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ABSTRACT

Thin ZnO films (200-500 nm) were deposited onto glass, mica, and Si(100)
substrates, to study the relations between microstructure and residual stresses. The
ranges for the substrate temperature, chamber pressure, and RF power were room
temperature—200 °C, 0.009-0.4 mbar, and 100-125 W, respectively.

The strain measurements by x-ray diffraction and the biaxial stress model showed
that the films were under residual compressive stresses from -2 to -8 GPa. 5-11 percent
of those stresses were induced by the thermal expansion coefficient mismatch, while the
so-called growth stresses formed the majority.

The films were strongly textured along the (002)-direction with additional (101)-
texture under specific conditions. The texture of the film—substrate interface played a
significant role in the average film texture and the residual stress.

Variations from the previously developed structure zone models (SZM) and the
microstructures in the pressure ranges beyond those SZMs were investigated by
scanning electron microscopy. Several mechanisms of microstructure evolution and
consequent stress development were proposed.

Thermal annealing and aging removed the growth stresses and improved the
texture. Annealing caused pore clustering and crack formation. Thus, annealing should
be treated with caution when used as a method for stress relaxation. Buffer layer
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deposition and in—chamber heat treatment were proposed as alternatives to post—
deposition annealing.

Annealing led to structures on the ZnO film surface up to 100 nanometers in
width and 1 micrometer in height. This was attributed to the stress-induced directional
diffusion.



RF MAGNETRON SICRATMA ILE URETILMIS ZNO INCE FILMLER:
MIKROYAPININ VE ARTIK GERILMENIN EVRIMI UZERINE

Istem OZEN

Malzeme Bilimi ve Miihendisligi, Doktora Tezi, 2006

Tez Danismani: Dog. Dr. Mehmet Ali GULGUN

Anahtar kelimeler: ZnO, ince film, RF magnetron sigratma, artik gerilme, tercihli
yonlenme.

OZET

Bu calismada, mikro-yap1 ve artik gerilme arasindaki iligkileri incelemek iizere,
ZnO ince filmler (200500 nm), cam, Si(100), ve mika altliklar {izerine kaplanmistir.
Altlik sicakligi, hazne basinci ve RF kaynagi giicii sirasiyla oda sicakligi—200 °C,
0.009—-0.4 mbar ve 100—125 W arasinda degistirilmistir.

X-151n1 kirinimai ile dlgiilen gerinim ve eseksenli gerilme modeli filmlerde basma
yoniinde -2 ile -8 GPa arasinda artik gerilme oldugunu gostermistir. Bu gerilmelerin
yiizde 5-11°1 1s11 genlesme katsayisi uyusmazligindan kaynaklanmis, artik gerilmenin
¢ogunu ise biiyiime gerilmeleri olusturmustur.

Filmler (002) yoniinde kuvvetli tercihli yonlenmeyle biiylimiis, bazi1 kaplama
kosullarinda ek olarak (101) yonlenmesine rastlanmistir. Film ile altlik ara yiizey yapisi
tercihli yonlenmeyi ve artik gerilmeyi etkilemistir.

Literatiirde daha 6nce sunulmus olan yapi—bdlgesi modelleri ile olan farkliliklar
ile bu modellerin igermedigi basing araliklarindaki mikro-yap1 incelenmistir.
Filmlerdeki mikro-yapinin ve buna baglh artik gerilmenin olusumunu aciklamak iizere
¢esitli mekanizmalar One siirilmistiir.
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Isil tavlama ve yaslandirma filmlerdeki biiylime gerilmelerini gidermistir. Isil
tavlama sonucu olusan gozenek biiylimesi filmlerde catlaklara sebep olmustur. Bu
nedenle 1s1l tavlama gerilme giderilmesinde dikkatle uygulanmalidir.

Isil tavlama sonucu bazi filmlerin ylizeylerinde yaklasik 100 nanometre genislige
ve 1 mikrometre yiikseklige kadar nano-gubuk biiylimesi gozlenmistir. Bu davranis,
gerilmeye bagli tercihli yonlenmis diflizyon ile agiklanmistir.
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Figure 4.1. The columnar structure of a ZnO film sample on a glass substrate: (a)
Ts=RT (Set 17 in Table 3.1; & = 458 nm, Whottom = 1040 nm, wiep =
25-55 nm), (b) 75 = 200 °C (Set 16 in Table 3.1; & = 200 nm, Wpottom

= 4-10 nm, Wiop = 40-93 NM). c.eooviiiiiiiie e

Figure 4.2. The columnar structure of a ZnO film sample on a Si(100) substrate:

(a) Ts = RT (Set 17 in Table 3.1; & = 237 nm, w = 79 nm), (b) T =

200 °C (Set 16 in Table 3.1; 7= 246 nm, w = 46 nMm).........ccveeeeuvrennnee.

Figure 4.3. XRD analysis of (a) commercial ZnO powder, and (b) a representative
example of a ZnO film grown on glass at RT (Set 17 in Table 3.1).
The vertical bars represent the peak positions of a stress-free

reference powder (JCPDS-No. 36-1451). The ZnO thin film

possesses only the (002)-peak, and its multiple, the (004)-peak. ...........

Figure 4.4. EDX profile of a ZnO film sample on glass substrate, deposited at 75 =
200 °C (Set 16 in Table 3.1). The accelerating voltage was 20 keV,
and the count rate was 3.1 kcps. The graph shows a close-view
between 0 and 4.5 keV. Insert is the SEM image of the scanned film
portion (13x9 um?®). No argon peak could be detected at these
conditions (K, (Ar) = 2.958 keV). The signals other than those of
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Figure 4.5. Warping of ZnO-glass system after deposition (not to scale; Set 17 in
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Figure 4.6. Position of the (002)-peak in as-deposited ZnO films depending on the
substrate type. The initial substrate temperature was 200 °C (Set 16

TN TADIE 3.1). it

Figure 4.7. (a) Strain (dL/L,) and (b) TEC values (a) for ZnO, mica, silica glass,
and Si(100), in the temperature range of 20-350 °C in the substrate

plane direction. Details on the measurement method were presented
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Figure 4.8. Total (o.) vs. thermal stress (oy,) as a function of the substrate material

for T, = 200 °C, p = 0.02 mbar, Prr = 100 W (Set 16 in Table 3.1).

XX1v

101

102

.103

105

.106

108



Thermal stresses were due to the mismatch between the TEC of ZnO
and the substrates. The remaining amount of stress among the total is
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different pairs of 75 and Prr. By convention, a compressive residual
stress has a negative value. In the figure, the absolute value of o is
given for ease of comparison. (Refer to Table 4.5 for sample labels.)
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Figure 4.11. Effect of substrate temperature (75) on the residual compressive
stress (o.), at constant chamber pressure (p) and RF power (Pgp), for
three different pairs of p and Prr. By convention, a compressive
residual stress has a negative value. In the figure, the absolute value
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Figure 4.12. Effect of RF power (Pgrr) on the residual compressive stress (o), at
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three different pairs of 7 and p. By convention, a compressive
residual stress has a negative value. In the figure, the absolute value
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SEM images of the ZnO film grown on glass at 7, = RT, p = 0.2
mbar, Prr = 125 W (Set 7 in Table 3.1): (a) top surface (GSsgm =~ 56
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SEM image of the ZnO film grown on glass at 75, = 200 °C, p = 0.2
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p =0.4 mbar, Prr =125 W (Set 5 in Table 3.1). ..cccccvveiieiieieeieeene,

Figure 4.18.b. XRD spectra (6—26) of the ZnO film grown on glass at 75 = 200 °C,

p =0.2 mbar, Prg =125 W (Set 8 in Table 3.1). .cccceevviieciieeieeeeeee
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p =0.02 mbar, Prr =125 W (Set 9 in Table 3.1). .....cccvveviieeieeeiene
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Figure 4.20.
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Figure 4.21.

Figure 4.22.

Figure 4.23.

Figure 4.24.

Figure 4.25.

Figure 4.26.

layer on a fresh substrate (13D), or on an acid-cleaned substrate
(13B), and ZnO film on an as-deposited buffer layer on a fresh
substrate (13C), or on an acid-cleaned substrate (13A) (see Table
3.1, 3.2, and 4.8 for sample labels and stress values). By convention,

a compressive residual stress has a negative value. In the figure, the

absolute value of o is given for ease of comparison............cccceeeevennne.

Microstructure of the top surface of the ZnO films grown on glass at
Ty = 200 °C, p = 0.2 mbar, Prr = 125 W, ordered in decreasing
residual stress. (a) Without a buffer layer (Set 8; o, = -3.32 GPa;
GSsEM,equiaxed = 21-32 nm, GSsem diamond = 126 nm), (b) with a buffer
layer (Sample 13A; o. = -2.60 GPa; GSspm = 19-51 nm), (c) with a
pre-annealed buffer layer (sample 13D; o, = -1.09 GPa; GSspm = 19—

51 nm; S€€ Table 4.8)..oeiueiiiiieeeee e

Microstructure of the cross-section of the ZnO films grown on glass
at 75 = 200 °C, p = 0.2 mbar, Prr = 125 W, ordered in decreasing
residual stress. (a) Without a buffer layer (Set 8; 0. =-3.32 GPa; h =
400 nm, Wpouom =~ 15-33 nm, wy,, = 70-80 nm), (b) with a buffer
layer (Sample 13A; o, = -2.60 GPa; 4 = 314 nm, w = 48 nm), (c)
with a pre-annealed buffer layer (sample 13D; o, = -1.09 GPa; h =

248 nm; $€€ Table 4.8)..cccueiieeiieeeeee e

Warping of ZnO-glass system after deposition and after annealing
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Position of the (002)-peak of the ZnO films with 75 = 200 °C,

depending on the substrate type (Set 16 in Table 3.1): (a) as-

deposited, (b) after post-deposition annealing in air for 1 hour at 600

°C. Annealing the films eliminates the Stresses. ........ccoeveevveeeeeeercneeens

Comparison of planar stresses of the ZnO films with 75, = 200 °C,

depending on the substrate type (Set 16 in Table 3.1): as-deposited

and after post-deposition annealing in air for 1 hour at 600 °C..............

SEM images of ZnO on Si(100) with 75, = 200 °C (Set 17 in Table
3.1). (a) as-deposited (GSsgm ~ 43 nm), (b) 28 months-old (GSsgm =
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42 nm), (c) annealed in air at 600 °C for 1 h (GSsgm = 43—130 nm),
(d) 28-months-old film, annealed at 600 °C for 6 h (GSsgm = 57130
111001 R USRS RPR 131

Figure 4.27. Increasing intensity of the (002)-peak of ZnO on Si(100) substrate
(Set 18 in Table 3.1), as the temperature was increased from room
temperature to 170 °C. All the residual stress was eliminated during

cooling, and the sample was stress-free after the heating process........... 132

Figure 4.28. Effect of annealing on the peak position and intensity of the (002)-
peak of ZnO films grown on glass at 75 = RT, p = 0.2 mbar, Pgf =
125 W (Set 7 on Table 3.1) (a) annealed in argon, (b) annealed in air.
No significance difference was observed depending on the annealing
atmosphere. Both annealing experiments were performed at 600 °C
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Figure 4.29. Shift of the (002)-peak of ZnO indicating residual stresses. The data
shows the effect of a) substrate material, b) aging and annealing of
ZnO on the glass substrate, ¢) aging and annealing on the Si(100)
substrate. The vertical line represents the position of the (002)-peak
in stress-free ZnO powder JCPDS-No. 36-1451. The (002)-peaks of
aged ZnO films were scaled with those of the as-deposited films for
comparison (see Table 4.10 and Fig. 4.30 for sample labels and
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Figure 4.30. Comparison of planar stresses of the ZnO films with 75, = 200 °C,

depending on the substrate type (Set 16 in Table 3.1): as-deposited,
after post-deposition annealing in air for 1 hour at 600 °C and aged
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Figure 4.31. Variation of residual stress (o.), for ZnO films grown on glass
substrates at 75 = 200 °C (see Table 3.1 and 4.9). The residual stress
decreases by in-chamber annealing at the deposition temperature for
30 min, both in oxygen (Set 11) and in vacuum (Set 10), with respect
to the case with no annealing (Set 8). By convention, a compressive
residual stress has a negative value. In the figure, the absolute value

of g is given for ease of COMPATISON. ......ccveeriieriieiiieniieiieeie e 137

XxXviii



Figure 4.32.

Figure 4.33.

Figure 4.34.

Figure 4.35.

Figure 4.36.

Figure 4.37.

Figure 4.38.

Figure 4.39.

XRD spectra (6—20) of the ZnO films grown on glass at 75 = 200 °C,
p = 0.2 mbar; (a) Prr = 100 W, 30 min vacuum annealing in the
chamber at 200 °C (Set 10 in Table 3.1); (b) Prr = 125 W, 30 min
annealing in O:Ar (2:5 v/v) inside the chamber at 200 °C (Set 11 in

TADIE 3.1). et ettt ettt

Damage on the films by annealing in air at 600 °C for 6 h: (a) Void
formation within the ZnO film on glass (Set 16 in Table 3.1); (b)
interfacial damage in the ZnO film on Si(100) (Set 17 in Table 3.1);
(c) destroyed interface of the ZnO film on glass (Set 19 in Table

B 1) oo e s s ee e

Crack formation on ZnO film on glass substrate (Set 17 in Table 3.1)

through pore clustering upon annealing (in air at 600 °C for 6 h)..........

Crack formation on ZnO film on glass substrate (Set 17 in Table 3.1)

through grain boundary detachment upon aging (in air for 28
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Buckling in the ZnO film on glass substrate (Set 16 in Table 3.1;

aged 28 months in air), occurred presumably around a pre-existing

defeCt ON the SUDSITALE. ... ..o e e e eeeeaeeeaeeeeens

Two different types of buckles: (a) a straight-sided buckle on the
ZnO film on glass with 7, = RT (Set 17 in Table 3.1); (b) a curved-
sided buckle on the ZnO film on Si(100) with 75 = 200 °C (Set 16 in
Table 3.1). Film in (b) was aged 28 months in air. Both films were

annealed in air at 600 °C fOr 6 NOUTLS. ....eeeeeeeeeeeeeeee e

Buckling and local loss of adhesion in the ZnO film upon stress
relaxation (Set 16 in Table 3.1; annealed in air at 600 °C for 6h): (a)

buckles seen from the side view of the film, (b) protrusions on the

film surface, (c) crack at the protrusion center. ...........cccocceerveerreerneennen.

Bulging and cracking in the ZnO film on glass upon prolonged aging

(Set 16 in Table 3.1; aged 28 months in Qir)........cccccvveeviieeiieeeeieeeieens
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Figure 4.40. Cracking in the ZnO film on glass upon prolonged aging (28
months), followed by annealing (in air at 600 °C for 6h): (a) Set 17

in Table 3.1; (b) Set 16 in Table 3.1. .....ccoeeiiieeiieeeeeeeeeeee e,

Figure 4.41. Initial stage of crystal growth on the ZnO film surface upon
annealing (Set 16 in Table 3.1; annealed in air at 600 °C for 6h). The

crystallites in this sample have grown up to 205 nm in diameter...........

Figure 4.42. Growth of ZnO crystallites on the film surface upon annealing. (a)
ZnO on glass (Set 20 in Table 3.1). The nano-rod thickness was
about 100 nm, and the rods elongated up to 916 nm. (b) ZnO on
Si(100) (Set 16 in Table 3.1). The thickness of the crystallites is
between 82—149 nm, and their height is between 36—174 nm. Both

films were annealed in air at 600 °C for 6h. ...c.eveneeeeeeeeeeeeeeeeeeeeeeeenn,

Figure 5.1. A recent structure-zone model developed by Messier and Trolier-
McKinstry, also showing the region of operation in part of our study
discussed in Sec. 5.1 (75 = RT-200 °C, p = 6.8—-15 mTorr, Prr = 100
W). (Adapted from Ref. [51]; original figure by Ref. [63]; published

with permission from SPIE Press and Elsevier Publishing Ltd.). ..........

Figure 5.2 A film structure with a randomly-oriented layer at the substrate

interface. Only the fastest growing directions survive and form the

strongly textured film..........occuiiiiiiieiiieeeee e

Figure 5.3. Two different growth behaviors on an initial layer of textured nuclei.
The nuclei continue to grown in the preferred orientation. The film

microstructure depends on the nucleation density and the growth rate

of different crystal faces. ........ceovviieiiiieiiiece e

Figure 5.4. Various forms of hexagonal crystal structures. Grains of a hexagonal
material could take any of these forms depending on its chemistry

and the relative growth rate of different surfaces depending on the

ErOWth CONAItIONS. ..eeceiiiiiiiecieeee e

Figure 5.5. Crystal planes and Miller indices of hemimorphic wurtzite-type zinc

oxide. The angle between the hexagonal {001} and each triangular

{101} SUrface 18 32° [25]. covieiiieiieeie ettt et
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Figure 5.6. SEM images of the ZnO films on glass deposited at low p (0.2 mbar)

and high Pgp. (125 W) Drawings on the right side illustrate the
possible forms of the encircled grains in the SEM images. (a) Set 7

(D) St 8, (€) SEL 6. oottt e

Figure 5.7. A film structure with a randomly-oriented layer at the substrate

interface. The grains are free to grow in all directions. Additional

nucleation may take place during growth. ..........ccccceeevviervieeniieencreeenne,

Figure 5.8. (a) A polycrystalline structure with random texture. (b) The position

of a ZnO unit cell with respect to the substrate plane to give a (101)-
reflection in the XRD spectra. (c¢) XRD spectra (6—26) of the ZnO
film grown on glass at 75 = 200 °C, p = 0.2 mbar, Prr = 125 W (Set

81N TaADIE 3.1). ceeiieeiieeeee et

Figure 5.9. (a) A polycrystalline structure with fiber texture. (b) The position of a

Figure 5.10.

Figure 5.11.

Figure 5.12.

ZnO unit cell with respect to the substrate plane to give a (002)-
reflection in the XRD spectra. (¢) XRD spectra (6—26) of the ZnO
film grown on glass at 75, = RT, p = 0.2 mbar, Prr = 125 W (Set 7 in

TADIE 3.1). et et e e e aae e

SEM images of the ZnO film grown on glass at 75 = 200 °C, p = 0.2
mbar, Prr = 125 W. (a) ZnO on fresh glass substrate (Set 6 in Table
3.1). No (101)-reflection was observed in the XRD spectra from this
sample. (b) ZnO on fresh glass substrate (Set 6 in Table 3.1). (101)-
reflection was observed in the XRD spectra from this sample. (c)
ZnO on acid-cleaned glass substrate (Set 8 in Table 3.1). A more

intense (101)-reflection was observed in the XRD spectra from this

sample then from the sample in (b). ....occovveeiiieeiiiieieee e,

Total (o.) vs. thermal stress (ow) as a function of the substrate
material for 75 = 200 °C, p = 0.02 mbar, Prr = 100 W (Set 16 in
Table 3.1). Thermal stresses were due to the mismatch between the
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CHAPTER 1

INTRODUCTION

A coating is generally called a thin film when its thickness is less than 1 um [1].
Thin film devices have an increasing importance in terms of providing new energy
sources [2-4]. For example, multilayer thin films posses a wide range of absorbance,
transmittance and reflectance, provided that the number and thickness of the layers are
controlled [2]. The multilayer structures of the appropriate material with thicknesses of
several tens or hundreds of nanometers provide high-brightness screens, high-efficiency
photocells, or many other energy related products. Thermal barrier coatings and

transparent electrodes are also important thin film products [2, 5, 6].

Transparent electrodes are a key component in many newly emerging
technologies that require access through an electrically conductive layer in the visible
light spectrum, such as energy-efficient windows, solar cell panels, and flat panel
displays [5]. Transparency in the visible range and high electrical conductivity
intuitively seem incompatible: most transparent materials are insulators and most
conductive materials (metals) are opaque [7]. When an electromagnetic wave is incident
on a conductor, it interacts with the high density of free electrons at the surface,
inducing the collective oscillation of free electrons if the wave frequency () is below
the plasma frequency (w,). If the incident wave frequency is higher than the plasma
frequency, the free electrons are unable to follow the wave, and the wave can propagate
through the material unperturbed. The parameters that govern the plasma frequency are

related in the following equation [7]:



Neez 1/2
@ :(me(a))] (1.1

Here, e is the electron charge, m is the electron mass. The frequency-dependent
dielectric response of the conductor is given by & ), and the density of free electrons is
given by N.. From this equation, we see that the free charge carrier concentration is one
parameter that could be varied to choose the spectral region of transparency. In the case
of transparent conductive oxides (TCO), one could select a doping level sufficiently
high to ensure adequate electrical conductivity, while placing the plasma frequency in
the near infrared spectral region. Tin-doped indium oxide (ITO), aluminum-doped zinc

oxide (AZO) and their derivatives are such examples [5].

Although ITO has been the material of choice for transparent electrodes, the high
cost and limited supply of indium have motivated researchers to look for other
alternatives [5, 8]. Some alternatives that have been proposed are cadmium stannate
(CdySn0y4) and cadmium oxide (CdO). However, the toxicity of cadmium limits the
widespread use of these materials. Some other alternatives to ITO and cadmium-based
materials are ZnO-based or SnO,-based; such as the zinc stannates ZnSnO; and
Zn,Sn0y4 [9]. These materials exhibit higher optical transparency but several orders
lower electrical conductivity than ITO and cadmium stannates. ZnO is advantageous
over SnO; in being easier to etch into the desired shapes for electrode structures [9].
ZnO can be wet-etched with NaCl under UV light, dry-etched by Zn(CHj3),, Zn(C,Hs),,
ZnCly, or in CF,Cl, plasma [10].

Although ZnO has many potential technological applications as an alternative
transparent electrode material with many other technological applications, the
mechanical properties of ZnO thin films such as adhesion, stability towards
delamination efc., have not been reported in much detail in literature, although such
properties are very important for stable device performance and reliability. Residual
stresses are known to exist in thin films, regardless of the type of deposition method,
and could be estimated by several direct or indirect methods. These stresses could alter
the film properties significantly. In this chapter, the basic background information is
summarized including the material properties of ZnO, how they are modified for ZnO

thin films, thin film deposition, and general thin film structures.



1.1. ZnO as a Ceramic Material

Below is a brief summary of ZnO material properties. For a more comprehensive

review of ZnO material and devices, please refer to [11-17].

1.1.1. Structure

The crystal structures of zinc oxide are rocksalt, zinc blende, and wurtzite [13]
(Fig. 1.1). In the wurtzite type, the anions are tetrahedrally coordinated by four cations,
and vice versa, so as to form an ordered hexagonal structure with 6-fold symmetry [13,
18]. This structure is based on the hexagonal close-packed structure with one-half of the
tetrahedral sites filled [18]. The pyramidal structure of natural zincite mineral, a
microwave-produced single crystal ZnO, and the representative crystal planes are
shown in Fig. 1.2. The wurtzite structure is the thermodynamically stable structure of
ZnO at room temperature (Fig. 1.3), like Zn chalcogenides such as ZnS, ZnSe. The
cubic zinc blende ZnO; form is rare and can be grown on cubic substrates only [13, 19].

The rocksalt structure is stable only at high pressures [13].

Rocksalt Zinc blende Wurtzite

(a) (b) (c)

Figure 1.1. Various crystal structures of ZnO formed by Zn (shaded gray) and oxygen
(black) atoms (Reprinted from Ref. [13]; published with permission from AIP.).



In nature, this mineral is found with the composition of 8.83% MnO and 91.17%
ZnO [20]. Stoichiometric ZnO has a molecular weight of 80.34 g/mol. The lattice
constants of ZnO in its hexagonal wurtzite form that have been measured in literature

vary in the 3.2475-3.2501 and 5.2042-5.2410 A ranges for a and c, respectively [13].

(101}
{100}
Mag= 5.00 KX |—|
(b) (©)

Figure 1.2. (a) Natural zincite crystals. (Left: Copyright by Lou Perloff / Photo Atlas of
Minerals [20]; right: Copyright by O. Dziallas 2005 [21].) (b) Zinc oxide single crystal
produced by microwave processing [22]. (c) Crystal set of planes and Miller indices of
wurtzite-type zinc oxide.
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Figure 1.3. Univariant p-T curve between two phases of ZnO [23, 24].

1.1.2. Optical, Electrical, Piezoelectric, and Mechanical Properties

Pure ZnO is a wide band-gap semiconductor. It is chemically and mechanically
more stable, and cheaper than its alternatives [25]. For these reasons, it is a strong
candidate to replace conventional semiconductors such as SiC and GaN, with similar
lattice constants to ZnO. Some values for the direct band-gap of pure bulk ZnO has
been given as 3.3 [26, 27], 3.37 [28], and 3.437 [29] eV. The reported exciton binding
energies vary from 60 eV [30] to 65 eV [29]. The refractive index (n) for polarization
perpendicular to c-axis (E_Lc) vary from 9.843 to 2.220 in the wavelength (1) range of
366.43-401.89 nm [13]. For polarization parallel to the c-axis (E//c) and the 4 range of
363.71-411.27 nm, n varies from 3.525 to 2.194, near the absorption edge [13]. ZnO is
also a piezoelectric material with a piezoelectric coefficient (d33) ranging from 10.5 to
11.5 pC/N [31] and a dielectric constant (x) ranging from 10.8 to 11.0 [31]. For
commercially grown single crystal bulk ZnO, a resistivity (p) of 2.8x10* Q-cm was
achieved [32]. Important electrical and piezoelectric properties are summarized in Table

1.1 and Table 1.2. Some mechanical properties of ZnO are summarized in Table 1.3.

Wurtzite-type ZnO may naturally contain intrinsic defects such as oxygen

vacancies (V,,V,,V,;") and zinc interstitials (Zn,,Zn;,Zn;") [13]. [Oxygen vacancies



have lower formation energies then the zinc interstitials [13, 33]. For this reason, in Zn-
rich conditions, oxygen vacancies are more abundant than the zinc interstitials. In
oxygen-rich conditions, zinc vacancies tend to dominate [13].] As a results of this non-
stoichiometry, undoped ZnO has n-type conductivity and the electron densities could be
as high as 10*' cm™ [34]. ZnO could be made either n- or p-type with intrinsic doping
(i.e., with zinc or oxygen ions) or vacancy creation. It can easily be doped n-type with
extrinsic dopants such as Al, Co and Bi. On the other hand, extrinsic p-type doping of
ZnO is harder to attain than the n-type doping, as in the case with other wide band-gap
semiconductors such as GaN and ZnSe [13, 35-37]. Some reasons for this could be the
compensation of dopants by low-energy native defects, such as zinc interstitials or
oxygen vacancies [38], or background impurities (H") [13]; low solubility of the dopant
in the host material [39]; and deep impurity level causing significant resistance to the

formation of shallow acceptor level [13].

Table 1.1. Properties of common transparent conductive oxide (TCO) materials [25].

Property In,0; SnO, Zn0O
Mineral name — cassiterite zincite
Band gap E, (eV) 3.75 3.7 3.4
Melting point (°C) ~2000 >1930* 1975
Heat of formation (eV) 9.7 6.0 3.6
Density (g/cm’) 7.12 6.99 5.67
Relative permittivity 9 9 8.1
Effective e}ectron mass 03 0.8 0.8
(m /m,)
Dopants Sn,Ti, Zr, F,Cl  Sb, (As,P),F,c1 D Ab 10 G2, 55,50,
Crystal structure, space cubic tetragonal, rutile  hexagonal, wurtzite
group 1243 P4,/mnm P63/mc
. a: 0.474 a: 0.325
Lattice parameters (nm) a:1.012 0319 ¢ 0.5207
Thermal expansion o /e 3.7 //c:2.92
6 v--1 .
« 300K) (107K 140 1475
Melting point of the
metal (°C) 157 232 420
Average amount of the
metal in the earth’s crust 0.1 40 132
(ppm)

*  Decomposition into SnO and O, at 1500 °C.



Bulk ZnO exhibits plastic deformation for relatively low loads, compared to GaN

[13]. In a nanoindentation study, the critical load for plastic deformation for bulk ZnO

was found to be 4-13 mN with a spherical indenter of ~4.2-mm radius [40]. In the same

study, hardness (H) was measured as 5+0.1 GPa at a depth of 300 nm. Elastic modulus

was found to be constant along that penetration depth, with £ = 111.244.7 GPa.

Compared to GaN, ZnO is softer. The hardness and elastic modulus of GaN were given

as 15.5+0.9 GPa, and 210+£23 GPa, respectively [40].

Table 1.2. Piezoelectric and dielectric properties of some non-ferroelectric materials

[41].

Physical Coefficients/figures ZnO AIN PZT (1-3 um)
parameter of merit [42, 43] [44, 45] [46]
Deflection force,
piezoelectric
charge of deflected ) 1.0 -1.05 8--12
piezoelectric
laminated
structure
Effective
piezoelectric dy; ¢ (pm/V) 59 39 60-130
coefficient
£33 10.9 10.5 300-1300
Piezoelectric
voltage in
deflected es1. /33 (GV/m) -10.3 -11.3 -0.7--1.8
piezoelectric
laminated structure
Coupling
coefficient for €%/ €ex; (GPa) 10.3 11.9 6-18
plate wave
Dielectric loss tano (@1 to 10 kHz, N B
angle 10° V/m) 0.01-0.1 0.003 0.01-0.03
Signal-to-noise ey /(&€ tané)(m)
ratio (10° Pa'?) 3-10 20 48
Coupling
coefficient for A’ ¢ 5/ 8083 7.4% 6.5% 7%—15%

thickness wave




Table 1.3. Some mechanical properties of ZnO collected by Ozgiir et al. [13]. Cj; are the
elastic stiffness constants. The details of the measurements are given in the box below
the table. The reference numbers belong to the study by Ozgiir et al. [13].

Parameters Wurtzite Zinc blende Rocksalt
209.7,% 206, 157.° _
C11 (GPa) 190,207, 209, 193!

230,2231," 246
121.1,° 117,° 89,° _
C1» (GPa) 110, 117.7,°85, 139!
828111,0 127
105.1,> 118, 83,°
C13 (GPa) 90, 106.1,° 95,
64,2 104," 105"
210.9,2211,° 208,°
Cs3 (GPa) 196,1209.5,° 270,"
24721831 246
42477443038 °

Cus (GPa) 39,944.8,° 46, 96'
75,872, 56'
44292 44.6,° 34
Cso (GPa) 40, 44.6, 62,
60," 11 fl 1
Bulk modulus, B 142.4) 1835170, 161,77 202.5) 238," 205,
(GPa) 160, 162.3," 135.3.° 154.4% 205.7,"172.7,
133.7,° 156.8 ’ 203.3
3.6 4.0F 44" 3.95,73.72,° 3.54)4.0,° 4.88,"
dB/dp 4.05,3.83.° 3.6 3.6 3.90,"3.77,° 3.6¢
Young’s modulus, q
E (GPa) 111.2+4.7
Hardness, H (GPa) 5.0+0.1¢
-0.62,7-0.51,°
ey, (C/m) -0.39,°-0.53,
-0.51,"-0.55,'-0.66"
0.96,1.22,°0.92°
e, (C/m?) 1.19,01.21," 1.19,’
1.30,”
e;s (C/m) -0.37,7-0.45,° -0.46'
e, (C/m®) 0.69,' 0.64"
Spontaneous -0.057,'-0.047.*
polarization (C/m?) -0.057"
Born effective 2.06,12.11," 2.10,Y
charge, Z* 2.1°




Table 1.3 —Continued.

# Ultrasonic measurement on single-crystal ZnO grown by chemical reaction in vapor state (Ref. 105).
® Surface Brillouin scattering on polycrystalline ZnO film deposited by RF sputtering on (100) Si
substrate (Ref. 662).

¢ Acoustic investigation technique on ZnO film deposited by RF magnetron sputtering on sapphire
substrate (Ref. 663).

4Polarized Brillouin scattering on bulk ZnO single crystal (Ref. 664).

¢ Ultrasonic resonance method on ZnO single crystal (Ref. 665).

"Calculated using LDA (Ref. 66).

€ Calculated using GGA (Ref. 66).

" Atomistic calculations based on an interatomic pair potential within the shell-model approach (Ref. 70).
"Calculated using ab initio periodic linear combination of atomic orbitals (LCAO) method, based mainly
on the Hartree-Fock Hamiltonian, with an all-electron Gaussian-type basis set (Ref. 660).

I X-ray diffraction using synchrotron radiation on polycrystalline ZnO (99.99% purity) (Ref. 64).

k Calculation based on ab initio all-electron periodic Hartree-Fock linear combination of atomic orbitals
(Ref. 56).

! Calculation using molecular-dynamics simulation based on Tersoff’s potential (Ref. 133).

™ Calculation based on modern theoretical HF cluster and full-potential scaler-relativistic linearized-
augmental plane wave (Ref. 65).

" Calculating using LDA (Ref. 57).

° Calculation using GGA (Ref. 57).

P X-ray diffraction and 67Zn-Mdssbauer spectroscopy on bulk ZnO (Ref. 65).

9 Spherical nanoindentation on bulk ZnO (Ref. 113).

"Resonance-antiresonance method on ZnO single crystal (Ref. 665).

* Calculation using modern ab initio (Ref. 107).

‘Calculation using ab initio quantum-mechanical level by using through the Berry-phase scheme applied
to delocalized crystalline orbitals and through the definition of well-localized Wannier functions (Ref.
661).

" Calculation based on ab initio using the Berry-phase approach to polarization in solids (Ref. 109).

¥ Calculation using a plane-wave pseudopotential implementation of density-functional theory and
density-functional linear response within the local-density approximation (Ref. 101).

" Reference 666.

* Calculation using the LDA, HF, and a model G scheme (Ref. 87).

ZnO, like other electroceramics (e.g., BaTiOs3), contains a significant amount of
porosity, up to 5% (v/v) [47]. In their study, Lu ef al. showed that the major influence
on the fracture strength of bulk ZnO was the pore/grain size interaction, rather than the
grain size itself. Pore clustering was attributed to the inhomogeneous distribution of
defects, while pore-grain interactions increased the probability of fracture via small
pores. A high degree of porosity and pore clustering led to the homogenization of crack
sizes. The mean strength of ZnO was calculated as 102.37 MPa. The authors
emphasized that the mechanical properties such as fracture strength were influenced by

the local structure, rather than the average.



1.2. Functional Thin Films

Thin films are structures that are deposited onto a substrate surface by any
chemical or physical deposition method (which will be discussed further). When a
material is deposited in the form of a thin film, its microstructure is modified compared
to its bulk form. This is a result of the existence of a preferred growth direction and
competing nucleation and growth mechanisms during deposition. It is possible to have
control over these by controlling the conditions of the deposition system. Consequently,
the film would have a certain texture, describing the statistical distribution of grain
orientations [48, 49]. Moreover, the films would be restrained at one end, by the
substrate surface. Therefore, the film properties would differ from the bulk values. More

significantly, they would be anisotropic, owing to the texture.

The physical structure of a thin film is very important in terms of determining its
functional properties. However, although much research has been done on the structure
of thin films, the state-of-the-art understanding of the growth mechanisms is mostly
qualitative. The needs of the flexible display or microcircuit industry require low
deposition temperatures at which the adatom mobility is limited, leading to the
formation of a columnar morphology. How this columnar structure evolves and other

prominent aspects of thin films are highlighted in the next sections.

1.2.1. Structure-Zone Models

Thin film formation can be considered a type of phase transformation and is
accomplished by the nucleation and growth processes [2, 50-53]. The basic theory on

film growth proposes the three growth models:

1) island (in-thickness; i.e., in the direction of the surface normal) (Volmer—

Weber type),
i) layer (lateral) (Frank—van der Merwe type)

1i1) a combination of these two (Stranski—Krastanov type).
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These are illustrated in Fig. 1.4. The mechanisms leading to these growth types are as
follows [50]: When the bonding between the atoms or molecules of the film material is
stronger than that of the film-substrate bonding, the island-type of growth is observed.
The smallest stable cluster of the film material nucleates on the substrate and grows in
three dimensions. In the reverse case, when the atoms of the film material tend to bond
more strongly to the substrate than to each other, the stable clusters grow much more
rapidly in two-dimensions namely on the substrate surface, and they form layers on the
substrate. In the third case, the initial film growth resembles the second type. However,
after the first few monolayers are formed, the interaction between the adatoms and the
substrate lessens, and island formation dominates. This is a transition from two-
dimensional to three-dimensional growth and seems counter-intuitive due to the
increase in surface area. A probable reason for this to be favored is explained by the
release of strain energy that accumulated in the film as a result of the two-dimensional

growth [50].

After the initial stages of nucleation and growth, the route to the complete film

structure contains four basic aspects [50, 54]:

1) shadowing and transport of adatoms onto the substrate,

i1) adsorption and surface diffusion,

1i1) incorporation of adatoms into the coating or removal by evaporation or
desorption,

iv) transfer of the adatoms to their final positions by bulk diffusion.

@ F Dﬁ &@DU{}D
(a) (b) (c)

Figure 1.4. Stages of film growth: (a) island formation, (b) layer formation, (c)
combined island and layer formation.
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The relative dominance of these effects on the adatoms determines the film
formation kinetics and hence the final film structure. The film grows with a certain
roughness. At the same time, the atom flux directed at the substrate is in most cases not
symmetrical with respect to the substrate normal. Consequently, not all the atoms
incident on the surface had the same line-of-sight [50, 54], creating a shadowing effect.
The adatoms have a limited range of positions to settle onto, causing an anisotropic film
structure. This shadowing effect is controlled mainly by the deposition parameters of
the system, such as the system geometry and the gas pressure. On the other hand, the
diffusion and adsorption-desorption behavior are mainly dictated by the substrate
temperature and the resulting adatom mobility on the surface. The dominance of any of

these processes are determined by the deposition parameters and the main ones are [52]:
1) the nature of the substrate,
i1) the substrate temperature,
iii)  the deposition rate and the film thickness,
v) the nature and the pressure of the gas medium.

Structure zone models (SZM) have been proposed for classifying the micro- and
nano-structure of the deposited films in relation to the combined affect of these factors
in thin film literature. The original model was developed for metallic thin films [55] and
it was based on the dependence of the microstructure on the homologous temperature
(Th). (Homologous temperature is defined as 7/7y,, where T is the system temperature
during deposition, and T}, is the melting point of the target material.) The structure
model consisted of three zones (Fig. 1.5). In Zone 1 of low adatom mobility (and the
sticking coefficient being equal to 1 [51], where the sticking coefficient is defined as the
ratio of the adatoms that stay on the substrate surface to the overall number of adatoms
incident on the surface), the dominating factor was the shadowing effect. The low
number of nuclei in this region led to a columnar film structure with inter-columnar
voids (i.e., longitudinal porosity) with a few hundred A of width between them [54, 56,
57], and usually in a honeycomb-like structure [51]. This region also contained a high
dislocation density and high residual stresses. The low adatom mobility also led to
columns that compete for growth in a power-law shape, forming hierarchical aggregates
and cauliflower type structures [51]. In Zone 2, surface diffusion dominated, leading to

columnar grains with increased width and well-defined grain boundaries. The increased

12



substrate temperature led to increased mobility of the film atoms and full-density
columnar morphology. The difference between the tapered columns of Zone 1 and the

parallel-walled columns of Zone 2 can be seen in Fig. 1.6.

In Zone 3, bulk diffusion dominated and equiaxed grains formed. Several
modifications have been made on this model to account for deposition parameters other
than the system temperature. Thornton added the pressure effect and defined a transition
zone (Zone T) between Zone 1 and Zone 2 [54, 56] (Fig. 1.7). In that model, the
increased substrate temperature between Zone 1 and Zone 2 led to densely packed,
fibrous grains with weak grain boundaries. As the temperature increased, the Zone 2
columns became faceted, and the temperature for the transition zone shifted to higher

temperatures with increasing gas pressure.

TR T4

femperature ——»

Figure 1.5. The first structure zone model, proposed by Movchan and Demchishin.
(Reprinted from Ref. [51]; original figure by Ref. [55]; published with permission from
SPIE Press and Elsevier Publishing Ltd.).

(a) (b)

Figure 1.6. Two different growth behaviors for columnar films: (a) tapered columns, (b)
parallel-walled columns.
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Figure 1.7. Representation of the structure zone model modified by Thornton.
(Reprinted from Ref. [51]; original figure by Ref. [51, 54]; published with permission
from SPIE Press and AVS Publishing Ltd.).

For metal films, Grovenor et al. found that the tapered columns in Zone 1 were
not single grains but were instead composed of bundles of smaller and equiaxed grains
[58] (Fig. 1.8 and 1.9). They also emphasized the dominance of grain boundary
diffusion over surface diffusion, as a factor that was controlling the grain structure in

Zone T and Zone 2.

Messier et al. included the effect of substrate voltage bias and film thickness
through studies on a-Ga thin films [59, 60]. They observed that the columns in those
thin films were composed of smaller columns with several size scales, in a fractal-like
structure. The size scale of those columns expanded from 2 to 300 nm (Fig. 1.10). These
nano-, micro-, and macro-columns were also associated with nano-, micro-, and macro-
voids [59, 61-63]. These structures were related to the adatom mobility and the mobility

sources were summarized as:
1) thermally-induced,

i1) induced by energetic particle bombardment of the film during deposition,

14



i) induced by the nature of the vapor species and the relative bond strengths

of the materials involved (chemically-induced).

IONE I. ZOME T « ZOME X IONE IOI
LOCAL - !
' 'EPITAXY .
1
'SURFACE ;SI.mFM:E |BULK DIFFUSION
'CIFFUSION (RECRYSTALL-"(GRAIN GROWTH)

HZATION |
'SURFACE -
|DIFFUSION)

Figure 1.8. Zone model for the grain structure of vapor deposited metal films modified
at low temperatures, including the fine equiaxed grain structure (Reprinted from Ref.
[58]; with permission from Elsevier Publishing Ltd.).
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Figure 1.9. Zone model for the grain structure of vapor deposited metal films modified

to include the bimodal grain size distribution in Zone T, also including the mechanisms

that are proposed to control the grain structure in each of the zones. (Reprinted from
Ref. [58]; with permission from Elsevier Publishing Ltd.).
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Figure 1.10. The fractal grain structure at different length scales for thin films grown
under low adatom mobility (Reprinted from Ref. [59]; published with permission from
AVS).

According to the thickness of the film, new sub-zones in Zone 1 were defined to
represent the nonlinear thickness evolution [59] (Fig. 1.11). These zones were classified
from 1A to 1E, with 1A having the smallest size columns (1-3 nm) and the latter having
the largest columns (around 300 nm). The most recent structure zone model for metal
films was proposed by Messier and Trolier-McKinstry [63]. In their model, an
additional zone of matchstick morphology was defined. In this zone, the columns were

parallel to each other and they contained dome-shaped tops (Fig. 1.12).

For a more detailed discussion on the structure zone models and new types of
microstructures sculptured by careful control of the deposition geometries, see Ref.
[51]. For computer simulation of the microstructure formation in columnar thin films,

see Ref. [51, 64, 65].
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THICKNESS
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Figure 1.11. Revised zone model with sub-zones of Zone 1 depending on film thickness
and the mobility of adatoms induced by energetic ion bombardment (Reprinted from
Ref. [59]; published with permission from AVS).
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Figure 1.12. A recent structure-zone model developed by Messier and Trolier-
McKinstry. (Reprinted from Ref. [51]; original figure by Ref. [63]; published with
permission from SPIE Press and Elsevier Publishing Ltd.).
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1.2.2. Texture in Thin Films

As mentioned above, the polycrystalline thin films usually have a certain texture,
describing the statistical distribution of grain orientations [48]. Texture arises in
polycrystalline thin films due to the fact that some crystallographic planes can occur
with a greater probability than others [49] Texture could be realized as a level of
organization of the atoms, one scale higher than the grains. The atoms organize in a
short-range order to form the grains, in other words, the single crystal pieces. A group
of grains, on the other hand, organize themselves in a certain way, giving the
characteristic texture. The crystal structure is a material property, whereas the texture is
dictated by the system constraints. The functional properties of a thin film material such
as remnant polarization, dielectric constant, elastic modulus are anisotropic due to the
texture in the films, thus accurate measurement and control of texture are important
[66]. Powder x-ray diffraction methods could be used for this purpose. However,
synchrotron radiation would provide more accuracy, owing to the very high intensity of
the x-ray beam [67]. In creating pole-figures with an Euler cradle [49], synchrotron
radiation would provide increased acquisition speed and resolution by using small steps

in both the inclination (tilt) angle (¥) and the angle of in-plane sample rotation (@) [67].

It was shown that, through the course of growth of crystalline thin films, only
those grains with the preferred growth direction survived, presumably to minimize the
surface energy [52]. The first studies on texture were done mostly on metal films such
as iron [68], Ti [69]. In these studies, it was found that low substrate temperature led to

strong texture in metals.

Basically, three types of texture have been defined on polycrystalline thin films

[48], which are illustrated in Fig. 1.13 :

1) random,

i1) fiber,

i) epitaxial.

The conditions promoting any type of these textures were discussed in the
previous section. In random texture, there is no preferred orientation of the grains on the

substrate surface. As the name implies, all the grains are distributed in random

orientations with respect to each other and the substrate plane. This type of texture is
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seen when the atoms have low mobility and when there is no preferred growth direction
of the unit cell. In fiber texture, one crystallographic axis is parallel to the substrate
normal, providing columnar grains parallel to each other, but oriented in different
direction with respect to the substrate normal. The major factor creating this type of
texture is the shadowing effects during growth. In the third case of epitaxial texture, all
three axes of each grain are fixed with respect to the substrate. This type of texture is
also called in-plane texture and is seen in the films grown on single crystal substrates,

where the lattice parameters of the film and the substrate are close to each other.

Apart from these three types, a new type of texture has recently been observed by
Detavernier et al. This new type of texture was named axiotaxy or off-normal fiber-like
texture and was observed in NiSi [67] and tetragonal a-FeSiO, [48] films deposited on
cubic Si(001) substrates. In this type of texture, a set of planes of the film was aligned
with a set of planes of the substrates, but none of the axes of the film were parallel to
the substrate normal. Instead, one axis was parallel to the normal of the matching plane

in the substrate, making an angle to the substrate surface.

For a more detailed discussion on texture in thin films, see [70-73].

Figure 1.13. Demonstration of texture in columnar thin films. (a) Polycrystalline: the
crystallites are randomly distributed on the substrate. (b) Polycrystalline with strong
texture: the crystallites have a preferred orientation with respect to the substrate plane.
(c) Single crystal: Perfect texture; all the crystals are oriented in the same direction with
respect to all three axes.
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1.2.3. Mechanical Properties and Residual Stresses in Thin Films

Thin films are constrained in a film-substrate composite system, which makes the
film properties very anisotropic. At the substrate-film interface, the two materials have
the same strain as long as adhesion is preserved. However, along the transverse
direction, the film is free to move and the stress is zero in this direction. When a force
field is applied to the film, in-plane stresses and out of-plane strains are developed.
Independent of the presence of an applied field, these out of-plane strains are also

created by the residual stresses that develop during film deposition.

It has been extensively observed that thin films had highly anisotropic residual
stresses up to several GPa, which were very high compared to the ambient atmospheric
pressure of 100 kPa [49]. Metallic films typically possessed tensile stresses from 0.1 to
10 GPa, and the stress usually increased with the melting point of the film material [2].
Stresses in metallic thin films have been investigated in depth. However, the
mechanisms leading to the formation and relaxation of these stresses have not been fully
understood for ceramic materials [2, 49, 50, 74]. Although residual stress has been
defined as "that which remain in a body and that is stationary and at equilibrium with its
surroundings” [75], it was hardly at equilibrium, changing as a function of time [49, 74,
76]. Thus, for controlling the reliability of the thin film, it would be crucial to

understand the formation and stability of the residual stresses [2].

The residual stresses have generally been classified as extrinsic or intrinsic [76],

according to the root cause of the stress [50, 74]:

1) thermal expansion coefficient mismatch between the film and the substrate
(extrinsic),
i1) lattice mismatch between the film and the substrate (extrinsic),

i) incorporation of atoms (residual gas or chemical reaction products)

(extrinsic or intrinsic),
1v) variation of inter-atomic spacing with crystal size (intrinsic),
V) recrystallization processes (intrinsic),
Vi) microscopic voids and dislocations (intrinsic),

vii)  phase transformations (intrinsic).
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Among these, the structure-dominant intrinsic factors usually dominate over the
external affects [74]. Whatever type they belonged to, the perception has been that all
residual stresses arose from at least one type of misfit, between the film and the
substrate or within the film itself (i.e., between grains or different phases). For example,
mismatch at the film-substrate interface caused misfit dislocations and hence destroyed
the electrical properties of epitaxial thin films [77]. Moreover, the nature and magnitude

of these stresses varied with the deposition method and post-deposition treatments.

Therefore, the properties of a material in thin film form might differ from those of
the bulk form, due to several degrees of residual strains and associated stresses
originating from the interactions between the film and the substrate. These stresses
could be observed in both amorphous and crystalline films. For example, DC-
magnetron-sputtered ITO films had residual compressive stresses from -1.7 to -0.4 GPa
[78]. The stresses increased with increasing oxygen content in the gas medium. These
compressive stresses decreased upon thermal annealing at 250 °C, with simultaneous
increase in crystal content and electrical resistivity and decrease in carrier mobility. The
decrease of stress was attributed to the lower volume of the crystalline phase than the
amorphous phase. Detailed reviews on the residual stress modeling [79]and the factors
that effect the residual stresses and the film microstructure [74, 75, 80] could be found

in the literature.

Another complication has been that the residual stresses in thin films were
dynamic: they changed over time with accompanying changes in the microstructure of
the film [49, 74, 76]. Possible stress-relaxation mechanisms included recrystallization
within the film, micro-structural variations in the film-substrate interface, plastic flow,
creep or other phase transformations. Since stability under normal environmental
conditions over time is essential for long-term thin-film device operation, it motivates

further investigation of stress dynamics.

Theoretically, the residual stresses in a film deposited on a substrate create
bending moments in the film-substrate composite system. The sign of the residual stress
depends on the direction of bending (Fig. 1.14). When the film had elongated more than
the substrate, the conservation of the film-substrate integrity requires bending of the
system towards to substrate. In that case, the film is under compressive planar stress: if
there were no constraints on the film, it would take back its flat shape. The situation is

the opposite when the film had shrunk more relative to the substrate: the film is under
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tensile stress, in the opposite direction with the bending of the system. It was observed
that joining of even a few islands increased the stresses at the initial stages of film
growth [74]. The tensile stresses were generally caused by voids, whereas the
explanation for the cause of compressive stresses was not that straightforward. One
explanation was the volume changes during crystallization [74]. For example, the
amorphous phase of Bi films was very unstable, and with increased film thickness,
spontaneous crystallization occured. Since the density of the crystalline Bi phase was

lower, high amounts of compressive stresses were created (up to several GPa) [74].

film

substrate G, M
S ’t substrate

Film under residual
compressive stress

Film under residual
tensile stress

Figure 1.14. Development of residual compressive and tensile stresses in thin films.
When the substrate and the film have shrunk with different amounts, the resulting
bending moments bend the laminate. The dashed arrows show the direction of bending,
and the solid arrows show the direction of the residual stress in the material after the
system is bent.

Another proposed cause of residual stresses was atomic peening: During
deposition, due to the high energy of the adatoms (10-100 eV) [2], ion implantation into
the film might have occured, leading to residual compressive stresses. Ttwo competing

affects of ion implantation into the film were proposed:

1) The atom was in a metastable position, increasing the local density and

hence the strain energy, namely creating an extended defect within the film, and

i1) Thermal spike provided by the implanted atom could have released the
other implanted atoms from their metastable state, causing them to diffuse through the

film to the surface.
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The mechanical stability of thin films greatly depended on the amount of adhesion
between the film and the substrate: "The thin film is very fragile, and it depends on the
substrate for strength.” [1, 81]. There is not a solid consensus in the scientific literature
to define adhesion. Moreover, adhesion has been hard to measure without being
influenced by the measurement technique. Several definitions of adhesion and the

factors that influence adhesion were summarized as follows [1, 81]:

1) interfacial adhesion: The film and the substrate had a well-define
interface.
i) interdiffusion adhesion: The interface between the film and the substrate is

continued gradually from one material to the other. It was influenced by either the solid-

state diffusion or the solubility of one of the materials into the other.

1i1) intermediate layer adhesion: There was no well-defined interface, but the
film and/or the substrate materials for various types of chemical compounds, extending

to several monolayers of thickness.

v) mechanical interlocking: The film were partially interlocked by the
topographic features on the substrate, since the substrates were never perfectly flat.
Therefore, interface area extended, which provided more bonds between the film and
the substrate. Thus, rough surfaces could provide more adhesion, provided that severe
stresses were not created. Rough surfaces were also not advantageous for vacuum
deposition, due to the shadowing effect. This effect could have resulted in uncoated

areas or microscopic voids or vacancies, which might have initiated adhesion failure.

When the amount of mechanical energy stored inside the film was considerably
large (several GPa), it might have been released by crack generation, crack propagation
and peeling off of the layer from the substrate [49]. For films with low elasticity, the
relaxation would have been via cracks and blisters. If the adhesion was weak, the film
would have completely detached from the substrate. On the other hand, strong adhesion
would have given rise to film stresses and consequent moments sufficiently high to
bend the substrate. In an extreme case, the film would have buckled and led to complete

loss of adhesion between the film and the substrate (Fig. 1.15).

Several deposition parameters had particularly strong impact on the film
mechanical properties. As an example, the effect of substrate bias on the DC

magnetron-sputtered ZrN films’ toughness and adhesion to the substrate were
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investigated in relation to the residual stresses [82]. When these films had low adhesion
on Si substrate, this was attributed to the lattice mismatch of the film and the substrate
(azzn = 0.4577 nm, asi = 0.5431 nm) and the differences in the thermal expansion
coefficients (ozN = 7.26x10° K'l, og; = 2.33x10° K'l). The residual compressive stress
contained in the film varied from -0.186 to -1.938 GPa, depending on the DC bias (-45
— 435 V). For the bias value of 50 and 20 V, the thermal expansion-mismatch
components of residual stresses were 0.127 and 0.105 GPa, respectively. The critical
load for delamination of the ZrN film by scratching was found to be 11.3-23.2 N. The
maximum critical load was achieved when the substrate bias was zero. lon
bombardment of the film due to applied substrate bias provided direct momentum
transfer and thermal mobility to the species on the surface. Therefore, the film’s
uniformity, density, and surface coverage increased, while the pinhole density
decreased. However, negative bias decreased the practical adhesion, presumably due to
the increased residual stress induced by Ar bombardment. Likewise, positive bias
produced higher deposition rates and higher residual stress. At the same time, due to the
low mobility of the species on the surface, a loose and defective microstructure was

created. Thus, positive biasing was not advantageous for the adhesion, either.

(b)

Figure 1.15. Coating deformation and buckling due to compressive stress on oxide
layers. (a) Optical microscope image of a SiO, coating on PMMA [83]. (b) Thermally
grown alumina film formed at 1100 °C after 10 h and then furnace cooled to room
temperature (Reprinted from Ref. [84] with permission from Elsevier Publishing Ltd.).
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Crack growth and integrity of the ITO films on polyester substrates were
investigated for flexible display applications [85]. The films contained residual
compressive stress from -200 to -950 MPa, increasing with increasing thickness. The
cracking behavior was also found to be thickness-dependent. A transition from stable to
unstable crack growth was observed when the crack length exceeded ten times the film
thickness. The critical onset strain for crack generation was found to be 1.18% for 150

nm-thick films under -742 MPa of compressive stress.

Various types of cracks in a thin film are shown in Fig.1.16 [86]. Here, Z is
dimensionless number (about unity) that defines the driving force for crack generation.

It relates the energy release rate in a crack (G) to the stress involved (o) as follows:

Surface Crack

Channeling
Z=1.976
I ¥ ] Substrate Damage
? ? Z = 3.951
f Spalling
? Z=0.343
—_— A — Debond

1.028 (initiation)
Z=

0.5 (steady - state)

Figure 1.16. Commonly observed cracking patterns [86]. (Reprinted from Ref. [86] with
permission from Elsevier Publishing Ltd.).
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G = Zo’h/E:. (1.2)

Here /4 is the layer thickness, and Er is the elastic modulus of the film material. The
value of Z varies depending on the type of crack and the elastic mismatch between the

film and the substrate.

The Z value is not enough for determining whether one of the crack types in
Fig.1.16 will be created or not. There is a critical film thickness, h., which limits the

crack-free state. Its relation to stress is given as follows [86]:

he=T¢E¢/ Zo™. (1.3)

Here I is the fracture resistance of the film material. Below a thickness of 4., the film
would not exhibit the crack pattern designated by the Z value. The common crack

patterns, as shown in Fig. 1.16, have been classified as follows [86]:

1) surface cracks: These were nucleated from isolated flaws on the surface.
They had a high driving force of formation (high Z), but the stress was not high enough
for these cracks to channel through the film. This type of cracks was detrimental for

corrosion protection coatings, but tolerable for many other applications.

i1) channeling: This was an unstable process; the channels continued
propagating until they were stopped by either another channel or an edge. Therefore, a
channel network was formed, surrounding isolated islands of the film material. It was
often seen in glazes (pottery) and road pavements and could be detrimental for many

other applications.

1i1) substrate damage: This type of cracks had the largest Z value among
others. It was formed when the cracks propagated into the film. Thereafter, they could
either stabilize within the film or change direction and propagate parallel to the

substrate.

v) substrate spalling: This phenomenon occurred when a crack propagated
inside the film in a direction parallel to the substrate. This often led to extensive flaking

of the film. Owing to the small Z value, it was tolerable for some applications.
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V) debonding: This was the complete local loss of the adhesion between the
film and the substrate. It could have initiated either edge defects or channels, as
described above. The driving force for initiation was higher than for the propagated
debonding, which in some cases could have been stable. Thus, in some cases, pre-cracks

were introduced into the material to take advantage of this phenomenon.

Wang et al. reported the mechanisms of spalling and buckle formation in
thermally grown 50 um-thick aluminum oxide films [84]. The growth temperature was
1000 °C. Several factors leading to cracking and the loss of adhesion were summarized

as follows:

1) large residual compressive stresses in the film (3—5 GPa) created either

during film growth or cooling (due to thermal expansion mismatch),

i1) thickening of the oxide film at high temperature, resulting in increased

density available for spalling,
iii)  segregation of impurities to the interface,

v) embrittled interface leading to wedging or buckling. Wedging is promoted

by shear-crack mechanisms and subsequent inelastic shear deformation.

It was experienced that those shear deformations in the residually compressed thin
films caused tensile stress concentration at the film-substrate interface that led to
cracking and spalling [86, 87]. The mechanisms for buckling are demonstrated in Fig.

1.17:
1) Separation between the film and the substrate developed.
i1) Film buckled. Buckling propagated through the interface.

1i1) Buckling induced bending stresses in the film. Consequently, cracking and

spalling occurred.

In brittle films, the tensile stress at the top of the buckles could be high enough to
create ridge cracks [88]. Then the buckles were rather straight-sided, in contrast to
telephone-cable buckles. Several types of buckle formation and the relevant

imperfections on the surface are presented in Fig. 1.18.

For a thin film under equibiaxial compressive stress, the critical stress (oc) to

cause buckling of the film over a circular separation was given as [86, 89]:
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Figure. 1.17. A schematic indicating the sequence of events when a compressed film
buckles and spalls away from a substrate (Reprinted from Ref. [84] with permission
from Elsevier Publishing Ltd.).

oo = 1.22[E¢/ (1- v@)](h/b)*. (1.4)
Here, Er is the film’s elastic modulus, vr is the film’s Poisson’s ratio, 4 is the film

thickness and b is the separation radius. When the stress within the film (o) is greater

than o, energy release occurs with a rate of G:
G = g1Go[1- (0 - 0)'], (1.5)
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where

Go = (1- vpho* | Ey, (1.6.a)

and

g =[1+0.9 (1-v]". (1.6.b)

G, is the elastic energy per unit area, stored in the unbuckled film.

Figure 1.18. Characteristic buckling configurations. (a) An imperfection with no
apparent buckle, (b) an imperfection (arrowed) at the perimeter of an axi-symmetric
buckle, (c¢) an imperfection (arrowed) at one end of a telephone cord buckle, (d) two
competing buckle delamination morphologies: telephone cord and a straight-sided
buckle with a ridge crack that extends to within a buckle width of the front, (e¢) a FIB
cross-section through the buckle with the ridge crack. ((a), (b), (c) reprinted from Ref.
[90]; (d), (e) reprinted from Ref. [88]; all with permission from Elsevier Publishing
Ltd.)
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For the initial separation of the film and the substrate, tensile or shear stresses
must exist at the interface [87]. These stresses were formed on non-planar substrates
and create crack-like voids at the film-substrate interface [87]. The amount of stress in
the film was not the only parameter to determine whether spalling would occur or not
[87]. Another critical parameter for the film-substrate separation and buckling was the
interfacial toughness, I';, which was a function of the loading phase angle, y [84].

Buckling would propagate when

G=T. (1.7)

A representative buckling map was constructed with three non-dimensional

indices (Fig. 1.19.) [84]:

T
oL
of
| No —|TUTL, = (1-v2)(O/E)(b/h)2| —>

| Buckling
| I—

I 1 1 1 1 1
2 3 4 5 6 7 8 B

Figure 1.19. A buckling map derived from the mechanics of buckle propagation. The
three domains are identified. (Reprinted from Ref. [84] with permission from Elsevier
Publishing Ltd.)

1) buckling index, IT:

= (1- vé)(o / Ep(b/h) . (1.8)
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Buckling would not occur unless IT / Il = 0.22. The buckle dimensions were related to

each other as follows:
S/h=1.25 (I1 - I1,)"?, (1.9)

where 0 was the uplift of the film above the substrate, and /4 was the film thickness. The

relative surface uplift was given as a function of I / I, in Fig. 1.20.
i1) adhesion index, Z:
T = ol h(1- v)/(E: )] (1.10)

I’ was the mode I interface toughness when the loading phase angle was equal to zero

(v = 0). Buckles would not propagate unless X > X = 2-3.

1i1) mode mixity index, A: This parameter depended on the interface roughness.
Considering these factors, three domains of buckle formation were described as follows:

1) IT < TIl.: No buckling occured for the whole range of X. Although interface

separation existed, the overall film adhesion would be preserved.

i1) IT > TII. and X < X.: Buckles were created but they did not propagate. The

film adhesion was still stable.

i) IT > Il and £ > X.: Buckles were formed and they propagated. The
occurrence of spalling depended on bending deformation due to buckling, and

consequent tensile stress development in the film.

It should be noted that this model was valid only in the case of equibiaxial
compressive stress in the film. In the study of Wang et al. [84], an external load was
applied to the aluminum oxide film in one direction. Axial compressive deformations
were applied to the film, by the use of a servo-hydraulic testing system with load
control. The maximum compressive stress was 400 MPa and the loading rate was 4
MPa/s. Thus, the stress was not equibiaxial. Nevertheless, the residual compressive
stress component dominated. For this reason, the deviation of the measured buckle size

from the critical value was small (Fig. 1.21).
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Figure 1.20. The relative surface uplift, 6/h, as a function of the compressive stress,
relative to the critical value for buckling. (Reprinted from Ref. [84] with permission
from Elsevier Publishing Ltd.)
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Figure 1.21. The measured and critical buckle sizes plotted as a function of the stress.
(Reprinted from Ref. [84] with permission from Elsevier Publishing Ltd.)
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Buckling of a stressed film influenced the crack propagation: stress intensified at
the buckle perimeter, providing a driving force for delamination and spalling [91]. For a
film under biaxial compression, the following set of equations were developed to define
the buckling and spalling mechanism in terms of the level of stress that exist in the film

[86, 87]. The critical compressive stress value for buckling to occur was:

oo = 1.22[E¢/ (1- v@)](W/b)*. (1.11)

For a stress level of o, > o, the minimum separation that causes asymmetric buckling

was given in terms of the stress as:
bo/h = 1.1(Edoy)". (1.12)
Those buckles would propagate only if o, > 0, where
o, = ¢ [EcT/(1- vph]"?, (1.13)
and ¢ was about 2.5. The corresponding critical buckle radius was given as:
by/h = w(Ey 0,)"?, (1.14)
where w was about 2. Spalling would occur when the stress reached a value of a5, where
os=¢ [ETJ/(1-vph]" (1.15)
@ was about 1.7. Once the buckles were formed, their further propagation was limited
by the relative values of the film toughness, Iy, and the interface toughness, I';°. For

tough interfaces, i.e., I° I, > 0.56, spalling was promoted rather than buckle

propagation. In that case:

bs = by, (1.16)
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For interfaces with low toughness, the buckles tended to propagate with o, and
the spalling was dictated by the mixity index A. Interfaces with low toughness could

cause very large spall radii. The corresponding spall size, b5, was given by:
bJh =y (Eday)"?, (1.17)
where

%= 1.1 exp[0.7(T/T) - 1.25]. (1.18)

For 1 um-thick Ni alloys (E; = 400 GPa, E, = 200 GPa), application of this model
predicted a critical compressive stress of 2-6 GPa for buckle propagation and spalling

[87]. The critical stress value increased with increasing interface toughness.

As mentioned before, for the initial separation of the film and the substrate, tensile
or shear stresses must exist at the interface [87]. These stresses were formed on non-
planar substrates and created crack-like voids at the film-substrate interface [87]. When
the oxide films were subjected to high temperatures, the cracks at the oxide-substrate
interface steadily grew [87]. Further stress build-up might have occurred while cooling
down from high temperatures, if there was a significant difference between the thermal
expansion coefficients of the film and the substrate (Aa). In that case, for the film to

spall, the critical stress value (o5) should be exceeded:

Ei(AaAT + &0)/(1 - v) + 04> 0. (1.19)

Here, o, was the growth stress operating at the high temperature, and &, was the applied

strain.

For a more comprehensive review on film failure, please refer to [86, 89, 91-94].
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1.3. ZnO as a Functional Thin Film Material

As mentioned earlier, ZnO is an important transparent conductive oxide material
(TCO). Properties of common TCOs were compared in Table 1.1. The combined optical
and electrical properties make ZnO competitive in transparent conductive oxide (TCO)
and light emitting device applications. The piezoelectric properties render it a suitable
candidate material for surface acoustic wave devices, piezoelectric transducers,
actuators, transistors, varistors, efc. On the other hand, it can also act as a barrier against
UV light and oxygen diffusion. It is a promising alternative for GaN or ZnSe-based blue
or UV emitting devices, or for ITO-based TCO panels, and for TiO, based protective
coatings. For these reasons, there is a great interest on ZnO thin film depositions with
various methods on different substrates. Some of the prospective substrates for ZnO

film growth and their lattice constants are summarized in Table 1.4 [13].

Table 1.4. Lattice parameters of a number of the prospective substrate materials for
Zn0O, compiled by Ozgiir et al. [13].

Crvstal Lattice Lattice E];(l[l)zl;:;li?)ln
. rysta .
Material Stricture Parameters Mismatch Coefficient
(1)
W
a.(10° K™
3.252 29
ZnO Hexagonal 5913 475
3.189 5.17
GaN Hexagonal 5185 1.8 455
3.112 53
AIN Hexagonal 4980 4.5 4
4.757 (18.4% after 30° 7.3
0-ALOs Hexagonal 12.983 in-plane rotation) 8.1
. 3.080 4.2
6H-SiC Hexagonal 15117 3.5 468
Si Cubic 5.430 40.1 3.59
3.246
ScAIMgOg4 Hexagonal 75 195 0.09
GaAs Cubic 5.652 424 6.0
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Radio frequency magnetron sputtering is one of the most commonly used
techniques for ZnO thin film growth [25, 95-112]. Some other methods include DC
magnetron sputtering [113-115], solution synthesis [101, 116], laser ablation [117, 118],
electron-cyclotron resonance sputtering [37], laser molecular beam epitaxy [119-121],
pulsed laser deposition [101, 122], and various chemical vapor deposition methods [30,
123]. While thin films mostly grow in textured polycrystalline form, single crystal bulk
growth of ZnO is also possible by special techniques [13, 32].

The important parameters for the ZnO thin film devices are discussed below.
Apart from thin films and bulk material, there is recently increasing interest on various
types of nano- and micro-structured ZnO and their optical properties, focused mainly on

UV lasing [11, 100, 124-132].

1.3.1. Microstructure

Thin films of zinc oxide exhibited a very pronounced (002)-texture on various
types of substrates, as demonstrated by XRD measurements. The c-axes of the
hexagonal zincite crystallites were perpendicular to the substrate surface, leading to

columnar structure. The shape of the columns depended on the deposition parameters.

In RF magnetron-sputtered ZnO thin films, kinetic energy of the particles
reaching the surface, hence the RF power and pressure were important in determining
the degree of crystallinity and texture [25, 95, 96, 98, 99, 101, 102, 111]. Optimum RF
power [102, 112], optimum substrate temperature [95, 113], and optimum pressure
conditions [96, 102, 112] were aimed to promote maximum grain size. For example, the
(002)-peak intensity of the ZnO films increased with increasing RF power [95, 96, 102].
Increasing RF power could have increased the energy of the particles reaching the
surface, via direct momentum transfer. Hence, the adatoms gained more mobility and
fill the defects in the film. Therefore, structural homogeneity and crystallinity of the
structure increased [96, 99]. On the other hand, too high an RF power led to an
inhomogeneous structure with poor crystallinity. This happened when the adatoms

accumulated so fast that they could not rearrange themselves before the next incident
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atoms arrived the surface [102, 104]. Thus, an optimum RF power should be

maintained.

Other important parameters to be optimized were total and oxygen partial pressure
for maximum degree of texture [95, 111, 112, 115, 133]. Water et al. found the
optimum oxygen content for strongest texture to be 40% for ZnO films deposited at 200
°C, 150 RF power, and 0.0004 mbar total pressure [95]. Bachari et al. found that even
1% of oxygen in the sputtering chamber resulted in increased density of the film and
improvement in the column structure [96]. Therefore, the deposition parameters should

be optimized to maximize the texture.

The effects of deposition parameters on the microstructure of thin films have been
demonstrated in the form of structure zone models, as presented in Section 2.1.1. For
ZnO thin films, a few modified structure zone models were described recently. One
model was proposed by Ellmer [25], for Al-doped, magnetron-sputtered ZnO films. In

this model, the variables were the oxygen partial pressure, p,,, and the deposition rate, R

(Fig. 1.22). The model related the phase composition, mechanical stress, grain size, and
visible transparency. The substitutional Al dopants occupying the Zn sites caused large
strain-free crystallites. This phase had the lowest electrical resistivity. A stress-valley

was observed extending from the lower left (low R, low p,) to the upper right corner
(high R, high p,) of the zone model. The films with desired property, i.e. lowest

resistivity and higher transparency, were produced within this valley. These variables

form a technological window for transparent conductive ZnO applications.

Polley and Carter investigated the structure zones in ZnO films deposited by
combustion chemical deposition [134]. The films were deposited on polished, fused
quartz substrates. The substrate temperature range was 180-850 °C, corresponding to a
homologous temperature range of 0.2-0.5 7p,. Crystal structure and texture was
monitored by both XRD and electron diffraction by TEM. The matrix was composed of
three general regions, depending on the homologous temperature and the precursor
concentration (Fig. 1.22). Zone A consisted of amorphous film with cauliflower-like
morphology. This zone of low adatom mobility was similar to Zone 1 in previously
developed models. This zone was not expected at those temperature ranges in a
conventional zone model. This discrepancy was attributed to the differences in film

forming mechanisms in the deposition method used. The basic difference was the high
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amount of impurities that could be eliminated in high vacuum conditions. Zone T had
polycrystalline film with small grains. Zone 2 was composed of a columnar film. Zone
3 of large equiaxed grains was not observed in the temperature range of study. Higher
temperatures were not applied since ZnO vaporized above 0.5 Ti,. The SEM images of
the films in the three zones are presented in Fig. 1.23., and the proposed structure-zone
matrix is given in Fig. 1.24. Based on the measurements of the grain sizes in each zone,

the authors calculated the activation energy of surface diffusion of ZnO as ~60 kJ/mol.

(ransparent

opaque

resistvity minimmn
(ZnO:Al)

Figure 1.22. The structure-phase zone model with the residual stress effect. The
independent parameters are the oxygen partial pressure (po,) and the deposition rate (R).

(Adapted from Ref. [25] with permission from IOP Publishing Ltd.)
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(b)

Figure 1.23. SEM micrographs for the zone matrix developed by Polley and Carter: (a)
Zone A microstructure for 0.005 M solution concentration and 0.25 7}, deposition
temperature in plane (left) and cross-sectional (right) views; (b) Zone T microstructure
for 0.01 M solution concentration and 0.35 T3, deposition temperature in plane (left) and
cross-sectional (right) views; (¢) Zone 2 microstructure of 0.005 M solution
concentration and 0.45 Ty, deposition temperature in plane (left) and cross-sectional
(right) view. (Reprinted from Ref. [135] with permission from Elsevier Publishing Ltd.)
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Figure 1.24. Structure-zone matrix for ZnO films deposited by combustion chemical
deposition. (Adapted from Ref. [135] with permission from Elsevier Publishing Ltd.)

Another more recent model ZnO films was proposed by Mirica et al. [136, 137].
They pointed the difference in morphological development between metal and metal
oxide films; hence the differences in the structure zone models. In their model, the
formation of previously defined high-temperature structures was achieved at lower
homologous temperatures because of the effect of high-energy particles. Increasing
substrate temperature decreased shadowing effect and increased surface diffusion.
Therefore, the transition zone was eliminated by substrate heating (Fig. 1.25). They
described two sub-zones within Zone 2. Zone 2a was composed of a film with faceted
columns and a rough surface. Films in Zone 2b were smoother, denser, and highly

textured. However, the columns had pitted tops, owing to the limited surface diffusion.

As stated repeatedly, ZnO thin films usually had a very pronounced texture along
the (002)-direction. However, there were some cases where other orientations have been
reported. In a study by Cebulla et al., the appearance of the (101)-reflection, among the
(001)-reflection was mentioned [25, 138]. This orientation was observed in both the
XRD 260 scans (Bragg-Brentano configuration) and the texture distribution (pole
figures). This peak was only observed in the pure ZnO films and not in the Al-doped
films. The intensity of this peak increased with thickness (Fig. 1.26). Aluminum was
proposed to be acting as a mineralizer or surfactant that improves the texture of the

layers during growth. Minami et al. also observed (101)-reflections from Al-doped ZnO
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films thicker than 1 um at high sputtering pressures and/or high substrate temperatures
[139]. Those films had a low visible transmittance with a milky appearance. Sayago et
al. examined the ZnO films deposited on Si0,/Si(100) substrates with RF powers of 50,
100, 150, and 200 W [133]. They found that the intensity of the (002)-peak increased
with increasing oxygen content. Among the (002)-peak, weak reflections from the (100)
and (110)-planes were observed in the XRD scans, for RF powers higher than 50 W.
Lim and Lee examined ZnO thin films sputtered from a Zn target on Ru/Si(100) and
Al/Si(100) substrates [140]. The films on Al/Si substrates had a mixture of small and
large grains with large amount of voids. The films on the Ru/Si substrates were very
dense and the grain shapes were hard to detect. For the films on Ru/Si substrates, only
the (002)-reflection was observed. For those films, the grain size was 33.4 nm. In the
films deposited on Al/Si substrate, the XRD intensity of the (002)-peak decreased to 1/5
of the previous case. At the same time, additional reflections from the (100), (101), and

(102)-planes appeared. In that case, there was a slight decrease in grain size to 31.3 nm.

The significance of a pre-deposited thin ZnO buffer layer before the actual
deposition was emphasized in a few studies. Buffer layers with different thicknesses
(50-500 1&) were sputtered on (0001)-oriented sapphire substrates at 200 °C [141]. After
annealing of these layers in the chamber at 350 °C for 10 min, further film deposition
was carried at this temperature. The 100-A thick buffer layer had the roughest surface
with a root-mean-square (rms) roughness of ~25.1 A, presumably due to three-
dimensional island formation. As the thickness of the layer increased, the roughness
dropped, presumably due to island coalescence. On the other hand, ZnO films deposited
on a 100 A-thick buffer layer had the smoothest surface and most intense (002)-peak
among all the samples (Fig. 1.27 and 1.28). In another study, the effect of the pre-
deposited buffer layer on the structural properties of the ZnO films deposited by metal-
organic chemical vapor deposition (MOCVD) on SiO,/Si substrates was examined
[142]. In the XRD scans, (100), (002), and (101)-peaks were observed. A buffer layer
was deposited at 470-490 °C deposited for 1-5 min. This layer provided a template for
improved crystalline structure for further film growth at lower temperatures (300-330
°C). These films had a predominant (002)-texture with a very smooth surface (rms
roughness = 7 nm.). The residual stress concept was not discussed in either of those

studies on the effects of the buffer layer.
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Figure 1.25. Comparison of various structure zone models Reprinted from Ref. [136];
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Figure 1.26. XRD spectra of RF-sputtered ZnO (---) and ZnO:Al (—) films of different
thicknesses. From bottom to top the films were 170 and 370 nm (ZnO) and 40 and 360
nm (ZnO:Al) thick. The vertical bars display the diffraction pattern of zincite powder

(JCPDS-No. 36-1451) [25, 138]. (Reprinted from Ref. [25] with permission from IOP
Publishing Ltd.).
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Figure 1.27. SEM images of the surfaces of ZnO films deposited on different buffer
layer thicknesses: (a) no buffer layer; (b) 50-A thick; (c) 100-A thick; (d) 200-A thick;
(e) 500-A thick. (Adapted from Ref. [141] with permission from Elsevier Publishing

Ltd.).
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Figure 1.28. XRD spectra of ZnO films deposited on different buffer layer thicknesses:
(a) no buffer layer; (b) 50-A thick; (c) 100-A thick; (d) 200-A thick; (e) 300-A thick; (f)
500-A thick. (The indices (0002) and (0004) correspond to the indices (002) and (004)
in our study, respectively.) (Reprinted from Ref. [141] with permission from Elsevier
Publishing Ltd.).
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1.3.2. Mechanical Properties and Residual Stresses

There are very limited number of studies on ZnO thin films that related the
residual stresses to mechanical properties and the film integrity. These studies
concentrated mostly on hardness and elasticity of the ZnO films, and these properties

were compared to the bulk ZnO values.

The anisotropy in hardness of ZnO thin films on a-axis and c-axis oriented
sapphire was reported by Coleman et al., and the values were compared to the values
for bulk ZnO [143] (Table 1.5). The films were harder than their bulk ZnO counterpart.
In addition, pop-in events during nanoindentation were observed in the bulk ZnO only,
and not in the films. In single crystal bulk materials, the pop-in events were attributed to
the slip along the basal or pyramidal planes. The relative hardness of the ZnO epilayers
and the absence of pop-in events were proposed to be due to the pre-existing defects.
These defects were thought to be inhibiting the slip of the planes by strain
compensation. (In nanoindentation, a discontinuity in the load vs. depth curve was
commonly referred to as a pop-in event [144, 145]. It was an indication of a sudden
yielding of a material under load. It was associated with the onset of plasticity, and it is
common in crystalline materials. A similar discontinuity during unloading was called a
pop-out event.) The high hardness of the sapphire substrate was also proposed to be an
inhibitor for this slip. Presumably, the high lattice mismatch provided a high dislocation
density.

Navamathavan et al. [146] reported the mechanical deformation behavior of
epitaxial ZnO thin films grown on (0001) oriented sapphire substrates. The films were
grown by magnetron sputtering with thicknesses of 400 and 800 nm. By nano-
indentation studies, the average elastic modulus and hardness were evaluated as 15445
and 8.7t0.2 GPa, respectively. These values were slightly higher than the bulk ZnO
values, and this was proposed to be due to the residual compressive stresses within the
film. In contrast to the observations reported by Coleman et al. [143], the authors
observed pop-in events in the indentation depth vs. load curves. These discontinuities
pointed to plastic deformation of the films. This plastic deformation was attributed to
sudden propagation of dislocations, which had been pinned down by pre-existing

defects.
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Table 1.5. Hardness and elastic modulus for bulk and epitaxial ZnO measured by nano-
indentation [143].

Orientation Sample type Hardness (GPa) Elastic Modulus (GPa)
a epitaxial 6.6+1.2 318 £50
c epitaxial 5.75+0.8 310 £40
a bulk 2+0.2 163+ 6
c bulk 48+0.2 143+ 6

In a study by Rossington et al., the adherence of ZnO films on Si substrates were
studied [147]. The films were deposited by reactive magnetron sputtering from a Zn
target with a thickness of 5-10 um. The thermally grown oxide layer on the Si substrate
was 0.1 um-thick. The 5 um-thick films deposited under 100% O, at 350 °C had 730+70
MPa of residual compressive stress, as measured by substrate bending. The stress was
580+90 MPa for the 10 wm-thick film. Decreasing the oxygen content to 60%
eliminated the stress completely. The substrate bending was measured by the optical
interference fringes on the film. The elliptic shape of the fringes revealed that the
biaxial strain in the film was not isotropic. In this study, the influence of buckling on the
cracking of the compressed films was examined. In stress-free samples, the cracks
propagated along the interface, with a very smooth fracture surface. In the stressed
films, the nature of the cracks depended on the load and film thickness. The thinner film
(5 um) cracked along the interface under low loads (1-3 N). For higher loads, the
cracks propagated within the film, adjacent to the interface. The latter behavior was
observed in the thicker films for the whole range of loading. The transition in the
fracture path in the thinner film was attributed to the onset of buckling and consequent
deflection of the crack towards the surface. Once the cracks were created within the
film, they were confined in a plane parallel to the substrate. The critical loads for
buckling of stress-free samples were outside the loading range and they were consistent
with the quantitative predictions. However, the predictions were inconsistent with the
data for stressed films. This was attributed to the bending of the sample under the
influence of residual stress, and consequent decrease in the buckling load. These results
were summarized in Fig. 1.29. In the same study, the fracture toughness (G.) was
calculated as 16 + 7 J/m? and 13 + 4 J/m* for the 10 um-thick and 5 um-thick films,

respectively.
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Figure 1.29. (a) Normalized crack length as a function of normalized load. (b) Critical
buckling loads (P,) in relation with buckling (Reprinted from Ref. [147]; published with
permission from AIP.).

In a study by Huang et al., ZnO films with a thickness of 202—-1535 nm were
deposited on Si(100) substrates by magnetron sputtering [148]. The applied load was in
the 10 mN-2.0 N range. The films thinner than 554 nm experienced only indentation-
induced radial cracking. Those films contained about 387 MPa residual compressive
stress. When the film thickness exceeded 832 nm, for low indentation loads, only
indentation-induced delamination was observed. For the same samples under higher
loads, radial cracking accompanied delamination. Two types of interfacial fracture
energies were calculated depending on whether the delaminated film was buckled or

not. That value was 12.2 J/m? for buckled films and 9.2—11.7 J/m? for unbuckled films.

Residual compressive stresses have been observed in ZnO thin films in many
studies [25, 95, 96, 99, 102, 111, 112]. These stresses were manifested in a shift of the
x-ray diffraction (XRD) peaks to lower diffraction angle (26) when compared to powder
data. This behavior will be explained in more detail in Chapter 3. As mentioned in
Section 1.2.3, there were several factors for residual stress formation in thin films. For
example, thermal stresses in films were caused by the thermal expansion mismatch
between the film and the substrate material. If the thermal expansion coefficient of the

substrate material was lower than that of ZnO, as in the case of Si substrate, the films
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were under tensile thermal stress in the axial direction [95], resulting in higher Bragg
reflection angles (20) than that of the powder. The reverse holds for substrates with a

higher thermal expansion coefficient than that of ZnO, such as glass or polymers.

Several studies reported on the intrinsic component of the residual stresses in the
films. These stresses were proposed to be arising from the oxygen deficiencies and
several imperfections in the crystal lattice of the films formed during film growth. Some
of the studies associate the residual stresses to entrapped argon or oxygen, but only very
few authors actually measured the entrapped gas amount in the films. For example,
Bachari et al. found about 0.5 at.% argon in the RF magnetron-sputtered ZnO films by
Rutherford back-scattering (RBS) measurements. Maniv et al. discussed the pressure
and angle-of-incidence effects on the residual compressive stresses in ZnO films [149].
The films were deposited on Corning 7059 glass substrates by reactive magnetron
sputtering from a Zn target on thermally oxidized Si wafers. The residual stress varied
from -8 GPa to zero, and decreased by one order of magnitude as the pressure was
increased from 0.4 to 4.7 Pa. This was proposed to be due to the decreased mean free
path of the adatoms and the consequent weakening of the atomic peening effect. At low
pressures, the films had a dense structure. Increasing the pressure promoted column
formation. The c-axis orientation of the grains decreased by increased rotation of the
substrate. When the film thickness exceeded 3 um, the glass substrate bent. The films
thicker than 6 um cracked and detached from the substrate.

Other than the aforementioned factors (oxygen deficiency, argon entrapment, and
thermal expansion mismatch between the substrate and the film), lattice mismatch is
also a factor in stress formation. For example, differences between stresses in ZnO films
sputtered on Si and GaAs could not be explained solely by thermal expansion mismatch
[98] between the film and the substrate. Since GaAs and Si both have lower thermal
expansion coefficients than ZnO, the thermal mismatch effect would cause the ZnO film
to shrink more than the substrate when cooling down after deposition on both
substrates. Thus, a residual tensile stress in the film would be expected, and that stress
would increase with the increasing substrate temperature. However, the observations
were contradictory; the residual stresses were compressive and increased with
increasing substrate temperature. This contradiction was associated with the affects of

the lattice structure on the residual stresses.
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Increasing the substrate temperature (from room temperature to 300 °C) was
observed to decrease the residual compressive stresses [95, 98]. This result was
attributed to the increased mobility of the atoms, ions, and molecules reaching the
surface. The residual stresses could be eliminated or turned from compressive into
tensile by a separate post-deposition annealing in air at a suitable temperature for a
suitable time period [95, 96, 150-154]. In all cases, the annealing led to a decrease in the
residual compressive stresses. In some studies, an optimum annealing temperature for
annealing ZnO in air was found to eliminate these stresses. This optimum annealing
temperature ranged from 480 °C [154] to 600 °C [95]. Annealing at that optimized
temperature often led to the strongest texture, the largest grain size, and the maximum
XRD peak intensity. One study showed that performing the annealing in a single step or

in the form of consecutive annealing cycles did not change the resulting stresses [155].

Lim and Lee examined ZnO thin films sputtered from a Zn target on Ru/Si(100)
and Al/Si(100) substrates [140]. The films on two different substrates had very different
residual stresses, with accompanying differences in the microstructure and texture. The
films on the Ru/Si substrates were very dense and the grain shapes were hard to detect.
For the films on Ru/Si substrates, only the (002) reflection was observed. For those
films, the grain size was 33.4 nm and the residual compressive stress was -0.137 GPa.
The films on Al/Si substrates had a mixture of small and large grains with large amount
of voids. XRD intensity of the (002)-peak on these substrates was 1/5" of the previous
case. At the same time, additional reflections from the (100), (101), and (102) planes
appeared. In that case, there was a slight decrease in grain size to 31.3 nm, and a huge

increase in the residual stress to -0.986 GPa.

Cimpoiasu et al. discussed the ways of decreasing the residual compressive
stresses by adjusting the deposition parameters [156]. ZnO thin films were reactively
deposited by DC sputtering on Si(100), Alq11y/Si, and Al(11/SiO»/Si, substrates. The
distribution of the c-axis orientation in the films depended on the additional layer on the
Si substrate as in Table 1.6. The residual compressive stress was much larger in the
films grown directly on the Si substrate. This was attributed to the lesser number of
defects present in the films on Al substrates than those on Si substrates (Fig. 1.30). In
addition, the stress on highly (111)-textured Al substrates was less than that on poorly
(111)-textured Al. The minimum stress (about -50 MPa) was obtained at 6 mTorr, 100%

0,, and 375 °C. The stress was higher both below and above 6 mTorr, regardless of the
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other parameters. A lower pressure led to an increase in adatom energy, damaging the
film and the substrate, whereas a higher pressure caused a decrease in the adatom
energy and mobility, owing to high number of collisions on their way to the substrate.
Both of these effects promote increased residual stresses. The stress increased to -300
MPa by decreasing the temperature to 225 °C. At about 3.0 A of sputter current, the
stress changed from compressive to tensile. Since Si has a lower thermal expansion
coefficient than that of ZnO, tensile lateral stresses formed at the film-substrate
interface upon cooling down to room temperature after deposition. At the point of sign
change of the stress, the compressive intrinsic stress was thought to be of the same order
of magnitude as the tensile thermal stress, resulting in a zero residual stress. In all cases,
the stresses were eliminated by thermal annealing at 280—400 °C. Thermal treatment

was believed to eliminate boundary defects and improve c-axis orientation.

Table 1.6. Distribution of c-axis orientation of zinc oxide films grown on different
substrates [156].

Substrate material c-axis distribution

Si +15°

Al(l 1 1)/Si02/Si +6°
Al(]]l)/Si +3°
Al(low(l 1 l)orientation/si +8°

As mentioned earlier, Ellmer proposed a structure-phase zone model for Al-doped
ZnO thin films [25]. The residual compressive stress was one of the variables in this
model. The residual compressive stress values that were used in this model were
reported in a previous study, and they varied from 0.8 to 2.8 GPa [138]. The residual
stress decreased upon Al-doping. The thickest (350 nm) Al-doped films were nearly
stress-free. They also observed that the stress in RF-sputtered films were lower than
those in DC-sputtered films. For both ZnO and ZnO:Al films, the stress increased with
increasing ratio of DC power (P,c) over RF power (Py;), while the grain size remained
relatively constant (Fig. 1.31). This result was explained by the more intense ion
bombardment of the films by the RF discharge than the DC discharge. As will be
discussed in Sec. 1.3.3, RF discharges could provide a more energetic plasma with

higher ion density.
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Ellmer also calculated the thermal strain arising from the differences in thermal
expansion coefficients of ZnO and the glass substrate to be less than 5x10™ [25]. Thus,
the thermal contribution to the residual compressive stress was insignificant. At the
same time, both the Rutherford back-scattering (RBS) analysis and the transport of ions
in matter (TRIM) simulations revealed that the films were free of implanted argon for
the range of deposition parameters used (50 eV Ar ions). Thus, it was concluded that the

major part of the stress was created by other factors during growth.
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Figure 1.30. The total stress in a zinc oxide film calculated from the deflection
measurements (open symbols) and the x-ray diffraction measurements (full symbols).
(Reprinted from Ref. [156] with permission from IOP Publishing Ltd.).
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Figure 1.31. (a) Dependence of the film stress on the sputtering pressure for ZnO and
ZnO:Al films with sputtering parameters: Py = 30 W, hz,0 = 120 nm, Az,0.41 = 350 nm
[138]. (b) Strain (left) and stress (right) of ZnO and ZnO:Al films depending on the
Pyc/(Poc + Pry) ratio with sputtering parameters Ppc + Py = 80 W and p,, = 0.8 Pa [25,
138]. (Reprinted from Ref. [25] with permission from IOP Publishing Ltd.).
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1.3.3. Optical and Electrical Properties

Like the other properties, the optical properties of ZnO films depend on the
deposition parameters and the consequent microstructure: RF or DC magnetron-
sputtered ZnO thin films exhibit a transparency greater than 80% in the visible region
[101, 106, 109, 111, 113]. For sputtered films, the transmittance is found to increase
with the increasing oxygen partial pressure and the total pressure. This result was
associated with an improvement of the structural homogeneity and the stoichiometry of
the films [115] and an accompanying decrease in the light scattering loss [96]. In
accordance to that, the extinction coefficient decreases with increasing total and oxygen
partial pressures, within the range of 400 to 800 nm irradiation [96]. On the other hand,
with increasing RF power could provide denser films that more strongly reflect the
incident radiation, causing a slight decrease in optical transmittance [96]. Increasing the
substrate temperature during deposition causes more scattering of incident light with

consequent decrease of the transmittance [113].

The band-gap of ZnO films changes according to the crystal structure. By
photoluminescence measurements on pulsed laser deposited films, the difference in
band gap of the wurtzite and zinc blende type ZnO was estimated to be 0.10 eV, which
was in good agreement with the theoretically calculated value [19]. Some band gap
measurement results for RF magnetron-sputtered films on various substrates are as
follows: 3.22 eV for silicon [106], 3.27 eV [109] and 3.3 eV [111] for glass, and 2.95—
3.2 eV for polymer substrate [99]. DC magnetron sputtering yielded a band gap of 3.38
eV on glass substrate [113]. The stoichiometry of the films, in other words the oxygen
content, also influences the band-gap [107]. High pressure and low RF power [99] as

well as high substrate temperature [113] promote wider band gap.

In all cases, independent of the pressure, more homogeneous and denser films had
higher refractive indices. The refractive indices of thin films were calculated based on
transmittance measurements in the UV-VIS range. They were seen to depend on the
microstructure, which is influenced by the coating parameters. For example, increasing
RF power also increases the refractive index, due to a denser film [96, 102, 105].
Pressure must also be controlled during deposition. Increasing total pressure may
decrease [96, 102] or increase [115] the refractive index, depending on the contribution

of oxygen partial pressure. For DC sputtered films on glass, substrate temperature did
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not have a significant effect on the refractive index, where the index ranged from 2.03
to 1.87 in the wavelength range of 400 to 1000 nm [113]. On the same type of substrate,
an index of 1.95 is reported at 632.8 nm for RF magnetron-sputtered ZnO film [111]. (It
should be noted that, optical indices calculated from the ellipsometry results may vary
according to the method used for fitting the data; hence the assumptions about the

microstructure must be done very carefully for accurate results [109].)

Most of the studies on ZnO thin films focused on the effects of deposition
parameters on the optical properties of the films. On the other hand, electrical properties
are also strongly influenced by the deposition conditions. Literature results on the
electrical resistivity, charge carrier density and mobility in ZnO thin films can be found
in an excellent review by Ellmer [25]. It is possible to tune the transparent oxide’s
electrical resistivity by varying the dopant concentration. The most studied dopant for
Zn0O is Al. Some other dopants for ZnO films are also studied in literature (B, Ga, In,
Si).

Both the carrier concentration and mobility exhibit a strong dependence on the
degree of crystallinity and on the grain size, which are influenced by the coating
conditions such as the RF power, substrate temperature and chamber pressure, as stated
previously. The minimum resistivity (p) obtained for magnetron-sputtered
polycrystalline Al-doped ZnO thin films was 1.9x10™* Q-cm [25, 157, 158]. For single
crystal substrates, even a lower resistivity of 1.4x10™ Q-cm was achieved by depositing
epitaxial ZnO on sapphire [25, 159]. The films had a charge carrier concentration (N) of
1.5x10*' ¢cm™ and Hall mobility (1) of 34 cm?/V-s. This resistivity was comparable to
that of ITO. For those films, as the deposition rate increased, the residual compressive
stresses also increased. These stresses damaged the crystallinity of the film.
Consequently, the mobility of charge carriers decreased, and the resistivity passed
through a minimum. The mobility was lower than the theoretical limit value for TCOs,
calculated by Bellingham et al., by ionized impurity scattering model (90 cm?V/s) [25,
160].

A charge carrier concentration of 1.5x10*' cm™ means that 60% of the doped Al is
electrically active [25]. Ellmer studied the dependence of electrical resistivity on the
oxygen partial pressure in ZnO thin films, sputtered from a metallic target by DC
discharge [25, 161]. With increasing p,, N decreased drastically upon formation of

AlO; and hence loss of electrically active Al Increasing p,, from 0.04 to 0.1 Pa caused

53



two orders of magnitude decrease in N. When the oxygen partial pressure was lower
than 0.06 Pa, the films lost transparency due to increased oxygen deficiency. Incomplete

oxidation of zinc causes metallic zinc to build up in the films, causing opacity. For po,

greater than 0.06 Pa, the number of charge carriers continued decreasing. At a total
pressure of 0.5 Pa and an oxygen partial pressure of 0.06, the films had maximum Hall
mobility. After that point, mobility also started decreasing, due to increased grain

boundary barrier on electron transport.

Most TCOs are polycrystalline and the maximum efficiency cannot be reached
due to scattering from the grain boundaries and defects [162]. The number of charge
carriers cannot be increased infinitely due to absorption of free charge carriers in the
infrared [25]. This also decreases transmittance in that region. Increasing the mobility of
the ions could be advantageous. Improving the crystallinity of the material by grain
growth, or decreasing the mechanical stresses in the material, could be effective in
increasing the mobility. As the degree of crystallinity improves, resistivity would

decrease.

1.4. Thin Film Deposition

As mentioned before, RF magnetron sputtering is one of the most commonly used
techniques for ZnO thin film growth [25, 95-112]. Some other methods such as
molecular beam epitaxy [119-121], pulsed laser deposition [101, 122], and chemical
vapor deposition [30, 123] have also been applied to deposit ZnO thin films.
Comparison of various methods for ZnO deposition can be found in the review by
Ozgiir et al. [13]. In sputtering, a sintered ZnO ceramic target with high purity is used as
the source. Argon is used as the ionizing gas and oxygen is used to improve the
stoichiometry. The growth is usually performed in a O,:Ar gas mixture with the oxygen
ratio ranging from 0% to 100%. In reactive sputtering, metallic Zn target is used as the
Zn source. The sputtered Zn particles react with oxygen, and condense as ZnO on the

substrate surface.

Another method for ZnO deposition is molecular-beam epitaxy (MBE) [13]. To
deposit ZnO by MBE, Zn metal and oxygen gas are used. The Zn metal is evaporated
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from an effusion cell. The cell temperature determines the Zn flux, and it is an
important parameter on the film growth rate. An oxygen radical beam is produced by a
plasma source. This beam is directed on the film surface to provide oxidation of Zn into

Zn0O. To maintain epitaxy, usually (0001)-oriented sapphire substrates are used.

Pulsed laser deposition (PLD) takes advantage of the high-power laser pulses to
evaporate material from a target surface. The evaporated jet of particles arrives at the
substrate surface, with a strong forward-directed velocity distribution. Stoichiometry is
preserved during film growth. Typical substrate temperature and gas pressure are 200—
800 °C and 10°-10" Torr, respectively. In ZnO deposition, cylindrical ZnO targets of
packed ZnO powder are used as targets. The film properties depend on the substrate

temperature, oxygen pressure, and laser intensity.

In chemical vapor deposition (CVD), a solid material is deposited from vapor
phase precursors onto a substrate [13]. A reaction chamber with a temperature profile is
designed such that a carrier gas carries the gaseous species onto the vicinity of the
substrate. The solid-state reactions take place on the substrate, which is heated to the
desired temperature. When metal-organic precursors are used, this technique is called
metal-organic chemical vapor deposition (MOCVD), metal-organic vapor-phase epitaxy
(MOVPE), or organometallic vapor-phase epitaxy (OMVPE). For ZnO deposition,
typical organometallic precursors are (CHj3),Zn (dimethyl zinc) and (C,Hs)Zn.
However, these materials are very reactive towards oxygen, which makes the control of
the reaction harder, leading to films with poor quality. Studies on less-reactive
precursors are continuing [13]. As a carrier gas, typically argon or nitrogen is used,

together with oxygen. This method is suitable for large-scale film production.

To understand the stress evolution in thin films and its relation to the
microstructure, it would de useful to understand the physical fundamentals of the
deposition technique. For this purpose, RF magnetron sputtering, which is the

deposition method used in this study, is presented in detail in the next section.
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1.4.1. Radio Frequency Magnetron Sputtering

Sputtering is a glow discharge process and a physical deposition technique that is
used to grow thin films on substrates for a wide variety of commercial and scientific
purposes [1, 163]. It is based on the interaction of the target surface with the high-
energy bombarding particles. The typical deposition rates are about one monolayer per
second, or 50-500 A/min [1]. For an atom of about 3 A diameter, this corresponds to

about 200 A/min, if one monolayer is assumed to contain about 10" atoms/cm?.

When an energetic ion hits a solid surface, the following phenomena may take

place [1]:
1) The ion may be reflected (ion scattering).
i1) The target could emit a secondary electron.

i) The ion may be trapped inside the solid (ion implantation).

iv) The solid structure may be modified and lattice defects may be created
owing to the energetic interactions with the incoming ion (radiation

damage).

V) Atoms of the solid material could be ejected because of the momentum

transfer from the incident ion (sputtering) (Fig. 1.32).

High-nergy ion or atom hits the solid surface. Atoms and electrons of the solid sputter out.

Figure 1.32. The impact of an atom or ion on a surface produces sputtering from the
surface as a result of momentum transfer from the incoming particle. No melting of the
material occurs, unlike many other deposition techniques.
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A partially ionized gas consisting of equal number of positive and negative
charges is called a plasma [1]. The portion of ionized material in the plasma that is used
in glow discharge processes are is on the order of 10 and thus the sputtering gas is
mostly neutral. The temperature of ions in the sputtering medium is around 500 K. The
electrons on the other hand, have energy around 2 eV, which correspond to a
temperature of 23200 K. However, this high a temperature does not affect the system

due to the very low heat capacity of electrons.

During sputtering, the substrate and the target (material to be deposited onto the
substrate) are placed inside a chamber of low-pressure inert gas (usually argon). If
necessary, reactive gases (usually oxygen or nitrogen) could be mixed with argon. A
high voltage is applied between the anode (substrate side) and the cathode (target side)
to ionize and energize the gaseous molecules and create a plasma, which consists of
electrons and gas ions in a high-energy state (Fig. 1.33). The ones whose energy is high
enough to reach the substrate and low enough to be adsorbed on the substrate condense
into a film. For deposition of dielectric films, an additional radio frequency source is
used to prevent a charge build-up on the non-conducting target surface. This method

was first introduced in the 1960s [164-166].

During the course of glow discharge, the plasma is under the influence of the
plasma potential, also known as the space potential (V) [1]. The substrate, on the other
hand, has a floating potential (V7). The electrons in the vicinity of the substrate are
repelled by a voltage barrier of V,—Vr. Therefore, the substrate has a net positive charge
around it, known as the space charge or sheath. The electron density decreases along
this sheath. The atoms that have been excited by the electron impact goes under
relaxation and because of this, the discharge glows (Fig. 1.34). The glow density
depends on the density of excited atoms, hence the density of electrons. Thus, the glow
is much dimmer within the sheath and the sheath creates a dark space on every surface

that is in contact with the plasma.

The problem of charge-build up during deposition of dielectric materials can be
better understood considering the following discussion. When the dielectric target
material is placed in a DC discharge, its surface will be charged, forming a sheath, until
it reaches the floating potential [1]. That point onwards the ion flux and the electron
flux on the material surface are equal. These electrons and ions recombine at the

surface, leaving it with zero net current. The magnitude of a DC plasma density is
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around 10'%cm’, and the sheath voltages of insulating materials are around 1020 volts.
In these circumstances, the rate of electron-ion recombination could be lower than what
is required to maintain the zero current on the surface. This causes a charge build-up on
the target material, which is a problem in DC-sputtering of dielectric materials. This
situation could be demonstrated more clearly, if both the insulating target and the glow

discharge are represented by equivalent capacitors. Considering the below equations,

C=0/V (1.20)

o=[1Idt, (1.21)
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Figure 1.33. Schematics for the RF magnetron sputtering method. The substrate is
placed in a low-pressure chamber between two electrodes. The electrons are driven by
an RF power source, which generates a plasma and ionizes the gas (e.g., Ar) between
the electrodes. A DC potential drives the ions towards the target, knocks atoms off the
target, and condenses them on the substrate surface. A strong magnetic field is applied
to contain the plasma surface of the target to increase the deposition rate.
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Figure 1.34. Plasma glow (a) around the substrate holder and the holder arm (present
study), (b) around the target [167].

(where C is the capacitance, Q is the stored charge, V' is the applied voltage, [ is the
current and ¢ is time), it is obvious that the voltage across a capacitance cannot be
changed instantaneously. Once the circuit is closed, the voltage at surface of the
insulator will be at -V, the supply voltage, instantaneously. When the glow discharge is
initiated, the insulating surface starts loosing electrons due to the combination with the
positively charged gas ions bombarding its surface. Then, the negatively biased target
surface will start to charge positively. Consequently, the voltage on the surface will start
rising exponentially, from -V towards 0. When it passes the discharge-sustaining limit,
the plasma will be lost. To overcome this problem, one solution has been proposed to
use an alternating current (AC) discharge, by bombarding the target surface with
positive ions and electrons in an alternating fashion. The AC-frequency that has been
conventionally used is 50 Hz. If the charging time of the insulating surface is much less
than half the period of the AC source, then the plasma would be off for a significant
amount of time. Thus, the AC discharge has not been a very useful solution to the

charge build up problem on the insulating surface [1].

As an alternative, radio-frequency (RF) sources are being used. Average RF and
DC ion currents are similar to each other (~1 mA/cm?). For a quartz substrate with a
typical capacitance of 1 pF/cm’® and for an applied voltage of 1000 V and a current
density of 1 mA/cm?, ¢ would be equal to ~1 us. Thus, a continuous discharge can be

maintained at frequencies above 1 MHz. In RF sputtering, the target is alternatively
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bombarded with ions and electrons, by the voltage supply alternating at the set
frequency in the RF range [1]. The conventional RF-discharge equipments operate at a
frequency of 13.56 MHz. An RF discharge is more efficient in using the electron impact
ionization than a DC discharge. For this reason, the minimum operating pressure could
be decreased to 1 mTorr (0.0013 mbar). Therefore, the scattering of the sputtered target
atoms by the gas medium is decreased. Another problem for glow discharges is the arc
formation caused by the dirt particles on the target surface. In RF systems, it is more

difficult for the arc to be sustained owing to the fast alternating field.

The sputtering gas should be inert to maintain chemical purity of the coating and
heavy enough to provide the momentum necessary to eject the target atoms [1]. Among
the noble gases, argon (Z = 18) is the generally preferred one. It is cheap and available,
not radioactive like radon (Z = 86), and has a high sputtering yield comparable to that of
xenon (Z = 54). The minimum operating pressure is limited by the DC glow discharge
requirements (generally about 30 mTorr): there should be enough gas ions inside the
chamber to provide a significant sputtering rate [1]. On the other hand, at high
pressures, the probability of collision between the sputtered target atoms and the gas
ions increase, decreasing the energy and distorting the line-of-sight of the particles
incident on the substrate surface, and thereby decreasing the deposition rate. Thus, the
maximum operating pressure is also limited (generally about 100 mTorr). In addition,
there is a specific voltage-current relationship for each target material-sputtering gas
pair. To maintain a glow discharge with a current density of 0.1-2.0 mA/cm?, the

applied voltage should be in the 500—5000 V range.

A pre-sputtering step is performed to clean the target surface from any
contamination that would decrease the deposition performance [1]. During this step, the
target surface is covered with a shutter. However, care should be taken for the

contamination of the shutter itself after deposition.

The power efficiency in sputtering is very low and there is excessive amount of
heating of the target (up to 400 °C) [1]. This amount of heating could damage the target-
backing electrode bonding or other parts of the system. For this reason, a cooling

system is used, usually by running water underneath the target.

Another important parameter in sputtering is the substrate temperature. It dictates

the mobility of the species on the substrate surface, which is the basic factor in thin film
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formation mechanisms [1]. It also effects the gas incorporation into the film. The
substrates are usually heated by hot-liquid circulation or electrical resistance. The
temperature is measured by a thermocouple in contact with the substrate or positioned
nearby it. However, it should be kept in mind that the exact temperature at the substrate
surface is usually different from its bulk due to the heat input from the glow discharge
by the energetic ions. Thus, the value measured by the thermocouple could be
erroneous. The use of infrared thermocouples is a solution, if the appropriate calibration

is applied.

Magnetic fields are used in sputtering systems to increase the deposition rate and
reduce electron bombardment onto the substrate and maintain greater structural
homogeneity of the film [1]. The energetic efficiency for electron/gas molecule
collision is increased, and higher deposition rate is achieved compared to simple RF
sputtering [163, 168]. With magnetic field assistance, deposition rates greater than 1
um/min could be achieved [1]. Consider a particle that is charged by an amount Q,
moving with a velocity of v. The magnetic field (B) applied perpendicular to the
velocity vector (v) of this particle creates a force vector (F) that is perpendicular to both

B and v:

F=0QvxB. (1.22)

Therefore, the particle is accelerated by:

a=F/m. (1.23)

The typical magnetic fields that are used in sputtering are around 100 Gauss,
which is enough to accelerate the electrons but not the ions. The more electrons are
accelerated towards the target, the more ionization takes place. Without this boosting
effect, most of the electrons are neutralized by their collisions with the chamber walls.
There are two different configurations to apply magnetic fields in sputtering systems:
axial magnetic fields and magnetrons. In the first case, the magnetic field is applied
parallel to the glow discharge direction. The electrons moving along this direction are
unaffected from this applied field. However, an electron moving with an angle 6 to that

direction would experience a force of magnitude (Belsind), with a direction
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perpendicular to the applied magnetic field. Therefore, the electron travels in a helical
path, its net velocity reducing to zero when it is close to the walls. At the same time
owing to the increased path length, more collisions with the gas atoms and more
ionization take place. In the magnetron systems, there is an electric and a magnetic field
applied perpendicular to each other, the magnetic filed being parallel to the target
surface. In addition to the similar helical route, the electron is forced to fall back onto
the target, if it has not been already used by a collision on its way. Consequently, the
electrons would be magnetically confined near the target surface, further increasing the
electron density hence the number of collisions in that region. Although the use of
magnetic fields to assist glow discharge processes had been proposed much earlier

[169], they have widely been in practical use only for the last couple of decades.
There are two disadvantages of magnetron systems [1]:

1) localized erosion of the target (causes inconstant deposition rates and

necessitates frequent replacement of the target),

i1) arcing, (more common for magnetron sputtering systems than the other

types of sputtering systems).

In overall, sputtering is advantageous over other deposition techniques by not
requiring the melting of the target material. Thus, high melting point dielectric materials
can be deposited at low temperatures. In addition, it enables reactive deposition of a
wide range of materials including mixed oxides, nitrides, efc. [51]. Also, the energy
provided by the plasma enables control of the film structure [25]. The energy transfer to
the adatoms provides good adhesion and thickness uniformity. It is a suitable method to
coat large areas for a lower cost than many other deposition methods [25]. On the other
hand, it is not a desirable deposition system for organic solids since these solids degrade
under the ion bombardment and the temperature rise (polytetrafluoroethylene being an
exception) [1]. It is also not suitable for volatile materials due to the vacuum

requirements to create the plasma.
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1.5. Measurement of Residual Stresses in Thin Films

The measurement of the tensile stresses in an anisotropic material is based on the

three-dimensional Hooke’s Law [149, 170]:

O-x Cll C12 C13 gx
o,r=|C, C, Cj;fe, (1.24)
o, Cy Gy Cyle.

Here, o; and ¢ are the tensile stress and strain in the corresponding directions,
respectively. Cj; are the elastic constants and they form the stiffness matrix [Cj;]. In this
matrix, there are four independent elastic constants: C;;, Cip, Ci3, and Css. (The
stiffness constants Cy4 and Cee are used for calculating the shear stresses. In hexagonal
crystals, due to symmetry, Ces is not independent; Cgs = (C1-C12)/2 [13].) The use of

this equation is given in more detail in Chapter 3.

The accuracy of the stress calculation depends on the accurate measurement of the
stiffness constants and the strains. Various values reported in the literature that have
been collected by Ozgiir ef al. [13] are given in Table 1.3. Another aspect of the stress
determination is the accurate measurement of the strains. As stated earlier, the origins of
the misfit in the film-substrate system could be thermal, mechanical, arising from
plastic deformation, etc. [76]. Thus, the appropriate measurement method should be
selected for the correct measurement of the stress among the methods developed so far.
The early methods depended on the bending of the substrate upon stress, measured by
the superposition of coherent light beams [74]. For a film thickness of ¢ and a total
sample thickness of 4, the radius of curvature (p) is related to the residual compressive

film stress (o.) as follows [147, 171]:

p = [Ed? 1 60ct (1-v)[(1+6/h)(1-4/h)] (1.25)

Here E, and v are the elastic modulus and Poisson’s ratio of the substrate.
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Texture is a serious obstacle in stress analysis, and the measurement of residual
stresses in textured samples is still an evolving field. The texture existing in the films

complicates the stress analysis because of the following factors [49]:

1) The restricted range of tilt angles due to the nonrandom distribution of the
crystal orientation ("4 reliable regression of the measured strain distribution may thus
become impossible.") Then the intensity of the diffracted beams is a function of the
inclination angle, y, and at low intensities, the d-spacing measurement could become

erroneous or even impossible.

i1) Due to the texture, the elastic properties become anisotropic and the

calculation of the diffraction elastic constants become inadequate.

Intrinsic stresses are hard to quantify due to the complex kinetics of film growth.
On the other hand, the portions of the residual stresses in thin films that are caused by
the so-called extrinsic factors are more easily quantified. The thermal stresses are
proportional to the thermal expansion coefficient difference of the film and the substrate

as [49]:

omn~ (Ts-T) Aa, (1.26)

where oy, is the thermal stress, 75 is the substrate temperature during deposition, 7 is the
equilibrium temperature after deposition (room temperature), and Ao is thermal
expansion coefficient difference of the film and the substrate. The proportionality
constant is the effective elastic modulus of the textured film. For large Aa or AT, the
thermal stress is reduced by a plastic strain factor where the film stress exceeds the yield
point of the film material. Some values of az,o that were used to calculate the thermal

stresses in ZnO thin films are given in Table 1.7.
The lattice-misfit stress is related to the lattice parameters of the two materials as

follows [49]:

om~ 2(as- as) / (ag+ as), (1.27)
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where o, 1S the lattice-misfit stress, ar and as are the lattice constants of the thin film and
the substrate, respectively. Here the bending effect of the substrate on the misfit

dislocations is not taken into account.

Table 1.7. Some values for the thermal expansion coefficient () of ZnO used in the
literature.

a (x10%/°C) Direction Temperature (°C) Reference
5-8 25-400 [172]
4.75 a

23 [25]
2.92 c
68 a
300-800 [173]
3.54.5 c
6.05 a
0
3.53 c
[174]
3.2 a
40
3.9 c
4 [138]

The method that is used in this study to evaluate residual stresses in the ZnO thin
films is presented explicitly in Chapter 3. The relevance of the background information
provided in this chapter is presented in Chapter 2. Some other methods for stress
measurement in thin films are x-ray diffraction with experimentally calculated x-ray
elastic constants (sin’y method) [175-177], nanoindentation [178, 179], two-
dimensional XRD [180], and Raman spectroscopy [181-183]. Table 1.8 prepared by
Welzel et al. [184] shows some of the critical review articles on stress measurements in
thin films. More information on different techniques could be found on other texts such

as [49, 50, 178, 185, 186].
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CHAPTER 2

AIM AND MOTIVATION

As stated previously in Chapter 1, ZnO has many current and potential uses for
the industry. It is a promising material for transparent conductive oxide or piezoelectric
device applications [5, 13]. The optical and electrical behavior of these films is strongly
influenced by the microstructure, which is primarily set by the deposition conditions as
well as the substrate structure [101, 106, 109, 111, 113]. Until now, zinc oxide has been
grown with various methods on a limited number of substrates. Much research has been
done on the effects of deposition parameters for RF magnetron-sputtered ZnO thin
films. However, the work on how the film growth parameters determine the

microstructure and the final film properties is still incomplete.

The stable crystallographic structure of zinc oxide at room temperature and
pressure is the hexagonal wurtzite type [13, 23, 24]. Wurtzite ZnO thin films tend to
grow in polycrystalline form, with a very strong (002) texture [137, 190]. In a few
studies, some other orientations, such as (100), (101), and (102) were reported [25, 133,
138-140]. However, the consequences of this variation from the (002) texture were not

reported in detail.

The structure of the grains and the strength of texture depend on the deposition
parameters. In a broad sense, the affects of the deposition parameters on the film growth

can be summarized as follows:

1) Increasing the substrate temperature generally induced an increase in the
adatom mobility and improved structural homogeneity. However, 75 should also be
optimized for strongest texture (presumably due to microcrack formation above 400 °C

[111]) or minimum roughness (due to grain over-growth above 300 °C [95]).
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i1) The number of collisions increased between the gas molecules and
sputtered atoms by increasing total pressure, effectively reducing the energy of the
particles adsorbing on the substrate. Therefore, the mobility of the adatoms decreased.
On the other hand, deposition rate and film stoichiometry (O/Zn ratio) decreased with
increasing pressure. For example, optimum p for maximum deposition rate, maximum
O/Zn ratio, and minimum FWHM in XRD was 1 Pa = 0.1 mbar in Ref. [96]. In another
study for DC-magnetron sputtered ZnO films, the deposition rate increased for p = 0.2—
3.0 Pa (0.002—-0.03 mbar), while the p range for maximum structural homogeneity and

the highest crystallinity was only in the 0.6-0.8 Pa (0.006—0.008 mbar) range [115].

i) Other than the total gas pressure, the effects varying the partial oxygen
pressure during reactive sputtering had been studied. Since ZnO tended to grow with
oxygen vacancies and zinc interstitials, providing extra oxygen was beneficial for
maintaining stoichiometry [99]. However, the oxygen content should be optimized for

the best film quality. For example, optimum po, was 0.01 Pa (0.0001 mbar; 10% O, in

Ar) for the maximum XRD peak intensity [96], and 40% O, in Ar resulted in minimum

film roughness [95] and minimum FWHM in XRD with maximum peak intensity [111].

v) A similar discussion held for the RF power as with the chamber pressure,
however the two had adverse effects. Increasing the RF power increased the energy of
the particles incident on the substrate surface. Therefore, the adatom mobility increased.
The film crystallinity improved; a denser film and better—oriented grains were obtained
(e.g., in the 1.28-1.90 W/cm? [96, 99], or 300-600 W [112] ranges). However, very
high RF powers could have been disadvantageous for the film’s crystal structure. The
sputtering yield and the deposition rate increased with the increasing RF power (e.g.,
deposition rate increased six-fold in the 25-100 W Py range [102]) However, the
deposition rate should be optimized to allow the adatoms enough time to seek minimum
energy positions, before subsequent adatoms arrived at the surface. Therefore, there was
an optimum Py value for the highest peak intensity and minimum FWHM in the XRD
spectra (e.g. optimum Py = 600 W in Ref. [112]), or maximum grain size (e.g., grain

size decreased rapidly for Py > 50 W in Ref. [102]).

It should be noted that, all of these parameters should be optimized for the desired

microstructure and the consequent electronic properties.
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The microstructure of thin films has been investigated under the topic of structure
zone models (SZM) for several decades [51]. These models basically discuss the
changes in the grain shapes depending on the homologous temperature (ratio of the
substrate temperature, 7, to the melting temperature of the film material, 7;,) and the
working pressure [54-58, 63]. A few studies included the adatom energy and the film
thickness as a parameter [59, 60]. However, these models were developed based on the
studies of metallic films. Most ceramics have much more complicated and more
anisotropic crystal structures. They also have more than one type of ions. Therefore,
oxide films could have very different growth dynamics compared to metals. For this
reason, previously developed SZMs were not directly applicable to ZnO thin films. In
addition, these models did not cover the entire spectrum of deposition parameters, and
there remains a need for studying the morphological evolution of ZnO films under a
wide range of deposition parameters [137]. For ZnO, a few structure zone models have
been developed. One study examined the effect of 7/7}, and the precursor concentration
for chemically deposited ZnO thin films [135]. For magnetron-sputtered ZnO thin films,
one study showed that the structures achieved for metallic thin films in the conventional
models could be reached at lower homologous temperatures [136]. One study discussed
the effects of deposition rate and oxygen content on the structure zones of Al-doped and
magnetron-sputtered ZnO films, providing a technological window of low stress and
high transparency [25]. In a few studies, the effect of a thin buffer layer between the
film and the substrate on the structure of the films has been investigated [141, 142].

RF magnetron-sputtered ZnO thin films possessed residual compressive stresses
[25, 95, 96, 99, 102, 111, 112]. Thermal annealing has been widely applied to relax
those stresses [95, 96, 150-155]. The residual stresses might originate from the coating
method itself: sputter deposition is known to produce highly dense, close-packed
microstructure films with compressive stresses that varied as a function of the coating
parameters such as the working-gas pressure, the gas discharge current, and the angle of
incidence of the coating material atoms. In most cases, the stresses were attributed to
the thermal expansion mismatch between ZnO and the substrate material [156].
However, the thermal contribution to the overall stress is very insignificant for the
deposition temperatures of interest [25]. A few studies mentioned the creation of
stresses upon argon implantation into the film during deposition and consequent

peening mechanism. However, the actual argon content in the films has been measured
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in only a few studies and the films contained a few atomic percentage of argon [96].
Some studies emphasized the effect of substrate morphology and the lattice mismatch
between the film and the substrate [98, 140, 156]. On the other hand, a significant
amount of residual compressive stress has been observed on amorphous substrates as
well. These were attributed to the so-called growth stresses, although the mechanisms
yielding these growth stresses have not been clearly described. Therefore, there was no
clear distinction between the intrinsic and the extrinsic contributions to the residual
stresses in ZnO thin films. It has been reported in many studies that these residual
stresses affect the functional properties of the films. Thus, mechanisms behind the
formation of these stresses should be elaborated to be able to tailor these functional

properties.

The mechanical integrity of thin films is very important for the stability of the
functional properties and device lifetime. In the majority of the studies on zinc oxide,
although electrical and optical properties of the thin films were examined; the thermal
and mechanical stability were not investigated in detail. There have been some studies
on the hardness of ZnO thin films [143]. There have also been a much more limited
number of studies on the mechanisms during mechanical failure of these films [146,

148] as well as on the adhesion control of the films on different substrates [147].

Combining the above statements, the need becomes clear for investigating the
microstructural evolution, residual stress evolution, and the relaxation of these stresses
in ZnO thin films in one comprehensive study. This study will discuss, as the title
implies, the mechanisms behind residual stress formation, how they affect the film’s
structure, and the mechanisms behind stress relaxation. The aim is to take the thin film
or microstructure growth one step further than just experimental observations. Once the
above problems have been addressed, it would be possible to design the optimal
conditions for the highest performance films with maximum stability and mechanical
integrity. The results could be used not only for zinc oxide but also for other materials
of interest for the demands of optics and electronics industry. The methods used, the

results obtained, and the conclusions arrived are presented in the following chapters.

70



CHAPTER 3

EXPERIMENTAL PROCEDURES

In this chapter, the procedures for thin film deposition and characterization are
presented. First, the sample preparation and RF magnetron-sputtering for thin film
deposition are described. The sample characterization methods include x-ray diffraction
(XRD) for stress analysis, scanning electron microscopy (SEM) for microstructure
study, and dilatometry for measurement of the thermal expansion coefficients of the
substrates. Additional experiments for the measurement of optical transmittance in the

UV-VIS range and their results are provided in the Appendix E.

3.1.  Substrate Preparation

Substrate selection and preparation are very crucial in determining the final film
structure and properties [2, 191-200]. In this study, three types of substrates are used:
glass microscope slides, single crystal silicon wafers, and single crystal mica sheets.
The surface preparation methods and material specifics for each substrate type are given

below.

Amorphous glass microscope slides (Temas, Germany) with a thickness of 2 mm
and cover slides (Isolab, Germany) with dimensions of 20x20x0.16 mm® were used as
glass substrates. The microscope slides were cut by a diamond scribe to obtain pieces of
~20x20-mm” size. Two different preparation methods were used for each of the two
groups of those glass slides. The first group of slides was cleaned under ultrasonic

vibration with the following steps ("alcohol cleaning"):
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1) Acetone bath (room temperature, 10—15 min),
i1) Methanol bath (80 °C, 10—15 min),

1i1) Ethanol bath (80 °C, 10—15 min),

v) Distilled water rinse (room temperature),

V) Wetting test (see Appendix A),

vi) Drying under nitrogen jet (99.998% v/v, max 5 ppm humidity, max 5 ppm
0>).

The pieces in the second group were first annealed in air atmosphere at 450 °C for
2 hours to diminish any possible residual stress that might be formed during cutting.
This step was followed by a special surface cleaning method, to achieve the surface of
pure SiO; as close as possible ("acid cleaning" [199]). This method involved rinsing

under ultrasonic vibration, with the following steps:
1) Detergent bath (H,O:detergent = 30:1 v/v, T = 80 °C, 10 min),
i1) Distilled water rinse x 3 (10 min each),
1i1) Acid—peroxide bath (H,SO4:H,0, =2:1 v/v, T =80 °C, 10 min),
v) Distilled water rinse x 3 (80 °C, 10 min each),
V) Wetting test (see Appendix A),

Vi) Drying under nitrogen jet (99.998% v/v, max 5 ppm humidity, max 5 ppm
0,).

Single crystal, (100)-oriented, phosphorus-doped silicon (Si) wafer pieces (Silicon
Materials, Inc., Glenshaw, PA, USA), and high quality single crystal mica
(KAIL(AISi3040)(F, OH),; potassium aluminum silicate hydroxide fluoride) sheets (Ted
Pella Inc., Redding, CA, USA) were used as crystalline substrates. The Si wafer pieces
were of various surface areas (about 2—6 cm?), all with a thickness of 508420 xm. Mica
sheets had a similar surface area, and a thickness of 0.23 mm. Silicon has a face-
centered cubic structure. The mica sheets were of the monoclinic muscovite class
("Muscovite has a layered structure of aluminum silicate sheets weakly bonded together
by layers of potassium ions [201]"). The data obtained from the Joint Committee on

Powder Diffraction Standards (JCPDS) and the XRD spectra of each of the crystalline
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substrates are provided in the Appendices B and C, respectively. Prior to deposition,

these substrates were cleaned with the "alcohol-cleaning" described above.

During preparation stages, the substrates were handled with Teflon tweezers to
prevent scratches. More detail on the crucial points of the cleaning method is provided

in the Appendix A.

3.2.  Film Deposition

ZnO films were deposited on various substrates by a 13 MHz-radio frequency
magnetron sputtering system (Teknoplazma, Ankara, Turkey) (Fig. 3.1 and Fig. 3.2).
Pure (99.999%) ZnO was used as the sputtering target (Kurt J. Lesker, Clairton, PA,
USA). Target diameter and thickness were 50.8 and 3.175 mm, respectively.

Film depositions with different materials in the chamber produce metal and oxide
residues in the chamber. The chamber was cleaned from the remains of the previous
depositions with a vacuum cleaner, acetone, and alcohol prior to the ZnO depositions.
The stainless steel target shutters, the target housing rings, and the substrate holder were
further cleaned in an acid bath HCI:H,SO, (55:45 v/v) [202]. Prior to ZnO depositions,
the chamber was initially evacuated to 10°~10” mbar. For further preparation of the
target surface, the target was subjected to argon-ion plasma cleaning for 5 min with the
shutters closed, immediately before the film depositions. High-purity argon gas
(Karbogaz; 99.999% v/v, max 1 ppm humidity, max 4 ppm O,) was used for generating

the plasma.

The ZnO target was placed on one of the three magnetrons on the bottom of the
main chamber (Fig. 3.3). The substrate holder was placed above the magnetron set. The
substrate-to-target distance was fixed at 14 cm. The substrates were placed on a 10 cm-
diameter stainless steel holder with polyimide tape, which was stable under vacuum and
high temperature. To maintain the thickness uniformity of the film across different
samples, the useful area of the holder was restricted to a diameter of 7 cm maximum,
with one control sample at the center of the holder, encircled by 4-5 others (Fig. 3.4).
To improve homogeneity further, the holder was spun around its axis by a spindler with

a speed of 3 rpm.
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Figure 3.1. The radio frequency magnetron sputtering (RFMS) system placed in a
Class—1000 clean room.

The film deposition parameters are given in Table 3.1 and Table 3.2. The
depositions were performed under a pure argon atmosphere with a pressure (p) range of
0.009-0.4 mbar, 35 cm’/min Ar gas flow (V), 100-150 W RF power (Px:), 30 W DC
power (Pyc), 8590 kHz DC bias frequency. The chamber was heated by an
electronically controlled halogen lamp placed inside the chamber (Fig. 3.3). The

following substrate temperatures (75) were used for different groups of samples:

1) Substrates were initially heated to 200 °C. No heating was performed
during deposition and the depositions were done under a decreasing

temperature. The final temperature was measured to be ~63 °C.

i1) Substrates were heated to 200 °C and held at that temperature during

deposition.

1i1) Initially at room temperature. No heating was performed. The samples
were naturally heated by electron and ion bombardment from the plasma
(presumably to around 70-80 °C; see Fig. D.1.1 and Ref. [155, 203]). The
final temperature at the end of deposition was measured as 39 °C by the

thermocouple.
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v) Initially at room temperature. Heating and deposition started at the same

time, and the final temperature at the end of the deposition was 195 °C.

From this point forward in the text, for the depositions where no heating was performed,
the deposition temperature is indicated to be as room temperature (RT). Considering the
deposition temperatures (20-200 °C = 293-473 K) and the melting point of ZnO (1975
°C = 2248 K), the homologous temperature during film growth was between 0.13 and
0.21. The temperature was monitored by irreversible temperature strips (Palmer Wabhl,
USA) stuck to the substrate surfaces and the empty substrate holder surface (Fig. 3.4).
In addition, a thermocouple was also placed near the sample holder (Fig. 3.3). For the
depositions at 200 °C, the system was allowed 1 hour for temperature stabilization prior
to deposition (see Fig. D.2.1 for the temperature calibration between the thermocouple

and the temperature strips during heating).

After the deposition was completed, one set of samples was held under vacuum at
200 °C for two hours inside the chamber (Set 10). Similarly, one set of samples (Set 11
in Table 3.1) was held at 200 °C for two hours under mixed O,:Ar flow (2:5 v/v; Ox:
Karbogaz, 99.6% v/v, max 5 ppm humidity). The total gas flow rate was fixed at 35
cm’/min, to provide consistency with other depositions. Unless otherwise stated, all the
other samples were cooled in the chamber down to room temperature under vacuum,
argon or nitrogen flow (Karbogaz, 99.998% v/v, max 5 ppm humidity, max 5 ppm O,)
after the deposition was completed (see Fig. D.2.2 for the cooling curve of the

chamber).

In order to elucidate the effect of a pre-deposited ZnO buffer layer on the further
film growth, a set of films was deposited on ZnO buffer layers. All the buffer layers
were deposited at g = 200 °C, Py = 125 W, and p = 0.2 mbar for 10 min on glass
substrates (see Setl2 in Table 3.1). Prior to the buffer layer deposition, two of these
substrates were cleaned with the acid-cleaning procedure described in Section 3.1 (12A
and 12B). Two of them were taken directly from the package and were not cleaned
(fresh substrates) (12C and 12D). After buffer layer deposition for 10 min, the samples
were kept inside the chamber until they cooled down. Two of the buffer-deposited
substrates (12B and 12D) were annealed in air at 600 °C for 2 hours. All four samples
were used for further film growth, under the same conditions used for buffer layer
deposition. The remaining deposition time was 50 min, to allow a film of the same

thickness as the other control sets.
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Figure 3.2. Schematics of the RFMS deposition system.
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Figure 3.3. A close look at the main chamber.

/f" #2 polyimide tape
7
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Figure 3.4 The positions and the indices of the substrates on the holder. The gray circles
represent the temperature measuring strips. The measurable temperatures are: i) 43—54
°C, i1) 60-93 °C, iii) 93—126 °C, iv) 132-148 °C.
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Table 3.1. ZnO thin film deposition variables. Unless otherwise stated, all substrates
were prepared by the acid cleaning method described in Section 3.1. DC power was 30

W for all depositions.
RF Chamber  Substrate .
Duration,
Setno Substrate power, pressure, temperature, ¢ (min) Note
P (W)  p (mbar) T, (°C)
1 Glass 100 0.4 200 20 *
2 Glass 100 0.4 200 60 *
3 Glass 100 0.4 RT 60 *
4 Glass 125 0.4 RT 60 *
5 Glass 125 0.4 200 60 * 8§
6 Glass 125 0.2 200 60 * 8§
7 Glass 125 0.2 RT 60 *
8 Glass 125 0.2 200 60 *
9 Glass 125 0.02 200 60 *
10 Glass 100 0.2 200 60 ok
11 Glass 125 0.2 200 60 oAk
12 Glass 125 0.2 200 10 otk
13 Glass 125 0.2 200 50 ook
Glass,
16 Mica, 100 0.02 200-63 65 §§§
Si(100)
Glass,
17 Mica, 100 0.009-0.02 RT 97 NS
Si(100)
Glass,
18 Mica, 100 0.43 115-67 45 * 8§88
Si(100)
19 Glass 100 0.025 RT 60 * 88§
20 Glass 100 0.05-0.033 RT 30 * 888
* Cooled to room temperature inside the chamber after deposition.
**  Kept under vacuum inside the chamber at 200 °C for 30 min. after deposition.
Cooled to room temperature inside the chamber after deposition.
*#%  Kept under O,:Ar (2:5 v/v) flow inside the chamber at 200 °C for 30 min. after
deposition. Cooled to room temperature inside the chamber after deposition.
*¥*%%  Cooled to room temperature inside the chamber after deposition. Some samples
were annealed in air after deposition at 600 °C for 2 h. Used as buffer layer for
Set13. (See Table 3.2.)
*#*%%  See Table 3.2 for the substrates. Cooled to room temperature inside the chamber
after deposition.
§ For comparison, one of the samples was cleaned with alcohol. (See Sec.3.1)
§§ No substrate cleaning.
§§§ Alcohol cleaning. (See Sec.3.1)
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Table 3.2. Substrate details about Setl3. Four different samples were prepared to
elucidate the effects of the pre-deposited ZnO layer on the residual stress. See Section
3.1 for the substrate cleaning method.

Sample Pre-deposition (Substrate cleaning and buffer layer)
13A Acid-cleaned substrate; Buffer layer 12A.
13B Acid-cleaned substrate; Buffer layer 12B annealed in air.
13C Fresh substrate; Buffer layer 12C.
13D Fresh substrate; Buffer layer 12D annealed in air.
13E Alcohol-cleaned substrate; No buffer layer.
13F Acid-cleaned substrate; No buffer layer.

3.3. Post-deposition Treatments

Several post-deposition treatments have been applied to the ZnO thin films after
deposition. The corresponding experimental procedures are presented in the following

sections.

3.3.1. Thermal Annealing

In order to alter the residual stresses, the films were subjected to thermal
annealing. Two different atmospheres were used to observe the differences in results
depending on the oxygen content provided: air and argon. Air annealing was performed
under normal ambient air atmosphere in a heated box furnace (Thermolyne 48000).
High-purity (99.999% v/v) argon gas was used in the argon-annealing, with a maximum
oxygen content of 1 ppm and a maximum humidity value of 4 ppm (Karbogaz). Argon-
annealing was performed in a tube furnace (Protherm; Alser Teknik). For the argon-
annealing, the alumina tube inside the furnace was sealed from both ends. Argon gas
with a flow of 50 ml/min was attached to the inlet. The air inside the tube was suctioned
for 30 min with a pump and then flushed with Argon for another 30 min. The pump
operated throughout the annealing period. The heating and cooling curves of the two

furnaces are given in Fig. 3.5.
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Figure 3.5. Heating and cooling curves for the annealing furnaces.

3.3.2. Aging

The samples were stored to monitor the time-dependent changes in the
microstructure and the residual stresses. Sets 1-15 were stored under vacuum for 2

months and Sets 16—18 were stored under ambient conditions for 12—28 months.

3.4. Material Characterization

The ZnO thin films have been characterized in terms of their microstructure,
texture, and residual stresses. Film characterization has been applied after both the film

deposition and the post-deposition treatments. The corresponding procedures are

presented in the following sections.
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3.4.1. Microstructure

Film thickness and microstructure was characterized by SEM (Zeiss—Leo Supra
35VP, Oberkochen Germany). For film thickness measurements and cross-sectional
microstructure examination, the samples were broken by the help of a diamond scribe.
A metal support tool was used during cutting such that the edge touched the sample
only along the cutting line to minimize damage to the film surface (Fig. 3.6). The
samples were coated with carbon (Emitech K950X Carbon Vacuum Evaporator) to
maintain a conductive layer on the surface to prevent charging due to electron build-up
during scanning. Elemental analysis was performed with the energy-dispersive x-ray

spectrometer (EDX) attached to the SEM, with an accelerating voltage of 20 keV.

cutting support diamond scribe pen

tool f
substrate with ZnO
filr on top

Figure 3.6. Sample cutting for cross-sectional SEM analysis.

The gun chamber pressure was about 10" mbar. The base pressure of the sample
chamber was on the order of and 10" mbar. The column was equipped with a secondary
electron detector, a back-scattered electron detector, a special in-lens detector for
annular secondary electron detection. The extractor voltage was set to 5.2 keV, and the
accelerating voltage used was in the 2-20 keV range. Elemental analysis was done by
an energy-dispersive x-ray spectrometer (EDX) attached to the SEM, with a working

distance of 8 mm.
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3.4.2. Crystal Structure and Residual Stress Analysis

3.4.2.1. Phase analysis and strain measurement

Crystalline phases were examined with an x-ray diffractometer (Bruker AXS
GmbH-D8 Advance, Karlsruhe, Germany). The x-ray source was fixed while the
sample and the detector were allowed to rotate along a goniometer circle on the source-

sample-detector plane, the sample being at the center of this circle (Fig. 3.7). Cu-K,

radiation with a wavelength of 1.5406 A was used for diffraction. The X-ray generator

voltage and current were held at 40 kV and 40 mA, respectively.

For phase analysis, the locked-couple mode (i.e. 6-26 geometry) was used. In this
mode, the sample rotates around an axis perpendicular to its normal. Simultaneously,
the detector rotates along a circular goniometer with the sample at the center, spanning
an angle of 26 (Fig. 3.7). The reflection angle 26 was varied continuously from 10° to
90° with a step size of 0.02°/step and a signal time of 0.5 s/step. For the peak shift
analysis, the scanning range was narrowed down to 32°-37° to focus on the peaks of
interest, and the acquisition time (time per step) was increased to 3 or 5 s/step
depending on the peak intensities and the noise—higher acquisition times were used in
order to reduce noise for small peaks. For very low-intensity peaks, the scans were
repeated and merged, such that the total acquisition time would be 30-270 s/step. For
planar homogeneity, the locked-couple scans were repeated for different ¢ angles (0—
360°), around the surface normal of the sample (Fig. 3.7). In this study, the ZnO
standard with the JCPDS number of 36-1451 was taken as the reference during XRD
measurements. Nevertheless, the 6—26 measurement was repeated for a commercial

ZnO powder sample (Merck, Darmstadt, Germany) for comparison.

A Gobel mirror was also positioned between the source and the sample holder, to
maintain parallel incident beams on the sample surface at all times. This way, the errors
in peak shifts created by the differences in sample heights were minimized. To decrease
this error further, the samples were positioned on the holder such that the film surface
was always aligned with the holder surface. The sample was placed inside the gap of a
Plexiglas frame and taped from above the frame. The frame was then placed inside the

holder, aligned with the holder surface with the help of a spring and a plate placed
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underneath (Fig. 3.8). To narrow the beam, and to decrease anti-parallel scattering, three
slits were positioned along the beam path: a 0.2-mm wide slit at the exit of the Gobel
mirror, a 0.6-mm computer-controlled automatic anti-scatter slit and a 0.2-mm detector

slit in front of the detector.

To account for the changes in the crystal structure during high-temperature
deposition or annealing, some samples were investigated by variable-temperature XRD.
The samples were heated by a hot-air gun, and the increasing temperature was
monitored by a laser pyrometer (Fig. 3.9). The temperature range obtained was 20—170
°C. After reaching 170 °C, the sample was allowed to cool to room temperature and
another scan was performed. During these measurements, the ¢ angle was held constant

at all times.

Goniometer

Figure 3.7. XRD measurement configuration. (Adapted from Ref. [108].)



sticking tape

Flexiglas frame

film sample

Flexiglas
support frame

film sample

HRD sample
holder

Figure 3.8. Sample placement configuration for XRD measurements.
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Figure 3.9. Variable-temperature XRD set-up.

85



3.4.2.2. Calculation of the average residual stress

According to Braggs’s Law, reflected beams from the crystal planes will interfere
constructively, hence producing a signal of non-zero intensity in the XRD scans, only if

the following condition is satisfied:

)= 2dsiné, (3.1)

d = A/2sind. (3.2)

where / is the x-ray beam wavelength, d is the lattice spacing of the diffracting planes,
and @ is the (Bragg) angle between the incident beam and the diffracting plane (Fig.
3.10). The beam wavelength is an instrument property and is equal to 1.5406 A for the
Cu-K,, radiation of the diffractometer used in this study. The lattice spacing, d, is a
material property, and the d values for ZnO crystallographic planes (JCPDS no. 36-
1451) are given in Table3.3.

interference
maximum

incident beams

crystal
planes

primany x-ray beam

Figure 3.10. Demonstration of Bragg’s Law. Only the reflections that have the required
angle of incidence interfere constructively and yield an XRD peak. (Adapted from Ref.
[204].)
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Table 3.3. Lattice spacings and the corresponding diffraction angles of the stress-free
powder standard JCPDS-No. 36-1451 [205].

Peak (1 k I) (nﬁ?fﬁﬁffiﬁ 0 20 (%) d(A)
100 57 31.770 2.81430
002 44 34.422 2.60332
101 100 36.253 2.47592
102 23 47.539 191114
110 32 56.603 1.62472
103 29 62.864 1.47712
200 4 66.380 1.40715
112 23 67.963 137818
201 11 69.100 135825
004 2 72.562 130174
202 4 76.955 1.23801
104 I 81.370 118162
203 7 89.607 1.09312
210 3 92.784 1.06384
211 6 95.304 1.04226
114 4 98.613 1.01595
212 2 102.946  0.98464
105 5 104134  0.97663
204 I 107430 0.95561
300 3 110.392 0.93812
213 8 116.279 0.90694
302 4 121,572 0.88256
006 I 125.188 0.86768
205 3 133.932 0.83703
106 I 136520  0.82928
214 2 138.513 0.82370
220 3 142,918 0.81247

For a stress-free sample, the Bragg condition for ZnO is satisfied for the values
given in Table 3.3, and the diffraction peaks for the given planes will be seen at the
corresponding 26 values as the detector scans the whole 26 range. However, for the
stressed crystals, the lattice spacings could deviate from their original values, depending
on the direction of stress. For compressive planar stress, the crystal would shrink in the

lateral direction (i.e., in the direction of the residual stress). Poisson’s ratio indicates that
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there must be a corresponding elongation along the axial direction. The case is reversed
for tensile planar stress. Therefore, the lattice parameters of the samples either increase
or decrease. Accordingly, the 260 angle to satisfy the Bragg condition shifts to lower
values for compressive planar stress and to higher values for tensile planar stress (Fig.
3.11). The amount of this shift is measured in order to calculate the transverse strain (&,)
and is used in calculating the amount of residual stress in the longitudinal direction (ox

or oy).

,/ \

— e 28
T T T

Compressive > Tlensile

£
, stress stress

Figure 3.11. Determining compressive and tensile stresses via the shift in the x-ray
diffraction peaks (for the biaxial strain model, the stress along the direction 3 is zero,
and equal amounts of stresses are present in along directions 1 and 2. For clarity, only
the stress in the direction 1 is shown in the figure).

In the elastic regime, the stress is directly proportional to strain, and the strains are
small. In this regime, Young’s modulus (elastic modulus; E) defines the ratio of the

tensile stress and the resulting strain in direction i through Hooke’s Law:

&= 0i/E (3.3)
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Poisson’s ratio (v) defines the ratio of strain along transverse strain to the longitudinal

strain along direction of the applied stress:

v=—(&/¢&) (3.4)

If the strain field is three dimensional and E is isotropic, Eq. 3.3 expands into the

following:

& :%[(71 -v(o, +(73)]
& :%[(72 -v(o, +(73)] (3.5
1

& =E[J3 -v(o, +02)]

In order to deduce the stresses from the measured strains, Eq. (3.5) should be
written in terms of the stresses. It should be considered that, for a hexagonal crystal, E is
no longer isotropic. Moreover, for constrained samples such as thin films deposited on
substrates, the sample is not free for the full Poisson’s effect to be observed. Instead, a
stress tensor with the elastic stiffness constants, [Cj] is defined. For a hexagonal

symmetry, the corresponding Hook’s law is as follows [149, 170]:

n Gy Ch & s (3.6)

or,

o1=Cn& +Cpa+Ci& (3.7a)
o =Cnha+Cha+ Cia (3.7b)
o3 =Cpéa + Ci3a + C& (3.7¢)
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In this study, the stresses are calculated by the biaxial strain model for thin films
[149]. This model assumes that the strains along x and y directions are equal to each
other and the axial stress is zero except very close to the edges. This assumption was
shown to be valid in thin films [170], and it is reasonable for the films with the

thickness values in this study (100—500 nm). Thus,

o1 = 02, (3.82)

and

a3 = 0. (3.8b)

If the biaxial compressive stress, o.,is defined as o, = 01 + 0, then adding Eq.(3.7a) and

Eq.(3.7b) yields:

o1+t =C1e +Cna+Chat+Che+Chaet+ Chs, (39)

Oc = (C11 + Cn)(&j + 82) + 2C136‘3. (310)

From Eq.(3.7¢c) and Eq.(3.8Db), it follows that:

& = -C13(81 + 6‘2)/C33, (31 1)

gte=- (C33/C13) &3, (312)

Inserting Eq.(3.12) into Eq.(3.10) yields:

o.= - (Ci1 + Ci)(C33/Cr3) e + 2C 1383, (3.13)

0. = [Ci3 - (Ci1 + C12)C33/Cis) . (3.14a)

On the other hand, if we define o, as o, = 01 = 0>, then the term in brackets is halved,

and:
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0. =[C13 - (C11 + C12)C33/2C13] &. (3.14b)
Comparing to Hooke’s Law (Eq. 3.3), it is reasonable to call the term in the
brackets in Eq. 3.14b as the film elastic modulus, Er. Obviously, this value depends on
the measured elastic stiffness constants, Cj; Inserting the stiffness constants (Table 3.4)
gives:
| Ci3 - (C11 + C12) C33/C15 | =450 GPa (3.15a)
and

E;=450/2 =225 GPa. (3.15b)

Note that this value is almost twice the elastic modulus given for bulk ZnO in Table 1.3.

Then; if o, 1s defined as o, = o1 + 03,

o. = -450 & (GPa), (3.16a)
and if o, is defined as o. = 01 = 07,

0. =-225 & (GPa), (3.16b)

By convention, a compressive stress has a negative value. Thus, a negative sign is

included in Eq. 3.16.

Table 3.4. Elastic stiffness constants of ZnO [149, 206, 207].

Symbol Value (GPa)
Cn 210
Ci 120
Cis 105
Cs3 210

The tensile strain, which is along the normal of the substrate, is:
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& = (c-cy)/cy. (3.17a)

Here ¢, and ¢ are the axial lattice parameters of the stress-free and stressed ZnO,

respectively. In terms of the plane spacing (d), Eq.(3.17) could also be written as:

& = (d-d,)/d,. (3.18b)

Alternatively, the percent strain can be written as:

%e&s = & x100 = [(c-c.)/co] x 100 = [(d-d,))/d,] x 100. (3.19)

For each sample, d is calculated from the (002)-peak position, via Eq.(3.2). Table 3.3
lists d, for stress-free powder standard (JCPDS-No. 36-1451). Then, & is calculated by
Eq.3.18, and o, is calculated by inserting that result into Eq.3.16.

Some variations of this equation have been used in literature to calculate the
residual stresses in ZnO thin films. First of all, there are different reported values for the
elastic stiffness constants of ZnO in literature, which change the value of the stiffness
matrix and the film elastic modulus. Some of these values were given in Table 1.3. For
example, Lim and Lee [140], and Fang er al. [154] used Eq.3.16a, but with a
proportionality constant of 453.6 GPa (then, Er= 226.8 GPa). Hong et al. used Eq.3.16b
with different stiffness constants [150]. Therefore, their film elastic constant was Ey =
233 GPa. These Er values used in literature to calculate the residual stresses in ZnO thin
films differ from the one that is used in our study in a range from —9.3% to 6,8%. In
addition to these, the reference value of the lattice parameter of the unstressed powder
Zn0 (c,) varies in different studies.

Another variation in the model arises from the modifications in the film elastic
constants due to the constraints and the stresses in the film. Zhenxing et al. pointed out
that, due to the strong (002) texture and the distortion of the lattice, the elastic constants
of single crystal ZnO were not appropriate to use directly for ZnO thin films [208].

They recalculated the stiffness constant, Cs3, of a textured crystal as:

C33' = 099C33 (320)
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In addition, the stiffness constants were modified according to the effective directions;

(33 was assumed to be inversely proportional to the fourth power of the lattice constant.

Gupta and Mansingh [151], as well as Water and Chu [95], used the same elastic
stiffness constants as those used in this study [149, 206, 207]. However, they took into
account the modifications stated by Zhenxing et al. [208], and used the following the

following term inserted into Eq.3.15 instead of Cs3:

Cs3' = 0.99Cs3/(1-¢3)". (3.21)

Therefore, Ey is also a function of the strain in the z direction. Inserting the value of Cs3

from Table 3.4:

Er=210-3,14x C33 =210 - 652.806/(1-¢5)* (GPa) (3.22)

and

oc = [210 - 652.806/(1-£5)"] &3 (GPa). (3.23)

Inserting the expression for &3 (Eq.3.18) and the value for d, from Table 3.3 into
Eq.3.23, . can be calculated. The results of the theoretical calculations of o, and o, for
a 26 range of 0-2.5° are given in Fig. 3.12, and indicate that the correction for o, is
significant only at high strain values. (For example, for an offset (A26) of 0.1°, 0 = 1.27,
and o, = 1.23 GPa. This corresponds to a difference of 3.2%. For A260 = 2.5°, 0 = 34.22
GPa, and 6. = 21.09 GPa. This corresponds to a difference of 38.4%.) Moreover, this
correction takes into account only the modification in Cs3, but not the other stiffness
constants. Hence, it is incomplete. For these reasons, in this study, Eq. 3.16 is used to

calculate the residual stresses in the ZnO thin films.
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Figure 3.12. Theoretical compressive stress as a function of left-shift of the (002)-peak
of the ZnO crystallites, calculated by the biaxial strain model. A(260) = 20smple - 20standard-
e=o0, = .

In these calculations, care must be taken for the factors that may cause a peak-
shift, other than the residual stress in the sample. Instrument misalignment or
goniometer offset, and error in sample positioning (height and tilt) may also cause peak
shift, and these factors should be minimized [209]. In our study, the instrument was
calibrated using a polycrystalline quartz standard and the error in peak shifts occurring
from the goniometer offset was within £0.03°, corresponding to o = 0.38 GPa. The error
from sample positioning was minimized by the method described above in Sec 3.4.2.1.
The maximum amount of error originating from sample positioning, i.e., the maximum
deviation between two successive measurements of the same sample was observed to be
10.04° (corresponding to ¢ = £0.51 GPa). For most measurements, the error range was
smaller. The errors in the corresponding stress values were taken into account in the

interpretation of the results, and indicated for each result in Chapter 4.
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3.4.2.3. Calculation of the thermal stresses

Consider a rod of length /, whose temperature is reduced from 7; to 7. During
cooling, the rod would shrinks with an amount determined by its linear thermal
expansion coefficient, a [50]. For a rod-shaped sample with an initial length of /, and a

final length of /, this elongation is equal to:

1-1,=a(T- Ty, (3.24)

and the associated strain, ¢, is:
e=a(T-T)) = aAT. (3.25)

However, if the rod is constrained from both ends, it is under a stress of o, determined

by the Hooke’s Law (Eq. 3.3). Then:

o= EaAT. (3.26)

Likewise, when a film is deposited on a substrate at an elevated temperature,

thermal strains are induced both in the film and in the substrate material [50]:
es=or AT+ F (1 -vg)/ Estywy, (3.27)
es=0s AT+ F (1 -vs)/ Estsws. (3.28)
Here, the subscripts f and s denote the film and the substrate, respectively. F is the
thermal mismatch force between the film and the substrate, ¢ is the thickness, and w is
the width of the material:

o=FIA=F/(tw) (3.29)

In the film-substrate system, if all the substrate area is used, wy = ws. Also, compatibility

requires &f = &. Thus, the thermal mismatch force is [50]:
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B w(a, —a AT
C((A-v )/t E)+((1-v,)/LE,)

(3.30)

If the substrate is of relatively infinite thickness with respect to the film, then

tE I(1-v,)>t E_/(1-v,),and:

wa, —a AT  wi (a, —a,)ATE,

F -
(A-v,)/t,E, -v,)

I

(3.31)

Since the thermal stress in the film is the thermal mismatch force divided by the films

cross-sectional area (wi ), it is equal to [50, 156]:

Oth — - (OCS - OCf)ATEf/ (1 - Vf). (3.32)

According to this relation, a film on a substrate cooled from 7, to 7 will be residually
compressed if as > a5, where the substrate tends to shrink more than the film. If the
adhesion between the film and the substrate is maintained, the two are forced to shrink
by equal amounts. In that case, the film experiences a compressive stress, and the
substrate will experience a tensile stress along its plane. In the opposite case, when o <
og, the film tends to shrink more than the substrate, and it is under residual tensile stress
along the film plane. By convention, in the literature, a compressive stress value is

negative. Thus, a minus sign is included in Eq.3.32 in front of the (a5 - of) term.

In Eq.3.32, there are four constants: the thermal expansion coefficients of the film
and the substrate, the film elastic modulus, and the film’s Poisson’s ratio. For
consistency, instead of using the Er value for bulk ZnO directly, the film elastic constant
(Eq.3.15) was used to calculate oy. For a hexagonal crystal, with isotropic

approximation, the Poisson’s ratio is given in terms of the stiffness constants as [13]:

V= C13 / (C11+C13). (333)

Inserting the Cj; values from Table 3.4, vz,0 = 0.318.
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The in-plane thermal expansion coefficients (TEC; a) for several substrates were
measured in the direction parallel to the substrate plane by a dilatometer (Netzsch
Gerdatebau GmbH-DIL 409PC, Selb, Germany) (Fig. 3.13). For sample preparation,
three pieces of each sample was cut into rectangular shapes and attached to each other
with double-sided adhesive carbon tape. Because all the pieces were cut randomly, there
was no preferred measurement direction in the substrate plane for the mica substrates:
that result should be considered as the average planar TEC of mica. For Si (cubic), the
measured TEC is in the [100]-direction. The three-layer laminate was placed in a steel
mold and the two tips were polished to have two edges perfectly parallel to each other.
The laminate was further anchored with aluminum wire wrapped around it (Fig. 3.14).
The temperature range was 20-300 °C and the heating rate was 2 K/min. A calibration
standard of polycrystalline alumina was used (Al,Os, sapphire, NBS SRM 732, DIN
51045). A baseline correction for the equipment expansion under the same parameters

as the sample measurement was constructed prior to the sample measurement:

Alsystem = Alstandard table ~ Alstandard measureds (33 4)

Al sample — Al sample measured + Al systems (3 3 5)

where:
Alsystem = correction curve for the expansion of the measuring system,
Alstandard table = tabulated reference values for the expansion of the standard,
Alstandard measured = Measured, uncorrected expansion of the standard,
Alsample = true expansion of the specimen under investigation,

Alsample measured = Mmeasured, uncorrected expansion of the specimen.
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Figure 3.13. Configuration of the dilatometer system. The sample is placed into the
holder inside the furnace. As the sample expands, it pushes the pushrod and the effect is
transferred onto the inductive transducer. The pressure signal is converted to a strain
value based on the instrument calibration and monitored by the software.
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Figure 3.14. The configuration of the substrate laminate sample. The three layers were
attached to each other with double-sided adhesive carbon tapes and an aluminum wire.

Then, the mean coefficient of thermal expansion (o,) within the 7,-7,

temperature range is:

1 L. =1
o, =tt LA (3.36)
L, T,-T, L, AT
where:
I, = specimen length at room temperature,

I(T,), (T)) = specimen length at temperatures 7>, T},

Al = change of specimen length between temperatures 75, 7.
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The sample length at room temperature was measured with a caliper of 0.01 mm
resolution. For comparison, the same measurement was repeated for compact

polycrystalline ZnO powder (Merck, Darmstadt, Germany).

3.4.2.4. Calculation of grain size

For some samples, the grain size was calculated by Scherrer’s formula [209]:

t=(0.9 2) / (FWHM cosf), (3.37)

where ¢ is the crystallite size (in nm), 4 is the x-ray wavelength (in nm), FWHM (or B;
breadth) is the 26 at the full width at half maximum of the XRD peak (in radians), and 6

is the Bragg angle (in radians).

The grain size calculated from XRD-FWHM is in the direction normal to the film
plane, and this value is indicated as GSxp later in the text. The grain size was also
measured along the lateral direction with respect to the film surface by SEM, and this
value is indicated as GSsgm in the text. The column widths and heights were also

measured by SEM, and the results are presented accordingly.
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CHAPTER 4

RESULTS

In this chapter, the results of the experimental work on ZnO thin film production
and characterization are presented. The results are grouped under five sub-headings: i)
the general structure of the as-deposited films, ii) residual stresses, iii) effects of
deposition parameters on microstructure and texture, iv) effects of the buffer layer on

stress, structure and texture, and v) stress relaxation by annealing or aging.

4.1. General Structure of the As-deposited ZnO Thin Films

RF magnetron-sputtered ZnO films grew in a carpet-like morphology on various
types of substrates (Fig. 4.1). The films had a uniform thickness (%) of 200500 nm
range throughout the substrate. The films had columnar grains that were aligned with
their axial direction perpendicular to the substrate surface. An example of the variation
of grain size (GS) or column width (w), through the film thickness can be seen in Fig.
4.1. For the glass substrate, some equiaxed grains could be seen at the film-substrate
interface with a grain size of 1040 nm. Columnar growth dominated as the film grew
in thickness, with the column thickness varying between 25-55 nm at the top of the
film. The variation of the grain size or column thickness was not very pronounced for
the films grown at the same conditions on the Si(100) substrates (Fig. 4.2). The columns
in those samples had a uniform thickness of about 46 nm. Other changes in the
microstructure of the films depending on the deposition conditions are presented in Sec.

4.3.
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XRD measurements revealed that these films had a highly c-axis oriented
hexagonal lattice, giving a single diffraction peak from the (002) plane (Fig. 4.3). In
thicker films, the reflection from the (004) plane could also be observed, which is
parallel to the (002) plane. In some special cases, the reflection from the (101) plane

was also observed. (The details will be discussed in the forthcoming sections.)

The elemental analysis by EDX showed that there was no detectable argon inside

the film (Fig. 4. 4) (the K, emission of Ar is at 2.958 keV). The Si, Na, Al, and K peaks

originate from the glass substrate.

cross-section of ZnO film

glass substrate

100nm

Mag = 200.00 KX —

(b)
Figure 4.1. The columnar structure of a ZnO film sample on a glass substrate: (a) 75 =

RT (Set 17 in Table 3.1; & = 458 nm, Whotiom = 1040 nm, wiop = 25-55 nm), (b) 7 = 200
°C (Set 16 in Table 3.1; 2 = 200 nm, Wpettom = 4—10 nm, wiop = 40-93 nm).
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W

Zn0O film

ﬁ

Si(100)substrate
100nm '
Mag = 300.00 KX |—] -

Si(100) substrate

200nm

Mag =100.00 KX |—|

(b)
Figure 4.2. The columnar structure of a ZnO film sample on a Si(100) substrate: (a) 75 =

RT (Set 17 in Table 3.1; A = 237 nm, w = 79 nm), (b) 75 = 200 °C (Set 16 in Table 3.1;
h =246 nm, w = 46 nm).
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Figure 4.3. XRD analysis of (a) commercial ZnO powder, and (b) a representative
example of a ZnO film grown on glass at RT (Set 17 in Table 3.1). The vertical bars
represent the peak positions of a stress-free reference powder (JCPDS-No. 36-1451).
The ZnO thin film possesses only the (002)-peak, and its multiple, the (004)-peak.
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Figure 4.4. EDX profile of a ZnO film sample on glass substrate, deposited at 75 = 200
°C (Set 16 in Table 3.1). The accelerating voltage was 20 keV, and the count rate was
3.1 keps. The graph shows a close-view between 0 and 4.5 keV. Insert is the SEM
image of the scanned film portion (13x9 zm?). No argon peak could be detected at these
conditions (K, (Ar) = 2.958 keV). The signals other than those of oxygen and zinc arise
from the glass substrate.

4.2. Residual Stresses in ZnO Thin Films

In this section, the effects of substrate material, substrate temperature, chamber
pressure, and RF power on the residual stresses of the as-deposited ZnO films are
presented. In addition, the contribution of the thermal mismatch force between the film

and the substrate to the total residual stress is elaborated.

4.2.1. Substrate Effects on the Residual Stress

All the ZnO films grew with residual stresses, the value of which determined by
the substrate type and the deposition conditions. It was seen that the ZnO thin film-glass
substrate (alcohol-cleaned microscope cover slides; see Sec. 3.1.) laminate was warped

after deposition (Fig. 4.5). In those samples, the ZnO film thickness was about 400 nm,
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and the substrate thickness was about 160 um. The residual compressive stress after the
film deposition was -5.47 GPa in that sample. Warping in the other substrates could not
be seen by naked eye, and no bending measurements (see Sec. 1.3.2, 1.5, and 5.2 for
examples of bending measurements) were performed on those samples to measure the
stress. (The thickness of the mica and the Si(100) substrates were about 230 and 508
um, respectively.) Instead, the residual stresses were calculated by the XRD method

described in Sec. 3.4.2.

ZnC film

~400 nm
~160 pm

Figure 4.5. Warping of ZnO-glass system after deposition (not to scale; Set 17 in Table
3.1). The film thickness is ~400 nm, and the substrate is ~160 um-thick. o, = -5.46 GPa.

glass substrate

In the XRD analysis, the (002)-peaks of all the films appeared at lower 26 values
than that of the stress-free powder specimen, regardless of substrate type (Fig. 4.6).
These peak shifts indicated an increase in the axial lattice parameter (c¢) of the
hexagonal unit cell of the films in comparison to the strain-stress free powder ZnO unit
cell, as described in Sec 3.4.2. Based on this increase, the percent strain in the direction
normal to the film plane (%e¢,) was calculated for each sample. The peak widths at half-
maximum intensity (FWHM) were measured, and the grain sizes (GSxxp) Wwere
calculated by Eq. 3.37. Stretching along the axial direction was associated with a
contraction in the basal plane, giving rise to a planar compressive stress component

(oc,)- The residual stress, o;, was calculated by Eq. 3.16.b. It was also calculated with
Eq. 3.16a (o¢,), to enable comparison with some of the literature. Eq. 3.16.a gave half of
the value of oc,. From this point onward in the text, oc, will be assumed as the total

amount of residual stress, and it will be designated as o.. The results for %e,, FWHM,
GSxwo, and o, are given in Table 4.1. For a substrate temperature of 200 °C, the (002)-
peak of the film deposited on Si(100) wafer was significantly asymmetric and broad

(FWHM = 0.928°). That sample also had the highest amount of residual compressive
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stress (o, = -6.69 GPa). Moreover, at that temperature, the films with the narrowest and
the most symmetric (002)-peak were those deposited on glass microscope slides
(FWHM = 0.347°, o, = -5.46 GPa), while the films with the least amount of residual
stress were those deposited on mica substrates (FWHM = 0.433°, o. = -3.54 GPa).

6000

5000 -

4000 -

3000 -

Counts

2000 -

1000 ~

33 33,5 34 34,5 35
2-Theta (0)

Figure 4.6. Position of the (002)-peak in as-deposited ZnO films depending on the
substrate type. The initial substrate temperature was 200 °C (Set 16 in Table 3.1).

Table 4.1. Variation of lattice parameter (c¢), XRD peak width at half-intensity
(FWHM), percent tensile strain (%e¢,), grain size (GSxp), and total compressive stress
(o.) of as-deposited (0) ZnO films on glass (G), mica (M), and Si(100) (S) substrates for
an initial substrate temperature of 200 °C (Set 16). The XRD data belongs to the (002)-
peak. The reference lattice constant for the unstressed ZnO (¢,) is taken from JCPDS -
No. 36-1451. The error range in o, is £0.26 GPa, due to equipment offset.

Co ¢  FWHM %z GSww o o

Substrate
A) A) (20°) (%)  (nm) (GPa) (GPa)
GO 526980 0347 121 2394 546  -2.73
MO 520664 524752 0433 079 1920 354  -1.77
S0 528402 0928 149 895 669  -3.35

Calculated from Eq.3.19.
* Calculated from Eq.3.37.

kkok

Calculated from Eq. 3.16a.
Calculated from Eq. 3.16b.

skeskoskok
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4.2.2. Contribution of Thermal Mismatch Strain on the Residual Stress

As described before, there are several factors contributing to the total amount of
residual stress in the thin film samples. Mismatch in the thermal expansion coefficient
value of the substrate and the film material is one of them. For high-temperature
depositions, the film and the substrate expand by the same amount to maintain stress
and strain continuity. However, when cooling down, they shrink by different amounts,
depending on their own TEC value, resulting in thermal residual stresses and bending of
the composite. In order to elucidate the portion of thermal stress among the total amount
of stress, the TEC values for three different substrate materials were measured, and the
results are given in Table 4.2 and Fig. 4.7. The TEC values were compared to those of
the stress-free polycrystalline ZnO powder. Depending on those TEC values, the
thermal stresses were calculated as described in the previous chapter. The results are
given in Table 4.3 as gy, and plotted in Fig. 4.8. The calculated oy, values were 5.4—
11.1% of the total stress, depending on the sample. The percent contribution of oy, to o,
is given in Table 4.3. The remaining amount of stress was named as the intrinsic stress,
oint (see Sec. 1.2.3). It should be noted that, since the TEC of Si is lower than that of
Zn0O, oy, of ZnO on Si had a positive value (i.e., tensile stress on the film plane). Thus,
ot Was higher than o, and the %aoy, for ZnO on Si was calculated over the absolute

values of stress.

Table 4.2. TEC values (o) measured by dilatometry the substrates along the planar
direction of the substrate, as described in Section 3.4.2.3. The same measurement was
repeated for the ZnO powder (Merck, Darmstadt, Germany).

. a x10° (AC™h
Material at 50 °C at 200 °C
Zn0O 5.8 7.4
Glass 7.4 9.9
Mica 7.0 10.7
Si(100) 2.5 4.1
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Figure 4.7. (a) Strain (dL/L,) and (b) TEC values (a) for ZnO, mica, silica glass, and

Si(100), in the temperature range of 20-350 °C in the substrate plane direction. Details
on the measurement method were presented in Section 3.4.2.3.
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Table 4.3. Comparison of the total (o), thermal (oy), and the remaining intrinsic stress
(oint) of as-deposited (0) ZnO films on glass (G), mica (M), and Si(100) (S) substrates,
deposited at an initial substrate temperature of 200 °C (Set 16). The XRD data belongs
to the (002)-peak. o is calculated by Eq. 3.16a, and oy, is calculated from Eq.3.32. oiy
the difference between o, and oy,. The error range in o, due to equipment offset is +0.26

GPa.

EE3 EXE]

T, T, AT Sample A Gt Gint %G
(9] (°C) (A°C) (GPa) (GPa) (GPa)
GO -5.46 -0.296 -5.17 5.42
200 20 180 MO -3.54 -0.393 -3.14 11.1
SO -6.69 0.388 -7.08 5.80
Calculated from Eq. 3.16a.
™ Calculated from Eq. 3.32.
o Oint = O¢ - Oth.
glass mica Si (100)
1 1 1 !
i 4
0 i i
— -1 )
o2 -
O
o 3 7
-
& 3
6
7] :
-8
Substrates

¢ Total compressive stress A Thermal stress 0 Remaining intrinsic stress

Figure 4.8. Total (o.) vs. thermal stress (o) as a function of the substrate material for 7
=200 °C, p = 0.02 mbar, P;; =100 W (Set 16 in Table 3.1). Thermal stresses were due
to the mismatch between the TEC of ZnO and the substrates. The remaining amount of
stress among the total is called the intrinsic stress (oint).
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4.2.3. Effects of the Deposition Parameters on Residual Stresses

As discussed in Chapter 1, the deposition conditions significantly affect the
residual stresses in thin films. To elucidate these effects, the deposition parameters were
systematically varied, and the resulting stresses were compared. Table 4.4 and Fig. 4.9
give the stress results including all the control sets, to allow a general comparison of the

films on glass substrates.
These results could be grouped separately for the variables T, p, and Px;:

1) The effect of chamber pressure (p) at constant substrate temperature (75)
and RF power (Py;), for three different pairs of 75 and Py is presented in Table 4.5 and
Fig. 4.10. It can be seen that, for all the pairs, increasing P led to higher residual
compressive stress. Among these results, the minimum value (o, = -1.89 GPa) was
obtained at 75 = 200 °C, Py = 100 W, and p = 0.2 mbar. The maximum residual stress
value (o, = -7.59 GPa) was at Ty = RT, Py = 125 W, and p = 0.4 mbar (see Sec. 3.2 for

the indication of room temperature for 75 and the use of label RT).

1) The effect of T at constant p and Py, for three different pairs of p and Py
is presented in Table 4.6 and Fig. 4.11. It can be seen that, for all the pairs, increasing 7
led to lower residual compressive stress. Among these results, the minimum value (o, =
-3.32 GPa) was obtained at 75 = 200 °C, Py = 125 W, and p = 0.2 mbar. The maximum
residual stress value (o, = -7.59 GPa) was at 75 = RT, P = 125 W, and p = 0.4 mbar.

i) The effect of Py at constant 75 and p, for three different pairs of 75 and p is
presented in Table 4.7 and Fig. 4.12. It can be seen that, for all the pairs, increasing P
led to higher residual compressive stress. Among these results, the minimum value (o, =
-1.89 GPa) was obtained at 75 = 200 °C, P = 100 W, and p = 0.2 mbar. The maximum
residual stress value (o, = -7.59 GPa) was at 75 = RT, Py = 125 W, and p = 0.4 mbar.
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Table 4.4. Variation of residual stress in the (002) plane depending on the deposition
conditions for ZnO films on glass substrate. See Table 3.1 for sample labels. For ease of
comparison, the compressive stresses were listed in decreasing order. ocawe was
calculated from Eq. 3.16a with the data from the (002) XRD peak for each sample. The
error range is £0.55 GPa.

Sample T (°O) Py (W) p (mbar) Ocave (GPa)
Setd RT 125 0.4 -7.59
Set3 RT 100 0.4 -6.78
Set5 200 125 0.4 -5.39
Set2 200 100 0.4 -4.25
Set7 RT 125 0.2 -3.83
Set8 200 125 0.2 -3.32
Set6® 200 125 0.2 -2.88
Set9 200 125 0.02 -2.68

Setl1” 200 125 0.2 2.23

Set10"” 200 100 0.2 -1.89

¥ No substrate cleaning.
30 min annealing at 200 °C in O,:Ar (2:5 v/v) in the chamber.
30 min annealing at 200 °C under vacuum in the chamber.

8,5
8,0 1

7‘5 i %Sem
7.0 1 %Setf&

6,5 1

6,0 1
5,5 1 %Sets
5,0 1

4,5

% Set2
4,0 1 % Set7
3,51 { Set8

% Set6

3,0

2’5 i %SetQ
Set11
2,0 %Setm

1,5
1,0
0,5
0,0

Residual Stress, o¢c (GPa)

Sample

Figure 4.9. Variation of residual planar compressive stress (o.) in the (002) plane,
depending on the deposition conditions for ZnO films on glass substrate (Set 2—Set 11
in Table 3.1). By convention, a compressive residual stress has a negative value. In the
figure, the absolute value of o, is given for ease of comparison. See Fig. 4.10-4.12 for
the separate effects of the deposition parameters on o..
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Table 4.5. Effect of chamber pressure (p) on the residual compressive stress at constant
substrate temperature (75) and RF power (Pg;), for three different pairs of 75 and Py on
glass substrate. o; v Was calculated from Eq. 3.16a with the data from the (002) XRD

peak for each sample. The error range is £0.55 GPa.

Ocave (GPa)
Sample p (mbar) T,=200 C T, =200 °C T,=RT
P =100 W Pu=125W Pu=125W
Set10” 0.2 -1.89
Set2 04 -4.25
Set9 0.02 -2.68
Set8 0.2 -3.32
Set5 04 -5.39
Set7 0.2 -3.83
Set4 04 -7.59
30 min annealing at 200 °C under vacuum in the chamber.
9,00
p =0.4 mbar
8,00 - {
7,00 - //
= p =0.4 mbar //
a 6,00
3 5,00 - p =0.4 mbar //EF //
» 7/ /
o p =0.2 mbar’ /)
® 4,00 - * {
[+ 4 7
S )/ .
K] , p
@ 3,00 - / LII]/,//I]IJ p =0.2 mbar
m //
4 // - A - _ [ _
2,00 { p =0.02 mbar T,=200°C,Pg=100W
-0- T,=200°C,Pr=125W
100 1 p =0.2 mbar* - @- Ty=RT°C,Pgre=125W
0,00
Sample

Figure 4.10. Effect of chamber pressure (p) on the residual compressive stress (o.) at
constant substrate temperature (75) and RF power (Py;), for three different pairs of T
and Py;. By convention, a compressive residual stress has a negative value. In the figure,
the absolute value of o is given for ease of comparison. (Refer to Table 4.5 for sample
labels.) (*:30 min annealing at 200 °C under vacuum in the chamber.)
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Table 4.6. Effect of substrate temperature (75) on the residual compressive stress at
constant chamber pressure (p) and RF power (Px;), for three different pairs of p and Px;.
ocave Was calculated from Eq. 3.16a with the data from the (002) XRD peak for each
sample. The error range is £0.55 GPa.

Geave (GP2)
Sample T (°C) p=0.2 mbar p = 0.4 mbar p = 0.4 mbar
Py =125W Py=125W Py =100 W
Set6 200 -2.88
Set7 RT -3.83
Set5 200 -5.39
Set4 RT -7.59
Set2 200 -4.25
Set3 RT -6.78
9,00
8,00 -
7,00
L Te=RT %
% //
G 5,00 - K
8 T, =200°C 2
® 4,00 /%
3 + T4 =200°C
g 3007 Ty=RT
(14
200 ] T¢=200°C ~ % p=02mbar, Pge=125W
-0O-p=04mbar,Pgr=125W
1,00 __@-P =04 mbar, Pgr=100 W
0,00
Sample

Figure 4.11. Effect of substrate temperature (75) on the residual compressive stress (o),
at constant chamber pressure (p) and RF power (Pyy), for three different pairs of p and
Py;. By convention, a compressive residual stress has a negative value. In the figure, the
absolute value of o, is given for ease of comparison. (Refer to Table 4.6 for sample
labels.)
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Table 4.7. Effect of RF power (Py:) on the residual compressive stress at constant
substrate temperature (75) and chamber pressure (p), for three different pairs of 75 and p.
ocave Was calculated from Eq. 3.16a with the data from the (002) XRD peak for each
sample. The error range is £0.55 GPa.

Geave (GP2)
Sample Py (W) T, =200 °C, T, =200 °C, T,=RT,
p =0.2 mbar p = 0.4 mbar p = 0.4 mbar
Setl0” 100 -1.89
Set8 125 -3.32
Set2 100 -4.25
Set5 125 -5.39
Set3 100 -6.78
Setd 125 -7.59

30 min annealing at 200 °C under vacuum in the chamber.

9,00
8,00 - 4
—~ 7,00 A
E Pre=125W Prr=125W
% 6,00 1 Pre = 100 W
b PRF=100W ’%
a 5,00 + ////
@ »
;;-;- 4,00 | %
© .
S 3,00 e *
_'g -
[} e = .
& 200 o7 PremiasW A - T,=200°C,p =0.2 mbar
-0 - T4=200°C, p =0.4 mbar
1,00 - Pre=100 W * __@ - I's=RT,p =0.4 mbar

0,00
Sample

Figure 4.12. Effect of RF power (Py;) on the residual compressive stress (o), at constant
substrate temperature (75) and chamber pressure (p), for three different pairs of 75 and p.
By convention, a compressive residual stress has a negative value. In the figure, the
absolute value of o, is given for ease of comparison. (Refer to Table 4.7 for sample
labels.) (*:30 min annealing at 200 °C under vacuum in the chamber.)
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4.3. Effects of the Deposition Parameters on the Film Microstructure

Changes in the microstructure were observed in the films depending on the
deposition parameters (Fig. 4.13-4.17). In Fig. 4.13, ZnO films with different
microstructures are presented in decreasing order of g.. At low T (RT) and low p (0.2
mbar), the films had cylindrical or hexagonal-prismatic columnar grains with hexagonal
cross-sections, with some inter-columnar voids (Fig. 4.14). When the pressure was
increased to 0.4 mbar and RF power was decreased to 100 W, the column width and the
grain size (GSsy) at the surface increased (Fig. 4.15). Again at low p (0.2 mbar) and
high Py (125 W), when the substrate temperature was increased from room temperature
to 200 °C, the grain shape changed from cylindrical continuous columns to distorted
hexagonal or diamond-shaped grains with smaller, equiaxed grains between them (Fig.
4.16 and 4.17). These latter type of films had the least amount of residual compressive

stress, when compared to the other structure types.

Increasing residual stress

£
200nm

i,
Mag = 200.00 KX |—|

200nm
Mag = 200.00 KX |—|

Figure 4.13. Microstructure of the as-deposited films, ordered in increasing residual
stress (see Table 3.1 for sample labels). (a) Set 6, (b) Set 8, (¢) Set 7, (d) Set 3.
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(b)
Figure 4.14. SEM images of the ZnO film grown on glass at 75 = RT, p = 0.2 mbar, Py,

= 125 W (Set 7 in Table 3.1): (a) top surface (GSsew = 56 nm), (b) cross-section (7 =
278 nm, w = 44 nm).
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(b)

Figure 4.15. SEM images of the ZnO film grown on glass at 75 = RT, p = 0.4 mbar, Py,
=100 W (Set 3 in Table 3.1): (a) top surface (GSspm =~ 50-150 nm), (b) cross-section (4
= 280 nm, Wposom = 40 nm, wy,, = 120 nm).
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200nm

Mag = 200.00 KX |—|

(b)
Figure 4.16. SEM image of the ZnO film grown on glass at 7, = 200 °C, p = 0.2 mbar,

Pre = 125 W (Set 8 in Table 3.1): (GSsemequiaxed = 21-32 nm, GSspu diamond, (b) cross-
section (2 = 400 nm, Wyorom = 15-33 nm, wy,, = 70-80 nm).
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(b)

Figure 4.17. SEM image of the ZnO film grown on glass at 7, = 200 °C, p = 0.2 mbar,

Py = 125 W (Set 6 in Table 3.1): (a) top surface (GSspmequiaxed = 20-35 nm,

GSsem,diamond/tringular = 97-216 nm), (b) cross-section (4 = 463 nm, Wposom = 28 NM, Wy, =
84 nm).
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4.4. Effects of the Deposition Parameters on the Film Texture

In this section, the variations in the preferred orientation direction of the ZnO
crystallites within the thin films are presented. As have been stated in Sec. 4.1, all of the
film samples were strongly textured along the (002) direction, on any type of substrate.
An example can be seen in Fig. 4.18.a (75 = 200 °C, p = 0.4 mbar, Py = 125 W). The
(002)-peak with little intensity can be seen on all of the samples of this set.

For a specific set of deposition conditions (75 = 200 °C, p = 0.2 mbar, Py = 125
W), additional texture was observed along the (101) direction in some samples, in
addition to (002). When the pressure was decreased to 0.2 mbar, the (002)-peak
intensity increased (Fig. 4.18.b). At the same time, (101) reflection appeared. The same
trend was also observed for the films deposited under those conditions on a fresh glass
substrate (Fig. 4.18.c). Thus, that trend was independent of the substrate preparation
method (see Table 3.1). The (101)-peak disappeared when either p was further
decreased to 0.02 mbar (Fig. 4.18.d), or when p was kept constant, but 75 was decreased

to RT (Fig. 4.18.¢e).

1 Ts=200C -
— P =04 mbar
1 RF=125W (101)
20
T ]
4 _
o ]
> ]
= 10 .
c ]
@ ]
< =
0 _|||;|||.l||||||||||||||||||||||‘||||'|""||%|\||||||||||||||
32.1 33 34 35 36 37

26 (°)

Figure 4.18.a. XRD spectra (6-260) of the ZnO film grown on glass at 75, = 200 °C, p =
0.4 mbar, Py = 125 W (Set 5 in Table 3.1).
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Figure 4.18.b. XRD spectra (6—26) of the ZnO film grown on glass at 7, = 200 °C, p =
0.2 mbar, Py =125 W (Set 8 in Table 3.1).

Ts =200 C n e
SDD F =02 mbar
RF = 125 W

700 (101)

600
500
400

Intensity (cps)

300
200
100

0 PR

32 33 36 37

26 (°)

Figure 4.18.c. XRD spectra (6—26) of the ZnO film grown on glass at 7, = 200 °C, p =
0.2 mbar, Py =125 W (Set 6 in Table 3.1).
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Figure 4.18.d. XRD spectra (6—26) of the ZnO film grown on glass at 75 = 200 °C, p =
0.02 mbar, Py = 125 W (Set 9 in Table 3.1).

Ts=RT . .
600 P:_O.mear
RF = 125w (002) (101)
500
w
o
L 400
e
@ 300
2
£ 200
100 :
» N
D IIITI|IIII|IIII|IIII|I||||||II|II|||||II|III_I_.|_ITiI|I
321 33 34 35 36 37
28 (°)

Figure 4.18.e. XRD spectra (6—26) of the ZnO film grown on glass at 7 = RT, p = 0.2
mbar, Py = 125 W (Set 7 in Table 3.1).

122



4.5. [Effects of the Buffer layer on the Residual Stress, Texture, and

Microstructure

In order to elucidate the effect of a pre-deposited ZnO buffer layer on the further
film growth, a set of films were deposited on buffer layers with different treatments as
described in Chapter 3, with 75 = 200 °C, Py = 125 W, and p = 0.2 mbar. Like the other
sets that have been deposited at the same conditions (Set 6 and 8), these films had a

(101) reflection among (002) (Fig. 4.19).

80 Ts=200C 135xx1€*F "
P =02 mbar
70 "

N RF =125W (101)
3 60 (with buffer layer)
o
E: 50
2 40
3
£ 30
20
10 |
) Sty e = f-‘f{“ujf-]i':'.'}-ﬂ s,
0 ||FH|H]”W|H|H|W|H||H|w|ﬂi“|ﬁ|uf|ﬂﬁu||
32.1 33 34 35 36 37

26 (°)

Figure 4.19. XRD spectra (6—26) of the ZnO film grown on glass at 75 = 200 °C, p = 0.2
mbar, Py = 125 W, with an initial buffer layer (set 13 in Table 3.1; see Table 3.2 for
details).

The residual stresses of all of the samples with the (101) texture are compared in
Table 4.8. The first column under o v belongs to the (002)-peak of the samples where

no (101)-peak was observed. The middle column values were calculated from the (002)-
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peaks of the samples which also possessed the (101)-peak. The last column is for the
(101)-peaks, when they were observed. Among these samples, the one with the
annealed buffer layer on a fresh substrate (13D; see Table 3.1 and 3.2) had the lowest
residual stress (-1.09 GPa), while the one with the non-annealed buffer layer on an acid-

cleaned substrate (13A) had the highest residual stress (-2.60 GPa) (Fig. 4.20).
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+ ZnO film + ZnO film
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Sample

Figure 4.20. Variation of residual stress (o.), for ZnO film grown on glass at 75 = 200
°C, p = 0.2 mbar, Py = 125 W (Set 13), depending on the pre-deposited ZnO buffer
layer (Set 12): ZnO film on annealed buffer layer on a fresh substrate (13D), or on an
acid-cleaned substrate (13B), and ZnO film on an as-deposited buffer layer on a fresh
substrate (13C), or on an acid-cleaned substrate (13A) (see Table 3.1, 3.2, and 4.8 for
sample labels and stress values). By convention, a compressive residual stress has a
negative value. In the figure, the absolute value of o, is given for ease of comparison.

The changes in the microstructure as shown in Fig. 4.21 were due to the influence
of a buffer layer. As have been stated before in Sec. 4.3, the films deposited under the
aforementioned set of conditions had distorted hexagonal, diamond-shaped, or
triangular grains with interspersed smaller equiaxed grains (Fig. 4.21.a and 4.22.a). By
depositing a buffer layer with a thickness of a sixth of the total film thickness (about 67

nm), those non-hexagonal grains were eliminated (Fig. 4.21.b and 4.22.b). At the same
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time, the residual compressive stress decreased from -3.94 GPa to -2.60 GPa (Table

4.8).

Annealing the buffer layer before further film growth led to further decrease in the
residual compressive stress (-1.09 GPa; Table 4.8), without changing the overall grain

shape and size significantly (Fig. 4. 21.c and 4.22.d).

Table 4.8. Variation of residual stress for Set 13, depending on the pre-deposited ZnO
buffer layer (Set 12). Film deposition conditions were: Py = 125 W, p = 0.2 mbar, T =
200 °C. The error range is £0.55 GPa.

Geave (GP2)
Sample Substrate preparation t (min)
(002)" | (002)” | (101)™"
Set6 Fresh substrate 60 -2.88 -1.44 -2.73
Set8 Acid-cleaned substrate 60 -3.32 -3.94 -1.96

Fresh substrate;
13D L 10 + 50 -1.09 -0.16
Buffer layer annealed in air (12D).

Acid-cleaned substrate;
13B o 10 + 50 -1.73 -1.14
Buffer layer annealed in air (12B).

Fresh substrate;
13C 10 + 50 -2.34 -0.99
Buffer layer not annealed (12C).

Acid-cleaned substrate;
13A 10 + 50 -2.60 -1.25
Buffer layer not annealed (12A).

o value calculated from the (002)-reflection, for those samples in the set, which had only
(002)-reflection.

o value calculated from the (002)-reflection, for those samples in the set, which had both
(002) and (101)-reflections.

o value calculated from the (101)-reflection, for those samples in the set, which had both
(002) and (101)-reflections.

ok
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Figure 4.21. Microstructure of the top surface of the ZnO films grown on glass at 7 =
200 °C, p = 0.2 mbar, Py = 125 W, ordered in decreasing residual stress. (a) Without a
buffer layer (Set 8; o. = -3.32 GPa; GSspmequiaxed = 21-32 nm, GSsevdiamond = 126 nm), (b)
with a buffer layer (Sample 13A; o, = -2.60 GPa; GSsy = 19-51 nm), (c) with a pre-
annealed buffer layer (sample 13D; . =-1.09 GPa; GSg:y = 19-51 nm; see Table 4.8).
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Figure 4.22. Microstructure of the cross-section of the ZnO films grown on glass at 7 =
200 °C, p = 0.2 mbar, Py = 125 W, ordered in decreasing residual stress. (a) Without a
buffer layer (Set 8; o. = -3.32 GPa; 2 = 400 nm, Wrorom = 15-33 nm, wy,, = 70-80 nm),
(b) with a buffer layer (Sample 13A; . = -2.60 GPa; & = 314 nm, w = 48 nm), (c¢) with a
pre-annealed buffer layer (sample 13D; o, = -1.09 GPa; /& = 248 nm; see Table 4.8).
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4.6. Stress Relaxation by Thermal Annealing or Aging

To investigate the effects of post-deposition annealing on the intrinsic stresses, the
samples were heated at 600 °C for 1 h or 6 h, in air or argon. As presented in Fig. 4.4,
the ZnO-glass laminate warped after deposition. When annealed at 600 °C for 1 h in air,
the warping of the ZnO-glass laminate reversed (Fig. 4.23).

Znofilm ~400 nrr Zhoilm
T \_‘

.
- /

glass substrate glass substrate

As-deposited Post-annealed

Figure 4.23. Warping of ZnO-glass system after deposition and after annealing (not to
scale).

As seen in Fig. 4.24, upon annealing, the (002) diffraction peak of the film shifted
closer to (002)-peak of the powder, moving towards lower plane spacing (d) and lower
axial strain, which indicated a release of compressive stresses in the plane of the film.
At the same time, the XRD peaks became narrower, more symmetrical, and more
intense. The planar compressive plane stresses decreased by ~90% for the film on the
glass substrate, and ~95% for the film on the mica substrate (Table 4.9 and Fig. 4.25).
For the film on the Si(100) substrate, the residual stress changed sign upon annealing,
and o, was calculated as +0.48 GPa. That value corresponded to 7% of the stress before
annealing, when the absolute values were considered. The interpretation of these values

will further be discussed in Chapter 5.

The increase in the grain size upon annealing for all samples can be seen in Table
4.9. These grain sizes were calculated from the XRD peak widths, and correspond to the
grain size along the normal of the film surface, as described in Sec. 3.4.2.4 (GSxwp)-
Grain size was also measured along the lateral direction with respect to the film surface

(GSsem), and a similar increase in GSgey upon annealing could be seen in Fig. 4.26.
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Figure 4.24. Position of the (002)-peak of the ZnO films with 75 = 200 °C, depending

on the substrate type (Set 16 in Table 3.1): (a) as-deposited, (b) after post-deposition
annealing in air for 1 hour at 600 °C. Annealing the films eliminates the stresses.
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Table 4.9. Variation of lattice parameter (c), XRD peak width at half-intensity
(FWHM), percent tensile strain (%e¢,), grain size (GSxp), and total compressive stress
(oc) of ZnO films on different substrates for an initial substrate temperature of 200 °C
(Set 16). The XRD data belongs to the (002)-peak. The reference lattice constant for the
unstressed ZnO (c,) was obtained from JCPDS-No. 36-1451. The results are given for
the as-deposited (0) and the thermally annealed (1) films on glass (G), mica (M), and
Si(100) (S) substrates. The error range in o, due to equipment offset is +0.26 GPa.

Sample Co ¢ FWHM  %e¢, GSyro oo
A) A) (260°) %) (nm) (GPa)

GO 526980  0.347 -1.21 23.94 -5.46
Gl 521322 0.293 -0.13 28.38 -0.57
MO 524752 0.433 -0.79 19.19 -3.54

5.20664

M1 520880  0.298 -0.04 27.91 -0.19
SO 528402  0.928 -1.49 8.95 -6.69
S1 520102  0.357 -0.11 23.30 0.48

Calculated from Eq.3.19.
Calculated from Eq.3.37.
o.= 0 x+ o ; Calculated from Eq. 3.16a.
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Figure 4.25. Comparison of planar stresses of the ZnO films with 75 = 200 °C,

depending on the substrate type (Set 16 in Table 3.1): as-deposited and after post-
deposition annealing in air for 1 hour at 600 °C.
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Figure 4.26. SEM images of ZnO on Si(100) with 7 =200 °C (Set 17 in Table 3.1). (a)

as-deposited (GSspy = 43 nm), (b) 28 months-old (GSsey = 42 nm), (¢) annealed in air at
600 °C for 1 h (GSsgy = 43—130 nm), (d) 28-months-old film, annealed at 600 °C for 6 h
(GSsem = 57-130 nm).
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To understand the mechanism of stress release during annealing better, the XRD
spectra of some samples were done obtained under increasing temperature (see Fig.
3.9), and one example is shown in Fig. 4.27. The intensity of the ZnO (002)-peak
increased with increasing the temperature from 25 °C to 170 °C, while no change was
observed in the peak position. The peak shift with respect to the powder standard was
minimized only after cooling down to room temperature. The intensity was also the
highest for the cooled-down sample. On the other hand, the intensity of the Si—peak

decreased as the temperature was increased, and was minimized at the end of cooling.

If the ZnO films grew with an oxygen deficiency, oxygen diffusion from the air
into the film during annealing could be contributing to the reduction of the residual
stresses (see Sec. 1.3.2). To understand if this phenomenon was taking place in the
samples under study, two identical samples were annealed in air or argon atmospheres,
separately at 600 °C for 6 hours. No difference in the results could be observed between

the two samples after annealing (Fig. 4.28).

Aging caused a similar decrease in the residual stresses as in annealing, both for

glass and the Si(100) substrate (Table 4.10, Fig. 4.29 and 4.30).
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Figure 4.27. Increasing intensity of the (002)-peak of ZnO on Si(100) substrate (Set 18
in Table 3.1), as the temperature was increased from room temperature to 170 °C. All
the residual stress was eliminated during cooling, and the sample was stress-free after
the heating process.
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Figure 4.28. Effect of annealing on the peak position and intensity of the (002)-peak of
ZnO films grown on glass at 75 = RT, p = 0.2 mbar, Py = 125 W (Set 7 on Table 3.1)
(a) annealed in argon, (b) annealed in air. No significance difference was observed
depending on the annealing atmosphere. Both annealing experiments were performed at
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600 °C for 6 hours.
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Figure 4.29. Shift of the (002)-peak of ZnO indicating residual stresses. The data shows the effect of a) substrate material, b) aging and annealing
of ZnO on the glass substrate, c¢) aging and annealing on the Si(100) substrate. The vertical line represents the position of the (002)-peak in
stress-free ZnO powder JCPDS-No. 36-1451. The (002)-peaks of aged ZnO films were scaled with those of the as-deposited films for
comparison (see Table 4.10 and Fig. 4.30 for sample labels and stress values).



Table 4.10. Variation of lattice parameter (c¢), XRD peak width at half-intensity
(FWHM), percent tensile strain (%¢,), grain size (GSxp), and total compressive stress
(oc) of ZnO films on different substrates with an initial substrate temperature of 200 °C
(Set 16). The XRD data belongs to the (002)-peak. The reference lattice constant for the
unstressed ZnO (c,) is taken from JCPDS-No. 36-1451. The results are given for the as-
deposited (0), the thermally annealed (1), and the aged (2) films on glass (G) and
Si(100) (S) substrates. The error range in g, due to equipment offset is £0.26 GPa for
the as-deposited and annealed films, and +0.73/-0.66 for the aged films.

Sample Co ¢ FWHM  “%e, GSyro oo
A) A) (20°) (%) (nm) (GPa)

GO 526980  0.347 -1.21 23.94 -5.46

Gl 521322 0.293 -0.13 28.38 -0.57

G2 522110  0.266 -0.28 31.36 -1.25

— 520664

SO 528402  0.928 -1.49 8.95 -6.69

S1 520102  0.357 -0.11 23.30 0.48

S2 520304  0.378 0.07 22.00 0.31

Calculated from Eq.3.19.
Calculated from Eq.3.37.
o.= ox+ oy; Calculated from Eq. 3.16a.
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Figure 4.30. Comparison of planar stresses of the ZnO films with 7; = 200 °C,

depending on the substrate type (Set 16 in Table 3.1): as-deposited, after post-
deposition annealing in air for 1 hour at 600 °C and aged 28 months.
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Apart from these post-deposition treatments, the effect of heat treatment on the
samples inside the deposition chamber was also investigated. Among two sets of ZnO
film samples that have been deposited at 75 = 200 °C, p = 0.2 mbar, one set was held in
vacuum at the deposition temperature for 30 min after the end of deposition (P = 100
W; Set 10 in Table 3.1). Another similar set of samples (Py = 125 W; Set 10 in Table
3.1) was kept at the same deposition temperature for 30 min, under a flow of O,:Ar (2:5
v/v). Both sets of samples were let cool down after the heat treatment period. The
residual stress results of these samples are presented in Table 4.11 and Fig. 4. 31. Heat
treament in vacuum, together with the decrease in Py, led to a decrease in o, from -3.32
GPa to -2.23 GPa. (32.8% decrease). With heat treatment under an O,/Ar flow, o,
decreased further to -1.89 GPa (43.07% decrease). At the same time, these heat
treatments eliminated the (101)-peaks in the XRD scans (Fig. 4.32).

There were simultaneous changes in the microstructure as the stresses were
released. SEM examination of the films revealed the formation of porosity in the films
upon annealing (Fig. 4.33). The pores formed within the film (Fig. 4.33.a), and/or at the
film-substrate interface (Fig. 4.33.b). In some samples, annealing led to the formation of
extended voids and consequent damage at the interface (Fig. 4.33.c). In addition to pore
formation and pore coalescence, annealing caused cracking in the films. Examining the
planar surface of the annealed films revealed the existence of elongated crack-like
defects upon pore coalescence on the surface (Fig. 4.34). On the other hand, no pore
formation was observed in the films that had been deposited under the same conditions,
and those samples were aged, but not annealed (Fig. 4.35). The cracks in those films

followed the grain boundaries.

The residual stresses caused buckling and local loss of adhesion of the film, upon
either aging (Fig. 4.36), or annealing (Fig. 4.37 and 4.38). Two different buckle types
can be seen in Fig. 4.37.a (flat-walled) and Fig. 4.37.b (curved-walled; 6 = 478 nm, b =
666 nm). Protrusions on the annealed ZnO film and consequent cracking of the film on
the Si(100) substrate can be seen in Fig. 4.38. Similar behavior was also observed on
the aged ZnO film on the glass substrate (Fig. 4.39). Upon further annealing of these
aged films, crack propagation and delamination of the film from the substrate was

observed (Fig. 4.40).

Another consequence of annealing was the growth of ZnO crystals on the film

surface. Fig. 4.41 shows the initial stage of crystal growth on the ZnO film surface upon
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annealing. The crystallites in this sample had grown up to 205 nm in diameter. Fig. 4.42
shows further growth of these crystallites on ZnO film on the glass substrate. In some
samples, the crystallites grew into nano-rods, with the sizes 100 nm in width and 916
nm in height (Fig. 4.42.a). Similar growth was observed on the annealed ZnO film on
Si(100) (Fig. 4.42.b). The thickness of the crystallites varied between 82—149 nm, and
their height was between 36174 nm. (Both films were annealed in air at 600 °C for

6h.)

Table 4.11. Variation of residual stress for ZnO films grown on glass substrates at 75 =
200 °C (see Table 3.1). The residual stress decreases by in-chamber annealing at the
deposition temperature for 30 min, both in Oy:Ar (2:5 v/v) and in vacuum. o;ave Was
calculated from Eq. 3.16a with the data from the (002) XRD peak for each sample. The
error range is £0.55 GPa.

Sample T, (°O) p (mbar) Py (W) Ocave (GPa)
Set8 200 0.2 125 -3.32

Set10” 200 0.2 100 -1.89

Set11™” 200 0.2 125 2.23

30 min annealing at 200 °C under vacuum in the chamber.
30 min annealing at 200 °C under O,:Ar (2:5 v/v) in the chamber.

k%

4,50
4,00 - In-chamber vacuum-
—_ 350 | annealing
g ,
=~ 3,00
o
5 2,50
2]
S 2,00 .
» ’ No annealing
g 1,50 -
|
[} |
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(2:5 viv)
0,00
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Figure 4.31. Variation of residual stress (o.), for ZnO films grown on glass substrates at
Ty = 200 °C (see Table 3.1 and 4.9). The residual stress decreases by in-chamber
annealing at the deposition temperature for 30 min, both in oxygen (Set 11) and in
vacuum (Set 10), with respect to the case with no annealing (Set 8). By convention, a
compressive residual stress has a negative value. In the figure, the absolute value of o is
given for ease of comparison.

137



70 in-chamber heat n u
treat t:
2%3 tr:ﬂ?\?acuum, 30 min (101)
60
o 20
O
2 40
=
@ 30
3
c 20
10
- . i T g S 3 p &
0 |J'|¢||||||_|||T|“||7|||'|||||||||| |T|||||||||||||||||"|
321 33 34 35 36 37
26(°)
(a)
— in-chamber heat - -
— freatment: . ’ ;
. 200 C, O Ar 30 min _-i (002) (101)
= _
& _
2100 —
= _
‘» _
c _
[4b]
= N 8
0 RRRNRARRN AR RRRRN RN ER RN R AR RRRRRRRRRRRD
32.1 33 34 35 36 37
28 (°)
(b)

Figure 4.32. XRD spectra (6—26) of the ZnO films grown on glass at 75 = 200 °C, p =
0.2 mbar; (a) Py = 100 W, 30 min vacuum annealing in the chamber at 200 °C (Set 10
in Table 3.1); (b) P = 125 W, 30 min annealing in O,:Ar (2:5 v/v) inside the chamber
at 200 °C (Set 11 in Table 3.1).
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Figure 4.33. Damage on the films by annealing in air at 600 °C for 6 h: (a) Void
formation within the ZnO film on glass (Set 16 in Table 3.1); (b) interfacial damage in
the ZnO film on Si(100) (Set 17 in Table 3.1); (c) destroyed interface of the ZnO film
on glass (Set 19 in Table 3.1).
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Figure 4.34. Crack formation on ZnO film on glass substrate (Set 17 in Table 3.1)
through pore clustering upon annealing (in air at 600 °C for 6 h).
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Figure 4.35. Crack formation on ZnO film on glass substrate (Set 17 in Table 3.1)
through grain boundary detachment upon aging (in air for 28 months).
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Figure 4.36. Buckling in the ZnO film on glass substrate (Set 16 in Table 3.1; aged 28
months in air), occurred presumably around a pre-existing defect on the substrate.
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Figure 4.37. Two different types of buckles: (a) a straight-sided buckle on the ZnO film
on glass with 75 = RT (Set 17 in Table 3.1); (b) a curved-sided buckle on the ZnO film
on Si(100) with 75 = 200 °C (Set 16 in Table 3.1). Film in (b) was aged 28 months in
air. Both films were annealed in air at 600 °C for 6 hours.
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Figure 4.38. Buckling and local loss of adhesion in the ZnO film upon stress relaxation
(Set 16 in Table 3.1; annealed in air at 600 °C for 6h): (a) buckles seen from the side
view of the film, (b) protrusions on the film surface, (c) crack at the protrusion center.
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Figure 4.39. Bulging and cracking in the ZnO film on glass upon prolonged aging (Set
16 in Table 3.1; aged 28 months in air).
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Figure 4.40. Cracking in the ZnO film on glass upon prolonged aging (28 months),

followed by annealing (in air at 600 °C for 6h): (a) Set 17 in Table 3.1; (b) Set 16 in
Table 3.1.
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Figure 4.41. Initial stage of crystal growth on the ZnO film surface upon annealing (Set
16 in Table 3.1; annealed in air at 600 °C for 6h). The crystallites in this sample have
grown up to 205 nm in diameter.
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Figure 4.42. Growth of ZnO crystallites on the film surface upon annealing. (a) ZnO on
glass (Set 20 in Table 3.1). The nano-rod thickness was about 100 nm, and the rods
elongated up to 916 nm. (b) ZnO on Si(100) (Set 16 in Table 3.1). The thickness of the
crystallites is between 82—149 nm, and their height is between 36—-174 nm. Both films
were annealed in air at 600 °C for 6h.
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CHAPTER 5

DISCUSSION

In this chapter, the experimental results that have been presented in Chapter 4 are
discussed, and compared with the literature results: i) microstructure and texture of ZnO
thin films, i) residual stresses and their origins, iii) stress relaxation. Some of the results

were repeated briefly for ease of discussion.

5.1. Microstructure and Texture of ZnO Thin Films

In Chapter 1, the structure zone models, describing the thin film microstructure
were presented. The microstructure of thin films in these models depended on the
amount of energy and the mobility of the adatoms on the surface [51, 52, 54-57]. The

energy and mobility of the adatom were determined by

1) the substrate temperature (75), or rather the homologous temperature (71)

(thermally induced mobility),

i1) the incident ion energy, which was dictated primarily by the chamber
pressure (p) and the energetic particle bombardment of the film during deposition

(momentum-induced mobility).

A recent updated model summarized the five zones depending on 7} and p [51],

and these zones are illustrated in Fig. 5.1:

1) Zone 1: This zone was characterized by low adatom mobility. The sticking
coefficient (the ratio of the adatoms adsorbed to the overall number of adatoms incident

on the surface) was equal to one. The dominating factor is the shadowing effect.
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Shadowing caused a low number of nuclei and a film with a network of interconnected
voids that defined columns of material (i.e., longitudinal porosity). The low adatom
mobility also led to columns that competed for growth in a power-law shape, forming
hierarchical aggregates and cauliflower type structures, bundles of smaller and equiaxed

grains [51, 58-60].

i1) Zone T: This was a transition zone between Zone 1 and Zone 2. The
increased substrate temperature led to densely packed, fibrous grains with weak grain
boundaries. The temperature for the transition zone shifted to higher temperatures with

increasing gas pressure.

iii)  Zone 2: Surface diffusion increased with Tj, due to the increased adatom
mobility, giving rise to columnar grains with increased width, increased density, and
well-defined grain boundaries. The activation energy for grain growth for metallic films
were the same order of magnitude with the activation energy for surface diffusion, and
also similar to that of grain boundary diffusion [58]. As the temperature increased, the

Zone 2 columns became faceted.

1v) Zone M: By increasing the pressure in Zone T, matchstick morphology
was obtained. In this zone, the columns were parallel to each other and they contain

dome-shaped tops [63].

V) Zone 3: Upon increasing Ty, further, bulk diffusion dominated forming a

highly dense film structure composed of equiaxed grains.

Several competing mechanisms of film evolution were proposed. The stages of
this process were presented in detail in Sec. 1.2. During the formation of the first few
monolayers, there was competition between the nucleation and growth processes [2, 50-
52]. Their relative weight determined the relative amounts of islands and the layers.
When the bonding between the atoms or molecules of the film material was stronger
than that of the film-substrate bonding, island-type of growth was observed. The
smallest stable cluster of the film material nucleated on the substrate, and grew in three
dimensions. In the reverse case, when the atoms of the film material tended to bond
more strongly to the substrate than to each other, the stable clusters grew much more
rapidly in two-dimensions namely on the substrate surface, and they form layers on the
substrate [2, 50-52]. For ZnO films, it was proposed that island formation dominated
when the film thickness was less than 100 A [136]. After the initial stages of nucleation
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and growth, the relative weight of the following effects determined the film formation

kinetics, and hence, the final film structure. [50, 54]:
1) shadowing and transport of adatoms onto the substrate,
1) adsorption and surface diffusion,

i) incorporation of adatoms into the coating or removal by evaporation or

desorption,

1v) transport of the adatoms to their final positions by bulk diffusion.

Transition marphology:

no long-range structure Columnar crystalline
heyond the nanometer grain structure
length-scale

Recrystalized crystaline

Matchstick marphalogy: drain structure

parallel columns with
domed tops
[ideal far STF=)

Paorous morphalogy:
tapered columns
zeparated by woids

Figure 5.1. A recent structure-zone model developed by Messier and Trolier-McKinstry,
also showing the region of operation in part of our study discussed in Sec. 5.1 (7s=RT—
200 °C, p = 6.8—15 mTorr, Py = 100 W). (Adapted from Ref. [51]; original figure by
Ref. [63]; published with permission from SPIE Press and Elsevier Publishing Ltd.).
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Due to the shadowing effects, not all the atoms incident on the surface had the
same line-of-sight [50, 54]. Thus, the adatoms had a limited range of positions on which
they can be settled, defining an anisotropic film structure. As the film grew further, the
structural anisotropy became more pronounced as a preferred direction was promoted
faster over the other crystallographic directions of the material. Here, the film growth
had two branches: the growth of the crystal planes, and the growth of the grains [210].
The shadowing effect was controlled mainly by the deposition parameters of the system,
such as the system geometry and the gas pressure. On the other hand, the diffusion and
adsorption-desorption behavior were mainly dictated by the substrate temperature and

the resulting adatom mobility on the surface.

It should be kept in mind that previous structure zone models that have been
developed are based primarily on studies of metallic thin films. Most ceramics have
much more complicated and more anisotropic crystal structures. They also have more
than one type of ions. Therefore, they may have more complicated growth mechanisms
than the metals, leading to variations in the previously defined structure zone models. In
Zn0O, an additional anisotropy comes from the crystal structure itself (see Fig. 1.1 and
1.2). For ZnO thin films, the studies on the relations between several deposition
parameters and the resulting thin film structure were summarized in Chapter 1. It would
be helpful to the reader to repeat the general affects of deposition parameters on the film

growth behavior together with some examples here:

1) Increasing the substrate temperature generally induced an increase in the
adatom mobility and improved structural homogeneity. However, T should also be
optimized for strongest texture (presumably due to microcrack formation above 400 °C

[111]) or minimum roughness (due to grain over-growth above 300 °C [95]).

1) The number of collisions increased between the gas molecules and
sputtered atoms by increasing total pressure, effectively reducing the energy of the
particles adsorbing on the substrate. Therefore, the mobility of the adatoms decreased.
On the other hand, deposition rate and film stoichiometry (O/Zn ratio) decreased with
increasing pressure. For example, optimum p for maximum deposition rate, maximum
O/Zn ratio, and minimum FWHM in XRD was 1 Pa = 0.1 mbar in Ref. [96]. In another
study for DC-magnetron sputtered ZnO films, the deposition rate increased for p = 0.2—
3.0 Pa (0.002—-0.03 mbar), while the p range for maximum structural homogeneity and

the highest crystallinity was only in the 0.6—0.8 Pa (0.006—0.008 mbar) range [115].
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i) Other than the total gas pressure, the effects varying the partial oxygen
pressure during reactive sputtering had been studied. Since ZnO tended to grow with
oxygen vacancies and zinc interstitials, providing extra oxygen was beneficial for
maintaining stoichiometry [99]. However, the oxygen content should be optimized for

the best film quality. For example, optimum po, was 0.01 Pa (0.0001 mbar; 10% O, in

Ar) for the maximum XRD peak intensity [96], and 40% O, in Ar resulted in minimum

film roughness [95] and minimum FWHM in XRD with maximum peak intensity [111].

iv) A similar discussion held for the RF power as with the chamber pressure;
however these two parameters had opposite effects on the adatom energy and
consequent microstructure formation. Increasing the RF power increased the energy of
the particles incident on the substrate surface. Therefore, the adatom mobility increased.
The film crystallinity improved; a denser film and better—oriented grains were obtained
(e.g., in the 1.28-1.90 W/cm® [96, 99], or 300-600 W [112] ranges). However,
increasing the RF powers could have been disadvantageous for the film’s crystal
structure since the sputtering yield and the deposition rate increased with the increasing
RF power (for example, deposition rate increased six-fold in the 25-100 W Py, range
[102]). The deposition rate should be optimized to allow the adatoms enough time to
seek minimum energy positions, before subsequent adatoms arrived at the surface.
Therefore, there was an optimum Py, value for the highest peak intensity and minimum
FWHM in the XRD spectra (e.g. optimum Py = 600 W in Ref. [112]), or maximum
grain size (e.g., grain size decreased rapidly for Py:> 50 W in Ref. [102]).

Having repeated the affects of the deposition parameters on the thin film structure
in the literature, it is obvious that these parameters should be optimized for the desired
film structure which could be represented by a SZM. A recent structure zone model on
ZnO films was proposed by Mirica et al. [136, 137]. The films were deposited by
RFMS at a constant pressure of 0.007 mbar (5.2 mTorr) and substrate temperatures
between room temperature and 700 °C. They pointed out the difference in
morphological development between metal and metal oxide films and impact of the
differences on the structure zone models. In their model, the formation of previously
defined high-temperature structures was achieved at lower homologous temperatures,
because of the effects of collision between high-energy particles. Increasing the
substrate temperature overcame the shadowing effect by increased surface diffusion (the

valleys that were created by shadowing were filled with the diffusing atoms). Therefore,
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the transition zone was eliminated by substrate heating (Fig. 1.25). They described two
sub-zones within Zone 2. Zone 2a was composed of film with faceted columns and a
rough surface. Films in Zone 2b were smoother, denser, and highly textured. However,

the columns had pitted tops, owing to the limited surface diffusion.

In light of the various factors affecting the microstructure of thin films, our results

about ZnO film microstructure will be discussed in Sec. 5.1.1-5.1.4.

5.1.1. Effect of the Substrate Material on the Film Microstructure

The microstructural evolution of the ZnO films in our study was monitored as a
function of the substrate material at various conditions. In Fig. 5.1, points I-I' (p =
0.009-0.02 mbar = 6.8-15 mTorr, 7, = RT; Set 17) and II-1I' (p = 0.02 mbar = 15
mTorr, T, = 200 °C—RT; Set 16) represent the two sets of film depositions performed to
compare the substrate effects. The range of this operation is marked as the shaded area
in Fig. 5.1. The homologous temperature ranges of these sets were 0.13—0.14 and 0.21—
0.14, respectively. According to Fig. 5.1, a Zone 1 structure (porous morphology with
tapered columns separated by voids) was expected for these ranges of deposition

parameters.

For the glass substrate, the 0.009—0.02 mbar (6.8—15 mTorr) and RT (7, = 0.13)
conditions resulted in a microstructure (Fig. 4.1.a) that was between Zone T (no long-
range structure beyond the nanometer length scale) and Zone 2 (a columnar crystallite
grain structure). By increasing both the initial temperature (75 = 200 °C, 7, = 0.21) and
initial pressure (0.02 mbar = 15 mTorr), the grains evolved to a structure similar to that
in Zone 1 (Fig. 4.1.b). As explained in detail in Sec. 1.2.1 and summarized above, the
chamber pressure and substrate temperature have opposite effects on the energy of the
adatoms. Increasing the chamber pressure causes an increase in the number of collisions
of the particles along their path to the substrate, hence, decreasing their energy. On the
other hand, increasing the substrate temperature provides thermally induced mobility to
the adatoms. Between these two competing mechanisms, one might dominate over the
other to dictate the final film structure. In the cases described above, the pressure had a
more dominant effect than increasing the substrate temperature. Otherwise, a transition

to Zone 2 (a columnar crystallite grain structure) would have been observed for the ZnO
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films on glass in Fig. 4.1.a (at the conditions from point I to point I' in Fig. 5.1), when

compared to those in Fig. 4.1.b (at the conditions from point II to point I in Fig. 5.1).

On the Si(100) substrate, at 0.009-0.02 mbar (6.8—15 mTorr) and RT (7}, = 0.13),
the ZnO films had a well-defined columnar structure (Zone 2; Fig. 4.2.a). By increasing
both the initial temperature and initial pressure, the grains gained a slightly more
tapered structure with inter-columnar voids, like those in Zone 1 (Fig. 4.2.b). These
results were consistent with the dominance of the increasing pressure effect (i.e., less
energetic adsorbed species) over the increasing temperature effect (i.e., increased

adatom mobility at the surface and increased surface or bulk diffusion).

To summarize, at lower T}, and lower p conditions, the SZM showed deviations
from the expected Zone 1 structure, depicted by the currently accepted model for
metallic films, towards the higher mobility zones for both substrates. This trend of
reaching the higher mobility zones at lower 7j, values then expected was in accordance
with the work of Mirica et al. [136, 137]. Considering our results, it could be concluded
that at very low mobility conditions for ZnO films, decreasing p was more critical than

increasing T}, for the purpose of increasing the adatom mobility.

The effects of deposition parameters on the film microstructure will be discussed
in greater detail in Sec. 5.1.2. Some aspects were included here only to emphasize the
effects of different substrates. When the effects of the two different substrates are
compared, it is evident that the crystallinity of the substrate had an influence on the
microstructure of the film. When the substrate was amorphous, many equiaxed grains
were seen at the interface, indicating the presence of a randomly oriented layer (Fig.
5.2). Such a structure of fine, equiaxed grains still existed for the films on the Si(100)
substrate at the same deposition conditions with the glass substrate, but was
considerably less pronounced. In addition, the films grown on this substrate had a
better-defined and less tapered columnar grain structure (Zone 2) than the films on the
amorphous substrate (Zone T—Zone 2). This improved columnar structure of the film
could be related to a more crystalline, more strongly textured (along the c-direction),
and more densely nucleated interface layer on the Si(100) substrate than the one on the

glass substrate (Fig. 5.3).
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Figure 5.2 A film structure with a randomly-oriented layer at the substrate interface.
Only the fastest growing directions survive and form the strongly textured film.
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Figure 5.3. Two different growth behaviors on an initial layer of textured nuclei. The

nuclei continue to grown in the preferred orientation. The film microstructure depends
on the nucleation density and the growth rate of different crystal faces.
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The crystalline surface of the Si substrate could provide a better template for ZnO
by promoting preferential nucleation over random nucleation ("Preferential nucleation
is a process in which initial nuclei with a specific crystallographic direction normal to
the substrate preferentially nucleates on the substrate. The direction is determined by
the surface energy when the interfacial energy between the substrate and the nuclei can
be ignored, and therefore preferred orientation becomes the direction with the lowest
surface energy plane parallel to the substrate.” [210]). This interpretation would be
consistent with observations of ZnO films grown by RFMS on glass, Al, Au, and
sapphire substrates [211]. An initially randomly oriented layer upon random nucleation
was found at the ZnO film-substrate interface, on both the glass substrates and the Al
substrates with a native oxide layer on their surface. The films with the amorphous
interface grew with polycrystalline morphology. On the other hand, the films on the Au
and sapphire substrates grew epitaxially, without first forming an interface layer [211].
Similarly, the ZnO film grown on (111)-textured Pt by RFMS was free of either an
amorphous interface layer or one with equiaxed grains. These films were also more
crystalline and more strongly textured than the film grown on Si(100) substrate with a
native oxide layer on top [137]. The degree of orientation of the initial layers was at
least partially determined by the crystallinity of the substrate—the ZnO films had a

better c-oriented structure and better defined micro-columns on the crystalline substrate.

To summarize, microstructure shifted to more ordered regions then dictated by the
most recent SZM. The effect of increasing p in the 0.009—0.02 mbar range was more
effective on the microstructure then increasing 75 from RT to 200 °C. Based on the
SEM observations, although the lattice structure of the film and the substrate did not
match (i.e. non-epitaxial film growth), substrate crystallinity had an impact on the film
microstructure—presumably due to preferential nucleation on the crystalline substrate.
However, separate texture measurements by XRD and TEM focusing on the interface

layer should be conducted to achieve such a conclusion.
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5.1.2. Effect of the Deposition Parameters on the Film Microstructure and
Texture

The effects of deposition parameters on the microstructure of ZnO thin films were
examined on glass substrates. The experiments were performed at RT-200 °C of T (T,
= 0.13-0.21), 0.02-0.4 mbar (30600 mTorr) of p (100% Ar), and 100-125 W of Py,.
The pressure range in this study was out of the range of the most recent SZM for thin
films, the maximum p value being an order of magnitude higher than the maximum
pressure in Fig. 5.1 (~30 mTorr). In those ranges of deposition parameters where the
adatoms had much lower kinetic energies than those reported in the previous literature,
various grain morphologies of the hexagonal wurtzite ZnO were detected by SEM. For
those pressure ranges, the highest homologous temperature was still 0.21. Referring to
Fig. 5.1 and extrapolating the zones to higher pressure values, we would expect a Zone
1 structure with enlarged columns for the films grown at those low temperature-high
pressure conditions. However, the interpretation of our observations could not be made

that straightforwardly.

At this point, it would be useful to introduce various forms of hexagonal crystals.
These include the hexagonal pyramid, hexagonal bipyramid, hexagonal trapezohedron,
hexagonal prism, hexagonal pyramidal prism, and hexagonal bipyramidal prism (Fig.
5.4). In nature, the hemimorphic forms—hexagonal pyramid and hexagonal pyramidal
prism—of wurtzite type ZnO are the most common (see also Fig. 1.2). The Miller
indices of the family of planes in a hexagonal pyramidal prismatic ZnO crystal are

shown in Fig. 5.5.

At p = 0.2 mbar (150 mTorr) and 7;, = 0.13-0.14 (no external heating; 75 = RT),
the films had a well-defined columnar microstructure with inter-columnar voids and
dome-tops (Fig. 4.14; Set 7). Comparing to Fig. 5.1, this structure is between Zone 1
(tapered columns separated by voids) and Zone M (matchstick morphology: parallel-
walled columns with dome-shaped tops). The columns were of equal sizes, with
cylindrical or hexagonal cross-section (see Fig. 5.6.a), indicating a well-developed
wurtzite structure and strong (002)-texture. In addition to these, many equiaxed smaller
grains could be seen at the film-substrate interface (Fig. 4.14.b). This microstructure
resembles the structure in Fig. 5.2.a, and is presumed to be due to shadowing and low

surface diffusion [53] acting together with high growth rate along the c-axis. The
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equiaxed grains at the interface point to a large number of randomly-oriented nuclei at
the initial stages. Among these grains, the ones with the (002)-orientation grew into the
regularly shaped columnar grains perpendicular to the surface. Although no other
reflections were detected in the XRD spectra of these films (Fig. 4.18.¢), TEM
examination is required to definitely determine the orientation of the grains at the

interface.

hexagonal hexagonal hexagonal
pyranmud bipyranud  trapezohedron
hexagonal "hexagonal "hexagonal
prism pyramidal bipyramidal
prism” prizm’

Figure 5.4. Various forms of hexagonal crystal structures. Grains of a hexagonal
material could take any of these forms depending on its chemistry and the relative
growth rate of different surfaces depending on the growth conditions.
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Figure 5.5. Crystal planes and Miller indices of hemimorphic wurtzite-type zinc oxide.
The angle between the hexagonal {001} and each triangular {101} surface is 32° [25].

N
200nm
Mag = 20000 KX |—|

{c) 7, = 200 °C, p = 0.2 mbar, Pzr = 125 W, fresh subtrate

Figure 5.6. SEM images of the ZnO films on glass deposited at low p (0.2 mbar) and
high Pg. (125 W) Drawings on the right side illustrate the possible forms of the
encircled grains in the SEM images. (a) Set 7 (b) Set 8, (c) Set 6.
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At the low T; condition (0.13—0.14), increasing the pressure from 0.2 mbar (150
mTorr) to 0.4 mbar (300 mTorr) maintained the hexagonal or cylindrical cross-section
of the grains (Set 3; Fig. 4.15). However, the columns were much more tapered (Wposom
=~ 40 nm, wy,, = 120 nm) than the lower-p case at the same 71, (w = 44 nm). There were
two distinct groups of grains with different shapes and sizes as seen from the top surface
of this (low 7} and high p) film: cauliflower-like large grains (up to 200 nm in diameter)
were surrounded by smaller grains (about 50 nm in diameter) (Fig. 4.15.a). Moreover,
the columns were not continuous along the thickness, but rather interrupted by either
other columns or irregular-shaped grains (Fig. 4.15.b). This implies that there was
continuous nucleation during film thickening [53], and it led to void formation within
the bulk of the film. Comparing to the films grown under the same 75 (and Py)
conditions (Set 7) we would expect similar thermally induced mobility of the adatoms
on the surface. Thus, it is reasonable to expect a similar nucleation behavior to that of
Set 7 with randomly oriented nuclei. However, there was a decrease in the momentum-
induced mobility, due to increased p and consequent decrease in the energy of the
particles incident on the substrate surface. This decrease in energy must have
suppressed the growth of any nuclei, and instead promoted more nucleation as the film
grew. Thus, the grains were not continuous throughout the thickness. We can thus
conclude that increasing p from 0.2 mbar to 0.4 mbar at 7}, = 0.13 decreased the adatom
mobility such that the microstructure changed from the well-built columnar form to the

cauliflower-type.

Increasing T;, from 0.13 to 0.21 at the constant p (0.2 mbar = 150 mTorr) and Py
(125 W) conditions, the microstructure deviated from the previous regular columnar
structure (Set 8; see Fig. 4.16 and 4.17). The vertical cross-section of the films (Fig.
4.16.b and 4.17.b) had a structure resembling that of Zone 1. The majority of the grains
in those samples were tapered not only along their height but also along their width
(Fig. 5.3.b). The smaller equiaxed grains at the film-substrate interface were still present
under these conditions, although no longer restricted to the interface. In fact, those
equiaxed small grains could also be seen in between the larger grains on the film surface
(Fig. 4.16.a and 4.17.a), and throughout the film thickness (Fig. 4.16.b and 4.17.b). This
also points out to continuous nucleation during film growth (Fig. 5.7). SEM
examination revealed that the planar cross-sections of the grains deviated from the

regular hexagon (in Sec. 4.3, these grains were labeled as diamond-shaped grains). In
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the planar SEM images of the film surfaces, these larger grains appear like the other
forms (i.e., with non-basal projection) of the hexagonal crystal illustrated in Fig. 5.4.
Based on these forms, the grain shapes and orientations of the samples in Fig. 4.16 and
4.17 (T, = 0.21) could be deduced. In the majority of the grains in Fig. 5.6.b, it appears
as the triangular planes have grown in both ends, forming the pyramidal tops. This
structure resembles either a hexagonal bipyramid or a hexagonal (bi)pyramidal prism,
oriented horizontal to the substrate surface. In addition, they could be the projections of
the incompletely grown (bi)pyramidal grains, as shown with the arrows in Fig. 5.6.b. In
Fig. 5.6.c, the shape of the larger grains resembles either a hexagonal pyramid or a

hexagonal pyramidal prism with a small aspect ratio of the rectangular faces.

r Initial layer consists
of randomly oriented,

equiaxed grains.

(Srains grow

/ <\ in all directions

Further nucleation
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\ , |
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Figure 5.7. A film structure with a randomly-oriented layer at the substrate interface.
The grains are free to grow in all directions. Additional nucleation may take place
during growth.
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Based on Fig. 5.6, it could be concluded that 7§ plays a major role in determining
the grain shape and orientation. To understand the evolution of grain morphology seen
in Fig. 5.6.b and 5.6.c, the deposition conditions (75 = 200 °C, p = 0.2 mbar, Py = 125
W) and the corresponding adatom flux and mobility should be considered. Comparing
with the previous lower T7; case (Fig. 5.6.a), the incident atomic flux should be the
same, since the p and Py values were not changed. Thus, a similar initial number of
adatoms would be expected on the surface. However, the increasing 75 could have
provided increased mobility to those nuclei. It seems reasonable to presume that the
nuclei having the similar orientation with each other would coalesce to decrease their
surface energy. If there was an orientational distribution of the nuclei, islands with
different orientations with each other could be forming on the surface. In the later stages
of film growth, each of these islands would grow along their own preferred growth
direction. Since under normal conditions the preferred growth direction of ZnO is along
its c-axis, the nuclei oriented with their c-axis parallel to the surface could grow easily
into the (002)-oriented columns (Fig. 5.2). For the remaining nuclei, there should have
still been room for growth in the vertical direction, and the growth directions other than
c-axis could have been promoted upon increasing 75 (Fig. 5.6.a). Moreover, these grains
in Fig. 4.16 and Fig. 4.17 were not very densely packed; providing another proof that
they might have evolved from different nuclei with different orientations (surface area
measurements are necessary to elucidate the actual amount of porosity and the extent of
contact between separate columns). In addition to growth of the grains in either
directions (a or ¢), additional nucleation might have occurred during growth (Fig.
5.7.b). This situation could create grains with their c-axes tilted with respect to the
substrate normal, namely the horizontally placed hexagonal bipyramids/bipyramdal

prisms. This might have led to the distinct grain shapes in Fig. 5.6.b and 5.6.c.

In addition to the SEM analysis, we should consider the texture in the films
revealed by XRD, to better understand the microstructural evolution at 7, = 0.21, p =
150 mTorr, and Py = 125 W. Comparing Fig. 4.18.b and Fig. 4.18.c (or comparing Fig.
5.8 and 5.9), there is (101)-texturing in addition to (002), at these low T7y—high p
conditions. The appearance of an additional texture in our samples suggests the

following:
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Figure 5.8. (a) A polycrystalline structure with random texture. (b) The position of a
ZnO unit cell with respect to the substrate plane to give a (101)-reflection in the XRD
spectra. (¢) XRD spectra (6—26) of the ZnO film grown on glass at 75, = 200 °C, p = 0.2
mbar, Py = 125 W (Set 8 in Table 3.1).
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Figure 5.9. (a) A polycrystalline structure with fiber texture. (b) The position of a ZnO
unit cell with respect to the substrate plane to give a (002)-reflection in the XRD
spectra. (¢) XRD spectra (6—26) of the ZnO film grown on glass at 75 = RT, p = 0.2
mbar, Py = 125 W (Set 7 in Table 3.1).
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1) One column could be made up of multiple grains. To quote from Pulker:
"Columnar microstructure does not always signify well-formed crystallites.” [2]. Pulker
gave two such examples: electron diffraction showed that although both had well-built
columns, ThF, films had a lot of growth defects, and Al,O3 films were even amorphous
(page 359 of [2]). Ow-Yang et al. have also shown by XRD and TEM columnar
amorphous structures of annealed ITO thin films grown under low atom mobility
conditions [212]. These films in the study of Ow-Yang et al. possessed voids that were
distributed through the film thickness, together with equiaxed grains within the

columnar network. These observations support that columnar structure did not

necessitate the (002)-texture in every case.

1) The columns were not necessarily perfectly (002)-oriented. There was a
relation between the non-cylindrical or non-hexagonal columns and the orientation of
the crystals. As stated repeatedly, ZnO thin films have a very pronounced texture along
the (002)-direction. However, there are some cases where other orientations have been
reported as a function of the substrate material and the deposition conditions. In one
study by Cebulla et al., the appearance of the (101)-reflection, among the (001)-
reflection was mentioned [25, 138]. This peak was only observed in the pure ZnO films
and not in the Al-doped films, and its intensity increased with thickness (Fig. 1.26).
Aluminum was proposed to be acting as a mineralizer or surfactant that improved the
texture of the layers during growth. Minami et al. also observed (101)-reflections from
Al-doped ZnO films thicker than 1 um at high sputtering pressures and/or high substrate
temperatures [139]. Sayago et al. found that the intensity of the (002)-peak increased
with increasing oxygen content in the 50200 W of Py range [133].In addition, weak
reflections from the (100) and (110)-planes were observed in the XRD spectra for Py >
50 W. Lim and Lee examined observed that ZnO thin films on Al/Si(100) substrates
The films on Al/Si substrates had a mixture of small and large grains with large amount
of voids, where the films on the Ru/Si substrates were very dense and the grain shapes
were hard to detect; therefore, no grain shape was reported for those films [140]. For the
films on Ru/Si substrates, only the (002)-reflection was observed. In the films deposited
on Al/Si substrate, the XRD intensity of the (002)-peak decreased to one-fifth of the
previous case. At the same time, additional reflections from the (100), (101), and (102)-

planes appeared.
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These studies showed that the substrate structure was important in the
microstructural evolution of the ZnO thin films, although they did not investigate the
grain structure in detail. They also indicated that there was a specific set of deposition
parameters for the (101)-texture to occur in otherwise highly (002)-textured ZnO thin
films. In our studies, this set of deposition parameters to create the additional (101)-
texture was limited to 75 = 200 °C, p = 0.2 mbar, and Py = 125 W. The microstructure
of the grains (Fig. 5.6) together with XRD analysis (Fig. 5.8.c and 5.9.c) revealed that
the (101)-texture occurred when there were grains that were tilted with respect to the
substrate normal as a result of additional nucleation of grains with their c-axis oriented
with an angle with respect to the substrate normal during film thickening. The film
growth rate was presumed to be an important factor in this kind of microstructural
evolution. By inspecting the film thicknesses, we can deduce the average growth rates:
6.7 nm/min for Set 8 (75 = 200 °C; (002) and (101)-textures), and 4.6 nm/min for Set 7
(Ts = RT; only (002)-texture). Thus, at p = 0.2 mbar, the films grew much faster at 7 =
200 °C than those at Ty = RT. At this higher temperature, there were simultaneous
mechanisms: increased surface diffusion upon increased 71, and fast growth along the
vertical direction due to increased atomic flux. Thus, overall mobility along the vertical
direction should have been higher than in the lateral direction. However, this does not
mean that all the grains would be (002)-textured with regular hexagonal prismatic
shape—it all depends on the orientation and the density of the interfacial layer of nuclei.
Although low adatom mobility is known to give highly anisotropic columnar structures
in thin films [59], if the growth was fast, the atoms might not had enough time to
rearrange themselves and adhere to the less energetic sites [137]. With the presence of a
randomly oriented layer at the interface and a high growth rate, the film grew with a
mixture of (002)-textured and, in our case, (101)-textured grains. However, cross-
sectional TEM studies are necessary to state the effect of lateral growth and nucleation
density definitely. To our knowledge, the irregular-shaped (neither hexagonal nor
circular in cross-section) grains in ZnO films at low mobility conditions were not

reported in the literature.

To reveal more about the microstructural evolution at low mobility, Fig. 5.10
compares the microstructure of some ZnO film samples, all deposited at the same
conditions that proved to produce the tilted grains. As can be seen on Fig. 4.18.b and

Fig. 4.18.c, not all of the film samples that were deposited in the same batch showed
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diffraction from the (101)-planes. A comparison of the SEM images of a sample that
showed (101)-reflection and one that did not might be useful in understanding their
diffraction behavior. Fig. 5.10.a shows a SEM image from a ZnO film on a fresh
substrate (Set 6) that did not diffract x-rays beams from the (101)-planes. Three types of
grains were seen on the film surface: large (up to 200 nm) hexagonal grains with low
contrast, triangular grains with similar size to the hexagonal grains, and smaller (20-30

nm) equiaxed grains.

Increasing (101)-reflection in XRD

200
Mag = 200.00 KX

Figure 5.10. SEM images of the ZnO film grown on glass at 75 = 200 °C, p = 0.2 mbar,
Py = 125 W. (a) ZnO on fresh glass substrate (Set 6 in Table 3.1). No (101)-reflection
was observed in the XRD spectra from this sample. (b) ZnO on fresh glass substrate
(Set 6 in Table 3.1). (101)-reflection was observed in the XRD spectra from this sample.
(c) ZnO on acid-cleaned glass substrate (Set 8 in Table 3.1). A more intense (101)-
reflection was observed in the XRD spectra from this sample then from the sample in

(b).
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Fig. 5.10.b shows a sample from the same batch with the previous (Set 6), but one
that showed the (101)-reflection. The large hexagonal grains were still present.
However, the triangular ones decreased in number and size. Instead of these, there were
smaller rectangular or irregularly shaped grains. In the samples with triangular grains,
the faces other than the hexagonal and the rectangular faces (see Fig. 5.6) might have
grown, but the crystals with the triangular faces might not be tilted enough to satisfy the
Bragg’s condition (Eq. 3.1). On the other hand, in the samples that did show the (101)-
reflection, the crystals might have been tilted enough to satisfy the Bragg condition.
With this tilt, the full projection of the triangles might have vanished. Fig. 5.10.c shows
an example from a ZnO film on an acid-cleaned substrate (Set 8) with a (101)-reflection
that was much stronger than the sample in Fig. 5.10.b. There were again no triangular
grains, but rather hexagonal (bi)pyramidal and hexagonal (bi)pyramidal prismatic grains
with similar size to the previous triangular grains. That indicated that faces other than

(002) have grown, but have been tilted with respect to the substrate plane.

In bulk materials, mainly the surface diffusion determines the crystal growth
behavior [137]. The surfaces with the highest energy grow the most slowly, while the
surfaces with the lowest energy grow the most rapidly [52]. In ZnO, this mechanism
dictates that the fastest growth direction is the [001]-direction [137]. Relative surface
diffusion rates on different surfaces determine the relative growth rates of these
surfaces. Although surface diffusion is a thermally activated process, momentum-
induced mobility could be gained upon momentum transfer from the sputtered gas to the
adatoms [137]. Thus, the growth rate of surfaces could be altered not only by varying
the temperature, but also by varying the pressure or the sputtering power. [A similar
competing mechanism was reported for ZnO films deposited at high Py (140 W) and
high T (650 °C), when compared to low Py: (27 W) and low T5 (450 °C) [137]. Growth
along the c-axis (due to increased Py, thus, increased atomic flux) must have been
faster than the diffusion along the transverse direction (due to high 75), creating faceted
pyramidal surfaces (the surface with the highest energy vanished). There was an
optimum combination of 7 and Py for controlling such faceting.] However, this was
not likely to be the case in our study, because the working temperatures were much
lower (the maximum 7; = 0.21) and the working pressures were one or two orders of
magnitude higher (up to 0.4 mbar) compared to other values in the literature. Thus, the

fastest growth direction must still be the [001]-direction. Nevertheless, the additional
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(101)-texture occurred at increased temperature and decreased pressure. Therefore,
although the [001]-direction was the fastest growing, increase in momentum might still

be an effective factor for increasing growth rate of other surfaces.

As discussed in Sec. 5.4.1, the existence of an initially randomly oriented layer
could affect the final structure. To enlarge this discussion and adapt to the above cases,
several growth scenarios were considered. Let us suppose there was an initial layer with
randomly oriented, equiaxed, crystals (Fig. 5.2). Then suppose all of these crystals grew
faster in the c-direction. These crystals would constrain each other laterally with respect
to the growth direction, and only the ones with an exposed (002)-facet would continue
to grow. Then, there would be many columns perpendicular to the substrate surface,
with a network of inter-columnar voids (Fig. 4.14 and 5.2). Now let us relax the lateral
growth constraint and allow the crystals to grow in the g-direction as well, which is
possible by increasing the substrate temperature (Fig. 5.3). Then there would again be
columns that are parallel to each other and perpendicular to the substrate surface, as
well as grains that have grown along their basal plane and that are tilted with respect to
the substrate normal (Fig. 4.16). If those grains were skewed with respect to the
substrate surface at an angle that would satisfy the Bragg diffraction condition (Eq. 3.1)
for the (101)-planes, the (101)-peak would also be observed in the XRD spectra (from
Fig. 5.8 and 5.9, it is evident that the (101) and (002) reflections cannot come from the

same grains).

Finally, consider the case in which there were no randomly oriented grains in the
initial layer, but instead all the initial nuclei had a c-direction parallel to the substrate
normal (Fig. 5.3). Then, the final film would consist almost entirely of columnar grains
perpendicular to the substrate surface. In this case, if the initial layer was densely
nucleated and the growth along the c-axis was much faster than along the a-axis, we
would expect to have a densely packed structure made of parallel-walled columns (Fig.
4.14), with only the (002)-reflection in XRD analysis. If the nucleation was less dense
and at the same time growth along a-direction would also be allowed, then the final film
would consists of a less dense structure, consisting of tapered columns plus an extensive

network of interconnected voids (Fig. 4.16).

To summarize, in determining the overall structure and texture of a thin film of an
anisotropic material like ZnO, there is always a competition between atomic mobility,

flux of incoming particles (deposition rate), and the rates of nucleation and growth
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[137]. In our results, we observed examples of both thermally induced mobility
(increased T5) and mobility induced by the momentum of the incident particles on the
surface (decreased p). In either case, increased mobility led to an increasing diversity of
grain shapes observed by SEM, and deviation of texture from the (002)-orientation in
XRD. These might be due to the existence of an initial layer with randomly oriented
nuclei and subsequent growth of tilted grains with (101)-planes that satisfy the Bragg

condition, together with additional nucleation during growth.

5.1.3. Effect of Buffer Layer Deposition on the Film Microstructure

To understand the role of the initial layers in greater depth, the film growth was
investigated via two successive separate depositions: a thin buffer layer deposition,
followed by growing film with the thickness of interest (Sec. 4.5). The changes in the
microstructure upon buffer layer deposition can be seen in Fig. 4.21. By depositing a
buffer layer of a sixth of the film thickness (about 67 nm), the hexagonal (bi)pyramidal
grains that have been formed at the same deposition conditions were eliminated (Fig.
4.21.b). This result is in agreement with the assumption of the existence of an initially
randomly oriented layer. The buffer layer might have acted as a template for further
film growth. Although there might be randomly oriented grains in the buffer layer as
well, the remaining c-axis oriented grains must have acted as templates for further ZnO
film growth, enabling only c-axis oriented growth through the film thickness. This idea
was also supported by the XRD spectra of the films with a buffer layer (Fig. 4.19): the
intensity of the (101)-peak was about a sixth of the (101)-peak intensity of a film
sample of the same area but without a buffer layer (Fig. 4.18.b).

By annealing the buffer layer at 600 °C for 6 h prior to further film deposition, the
film became denser, without significant change in the grain shape (Fig. 4.21.c and Fig.
4.22.c). This might be explained by the increased number of nucleation sites for the c-
axis oriented grains upon annealing. This assumption is reasonable when the annealing
experiments on the fully-grown films are considered—annealing the films at 600 °C for
6 h allowed the grain diameter to increase by ~4 times (Fig. 4.26). Increased size of the
c-axis oriented grains would provide more nucleation sites for similarly oriented grains

in subsequent film deposition. For the same reason, there would be fewer grains with
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other orientations, which would decrease the amount of voids in the fully developed
film, and tapering of the columns. However, there still remains a need for investigation
of the growth trend on buffer layers of varying thickness and/or roughness, to fully
understand the effect of the initial layers on further film growth [141].

The buffering method has been applied for ZnO thin films in a few earlier studies.
For example, when the ZnO films were deposited on the roughest ZnO buffer layer on
(0001)-oriented sapphire, they had the smoothest surface and the most intense (002)-
peak among all the samples (Fig. 1.27 and 1.28) [141]. In another study, a ZnO buffer
layer on Si0,/Si substrates prevented the (100) and (101)-peaks in the XRD spectra, and
strengthened the (002)-texture of the ZnO films [142]. At the same time, the films
became smoother, in contrast to the case without a buffer layer. These few studies on
the effect of the buffer layer were in agreement with our results and presumption of the
buffer layer to provide more textured nucleation as a cause of decrease in the residual
stress. [The residual stresses—which will be discussed in relation to the microstructural
evolution either with or without a buffer layer in Sec. 5.2—were not investigated in any

of these studies.]

Roughness could also be important in determining texture [137], but it was not
measured in our present study. Nevertheless, based on the previous literature results
summarized above, it could be presumed that the buffer layer is affective on the initial
roughness and the microstructure during further film growth. While the ZnO films
deposited on the roughest buffer layer had the smoothest surface and the most intense
(002)-peak among all the samples in one study [141], a rougher substrate resulted in
rougher films in another [137]. Significant surface roughness may create competition
between crystallographic orientation and geometrical orientation [137]. An increasing
roughness of the substrate surface increases the number of randomly oriented nucleation
sites. Therefore, although there is local texture, the overall orientation would be more
random. In our study, the glass surfaces were prepared with acid cleaning (Sec. 3.1). If
the acid etched the surface, this might have created roughness, decreasing the initial
texturing of ZnO. However, atomic force microscopy (AFM) measurements on the
blank substrates are required to check the validity of the argument. It should be kept in
mind that the argument of a rougher substrate creating a rougher film was for an
amorphous substrate [137], where in the present case the ZnO buffer layer creates an

epitaxial ZnO substrate for ZnO film growth, whether rough or not. Thus, different
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nucleation and growth behavior should be expected between the two cases, and this

might explain the differences in the roughening-smoothening trends between the two.

5.1.4. Grain Size

Before closing the discussion on the film microstructure, the grain size change
upon annealing should be mentioned. Fig. 4.26 shows that the grain size of ZnO films
on Si(100) substrate grew by up to four times of their original size upon annealing in air
at 600 °C for 6 h. The lateral grain size that was measured by SEM (GSs:y) changed
from ~40 nm to ~120 nm (four times) by annealing. The change in the vertical direction
of the grains upon annealing can be seen by comparing Fig. 4.2.a and Fig. 4.33.b.
Annealing at 7, = 0.38 caused a decrease in the grain boundary sharpness, and the
columns became harder to distinguish. This result was in agreement with the structure
zone model modified by Gupta and Mansingh, where they proposed a transition from
Zone 2 to Zone 3 for annealing temperatures of 73, > 0.35, due to grain coalescence

[151].

The grain sizes for these samples were also calculated based on XRD
measurements and using Scherrer’s formula [209] (GSxp; Sec. 3.4.2.4), and the results
were given in Table 4.9. Upon annealing, GSxxp changed from 8.95 nm to 23.3 nm (2.6
times). The relative change in grain size upon annealing measured by XRD was smaller
than that measured by SEM. In addition, GSxp values were much smaller than the
average film thickness (220-310 nm). This is another indication that the vertical
columns were not necessarily single crystals, but composed of many grains [2]. The
relative sizes show that there must be more than one grain throughout the film

thickness. (FWHM in Eq. 3.37 is essentially zero for > 100 nm [209].)

The discrepancy between these two values measured by SEM and XRD could be

due to several additional factors:

1) The lateral grain size that is measured by SEM could be misleading since
it only takes into account the visible grain boundaries but not the actual crystalline
regions which are able to diffract coherent x-rays [213]. In addition, XRD peaks arise

from a statistically significant average of grain diameters, while SEM allows only
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estimating the average grain size from a number of grains that is not statistically

representative of the entire film.

1) The residual stress in thin films contribute to XRD peak broadening; thus
the measured grain size is smaller than the real grain size [96, 209]. However, this is
probably a less significant factor to cause the discrepancy between GSxg, and GSsgy than

the above.

5.1.5. Section Summary

In this section, the development of microstructure of ZnO thin films at deposition
conditions which were outside the previously developed SZMs (p > 30 mTorr) was
discussed. The proposed effects of these deposition conditions on the ZnO film’s

microstructure could be summarized as follows:

1) There was an initial layer of random-oriented nuclei at the initial stages of

film growth at specific deposition conditions and adatom energy.

i) Higher RF power, thus high incident flux, resulted in high extent of

nucleation.

1i1) Lower p and higher 75 enabled greater mobility of the adatoms on the

surface, and promoted coalescence of nuclei with the same orientation with each other.

iv) When all three of the above conditions (high P, high T5, low p) were
satisfied, the films contained grains of various shapes, and deviation from c-axis
orientation was observed. This was proposed to be due to the increased growth rate on
every direction (high energy and mobility of adatoms), combined with the limited
amount of time between successive layer formations (high flux of adatoms) and
additional nucleation during the course of film growth. The conditions for mixed (002)

and (101)-texture were determined as 75 = 200 °C, p = 0.2 mbar, and Py = 125 W.

V) When the surface mobility of the adatoms were lowered (either by
decreasing 75 or increasing p), the film structure consisted mainly of columnar grains,

with primarily the c-axis orientation.
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Vi) At the lowest surface mobility and lower adatom flux conditions, the films
were close to being amorphous with very low XRD intensities and cauliflower like

grains.

vil)  The films on crystalline substrates had a better-defined columnar structure.

This was attributed to the increased number of nucleation sites for the c-axis orientation.

viii)) A similar effect as above was observed upon buffer layer deposition prior

to the full film growth.

1X) There was always a competition between the growth rate of different
crystalline surfaces, the grains, the columns, and the film thickness. The relative

domination of these factors determined the film’s microstructure.

X) Annealing of the film caused grain growth due to increased bulk and

surface diffusion.

These factors will also be used in the discussion about the relations between the

film microstructure and the residual stresses.

5.2. Residual Stresses and Their Origins

All the ZnO thin film samples in this study had residual compressive stresses.
This phenomenon was manifested both by the warping of the film-substrate laminate
system with the thin substrates (Fig. 4.5), and by the XRD peak shifts of the thin film
samples with respect to the stress-free ZnO powder peaks (e.g., Fig. 4.6). The warping
direction was towards the substrate, confirming the presence of residual compressive
stress within the film (see also Fig. 1.14 and Fig. 3.11). In the warped samples, the ZnO
film thickness was ~400 nm, and the substrate thickness was ~160 um. Warping in the
other substrates could not be seen by naked eye, possibly due to their higher thickness
(the thickness of the mica and the Si(100) substrates were about 230 and 508 um,

respectively).

The total residual stresses were calculated via the biaxial strain model [149] (Sec.
3.4.2.2). This model assumes the stress in the direction of the substrate normal is zero.

This assumption was shown to be valid for thin films of the thicknesses in this study
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(100-500 nm) [170]. The strain values to be used in this model were measured from the
shift of the (002)-peak of each film relative to the (002)-peak of the unstressed powder
standard JCPDS-No. 36-1451. According to Bragg’s Law (Eq. 3.1), the 26 diffraction

angle from the (002)-planes of stress-free ZnO is 34.422° for Cu-K, x-rays having a

wavelength of 1.5406 A (Table 3.3). The measurement of strain from the peak shift is
known to yield more accurate results for higher 26 peaks in the spectrum [204, 209].
However, the ZnO thin films in our study were highly textured along their c-axis, with
only the (002)-reflection in most of the samples, and (101)-reflection in a few samples
showing up in the XRD spectra. Thus, no high-angle peaks could have been used to

calculate the residual stress.

Another method to measure the stress is the bending method (Sec. 1.5).
Cimpoiasu et al. calculated the residual stress in polycrystalline ZnO thin films on Si
and Al/Si substrates, via both the XRD peak shifts and the bending method [156]. They
found that the results of the two methods differed by ~10% for low stresses and by up to
50% for high stresses (the highest stress they have measured was 1.2 GPa). In another
study, the agreement was found to be about 20%, between the residual compressive
stress results obtained by the XRD biaxial stress model and the bending technique, and
this value was within the measurement accuracy of both methods [138]. Using the
bending technique for ZnO films on Si substrates, Rossington et al. found that the
biaxial stresses were unequal in the two orthogonal directions with a difference of <25%
between the two components, oy and ay. In our study, these discrepancies were not taken
into account, while the error due to equipment misalignment has been included in the
results (maximum error = 0.5 GPa within 10 GPa, corresponding to £5%). Instead, the
origins of relative changes in stress were investigated for similar processing conditions,

rather than the absolute values of the stresses

The presence of residual compressive stresses in RF magnetron-sputtered ceramic
thin films is a commonly observed phenomenon [2, 49]. Many factors have been

proposed to play a role in the creation of these stresses [50, 74, 76]:

1) thermal expansion coefficient mismatch between the film and the substrate
(extrinsic),
i1) lattice mismatch between the film and the substrate (extrinsic),
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i) incorporation of atoms (residual gas or chemical reaction products)

(extrinsic or intrinsic),

1v) variation of inter-atomic spacing with crystal size (intrinsic),
V) recrystallization processes (intrinsic),
Vi) microscopic voids and dislocations (intrinsic),

vii)  phase transformations (intrinsic).

The nature and magnitude of these stresses varied with the deposition method and
post-deposition treatments. Thus, it was not straightforward to decide which of these
mechanisms were predominately giving rise to residual stresses, pertaining to a specific
film-substrate material pair and specific deposition parameters. In the following
sections, the contribution of several factors to the total residual compressive stress will

be discussed.

5.2.1. Thermal Expansion Mismatch between ZnO and the Substrate Materials

One of the factors to cause residual stresses in thin films is the mismatch of the
TEC of ZnO and the substrate material (Sec. 1.2.3). As can be seen in Fig. 4.6, there are
different amounts of shift of the (002)-peak of ZnO films deposited under the same
conditions but on different substrates. This fact points to a possible contribution of
thermal stresses induced by the mismatch of the thermal expansion coefficients of ZnO

and the substrate materials.

To calculate these thermal stresses (ow), the thermal expansion coefficient (a) of
both the film and the substrate material should be known (Sec. 1.5 and 3.4.2.3). Some
values for az,o were presented in Table 1.7. These TEC data in the literature are in
agreement with the results in our study: az,o was measured as 5.82 x10°%/°C at 50 °C,
and as 7.40 x10°/°C at 200 °C (Table 4.2 and Fig. 4.7). These are the TEC values
averaged over all directions, since the measurement sample was polycrystalline powder
Zn0O. The TEC values were also measured for the substrate materials along the substrate
plane (Table 4.2). According to these results, Si had a lower TEC (maximum 4.1 x10
6/°C at 200 °C) than that of ZnO. Mica and glass had similar TEC values to each other
(10.7 and 9.9 x10/°C, respectively, at 200 °C), which were higher than that of ZnO.
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Since the glass substrate was amorphous, there is no directional dependence of the TEC.
For mica, no particular orientation could be distinguished in the substrate plane;
nevertheless, since the samples were composed of three layers of the same material in
each case (Fig. 3.15), the results would belong to the fastest expanding direction. As for

the Si substrate, TEC is the same in all directions owing to the cubic structure.

Considering only thermal mismatch effects, we would expect the ZnO films on
mica and glass substrates to have residual compressive stresses and the (002)-peaks to
shift to smaller angles in the XRD spectra (see Sec. 3.4.2.3 and Eq. 3.32), since these
substrates had larger TEC values than ZnO. Mica had a TEC slightly higher than that of
glass; hence, the (002)-peak would be expected to show a similar shift to the left of the
powder peak with similar strains like those of the films on glass. However, ZnO on
mica had the lowest compressive strain among all the samples (Table 4.1). Thus, there
must have been other factors contributing to the overall stress amounts. In fact, the oy,
amount within the measured total stress, corresponding to the measured TEC values,
were calculated to be 11.1% for films on the mica substrate, and 5.42% for films on the

glass substrate at the highest 7 of 200 °C (Table 4.3 and Fig. 5.11).
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Figure 5.11. Total (o.) vs. thermal stress (o) as a function of the substrate material for
Ty =200 °C, p = 0.02 mbar, Py =100 W (Set 16 in Table 3.1). Thermal stresses were
due to the mismatch between the TEC of ZnO and the substrates. The remaining amount
of stress among the total is called the intrinsic stress (Gint).
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The most critical stress observation was for the ZnO film deposited on the Si(100)
wafer. Si had a lower TEC than ZnO, and accordingly, there should have been a
residual tensile thermal stress within the ZnO film (and an XRD peak shift to higher
diffraction angles). However, the (002)-peak of ZnO on Si(100) was also shifted to even
smaller values of 260 when compared to the films on glass or mica (Fig. 4.6), revealing a
much higher positive strain along the c-axis (Table 4.1). The theoretical tensile stress of
ZnO on Si(100) arising from TEC mismatch was calculated as +0.388 GPa at 7§ of 200
°C, which corresponded to 5.8% of the total stress, when the absolute values of the
stresses were considered (Table 4.3 and Fig. 5.11). When the overall compressive stress
is considered (-6.69 GPa), there is an effective -7.08 GPa of non-thermal compressive

stress in the ZnO films on Si.

Similar comparisons based on TEC values were done in the literature. Jou et al.
[98] and Water and Chu [95] compared oz,0 (see Table 1.7, Ref. [174]) and ag; at room
temperature (2.5 x10°%/°C). In all cases, although ZnO had a higher TEC than that of Si,
in either direction, ZnO films had compressive residual stresses. Jou and Han [98] also
found a discrepancy between the residual compressive stress of ZnO films on Si and
GaAs with increasing 75. The stresses in ZnO films on Si substrates were more
compressive than those on the GaAs substrates, although the opposite was expected
considering the relative TEC values. Moreover, a compressive thermal stress on GaAs
was expected to increase with increasing 7. However, o, decreased with increased 75 on
both substrates. Based on those observations, the authors concluded that other factors
were effective on the evolution of the residual stresses, but did not give alternatives.
Cebulla et al. calculated that the thermal strain was one order of magnitude smaller than
the overall residual strain, considering the relative TEC values of ZnO (see Table 1.7,
Ref. [138]) and the glass substrate (9 x10/°C). The authors concluded that most of the
residual stresses were created by other factors during film growth [138]. Ellmer
calculated the thermal strain arising from the differences in thermal expansion

coefficients of ZnO and a glass substrate to be less than 5x10™ [25].

To summarize, even at the highest 75 (200 °C), the thermal stresses contributed to
the overall amount of stress by only ~5-10%. Thus, the thermal contribution to the
residual compressive stress was argued to be insignificant in our samples. In light of
these observations, residual stresses in deposited ZnO films cannot be due to only the

thermal expansion mismatch between the films and the substrates.
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5.2.2. Argon Entrapment inside the Films

Along with the extrinsic causes of residual stresses such as the thermal expansion
or the lattice mismatch between the film and the substrate, several studies in literature
reported on other causes of residual stresses in thin films, such as atom incorporation,
oxygen deficiencies, and other imperfections in the crystal lattice of the films formed
during film growth. Some of the studies associated the residual stresses to be entrapped
argon or oxygen and the consequent atomic peening effect [98, 214]. We also examined

this phenomenon in our study.

Fig. 4.4 showed the EDX profile of a ZnO film on a glass substrate, deposited at
Ts = 200 °C (Set 16 in Table 3.1). The accelerating voltage was 20 keV (the graph
showed a close-view between 0 and 4.5 keV), and the count rate was 3.1 kcps. At these
conditions, the Kanaya-Okayama relation (Ref. [215], p.89) estimates an electron
interaction volume in ZnO as a semi-sphere with a radius of about 2.3 um. This value is
an order of magnitude higher than the film thickness (250 nm). In addition, the peaks
arising from the substrate (e.g., Na, K, Al, Si) could clearly be seen in Fig. 4.4. Thus,

the electron excitation volume is representative of the whole film thickness.

The energy for associated with the K, radiation of argon is 2.958 keV). The point

where the argon peak should have been present is marked with a vertical line on the
graph. The values for the accelerating voltage and the count rate were more than

required for the detection of the K, radiation of argon [215]. However, no argon

presence could be detected in this sample. In the mean time, the residual compressive
stress was calculated as -5.46 GPa. The EDX signal is integrated over the whole semi-
sphere with a radius of about 2.3 um which is an order of magnitude thicker then the
film. Thus, the major part of the elemental signals was obtained from the substrate. For
this reason, if the argon content inside the film is small (e.g. less than 0.5 at.%), it might
be shadowed by the substrate peeks. Nevertheless, the nonexistence of argon in this
highly stressed sample could be indicative of atomic peening by argon being a minor

factor in stress evolution.

Although the role of atomic (Ar) peening was mentioned in stress evolution, only
in a very few studies the entrapped gas amount in the films was actually measured. For

example, Bachari ef al. mentioned that sputtered ZnO thin films contain about 0.5 at.%
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of argon in general, but did not measure the actual argon content in their ZnO film
samples [96]. Maniv et al. experienced that the residual stress in ZnO films varied from
-8 GPa to zero, and decreased by one order of magnitude as the chamber pressure
(100% O,) was increased from 0.4 to 4.7 Pa (0.004—0.047 mbar) [149]. They proposed
this result to be due to the decreased mean free path of the adatoms and the consequent
weakening of the atomic peening effect. Hoffman and Thornton discussed the effects of
entrapped argon on the residual compressive stress, but in sputtered metallic films
[216]. They measured up to 2 at.% of argon inside the films, with the exact value
depending on the film material (chrome, stainless steel, molybdenum, and tantalum, in
increasing order of trapped %Ar) and the deposition conditions (chamber pressure and
angle of incidence). They did not observe a direct correlation between the amounts of
residual stress and the amount of entrapped argon inside the films. Cebulla et al.
showed, by both RBS analysis and TRIM simulations, that the ZnO films were free of
implanted argon for the range of deposition parameters used (50 eV Ar ions, p,, = 0.008
mbar, Py = 0-150 W, P, = 0-75 W) [138]. Thus, it was concluded that the major part
of the stress was created by other factors during growth (they measured up to -1.6 GPa
of compressive stresses). Jou and Han expected more compressive stress in ZnO films
on GaAs than on Si, considering the relative thermal mismatch effects—agaas > azno >
asi [98]. However, the results were to the contrary. They attributed this discrepancy to
the higher amount of peening effect on ZnO films on Si substrates than on GaAs
substrates. They claimed that peening effect would be more pronounced on more
crystalline films, and both the XRD and SEM results showed that the films on GaAs
substrates were less crystalline than those on Si substrates. However, they did not

measure the trapped gas content in the films.

Atomic peening was claimed to occur at low deposition pressures and high
incidence angles [216, 217], which enable highly energetic gaseous particles to
bombard the film surface (Sec. 1.4, [1]). Under such conditions, energetic particles
became embedded inside the film, displacing atoms from their equilibrium positions
and causing distortion and residual stress [214, 217]. The maximum pressure value in
the study of Hoffman and Thornton (5 Pa = 0.05 mbar) [216] was one order of
magnitude lower than most of the pressure values in our study (0.2—0.4 mbar). In
addition, the total amount of residual stress decreased with decreasing p (see Table 4.5

and Fig. 4.10), where the opposite would be expected if peening effect were playing a
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significant role in stress formation. This result showed that argon entrapment was also
not a major effect in the evolution of the residual compressive stresses in our study.
Nevertheless, TEM/EDX studies on a detached film sample is necessary to more
accurately measure the argon content in the films and conclude on the effect of argon

entrapment on the residual stresses.

5.2.3. Microstructure-Related Factors: ""Growth Stresses"

In the literature, the links between the varying deposition conditions, film
microstructure, and the residual stresses are not complete. In examples from the ZnO
thin film literature, the amount of stress, which could not be explained by the TEC-
mismatch or other intrinsic effects such as atomic peening, was generally referred to as
the growth stresses (e.g., [218]). In Sec. 5.2.1 and 5.2.2, the contributions of extrinsic
factors such as TEC-mismatch and Ar entrapment into the ZnO films on their total
residual compressive stresses were discussed. It was shown that these factors did not
have significant contribution to the overall stress level in the films. Thus, the so-called
growth stresses might have a close relationship with the microstructural evolution of the

films during growth.

The mechanisms leading to microstructural evolution and the consequent residual
stress evolution were not explained in detail in the ZnO thin film literature.
Nevertheless, the general understanding on growth-stresses in thin films has improved
over the last few years in the literature. A recent critical article by Floro et al. reviewed
and discussed the proposed mechanisms on residual stress formation of high-mobility
elemental films (e.g., Ag, Ge, Si, Al) with Volmer—Weber type growth (in other words,
island growth—see Sec. 1.2.1 for this growth type) [219]. In their paper, the growth-
induced stresses were discussed in relation with the highly non-equilibrium nature of
the deposition, and the evolution of microstructure and film thickening. Two major
factors were claimed to take part in the stress evolution. First one was the surface
stresses of the individual grains and the film-substrate and film-surrounding interfaces:
whenever atoms in a crystal surface have a different bonding environment than their
bulk, the variations in the equilibrium inter-atomic distances resulted in strain within the

crystal.
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The second but less addresses mechanism was the particle incorporation into the
grain boundaries [219]. Different from the previously discussed atomic peening model
where atoms of the carrier/ionizing gas (i.e., argon) were claimed to be trapped within
the bulk of the film, this idea claimed that the atoms of the target material itself
preferentially accumulated more at the grain boundaries than the interior of the grains.
According to one model, since the atomic flux directed to the film surface during
deposition was many orders of magnitude higher than the equilibrium vapor pressure of
the film material, the film surface was at a higher chemical potential than it would be
under normal conditions. This chemical potential difference acted as a driving force for
the incoming atoms to move towards and incorporate at the grain boundaries in the bulk
of the film, increasing the average film density and creating compressive stress within
the film. For example, in high-mobility Ag films, a compressive strain of 0.1% was
measured, which corresponded to one extra atom at the grain boundary per surface layer

added during growth.

Floro et al. addressed the stress evolution during film formation and thickening
under the so-called CTC behavior: compressive stress in the discrete island regime,
tensile stress in the island coalescence regime, and compressive stress during post-

continuity of film thickening [219]:

1) Compressive stress in the discrete island regime: For a finite-sized sphere
or disc, Hooke’s law and the pressure difference on either sides of a curved solid
surface surrounded by a vapor phase dictated that the bulk of that solid was in

compression compared to its surface.

i1) Tensile stress in the island coalescence regime: Upon island coalescence
and grain boundary formation, the amount of free surface, hence the total surface
energy, decreased. The associated tensile stress was generally at maximum when the
film became continuous. If the material was of low mobility, the tensile stress continued
to increase after the film became continuous. During this time, the surface shape
continued to evolve as the new atoms were adsorbed on the film surface. The short-
range interactions of these adatoms created tensile stresses—as if they were forced to
stretch. A similar but minor role of grain growth was also considered in tensile stress
creation. Since the atomic density at the grain boundary was smaller than in the bulk,

grain growth increased the average density of the film. At these circumstances, the film
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tended to contract, but was prevented to do so by the substrate constraint, resulting in

tensile stress.

1i1) Compressive stress in the film thickening regime: The evolution of
compressive stresses after the establishment of film continuity and during film
thickening was less understood than the previous two cases. For a thin circular disc
(diameter >> thickness), due to the radial pressure exerted by the positive surface stress,
the equilibrium lattice parameter was smaller than that of an infinitely thick slab (i.e.,
the film is in compression). When the film was stretched to be rigidly bound to a
substrate with a larger surface area, it was in a tensile stress state. This situation was
representative of the onset of continuity of a Volmer—Weber film. From that point on, as
the film thickened, the effect of the substrate constraint, hence the tensile stress,
decreased gradually. Depending on the initial amount of tensile stress and the final film
thickness, the stress could go to compression (for a small tensile stress at continuity and
a large film thickness). The upper limiting value for that film-continuity stress to have a
turnover to post-continuity compressive stress depended on the sum of surface stresses
at the film-substrate interface (f;) and at the free film surface, and the film thickness at
continuity (Acon). For example, for f; = 2 N/m and Ao = 100 A, that limiting value was
calculated as 200 MPa. This value was on the order of residual stresses observed in
high-mobility metal films during the coalescence stage. For a larger tensile stress at film
continuity, upon further film thickening, the residual stress would never go to

compression but would asymptotically approach zero.

It should be emphasized that in the work of Floro et al., the so-called CTC
behavior was observed and the model of atomic incorporation at the grain boundary
creating compressive stress was in accordance with the observations only for high-
mobility films [219]. In the discussion of the CTC behavior, low-mobility films were
mentioned to have only tensile stresses, where this behavior was interpreted to be a
subset of the CTC behavior. In addition, it was reminded that at low T, diffusion from
the film surface to the grain boundary would be suppressed, and hence the evolution of
compressive stresses at the bulk of the film. The possible compressive stress formation
at the nucleation stage and the possible tensile stress at film continuity could not be
monitored in our study. Moreover, owing to the low working temperatures and the low
mobility of our ceramic film material, the aforementioned CTC behavior and the

explanatory models could not be directly applied to our study but should rather be
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treated with caution. In the following section, we discuss the evolution of the so-called
growth stresses in relation to the deposition conditions, the buffer layer, and the

resulting microstructural changes.

5.2.3.1. Effects of the deposition parameters on the residual stresses revisited

The discussions on the residual stresses in ZnO thin films in the literature have
concentrated on the effects of the deposition conditions. These effects were presented in

detail in Sec. 1.3.2 and some examples are summarized below:

1) Substrate structure: Lim and Lee observed that the ZnO thin films on
Ru/Si(100) and Al/Si(100) substrates had very different residual stresses from each
other, with accompanying differences in the microstructure and texture [140]. The films
on the Ru/Si substrates had indistinguishable and densely packed grains, only the (002)-
reflection in XRD, and a residual compressive stress of -0.137 GPa. The films on the
Al/Si substrates had a mixture of small and large grains with large amount of voids,
relatively very low (a fifth of the case on Ru/Si) XRD intensity of the (002)-peak,
additional reflections from the (100), (101), and (102)-planes, and -0.986 GPa of
residual compressive stress. In that latter sample, the average grain size measured by
XRD decreased only by ~6%, while the residual stress increased dramatically by
~620%. It was concluded that the lower stress in the films on the Ru/Si substrates was

due to a better c-axis orientation and a denser structure [140].

Cimpoiasu et al. found that among Si(100), Al(111)/Si, and Al(111)/Si0,/Si
substrates, the highest stress was in the films deposited directly onto the Si(100)
substrate [156]. The orientation of the columns in these films also had the maximum
amount of deviation from the c-axis (Table 1.6.). In addition, the stress in films on the
highly (111)-textured Al substrates was less than in those on Si(100). This was
attributed to the lower defect density present in the films on Al substrates than those on

Si substrates (see Fig. 1.30).

i1) Substrate temperature (Ts): Increasing the substrate temperature was
observed to decrease the residual compressive stresses in ZnO thin films [95, 98, 156].

Water and Chu [95] proposed two possible mechanisms for the decreasing the overall
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residual stress (from -14 GPa to -4 GPa) by increasing 7 (from 100 °C to 400 °C) of
ZnO films on Si substrates: i) out-diffusion of entrapped gas (argon or oxygen) atoms
(however, the entrapped gas content was not measured), and ii) increased tensile
(positive portion) stress on the substrate, which was created by the thermal expansion
mismatch of Si and ZnO, and which decreased the compressive (negative portion)
stress. On the other hand, the decrease in the residual stress by increasing 75 was often
attributed to the increased mobility of the atoms, ions, and molecules reaching the
surface. For example, when the compressive stress decreased from -0.30 GPa to -0.05
GPa by increasing 7 from 225 °C to 375 °C, Cimpoiasu et al. ascribed this result to the
adatoms settling to the lowest surface energy positions on the film surface [156].
Increasing 75 and decreasing compressive was also often accompanied by an increase in
the XRD peak intensity associated with the c-axis-orientation (e.g., decreasing o from -

2.5 GPato -0.5 GPa by increasing T from 250 °C to 450 °C [95]).

i) Chamber pressure (p): As the density of argon ions inside the chamber
increased, sputtered particles encountered a greater energy barrier before reaching the
substrate, because more energy was lost due to collisions [1]. When p increased, the
mean free path for elastic collisions between the sputtered species and the chamber gas
was roughly the distance between the target and the substrate; then, the oblique
component of the deposition flux increased, producing a more open Zone 1 structure
[52]. When p decreased, the energetic particle bombardment increased, correspondingly
increasing the film density [52]. Cimpoiasu ef al. found an optimum chamber pressure
(6 mTorr = 0.008 mbar) for minimum compressive stress (about -50 MPa) [156]
proposing that a lower pressure led to an increase in the energy of the adatoms and
damaged the film and the substrate. A higher pressure, on the other hand, caused a
decrease in the adatom energy and mobility, owing to the higher number of collisions

on their way to the substrate.

iv) RF power (Pg): High RF power led to high deposition rates and high
energy adatoms [156]. Increasing Py resulted in build-up of compressive stresses [96,
99, 102] (e.g., 0. increased from -0.4 GPa to -1.4 GPa as Py increased from 0.2 W/cm®
to 1.3 W/em?® [99]), presumably because the adsorbed atoms could not settle to the
lowest energy sites before succeeding atoms were adsorbed, which resulted in stress
build-up [156]. For both ZnO and Al-doped ZnO films, the stress increased with

increasing DC power, i.e., the Ppc /(P + Ppc) ratio, while the grain size remained
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relatively constant (Fig. 1.31) [25]. This result was attributed to the more intense ion

bombardment of the films by the RF discharge than by the DC discharge.

To summarize, in the literature, when the c-axis orientation, the stoichiometry,
and the density of the ZnO films were improved either by the use of suitable templates
or by increasing the mobility of the adatoms (e.g., by increasing T5), the intrinsic part of
the residual compressive stresses decreased. The extrinsic contribution could already be
eliminated either by the use of substrates with matching TEC with ZnO or by
preventing atom incorporation inside the films upon optimized p and Pg:. Our residual
stress results and their correlation with the film microstructure will be discussed in light

of these findings.

First of all, although the film growth in our study was not epitaxial, the nature of
the substrate material was still important. When samples on silica glass, mica, and
Si(100) were compared, it was seen that a crystalline ZnO film grew with strong
texturing on all of the substrates, but with varying degrees of residual compressive
stress (Fig. 4.6 and Table 4.1). The nature of the substrate material might be affecting
the residual stresses in the film by influencing the microstructure of the first nucleated
layers. The crystalline substrates might promote preferential nucleation over random

nucleation; therefore, determine the crystallinity of the initial layers (see Sec. 5.11).

Comparing the films on various substrates, the highest stress was found in the
films on the Si substrate. In this particular case, the crystalline nature of the substrate
could also be disadvantageous when minimum stress is desired. The incompatibility of
the film and substrate crystal structure (e.g. the hexagonal ZnO and cubic Si) might
create lattice defects during the initial stages of film growth [156]. It is necessary to
actually measure the number of defects on the ZnO films as a function of the substrate
material to verify this hypothesis. In this respect, mica could be a better template for
ZnO films than Si(100), by providing more nucleation sites, as in the case of Al [156] or
Ru [140] substrates. Compared to the Si(100) substrate, the films on mica had less
residual compressive stress (-3.54 GPa vs. -6.69 GPa) and larger grain size (19.2 vs.

8.95 nm) at 0.02 mbar with 75 = 200 °C (see Table 4.1). No records on the residual

stresses of ZnO films on mica substrates could be found in literature. In our study, mica
has been shown to be a more suitable substrate for sputtered ZnO films than Si, when

low residual stress and large grain size are desired. However, TEM studies are required
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to account for the presumably improved interfacial microstructure and the consequent

decrease in the compressive stress in ZnO films on mica.

Although the crystallinity of the substrate might be affective in stress evolution,
the growth of strongly textured and highly stressed films on amorphous substrates
indicated that the contribution of lattice mismatch was a minor effect. For the glass
substrates, any possible preferential nucleation was eliminated, since the surface did not
have long-range structural order. This enabled the investigation of the effects of Ty, p,
and Py on residual stress. The residual stress decreased as 7 was increased at all p and
Py; values, and increased with increasing p and Py for all 7 values (Table 4.5, 4.6, 4.7
and Fig. 4.10, 4.11, 4.12). Among all the ZnO film samples (single layered and without
any post-deposition treatment), the highest stress (-7.59 GPa) was produced under the
low T, (RT) and high p (0.4 mbar), conditions, whereas the minimum as-deposited film
stress (-2.68 GPa) was generated under high 7; (200 °C) and low p (0.02 mbar)
conditions (Table 4.4 and Fig. 4.9; see also point II in Fig. 5.1). As discussed earlier in
this section, the increased mobility of the adatoms upon increasing 75 could be relieving
the stress by allowing more nuclei to form with the orientation resulting with the
minimum stress [156]. When the substrate temperature was constant, both increased
pressure (Table 4.4 and Fig. 4.9) and increased RF power (Table 4.5 and Fig. 4.10)
increased the compressive residual stress independently. Increasing pressure must have
lowered the energy of the adatoms [1, 52]. This had a similar effect with decreasing the
substrate temperature. Finally, when the RF power increased, the ejection energy might
have also increased for particles sputtered from the target [1, 156]. These results of
decreasing stress with increasing 75 and decreasing p and Py were consistent with

previous work in the literature [1, 25, 52, 95, 98, 156].

Having considered the possible influences of the substrate material and the
relative effects of the deposition conditions on the film microstructure and the residual
stresses, an explanation of the active mechanisms that created the residual stresses is
still incomplete. None of the theories presented in Sec. 1.3.2, Sec. 5.2.1, or Sec. 5.2.2
could satisfactorily explain the evolution of such high residual compressive stresses in
our study. At this stage, it might be complementary to consider the non-equilibrium
nature of the deposition process. For instance, adatom movement might not necessarily
be frozen at the sub-layers of the thin film as the new layers were formed. There might

still be rearrangements within the film during the course of growth, towards improving
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crystallinity. Although the substrates were not heated externally, the local temperature
upon ion impact could reach as high as 80 °C [155, 203]. Thus, there could be local
driving force for energy transfer from the film surface down to the bulk. At any given
time, the driving force for crystallization would be higher in layers closer to the film
surface than in layers closer to the substrate. This would lead to a gradient in strain

energy through the film thickness, generating a residual stress.

From the XRD results, it is clear that the texture in the film and the measured film
stresses are interrelated. [As discussed in Sec. 5.1.2, in most cases, only the (002)-
texture was observed in the ZnO films (e.g. Fig. 4.18.d and 4.18.¢); however, the (101)-
reflection was also observed in all sample sets with the deposition conditions of 125 W
RF power, 0.2 mbar of argon pressure, and 200 °C substrate temperature (Fig. 4.18.b,
4.18.c, 4.19), and these conditions produced films containing a mixture of hexagonal
prismatic and (bi)pyramidal hexagonal prismatic grains, with some having a c-axis
parallel to the surface normal and others tilted such that a group of (101)-planes met the
Bragg condition (see Fig. 5.6 and Fig. 5.7).] In these XRD spectra, the presence of the
(101)-peak correlated with the amount of shift of the (002)-peak. For the ZnO film on
fresh glass substrate (Set 6), when there was a (101)-peak, the amount of left-shift of the
(002)-peak in that sample was less (Fig. 4.18.c). In other words, the presence of tilted
grains decreased the amount of compressive stress in the columns perpendicular to the
substrates. The average amount of residual compressive stress in those tilted grains were
calculated from the shift in the (101) peaks as -2.73 GPa. For the ZnO film on acid-
cleaned glass substrate (Set 8) and the ZnO film on ZnO buffer layer (Set 13), as the
strain in the (101)-plane decreased, the strain in the (002)-plane decreased as well (Fig.
4.18.b, 4.19, 4.20, and Table 4.8).

In Fig. 5.12, ZnO films with different microstructures were compared as a
function of o, regardless of the deposition conditions. The first two samples have the
tilted grains (triangular prismatic or (bi)pyramidal hexagonal prismatic). The films with
the triangular prismatic grains had the least amount of residual compressive stress, when
compared to the other morphological types (Fig. 5.12.a; o, = -2.88 GPa). These films
were deposited on untreated glass substrates at high 7, low p, and low Py conditions
(Table 1.3). In comparison, the films deposited under the same conditions on acid-
cleaned substrates had (bi)pyramidal hexagonal prismatic grains and a slightly higher
residual stress (Fig. 5.12.b; o, = -3.32 GPa). Between the two, increasing (101)-
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reflection in the XRD increased the residual stress (nevertheless, it should be kept in
mind that the difference between the two values is close to the error range of +0.55

GPa—see also Fig. 5.6).

OOnm '

Mag = 200.00 KX |—|

Increasing residual stress

200nm

Mag = 200.00 K X |—| :
Figure 5.12. Microstructure of the as-deposited films, in order of increasing residual
stress: (a) o. = -2.88 GPa (Set 6); (b) o. = -3.32 GPa (Set 8); (¢) o. = -3.83 GPa (Set 7);
(d) . = -6.78 GPa (Set 3) (see Table 3.1 for sample labels).
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In Fig. 5.12.c, the change in the grain shape compared to the (101)-textured films
with tilted grains (Fig. 5.12.a and 5.12.b) could be seen upon decreased 7 at the same p
and Py;. At these conditions, the tilted grains vanished, and the grains with circular or
hexagonal cross-section with better-defined continuous columns dominated (see also
Fig. 4.14). These conditions produced an increase in residual compressive stress from -
3.32 GPa to -3.83 GPa, compared to the films with the tilted grains (Table 4.4).
Simultaneously, the (101)-reflection vanished in the XRD spectra (Fig. 4.18.¢). Since
the surface mobility decreased by decreasing 75, although some initially (101)-oriented
grains might have remained, they might not have been able to coalesce and grow further
to gain a significant XRD intensity. The improvement in texture and the simultaneous
increase in o, seem contradictory in respect to the previous discussion of decreasing

stress with improved c-axis orientation.

When the pressure was increased further to 0.4 mbar, the residual compressive
stress increased regardless of the other parameters (Table 4.4). All of the films that were
deposited at the highest p value had a lower degree of crystallization, with much lower
XRD peak intensities than the cases with lower pressure. An example could be seen in
Fig. 4.8.a. These films also had cauliflower-type grains composed of smaller sub-grains
(Fig. 4.13.d or Fig. 5.12.d). Moreover, among the high-pressure samples, the ones
deposited at lower temperatures were more stressed. Due to the lack of mobility, the
smaller grains could impinge on each other, competing for adsorbing atoms and forming
hierarchical aggregates [51]. Extrapolating the previous structure zone models, this
region of very low adatom mobility corresponds to Zone 1 with a high dislocation
density and high residual stresses [51]. However, a relation between the increased
dislocation density and increased residual stress in ZnO thin films cannot be found in

the literature.

In order to sum up the observations it can be said that in the 0.2—0.4 mbar (150—
300 mTorr) range, there was no inverse proportionality between the amount of residual
compressive stress and the quality of (002)-orientation of the columns, in contradiction
to the previous literature. In that range, it could be said that o, decreased with increasing
T and decreasing p, regardless of Py In other words, o. decreased with increased
adatom mobility. However, o, did not decrease with increasing (002)-orientation.
Instead, o. decreased with the introduction of the (101)-texture and the tilted grains at p

= 150 mTorr and 7, = 0.21, compared to the previous lower 7} case at the same
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conditions (see Fig. 5.12). Thus, the quality of the (002)-orientation of the columns was
not the only factor playing a role in the evolution or reduction of growth-stresses. This
fact is crucial for understanding the residual stress formation in Volmer—Weber films

mentioned in the beginning of Sec. 5.2.3.

If the so-called CTC behavior [219] was valid for the films in our study, the
increasing overall compressive stress could be interpreted as at least one of the
following: increased compressive stress at the island formation regime or at the post-
continuity film thickening regime, or decreased tensile stress at the island coalescence-

film continuity regime.

1) If the (101)-oriented grains started to form at the interface (see the
discussion in Sec. 5.1 and Fig. 5.2), the structure of the interface might have affected
the amount of stress in the upper layers of the film. Since ZnO is crystallographically
anisotropic, the surface stresses, hence the stresses inside the bulk of the grains, would
differ depending on which surface was exposed and which surface formed the nucleus-
substrate interface during island formation regime. If the islands were oriented such that
their surface stresses were less, then the compressive stress inside the bulk of those

islands would be less as well.

i1) Moreover, during the island combination and film continuity regime, the
created tensile stresses would depend on the nature of the surfaces that were combining.
Consider two islands that are orientated such that their surfaces facing each other
interact more strongly with each other than two similar islands of a relatively different
orientation. The first couple of islands would "feel" more stretched, hence they would

have less tensile stress or more compressive stress during this stage.

1i1) Finally, suppose continuous nucleation occurred during the film thickening
stage (see Sec. 5.1.2). If these nuclei were randomly oriented with respect to each other,
the interactions among these newly formed nuclei would be less than the case where
they were oriented in the same direction. In that case the tensile stress they would exert

on each other would be decreased.

The interactions between different crystallographic surfaces during different
stages of film thickening could not be monitored in our study. Hence, there is not
enough evidence to comment on the role of the so-called CTC behavior in the overall

stress evolution in ZnO thin films. A more plausible explanation could be sought in the
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model of atomic incorporation into grain boundaries, which was presented in Sec. 5.2.3
[219]. The driving force for this mechanism is the chemical potential different at the
surface and the bulk of the film at the highly non-equilibrium conditions during film
growth. Thus, the extent of the compressive stress that would be created by this route

must depend on the following:

1) large chemical potential difference between the film surface and the bulk
(requires high Py;),

i1) high mobility of the adatoms to diffuse to the grain boundaries (requires
high 75 and low p,

i) large grain boundary area (depends on the resulting film microstructure).

Considering the results in our study, the first condition seems reasonable: the residual
compressive stress increased with increasing Py when the other parameters were kept
constant. However, the second item seems contradictory: the compressive stresses in
our study decreased with increasing adatom mobility. Nevertheless, this conflict could
be resolved by considering the changes in the microstructure of the film, hence the third
item. If the deposition conditions were such that the overall grain boundary area was
larger, then more atoms could be incorporated at the grain boundaries. The total grain
boundary area in a material is inversely proportional to the grain size. Considering the
comparison in Fig. 5.12, the decreasing trend in the compressive stress from (a) to (b)
and from (c) to (d) could be related to the decreasing grain size and increasing grain
boundary area. The difference in the grain boundary area between (b) and (c) could not
be seen clearly. The only difference between these to samples was 75, which was lower
in the latter case. Thus, according to the mobility of the adatoms and related atomic
incorporation to the grain boundaries, a lower compressive stress would be expected in
the latter case. On the other hand, grain boundary area in the latter case could be higher
as a result of the growth kinetics (which included the nucleation density relative
orientation of the nuclei, competing growth rates of nucleation, nuclei growth, grain
growth, column growth, and film thickening—see Sec. 5.1), allowing more atoms to be
incorporated, creating a higher residual compressive stress. To definitely comment on

this, accurate measurements of the grain boundary areas should be done.

Atomic diffusion in and out of grain boundaries was also considered to be a

possible mechanism for stress relaxation [219]. In our case, in the presence of randomly
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oriented grains in the initial film layer, there would be grain growth in many directions.
This might have led to increased porosity within the film, as it grew thicker. If film
atoms were incorporated at the grain boundaries during growth and created compressive
stress due to the large chemical potential difference between the film surface and the
bulk, the porosity at the grain boundaries might have eased atomic diffusion in the
opposite direction (from the grain boundaries to the column surfaces, and from the
column surfaces to the film surface) after the deposition was completed, enabling
equilibrium between the chemical potentials of the bulk and the surface. Enabling such
reverse motion of the incorporated atoms could be the reason of the reduced strain in

those samples.

On the other hand, no such (101)-texture existed at lower pressures (0.02 mbar;
Fig. 4.18.d), and an even lower residual compressive stress was measured (-2.68 GPa).
These observations might be indicating that different mechanisms might be acting on
the formation of growth-stresses depending on the deposition condition. In the lower
pressure regime, the improvement of grain orientation by momentum-induced,
increased adatom mobility, combined with a less dense nucleation (see Fig. 5.3) might
decrease in the residual compressive stress [156]. Again, grain boundary area should be
measured to comment on the possible role of atomic incorporation into the grain

boundaries.

At least one of these factors (variation in the interaction strength of different
crystal surfaces, orientation and the nucleation density at the early stages, porosity,
atomic incorporation in the grain boundaries) could play a role in the decrease of
compressive stress in the films with additional (101)-texture. However, deeper
knowledge on the kinetics and thermodynamics of ZnO thin films should be known to
implement any of these factors into stress evolution theory. For example, the atomic
incorporation model was valid for a high-mobility Ag film with compressive strains on
the order of 0.1% [219], where the compressive strains were on the order of 1% in our
study. To comment on the validity of this model for low-mobility films such as ZnO
deposited at low 7y and high p, and to conclude on the effect of formation of (101)-
texture on the decrease of compressive stress, the following should be known: the
relative mobility of Zn and O ions inside bulk ZnO and the grain boundaries, the
relative surface energies of the ZnO crystal, and the kinetics of the formation of each

surface at different deposition conditions. To close, the ideas of both atomic
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incorporation at the grain boundaries causing compressive stress and the improved
(002)-orientation decreasing the compressive stress should be handled with caution in

explaining the stress evolution in low-mobility ZnO thin films.

5.2.3.2. Effects of the buffer layer on the "growth stresses"

As stated earlier, the initial stages of the film deposition is critical in terms of
determining the properties, as the film grows further. To understand the role of the film-
substrate interface better, a set of substrates was deposited with a very thin layer first
(about 67 nm). Some of the buffer layer samples were later annealed in air and used as
substrates for further film growth (Set 13; Table 3.2), and some of the buffer layers
were used as substrates without being annealed. The microstructural evolution in ZnO
films grown on these buffer layers and the improvement of the c-axis orientation was
discussed in Sec. 5.1. Similar effects of the buffer layer on the microstructure and
texture of the ZnO thin films have been observed in a few studies [141, 142]. However,
the residual stress concept was not discussed in either of those studies. One study noted
that the buffer layer in ceramic thin films reduced the lattice misfit, the stress at the
interface, or dislocation migration [77].

The residual stress in the buffer layer before and after annealing could not be
measured, since these layers were thin and did not generate sufficient diffracted
intensity for reliable analysis. Among all the samples in our study, the films on a pre-
annealed buffer layer had the minimum amount of residual stress (in the range from -
1.09 to-1.73 GPa; Table 4.8). The films on a non-annealed buffer layer were more
stressed than films on a pre-annealed buffer layer (in the range from -2.34 to-2.60 GPa),
but still less stressed than the films deposited under the same conditions but without a
buffer layer (Table 4.8). Grain growth and texture improvement upon annealing were
also shown in Fig. 4.26 and Table 4.10, and discussed in Sec. 5.1. These findings
suggested that the initial layer and its orientation distribution were very critical in
determining the average stress in the film. As discussed in Sec.5.2.1 and 5.2.2, at the
conditions of the buffer layer deposition, the films had a void structure and tilted grains,
and the amount of residual stress was determined by the competition between random or
textured orientation of the initial grains and the density of the columns which was

determined by the competition between the nucleation and the growth rates. At those
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conditions, although not all the grains were oriented perpendicular to the substrate, the
void formation due to the tilted grains presumably decreased the stress. When the buffer
layer was annealed, the role of the improved orientation was emphasized, and the stress
decreased further. The decreasing stress in the latter case is consistent with the
availability of more nucleation sites for the c-axis oriented grains after annealing of the

buffer layer, resulting in a lower residual stress as discussed in Sec. 5.2.

In Fig. 4.21 and 4.22, it could be seen that at the same deposition conditions,
using a buffer layer resulted in densification of the film as well as a decrease in the
grain size, hence an increase in the grain boundary area. At the same time, the residual
compressive stress decreased with the use of a buffer layer. This fact could not be
explained with the incorporation of atoms to the grain boundaries during deposition,
creating compressive stress. Because, according to that model, a larger grain boundary
area would allow more atoms to be incorporated, and would cause a higher residual

compressive stress.

5.2.4. Section Summary

In this section, the residual stresses in ZnO thin films were discussed in relation to
the corresponding sections of the SZM constructed in Sec. 5.1. Various intrinsic and
extrinsic effects were considered for residual stress formation. Mismatch of thermal
expansion coefficient or crystal lattice between the film and the substrate, and
incorporation of argon ions/atoms within the film during film growth were evaluated to
be minor effects for stress evolution. The majority of the stresses were interpreted to
arise from microstructural factors such as texturing at either the interfacial layer
between the film and the substrate or within the bulk of the film. The effects of various
deposition parameters in microstructural evolution and corresponding stress evolution
were discussed. To summarize, as the mobility of adatoms was increased, whether by
increasing 75 or decreasing p (or Pg), the residual stresses decreased. This was

presumed to be a result of,

1) the atoms finding the suitable lattice sites in a way to decrease the stress

(not necessarily to form more (002)-planes),
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i1) the grains orienting themselves in a way to decrease the stress (not
necessarily in the c-direction being parallel to the substrate normal).

In the lower pressure (p < 0.2 mbar) the quality of the (002)-orientation of the
columns might be the major mechanism that decreases the compressive stress. On the
other hand, in the higher pressure regimes, incorporation of native atoms into the grain
boundaries together with (101)-texture formation and increased porosity were
considered to be factors that controlled the residual stresses.

In addition, a pre-deposited and pre-annealed thin buffer layer of ZnO resulted in
the least amount of compressive stress, presumably due to the increased number of
nucleation sites for the adatoms allowing them to be oriented in the direction to give the
minimum stress in the upcoming layers. Decrease of compressive stress upon buffer
layer use could not be explained by the model of atomic incorporation to the grain
boundaries. Nevertheless, more accurate measurements on the grain boundary area and
the thermodynamic parameters during film growth are necessary to conclude on this

mechanism.

5.3. Stress Relaxation

Residual stresses in thin films affect the microstructure, and thus the functional
(optical, electrical, magnetic) properties of those films as a consequence (see Sec. 1.3.3
and Appendix E). For example, void formation in the films influence the refractive
index [151]. Films containing these stresses are unstable [49, 74, 76], and the
microstructure may evolve in order to relieve the stresses [49]. If the amount of
mechanical energy stored inside the film is considerable, such as several GPa, it may be
released eventually by crack generation, crack propagation and delamination from the
substrate [49]. Thus, such stresses are mostly unwanted. Post-deposition annealing has
been widely used for stress minimization in thin films [95, 150-154]. The results

concerning the release of stresses in our study are discussed below.
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5.3.1. Stress Relaxation Mechanisms and Relevant Causes of Residual Stress

Our results showed that the residual compressive stresses in ZnO thin films could
be reduced on any of the three types of substrates by annealing at 600 °C for 1 h. As
seen in Fig. 4.24, upon annealing the (002)-peak of the film in the XRD spectra shifted
closer to the (002)-peak of the powder, moving towards lower plane spacing (d). This
indicated a lower axial strain a release of compressive stresses in the film plane. The
planar compressive plane stresses decreased by ~90% for the film on the glass substrate,
and ~95% for the film on the mica substrate (Table 4.9 and Fig. 4.25). The remaining
stress amount was at the limits of the error range. For example, for the film on the
Si(100) substrate, the residual stress changed sign upon annealing, and the residual
stress was calculated as +0.48 GPa. This value corresponded to ~7% of the stress before
annealing, when the absolute values were considered. In all films, the remaining
amounts of residual stresses after annealing were very close to the previously calculated
om values (Table 4.3 and Fig. 4.8). This result is very important since it indicates that
the so-called growth stresses were eliminated by thermal annealing. Post-annealing
stresses were only due to the TEC-mismatch of the film and the substrates, which gave
rise to differences in the amounts of shrinkage during cooling down to room

temperature from 600 °C.

To understand the mechanism of stress release during annealing better, structural
evolution was monitored in-situ by XRD measurement of some samples with increasing
temperature. The intensity of the ZnO (002)-peak increased with temperature increase
from 25 °C to 170 °C, but no change in the peak shift was observed (Fig. 4.27). The
peak shift was minimized only after cooling down back to room temperature. The peak
intensity was the highest for the cooled sample. This result was reasonable because the
films were heated rapidly (in about 10 min), but cooled slowly (in about an hour). Stress
relaxation is a kinetic process, and the time spent during heating might not be
sufficiently long for stress relaxation at 170 °C (due to system limitations, isothermal
annealing at 170 °C was not possible). However, since mobility is temperature
dependent, the atomic movement in the film could have been initiated at that
temperature, and continued with gradual slowing as the film cooled, eliminating defects
along the way. In contrast, the peak intensity of the Si(100) substrate decreased during

heating. This might be due to i) an increased fraction of the incident x-ray beam being
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diffracted by the ZnO film, decreasing the fraction incident on atomic planes in Si(100),
and/or ii) formation of an additional oxide layer at the Si-ZnO interface—the latter must

be verified by TEM examination

Either isothermally or under increasing temperature, upon annealing, the (002)-
peaks in the XRD spectra became more symmetric, being another indication of the
decrease in the unit cell distortion [209] (other than the peak shift). These peaks also
became narrower and more intense (Fig. 4.24 and 4.28). Thus, the stress release was
accompanied by an improvement in the (002)-orientation and an increase in the grain
size (see Sec. 5.1.4 for the discussion on the increase in grain size upon annealing).
These observations were in accordance with the literature. In some studies, an optimum
annealing temperature for annealing ZnO in air was found for stress relief, ranging from
480 °C [154] to 600 °C [95]. Annealing at that optimized temperature often led to the
strongest texture, the largest grain size, and the maximum XRD peak intensity[190].
The increase in surface roughness upon annealing was attributed to the migration of
atoms to lattice sites, driven by preferential grain growth along the [002]-direction to
minimize the grain surface area [190]. In some studies, above that optimum
temperature, the residual stress changed sign and became tensile, accompanied by a
sudden increase in the grain size that was attributed to grain coarsening [151]. The
annealing temperature in our study corresponded to 7 = 0.38, which was consistent

with the grain growth and stress release arguments in the literature.

In Sec. 5.1 and 5.2, it was discussed that the texture evolution during film growth
influenced the growth stresses. There was no direct relation between the orientation of
the grains (i.e., the (002) or the (101)-texture) and the total amount of residual stress in
the films. The residual stress amount was determined by a combination of competing
mechanisms, such as adatom flux, rates of nuclei formation and growth, growth rate of
different crystallographic planes, shadowing effects, and growth rate of columns.
However, during post-deposition annealing of the films, there was no nucleation or film
growth. In that case, the leading mechanism would be the minimization of surface
energy of the grains along with strain relaxation. The minimum surface energy of a ZnO
crystallite is achieved with maximizing the length along the c-axis [137]. In Sec. 5.1, it
was discussed that the columns were not necessarily single grains. It was shown earlier
that at either high film deposition temperatures or high annealing temperatures, the

atoms had enough energy to overcome the activation energy for diffusion and to occupy
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the proper lattice sites and form large grains [220]. Thus, upon annealing, the grains
within a column might have coalesced to form taller crystals with c-axis orientation all

along that column.

Aging of the samples during storage in air for ~28 months caused a similar
decrease in the residual stresses as by annealing, both for glass and the Si(100) substrate
(Table 4.10, Fig. 4.29 and 4.30). The amounts of stress that remained after annealing
and after aging were the same and negligible within reasonable error limits—the growth
stresses were completely eliminated, either by the energy provided by the high
annealing temperature, or by providing the time required for slow annealing at room
temperature. For the aged ZnO film on the glass substrate, there still existed a residual
compressive stress of -1.25 GPa. This indicated that the annealing process was slightly
slower for these films than the films on the Si substrate. It had been mentioned before
that the residual stresses in thin films change over time [49, 74, 76], with accompanying
changes in the microstructure of the film [49]. However, to our knowledge, there is no

other report in the literature on stress dynamics in ZnO thin films.

Another important point is that although thermal annealing and prolonged aging
induced a similar decrease in the residual stress, the resulting microstructures were
different from each other. This could be indicative of different mechanisms for stress
relaxation depending on the energy flux provided to the film from the surroundings.
This energy flux would obviously be higher during high-temperature annealing
compared to room temperature aging (aging could be regarded as annealing at room
temperature). There was considerable amount of surface porosity in the annealed films
(Fig. 4.33 and 4.34.a). On the other hand, surface porosity was not of a size scale
observable by SEM in either the as-deposited or the aged films (Fig. 4.35.a). However,
significant porosity may still be revealed by cross-sectional transmission electron
microscopy (TEM) imaging. As was discussed in Sec. 5.1, these films lie within Zone 1,
Zone T, or Zone M, all of which have some amount of porosity and limited surface
diffusion. Thus, it is still reasonable to claim that the films grew with some degree of
porosity. The energy provided by thermal annealing could have overcome the activation

energy for pore mobility, promoting pore coalescence and pore growth.

Along with grain growth or pore growth, the elimination of pre-existing defects

can also contribute to stress relaxation [151, 156]. Wurtzite-type ZnO contain intrinsic

defects such as oxygen vacancies (V,,,V;,V,") and zinc interstitials (Zn,,Zn;,Zn")
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[13, 33]. In our study, we investigated the role of possible oxygen vacancies in stress
relaxation. Two identical samples were annealed in an air and in pure argon atmosphere
at 600 °C for 6 hours to compare the effect of annealing at different oxygen partial
pressures. If the films had oxygen vacancies, oxygen diffusion into the film from air
would be expected during annealing at high temperature in air, with associated stress
release. No such behavior would be expected for annealing in argon, the effectively
neutral ambient. However, no significant difference in the XRD spectra could be
observed between these two samples after annealing (Fig. 4.28). Thus, it could be
claimed that the amount of oxygen vacancies were not high enough to cause a stress
amount detectable by XRD, and the stress-relaxation was not a result of decreasing the
amount of oxygen vacancies in the film. In a similar experiment by Isa et al. [214], no
difference was observed between the effects of pure oxygen and pure nitrogen
atmospheres during the annealing of ion-beam sputtered ZnO films on glass and Si
substrates at 500 °C for 3 h. Both gases induced a similar decrease in the residual
compressive stresses, FWHM, and increase in the intensity of the (002)-peak.
Nonetheless, annealing experiments in complete vacuum followed by TEM analysis

would provide more evidence on the oxygen vacancy status of these films in our study.

Based on the above discussion, possible oxygen vacancies in the films causing
stress is not very likely. On the other hand, there might be oxygen or zinc interstitials in
the films, causing stress. In addition, incorporation of excess atoms into the grain
boundaries during film growth was considered to be a possible factor in the evolution of
residual stresses (Sec. 5.2.3). Reverse motion of those incorporated atoms out of the
grain boundaries towards the film surface was proposed to be a route for stress
relaxation [219]. Gawlak and Aita discussed the possibility of oxygen or zinc
interstitials as a cause of stress, and their diffusion as a cause of stress relaxation [155].
They calculated the activation energy for the stress relaxation process as 0.2
eV/diffusing species [155]. This value was one order of magnitude lower than the
activation energy for diffusion of either zinc or oxygen in single crystal or powder ZnO
[221]. The authors proposed that, although there might be rearrangement of interstitial
atoms upon annealing, the diffusion of zinc or oxygen interstitials to the allowed lattice
sites, or to any external surface, were not the rate-determining mechanism for strain
relaxation. They also argued that the motion of interstitials inside the films could be

initiated by local plastic deformation, and then retarded by the dislocations. Isa et al.
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also proposed that the as-deposited ZnO films were non-stoichiometric, with excess Zn
interstitials; in addition to stress relief, annealing these samples increased the

stoichiometry in the films [214].

Aside from the elimination of point defects, the motion of dislocations and/or
grain boundaries could be another possible mechanism for stress relaxation in thin
films. The lattice mismatch strains in crystalline thin films on single crystal substrates
with a non-matching crystalline structure are known to be accommodated by dislocation
formation during film deposition [218]. The formation of dislocations diminishes during
cooling to room temperature after deposition. In ZnO films deposited on sapphire
substrates, the hardness was found to be 5.75-8.7 GPa (Table 1.5, Ref. [143, 146]). In
these films, a sudden motion of dislocations, which were pinned by pre-existing defects,
was observed upon loading along both the pyramidal (101) and the basal (001)-planes.
Even on amorphous substrates, the residual stress amounts in our samples (see, for
example, Table 4.10) were close to these hardness values. Thus, the residual stresses in
the as-deposited films could be enough to enable dislocation mobility. Dislocation pile-
up and/or elimination of grain boundaries can also explain the occurrence of pores
within the films upon annealing. However, to investigate the role of dislocations in
stress release (if any), TEM studies of the as-deposited and the annealed films are

necessary.

5.3.2. Drawbacks of Stress Relaxation and Possible Solutions

There were simultaneous changes in the microstructure other than grain growth as
the stresses were released. SEM examination of the films revealed the formation of
porosity in the films upon annealing (Fig. 4.33). The pores formed within the film (Fig.
4.33.a), and/or at the film-substrate interface (Fig. 4.33.b). In some samples, the
interface was damaged upon annealing by the formation of extended voids (Fig. 4.33.c).
Some similar results in the literature were assigned to possible thermal stress creation
[190] (the residual stresses were not measured in this study). Clearly, such changes in
the microstructure upon annealing would change the functional (optical, electrical,
piezoelectric) properties of the films significantly. Thus, annealing may not be a viable

solution for stress-release in ZnO thin films.
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In our study, SEM examination showed that the stressed films eventually faced
buckling, cracking, and loss of adhesion to the substrate (Fig. 4.34—4.40), regardless of
post-deposition thermal annealing treatment. Examining the planar surface of the
annealed films revealed the presence of elongated crack-like defects upon pore
coalescence on the surface (Fig. 4.34 or 5.13). No pore formation was observed on the
surface of films that have been deposited at the same conditions, aged, but not annealed
(Fig. 4.35). The cracks in those films followed the grain boundaries. These observations
were consistent with reports in the literature where pore-grain size coupling and pore
clustering altered the fracture strength and critical crack size in single crystal ZnO [47].
Gupta and Mansingh also observed micro-cracks and voids upon annealing, along with
grain coalescence and increase of surface roughness [151], proving the formation of
voids by refractive index measurements in addition to SEM analysis [151]. Thus, the
accelerated pore formation and clustering induced by high-temperature annealing must

have caused cracking in the annealed samples.

In fact, the micro-fracture dynamics were not confined to the film-substrate
interface—perturbations in grain boundary structure in ZnO thin films have also been
reported during annealing at lower annealing temperatures (e.g. 500 °C), along with
decrease in residual compressive stress [222]. The upper limit of the annealing
temperature was set by the phase equilibrium of the substrate materials, and lower
annealing temperatures required much longer annealing times for stress release that
caused micro-fracture and defective boundaries [222]. For this reason, methods other
than high-temperature post-deposition annealing should be considered to produce stress-

free films [214].
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Figure 5.13. Void formation and consequent cracking in the annealed films.
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Another consequence of annealing was the reversing of the film-substrate bending
(Fig. 4.23). When the as-deposited film (4 =~ 400 nm) on the thin glass microscope cover
slide (& = 160 um) had residual compressive stress, the film-substrate laminate was bent
towards the substrate (the other substrate systems were too thick for a naked-eye
observation of bending of the laminate). Upon annealing, bending direction of this
laminate reversed. An explanation for this phenomenon could be sought considering the
SEM observations. The pores forming at the interface upon annealing (Fig. 4.33) of an
initially high-compressive stress film could contribute to the formation of tensile
stresses at the interface (Fig. 5.14). These pores could have accumulated at the film-
substrate interface, since the diffusion of pores through the substrate was probably
limited. In this case, pore coalescence would manifest itself as local film densification.
Upon short-range interaction of the surfaces on either side of a pore, the film material
would experience a stretch at these regions, hence would possess a tensile stress at the
regions near that interface (like the tensile stress created during film continuity—see Sec.
5.2.3). This opposing stress would decrease the net compressive stress in the film. If it
was large enough, the net average stress on the film could have turned to tensile; then
the laminate would bend towards the film side (Fig. 1.14). The tensile stress at the
interface of that film sample (where bending direction was reversed upon annealing)

could have been high enough to create such an effect.

—*W*——-— —————— — —

Large compressive Fare formation and Met compressive stress
stress at the interface consequent tensile stress decreases due to the
at the interface opposing tensile stress.

Figure 5.14. Pore formation at the interface decreasing the overall compressive stress.

The pore-coalescence at the film-substrate interface was also responsible for the
film buckling and spalling on rigid and thicker substrates (the Si and the thick glass
substrates). The magnitude of the residual strain and the quality of texture in the film
has been interpreted as function of the film-substrate interface strength [155]. In our

samples, film buckling induced cracking or local loss of adhesion upon either aging
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(Fig. 4.36) or annealing (Fig. 4.37 and 4.38). Two different buckle types are shown in
Fig. 4.37.a and Fig. 4.37.b: i) a flat-walled type and ii) a curved-walled type (6 = ~478
nm, b = ~666 nm), which are consistent with other reported observations in the
literature (Fig. 1.18.c, 1.18.d, and 1.18.e.). Protrusions at the center of axi-symmetric
buckles (Fig. 1.18.b.) in the annealed ZnO film were associated with cracking of the
film on the Si(100) substrate (see Fig. 4.38). A similar behavior was also observed on
the aged ZnO film on the glass substrate (Fig. 4.39). Further annealing of these aged
films also led to crack propagation and delamination of the film from the substrate (Fig.
4.40). The residual stress level in our samples (see, for example, Table 4.10) which
were close to the hardness values in the literature (Table 1.5, [143, 146]), they could
have been high enough to overcome the fracture strength of the film leading to
mechanical failure.

In order to comment on film failure due to residual stress, buckling mechanics of
the films should be discussed. Buckling of a stressed film was shown to influence crack
propagation: stress intensified at the buckle perimeter, providing a driving force for
delamination and spalling [91]. Failure mechanics of thin films upon buckling was
extensively covered in Sec. 1.2.3. Fig. 1.19 and 1.20 demonstrated at which conditions

buckling occurs in the case of equibiaxial compressive stress [84]:

1) IT < I.: No buckling occurred for the whole range of X. Although local
interface separation existed, the overall film adhesion was preserved—

there was no buckling to cause the propagation of the interface separation.

i1) IT>TI, and £ < X.: Buckles were created but they did not propagate—they
could be identified as blisters at the interface. The film adhesion was still

stable.

1i1) IT > II. and ¥ > X.: Buckles were formed and they propagated. The
occurrence of spalling depended on bending deformation due to buckling

and the induced tensile stress development in the film.

Two examples of structural features upon stress release are shown in Fig. 5.15 and
5.16. Both films were aged for 28 months in air, and the residual stresses were
eliminated by aging. The sample seen in Fig. 5.15 was later annealed in air at 600 °C for

6 hours.
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Figure 5.15. A curved-sided buckle on the ZnO film on Si(100) with 75 = 200 °C (Set
16 in Table 3.1). The residual compressive stress after deposition was -4.70 GPa. Film
was aged 28 months in air, and later annealed in air at 600 °C for 6 hours. The residual
stresses were eliminated by aging.

1um
Mag = 4000 KX |——]

Figure 5.16. Bulging and cracking in the ZnO film on glass upon prolonged aging (Set
16 in Table 3.1; aged 28 months in air. The residual compressive stress after deposition
was -3.94 GPa. The residual stresses were eliminated by aging.

Fig. 5.15 illustrates an example of film buckling due to stress build up in a ZnO

film sample on a Si(100) substrate. The residual stress (o) was -4.70 GPa in this sample
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after deposition. The film thickness (#) was 225 nm. The lift-up (J) and the buckling
radius (b) were measured as 478 and 666 nm, respectively. If the elastic modulus (F) is
assumed to be 111 GPa (Table 1.3), and the Poisson’s ratio (v), to be 0.318 (Eq. 3.33),
then application of Eq. 1.4 or 1.11 gives a critical stress (o) of -17.2 GPa for buckling
formation. This value is much higher than the initial residual stress of -4.70 GPa. In
other words, the initially compressive stress existing within the film was much lower
than the calculated critical stress that would cause such buckling. In this case, either
external pressure has been applied to the sample (for example, during handling or
sample preparation for SEM), or the actual buckle radius was larger than we could
measure. If o, = o, is assumed, then the theoretical buckle radius for buckle propagation
is 1.2 um (Eq. 1.12). In that case, Eq. 1.5 and 1.6 give an energy release of 8.4 GPa-m
upon buckling.

As stated above, the buckling index (IT) and the adhesion index (X) determine the
buckle formation and propagation. For the sample shown in Fig. 5.15, the difference
between the buckling index and the critical buckling index (IT - I1.) was calculated as
2.88 (Eq. 1.9). This result (Il >II.) was in agreement with the observed buckle
formation. To check if the buckle would propagate or not, the adhesion index (X) should
also be calculated (Eq. 1.10). For this calculation, the interfacial toughness, I';, should
be known. Since buckling propagates when G =T'; (Eq. 1.7), we could assume ['; = G =
8.4 GPa-m. Then, Eq. 1.10 gives £ = 1.9. From Fig. 5.16, with IT - I, = 2.88 and X =
1.9, this calculation for the onset of buckle propagation is reasonable for a buckle size
of that shown in Fig. 5.15. However, there is still a discrepancy between the calculated
and measured values of the critical stress to cause buckling, and the corresponding

critical buckle radii.

In Fig. 5.16, an example of bulging and cracking due to stress build up in a ZnO
film sample on a glass substrate is seen. The residual stress in this sample after
deposition was -3.94 GPa. The film was aged for 28 months in air, and the residual
stresses were eliminated by aging. The film thickness (%) was 156.3 nm, and the
measured buckling radius (b) 4.2 um. This sample cracked without extensive buckling,
and the lift-up, J, was hard to measure. For these /# and b values, application of Eq. 1.4
(or Eq. 1.11) gives a critical stress (o) of -0.21 GPa for buckling formation. This value
is much lower than the initial residual stress of -3.94 GPa. Thus, the film must have

cracked before the buckle could have propagated, due to the huge amount of residual
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stress. Another possibility is that the film could be capable to handle more stress than
the theoretically calculated amount for a buckle of this size. In other words, the actual
o. value could be much higher than the value calculated by Eq. 1.11. This kind of
behavior was observed for ZrN [82] and TiN films [223] and has been attributed the
pseudoelasticity caused by poor adhesion between the columnar grains, enabling
columnar thin films to support external stresses better than uniformly dense films [82].
However, a more extensive study is required to make a reliable comment on the effects

of columnar structure and residual stress on film failure.

As pointed out above, annealing might not be a viable solution for stress-relief in
ZnO thin films. Aging also released the stress, which suggested that stresses in the thin
films were dynamic. This might also influence the functional properties of the thin films
over time. Therefore, in order to obtain a stable performance from devices based on
ZnO thin films, the films should be produced with minimum amount of stress during
film growth. For this reason, apart from the post-deposition treatments, the effect of
heat treatment on the samples inside the deposition chamber was also investigated (Sec.
4.6). The residual stresses of these samples were 33—43% lower than those deposited at
similar conditions without a heat treatment (Table 4.11 and Fig. 4. 31). At the same
time, these heat treatments eliminated the (101)-peaks in the XRD spectra (Fig. 4.32).
Thus the method of in-chamber heat treatment immediately after deposition (before
letting the film cool down to room temperature) proved to be a better alternative for
stress release, rather than using a separate post-deposition anneal at higher temperatures

performed a while after the film deposition .

Another consequence of the post-deposition, high-temperature annealing was the
growth of ZnO nano-crystals on the film surface (Fig. 4.41 and 4.42). The thickness of
the crystallites varied between 82—149 nm, and their height was between ~36—174 nm.
In addition, hillock formation on the surface (the pyramids extending upwards) can be
observed (Fig. 5.17). In some samples, the nano-rods enlarged to 100 nm in width and
916 nm in height upon annealing (Fig. 5.18). This directional crystal growth on the
surface of annealed films was indicative of mass transport through the film
accompanying stress release. In the SEM images of ZnO films annealed at 400 °C or
600 °C by Gupta and Mansingh, similar growth on the film surface can be seen.
However, the authors did not discuss this phenomenon in their paper [151]. As stated in

Sec. 5.3, the activation energy for the stress relaxation process in ZnO thin films was
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calculated as 0.2 eV/diffusing species [155]. This value was one order of magnitude
lower than the activation energy for diffusion of either zinc or oxygen in single crystal
or powder ZnO [221]. However, the high amount of residual stress in our sample could
act as a driving force for stress release and mass transport at the same time. Thus, the
observed directional growth of some crystals during annealing could be attributed to
stress-induced diffusion, which was further facilitated by the energy provided by
thermal annealing. The term stress-induced diffusion in ZnO thin films was not reported
in literature. However, interstitial diffusion assisted by local plastic strain is a

phenomenon known to relax the residual stresses in thin films [52].

These structures on a film surface can be detrimental for electronic devices (Fig.
5.19) [50].On the other hand, nano-structure growth of ZnO is desired for special
purposes such as UV lasing. For example, chemical vapor deposition of ZnO has been
achieved using Au as a catalyst, where ZnO was first reduced to Zn on silicon or
sapphire substrates [224]. Then ZnO nano-rods grew by reacting with the oxygen
provided by the ambient air at 800—-1000 °C (Fig. 5.20.a). Similar nano-rod growth was
achieved without a catalyst by metal-organic vapor-phase epitaxy (MOVPE) at 400-500
°C on sapphire substrates with a very thin buffer layer of ZnO [129, 130] (Fig. 5.20.b).
Also, as discussed in Sec. 5.3.1, there might be Zn interstitials in the ZnO thin films
[155, 214]. If the ZnO thin films in our study contained Zn interstitials that moved to
the surface upon annealing, they might have acted as nucleation sites and reacted with
the oxygen from air to form the nano-rods. By improving the nano-rod growth on our
ZnO thin film samples, the drawback of annealing could be turned into an advantageous

method for ZnO nano-rod growth.
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200nm
Mag = 200.00 K X :

Mag = 100,00 K X

Figure 5.17. Demonstrations of mass transport on the surface of ZnO films, about one

month after film deposition. (a) Set 8, (b) Set 3, (c) Set 6. (See Table 3.1 for sample
labels.)
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100nm
Mag = 100.00 KX |

Figure 5.18. Growth of ZnO crystallites on the film surface upon annealing (Set 20 in
Table 3.1). The nano-rod thickness was about 100 nm, and the rods elongated up to 916
nm.

Figure 5.19. Demonstrations of elecromigration in Al films: (a) Hillock growth (original
source: Ref. [225], courtesy of L. Berenbaum, reprinted from Ref. [50]); (b) Whisker
bridging two conductors (courtesy of R. Knoell, AT & T Bell Laboratories, reprinted
from Ref. [50]).
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Figure 5.20. (a) Chemical vapor deposition of ZnO with Au catalyst [224]. (b) ZnO
nano-rods grown by MOVPE on a very thin buffer layer of ZnO [129, 130].

5.3.3.  Section Summary

In this section, the stress relaxation results, the possible mechanisms of stress
relaxation, and the drawbacks of stress relaxation in terms of the film microstructure

were discussed. The findings can be summarized as follows:

1) Thermal annealing relaxed the growth stresses, accompanied by grain
growth. Any remaining compressive stress could be attributed to the TCE-mismatch of

the film and the substrate at the annealing temperature.

1) Although maintaining the minimum amount of residual compressive stress
during film growth did not necessarily require the maximum amount of (002)
orientation of the grains, the post-deposition stress relaxation was always accompanied

by an improvement of the (002)-texture to minimize the surface energy of the grains.

1i1) Time-dependent change of the compressive stresses in ZnO thin films
were first reported. Aging at room temperature caused a similar decrease of the

compressive stresses as by high-temperature annealing.

1v) Stress release by both thermal annealing and room-temperature aging
caused buckling followed by cracking and film failure, but with different mechanisms.
Thermal annealing could come over the energy barrier to cause pore growth and pore
clustering, which led to extensive crack-like defects and loss of adhesion between the

film and the substrate. Cracking in the aged samples were merely due to the loss of

212



adhesion between the grain boundaries. More detailed studies must be performed to

determine the critical amount of stress causing buckle propagation and film failure.

V) Transformation of the excess atoms from the grain boundaries (where they
have been incorporated during film growth) back to the film surface by stress-induced
diffusion was considered to be a possible mechanism of stress release. Other possible
factors in stress release related to defects and dislocations (such as the role of oxygen
vacancies or zinc interstitials in stress evolution, or the dislocation glide induced by the

high compressive stress) require TEM examination to comment on.

Vi) Due to the microstructural changes it causes in the films, high-temperature
annealing was not considered as a viable solution to minimize the residual stresses in
ZnO thin films. Instead, in-chamber annealing immediately after the deposition before
cooling down to room temperature or implementing a buffer layer prior to film

deposition was proposed.
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CHAPTER 6

CONCLUDING REMARKS AND FUTURE WORK

In this study, the evolution and relaxation of residual stresses in RF magnetron-
sputtered ZnO thin films were investigated in combination with the evolution of the film
microstructure. Variations from the previously developed structure zone models (SZM)
were observed. In addition, the evolutions of microstructures in the pressure ranges
beyond the previously developed SZMs (p > 30 mTorr) were investigated. Several
mechanisms were proposed, based on the competition between the growth rate of
different crystalline surfaces, the grains, the columns, and the film thickness. The
relative domination of these factors determined the film’s microstructure. It was
emphasized that the structure zone models should be thought together with texturing

and the changes in growth direction of surfaces with increasing adatom energy and flux.

The ZnO films showed a strongly preferred orientation along the c-axis of the
crystallites, manifested by intense (002)-peak in XRD spectra. The surface mobility of
the adatoms was a crucial parameter in determining the microstructure of the initial
layers and the texture evolution in the fully-grown film. For example, increasing Py
(thus high incident flux) resulted in high extent of nucleation, where decreasing p and
increasing 7y enabled greater mobility of the adatoms on the surface, promoting
coalescence of nuclei having the same orientation with each other. At specific
conditions (75 = 200 °C, p = 0.2 mbar = 150 mTorr, and Py = 125 W), the films
contained grains of various shapes, and deviation from c-axis orientation as additional
(101)-texture was observed. This was proposed to be due to the existence of a layer with
randomly oriented grains at the initial stages of film growth, combined with increased
growth rate on every direction (high energy and mobility of adatoms), limited amount

of time between successive layer formations (high flux of adatoms), and continuous
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nucleation during the course of film growth. When the surface mobility of the adatoms
were lowered (either by decreasing 7 or increasing p), the film structure consisted
mainly of columnar grains, with primarily the c-axis orientation. At the lowest surface
mobility and lower adatom flux conditions, the films were close to being amorphous

with very low XRD intensities and cauliflower like grains.

The films on crystalline substrates had a better-defined columnar structure. This
was attributed to the increased number of nucleation sites for the c-axis orientation. A
similar effect was observed upon buffer layer deposition prior to the full film growth.

Annealing of the films caused grain growth due to increased bulk and surface diffusion.

Contributions have been made to the links between the microstructure of thin
films and the residual stresses. It was shown that some of the stress-forming factors that
have been proposed in literature were insignificant for the samples under study. These
included the thermal expansion mismatch of the film and the substrate, lattice mismatch
of the film and the substrate, and argon entrapment into the film during growth. Only
about 5-11% of the total stresses were induced by the thermal expansion mismatch of
the film and the substrate materials. The evolution of high compressive stresses was not
limited to the crystalline substrates; stresses up to -8 GPa were measured on ZnO films
on amorphous substrates as well. In addition, no trapped Ar could be measured inside
the films. These results were indicative of the existence of other sources of residual

stress, the majority being the so-called growth stresses.

The evolution of growth stresses and the related texture was studied under
controlled deposition parameters (7%, p, Prr). The compressive stress results were in the
-1 to -8 GPa range, depending on the substrate material and the deposition conditions.
As the mobility of adatoms was increased, whether by increasing 75 or decreasing p (or
Prr), the residual stresses decreased. This was presumed to be a result of either the
atoms finding the suitable lattice sites or to the grains orienting themselves both in a
way to decrease the stress. In the lower pressure range (p < 0.2 mbar = 150 mTorr) the
quality of the (002)-orientation of the columns might be the major mechanism that
decreases the compressive stress. On the other hand, it was emphasized that, in the
higher pressure regimes (0.2-0.4 mbar = 150-300 mTorr), the stress minimization of
the residual compressive stress did not require the maximum c-orientation of the grains
on the contrary to the previous works in the literature. The samples with the (101)-

texture had the least amount of compressive stress in the 0.2—0.4 mbar range. In
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addition, the shift of the (002)-peak of ZnO in the XRD spectra was affected by the
presence of the (101)-peak, indicating the non-negligible effect of texture on residual
stress. The film-substrate interface structure (the existence of a layer with randomly
oriented grains at the initial stages of film growth) is believed to play a significant role
on the residual stress, as it did on texture and microstructure. In addition, incorporation
of film-forming atoms into the grain boundaries together with (101)-texture formation
and increased porosity were considered to be factors that controlled the residual
stresses. In order to elucidate the role of the initial layer of randomly oriented crystals in
more detail, their exact texture throughout the whole film should be determined. This
requires high-resolution through-thickness XRD studies and cross-sectional electron
diffraction by TEM. To understand the regions of stress concentration in the film,
combined SEM and Raman spectroscopy studies are underway [183]. Elucidating the
role of atom incorporation in residual stress evolution require accurate measurement of
the grain boundary areas and thermodynamic data at the film deposition conditions. In
addition, molecular dynamic simulations might provide complementary information

about the film growth kinetics and related stress evolution.

The stress relaxation results, the possible mechanisms of stress relaxation, and the
drawbacks of stress relaxation in terms of the film microstructure were discussed. Time-
dependent stress relaxation in ZnO thin films were first reported. Aging at room
temperature caused a similar decrease of the compressive stresses as by high-
temperature annealing. Any remaining compressive stress could be attributed to the
TCE-mismatch of the film and the substrate at the annealing temperature. Although
maintaining the minimum amount of residual compressive stress during film growth did
not necessarily require the maximum amount of (002)-orientation of the grains, the
post-deposition stress relaxation was always accompanied by grain growth and an
improvement of the (002)-texture to minimize the surface energy of the grains. The
roles of improving texture, grain growth, interstitial diffusion, and dislocation motions
in stress relaxation mechanisms were discussed. Transformation of the excess atoms
from the grain boundaries where they have been incorporated during growth back to the
film surface by stress-induced directional diffusion was considered to be a possible
mechanism of stress release. Other possible factors related to defects and dislocations
(such as the role of oxygen vacancies or zinc interstitials in stress evolution, or the

dislocation glide induced by the high compressive stress) require TEM examination to
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comment on. In addition, further studies are required to elucidate the exact effects of the
dynamic stresses on the functional (e.g. optical and electrical) properties of the ZnO thin

films.

Stress release by both thermal annealing and room-temperature aging caused
buckling followed by cracking and film failure, but with different mechanisms. Thermal
annealing could come over the energy barrier to cause pore growth and pore clustering,
which led to extensive crack-like defects and loss of adhesion between the film and the
substrate. Cracking in the aged samples were merely due to the loss of adhesion
between the grain boundaries. The buckling mechanics of the ZnO thin films was
investigated briefly. Discrepancies were found between the theoretical and measured
buckle radii. A more extensive study is required to make a reliable comment on the

effects of residual stress on buckling and film failure.

Annealing also caused directional growth of ZnO crystals on the surface,
presumably due to the diffusion of the pre-existing Zn interstitials to the surface and
reaction with the oxygen from air. This kind of growth on the film surface could alter
the functional properties of the films. For this reason, post-deposition thermal annealing
did not seem to be a viable option for stress reduction in ZnO thin films. Instead, in-
chamber annealing immediately after the deposition before cooling down to room
temperature or implementing a buffer layer prior to film deposition was proposed. In
addition, it was shown that the deposition of a buffer layer influenced the eventual
microstructural and textural development of the films, presumably due to the increased
number of nucleation sites for the adatoms allowing them to be oriented in the direction
to give the minimum stress in the upcoming layers. Depositing a buffer layer and
modifying it by annealing reduced further stress development as the film grew. Further
studies are needed to optimize the conditions for in-chamber heat treatment and buffer
layer treatment.

In addition, although it could be detrimental to the functional properties of the
ZnO thin film devices, the directional growth method of nanostructures on the ZnO film

surface could be improved to be used in advantage of ZnO nano-rod growth.
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APPENDICES

A. Cleaning Procedure for Glass Substrates

Soda lime glass contains about 13% of sodium oxide [199]. The sodium
hydroxide in a glass piece reacts with water in humid air, forming a layer of sodium
hydroxide on the surface. In addition, this sodium hydroxide may react with the carbon
dioxide in the air, forming sodium carbonate powder on the surface (blooming). These
layers can alter the adhesive property of the substrate for further film deposition. Thus,

the glass surface should be freed of impurities before film deposition.

Alkaline solutions slightly etch the glass surface; thus, acidic solutions should be
preferred [199]. An example for a useful cleaning bath is a mixture of sulfuric acid and
hydrogen peroxide with 2:1 volume ratio [199]. The acid—peroxide bath is useful in
removing residual amounts of hydrocarbon contaminants (about one monolayer, i.e., 1
nm or 1 g of contaminant per 1000 m® of surface) [199]. For this reason, it is necessary
to remove most of the contaminants by surfactants (e.g. detergents) before using the
acid baths. Cleaning fluids are often incompatible with each other. For this reason, it is
important to rinse the samples carefully to clean them from one fluid before proceeding

with the next one [2].

In standard ultrasonic baths, standing wave patterns are generated [199]. At this
frequency, the imploding bubbles can produce instantaneous pressure values up to 1000
atm [2]. This high pressure is beneficial for preparing the surface for thin film
depositions [2]. However, the standing waves cause vigorous cleaning of the sample
surfaces at certain points, while leaving some points unaffected [199]. For this reason,
during the rinsing, the samples were moved occasionally in the ultrasonic bath.

Extended periods of ultrasonic cleaning may cause surface damage (micro—pits) on the

218



samples [198]. These micro—pits reduce transmittance and increase stray light [198].
They may also affect the adhesion of the film to the substrate [1, 81]. For this reason,
the samples were held in the ultrasonic baths only for short periods. The proper
temperature for acid cleaning of glass surfaces is 60—85 °C [2]. The temperature of all

the baths used for this study was also in this range.

Finally, the success of the cleaning procedure should verified by wetting test
[199]. After the final stage of distilled water rinse, the behavior of water on the surface
is observed. If the water does not wet the substrate completely, i.e. if dry patches are
observed, this means that there are unclean areas on the surface. If the surface is clean,

water thins as it flows through the surface, and interference fringes are seen.

Water tends to adsorb contaminants from ambient air and re-deposit them on the
substrate during drying [199]. In addition, clean surfaces tend to absorb contaminant
form ambient air, due to their high surface energy [2, 199]. For these reasons, the
wetting test and drying step were done immediately before the film deposition. A
convenient drying agent is a jet of high-pressure pure nitrogen gas [199]. In this
method, the substrates are held vertically and the high-pressure gas was blown from top
to the bottom at an angle of about 45° to the substrate. To minimize the water streaks
deposition surface, the reverse side is dried first. Tissues should not be used since they

may leave pieces of cloth on the surface [198].
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B.

B.1. ZnO

Powder Diffraction Standards

Table B.1.1. JCPDS data of hexagonal wurtzite ZnO (No. 36-1451) [205].

Pattern: 36-1451

Radiation: CuK,; (A =1.540598 A)

Quality: High

Formula: Z7nO

Name: Zincite, syn / Zinc oxide, Chinese white, zinc white

Lattice: Hexagonal

a =3.24982

Mol. weight = 81.38

. _ Z=2 Volume [CD] = 47.62
S.G.: P63mc (186) ¢ =5.20661 D.=5.675
260 (°) d (A) 1 h k l
31.770 2.81430 57 1 0 0
34.422 2.60332 44 0 0 2
36.253 2.47592 100 1 0 1
47.539 1.91114 23 1 0 2
56.603 1.62472 32 1 1 0
62.864 1.47712 29 1 0 3
66.380 1.40715 4 2 0 0
67.963 1.37818 23 1 1 2
69.100 1.35825 11 2 0 1
72.562 1.30174 2 0 0 4
76.955 1.23801 4 2 0 2
81.370 1.18162 1 1 0 4
89.607 1.09312 7 2 0 3
92.784 1.06384 3 2 1 0
95.304 1.04226 6 2 1 1
98.613 1.01595 4 1 1 4
102.946 0.98464 2 2 1 2
104.134 0.97663 5 1 0 5
107.430 0.95561 1 2 0 4
110.392 0.93812 3 3 0 0
116.279 0.90694 8 2 1 3
121.572 0.88256 4 3 0 2
125.188 0.86768 1 0 0 6
133.932 0.83703 3 2 0 5
136.520 0.82928 1 1 0 6
138.513 0.82370 2 2 1 4
142.918 0.81247 3 2 2 0
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Table B.1.1. Continue.

SAMPLE SOURCE OR LOCALITY: The sample was obtained from the New Jersey Zinc Co.,
Bethlehem, Pennsylvania, USA.

COLOR : Colorless

GENERAL COMMENTS: The structure was determined by Bragg (1) and refined by
Abrahams, Bernstein (2).

POLYMORPHISM: A high pressure cubic NaCl-type of ZnO is reported by Bates et al. (3) and
a cubic, sphalerite type is reported by Radczewski, Schicht (4).

TEMP. OF DATA COLLECTION: The approximate temperature of data collection was 26 C.
ADDITIONAL PATTERN: To replace 5-664 (5).

POWDER DATA: References to other early patterns may be found in reference (5).

OPTICAL DATA : B=2.013, Q=2.029, Sign=+

DATA COLLECTION FLAG: Ambient.

Powder Diffraction, volume 1, page 76, (1986)
Primary reference: McMurdie, H., Morris, M., Evans, E., Paretzkin, B., Wong-Ng, W.,
Ettlinger, L., Hubbard, C. Dana's System of Mineralogy, 7th Ed., volume 0, page 504.
Optical data: Philos. Mag., volume 39, page 647, (1920).

1. Bragg, W. Acta Crystallogr., Sec. B, volume 25, page 1233, (1969).

2. Abrahams, S., Bernstein, J. Science, volume 137, page 993, (1962).

3. Bates, C., White, W., Roy, R. Naturwissenschaften, volume 56

SS/FOM:

F27=131(0.0071,29) Filter: Monochromator crystal | d-sp: Diffractometer
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B.2. Si

Table B.2.1. JCPDS data of face-centered cubic Si (No. 27-1402) [205].

Pattern: 27-1402 Radiation: CuK,; (A =1.540598 A) | Quality : High

Formula: Si
Name: Silicon, syn / Silicon

Mol. weight = 28.09
Lattice: Face-centered Volume [CD] =160.18
cubic a=5.43071 Z=8 D,=2329
S.G.: Fd-3m (227)
UVlcor=4.70
26 (°) d(A) 1 h k l
28.443 3.13550 100 1 1 1
47.303 1.92010 55 2 2 0
56.122 1.63750 30 3 1 1
69.132 1.35770 6 4 0 0
76.379 1.24590 11 3 3 1
88.029 1.10860 12 4 2 2
94.951 1.04520 6 5 1 1
106.719 0.96000 3 4 4 0
114.092 0.91800 7 5 3 1
127.547 0.85870 8 6 2 0
136.897 0.82820 3 5 3 3

TEMP. OF DATA COLLECTION: Pattern taken at 25(1) °C.

SAMPLE SOURCE OR LOCALITY: This sample is NBS Standard Reference Material No.
640.

GENERAL COMMENTS: Reflections calculated from precision measurement of a.
GENERAL COMMENTS: a, uncorrected for refraction.

ADDITIONAL PATTERN: To replace 5-565 and 26-1481.

COLOR : Gray

DATA COLLECTION FLAG: Ambient.

CAS: 7440-21-3, Natl. Bur. Stand. (U.S.) Monogr. 25, volume 13, page 35, (1976)

Filter:
SS/FOM: .
F11=409(0.0021,13) lgf}?snteoﬂchromator d-sp: Diffractometer | Internal standard: W
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Table B.2.2. JCPDS data of face-centered cubic Si (No. 75-0589) [205].

Pattern : 75-0589 Radiation: CuK,, (A =1.540598 A) | Quality : Calculated

Formula: Si
Name: Silicon

Mol. weight = 28.09
Lattice : Face-centered cubic _ _ Volitme [CD] =160.17
S.G. : Fd-3m (227) a=543071 |Z=8 D, =2329
Ilcor =4.55
26 (°) d (A) 1 h k l
26.848 3.31800 22 2 0 0
33.038 2.70914 100 2 1 1
38.334 2.34618 1 2 2 0
47.420 1.91565 <1 2 2 2
51.485 1.77355 61 3 2 1
55.332 1.65900 14 4 0 0
59.008 1.56412 5 4 1 1
62.547 1.48385 3 4 2 0
65.975 1.41480 4 3 3 2
69.315 1.35457 <1 4 2 2
72.582 1.30143 7 4 3 1
78.957 1.21156 7 5 2 1
82.088 1.17309 4 4 4 0
85.196 1.13806 1 4 3 3
88.289 1.10600 3 6 0 0

ICSD COLLECTION CODE : 029287

TEST FROM ICSD: No R value given.
TEST FROM ICSD: At least one TF missing.
DATA COLLECTION FLAG: Ambient.

Calculated from ICSD using POWD-12++, (1997)
Primary reference : Bond, W.L., Kaiser, W., J. Phys. Chem. Solids, volume 16, page 44,
(1960).

Filter:Not specified d-sp: Calculated spacings

223




Table B.2.3. JCPDS data of body-centered cubic Si (No. 72-1088) [205].

Pattern: 72-1088

Radiation: CuK,; (A =1.540598 A)

Quality: Calculated

Formula: Si
Name: Silicon

Mol. weight =28.09
Volume [CD] =292.23
Lattice: Body-centered cubic _ _
S.G.: Ta-3 (206) @=6.63600 | Z=16 D, =2.553
D, =2.550
Ilcor =3.96
20 () d (A) 1 h k l
28.444 3.13542 100 1 1 1
47.305 1.92005 55 2 2 0
56.125 1.63742 30 3 1 1
58.859 1.56771 <1 2 2 2
69.133 1.35768 7 4 0 0
76.380 1.24589 10 3 3 1
88.035 1.10854 12 4 2 2

ICSD COLLECTION CODE : 016569

TEST FROM ICSD : No R value given.
TEMPERATURE FACTOR : ITF
ADDITIONAL PATTERN : See PDF 17-901.
DATA COLLECTION FLAG: Ambient.

Calculated from ICSD using POWD-12++
Primary reference: Kasper, J.S., Richards, S.M., Acta Crystallogr., volume 17, page

752, (1964).

Filter: Not specified

d-sp: Calculated spacings
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B.3. Mica

Table B.3.1. JCPDS data of monoclinic mica (No. 83-1808) [205].

Pattern : 83-1808

Radiation: CuK,, (. =1.540598 A)

Quality : Calculated

Formula: K ( Mg2.665 Li0.225 Na0.110 ) ( Si3.312 Fe0.688 010 ) F2
Name: Mica / Potassium Magnesium Lithium Sodium Iron Silicate Fluoride

a =15.32900
b =9.23000 Mol. weight = 437.39
Lattice : Monoclinic c=10.21910 |Beta=9998 |Volume [CD]=495.04
S.G. : C2/m (12) zZ=2 D,=2.934

a/b=0.57736 Ilcor =0.57

¢/b=1.10716
20 (9 d(A) I h k l
8.779 10.06450 87 0 0 1
17.610 5.03223 16 0 0 2
19.217 4.61500 20 0 2 0
19.441 4.56236 28 1 1 0
20.106 4.41286 8 -1 1 1
21.162 4.19500 1 0 2 1
22.559 3.93823 21 1 1 1
24.259 3.66600 57 -1 1 2
26.179 3.40125 84 0 2 2
26.548 3.35482 55 0 0 3
28.291 3.15198 78 1 1 2
30.581 2.92094 52 -1 1 3
32.982 2.71360 24 0 2 3
33.742 2.65423 50 1 3 0
*33.742 *2.65423 50 2 0 1
34.145 2.62381 100 2 0 0
*34.145 *2.62381 100 -1 3 1
35.493 2.52717 7 1 1 3
35.704 2.51275 15 1 3 1
*35.704 *2.51275 15 2 0 2
36.845 2.43749 69 2 0 1
*36.845 *2.43749 69 -1 3 2
38.123 2.35865 1 -1 1 4
39.002 2.30750 3 0 4 0
39.122 2.30073 7 2 2 1
39.471 2.28118 6 2 2 0
39.726 2.26712 10 1 3 2
*39.726 *2.26712 10 2 0 3
40.057 2.24914 6 0 4 1
40.866 2.20643 6 0 2 4
*40.866 *2.20643 6 2 2 2
41.455 2.17643 33 2 0 2
*41.455 *2.17643 33 -1 3 3
41.870 2.15584 6 2 2 1
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Table B.3.1. Continue.

l
260 (°) d (A) 1 h k

43.092 2.09750 5 0 4 2
43.582 2.07504 <1 1 1 4
44.502 2.03427 2 2 2 3
45.000 2.01289 18 0 0 5
45.352 1.99807 16 1 3 3
*45.352 *1.99807 16 2 0 4
46.057 1.96911 1 2 2 2
46.447 1.95351 <1 -1 1 5
47.527 1.91160 3 2 0 3
*47.527 *1.91160 3 -1 3 4
47.803 1.90120 <1 0 4 3
49.354 1.84503 <1 0 2 5
49.699 1.83300 1 2 2 4
51.699 1.76669 2 2 2 3
52.197 1.75102 6 1 3 4
*52.197 *1.75102 6 2 0 5
52.326 1.74699 4 1 1 5
52.508 1.74138 3 1 5 0
*52.508 *1.74138 3 2 4 1
52.789 1.73275 1 2 4 0
*52.789 *1.73275 1 -1 5 1
53.260 1.71855 <1 3 1 0
*53.260 *1.71855 <1 3 1 2
53.902 1.69959 4 1 5 1
*53.902 *1.69959 4 2 4 421
54.719 1.67613 49 2 0

*54.719 *1.67613 49 -1 3 5
55.393 1.65732 1 -1 1 6
55.739 1.64785 10 3 1 1
*55.739 *1.64785 10 3 1 3
56.156 1.63658 1 2 2 5
56.891 1.61718 12 1 5 2
*56.891 *1.61718 12 2 4 3
58.212 1.58359 9 2 4 2
*58.212 *1.58359 9 -1 5 3
59.686 1.54796 5 3 1 2
*59.686 *1.54796 5 3 1 4
60.097 1.53835 54 3 3 1
*60.097 *1.53835 54 0 6 0
60.869 1.52067 9 0 6 1
*60.869 *1.52067 9 3 3 2
61.038 1.51686 5 0 4 5
61.338 1.51016 1 1 5 3
*61.338 *1.51016 1 2 4 4
61.673 1.50276 1 1 1 6
62.838 1.47767 3 2 0 5
*62.838 *1.47767 3 -1 3 6
63.664 1.46047 1 2 2 g
64.790 1.43778 2 0 0
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Table B.3.1. Continue.

26 (°) d (A) 1 h k l
64.949 1.43466 3 -1 1 7
*64.949 *1.43466 3 3 1 5
66.348 1.40776 2 2 2 5
66.840 1.39858 2 3 3 2
*66.840 *1.39858 2 3 3 4
67.041 1.39488 2 1 5 4
*67.041 *1.39488 2 2 4 5
68.271 1.37271 2 0 2 7
68.712 1.36498 19 1 3 6
*68.712 *1.36498 19 2 0 7
69.184 1.35680 3 0 4 6
*69.184 *1.35680 3 2 4 4
70.728 1.33093 8 -4 0 1
*70.728 *1.33093 8 2 6 1
70.962 1.32711 15 2 6 0
*70.962 *1.32711 15 -4 0 2
71.674 1.31566 2 1 1 7
71.876 1.31247 11 0 6 4
*71.876 *1.31247 11 3 3 5
72.127 1.30851 7 2 2 7
72.608 1.30103 8 2 6 1
*72.608 *1.30103 8 -4 0 3
74.076 1.27883 1 -4 2 1
*74.076 *1.27883 1 1 7 0
74.312 1.27535 1 -1 7 1
*74.312 *1.27535 1 -4 2 2
74.486 1.27281 5 4 0 1
*74.486 *1.27281 5 2 6 3
74.700 1.26969 3 3 5 0
*74.700 *1.26969 3 3 5 2
75.123 1.26359 3 2 2 6
75.511 1.25806 2 0 0 8
75.932 1.25212 2 -1 7 2
*75.932 *1.25212 2 -4 2 3
76.489 1.24439 <1 2 4 5
*76.489 *1.24439 <1 -1 5 6
76.782 1.24037 3 3 5 1
*76.782 *1.24037 3 3 5 3
77.755 1.22726 4 4 2 1
*77.755 *1.22726 4 1 7 2
78.133 1.22226 5 0 6 5
*78.133 *1.22226 5 3 3 6
78.284 1.22028 4 0 4 7
*78.284 *1.22028 4 2 0 8
78.915 1.21211 3 -1 7 3
*78.915 *1.21211 3 -4 2 4
79.176 1.20876 2 3 1 5
*79.176 *1.20876 2 3 1 7
79.978 1.19865 1 2 6 3
*79.978 *1.19865 1 -4 0 5
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Table B.3.1. Continue.

26 (°) d (A) 1 h k 1
80.188 1.19604 2 3 5 2
*80.188 *1.19604 2 3 5 4
81.562 1.17933 1 2 2 8
*81.562 *1.17933 1 1 7 3
81.942 1.17482 1 1 5 6
*81.942 *1.17482 1 2 4 7
82.479 1.16852 <1 1 1 8
83.234 1.15983 <1 -1 7 4
*83.234 *1.15983 <1 -4 2 5
83.617 1.15549 1 4 0 3
*83.617 *1.15549 1 2 6 5
83.844 1.15294 <1 4 4 1
84.075 1.15036 <1 -4 4 2
84.447 1.14624 <1 0 8 1
84.860 1.14171 1 2 4 6
*84 860 *1.14171 1 -1 5 7
85.615 1.13356 9 2 6 4
*85.615 *1.13356 9 -4 0 6
86.324 1.12606 <1 -1 1 9
86.467 1.12457 1 0 8 2
86.785 1.12126 <1 4 2 3
*86.785 *1.12126 <1 1 7 4
87.075 1.11827 <1 0 0 9
87.425 1.11470 <1 4 4 1
87.971 1.10918 1 3 1 6
*87.971 *1.10918 1 3 1 8
88.434 1.10456 <1 0 4 8
88.571 1.10321 <1 4 4 4
88.831 1.10065 1 -1 7 5
*88.831 *1.10065 1 2 0 9
89.826 1.09103 <1 0 8 3

ICSD COLLECTION CODE: 100726

TEMPERATURE FACTOR: ATF

SAMPLE SOURCE OR LOCALITY: Specimen from Cupaello, Italy.
DATA COLLECTION FLAG: Ambient.

*Calculated from ICSD using POWD-12++, (1997)
Primary reference : Hazen, R.M., Finger, L.W., Velde, D., Am. Mineral., volume 66, page
586, (1981)

Filter : Not specified d-sp : Calculated spacings
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C. Representative XRD Spectra of the Crystalline Substrates
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Figure C.1.1. A representative XRD spectrum of Si(100) wafer.
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C.2. Mica
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Figure C.2.1. A representative XRD spectrum of mica (muscovite) sheet.
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D. Temperature Calibrations for the RFMS System

D.1. Equilibrium temperature around the substrate holder during film
deposition
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Figure D.1.1. Temperature near the substrate holder (~1 cm), as measured by a
thermocouple (see Fig. 3.3). The plasma conditions were: Py = 150 W, Py, =30 W, V,,
=35 cm’/min, p,, = 0.1 mbar. The chamber was initially heated up to 300 °C for 5 min,
then the heater was turned off. The temperature had decreased down to 100 °C when the
deposition started. It reached equilibrium at ~80 °C during the course of deposition.
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D.2. Heating and cooling curves of the main chamber and the substrate holder
before and after deposition.
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Figure D.2.1. Temperature during heating before deposition, as measured by a
thermocouple near the substrate holder (~1 cm; see Fig. 3.3) and temperature indicator
strips on the substrate holder (see Fig. 3.4). The measurements were done under
vacuum.
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Figure D.2.2. Temperature during cooling after deposition, as measured by a
thermocouple near the substrate holder (~1 cm; see Fig. 3.3). The conditions were: Vi,
=20 cm’/min, par = 0.02 mbar, turbo pump at full speed.
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E. Optical Transmittance Measurements

E.1. Experimental Procedure

As discussed in Chapter 1, ZnO is an important transparent conductive oxide
material. For this reason, the optical transmission of the stressed films was measured,
both before and after thermal annealing. The measurements were performed with a
ultraviolet—visible-near infrared (UV-VIS—-NIR) spectrophotometer (Schimadzu 3150)
in the 1000-200 nm range (Fig. E.1.1). The light from the lamp was chopped of with a 2
mm-wide slit, and the corresponding beam was 2 mm wide and 16 mm high. Two
different light sources were used: the tungsten halogen lamp provided the light with
1000-300 nm wavelength (NIR-VIS), and the deuterium (D;) lamp in the 300-200 nm
wavelength range (UV). Two different types of detectors were the PbS cell for near-
infrared and the photomultiplier tube for ultra violet radiation ranges. The switching
between these two detectors was done at 850 nm. A baseline correction was performed
prior to each measurement. The sample scan was normalized with respect to the empty

reference (Fig. E.1.2). The sampling interval was 0.5 nm.

Photomultiplier
Reference cell W Halegen lamp

Monochromator - : \E

D lamp

PbS cell Sample cell

Figure E.1.1. The measurement set-up of the UV—VIS—NIR spectrophotometer.
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Sample Reference

b

Figure E.1.2. The sample holder for the spectrophotometer. The sample was stuck

vertically to the frame on the left, and the frame on the right was left empty for
reference measurement. The beam passed through the hole inside each frame.
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E.2. Results

The ZnO films were highly transparent (Fig. E.2.1) with the percent transmittance
(%T) ranging from %74.809 to %89.203, depending on the deposition conditions and
post-deposition treatments (Table E.2.1). The optical spectra results were compared as a
function of Ty, p, and Py, in Fig. E.2.2—E.2.7. The %7 amount at 600 nm, the maximum
%T value (%7Tmax), and the wavelength at % Tmax (Amax) are presented in Table E.2.1. The
Amax Values shifted to higher wavelengths as 7 was decreased or either p or Py was

increased.

It should be noted that %7}« of the uncoated glass substrate was %91.389, and it
was reached at 544 nm. Among the film samples, the closest %7 to that of the bare
substrate was reached when the film was annealed immediately after the deposition in
the deposition chamber at 200 °C under vacuum for 30 min (Set 11; %90.857 at 545

nm). No linear relationship could be
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Figure E.2.1. Transparent ZnO film on glass substrate.

Table E.2.1. Variation of residual stress in the (002) plane depending on the deposition
conditions for ZnO films on glass substrate. See Table 3.1 for sample labels. For ease of
comparison, the compressive stresses were listed in decreasing order. ocawe Wwas
calculated from Eq. 3.16a with the data from the (002) XRD peak for each sample. The
error range is £0.55 GPa.

Sample I,(C) P (W) p (mbar) at gg’ﬂTnm 70 Tmax at %; g (nm)
Glass substrate 91.051 91.389 544
Set9 200 125 0.02 80.513  90.462 518.5
Set8 200 125 0.2 83.432  89.737 530
Set5 200 125 0.4 86.157  89.709 648
Set2 200 100 0.4 84.554  89.317 705
Set7 RT 125 0.2 87.585  90.479 563
Set4 RT 125 0.4 84.499  89.789 657
Set3 RT 100 0.4 77499  89.038 848.5
Set10” 200 100 0.2 74809  84.425 411.5
Set11” 200 125 0.2 89.203  90.857 545
Set8-Ann. ' 200 125 0.2 80.614  88.696 848
Set10-Ann."Y 200 100 0.2 83.360  84.984 996
Setl1-Ann.” ™Y 200 125 0.2 85.190  87.941 465

30 min annealing at 200 °C under vacuum in the chamber.
30 min annealing at 200 °C in O,:Ar (2:5 v/v) in the chamber.
¥ 6 h annealing at 600 °C in air after deposition.
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Figure E.2.2. Optical transmittance as a function of substrate temperature during
deposition, at p = 0.4 mbar and Py = 125 W. The T values were 200 °C (Set 5) and RT
(Set 4). (The shaded area represents the transmittance of the glass substrate.)
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Figure E.2.3. Optical transmittance as a function of substrate temperature during
deposition, at p = 0.4 mbar and Py = 100 W. The 7 values were 200 °C (Set 2) and RT
(Set 3). (The shaded area represents the transmittance of the glass substrate.)
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Figure E.2.4. Optical transmittance as a function of chamber (argon) pressure during
deposition, at 75 = 200 °C and Py = 125 W. The pressure values were 0.02 mbar (Set 9),
0.2 mbar (Set 8), and 0.4 mbar (Set 5). (The shaded area represents the transmittance of
the glass substrate.)
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Figure E.2.5. Optical transmittance as a function of chamber (argon) pressure during
deposition, at 7, = RT and Py = 125 W. The pressure values were 0.2 mbar (Set 7) and
0.4 mbar (Set 4). (The shaded area represents the transmittance of the glass substrate.)
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Figure E.2.6. Optical transmittance as a function of RF power during deposition, at 7 =
200 °C and p =0.4 mbar. The Py, values were 100 W (Set 2) and 125 W (Set 5). (The
shaded area represents the transmittance of the glass substrate.)
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Figure E.2.7. Optical transmittance as a function of RF power during deposition, at 7 =
RT and p =0.4 mbar. The Py values were 100 W (Set 3) and 125 W (Set 4). (The
shaded area represents the transmittance of the glass substrate.)
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Figure E.2.8. Optical transmittance as influenced by annealing. The deposition
conditions were: T = 200 °C, p = 0.2 mbar, and Py = 125 W (Set 8). The film sample
was treated in the chamber at 200 °C for 30 min in O,:Ar (2:3 v/v) atmosphere (Set 11).
Post-deposition annealing was applied in air at 600 °C for 6 h to both the as-deposited
and the in-chamber annealed samples. (The shaded area represents the transmittance of
the glass substrate.)
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