Chapter 2

Theoretical Background

The theoretical aspectssrelate it iti zinc oxide thin film and its
agnetron sputtering, which
is the method of thi I prgparation i this re , will be also explained for

some details on thegmr | principles, ie o, sputtering system itself, the

Zinc oxide (ZnO) i@ II-VI compound onductc@'natenal with wide and direct
band gap of wurtzit€ gtructure. The gpystal structure is depicted in Fig. 2.1.
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intrir$ic (defects) or extrinsic (dopants) charge carriers.

If ZnO thin film is prepared intrinsically, i.e. without intrinsic or extrinsic
donors, its resistivity is very high (on the order of > 107 Q-cm) [19]. ZnO with
perfect crystal structure behaves as an insulator. Thus, low resistivity ZnO thin
film which is required for the application such as transparent electrodes can be

achieved in two ways. One way is the creation of intrinsic lattice defects which
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9 Dopants B, Al, In, Ga, Si, Sn, F, Cl
Crystal structure hexagonal, wurtzite
Lattice paremeter (A) a: 4.260, & 5207

Thermal expansion a (300 K) (K™!) | ¢ 2.92, Lc: 4.75

Table 2.1: Properties of the ZnO material [19]



are oxygen vacancies or zinc interstitial atoms. Another way is the introduction
of extrinsic dopants which are usually metal atoms in group III elements on zinc

lattice sites.

2.1.2 Defects and Dopants in Zinc Oxide Structure

Usually the crystal structure of prepared ZnO thin films is not perfect, but contains

eing the intrinsic donors are oxygen

vacancies and zinc interstitial s ) Qma’cicaﬂy shown in Fig. 2.2 at
(1) and (2), respectivel; ah o Wissing from a particular site.

This defect is referre vacan another situation, a zinc atom
may be located betw: hus called a zinc interstitial
atom. These defi s because they play the role
as dopants from i duction characteristics of non-
doped ZnO are prima nerated by oxygen vacancies and
interstitial zinc [2, 19] d by ZnO thin films depend on the

However, -dope: ) 5 a High resistivity because of a

sration. Thus, the introduction*ef impurity atoms or extrinsic
dopants, %ﬂﬂ o improve the electrical
propertles ﬂﬂ)ﬁoﬁ mep (E’]d)jﬁin be located at normal
lattice sites of zinc in which casé'they are called substitutionalimpurities. An effec-
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electncal behavior of the ZnO thin films can be improved by doping with group III

low carrier conce

elements, which have higher number of valence electrons. Group III elements, such
as B, Al, Ga and In, are well known to act as an effective n-type dopant in ZnO
[16, 20]. Then, the resistivity in the doped ZnO film can be lower than that of pure
7nO film due to the increase of carrier concentration from these dopants known as

extrinsic donors.
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2.1.3 Ga-Doped Zinc Oxide (GZO) Thin Films

The most common dopants are elements from group III. Ai has been mostly used.
Nevertheless, Al presents a very high reactivity leading to oxidation during the
growth process, yvith a deterioration of the electrical properties [20]. Ga is somewhat
less reactive and more resistant to oxidation compared to Al [14, 17, 20]. Recently,

Ga doping is more interesting,

its electrical and optical properties and

Ga-doped ZnO (GZO) thi { /se as transparent conductive oxide
(TCO) in several op s >

In addition, a damp-heat tes ichn easures the change of thin film proper-
ties under high relat Doy or a long time, of the sputtered
Ga-doped ZnO films ound that the films had good
stability of electri grtjes and si all change of sheet resistance
compared to B-dopéd ZnOfthir : rﬂ S OCVD technique. Moreover
GZO thin film was confirme i Q * ity resistance than AZO by mea-
suring the change of sh mmme af outdoors for two months in winter
[18]. Furthermore, it was Wh ) ormation of ZnO lattice is minimized
in the case of hl@ Ga concentrati e main reasons why Ga has
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[21, 22]. In addition, the ZnO thin films prepared by this technique are also nontoxic
and relatively easy to fabricate. Sputtering is a physical vapor deposition (PVD)
process involving the removal of materials from a solid cathode. This is achieved
by bombarding the cathode with positive ions emitted from a gas discharge. The
subsequent collision knock loose, or sputtered, atoms from the material when ions

with high kinetic energy are incident on the cathode. The process of momentum



transfer from impacting ions to surface atoms forms the basis of sputter coating.
Sputtering was cieveloped to deposit refractory metals or materials, which could not
be deposited using the thermal evaporation techniques [23]. Today, sputtering has
been developed into a versatile deposition technique that is able to deposit wide

range of materials.

2.2.1 Plasma Glo

—

Glow discharge is the susia e 1af,_atoms or molecules are ionized
by electrons containi fre AS glow discharge process can be
produced by supplyi j 0 e tw - irodes in vacuum chamber. The
simplest sputtering ; ‘ -' l ow discharge sputtering. The
simplified sputtering S . miiniFig. 2.3. The target is a plate of materials

to be sputtered. : 5 lie neg e terminal of a DC power supply,
then the target is al Ehe ,:;r le which is applied by high voltage (3—5

kilovolts). The substrate @ the ca

the chamber, r-,:. typically argon. troduced as t edium in which a discharge

de is grounded and generally called

vacuum chamber. After evacuation of

is initiated and

When the volg;ige is apphed to the cathode the electric field is generated

between tﬁ ﬁ EﬁF Tlc?st because of the small
number of dnitial charge carrlers that are prlmary el ns from stimulation by

A mmaﬁm'ﬁ“m

the cathode that release the secondary electrons, and by impact ionization of neutral

gas atoms. The current increases rapidly with charge multiplication but the voltage,
which is limited by the power supply, remains constant. The voltage in this regime
is called “breakdown voltage (Vg)”and this regime is known as the “Townsend
discharge”, as shown in Fig. 2.4. Large number of electrons and ions are created

through avalanches. When enough of the electrons generated produce sufficient
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discharge system [25]
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ions to regenerate the same number of initial electrons, the discharge becomes self-
sustaining. The gas begins to glow and the voltage drops, accompanied by increasing
of current. This stage is called “normal glow”regime. When more power is applied,
the bombardment of the cathode increasingly spreads over the whole surface until
a nearly uniform current density is achieved. The increasing power results in higher

ters into the “abnormal discharge”regime that

voltage and current density. This
is an operative domain for : ss because of high discharge current

density and the abilit [ i by power supply. However, the

@iﬂts due to thermionic electron

low-voltage will decrease d

ermnission. N

2.2.2 Collisi

Collisions between €lec

iding species is preserved. In an
elastic collision, the billiazd ball niodelis exemplified that only kinetic energy is
Th : servation of momentum and

atomic excitation and the po-

2 colliding species, which basma@
N LRV T e s
mansduianesy @

where i and t refer to the two particles of mass M;; and energy E;;. Assume M, is

kinetic energy o

tential energy oft resides within their electronic

initially stationary and M; collides at an angle § defined by the initial trajectory and
the line joining their centers at contact. The quantity 4M;M;/(M; + M)? is known
as the energy transfer function. Consider a collision between a moving electron and
a stationary gas molecule (M; << M;), then little kinetic energy is transferred in

the collision of the light electron with massive gas atom.



12

M, which is struck - ’ > -' wiaust be explained in the condition
requiring conservati of kinetic energy of particle M;

that can be transf

of [24]

. iticle M; has a maximum value

(2.2)

where v; is the initial yelo )3 or the inelastic collision between

an electron and gas mo ul ‘i of an electron’s kinetic energy can

be transferred to the heav1 spec
) = J“" .# Lr‘ A )
electrons, various, o 0Ims aolecules, and photons. Inelastic

: glow discharge environments contain

collision lif ons are aomina;

discharge. These @po Lant

g the behaviour of the glow
S owﬁs the followings [24, 26].

Tonization. Phesmost important.process in sustaining the glow discharge is

s e b} XA e 1719
amaﬂnimﬁﬁ*ﬁ‘ﬁmaa ‘”’)

The rimary electron removes an electron from the atom, and then the positive ion
and two electrons are produced. The two electrons can produce more ionization.

By this multiplication process, a glow discharge is maintained.

Recombination. It is the reverse reaction of ionization process. An electron

combines with the positive ion to form an excited neutral ion.

e” + Art — Ar'. (2.4)



13

Excitation. In this process, the energy of bound electron jumps to a higher
energy level within the atom which is collided by an incoming electron. The energy
of incoming electron is not enough to ionize a neutral atom. However, it has enough
energy to excite a bound electron in an atom from the ground state to the excited

state.

6"+ Ar— Ar" +e”. (2.5)

Relaxation. The el n in ted (unstable) state returns to the

ccompanied by the emission of a

photon (7y) of whic diffe il energy between the states.
(2.6)
This process happ on or excitation process. One
of the immediately ischarge is that it glows. This
glow is due to the rel nolecules. The frequency of photon
depends on energy leve eCtron-ani
The a.bove-a four Lc_:_, ¢ B pbrocesses are used to explain the glow
discharge. Furthern ‘ther siofi processes and some of these

are important ¥ are not paid attention in this

2.3 ﬂuytgfé o‘:ﬂj&}s«l gIns
ARIAINIHUN)INAY

The analysis and design of sputtering process is an understanding of what happens
when ions collide with the surface of target [24, 26]. Some of the interactions and the
effects of energetic particles on a surface target that occur are shown schematically in
Fig. 2.6 [19]. Each interaction depends on the type of ion, mass, charge, the nature

of the surface atoms involved and ion energy. The ion may be reflected, probably
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Figure 2.6: Depictigh of energetic pa * ardment effects on a solid surface

[19, 24]
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being neutralized in the process or implanted in the target. The electrons, usually
called as the secondary electrons, can be ejected from the target by the impact of
ions. The ion impact may also be responsible for some structural rearrangements
in the target material. It may also set up a series of collisions between atoms of
the target, leadi(ng to the ejection of one of these atoms. This ejection process is
known as sputtering. Several of these interactions have been widely used for thin

ion techniques [24].

collisions, reducing the need for se
ettt et

radiate a certain

applied t

et e bl cgeOh Ekrch{ v and th charge thot

builds up on a dielectric targetsis dissipated‘,_tllrough the poe'}ive half of the cycle.

o oY} Sl 53 b i e op el pt he coce. oo

RF gystem is the need for a matching network and RF power supply. The matching

The subs’ﬁe and dhataber walls are Held at ground potential. As the RF signal is
U

network is needed to match the impedance of the supply to the chamber in order

to maximize the power transfer from the power supply to a load or target.
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2.3.3 Magnetron Sputtering

In the sputtering system, the magnetron sources can be used to increase the ioniza-
tion of sputtering gas and generated electrons. A magnetic field controls the motion
of the electrons. The plasma glow discharge increases due to the change of path of

electrons under the magnetic field. The deposition rate is also improved because of

the increasing of plasma de

Parallel Magnetic

Consider what happen neti perposed on the electric field
E between the taffet ate. (Ble \ in the dual fields experience

the Lorentz force
B), (2.7)

where ¢, m and v are oloct 3 y s, and velocity, respectively. The

force quBsin 6 in Bi pendicular to B. .@e electron moves in a helical
path with a radiusgof.r = mvsinf/gB. The pitch of the helix lengthens with

time becaﬁ %IE} ’ﬂ %&H&]ﬁ w EJ @f}s‘jhown in Fig. 2.8. The

magnetic field prolongs the electgon reSIdence time in the plasma and thus enhance

SRRGF TSI YINBIN

deposition rates.

Perpendicular. Electric and Magnetic Fields

In magnetrons, electrons ideally do not even reach the anode but are trapped near
the target, enhancing the ionization [24]. This is accomplished by employing a

magnetic field oriented parallel to the target and perpendicular to the electric field,
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as shown schematically in Fig. 2.9. For example, this is practically achieved by
placing permanent bar, ring or horseshoe magnets behind the target with the south
pole at the center of the target and the north pole in a band at the edge of the
target. Hence, the magnetic field lines first emanate normal to the target, then
bend with a component parallel to the target surface and finally return to complete

the magnetic circuit. Electrons emitted from the cathode are initially accelerated

agnetic field confines the electrons

to a circular pa”ch o) By suitable orientation of the

target magnets, the t o occurs within the track where the

electrons hop aroun \because. 10 ion of the working gas is very
intense above it. 4 | \

2.4 Thin Sr ion by RF Magnetron Sput-

tering

"Puttering

A typical RF maﬂetron put er deposition systenmas shown schematically in Fig.

2.10, mai ﬁ consists ©f a vacuum chdmber, pressure guages, a sputtering source
e

b fumelefbiiic o KAeitand fdt and o pumping systen.

Depos1t1on pressure is controlled by the rate.of gas passmg@to the chamber. By

@stﬁ e ol Vil el Rmointained. The

pu ing system may be the combination of a turbo molecular pump, or a diffusion

with mag

pump and a rotary pump. The inert gas, usually argon gas, is then ionized by using
high potentials at the source. The RF power supply is used for this glow discharge

system.
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The sputtering is a depositi& a‘:f:, thi hin: nde glow discharge system. The large
difference in potential between ] e cledtre orms a plasma, caused by ionization

of the argon atoms, This ionization results in-a-negatively charged electron and
positive ion pair, -whe net fieutral charge. The positive
ﬂ ed by the electric field, result-
ing in a m target is bombarded by
high enerﬂ ﬂm ﬂaﬁmgﬁﬁﬁ ring of the target atoms.
Tlﬁ ﬁe e momentum and Minetic energyefrom ionized ioms, and then they can

of tatﬁgﬂ jfm”li.l m']@etm& ’q,.ae Bmed a coating on

q
the substrate.

charged ions are attracted to the target and accele

2.4.3 Sputtering of Compound Materials

In this research, all samples were prepared by sputtering of ZnO target which is the

compound material target. Thus, the sputtering of a chemical compound target is
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considered. This target is -‘f molecular species and atoms. In the

RF sputtering of m ' s ﬁ metal oxide molecular ions
can be given b -Jp“.:

M+ + o0 i)

where M ‘E\f ecular 1ons M is numbers of atomic
metal ion ﬁ u ﬁ\ﬁ?j ﬁm he relevant M — O bond
strength, as shown in Fig. 2.1¢. More strongly bonded metal oxide ions are less
hlar wquasﬁnaeﬁ w %ﬁ qi% Wa&’ %@ %]to underestlmate
the relatwe concentration of the sputtered molecular ion. Figure 2.11. shows tha.t

the ratio of zinc oxide molecular ion is quite low because the bonding energy is

small. Thus, most species sputtered from the 7ZnO target are atomic ions.
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2.4.4 Thin Film Formation

In sputtering déposition, material arrives at the substrate mostly in the form of
atoms or molecules. The deposited atoms diffuse around the substrate with a
motion determined by its binding energy to the substrate [26]. The energetic atoms

will move or jump into adjacent sites on the substrate. After a certain time, an

e chance of forming the atomic pair
will depend on the si ition rate. In time, the doublets

will be joined by ot ngl€atoms to form ti ,quadruplets and so on. This is

islands. Each island costains/tens unc e s. During the “island growth
stage”, the island . They grow large enough to

touch each other. i8 the lesg stage”. There are often crystallographic

If surface™s :"“ opportunity of finding low

sonsistent with crystal growth, imthe growing film. It also takes
time to ﬁr favouramé lattice position. Crystal growth is also
encouragﬁiﬂ eiﬁ 1@@9 of polycrystalline films

growth, each island will contaifl one or a fe&crystalhtes ']&9 low deposition rate

i FVAE)n G AR B i

The structure of the growing film is found to be extremely sensitive to deposition

energy positions,

conditions.
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Figure 2.12: Formation.of a thin film [26}
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