CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, the theoretical aspect that involves the properties of zinc oxide and the
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Figure 2.1: Unit cell of ZnO crystal. Small circles are zinc atoms and large circles

represent oxygen atoms.



Table 2.1: Properties of wurtzite ZnO [3,4].

Property Value
Mineral name ) zincite
Energy gap (eV) 3.4 (direct)
Melting point ('C) 1975
Melting point of metal ('C) 420

Heat of formation (eV)
Dissociation energy (eV)

Density (g/cm’)

Refractive index

Dopants ; i, Sn, F, Cl

Lattice parameters at 300" (g =R Y 2: 0.52069

Linear expansion coe { c: 0x10°

Intrinsic carrier concentifitiog e ; ) Ny n—type doping>10* cm’

mnax p-type doping <10 cm

As typical represenmves of compound semicondt tors shown in Fig. 2.2,

conductivity in ZnO carfl afise 26[1),1, xﬁnsw (dopants) charge
carriers. If th naﬁ f}i ntrinsic or extrinsic
dopants (see the dashed—cxrcle in Fig. 2.2), its resistivity is very high (of the order of
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transpar cy in the long wavelengths region (photon energies less than the bandgap)
is very high due to low free carrier concentration. Nevertheless the low resistivity can
be achieved in two ways:

(1) Creation of intrinsic donors by lattice defects (oxygen vacancies or Zn
interstitial atoms).

2) Introduction of extrinsic dopants of group III elements such as Al, Ga

with one addition conduction electron on Zn sites.



The first way can be achieved during the deposition by carefully adjusting the
oxygen partial pressure and the deposition rate, or a reduction of the oxide after
deposition, by annealing under vacuum. This can cause some oxygen atoms missing
from suitable sites in the crystal structure. This kind of defect is called the oxygen
vacancy. Furthermore some Zn atoms may be located between the lattice sites. This

type of defect is called the zinc (Zn) interstitial atom. Both defects are referred as the

intrinsic donors. Electrons genera \ \u : ! thgloxygen vacancies and the Zn interstitial

atoms primarily dominate. the: teristics of ZnO. The attained

resistivity is typically in the-ordeirof > 40’ . However, it has been found
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cher temperatures due to the
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Figure 2.2: Structure of ZnO compound showing intrinsic defects and extrinsic

dopants.



For the second way, these dopants are called extrinsic donors. The attained
resistivity is in the order of < 10° Q-cm [21-24]. The electrical conductivity of the
Al-doped ZnO films is higher than that of the pure ZnO films, due to the contribution
from Al ions on substitution sites of Zn ions, as well as from oxygen vacancies and
Zn interstitial atoms but transparency near infrared may be lost due to increasing of

free carrier concentration.

2.3 Preparation Met
ZnO thin films can be/' y | Var u\‘\\\‘t such as chemical vapour

deposition, pulsed laser Lmagnetron sputtering. Among

these methods, the m by several advantages [3]: (1)
low substrate tempe ) good adhesion of films on

substrates; (3) very gog c ) atively large area and high
density of the films; (4)4dir, tﬁ ! e on' f1 .\ emental (metallic) targets by
reactive sputtering in reag A5~ mixi L (5) scalability to large areas.
Therefore the magnetron sputter. ngis the-

Zn0 or ZnO(Al) ﬁl

idely used technique for preparing

et n target is used in argon

and oxygen gas amf y;., r’ of targets are applicable
according to the Al dfﬁng cthe 1s the co sput@ing of an Al metallic target
and a pure ZnO cerangc target, the o r is the conventional sputtering of a

ZnO+ALO; cﬁnu &j;q WW? w x&}qoﬂ §>orts concerning the

influence of argén gas pressure, sputtenng power substrate tem rature oxygen

e TR T T e




Table 2.2: Compilation of electrical parameters of ZnO films prepared by magnetron

sputtering.
Films  Reference Target Tap P Method? P n 24
(year) (C) (Pa) (Q-cm) @) (emYvs)
ZnO Gaoeral [18]  ZnO - 066 DCMS 3.7x10° - -
(2004) ' 133  DCMS 10° - -
Zno Ondo-Ndong et Zn N RFRMS 102 = -
al [19] (2003) . '
ZnO Uthanna et al e — RFR 4.0x10" = -
[20] (2002) 4 »
‘ ZnO(Al)  Song et al[lét/ ) ).2 . 2.7x10™ _ _
(2002) ‘ N
ZnO(Al)  Igasaki et al 2.5x10*  8.0x10% 20
[21] (2002)
ZnO(Sc)  Minami et al 3.1x10*  6.9x10% 29
[25] (2000)
ZnO(AD)  Ellmer et al 5.7x10*  3.5x10% 31
[22] (1998)
ZnO(Al)  Jiger etal [23] Zn: Al DCRMS  42x10*  2.6x10? 57
(1998) "~ 77300 RMSS g 0x10* g9x10® 32
ZnO(Al)  Park etal[.7x10-4 7.5%10% 15
(1998) = pri
ZnO(Al)  Martinez et al = Zn: Al 2 at% 380 6.0x10*  4.0x10%® 29
[241(1997)  Za@uAl 10°  3.0x10% 11
AuBINERINging”
ZnO: ALO, 200 - o><10“‘ 3.0x10% 17
AR aqmm UM AWNYAR oo

2 wt%

*DCRMS is DC reactive magnetron sputtering, RFRMS is RF reactive magnetron sputtering, ACRMS
is AC reactive magnetron sputtering, RFMS is RF magnetron sputtering, and DCMS is DC magnetron

sputtering.

®No external heating. '



2.4 Principles of Sputtering

Sputtering is a physical phenomenon involving the acceleration of ions, usually Ar”,
through electric field and the bombardment by these ions on a target or cathode. The
momentum is transferred from ions to atoms of target, possibly leading to the ejection

of one of these atoms. This process is known as sputtering. After sputtering, the atoms

many atomic or molecularayersof ta gct 161 the substrate can build up. The

hicl m\\- a thin film and the process is

coating, which is genera

known as sputtering depqogifioy

2.4.1 Ion-S

Let us consider w nock on the surface of the target.

One or all of the following pienomes: ur (Big. 2.3):
o

Sputtered
Atoms

Bombarding Ions

May be Implanted
Collision May Terminate or  Result in The Ejection
Sequence: Within The target Of A Target Atom
(Sputtering)

Figure 2.3: Interactions of ions with surface [26].
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(1) Thé ion may be reflected, probably being neutralized in the process.

2) The impact of the ion may cause the target to eject an electron, referred
to as a secondary electron.

(3)  The ion may become buried in the target. This is the phenomenon of
ion implantation.

(4)  The ion impact may also be responsible for some structural

rearrangement in the target mate ..~ 3\

5 The ion impact of collision between atoms of the

sputtering

2.4.2 Mec

The sputteri 0. dome simp ¥, be compared to a model of
atomic billiard as sho : ﬁ\ © bombarding ion) strikes the
arranged pack of ball ( i /-of ic ta i\ esulting in the scattering of the

back towards the player (out of

the target surface). The model :“""1_3:.4_{ ering process. The billiard model is

not too unrealistic, however the interatomic enerey is stif} ¢ eglected. Nevertheless, it
——

: y
can somewhat explaind the“other models.
-

A ‘LJEJQ#I%? ?

Cue Ball

awmﬂ-@m?nwmaﬂ
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P

Figure 2.4: Sputtering—the atomic billiards game [26].
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2.4.3 Glow Discharges and Plasma

Considering the simplified sputtering system shown in Fig. 2.5 (a). The target
is a plate of materials to be deposited. It is connected to the negative terminal of a DC
or RF power supply, and is known as the cathode. The high voltage is applied to the
cathode. The substrate that faces the cathode may be ground, electrically floating,

biased positively or negatively, heg oled, or some combination of these and

generally called the anode. A 2Ad0ad of the chamber, a sputtering gas,
typically argon gas is introduced: as , eé\ich a discharge is initiated and
 sustained. \
When the vo ied lectrodes, the electric field
(E= V/d ) is generat catho tance. A very small current
. el
flows at first due to a i iers in system. The initial
charge carriers (primary ﬁ : osmic ray. As the voltage is
i
increased, sufficient erergyfis I : articles to create more carriers.
This occurs through ion ¢6lligion i ne as atoms.
ABIA
p Anode V)
| )
Gloﬂsu%J . E-lhls]lﬂgj 7g
U
. EEYS — DO é13.56
PRI 0 | o
——  Insulator ‘
-V (DC)
Sputtering  Vacuum Sputtering | Vacuum
gas gas
‘ Matching
@) (b) network

Figure 2.5: Schematics of simplified sputtering: (a) DC, (b) RF [27].
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Figure 2.6: The voltage #f eléc i dites—vseci \\\\H\ of DC glow discharge [17).
With charge increases rapidly, but the voltage,
limited by the output of ghe ,P iy, remai onstant. This is known as the
Townsend discharge and t} iant vel s Called breakdown voltage ( Vg) as

shown in Fig. 2.6.

Large numbei ated through avalanches.

Ultimately, with en -‘f afe€ becomes self—sustaining.

The gas begins to glo “ he voltage drops, accompanie -"r h increasing in current. This

stage is a normal dischgﬂﬂs more powerdig ﬁlied, he bombardment increasingly
&

spreacs over Bl abrrohe b b e

further increase dn the power results in higheryoltage and curpent density. The

o GG B HAD B 2 e oo

for sputteting process.

t@ensity is achieved. A

2.4.4 Collision Processes

Collisions between electrons and all other species (charged or neutral) within
the plasma dominate the properties of the glow discharge. The collisions can be either

elastic or inelastic, depending on whether the internal energy of the colliding species
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is preserved. In the elastic collision, only kinetic energy is interchanged, no atomic
excitation occurs and the potential energy is conserved. The well-known result for

elastic binary collisions is [27]

E 4M M
—Z=—-1_2 cos’9, 2.1
E (M, +M,)

where 1 and 2 refer to the two pait M, and energy E, (i=1,2). Here we

assume that M, is initially Stationa : des with it at an angle @ defined
by the initial trajectory i' ne joi ing their centers at contact. The quantity
nction. For example, the
collision between a ma andfa stationary gasimolecule (M, << M), the
energy transfer functio dmalcly 4 M /1 hat is, small kinetic energy is
transferred in the collisio slectior ¢ massive gas atom.

Now, consider inelastigicallisio S “the'change in internal energy (AU ) of the
struck particle must now be mite - fi ' ithe K adition requiring conservation of

energy. The maximum fraction Ofkinetic-energy transferred is given by [27]

(2.2)

where v, is the initial vi)ocny of pamcle ., For the inelastic collision between an

electron and ﬂ flﬂlﬁle’}}?ﬂ fop 82 ﬁAw(@)ﬂ F<3. which mean that al

of an electron’s fietic energy can be‘transferred to.the heavier spegigs in the inelastic
QW AININUNNTINEA Y

The diversity of inelastic collision and chemical processes that occur in
plasmas are summarized as the followings [27]:
(1) Ionization. The most important process in sustaining the discharge is electron
impact ionization. In this process, a bound electron in an atom is ejected. A typical

reaction is

e +Ar —> Ar' +2e". (2.3)
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By this multiplication mechanism the glow discharge is sustained. The reverse
reaction is known as a recombination; an electron combines with a positive ion to
form a neutral atom.

(2) Excitation. In this process, the energy transferred to the bound electron is less as
compared with that of the ionization process. It enables the electron to Jjump only to a

higher energy level. This process is known as excitation. An example is

+e . (2.4)

(3) Dissociation. In dissoes: roken into smaller atomic or

molecular fragments suc

(2.5)

(4) Dissociative ionizatior Iring,. dissociation 1e of the excited species may
become ionized, e.g.

S+ (2.6)

(5) Electron attach e ccomes negative ions after

capturing an electrof

.II
|
W

e + SF° — SF;. 2.7)

© mssmﬂtu@:a NYNINYINT
ARIMNIAINTINGIRY e

@ Symx%etncal charge transfer. The probability of collision leading to exchange of
charge, e.g.

A+A" 5 AT+ A (2.9)
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(8) Asymmetric charge transfer. Similar to process (7), the probability of collision

leading to exchange of charge between unlike system, e.g.

A+B" > A" +B. (2.10)

(9) Metastable-Neutral. When a metastable atom collides with a neutral, the neutral

ergy is less than the excitation energy of the

can become ionized if its ionization

excited atom:

(2.11)

10) Metastable—Metas Zatior

\

The processes. (1) ff ’ \\\ .

(2.12)

n the overview of the grow
discharge and the othér p (10)) are observed in reactive

sputtering, plasma etching sygfem, i iif 2 not Being interested in this work.
s 'i.--_'_.l'

2.5 RF Magnetron
RF sputtering was i cd 7 0siting nsulatmg thin films. This

technique uses an altema:;ng voltage power supply at RF frequencies ranging from 5

to 30 MHz. ssing by the Federal
Communicau]:ﬂ m:;nm?mdelmme basic feature of a
magne is ﬁ met (cathode).
This is ﬁﬁé mﬁfﬁﬂﬁ‘l 11 agnetic field

strength 1s adjusted in such a way (about 50 to 200 mT) that the electrons are
significantly influenced by the magnetic field while the ions are not. The electrons

perform cycloidal orbits in the crossed electric and magnetic fields, leading to very

high ionization efficiency.
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2.5.1 Electron Motion in Parallel Electric and Magnetic Fields

When a mégnetic field of strength B is superimposed on the electric field E
between the target and substrate, electrons within the dual fields environment

experiences the magnetic force in addition to electric force, i.e. (Lorentz force)

(2.13)

Consider the cas as shown in Fig. 2.7 (a). When

the electrons are e urface and parallel to both
fields, only the electzig®ficld : c§ them tow: e anode. Next consider the
case where the E field o : d as shown in Fig 2.7 (b). If
the electron is launched ffor; Y v at an angle & with respect
to B, it experiences a f@rcd gwB&HS" 1 the direetion perpendicular to B. The
electron orbits in a circul rr=mvsinl9/ gB. The electron
motion is helical and spiral wi -= ant ve vcosé.

For the case Whef€ B ' ofiaj in Fig 2.7 (c), when the

electrons are launc V-Q—— F n: Wi constant radius occurs,
but because of electr(ﬂacceleration in the E field, thEpitch of the helix lengthens
with time. With,the tim ing F fi lj situation further and
electron spiralﬂf%dlﬁzﬁﬂﬁmﬂﬁmc fields prolong the
electron resideﬁ!e time in the plama and thus, enhance the @pfobability of ion

coltisicnd P Tedch & ﬂg‘i%&éeﬂaﬂ% ap] Pdred§)sgiher deposition

rates. 9
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Figure 2.7: The effect of E and B on electron motion. (a) Linear electron trajectory

when E//B (6=0); (b) Helical orbit of constant pitch when B #0,E =0, @=#0);
(¢) Helical orbit of variable pitch when E// B (6 # 0 ) [27].
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2.5.2 Electron Motion in Perpendicular Electric and Magnetic
Fields

In magnetron, electrons ideally do not even reach the anode but are confined
near the target surface, increasing the ionizing efficiency there. This is accomplished

by employing a magnetic field oriented parallel to the target and perpendicular to the

bent in an orbit back
orientation of target

because ionization of p1t.

MAGNETIC
FIELD

ﬂUH’J“fIEJWiWEI’]ﬂ‘i

Figure 2.8: “pplled fields and elfctron motion m the plasma rgggnetron [27].

o AN FUNRIINYAY

ormatio

In the sputtering deposition, materials arrive at the substrate are mostly in the form of
atoms or molecules (Fig. 2.9). The deposited atom diffuses around the substrate with a
motion determined by its binding energy to the substrate and is influenced by the

temperature of the substrate. The atom will either evaporate from the surface or join
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with another diffusing single atom to form a doublet, which is less mobile but more

stable than the single atom.

(a) Single Atom Arrives

(b) Migration R

-

, i
“Islands” of

Atoms

7

Substratg S

T—

(e) Growth

Islands
Growing

Figure 2.9: Formation of thin films [26).



20

The opportunity of forming the atomic pair depends on the single atom density
and hence on the arrival or deposition rate. In time, the doublets will be joined by
other single atoms to form triplets, quadruplet and so on. This is the nucleation stage
of thin film growth, leading to the formation of quasi-stable islands, each containing
tens or hundreds of atoms. During the island growth stage, the islands grow in size

rather than in number. When they grow large enough to connect to each other, this

stage is known as the coalesce stag e, coalescence proceeds until the film

reach uniformity, but this may not occ & cases until the film is several
hundred A in average thicknesSm— i‘"‘ﬁ

During the island"8§tas 1S ‘ S USU l\' gle crystal or contains just a

AN
random. On a single &

the substrate structure #0 iaif o _' ": 1\5 i
phenomenon of epitaxy g Y A » \

greater opportunity of finding low

few crystals. On a pe ion of each island will be
ons may be determined by

crystal film. This is the

energy position, consistent ¥y 7., £1¢ in the growing film. But since it also

takes time to ﬁnd an energetit attice position, therefore the crystal

J v TN
v dep 081t evertheless, we can enhance the

growth is also enco age :
formation time of !"' _-_:?'“m"'—"'““"""‘ i perature, in which the

mobility of atoms is em emperature and low deposition

rate lead to large and” mform film thlckness All of e relationships above, the

Z::;:iilsof tF‘ ﬁvg ﬁlwﬂ ﬂw E)]tlelrﬂ?nsmve to deposition
QW']%Wﬂ‘ﬁﬂJ UAIINYIA Y
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