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1.1 (iii) As antistatic coatings 

Antistatic coating on flexible substrate such are polyester or 

polymer are used in electrical contacts in liquid crystal. They 

are aiso used to fabricate instrument panels and packaging for 

delicate integrated circuits ~uring there transport and storage. 

In spacecrafts this type of coatings are used for antistatic 

purposes. Fild intensity fluctuations in the earth's magnetosphere 

and continuous irradiation of UV and other charged particles may 

differentially bias spacecraft areas to a dangerously high 

potential. By using this coating poperly uniformity of potential on 

the exterior of the craft may, therefore, be brought about. 

1 .1 (iv) As gas sensors 

The increasing interest in areas such as pollution control, 

detection of hazardous gases and monitoring of combustion processes 

has lent prominence to gas sensors based on metallic oxide thin 

films have become attractive owing to their simplicity and 

portabi 1 ity. Thin films of zno17l has shown promising results in the 

detection of gases such as co, co2, H2, H2S, a 1 coho 1 s and 

hydrocarbons. The basic principle plays in the gas sensing devices 

is that the films exhibit a change in electrical conductivity when 

a change in the ambient occurs. The change in conductivity can be 

either due to direct transfer of electrons from the absorbed gas to 

semi conductor or due to a reaction of the absorbed gas with 
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polaron mass mP = 0.27 m. The room temperature lattice scattering 

mobility fits the data quite well with experiment and was computed 

from the combination of optical and acoustical mode scattering(40l, 

2.6 (iii) Optical 

The optical properties of ZnO thin films have been studied by 

different workers. Mol lwo( 41) measured absor·ption co-efficient of 

thin layer of ZnO formed by evaporation. A very steep increase in 

the absorption constant was found to be about 3. 2 eV at the 

wavelength of 385 x 104 A. ZnO thin films exhibit a direct optical 

band-gap of 3. 3 similar to that observed in bulk. High 

optical transmission (~ 85%) in the solar spectrum has been 

obtained in spray deposited films with resistivity about 

8 x 10-4 ohm-cm. Films with sheet resistance of 85 �o�h�m�/ %¡� deposited 

by magnetron spatteringf12 l exhibit a transmission of 90% in ·the 

spectral range from 4000 to 8000A. Jin et. al. { II) measured the 

transmission and reflection co-efficient of ZnO: .. A 1 films deposited 

substrate. The measurement was confined in the 

2000 A :5 104 :5 1 o5 A wavelength i nterva 1 , for which caF2 was 

transparent. In the luminous range the transmittance was high and 

in the UV films were opaque owing to absorption at the 

semiconductor band gap. The IR transmittance drop at 1 = 105 A for 
f 

zero A I content and at 1 = 0. 15 x 1 o5 A for about 2% Al. IR 

reflectance displayed a concomitant increase. Major et.al .( 42) 

studied the spectral dependence of the specular transmittance in 
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on temperature T as given by Arrhenius rate equation: 

r = a exp(-AE/K8T) . 3.4 

Where AE is the activation energy for the process and a is the 

frequency factor. 

( vii) Dependence of the deposition rate on substrate orientation: 

This 1s another important aspect of the film deposition process 

where kinetics has its role to play. The other kinetic effect in 

py ro l yt i c deposition is the effects of dopants in the case of 

semi conductor f i l ms growth rate{5) and the existence of metastable 

phases. It is important to keep in mind that while thermodynamics 

specifies what ought to happen in the reactor,the kinetics 

determine what actually will happen. 

3 . 8 FILM GROWTH ASPECTS 

The properties of thin film depend very much on their 

structure. So it is important to know the factors that govern the 

structure of the film. A brief discussion about the nucleation and 

formation of polycrystalline and amorphous thin films has been 

given in the following section. 

3.9 Condensation 

Generally thin films are prepared by depositing the film 

material, atom by atom, on a substrate. The best understood process 

of film formation is that by condensation from the vapour phase. 
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Condensation simply means the transformation of a gas into a liquid 

or soi id. Thermodynamically, the only requirement for condensation 

to occur is that the partial pressure of the film material in the 

gas phase be equal to or larger than its vapour pressure in the 

condensed phase at that temperature(6l 

However, this is true on~y if condensation takes place on film 

mater i a 1 al ready condensed or on a substrate made of the same 

material. In general the substrate will have a chemical nature 

different from that of the film material. Under these conditions 

still a third phase must be considered namely the adsorbed phase in 

which vapour atoms are adsorbed on the substrate but have not yet 

combined with other adsorbed atoms. 

Condensation is initiated by the formation of small clusters 

through combination of several adsorbed atoms. These clusters are 

called nuclei and the process of cluster formation is called 

nucleation. Since small particles display a higher vapour pressure 

than the bulk material under the same conditions, a supersaturation 

ratio large than unity is required for nucleation to occur. The 

process of enlargement of the nuclei to form finally a coherent 

film is termed growth. 

The modern theory of nucleation is based upon the atomostic 

nuc 1 eat ion concept( 3) which states that not a 11 surf aces have equal 

bonding characteristics. Those with strong bonds are particularly 

favourable nucleation sites. Again, after nuclei reach a certain 

size it becames energetically more favourable for them to grow 

than to reevaporate. The growing nuclei come into contact and 

finally coalesce to form continuous film. 

The sequence of 

continuous film as 

observat i oni i ,B) are -

the nuc 1 eat ion and growth steps 

revealed by an electron 

3.9 (i) The island stage 

to form a 

microscopic 

When a substrate under impingement of condensate monomers is 

observed, the first evidence of condensation is a sudden burst of 

nuclei of uniform size. Growth of nuclei is three dimentional. 

These nuclei then grow to form islands, whose shapes are determined 

by interfacial energies and deposition conditions. 

The growth is diffusion controlled, that adatoms and 

subcritical clusters diffuse over the substrate surface and are 

captured by the stable islands. 

3.9 (ii) The coalescence stage 

In a given distribution of immobile nuclei, the separation 

between neighbours is continuously decreased by their growth, when 

contact occurs the nuclei are said to have coalesced. The 

coalescence occurs in less than 0.1 sec. The character of 

coalescence is l i quid l i ke and en 1 argement of the isl ands occurs 

covering larger areas of the substrate. 
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The variation of crystallite size with the parameters 

mentioned above are shown schematically(9) in figure 3.2. From this 

figure the dependence of grain size on film thickness is that the 

larger grains are expected as the new grains are nucleated on the 

top of the o 1 d ones after a certain film thickness has been 

reached. Another possibility of getting larger gain sizes are 

expected for increasing substrate or annealing temperature because 

of an increase in surface mobility. Thus allowance is made to the 

film to decrease its total energy by growing large grains and 

thereby decreasing its grain-boundary area. Annealing at 

temperatures higher than the deposition temperature increases the 

grain size, hut the growth effect is signi ficantly different from 

that obtained by using the same temperature during deposition(IO) _ 

The dependence of grain size on deposition rate is less obvious but 

can be understood on the basis that film atoms just impinged on the 

surface, although they may possess a large surface mobility, become 

buried under subsequent layers, at high deposition rates, before 

much diffusion can take place(9). In order for this effect to 

operate, however, a certain minimum rate must be expected. Rather 

than this threshold rate, grain size is limited by temperature 

alone and above it the grain size is decreased more and more for 

higher and higher rate. 

Dependence of grain size of spray pyrolized ZnO thin film on 

the substrate temperature has been studied by Cossement et. al _(II ) 

and Chris Eberspacher et. al. ( 12) on the Sno2 and InP substrate 
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respectively, where it was observed that grain size increases with 

the substrate temperature. Variation of carrier concentration with 

substrate temperature can thus take pl ace. Nobbs et. al . ( 13) reported 

another evidence that the grain size of ZnO thin film increases 

with the film thickness. 

3.13 DEFECT STRUCTURE IN ZNO THIN FILM 

It is known that the physical properties of oxide films 

strongly depend on the deviation from the stoichiometric 

composition and on the nature and concentration of the foreign 

atoms incorporated into the host lattice. In undoped ZnO the 

imperfections are introduced either by.the Oxygen vacancies or by 

interstitial zinc atoms which act as donors and the material as a 

whole exhibits n-type behavior. 

In In-doped ZnO indium i ni ti a 11 y replaces Zn in the ZnO. 

lattice, while its role as a donor but above a certain dopant 

concentration, indium is no longer substituted in the lattice 

rather it is localized in the form of In (OH)3 in the grain 

boundaries(ll) 

In the case of Al-doped ZnO prepared by sputtering, the Al 

atoms are expected to enter substitutionally on Zn sites in the ZnO 

lattice so that they act as singly Ionized donors. Doping of pure 

ZnO is likely to be associated with Oxygen deficiencyl14l. 
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Where T deg is the temperature at which degeneracy starts and is 

termed as degeneracy temperature and ndeg, the carrier concentration 

at Tdeg is called degeneracy concentration (Concentration for the 

onset of degeneracy). This concentration is the demarkation line 

between degenerate and non-degenerate semiconductors. 

3.15 THE HALL CONSTANT, ELECTRICAL CONDUCTIVITY AND MOBILITY 

When a magnetic field is applied at right angle to the 

direction of current in a conductor, Hall effect is produced as 

shown in figure 3.3. In presence of a magnetic field, a magnetic 

force eB acts on the electrons having on average velocity v due to 

the current I . The force acts in the direction perpendicular to 

both Band v causes the electrons to deflect (for n-type materials) 

toward the surface of one side of the conductor. As a result of 

this an additional electric field EH is produced. Under equilibrium 

condition, the sideways force on the moving carriers due to this 

field just balances that arising from the magnetic field. 

The magnitude of the transverse Hall f i eld EH, is found by 

equating the sideways forces 

. 3. 7 . 

expressing v in terms of current density J and the conduct ion 

e lectron density n from the relation J = nev, we have EH, 

. ( 3. 8) 
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8 

Figure 3 .3: The forces acting on ct current carrier in a 

conductor placed in a magnetic field leading 

to the observable Hall field EH . 
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3.16 HALL MOBILITYµ AND ELECTRICAL CONDUCTIVITY o 

When the charge carrier 1s moving in an electric field E with 

the average velocity v then the Hall mobilityµ is defined as the 

velocity of electrons per unit electric field, i.e. 

µ = v/E . (3.12) 

Combining this with the Ohm's law o = J/E, using ,J = nev, the 

expression for conductivity is-

a = neµ 

(3.13) 

Due to thermal energies the electrons and holes in a 

semiconductor are set to rapid random motion and collide among 

themselves. If Tis the average time between such collisions then 

the rate of change of velocity is - v/T. In steady state condition 

this rate of change must be equal to the acceleration due to the 

field -eE/m* . Therefore 

eE/m* = V /T = µE/T 

(3.14) 

In this expression T has been assumed to be free from the 

electron's velocity v for simplicity. 

For semiconductor with spherical constant energy surfaces it 

has been found that over a cons i de rab le range of energies ( l7) 

(3.15) 
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Where r ,s a constant and may vary with temperature. The value of 

r is generally derived from the observed variation of mobi li'ty with 

temperature and is dependent on the scattering processes. So it is 

a fundamenta 1 prob 1 em in semi conductor physics to determine the 

exact nature of the dependence of Ton energy of the electrons. 

3. 17 VARIATION OF CARRIER CONCENTRATION WITH TEMPERATURE (FOR 
rxnnw-.1r. ~-.rM1r.0Nntlr.Tfm) 

The variation of electron concentration n (or hole 

concentration p) with temperature in extrinsic semiconductor have 

been considered in the following manner. We suppose that the donor 

centers are partially ionized so that n<No (or p<NA) where No is the 

donor density. In the case of n-type material, (N0>NA), the rate of 

loss of electrons from donor centres to the conduction band is 

proportional to the number of filled donors [N0 - (NA+ n)] and to 

the number of empty conduction bands states Ne, thus it is given by 

k1 NC (No - NA - n) 

where K1 is a constant of proport i ona 1 i ty. The rate of return of 

electrons to the donors is proportional to the number of electrons 

in the conduction band n and to the number of empty donor states, 

(NA+ n) each of which must be counted twice, however, as there are 

two possible ways for the electron to enter it (spin up or spin 

downl. This rate, is 

K2 n [ 2 ( n + NA ) ] 

At equilibrium these ratios are equal, so that 

n[2 (n-t-NA) 

Ne (N0 -NA-n) 
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(3.16) 

where k is the equilibrium constant, a function only of 

temperature. In the classical approximation it is given by 

where ( Ee - E0 ) 1s the donor ionization energy, Ee is the 

conduction band edge and 

Ne = 2(2rr m/ k8T/h2) 3/2 

is the effective density of states. For degenerate case, Ne given 

by 

considering the approximation to equation (3.16). If n<< NA, (3.16) 

reduces to 

(3.17) 

In a second approximation to (3.16) when n >> NA (3.16) reduces to 

2n2/Nc No= exp [-[Ee - E0)K8T) 

(3.18) 

The pre-exponential term of equation (3.18) slightly depends 

on temperature and is usually neglected. Equation (3.17) and (2.18) 

operate so long as the sample is extrinsic and remain outside the 

saturation or exhaustion range. In the exhaustion region, the 

supply of electrons to the conduction band is stopped because all 

the donor atoms are completely ionized and the electron 
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concentration remains, approximately constant with the temperature. 

In that case the concentration where the ( n vs. T) plot is 

horizontal equals the donor concentration N0. 

3.18 THE ACTIVATION ENERGY 

The activation energy which is related to the electron 

transport process in the material can be expressed by a 

conventional Arrhenius type relation-

(3.18i) 

Where Ea is the activation energy and a i s the electrical 

conductivity. For semiconductors the following two distinct cases 

may arise. 

Case-I 

3.18 (i) (For intrinsic semiconductor) 

The carrier concentration for n-type conductivity in i ntri ns i c 

semiconductor is expressed as 

(3.18ii) 

Where Nv and Ne are the carrier concentration in the valence and 

conduction bands respectively, and E9 is the band gap. At constant 

mobility, a is directly proportional to the carrier 

concentration, n 

(a=neµ) 

So the activation energy can be obtained by comparing equation 
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(3.18i) and (3.18ii) and is given by 

Ea= E9/2 = half the band gap ........ (3.18iii) 

Case-II 

3.18 (ii) Extrinsic semiconductor: 

Extrinsic semiconductor contains impurity atoms which create 

an additional impurity or trap level in the regular band gap. In 

this case, the activation energy can be obtained by comparing 

equation (3.17) and equation (3.18) with the equation (3.18i). Two 

cases may arise-

3.18 (iia) Uncompensated semiconductor: 

In this situation N0>n>>NA and the activation energy is 

obtained from equation (3.18) 

Ea = (Ee - E0)/2 = half the trap depth (3.18iv) 

3.18 (iib) Partly compensated semiconductor 

In this case n<<NA<N0 and the activation energy is 

Ea = ( Ee - E0) = the trap depth (3.18v) 

3.18 (iii) Compensated semiconductor 

In this regime the activation energy is compared with half the 

band gap because the semiconductors hehave like intrinsic material. 
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is bA1ng open at point C which is assumed to be at temperature T0, 

then the open circuit voltage v0 at C is given by 

If T2 = T1 +tT, when ~Tis small, we have 

or ( :3. 20) 

Where t.>30 1s Lhe thermoelectric power· of the mater i al ''a" with 

respect to material 'b' and indicates specific thermoelectric 

power. 

3.19 (i) Absolute thermoelectric power 

If Th (a), Th (b) are the thomson coefficients for the two 

materials then from thermodynamical argument(17l we have 

(3.21) 

If we choose the material bas one for which Th (b) = 0 (usually 

lead,Pb) the thermoelectric power relative to this material we 

write Qab = Qa , then Qa is sometimes ca 11 ed the absolute 

thermoelectric power. In this case we have 

dQ 
Th (a) =T--4 

dT 
(3.22) 
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3.20 THE POSITION OF FERMI LEVEL 

For a non degenerate n-type crysta 11 i ne . semi conductor with 

spherical r:onst8:nt energy surface under thermal equilibrium the 

thermoelectric power is given by i l8) 

(3.23) 

Here A 1s a constant that depends on the nature of the scattering 

process. When the energy is measured with reference to the bottom 

of the conduction band the equation (3.23) reduces to 

(3.24) 

Where EF is the position of the Fermi level in the band gap. Harry 

- al.! 19i e-i:. . have pointed out that A = 5/2 -r where r is the 

scattering index. 

According to Mott and Davis(IS) , for limited temperature range, 

the Fermi energy is 

(3 . 25) 

Where E0 is the low temperature limit of (Ee - EF) and corresponds 

to the activation energy equivalent to the band gap, and y is the 

temperature coefficient of activation energy. Substituting Equation 

3 . 2 5 in to 3. 2 3 















63 

(3.29) 

Where E is the dielectric constant. 

3.22 SCATTERING PROCESSES 

When the electrons move in a real crystal, they suffer 

numerous collisions among themselves as well as with the lattice 

phonons, impurities and imperfections resulting in a phenomenon 

known as scattering. The effect of any particular interaction i may 

be evaluated by calculating relaxation time Ti associated with the 

process. The overall free time T may then be expressed as 

(3.30) 

It is clear from this that the Scattering process which leads to 

the shortest free time Ti is the dominant one. Once the free time 

T is Known, the mobility may be easily determined. Process 

responsible for carrier scattering which in turn affect the 

mobility are described below briefly 

3 . 22 (i) Lattice Scattering 

The possibility of lattice scattering may either be by 

electronic potential resulting from optical polarization of the 

lattice or by acoustic lattice vibration that can create lattice 

deformation potential via Lattice dial ation or via piezoelectric 

polarization field. A number of theoretical physicists dealt with 
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optical scattering. Howarth and Sondheimer(2I) have given a very 

useful expression of the mobility for non-degenerate 

semiconductors. 

(3.31) 

Wl1 1::r t:J ~u ,~ L11e LJebye temper t1tur·t3, E Is tile dH:i 1EicLr 1c; constt1nt anLl 

E,, 1s the high frequency (optical) dielectric constant. For 

degenerate semi conductor, similar formula may al so be found. (22) 

Bardeen and Shock 1 ey ca 1 cul ated the mobility and showed that 

scattering due to lattice dialation caused by the acoustic lattice 

vibration, is 

(3 . 32) 

Where, Ci 1 is the average longitudinal elastic constants and E10 is 

the shift of the conduction band edge per unit dialation in eV. 

Piezoelectric scattering is important in ZnO films because it 

has been proved that ZnO is a piezoelectric crystal. This type of 

scattering mechanism arises from the electrostatic potential 

induced by the polarization accompanying the acoustic phonons due 

to piezoelectric effect. The exact calculation of the transport 

properties taking into account the anisotropy of the piezoelectric, 

elastic constants and dielectric constants is very complicated. 

Hutson123i and Zooki 24l have taken into account the anisotropy of the 

p1ezoelectr1c effect and assumed dielectric and elastic isotropy 

which 1s a sufficiently accurate approximation for the application 
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(3.34) 

Where cosB is the average of the cosine of the scattering angle. 

Making use of the Rutherford scattering formula, Conwell and 

Weisskopf(26) have calculated an approximate expression for T with 

the result that 

µ = et 
m• 

= log(l + e2 

m• v~ ll-i 
(4 e 4 )N/ 

(3.35) 

It is observed that this type of scattering leads to a mobility 

which varies approximately as r 312, in contrast with the T-3/ 2 law for 

lattice scattering. 

The Hall coefficient and Hall mobility associated with ionic 

scattering are found to be 

RH = ± 1 .93/nec, µH = 1 .93µ (3.36) 

3.22 {iib) Neutral impurity scattering 

In this type of scattering, the scattering of charge carriers 

by neutral impurities is quite similar to the scattering of 

electron by hydrogen atoms. By using a modified theory, Erginsoyl27l 

calculated the mobility associated with this type of scattering 

alone. He found 

= µ = (3.37) 

Where N ,s the density of neutral impurity and Eis the dielectric 
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3.22(iv) Scattering by Grain Boundaries 

Grain boundary scattering is very important for 

polycrystalline samples either in bulk or thin films form. From the 

theories of grain(29-3l) boundary potential it is known that the 

boundary regions are characterized by a potential barrier of height 

Eµ and density of traps Qt· These two quantities are related by 

(3.40) 

where n 1s the carrier concentration. The barrier height is also 

dependent on the grain size. However, according to the nature of 

this barrier height the carrier transport that depends upon the 

scattering process in the sample may be influenced by all or any of 

the following mechanisms. 

3.22(iva) thermionic emission of carriers over the barrier 

(ivb) quantum mechanical tunnelling 
(ivc) barrier reflection mechanism 

In degenerate semiconductors a more complex situation may arise due 

to all these possibilities. Jones et. al.(32) have pointed out that 

when Eµ <<EF quantum mechanical barrier reflection model would be 

applicable for a strongly degenerate sample with the Fermi level EF 

at least 2k8T above the conduction band edge. In this case, the 

relaxation time T for the material with grain size L can be given 

by 
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J.24 OPTICAL PROCESSES 

The optical behaviors of a semiconductor are investigated in 

term of the three phenomena namely transmission, reflection and 

absorption . . so it is necessary to study the ultraviolet (uv), 

visible and infrared (IR) characteristics of the material. ZnO thin 

films are transparent to visible radiation and therefore its UV and 

JR characteristics are important. 

3.24 (i) Inter Band Optical Transition and the Band Gap 

When photon energy is incident on a material, the valence 

electron absorbs energy from incident photon and is excited. When 

incident energy exceeds threshold value, the electron may make a 

transition to the conduction band under suitable conditions. If 

this transition occurs between the bands at the same value of the 

wave vector K, the transition is considered as vertical and is 

allowed. Non vertical transitions are normally forbidden. For the 

simple case shown in figure 3.5(a) the minimum absorption of 

radiation occurs at hv = E9 and it would intensify for all hv > E9 
where E9 is called the absorption edge or optical band gap. During 

the process of this type of transitions no phonon is involved for 

the conservation of energy except the creation of an electron and 

a hole and is termed as direct absorption process. Bardeen, Blatt 

and Hal 1i 38i have given an expression for the absorption process as 

































78 

Generally outs1de the regi on of fundamental absorption (hv>E
9

) 

o r of the free carrier absorption (at higher wavelengths), the 

dispersion of nf and K is not very large. The maxima and minima of 

Tin equation (3.53) occur for, 

(3.55) 

where m 1s the order number. Using equation (3 . 55) in (3.53) for 

transparent film on a non absorbing substrate we obta i n(45) 

(3.56) 

Tin3>. and T1110 are shown in figure 3 . 7(b). 

3.26 I-R CHARACTERISTICS 

In transmission region the maJor portion of IR losses are due 

to the free carrier absorption within the film. For the derivation 

of a (absorption coefficient) in this region, the classical 

dispersion relation can be adopted for the complex dielectric 

function 

e = e' - ie" for a free carrier gas, where 

e' 2 2 y2) J = EL [ 1 - c.>p / ( (i) + (3.57) 

(3.58) 

e. 1s the dielectric constant of the material in the absence of 

free electrons, 
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Y = e/(m/µ) = 1/T, T is the relaxation time. The screened Plasma 

frequency Qp is given by 

. . . . . . . . . . . . (3.59) 

or, the plasma edge 

(3.60) 

Since the absorption coefficient 

a = 4rrk/).. . (3.61) 

combining equations (3.57) to (3.58) we obtain 

(3.62) 

where, c0 is the velocity of light in free space, and other symbols 

have their usual meanings. 

3.26(i) IR Reflectivity 

One of the important optical characteristics of thin films is 

their IR reflectivity. This phenomenon plays a dominant role for 

ZnO thin films. In classical dispersion relation(45 J using p = 1/neµ, 

the expression for the reflectivity in the free carrier absorption 

region can be found as 

(3.63) 












