E R
FHRIE S A 2
4 H Y
R

IR P 1O SR PR T 52 T L F 1 -
T LR L ST P

The Investigation of Stress Behavior of Sputtered
Indium Tin Oxide (ITO) Thin Films on Various Substrates and
Substrate Effect on Optical Properties of

ITO Film

’ﬁff 2% 2 VuHong Hanh
RS RN AT A s

IEEN



PSR F5 il ITO B ﬁiﬁfﬁ U R T IRV BRI l E
[N I/’F‘J'LZI‘*

The Investigation of Stress Behavior of Sputtered Indium Tin Oxide (ITO) Thin Films on
Various Substrates and Substrate Effect on Optical Properties of ITO Film

N R S Student : Vu Hong Hanh
fﬁﬁi’” S ﬁ%ﬁ’% Advisor : Dr. Jihperng (Jim) Leu

T g
FrOop] B] 88w T R S
@‘Fﬁﬂ F];u?"

A Thesis
Submitted to Department of Materials Science and Engineering College of Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Master
In

Materials Science and Engineering
July 2011

Hsinchu, Taiwan, Republic of China

ERCEERE



IR L 1 TO AP A P I S 0 T IRIBLA E il ) 0 LRSSl 1 o
[N I/’PTLZID

Jg%
e

£opRTE ?ﬁﬁ?ﬁ&:ﬂ%ﬂ% ﬁij

RSN
FPRIR[SREE T FE o 2
fift :rm R

R

ITO(Indium Tin Oxide) 5! |yl =40 e L BRI 5! ffy I 1. A0
?{L?ﬂdf?‘i@“ [LawH ?‘i@%ﬁibwuﬂl}l o T 5 el BN ?‘&?ﬂ AR > LI E
(=R WE™ > Pz 2 APRITEE R VRS R 2 2 ) 2 & Efa%é?;’ljﬁl*[/ 58 - Rl
PR S T (1R~ AR T U (70 ] & S0 o B S - R
WEREEUS T jjﬂF AFHR(TO): F»%IH»;& VIR A R lﬁﬁ& PEREE T )Ry
= R E el o0 = LAY AV IR R e IR LAY =R ITO Y MIpu AV I= ke

I}HF AHE&E@%@F& sy ﬁjl;[gu& 1]H > ;@Elrg Ja i {_A{:_LEMTOE@E’{E‘I HE T
ST AR E S R T R [ S
O ITOR AR 7 [ﬁjﬁlﬁ_kjﬂ Mo i £ o RS T (R e EL R eré@ VE T‘“{% MY
E.'J@ Bl V3 -

iﬁ%dx} El#?«]‘,l‘@[%?“iﬂ%% EakE (DC Sputter Stystem) 13‘"7 ﬂgiﬁci F/(SI)
FONR T PR S T [ (PET) WRFkE (PI) TR ITORL #7 ) fﬁ"fﬁ B
(Bending Beam System)t 416l & ARl ™ j%éé]‘iﬁ Tee]o 5 8 o rERRH R o RN A
VHAITOR LA T [ﬁﬁlﬁﬁ%‘/ V’%}’% ’E‘L«‘Iﬁ‘%ﬁ‘é}i SRS R D
HELC R T BRIV B« YO PET 55 ﬁiﬁﬁﬁwo%&“* RN IR
59 SR FEATSIELAS -2 F R ] i B A1 80~330MPa - T | V] YRS S I
Tl 73 = BT S IR (AR 2% R TR e e A i R [i@ﬁ S i (RITOL
[ % S s RN RS I TORR A 50 S Famgny A By B b ) fif
71 HIFPET F£319.2MPa’s /7Pl -£375MPa -

FHERIR S A Tu%ﬁ%?ﬁ VG VEYE o HIRIREE =200°C > STl SIPI
FAPE T IRIFLES = % | 15”3& TR TRV ITOMRL > AN BT H ) SRR K] PHARTE (S



Jofil 2 RIS Elﬁ}ﬁﬁ?& B FTRR SRR S PR B Bl RS R ST R [ ff A
*[/Elif%: °

e @T,r«wr}moqy@}#j [FIRLAT i i SO BRI 5 8 1 S R B
19| (band gap) %&#ﬁlﬁiﬁ%’f’ﬂﬁ’?‘f V] SR SN SRRV Y2 o F[HUV-VISK
7 o BRI N B ITORR 4 = 781 [l L (glass, PET W PI)TA? it fLA i [ 4577
Fr £ 5E90% = [Ny it band gap £ SR ITO A o5~ FUAF R ET ol fpiee e =
[/@ B o B [l 53 LA T ITO/PET ! VRS ol &8 ik RV 3=

e ELF@F“ ] }E{J‘f PR RREERY A [ [%Ef[/ﬁé‘liﬁ



The Investigation of Stress Behavior of Thin Sputtered Indium Tin Oxide (ITO) Films

on Various Substrates and Substrate Effects on Optical Properties of ITO Film

Student: Vu Hong Hanh Advisor: Dr. Jihperng (Jim) Leu

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

Indium tin oxide (ITO) is a common transparent conductive layer in optoelectronic

devices because of its high electrical conductivity and transparent in visible wavelength.

Recently, with the development of flexible optoelectronic devices, polymer material is widely

employed as the substrate in these devices due to its potential advantages of high flexibility,

low cost, and light weight. However, once ITO film is formed onto polymer substrate, there is

a significant stress induced in the ITO film because of polymer’s high coefficient thermal of

expansion (CTE). A large film stress may result in poor durability, low conductivity, or low

transparency. Thus, understanding the ITO film stress behavior onto various substrates is

highly needed for its applications and reliability in flexible devices.

In this study, the DC sputtered ITO film stress as a function of deposition temperature

was investigated under multiple thermal cycling by using a bending beam technique. On

various substrates such as Si, polyethylene terephthalate (PET) and ODPA-BAPP polyimide



(P1), the room temperature formed ITO films exhibit a tensile stress. It was found that the film

stress level strongly depends on the Young’s modulus of substrate. ITO stress achieves the

lowest level as the film was deposited on PET. ITO film on Si has highest stress in the range

of 80 — 330 MPa. The difference in stress level of ITO on various substrates is due to the fact

that polymer substrate with lower Young’s modulus can plastically deform under ITO film

stress, resulting in stress reduction of the ITO film. The critical stresses for cracking of ITO

on polymer substrates were obtained as well, 19.2 MPa for ITO/PET and 75 MPa for ITO/PI,

respectively.

Different from the ITO films deposited at room temperature, ITO films deposited at 200

QC on Si and PI are under less tensile stresses. The compressive tendency of film stress with

increase in the deposition temperature can be attributed to a stronger ion peening effect and an

improvement of film crystallinity.

Beside the study of film stress behavior, transmittance and optical band gap of ITO film

on glass, PET and PI substrates were investigated in order to understand any substrate effect

on these importance characteristics of ITO film. An UV-visible spectrophotometer system

was used to examine the transmittance of ITO film. The results show that ITO films on glass,

PET and PI have similar transmittance nearly 90 % in the visible light region. However, the

film optical band gap tends to narrow when coating on polymer substrates. Moreover, ITO on

PET has larger optical band gap than ITO on PI presumably due to the less tensile stress of

v



film on PET substrate.
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Chapter 1 Introduction

1.1 Background

Indium tin oxide (ITO), an n-type semiconductor material, is widely used as a
transparent conductive layer in photovoltaic devices[1-3], and an electrode for displays[4-7]
owing to its superior optical and electrical properties of high transmittance in the visible light
region and low resistivity. In these devices, ITO film is commonly deposited on glass
substrate [8-10] because of its high transparency and low cost. However, glass is brittle, heavy
and rigid, making it not suitable for certain applications, where flexibility, light weight, and
toughness are required. To solve this issue, polymers with the advantages of low cost, light
weight, and excellent bendability have been recently used as a replacement for glass [11-14].
Among various candidate materials of polymer substrates, polyethylene terephthalate (PET)
and polyethylene naphthalate (PEN) are commonly used for flexible device because they are
easily fabricated and cheap. However, their glass transition temperatures (Tg) are relatively
low, 74.5 °C for PET and 150 °C for PEN[15, 16]. Hence, on these substrates, ITO can be
only deposited and/ or treated at temperature below the Ty of substrates. Low temperature
deposited ITO film generally has high resistance and poor transparency, which are two

important performance factors for optoelectronic devices applications. Nowadays, polyimide



(P1) with high T4 (= 200 °C) [17] is attracting researchers’ attentions and becomes a good
substitute for PET and PEN.

As ITO films are deposited on substrates, the film stress is generated due to the
materials mismatch between the film and the substrate [18]. Generally, film stress is built up
by two components; namely intrinsic stress and thermal stress [19, 20]. Intrinsic stress is
caused from the mismatch in microstructure between film and substrate during the film
deposition. Thermal stress is formed due to the difference in CTE between the film and the
substrate [21]. Film stress is categorized into two types: (1) compressive stress causes convex
film; (2) tensile stress results in concave film. Once the film stress reaches a threshold stress
value, it may cause film cracking (if tensile stress) or buckling (if compressive stress) as
shown in Figures 1.1 and 1.2, respectively [22, 23]. In the cracked film, the carrier mobility is
sufficiently reduced, leading to a high resistivity film. If buckling is formed, the film
becomes less transparent due to more scattered photons. To fabricate devices of high quality,
the optimization of stacked film stress is highly desirable. Therefore, it is important to
understand the stress behavior of ITO on various substrates under thermal cycling, similar to
the thermal process post ITO film deposition in the fabrication of devices. It is also of
interests to understand the integrity of stacked films and methodology for retaining the film
quality. Thus, the objectives of this thesis can be summarized below:

(1) To study the dependence of ITO film stress on various substrates (Si, PET and PI).



(2) To study the effect of deposition temperature on ITO stress on various substrates (Si,
PET, and PI).

(3) To investigate the critical stress values for inducing damages of ITO films on polymer
substrates (PET and PI).

(4) To study the effect of substrate on the optical properties of ITO film.

In specific, a bending beam technique is used on this thesis to measure the stress of DC
sputtered 1TO films for studying the behavior of film stress on various substrate, such as Si,
PET and ODPA-BAPP polyimide (PI). Among these substrates, PET and Pl films are
intended for flexible devices, while Si is only used for the stress measurement because of its
high reflectivity as required by the bending beam stress measurement. ITO films on PET were
only formed at room temperature due to PET’s low glass transition, Tq ~ 75 <C. In contrast,
ITO films were deposited on Si and ODPA-BAPP polyimide (T4 at 230 <C) at both room
temperature and 200 C to study the dependence of ITO and ITO/polymer film stress on
deposition temperature. The glass transition of polymers restricts the highest temperature
condition in the stress measurement. Therefore, the stress of ITO on Si and ITO/PI on Si are
examined with thermal cycles from 30 C to 200 €C. However, the stress measurement of
ITO/PET on Si is only carried out from room temperature to 70 <. In this study, the optical
properties of ITO are tested by UV-visible spectrophotometer system for examining the effect

of substrate on these properties as well.



Figure 1. 1 Morphology of a cracked ITO filmon PET

Figure 1. 2 Morphology of a buckled ITO/PET layered structure



1.2 Thesis outline

Toward the understanding of ITO film stress behavior and its effect on film properties,

this thesis is organized into five chapters.

(1) Chapter 1 is a brief introduction about this thesis.

(2) Chapter 2 presents the review of the general theory of ITO film, such as film stress,

and optical properties.

(3) Chapter 3 details the sample preparation and introduces the instruments which are

used for measurements in this thesis.

(4) Chapter 4 describes the stress measurement results and the substrate-dependence of

ITO film optical properties.

(5) Chapter 5 summarizes the results and makes a conclusion for the thesis.



Chapter 2 Literature review

2.1 General theory of film stress

Residual stress in coated film is an inevitable occurrence because the differences in
mechanical and thermal properties exist between the film and the substrate [24]. Generally,
film stress is built up from two components as described in Eq. (2.1) [19, 27]

6, = G, + Oy, (2.1)
where oj, is the intrinsic stress and oy, is the thermal stress. The stress value may be negative
or positive. The negative stress value means the film is under a compressive stress or the
substrate is convex. Oppositely, the film is under a tensile stress or the substrate is concave if
the stress value is positive. An example of a film/substrate system with tensile or compressive

film is shown in Figure 2.1



Figure 2. 1 The films are under tensile and/ or compressive stress [28]



2.2.1 Intrinsic stress

Intrinsic film stress is introduced and built up in the film during the deposition due to

the mismatch in microstructure between film and substrate. The stress is tensile or

compressive depending on the film deposition conditions such as deposition method, substrate

temperature, working pressure, gas type, and gas ratio, etc. For example, the stress of a

sputtered ITO film is generally compressive stress, however, it tends to tensile stress when

increasing working pressure[29, 30]. Chen et al.[31] reported that the stress of ITO film

formed by vapor chemical deposition also changes from compressive to tensile stress with

increasing substrate temperature. The generation mechanism of intrinsic stress might be

affected by three main effects: atomic peening effect, recrystallization effect, and island

coalescence effect.

(1) Atomic peening effect

In sputtered film, the compressive intrinsic stress is generally produced by the atomic

peening effect. This is attributed to the lattice distortion produced by bombardment of the

growth film by the energetic sputtered and reflected gas atoms. Since a higher gas pressure

favors more atomic collision, the initially high energy of sputtered and reflected atoms is

dissipated and the stress is thus reduced. The stress eventually becomes tensile when the film

microstructure changes at the high sputtering gas pressure [29, 32].

In 1987, Windischmann [33] developed a model of intrinsic stress for polycrystalline



sputtered film. According to this model, the compressive intrinsic stress in film is produced
by an energetic deposition process. The stress is proportional to the product of the flux of
energetic grains and the square root of the particle energy as given by Eq. (2. 2).

oin = 1.91kj E,'*Q/N, (2.2)
Where j is atomic flux, E, is the projectile energy, Q is the elastic energy per mole, and Ny is
the Avogadro’s number. It is clear that stress increases with increasing particle energy.
(2) Recrystallization effect

The recystallization effect is one of the mechanisms accounted for the large tensile

intrinsic stress in thin film [28]. Klockholm and Berry [34] reported a model that the stress
arises from annealing and shrinkage of disordered material buried below the advancing
surface of the growing film. The magnitude of the stress indicates the amount of the disorder
present on the surface layer before it is covered by successive condensing layers. If the film is
assumed to grow at a steady-state rate of G monolayers/s, the atoms will roughly remain on
the surface for a time 1/G. In this time interval, thermally activated atom movements promote
recrystallization on the film surface. The rate of this process (r) is described by Eq. (2. 3)

r = vgexp —(Er/RTg) (2.3)
Where v  is a vibration frequency factor, Er is appropriate activation energy, and Ts is the
substrate temperature. Basically, high growth stress corresponds to the condition, G > r, and

low stress to the reverse case.



(3) Island coalescence

The generation of intrinsic stress in film growth by Volmer-Weber model can be
explained based on the island coalescence mechanism, developed by Hoffman [21]. In
Volmer-Weber film growth model, the islands enlarge during the film deposition. As two
neighbor islands grow, they become close enough for adjacent surfaces to experience a force
of attraction and snap together. The interatomic forces cause a constrained relaxation of the
top layer of each surface when the grain boundary forms. As a result, a stress can be described

by Eq. (2.4)

_ _EfAp
(-l

(2.4)
Where, Iy is the average grain size, A is the constrained relaxation length, Ef is Young’s
modulus, v is the Poisson ratio, and p is the packing density of the film. The coalescence
process gives rise to tensile stress driven by the reduction in interfacial/surface energies, as
described by Eq. (2. 5)

Ay =y = 2vg (2.9)
where vy, is the free energy of the newly formed grain boundary, and vys is the free energy of
the solid/vapor surface prior to coalescence. It is noted that Ay must be negative for
coalescence to be thermodynamically viable [21]. Taking Ay instead of A and assuming p = 1

in Eq. (2. 4), the maximum film stress is then expressed as

1/2
_ —2EAy
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2.1.2 Thermal stress

The thermal stress of thin film is caused from the thermal mismatch between the film

and the substrate. This stress component is clearly described as a function of temperature in

the Eq. (2. 7) [35]

0 = Jp 722 (0 = o(T)dT (2.7)
Where E«(T), a¢(T) and v f are Young’s modulus, coefficient of thermal expansion (CTE), and
passion ratio of the film, respectively. as is the CTE of the substrate. The term of E«(T)/ (1 -
v ¢) is called the biaxial modulus of the film. Carcia et al. [32] reported that the biaxial
modulus of ITO is taken equal to 180 GPa. The CTE value of ITO film ranges from 6 ppm/
C to 10 ppm/ <« [32, 36, 37]. T, and T, are the absolute temperatures. Usually, T; is the
absolute temperatures of film deposition and T, is the absolute temperature, at which the

stress is measured. Therefore, the thermal stress of thin film equals zero at the deposited

temperature.

11



2.2 Optical properties of ITO films

The wavelength dependence of transmittance and absorption can be used to estimate the

optical band gap of materials by Eq. (2. 8)[38]

a o (hv — Ey)'/2 (2. 8)
Where o is the absorption coefficient, Eg is the optical band gap, and hv is the photon energy.
According Eq. (2. 8), the intercept on the hv axis from an extrapolation of the linear region on
the plot of a® vs. hv gives the energy band gap of films [39-41].

ITO is a direct optical band gap material with the band gap generally greater than 3.75
eV, although a range of values from 3.5 to 4.06 eV have also been reported in the literature
[42, 43]. The shift in optical band gap can be explained by two following mechanisms:

(1) For the films with moderate carrier concentration, the optical energy band gap
increases with increasing carrier concentration, i.e. Burstein-Moss (BM) shift, as expressed in

Eq. (2. 9)[44]

+ 7.[2}.12 (3_N)2/3

gi 2m* vC

E,=E (2.9)

g n

Where Eg; is the intrinsic energy gap and m vc is the reduced effective mass, given by Eq.

(2.10) as reported by Kim et al.[39]

L= L4 (2. 10)

* *

m'yc m'y m'c

Where m'c and m’y are effective masses of carriers on conduction and valence bands,

respectively. The BM shift increases when low energy levels in the conduction band are filled

12



up.

(2) For ITO films with significantly high carrier concentration, the phenomenon of band
gap narrowing is attributed to the electron-electron and electron-impurity scatterings [45]. The
self energies hX due to these scatterings are counted into the optical band gap shown in Eq.

(2.11)

n2h? (3N

T

2/3
E, = Eg + )+ (2. 11)

Zm*vc
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2.3 Effects of the stress on film properties

It is well known that film stress, which is induced as a film is coated on a substrate due
to the material properties mismatch, is an inevitable occurrence. Many researchers have
studied the stress effects on film properties for years. Their results show that large film stress
could lead to film cracking and discohesion in tension, whereas buckling and delamination in
compression [46-50]. These phenomena cause a high electrical resistance and a low optical
transparency in the coating films [51-53].

Moon et al. [52] reported the cracking phenomenon occurs in lithium manganese oxide
thin films as a tensile stress of 1000 MPa. That micro-crack caused a harmful effect on the
electrical contact between the substrate and the particle. Similar result was also reported by
Sujatha et al.[53]. Cairns et al. [54] have studied the mechanical behavior of ITO film on PET.
The results show that cracking occurs in the film as the uniaxial strain exceeds the critical
value, causing a significantly electrical resistance increase in the ITO film. The correlation

between number of film cracks and resistance increase AR was also described by Eqg. (2.12)

2Lo(1=8) T (g—g.)2
AR — pD Lo(l 8)\?1:1(8 801) (212)

where ¢ is the instantaneous strain, &g iS the strain at which the i crack forms, D is the length
scale, m is the number of cracks at strain g, Ly is the initial gauge length, and V is the volume
of the ITO with each crack. Similarly, Heo et al.[55] found that the resistance of ITO film on

poly(ether sulfones) (PES) increased with increasing bending cycles. In other words, the
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resistance of ITO film increased with increasing film stress.

Caircia et al.[29] have studied the stress-working pressure dependence of ITO film
deposited on the polyester substrate. It was found that the film stress changed from
compressive to tensile stress with increasing working pressure. At working pressure of 12
mTorr, ITO film with a near zero stress value yielded the lowest resistivity of 3.2 x 10 Q cm
and highest optical transmission above 80% for wavelength greater than 450 nm. Ng et al.[56]
revealed that the carrier mobility increased (decreaseds) as the film was under tensile
(compressive). The optical absorption spectra were also found to shift with film stress.
Moreover, Lappalainen et al. [51] found that a strong residual compressive stress in the
PNZT films on MgO substrates caused ~3% reduction of the unit cell volume and,
subsequently reduction in atomic separation with decreasing film thickness. This caused the
absorption edge shift to higher photon energies [51]. This result is in good agreement with the
report of Chu et al. [57]. They found that the film stress caused the valence band warps,

resulting in the band gap change.
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Chapter 3 Experimental

3.1 Sample preparation
3.1.1 Substrate preparation
(1) Si substrate
In this thesis, double-side polished Si (100) wafers (6 in. in diameter) are used for two
purposes:

(1) Si plays a role of a wafer for PET and PI substrates. Initially, a 6 in wafer was cut
into a square shape with the size of 5x5 cm?, which was subsequently spin-coated
polymer as substrate. Then, the wafer with polymer substrate was cut into 5x1 cm?
strips before the deposition of ITO film.

(i) Si is also employed as a substrate for ITO stress measurement. For this purpose,
the Si wafer was cut into 5x1 cm? strips, and cleaned by acetone and alcohol. The
curvature of the Si substrate was first obtained by a bending beam measurement

before the deposition of ITO film.

(2) PET substrate
Firstly, the polyethylene terephthalate (PET) grains, which is produced by Nan Yan

Plastic Corporation, were dissolved into the trifluoroacetic acid (TFA) solvent (purity: 99%;
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A Johnson Matthey Company) with a weight ratio of 1: 14. Then, the solution was stirred for
2 days at room temperature in order to dissolve PET grains completely. Afterwards, a 3 um
thick PET film was prepared by spin-coating the PET solution onto the Si wafers (5x5 cm?)
and drying out the TFA solvent in an vacuum oven for 2 hours at 85 C. Finally, the PET/SI
sample (5x5 cm?) was cut to 5 pieces of 5x1 cm? strip samples.

The chemical structures of PET and TFA are schematically illustrated in Figure 3.1 and
3.2, respectively.

(3) ODPA-BAPP polyimide substrate[58]

The polyimide was synthesized from 4,4'-oxydiphthalic anhydride (ODPA) and
2,2'-bis[4-(4-aminophenoxy)phenyl]propane (BAPP) developed by Mr. Shao-Nung Huang
[58]. The ODPA and BAPP are produced by Sigma Aldrich Co. and Tokyo Chemicals
Industry Co., respectively. The N,N-Dimethyl-acetamide (DMACc) (99.5% purity) was used as
a solvent. The chemical structurse of dianhydride and diamine starting monomers, and DMACc

solvent are schematically shown in Figure 3.3, 3.4, and 3.5, respectively.

In this synthesis, the BAPP powder was first added into the DMACc solvent, and then
stirred at room temperature. When the BAPP was dissolved completely in DMAc, the ODPA
powder was added into the BAPP solution, and stirred for 2 days to dissolve ODPA and

obtain a uniform poly (amic acid) solution with high viscosity. Then, the solution was spun
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onto a 5x5 cm® Si wafer. The film was subsequently heated in an oven from room
temperature to 250 9 with a quite complicated heating process as illustrated in Figure 3.6 to
form a polyimide film with thickness ~ 3 um. The chemical structure of ODPA-BAPP
polyimide is shown in Figure 3.7.

For stress measurement, the 5x5 cm? PI/Si sample was cut into 5x1 cm? strips before
depositing ITO film.
(4) Substrate preparation for Hall Effect and UV-visible measurements

Polymers, such as PET and PI, with a thickness of 3 um were spun on 1x1 cm? glass

plate for Hall Effect and UV-visible measurements.
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Figure 3. 5 Chemical structure of DMAC solvent
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3.1.2 Indium tin oxide layer deposition

Indium tin oxide (ITO) thin films were deposited at room temperature (RT) and 200 C
by a magnetron sputtering system in Paragon Technology Corporation. 1TO target (58 cm x
15 cm) is composed of In,O3; with 10 wt % SnO,. The ITO deposition parameters optimized
for high conductivity and transmittance are detailed in Table 3.1. The deposition of ITO film
was carried out at 1000 W power and 2.74 mTorr working pressure. The gas ambient is
oxygen and argon mixture with a ratio of 0.33. The list of samples under different deposition

temperature and substrates is summarized in Table 3.2.

Table 3. 1 Condition of ITO film deposition

Target material ITO (In,O3 : SNO, =90.0 : 10.0 Wt%)
Working pressure (mTorr) 2.74
Power (W) 1000
Ar flow rate (sccm) 300
02 flow rate (sccm) 5
Thickness (nm) 140
Deposited temperature (°C) RT, 200°C

Table 3. 2 The deposition temperature and substrates for ITO/substrate samples

ITO deposition temperature Substrates
RT Si, PET/SI, PI/Si, PET/glass, Pl/glass, glass
200 «C Si, PI/Si, Pl/glass, glass
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3.2 Experimental procedures

Figure 3.8 shows the flow chart of experimental procedures. The stress behavior of
either polymers substrates or ITO films was measured by a home-built bending beam system.
A spectrophotometer was used to measure the UV-visible (UV/Vis) spectra of the ITO films.
The electrical properties of ITO films were also investigated by using Hall Effect
measurement in this thesis. The morphology of ITO film was studied by a scanning electron
microscope (SEM) to obtain the film morphology. The film structure was characterized by
using X-ray diffraction (Siemens Diffractometer D8000, Cu Ka, A=1.5405A). The details of

these analytic instrumentations will be further described in the latter section.
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Figure 3. 8 Flow chart of experiment procedures
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3.3 Instrumentation
3.3.1 Bending beam system

The stresses of the thin films as a function of temperature were obtained by measuring
the radius of curvature of the films on silicon strips using a home-built bending beam system.
The measurement bases on the change of the laser light reflection on the sample surface when
sample bends due to the stress induced in the coated film. Figure 3.9 details the stress
measurement principle. A laser beam from the He-Ne laser source was split into two beams
by the beam spitting cube and mirror system before reaching the surface of sample, which is
placed inside the vacuum chamber. The sample is required to be mirror-like in order to reflect
the two laser beams as they arrive on the sample surface. A double-side polished wafer can
serve as a good reflector for this purpose. In the measurement, the sample is heated inside a
Cu heating chamber. The directions of two reflected laser beams changed with the change of
temperature due to the sample bending. A position sensor system is used to detect the
reflected laser beams position. The optical signal is amplified by an amplifier, and then
changed into the analog signal, and finally transferred to a computer through data acquisition
interface card (national Instruments) and Labview program. Through the integration of
computer, data acquisition, and software, the measurement system can record the bending
curvature of sample from the distance between two reflected laser spots as a function of

thermal cycling as described latter. The stress of a thin coated film based on Stoney’s Eq.[59]
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can be expressed as Eq. (3.1)

E; t,2

6= m——mm[ﬁ_ﬂ (3.1)

Where, Es is the Young’s modulus of the substrate. u s is the Poisson ratio of the substrate, ts
and t; are the thickness of the substrate and the film, respectively. R is the radius of curvature
of the film on the substrate and R, is the radius of curvature of the bare substrate after the thin
film is removed. The term of (1/R — 1/Ry) is so-called the bending curvature of a sample. The
Eq. (3.1) assumes that both film and substrate are isotropic and film is much thinner than
substrate (tf < 0.06 t5)[59].

Figure 3.10 illustrates the principle for obtaining the bending curvature of a sample in
the bending beam system. It is considered the sample before bending as a line along the x axis,
and y axis is normal to the x axis. Under the lab coordinate, the deflection of the sample
during the bending is a function of x: y = f(x). When the dy/dx is small, then the sample

bending curvature is related to the second derivative [60]

1 1
RTR T o (3.2)
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In Figure 3.10, AO is the incident laser beam. ON and ON’ are normal to the sample

surface before and during thermal loading. TO is the tangent line of the curve at the laser

incident point and OB and OC are reflected beams from the sample before and during thermal

loading. From the geometry, it is clear that:

y=2B—2a (33)
0=pB—a (3.4)

Thus
0 =1y (3.5)

(—) _ =tanf = =%yz— (3.6)

Where L is the optical path and &x is the displacement of the reflected laser spot on a photon
position-sensitive detector during thermal loading. By using two laser beams and two
detectors, dy/dx can be measured at two different points, x; and x,. When D = xp- X3 isS
relatively small compared with the radius of curvature of the line, the second derivative can

be calculated by Eq. (3.7)

dy dy
2. dx| dx _
dy 5 T n (3.7)
dx’ Xy3— Xy

Combining Eq.s (3.6) and (3.7), the bending curvature is expressed as below:
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Rg dx2 2DL 2DL

1
= (3.8)
Where S is the distance between two laser spots on position sensor as the substrate is with

film, Sy is the distance between two laser spots on position sensor as the substrate without

film (See Figure 3.11).

Figure 3. 11 Spatial relationship among parameters in Eq. (3.8)
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In the present work, for the samples ITO/SI, the distances So were measured before the
ITO film deposition. Then, the distances S were obtained after coating ITO on substrate.
However, for cases of polymer substrates, the So were also determined with Si wafer. The
stress sample size is only (5 cm x 1cm) however the spin-coating of the polymers requires a
square wafer. Therefore, the distances S were first determined after depositing ITO film on
polymer (Pl or PET)/Si substrate. Then, the film and polymer (Pl or PET) were taken out the
Si wafer. Subsequently, the Sp were verified. The distance between two incident laser beams,

D, equals to 4 cm. The optical path, L, is 2 m long.

3.3.2 Scanning electron microscope

The morphology of ITO film was examined by a scanning electron microscope (SEM)
HITACHI — S2500 JSM - 6700.

SEM is a type of electron microscope that uses the high energy beam to image the
sample surface. The electron react with atoms in sample surface and products the information
of surface sample topography[61]. In a typical SEM shown in Figure 3.12, an electron beam
is thermionically emitted from an electron gun fitted with a tungsten filament cathode[62].
The electron beam, which typically has an energy ranging from 0.5 KeV to 40 KeV, is
focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The beam
passes through pairs of scanning coils or pairs of deflector plates in the electron column,

typically in the final lens, which deflect the beam in the x and y axes so that it scans in
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a raster fashion over a rectangular area of the sample surface.
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Figure 3. 12 Schematic diagram of an SEM
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3.3.3 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive tool for analyzing material properties such
as crystallinity, the phase identification, and orientation.

XRD was utilized to analyze the crystallinity in this study. The samples were scanned
from 20 degree to 60 degree by Siemens Diffractometer D8000 with small angle ~ 3 degree
and step size ~ 0.02 degree. The Xray source is used in the system is Cu Ka (A=1.5405A).
During scanning period, X-ray beam of wavelength A was irradiated to the sample at an angle
0, and the diffracted intensity at an angle 20 was recorded by a detector as illustrated in Figure

3.13.

Figure 3. 13 Definition of the angle of incidence and diffraction in an XRD experiment
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3.3.4 Hall Effect measurement

Hall Effect refers to potential difference (Hall voltage) on opposite sides of a thin sheet

of conduction or semiconducting materials through, which an electric current of flowing,

created by a magnetic field applied perpendicular to the Hall element.

From the Hall Effect measurements, the following electrical properties of material can

be obtained

(1) The sheet resistance, from which the resistivity can be determined for a sample with a

given thickness.

(2) The sheet carrier density of the majority carrier (the number of majority carriers per

unit volume). The density of semiconductor (doping level) can be found for a sample

with a given thickness.

(3) The mobility of the majority carrier.

(4) The doping type of material.

Taking measurements

(1) Current Iag is a positive DC current measured in amperes

e o°
o oD
Q) Injected into contact A
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(i) Take out of contact B

(2) Voltage Vpc is DC voltage (V)

Measure between contacts C and D with no externally applied magnetic filed

(3) Sheet resistance Rs is measured in Ohms (Q) by applied the Ohm’s law shown in Eq.

(3.9)

Ragcp = Vep !/ las (3.9)
Taking several reciprocal measurements and averaging to get more precise results.
In this study, the carrier concentration of ITO on PET and ITO on Pl samples were
obtained by employing a Van der Pauw technique Bio-Rad Micro-science HL 5500 PC. The

voltage between contacts C and D, V¢p, was 20 mV.

3.3.5 UV-visible spectrophotometer system

An analytical technique for the measurement of wavelength-dependent attenuation of
ultraviolet, visible and near-infrared light and used in the detection, identification and
quantification of atomic and molecular species. A UV/VIS spectrophotometry V670 (JASCO
Corporation) was used to determine the absorption or transmission of UV/VIS light (180 to
900 nm) by a sample. It could also be used to measure concentrations of absorbing materials
based on developed calibration curves of the material. Ultraviolet-visible (UV-vis) spectra of
the polymer films were recorded on a HP G1103A spectrophotometer.
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Chapter 4 Results and discussion

4.1 Thermo-mechanical parameters of ITO film and substrates

The thermo-mechanical parameters of ITO films and substrates were listed in Table 4.1.
The coefficient of thermal expansion of ITO films of thickness ~ 140 nm is about 8-11
ppm/C[63]. The Young’s modulus and Poisson ratio of ITO film are 200 GPa and 0.35,
respectively [63]. It is revealed that among Si, PET and ODPA-BAPP polyimide substrates,
Si is the most rigid substrate with the Young’s modulus of 131 GPa[25]. The Young’s
modulus of PET substrate is 3.5 GPa[63], compared to that of polyimide, 5.6 GPa, which was
tested by nanoidentation technique (MTS Nano Indentor XP)[64]. This indicates the PET is
softer than Si and polyimide. The CTE of Si, PET and ODPA-BAPP polyimide are 2.61
ppm/C[25], 50 ppm/C[64] and 40 ppm/C[64], respectively, and their Poisson ratios are
0.278[25], 0.44[63] and 0.34[65]. Table 4.1 also shows the glass transition temperature (Ty)
values of PET and ODPA-BAPP polyimide. Ty of PET is very low, 70-80 <C, compared with

230 <C[58] of P! film.
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Table 4. 1 Thermo-mechanical properties of ITO film and various substrates

Materials Thickness CTE Modulus Poisson ratio | Tg4 (°C)
(m) (ppm/® C) (GPa)
Si[25] 525 2.61 131 0.278 -
PET 35 50[64] 3.5[63] 0.44[63] 70-80
PI 3.5 40[64] 5.6 0.34[65] 230
ITO[63] 0.14 8-11 200 0.35 -

36




4.2 Stress behavior of ITO film deposited on Si substrate

This section describes the stress behavior of ITO films deposited at both room
temperature and 200 € on Si substrate. The ITO film thickness is 140 nm. The film stress
was measured in 2-3 thermal cycles within 30 — 200 < in 45 Torr nitrogen ambient. The

samples were heated with a rate of 2 €C/min up to 200 €C, and then naturally cooled.

4.2.1 Stress of ITO film deposited at room temperature on Si substrate

Stress behavior of room — temperature deposited ITO film was first investigated. From
Figure 4.1, it is observed that indium tin oxide film on silicon substrate exhibits a tensile
stress in a range of 80-330 MPa. The stress-temperature curve starts with the initial stress
value of 185 MPa. The stress of thin film includes two components, intrinsic stress and
thermal stress. The intrinsic stress is generated from the materials mismatch between film and
substrate during the film deposition. The thermal stress, which is a function of temperature
given by Eq. (4.1), is caused by the difference in thermal expansion between the film and the
substrate. Since the indium tin oxide film has higher coefficient of thermal expansion than Si
substrate, the film thermal stress becomes compressive with increasing temperature.
Therefore, the film residual stress decreases during the heating process.

o = 7 (0 = o) (T = To) (4.1)
Where, Et, o5, and v ¢ are Young’s modulus, coefficient of thermal expansion (CTE), and

possion ratio of the film, respectively. as iS the CTE of the substrate. T is the temperature, at
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which the film stress is recorded. Ty is the deposition temperature.

The stresses at room temperature of ITO film after the first and the second thermal

cycles are 310 MPa and 330 MPa, respectively. It means that the film stress is relieved

cycle-by-cycle (-125 MPa in the first cycle and -20 MPa in the second cycle). This result

indicates the film structure is getting stable after thermal cycles. The stress of ITO film at

room temperature after two thermal cycles is 330 MPa. The total relief stress of the film after

two thermal cycles is — 250 MPa.

It is noted that the stress-temperature curve of ITO film on Si is non-linear indicating

the film residual stress is not only thermal in origin. The non-linear of stress-temperature

curve may result from the film volume shrinkage due to the increase of film particle size

during the heating process. As seen from the SEM images in Figure 4.2, the particle size of

ITO film increased from 16.5 nm to 19.6 nm after the first cycle, then its size grew up to 20.9

nm when the curing process finished. Therefore, the film tends to shrink but it is stuck well on

substrate resulting in the increase of film intrinsic stress after thermal heating.

Figure 4.1 shows that the stress-temperature curve of ITO film starts from a positive

stress value revealing the film initial stress is tensile. Generally, the film initial stress comes

from two factors, intrinsic stress and thermal stress [19, 23, 66, 67]. The thermal stress results

from the thermal expansion difference between the film and substrate when sample

temperature differs from deposited temperature as expressed in Eq. 4.1. In this case, the ITO
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films were formed at room temperature. Thus, the film thermal stress can be ignored at room
temperature. Thus, the intrinsic stress of the ITO film should be equal to the film initial stress,
which is tensile as seen in Figure 4.1. It is well known that the intrinsic stress of a sputtered
film is commonly compressive due to the atomic peening effect [29]. However, the intrinsic
stress of this ITO film may also be attributed to a tensile stress component. The generation of
this stress component is still not clearly understood.

The surface morphology of ITO film was tested before and after stress measurement by
an optical microscope (OM). Figure 4.3 shows that the surface of the film after thermal
cycling is the same as the as-deposited film. That reveals the stress measurement within 30 —

200 <C does not cause any damage on the film.
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Figure 4. 1 Stress of room — temperature deposited 1TO film on Si substrate
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SEI 15.0kV X220,000 100nm WD 9.8mm SEI 15.0kV X220,000 100nm WD 9.8mm

NCTU SE 50kV X220,000 100nm WD 99mm

Figure 4. 2 The SEM top-view images of ITO films (a) as-deposited, (b) after the 1st
thermal cycle, and (c) after the 2nd thermal cycle

Figure 4. 3 The morphology of (a) as-deposited ITO film and (b) post-deposited ITO film

41



4.2.2 Stress of ITO film deposited at 200 <C on Si substrate

The indium tin oxide films, which are deposited at low temperature (room temperature),
are usually amorphous and poor in electrical and optical properties [68, 69]. There are some
methods to improve these ITO properties, such as increasing deposition temperature,
annealing or other treatments after the deposition [68-71]. Here, the ITO films were deposited
at high temperature, 200 <C. The stress measurement was carried out with three thermal
cycles from room temperature to 200 <C. The result is shown in Figure 4.4.

It is observed that the residual stress of ITO film is in range of -100-200 MPa. The film
initial stress is tensile with value of 75 MPa. When the temperature is increased, the residual
stress decreases and tends to more compressive. This reveals the stress curve slope is negative,
ie. [E/(1—1p](as—ap) < 0. Thus, it can be predicted that coefficient of thermal
expansion of ITO film deposited at 200<C is still higher than that of silicon.

In the first thermal cycling, the ITO film residual stress decreases with increasing
temperature. It reaches the zero-stress point at 100C, then the stress continues developing in
the compressive side. The film stress curve achieves a value of -100 MPa at the end of the
first heating process. This stress value is thought to be film intrinsic stress because the film
was deposited at 200 <C, which equals to the sample temperature at the end of the heating
processes [19]. Compared to the stress behavior of the room temperature deposited I1TO film

(Table 4.2), stress values of 200 <C deposited film are about 100 MPa lower. Specifically, the
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intrinsic stress of the high temperature sputtered ITO film is compressive (i.e. negative value,
- 100MPa). The compressive tendency of ITO film stress with increasing deposition
temperature can be explained by two reasons. The first reason is the increase of particle
penning effect, which is caused from the particle bombardment on the growing film surface.
The intrinsic stress of a sputtered film depends on the particle energy as mentioned in Chapter
2 and described in Eq. (4.2)[33]
oy = 1.91kj E,'*Q/N, (4.2)

Where j is atomic flux, E, is the grains energy, Q is the elastic energy per mole, and Ny is the
Avogadro’s number. The grains energy is contributed to the total particle thermal energy,
which is proportional to the absolute temperature (See Eq. 4.3).

Eq = N3 kT (4.3)
Where Ey, is the total thermal energy of particle system, N is the number of ITO film grains; f
is the quadratic degree of freedom, k is the Boltzmann constant, and T is the absolute
temperature of the system. T = 303 K as film is deposited at room temperature while T = 473
K as film is formed at 200 <C. It means the total thermal energy of ITO grains is increased 1.6
times when the substrate temperature is raised from 30 <C to 200 <C. That leads to an increase
of ITO total energy, and then results in the more compressive intrinsic stress. Another reason
of compressive stress tendency comes from the improvement of film crystallinity. As

illustrated in Figure 4.5, the XRD pattern of ITO film shows that ITO films were deposited at
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both room temperature and 200 <C are polycrystalline. However, the crystallinity of the film,

which was deposited at 200 <C, is higher than the room — temperature deposited film. That

means the ITO film deposited at higher temperature possesses the larger grain. It is believed

that those grains sit more closely (it can be seen clearly in the section of polyimide substrate)

leading to the stronger inter-grains force. Hence, the intrinsic film stress tends to compressive.

Through three thermal cycles, the compressive intrinsic stress is reduced, and the nearly

zero-stress is reached in the third thermal cycle.

During the cooling processes, the residual stress tends to tensile stress caused by the

development of the film thermal stress. The microstructure change of ITO film makes the

stress relieve cycle by cycle and completely relieve after the third cycle, when the film

structure achieves a stable state. Film stress at room temperature after thermal cycling is 200

MPa.

The optical microscope (OM) images of ITO film surface after and before stress

measurement, which are shown in Figure 4.6, do not pose any cracking or delamination in the

film. 1t means the film morphology was not damaged in the stress range of -100-200 MPa.
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Figure 4. 4 Stress-temperature curve of 2009C-deposited ITO film on Si substrate
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Figure 4. 5 XRD patterns of ITO film deposited on Si substrate at room temperature
and 200 «C

Table 4. 2 The stress comparison for the ITO films deposited at room temperature and

200°C
Td Stress range Initial stress | Intrinsic stress | Stress at RT Curve slope
(MPa) (MPa) (MPa) (MPa) (MPa/<C)
RT 80 - 330 185 185 330 - 0.885
200C -100 - 200 75 -100 200 -1.376
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Figure 4. 6 Surface morphology of ITO/Si sample (a) as-deposited and (b) after thermal
cycling
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4.3 Stress of ITO film on ODPA-BAPP polyimide substrate

Nowadays, polyimide materials receive a lot of attentions in field of flexible devices
due to its high flexibility, light weigh, and low cost. They are becoming the best candidates as
the substrate of those flexible devices. In the present work, the 4,4'-oxydiphthalic anhydride
(ODPA) - 2,2'-bis[4-(4-aminophenoxy)phenyl]propane (ODPA-BAPP) polyimide, which was
synthesized by Mr. Shao-Nung Huang[58], is employed as a substrate. The ODPA-BAPP
polyimide has high glass transition temperature of 230 9. Thus, ITO film is allowed to
deposit at high temperature of 200 € on ODPA-BAPP polyimide substrate. In this section,
the stress behavior of ITO films, which were formed at both room temperature and 200 < on
Pl substrate are studied. First of all, the stress behavior of polyimide film on silicon was

investigated to aid the stress analysis of ITO/PI layered structure.

4.3.1 Stress behavior of ODPA-BAPP polyimide film on silicon substrate

The stress measurement of ODPA-BAPP polyimide (PI) on silicon was taken place
with the same conditions as those of ITO films on Si and Pl substrates. The stress of the Pl

film on Si as a function of temperature is shown in Figure 4.7.

It is observed that ODPA-BAPP polyimide film on Si is under a tensile stress, i.e.
positive stress value, in the range of 5-52 MPa within 30-200°C. The polyimide film was

initially stretched on the Si substrate with stress of 52 MPa at room temperature. Since the
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ODPA-BAPP polyimide has higher coefficient of thermal expansion than silicon, Pl expands

more than Si with increasing temperature, resulting in a compressive stress. Thus, the thermal

stress develops with increasing temperature, leading to a decrease in the film residual stress.

The stress of the ODPA-BAPP polyimide reaches 5 MPa at 200°C. Then the stress increases

linearly with decreasing temperature during the cooling cycle and achieves 52 MPa at room

temperature. It is clear that the stress behavior along temperature in the second thermal cycle

is the same as that in the first one. That indicates the polyimide film is in a stable state, whose

stress is completely relaxed after the curing process.

The linear stress-temperature curves reveals that the stress of polyimide film shown in

Figure 4.7 is thermal in origin. The thermal stress of Pl film is about — 43 MPa, which is

calculated by applying Eg. (4. 1).
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Figure 4. 7 Stress behavior of ODPA-BAPP polyimide film on silicon substrate
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4.3.2 Stress of ITO film deposited at room temperature on polyimide
substrate

The residual stress vs. temperature for a ITO film on 3-um ODPA-BAPP polyimide
substrate was studied and shown in Figure 4.8 using two thermal cycles. The stress includes
of thermal stress and intrinsic stress, ranging in 5 - 71 MPa (i.e. tensile stress) with the initial
stress of 55 MPa. As the temperature increases, the compressive thermal stress develops due
to the thermal mismatch between ITO/PI and silicon, resulting in a reduction of residual stress.
When the sample is heated up to 200<C, film stress reaches to the lowest value of 5 MPa.
Subsequently, a tensile stress is induced linearly in the ITO/PI during the first cooling period
from 200 <C to room temperature with a slope of -0.384 MPa/?C. During the heating cycle,
ITO atoms rearrange on PI substrate lead to relieve stress about -16 MPa.

In the both second heating and cooling processes, the stress-temperature curves repeat
exactly the first cooling period. It means the ITO/PI has reached a stable state after the first
thermal cycle. The film residual stress after that is thermal origin[72]. After two thermal
cycles, the residual stress of the ITO/PI attains 71 MPa at 30<C.

A stress hysteresis appears in the first curing cycle and starts decreasing when the
sample temperature is higher than 80C. Furthermore, there is no any stress hysteresis during
the second thermal cycle. In contrast, the stress-temperature curve of ODPA-BAPP polyimide

film on Si substrate shown in Figure 4.7 does not show any stress hysteresis. Moreover, the

51



XRD patterns of ITO films before and after stress measurement, which are shown in Figure

4.9, point out that the post-deposited ITO film has higher re-crystalinity than as-deposited

film. It means ITO film is crystallized during the thermal cycling, resulting in the film volume

reduction tendency. However, the film is cramped on substrate with constant volume. Thus,

the crystallinity improvement of ITO film leads the film stress to be more tensile and generate

a hysteresis extent in stress vs. temperature curve.

Figure 4.10 shows the OM images of ITO film before and after stress measurement. It

Is observed that the film surface was not damaged after the thermal cycling.

It is seen from Figures 4.7 and 4.8 that the stress values of ITO/PI are 0 — 20 MPa

higher than those of PI film indicating ITO film on ODPA-BAPP polyimide stands a tensile

stress, or in other words, ITO film is stretched on PI substrate. Compared to the case of

ITO/Si sample, stress values of ITO/PI/Si are 76 % lower. Similarly, Chen et al.[72] found

that the stress of Cu on fused quartz was reduced 25% with the existent of a polyimide layer

between the Cu film and the quartz substrate due to the plastic deformation in the Cu/PI

interface. In our case, the plastic deformation is also expected to occur through the interface

of the ITO and ODPA-BAPP polyimide. We can demonstrate that the ODPA-BAPP

polyimide with high flexibility (low Young’s modulus ~ 5.6 GPa) plays a role as a buffer

layer in the system of ITO/PI/Si.
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Figure 4. 8 Stress vs. temperature of ITO film deposited at room temperature onto
ODPA-BAPP polyimide
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Figure 4. 9 XRD pattern of ITO film on PI substrate before and after stress
measurement
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Figure 4. 10 Surface morphology of ITO/PI sample (a) before thermal cycling, and (b)
after thermal cycling
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4.3.4 Stress of ITO film deposited at 200 9C on Pl substrate

The stress behavior of 200 € deposited ITO/PI film stack is shown in Figure 4.11.
Similar stress pattern of the ITO films deposited at room temperature and 200 <C indicates
that the stress-temperature pattern of ITO film on Pl substrate does not depend on the ITO
deposition temperature. However, the stress values decreases with increasing substrate
temperature. Table 4.3 summarizes the stresses of ITO film deposited at room temperature
and 200 C. The initial stress of the ITO/PI sample in the latter case is 45 MPa, which is 10
MPa smaller than that in the former, 55 MPa. As mentioned in the previous section, the less
tensile of ITO/PI stress with increasing ITO deposition temperature is due to an increase of
bombarded energy.

At the end of the first heating process, the residual stress of ITO/PI deposited at 200 <C
reaches 2 MPa, close to the zero point. The residual stress includes of thermal stress and
intrinsic stress. Since the first component stress should be zero at film deposition temperature,
the intrinsic stress of ITO/PI stack equals to its residual stress. The nearly zero point of the
intrinsic stress indicates that ITO film and ODPA-BAPP polyimide substrate matches very
well.

During the cooling period, the stress-temperature curve of 2009C-deposited ITO case is
going linearly up with a slope of -0.335 MPa/C. The ITO/PI residual stress reaches 60 MPa

at the end of the first thermal cycling. A hysteresis stress of 15 MPa appears in the early
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stress-temperature curve, which results from the rearrange of ITO atoms onto ODPA-BAPP

polyimide substrate and the film grain growth.

In the second thermal cycling, as seen in Figure 4.11, the stress behavior of ITO/PI in

both the second heating and cooling processes are the same as in the first cooling period. That

reveals the ITO/PI stress is relieved completely because the system reaches a stable state after

the first thermal cycle. The linearly stress-temperature curve in the second thermal cycle

indicates the film stress is caused by the thermal origin.

It is observed from the OM images of ITO film before and after stress measurement

(Figure 4.14) that there are no any damages on film surface during the measurement. It means

the stress range of 2 — 60 MPa is still in the ITO film stress limitation.

As shown in Figure 4.7, the stress of ODPA-BAPP polyimide film on Si substrate is in

the range of 5 — 52 MPa, while the stress values of ITO/PI in this case are in a larger range

from 2 MPa to 60 MPa. It means the ITO film deposited at 200 € on ODPA-BAPP

polyimide may exhibit a compressive stress. As discussed in the case of Si substrate, the

compressive stress in the ITO film is due to the better crystallinity of the film and the stronger

particle bombardment. The XRD pattern in Figure 4.12 presents that the ITO film deposited

on Pl at room temperature is amorphous while the film deposited at 200 <C are crystalline

with small peaks of (222), (400), and (440). It is clearly observed from the SEM images of

ITO films deposited at room temperature and 200 < on PI, in Figure 4.13, that the
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2009C-deposited ITO film was formed from very large grains in the average size of 23 nm.
The grains in 200 <C-deposited ITO film site very closely may lead to an increase of the
propulsive force among the grains, and then cause the film more compressive. This result
matches with the case of ITO film deposited on Si substrate. It can be concluded that

increasing the deposition temperature can reduce the ITO film tensile stress.
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Figure 4. 11 Stress vs. temperature of ITO film deposited on ODPA-BAPP polyimide
substrate at 200°C

Table 4. 3 Summary effect of substrate temperature on ITO/PI stress behavior

Ty Stress range (MPa) Initial stress (MPa) Stress at RT (MPa)
RT 5-71 55 71
200C 2 -60 45 60
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Figure 4. 12 XRD pattern of ITO deposited at room temperature and 200 <C on Pl
substrate
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Figure 4. 13 SEM top-view of ITO film on ODPA-BAPP polyimide substrate: (a) Room
temperature deposited film; (b) 200 C-deposited film
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Figure 4. 14 Surface morphology of ITO/PI sample (a) as-deposited and (b) after the
thermal cycling
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4.4 Stress of ITO film on PET substrate

Stress of ITO film deposited on PET substrate is also studied in this thesis. However,
the glass transition temperature of PET is quite low (70-80 <) such that ITO film was only
deposited at room temperature. The stress measurement for both ITO/PET and PET on Si are
carried out from 30 < to 70 € in order to maintain the quality of PET substrate and ITO/PET

stack.

4.4.1 Stress of PET film on silicon substrate

To aid the stress analysis of ITO film, stress of a PET film on Si substrate was
measured with two thermal cycles from room temperature to 70 C in nitrogen ambient at 45

Torr.

The stress-temperature curve of the PET film on Si substrate is shown in Figure 4.15.
Stress values of PET are in 0 - 10 MPa indicating that the film is under tensile stress. The
evaporation of TFA solvent during the baking process and thermal curing is expected to cause

the tensile stress in PET film.

In Figure 4.15, the initial stress value of the PET film is observed to be about 7 MPa.
The residual stress drops down to 0 MPa with increasing temperature to 70°C in the first
heating process due to the thermal stress development. The coefficients of thermal expansion

of PET film and silicon substrate are 50 ppm/<C and 2.61 ppm/<C, respectively. Therefore,

62



PET film expands faster than the silicon substrate as temperature increases, resulting in a
compressive film thermal stress (o4, < 0) in the film as described in Eq. (4.2). The thermal
stress development compensates for the intrinsic film stress, leading to a reduction in film

residual stress.

When the heating temperature is over 60°C, the stress-temperature curve becomes flat
and close to 0 MPa. This may due to the transformation from glassy state to rubbery state in
the PET film. It is well recognized that above Ty, the coefficient of thermal expansion of PET
significantly increases while its Young’s modulus reduces to a small value, resulting in

significant film stress change.

A tensile stress was built up monotonically during the cooling period from 70°C to 30
QC. This stress is due to the thermal expansion mismatch between the polymer film and silicon

substrate and can be given by the Eq. (4.4):
60 = 7= (0 — 0)AT (4.4)

Where, Ef, vt and of are the Young’s modulus, Poisson ratio and coefficient of thermal
expansion of the film, respectively. os is the coefficient of thermal expansion of the substrate.
In this study, for PET film and Si substrate, Ef = 3.5 GPa, v 1 = 0.44, as = 50 ppm/ <C, and as =
2.61 ppm/ &C. The thermal stress of film at 70 <C is calculated to be equal - 11.85 MPa. The “-”

indicates the thermal stress is compressive. The linear behavior of the PET film stress shown

63



in Figure 4.15 implies that the term of {[E /(1 — Up](as — ap)} is approximately a constant
(~ -0.240 MPa/°C) between 30C and 70°C. This experimental result matches with the

calculation result.

The stress behavior upon the repeated thermal cycling is reproducible and

approximately linear in temperature, suggesting the stress observed is thermal in origin[72].

The stress-temperature curve of PET film reaches stable state after two thermal cycles
and obtains a stress value of 10 MPa at room temperature. The stress was relieved -3 MPa

caused by the TFA solvent evaporation and the possibly phase transformation in PET film.
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Figure 4. 15 Stress vs. temperature of PET film on Si substrate
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4.4.2 Stress of 1TO film deposited at room temperature on PET substrate

Figure 4.16 shows the stress-temperature curve of ITO/PET sample, which starts from
309C, 13 MPa onwards, showing the presence of a tensile initial stress (i.e. a concave wafer).
It is also observed that the stress decreases with increasing temperature. It is due to the
thermal stress development at the film — substrate interface. Both PET and ITO expand more
than silicon wafer thus the wafer tends to less concave with increasing temperature. However,
as temperature increases above 60°C, the PET film tends to change in phase morphology
followed by an extreme expansion compared to the ITO film; and the substrate also becomes
much softer. The difference in the thermal expansion between ITO and PET induces a force
makes PET bend toward to ITO side. On the other hand, the PET substrate expands much
more than the Si wafer. This also generates a force which pulls the PET film bend to Si side.
The trade-off between those two forces causes the ITO/PET multilayer bending and results in
a change of the film stress. The increase in tensile stress of ITO film, i.e the ITO/PET
multilayer is bent toward to the ITO side, indicates the force by the ITO-side is greater than
the Si-side. The ITO/PET stress achieves a value of 8 MPa at 70C. After that, the sample was
cooled down to room temperature. A linear tensile stress was built up with the slope of -
0.266 MPa/<C during the cooling cycle. The film stress at room temperature after the first

thermal cycle is 18.5 MPa. And, the relief stress is - 5.5 MPa after two thermal cycles.

In Figure 4.15, the stress-temperature plot of PET film on silicon substrate shows a
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stress hysteresis during the first thermal cycling. In addition, the treatment temperature is in

range of 30 — 70C, which is quite low to reveal any structure change in ITO film, but is high

enough to alter the morphology of PET substrate. Thus, the stress hysteresis phenomenon

appears in the first stress-temperature curve of ITO/PET can be attributed to the phase

transformation in the PET substrate. However, the stress hysteresis in the case of the PET

with ITO film is 3 MPa larger than in the case of the PET without ITO. PET is a compliant

substrate with low Young’s modulus ~ 3.5 GPa. Thus, the larger stress hysteresis in ITO/PET

compared to PET, may be induced by the plastic deformation of PET substrate under the

stress between ITO and PET. This results in a large stress relief of ITO/PET sample during

the thermal cycling.

During the second thermal cycle, the stress goes down and up monotonically with

temperature increase and decrease, respectively. There is a little stress hysteresis occurs in this

cycle. This indicates that the film state reaches a stable state. The film stress in the second

thermal cycle is caused by the thermal origin only.

The surface morphology of ITO on PET substrate was inspected by the optical

microscope. Figure 4.17 shows that no any cracking or delamination occurred during the

stress measurement within 30 — 70 <C.

Compared to the stress-temperature curve of the PET film on silicon substrate, the
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stress values of PET with ITO are 5 — 9 MPa higher. The ITO film deposited onto PET

substrate is under a tensile stress, indicating that the ITO film is stretched when deposited on

PET substrate.
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Figure 4. 16 Stress-temperature curve of ITO film deposited at room temperature onto
PET substrate.

Figure 4. 17 Surface morphology of ITO/PET sample (a) as-deposited and (b) after
thermal cycling
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4.5 Effect of substrates on the stress of ITO film

In substrate point of view, stress values of room temperature deposited ITO films on
various substrates, such as Si, Pl, and PET are listed in Table 4.4. Stress values of ITO on Si
range from 80 MPa to 330 MPa. Stress values of ITO/PI on Si range from 5 to 71 MPa.
Finally, ITO/PET on Si is under the least stress values from 6 to 18.5 MPa. The stress levels
of ITO/PET on Si and ITO/PI on Si are both lower than that of ITO on Si, specifically, 93 %
and 76 % lower, respectively. As mentioned in Section 4.3, it is believed that the stress
reduction in ITO films deposited on polymer substrates is due to the ITO/polymer interface
deformation [72]. Si is a rigid substrate with high Young’s modulus, 131 GPa, thus it very
hard for Si to deform under the ITO film stress. However, both PET and PI are compliant
substrates with very low Young’s moduli, 3.5 GPa and 5.6 GPa, respectively. These polymer
substrates can be easily deformed under the ITO film stress, resulting in the film stress
reduction. Between PET and PI substrates, PET is softer than PI. Thus, PET can be deformed
more than Pl such that the stress of ITO film on PET is reduced more than ITO on PI.
Therefore, ITO/PET sample is under lower stress level than ITO/PI sample. Through Figures
4.1, 4.8 and 4.16, it is observed that stress vs. temperature curves of ITO/PET and ITO/PI
stacks show an elastic behavior after one thermal cycle while stress vs. temperature curve of
ITO on Si has not shown the elastic behavior even after two thermal cycles. That indicates the

polymer presence aid the stack easily obtain a stable state. It is due to the fact that the PET
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and Pl are bendable. Thus, these polymer substrates easily deform to match with the ITO

films. In contrast, Si is a rigid and unbendable substrate, thus ITO on Si needs some thermal

cycles to obtain a stable state.

Table 4. 4 Summary stress of ITO films on various substrates

Samples Stress range (MPa) Initial stress (MPa) Stress at RT after
thermal cycling (MPa)
ITO/Si 80— 330 185 330
ITO/PI/SI 5-71 95 71
ITO/PET/SI 6-—18.5 13 18.5
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4.6 Critical stress for damage of ITO film on polymer substrates

Stress measurement of ITO films on polymer substrates was carried out from 30 <C to
the temperature above the polymers’ Tq (100 <C for ITO/PET and 250 <C for ITO/PI) to test if
cracking or delamination occurs in ITO film and to obtain the critical stress for film damages.

Figure 4.18 shows stress vs. temperature curve within 30 — 100 <C of ITO film on PET
substrate. The stress behavior of ITO film at temperatures below 70 < in the heating process
is similar to what was discussed in Section 4.4. However, when the temperature exceeds the
Ty of PET (~ 75 «C), the film stress was relaxed much more due to the significant expansion
of PET. Then, the film stress goes up as sample was cooled. The stress vs. temperature curve
drastically changes its slope at 35 € and stress value of 19.2 MPa. It means the film was
damaged at that point because the film was under large stress. The optical microscope image
shown in Figure 4.19 points out that the film was cracked after thermal cycling. It can be
defined that the critical stress for cracking of ITO/PET is 19.2 MPa.

ITO/PI stress behavior from room temperature to 250 < is shown in Figure 4.20. It is
observed that the slope of stress vs. temperature curve decreases drastically when temperature
is cooled down to 50 «C. The OM images of ITO film surface were taken before and after the
stress measurement and are shown in Figure 4.21. There are some cracking of film surface
after the thermal cycling measurement (Figure 4.21b). The cracking is believed to cause the

slope of stress vs. temperature curve change at 50 < in the cooling cycle. The stress value at
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that point is 75 MPa, which is defined as critical stress for cracking of ITO/PI.
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Figure 4. 18 Stress vs. temperature of ITO on PET within 30 — 100 «C

Figure 4. 19 Surface morphology of ITO/PET (a) before stress measurement and (b)
after stress measurement within 30 — 100 «C

73



80 -
~—% o =75MPa

70 - K

60 - S

Vi

50 - N “
40 - ny "
r N\
30 "= Ny
20 < ny,
] -
10 4 N
" o
.I.....l..

Stress (MPa)

r ' T v T r T ' T
0 50 100 150 200 250
Temperature (°C)

Figure 4. 20 Stress vs. temperature of ITO/PI within 30 — 250 «C

Figure 4. 21 Surface morphology of ITO/PI (a) before stress measurement and (b) after
stress measurement within 30 — 250 °C
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4.7 Effects of substrate on the optical properties of ITO films

The transmittance of ITO films deposited at room temperature on glass, PET and
ODPA-BAPP PI substrates were measured by employing the UV-visible spectrophotometer
system. Figure 4.22 shows that the transmittances of ITO films on these substrates are not
much different. Namely, the transmittance of ITO on glass is 89 %, ITO on PET is 88 %, and
ITO on Pl is 86 %.

The band gap energy, Eg, is determined by using the absorption coefficient following
the correlation given by Eq. (4.5)[73]

a o (hy — E)!/? (4.5)

Where a is the absorption coefficient, hv isthe photon energy, E, is the optical band

g

gap. The optical band gap can be estimated by plotting o vs. hv, then extrapolating the
straight line portion of the energy axis[74] as posed in Figure 4.23, which shows the band gap
of ITO on glass, PET and PI substrates. As mentioned in Chapter 2, the optical band gap is

described by Eq. 4.6

+ T[th (3_N)2/3

gl 2m* vC

E,=E

. - (4.6)

Where E,; is the intrinsic energy band gap.
Figure 4.25 illustrates the optical band gaps of 1TO/glass, ITO/PET, and ITO/PI, which
are 3.43, 3.33, and 3.29 eV, respectively. It is clear that ITO on polymer substrates has a

narrower band gap. The band gap of ITO on PET is lager than that of ITO on PI. As given
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in Eq. (4.6), the film band gap is controlled by the carrier concentration and the reduced
effective mass. The carrier concentrations of ITO on these substrates, listed in Table 4.5, are
similar. Thus, the effect of this factor on ITO band gap can be ignored. The smaller optical
band gap of ITO/PI is believed to cause from the higher tensile stress of ITO/PI compared to
ITO/PET (See Table 4.5), which induces the effective masses of carriers in the conduction
and valence bands, m*- and m*y, respectively [75]. These effective masses and the reduced
effective mass, m*yc, are interdependent as described in Eq. 4.7. Therefore, when
m*c and m*y, increase, m*yc is also increase, resulting in narrowing of the band gap by

Equation (4.6).

g (4.7)

m*'yc  m'c m'y
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Figure 4. 22 Transmittance of ITO films on glass, PET and PI in the visible light
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Figure 4. 23 Optical band gap of ITO film on glass, PET and PI substrates

Table 4. 5 Optical band gap of ITO in the relationship with film stress and carrier
concentration

Band gap (eV) Stress (MPa) Carrier concentration (10%° cm™)
ITO/PET 3.33 13 1.14
ITO/PI 3.29 55 1.68
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Chapter 5 Conclusion

Stress built-up in the ITO film, which serves as a transparent conducting layer in many
optoelectric devices, is an inevitable occurrence, depending on its deposition method and the
themomechanical mismatch between ITO film and substrate materials. The stress may result
in film cracking or buckling, leading to poor device durability and reducing its optical and
electrical properties. The stress behavior in the layered structure will be quite different when
polymer materials with large CTE and weaker modulus are used as the substrate in
replacement of conventional glass or silicon substrate. This issue is of significant interest as
the demand for flexible optoelectric devices intensifies recently. Therefore, it is important to
understand the stress behavior of ITO film deposited at different temperatures on the Si and
polymer substrates and under multiple thermal cycling. In addition, their impact on the
thermomechanical integrity of the ITO/substrate layered structure will be assessed and
discussed. The critical stress value for damages of 1TO films deposited on polymer substrates,
such as PET and ODPA-BAPP polyimide, was also investigated. Finally, the effect of
substrate on optical properties of ITO film was studied.

The ITO film stress as a function of temperature was obtained by using a bending beam
technique. The results show that ITO films deposited at room temperature on Si, PET and Pl

substrates are under tensile stress. The stress level of ITO film/substrate depends on the
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Young’s modulus of substrate. The film, which was deposited on a soft substrate such as PET

and PI, bears a low level stress because the soft substrate can plastically deform, resulting in a

stress reduction. The softer substrate, the more stress reduction of the film. Therefore, the ITO

films on PET and PI substrates are under lower stress than ITO film on Si substrate. Stress of

ITO/PET is in the lowest level due to PET’s lowest Young’s modulus. In contrast, Si has

highest Young’s modulus, resulting in the highest stress level of ITO on Si. When the film

stress measurement was carried out over the glass transition temperatures of the polymer

substrates, the cracking phenomenon occurred for both ITO/PET and ITO/PI samples. The

critical stress values for film cracking are 19.2 MPa for ITO/PET and 75 MPa for ITO/PI.

That means ITO/PI can bear a higher stress level than ITO/PET.

ITO film deposition temperature also affects its microstructure and stress. With

increasing ITO deposition temperature, the atomic peening effect during the film growth

process becomes stronger and the crystallinity of ITO film is improved. Thus, the stress

tendency of ITO film on both Si and ODPA-BAPP polyimide is more compressive compared

to the ITO film deposited at room temperature.

Optical properties of ITO/PET and ITO/PI were also studied by UV-visible

spectrophotometer system to understand any substrate effect. The transmittance of ITO on

glass, PET and PI are similar. However, ITO films on polymer substrate show a narrowing in

the optical band gap. Specifically, the optical band gap of ITO/PI is smaller than that of
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ITO/PET. It is presumably due to the more tensile of ITO stress when the film deposited on

PI.
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