and simultaneously at controllable environmentalditoons, and thus it can be utilized

for the test of high performance barrier films e future.
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CHAPTER 7

CONCLUSION

7.1 Summary and Conclusion

The research in this dissertation has been condlictevestigate various aspects
of ultrathin ALD films properties for the applicati of OPV device reliability. Since
OPV devices are highly susceptible to degradatiomfenvironmental exposure to UV,
heat, and water vapor or oxygen because of th&ingic chemical reactivity, resolving
the issue of the chemical reliability of OPV dewds a primary challenge for long term
performance and the adoption of these devices.iSHue can be mitigated by the use of
intrinsically stable materials and by the use ofriba encapsulation that prevent the
ingress water vapor or oxygen, which are deletsrtouthe performance of these devices.
As a research contribution, this dissertation psegothe use of ALD grown thin films,
which can produce high quality materials with elex@ control over thickness in order to
address two key weaknesses of OPV devices. Thasenamely the replacement of ZnO
as an electron selective contact and the use o$taorei stable ALD layers as barrier
films. However, to utilize ALD films as barrieddas to OPV devices, an investigation of
chemical stability, electrical properties, and basrier properties of thin ALD films was
necessary, as well as the development of charaatiemm methods for these properties.
Therefore, this dissertation made original contitns by addressing the following
major questions regarding the application of ALIN8 to OPV devices,

What ALD films are stable in the presence of maostthat can cause rapid

degradation of OPV devices? What procedure is abiailto investigate ALD
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stability, without using complex thin film charaagttion techniques that may
require vacuum conditions or may be destructive?

Using ALD, is it possible to create an electrorestVe layer (ESL) usable to
modify ITO while providing similar performance an@, one of the most
popular ESL contact materials used today? If scatwh this material, its

properties, and how does it perform in OPV devices?

In the fabrication of high performance of barrigmt using ALD, how can

we better perform the measurements of water vapmsmission rate, and

how do we resolve issues of localized defectsdkest in the barrier films?

To answer the above questions, various aspects DffAm properties have been
investigated thought out the dissertation. Impdréamtributions from this work are:

Chapter 3 introduced a non-invasive stability tegtprocedure that can be
performed at atmospheric pressure using a ZnO R&s@n sensor method to
screen ALD films for stability in water environmeniThin ALD AlLOs used
to cap ZnO sensors were found to be unstable wkigosed to water whereas
ALD TiOy, ZrOx, and HfQ capping layers performed well for up to 10 days
in water. However, the method was found to be hkmsta qualitative
measurement method and not quantitative. Goo@sgpondence between the
degradation of PL signal and other surface scienethods indicated the
ability of the PL method to tell when a film hadnepletely degraded. Thus,
the PL method provides a faster and reliable waydetiermining large

degradation in the ALD materials while finer detaibf the material
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degradation will require other forms of materialsa@cterization such as
ellipsometry, XPS, SEM, or TEM.

Chapter 4 investigated various electrical propsrté ultrathin TiQ films
with a target to replace ZnO as an ESL in an imee®PV. Energy band
structure, chemical composition, conductivity, amgstallinity of 0.5, 1, 3,
and 10 nm thick ALD Ti®films grown at 250°C were analyzed. The results
show that it is possible to make rectifying condaeven with 0.5 nm thick
TiOx films and that the performances of the films aghly dependent on the
film thickness. While it was thought that veryrthiilms were needed to
compensate for the high resistance of the Tifd was found that the
performance of the films improved with increasifgfthickness up to 3 nm
and then degraded again once the films became ethickhe dip in
performance as the film thickness increased abomen3vas not due to the
series resistance of the films as first hypothekizmit due to the reduced
shunt resistance from the phase transformatioheotQ, from amorphous to
anatase. These results were unexpected, but skous¢hof TiQ films has an
optimal range ota. 3 nm in film thickness when grown at 250°C, butsio
importantly, results show optimized film thicknessates directly to film
structure and the quality of the surface coverage.

Chapter 5 conducted barrier film fabrication usimanpolaminate ALD metal
oxides. For the mitigation of particles found orvides during the direct
deposition of ALD films, smoothing layers can besdisHowever, a thick

smoothing layer, which is best at covering pariclean lead to cracking in
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the ALD film due stress concentrations around tadigles and the increase
in crack driving forces. Therefore, stress engimggeis necessary to eliminate
cracking in the directly deposited ALD barriers.itgsa fracture mechanics
approach, we were able to insert a compressivesstd SiN layer to
compensate for the large tensile stresses in thB Adyer to reduce the
magnitude of the stresses in the vicinity of thetipies. In addition, the SiN
layer acts to reduce crack driving forces. It wasserved that ALD
nanolaminate films made on 100 nm thick Sildyers did not show any
cracking on perfluorinated polymer layers that wieeéween 200 — 4300 nm
thick. Without this layer, some level of crackimg the vicinity of the
particles was observed in all ALD nanolaminates enawl the polymers. Since
particles are unavoidable in large-scale film fedtion procedures such as
roll-to-roll process, the strategies used in thiglg to resolve the particle and
stress issues will contribute to enable particlersnt barrier films in the
presence of particles that can originate from Eseg facilities and
substrates.

Chapter 6 investigated the water vapor transmissate (WVTR) of barrier
films by calcium corrosion test. A new optical Garrosion test method was
developed to determine for the first time the dbntion of defect-assisted
permeation and intrinsic permeation in barrier §lnsuch knowledge will
allow for better focus in the development of newrieas, focusing on either
defect mitigation or improving the intrinsic quads of the films. In addition,

an improved electrical Ca test method for the ¢éffedVVTR was developed.
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The key to the new technique is the ability to aedtofor and reduce side
permeation, which can reduce the sensitivity of thethod. In addition,
improved electrical calcium corrosion test can tadusly measure the

effective WVTRIn situin an environmental chamber test.

Overall, it was found that ALD films have a greattgntial to impact these key
areas of need for OPV, namely the production ofenstable ESL contacts and the
production of high quality barrier films. Due toetlslow film growth rate of the ALD
process, ALD films have not been preferred for nfacturing so far. However, recently
introduced novel ALD processes, such as spatial AbD atmospheric ALD, can reduce
the cost and time for ALD film fabrication. In atidn, as shown in this study, ALD
requires film that are only a few nanometers thiok play their roles on device
applications. Therefore, ALD has a great potenf@ manufacturing, and it can
contribute to innovating or to tuning the propestief thin films independently or
combined with conventional films for various applions. For this, the characterization
of ultrathin ALD films is required, and this dist#fon shows several aspects of ultrathin
ALD films, including characterization methods artk tresults of the electrical and
chemical properties of ultrathin films. While thesults from this dissertation are in both
the investigation of ALD films and the developmenit measurement methods to
characterize them, continued efforts to exploraernthe actual device applications are
warranted. To this end, recommendations and stiggesfor future research are

presented.
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7.2 Recommendations for future work

7.2.1Stability of a TiOx OPV device and barrier performance of ESL

Chapters 3 and 4 investigated the chemical stalalid electrical properties of
ultrathin TiQ, films for the use of an ESL layer in inverted OMbowever, the lifetime
study of OPVs with ALD TiQ has not been conducted. To this point, xTi&ers have
shown themselves to be more stable and have shawtaiyers around 3 nm are optimal
for devices. However, a full study showing thetirine study of OPV devices using ZnO
versus TiQ is warranted.

Since ALD films have low defects and conformallyatsurfaces, the use of ALD
TiOx ESL on top ITO cathode electrodes may act to sasvan integrated barrier film
and electron selective contact for organic photiaics as shown iffigure 7.1[62 631 At
present, ITO coated polymer substrates and bdihercoated polymer substrates are
produced independently, but have never been irtefjtagether. Thus, the use of TiO
ESL may reduce the gas permeation from ITO coatdghper films for flexible devices
without an additional barrier layer, and help imgradevice stability. Therefore, it is
recommended to investigate the gas permeation grepeof ITO/TiIQ. stacks on a

polymer substrate.
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Figure 7.1 Suggested integrated barrier/ESL in an inverted/ @Bvice fabricated on
polymer substrate.

7.2.2Ag NW TiOx electrode for flexible electrode

One of the advantages of organic electronics ipotential to fabricate flexible
devices. However, in the current structure, thédmotiTO electrode is brittle, and cannot
provide the flexibility of the devices. As a flelgbelectrode, silver nanowire (Ag NW) is
of interest due to its transparency, large scategasability, and mechanical reliability
under strai?®* However, silver is a high work function materiahd thus needs an ESL
to collect electrons in an inverted OPV. In the samanner as shown in chapter 4, the
investigation of ALD TiQ coatings on Ag NW for the application of stablel dlexible

electrical contacts for OPV devices is recommended.

7.2.3Indirect encapsulation of complete devices using Ib@er films and adhesive
Chapter 5 and 6 have investigated structural isstigas barrier film fabrication,

and introduced improved calcium corrosion testevaluate the barrier films. However,
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the effects of barrier films on complete devicesehnot been shown. Recently, sensitive
photovoltaic devices were provided from the redeagcoup of Professor Michael
McGehee at Stanford University, and the prelimindeyice lifetime test was carried out
with a barrier film encapsulation. The devices psgovskite solar cells, which is an
inorganic/organic hybrid solar cell.

Perovskite solar cell is an emerging solar cellicewith much higher efficiency
(ca. 18%) than OPV devicé&®>23"] However, it also suffers environmental reliability
issues due to the instability of the perovskitévactayer, CHNH3Pbk, to moisturé?38l
In a dry argon environment, 500 h device stabhigye been reportétf’ but the devices
are unstable in atmospheric conditions, in paridyl under light illuminatior?®”
Therefore, the environmental stability of encapsaaperovskite solar cells should be
investigated that are packaged ALD barrier filmgic8 the process compatibility of
perovskite solar cells with vacuum deposition psses were not identified, indirect
encapsulation were used in preliminary testingackpge the devices.

For indirect encapsulation, barrier films are fahted on separate polymer
substrates. PECVD/ALD hybrid barrier films were dise this research. As a substrate
for the barrier film, 125 um thick polyethylene mdpalate (PEN, Q65HA, Dupont)
substrates were used. The PEN substrates camemeitction liners on both sides and
the top face was treated to create an ultra-smattace, which minimized the issue of
particle defects. Instead of the Oxford PECVD gysta Unaxis PECVD system was
used to fabricate SiNlayers because the films qualities of Unaxis PECHIRDSs were
proven better than Oxford PECVD with less defeEtgyre 7.2 (a)). The PEN substrates

with liners were precut using a laser (M-360, Unsa Laser Systems) into 14 mm x 50
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mm strips, and the precut PEN was mounted on & glgsporting substrate (50 mm x 75
mm) using Kapton tape as seéigure 7.2 (b) after peeling off the bottom liner.
Following the removal of the top liner, 250 nm t8iNx layer was deposited using the
Unaxis PECVD system at 110°C. The detail paraméterBECVD process are tabulated
in Table 7.1

Afterwards, ALD nanolaminate of ADs/HfOx layer was deposited using the
PEALD system (Fiji, Cambridge Nanotech) at 100°Gwe TALD nanolaminate layer
consists of 20 bilayers of 2 ADs cycles and 5 HfQcycles. The deposition parameters
for each material cycle are tabulatedTable 3.2 The prepared barrier films were then
transferred into a Nglove box (MBraun), and stored for at least 3 dioyyscomplete
drying. All of the procedures were carried out irglave box to avoid any moisture

exposure of barrier films and devices.

(@) (b)

Figure 7.2 (a) Unaxis PECVD system used to depositxSihns at low temperature,
110°C. (b) Hybrid (PECVD/PEALD) barrier films praga on PEN substrates with 50
mm X 75 mm a glass supporting substrate.
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Table 7.1Summary of PECVD deposition conditions for giilim fabrication.

Parameter Value
Temperature (°C) 110
Chamber pressure (mTorr) 900
RF power (W) 30
SiH. flow rate (sccm) 200
NHs flow rate (sccm) 14
He flow rate (sccm) 560
N, flow rate (sccm) 720

The fabricated barrier films were then applied @vides using transparent UV-
curable barrier tape (Tesa 61500, Tesa Tape, [hbg.adhesive tape is developed for
barrier encapsulation and can be laminated todmates with barrier films. As seen in
Figure 7.3 first, the adhesive tape was laminated on th@agrezl barrier strips after
removing a front transparent liner in a-flled glove box. Then, a metal back liner was
peeled off, and UV light was exposed on the adledisarrier strips for 45 s using the UV

flood system (ELC-4001, Electro-Lite), which inies slow curing of adhesive tapes.

Figure 7.3 Adhesive lamination procedures on barrier filmsmgs soft rubber roller.
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To encapsulate devices, the prepared adhesivebastrips were cut into
individual pieces along the precut lines using aorablade. Then, each strip was
laminated onto devices in the same manner usimadt aubber roller, and excessive parts
of the strip were cut using scissoEsgure 7.5 illustrates the overall processors of the

indirect encapsulation.

2( (' 5(5( + -7 75 +

2(C ("

Figure 7.4 Indirect encapsulation of devices using a sepdratger film. A barrier film
is prepared on a separate substrate and appliadgolar cell device.

The environmental reliability of devices was testsd periodically measuring
photovoltaic performance of the devices after thgposure to the environmental
conditions Figure 7.5. Current density—voltagel€\) characteristics were measured
inside a N-filled glove box by using a source meter (2400,itidey Instruments)
controlled by a LabVIEW program. To test the saelt properties under illumination, a
300 W xenon lamp (6258, Newport) with an air masg) 1.5 filter and an irradiance of
100 mW/cm was used as the light source. Th& measurement was carried out in
collaboration with the research group of ProfesBernard Kippelen at the Georgia

Institute of Technology.
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Figure 7.5 Photovoltaic lifetime test at controlled environmed conditions
60°C/90%RH. The measurements are repeated aft@siexpdevices to environmental
conditions.

Since the environmental stability of these cellsemeot studied yet, the test was
started in dark and mild conditions, 20°C/30%RHthe lab. Since the degradation of
perovskite cells is related to a photo-oxidatiomoess?®” the cells were moved to
ambient light near the windows of the lab, 25°C/%09% after 9 days. Th&-V curves of
the devices were measured periodically in the samaaner under the 1.5 AM light
conditions using a solar simulatdfigure 7.6 (a) shows the devices exposed to the
laboratory environment with ambient light, alfidure 7.6 (b) shows the photo images of
the devices before and after the test. The pertevékyer color was obviously changed
from dark purple to light yellow. In contrast, tleelor of the packaged area in the
perovskite cells remained purple for about a momtie color change suggests chemical
changes in the perovskite layer, and it may be mgsed by protecting the layer from
moisture.

Figure 7.7 plots the measured PCEs of the perovskite cellee PCEs of

perovskite cells with barrier films were more thld% for up to 36 days, whereas the

196



PCEs of cells without barrier flms decreased ttowe5% once they were exposed to
ambient light. In conclusion, the photo-stabilitfy merovskite solar cells to air and/or
moisture was greatly improved by the indirect escégtion of PECVD/ALD barrier
films. While this work has shown some promise amts of low temperature testing,
additional testing under full continuous illumirati by the McGehee group showed that
the cells degraded. It is not clear if this was tlua reaction with the adhesive tape since
the results are in contrast to what was shown amrdemperature and ambient
conditions. Thus, additional research is neededetermine the appropriate method to
integrate these barrier films with perovskitesatidition, the devices lifetime testing can

unveil new challenges in the packaging of suchabsi

(@) (b)- 7 6 -7 (O #

578 # 578 #

I+ 6((( 1+ 6(((

Figure 7.6 Environmental stability test of perovskite solall€ with and with barrier
films at room temperature conditions. (a) Devicested in the laboratory environments
and (b) photo images of the devices before and 3.

197



Figure 7.7 PCE vs. time of perovskite solar cells with (retd without (black) barrier
films tested in laboratory condition. The two pagéd cells (red) operated with the PCE
over 10% up to 35 days, where the two unpackaghsl (ckark) degraded rapidly when

they exposed to ambient light.
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