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Abstract Alternating current (a.c.) electrical properties

of thermally evaporated amorphous thin films of SnO2

sandwiched between aluminium electrodes have been

investigated for temperature during electrical measure-

ments, film thickness, substrate temperature and post-

deposition annealing. The a.c. conductivity, r(x), is found

to vary with frequency according to the relation r(x) � xs,

indicating a hopping process at low temperature. The con-

duction is explained by single polaron hopping process as

proposed by Elliott. The increase in electrical conductivity

with increase in temperature during electrical measure-

ments is ascribed to the increase in the formation and high

mobility of doubly ionized oxygen vacancies. The increase

in conductivity with increase in film thickness is caused

by the increase in interstitial tin, oxygen vacancies

and defects produced due to deviation from stoichiometry.

The increase in conductivity with increase in substrate

and annealing temperature may be due to the formation of

singly or doubly ionized oxygen vacancies and tin species

of lower oxidation state. Measurements of capacitance C as

a function of frequency and temperature show a decrease in

C with increasing frequency and increase in C with

increasing temperature. The increase in capacitance in the

high-temperature low-frequency region is probably due to

space charge polarization induced by the increasing num-

ber of free carriers as a result of increasing temperature.

Introduction

Thin dielectric films are extensively used as capacitors in

microelectronic devices. Charge transport measurements in

disordered semiconductors and insulators have been of

considerable interest recently because they can provide

information about the electronic structure of these materi-

als. The disorder in atomic configuration is thought to

cause localized electronic states within the material.

Electrical conduction in metal oxides can take place

by two parallel processes: (1) by free band conduction

and (2) by hopping conduction in the localized states.

The former tends to occur at higher temperatures, where

carriers excited beyond the mobility edges into non-

localized states, dominate the transport, while the latter

may be due to carriers excited into localized state band

edges [1], i.e.

r ¼ ri þ rh ð1Þ

where ri is the intrinsic conductivity and rh the hopping

conductivity. The intrinsic conductivity is expressed as

ri ¼ raexpðE=kTÞ ð2Þ

where ra is constant, E is the thermal activation energy, k is

the Boltzmann constant and T is the absolute temperature.

The hopping conductivity is expressed as [1]

rh ¼ r2T1=2expð�B=T1=4Þ ð3Þ

where r2 and B are constants.
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The a.c. conductivity, ra.c in many amorphous solids has

been found experimentally to obey an equation of the type [2]

ra:cðx; TÞ ¼ Axs ð4Þ

where x is the angular frequency of the applied field, A is a

complex proportionality constant and s is temperature-

dependent parameter. The value of exponent s has been

reported to be less than unity.

Different conduction mechanisms (hopping, tunnelling

or free band) can lead to xs type of behaviour for a.c.

conductivity. It is difficult to decide which of the mecha-

nisms (hopping, tunnelling or free band) is responsible for

the observed conduction properties. However, the behav-

iour of the exponent s with temperature can help elucidate

various theories regarding Eq. 4.

Many authors have investigated the a.c. conduction

mechanisms through thin insulating films and have

explained their results in terms of different theoretical

approaches [3, 4]. Shimakawa [5] proposed single polaron

hopping (one electron hopping between a neutral defect,

Do, and a charged defect, D?, and one hole between Do and

D-) as well as bipolaron hopping (two electrons hopping

between D- and D? centres) to explain all the features

observed in chalcogeuide glass semiconductors.

Materials exhibiting high optical transparency, electrical

conductivity and efficient growth as thin films, are used

extensively for a variety of applications including, thin film

photovoltaics, optoelectronic devices, solar cells, ion-stor-

age, flat panel displays, defrosting windows in refrigerators

and airplanes and gas sensors [6–9]. Transparent conduct-

ing oxides, such as cadmium oxide, tin oxide, zinc oxide,

indium tin oxide have great technological potential due to

their right combination of electrical and optical properties

[10]. Most of the well-known and widely used transparent

conducting oxides thin films such as ZnO, SnO2 and ITO

are n-type material.

SnO2 is a widely studied material in its thin film form

due to various kinds of possible applications. Studies on the

electrical and optical properties of SnO2 thin films fabri-

cated by various techniques such as chemical vapour

deposition, sputtering, thermal evaporation, pyrosol and

sol-gel dip coating technique have been reported by many

workers [11–13]. Bulk stoichiometric SnO2 is an insulator

with a direct band gap of about 3.8 eV and an indirect band

gap of about 2.7 eV [14]. Kim et al. [15] have reported that

conduction band is mainly from tin 5s electrons and the

valence band is from oxygen 2p electrons. The shapes of

both conduction band and valence band are parabolic. High

n-type conductivity in undoped SnO2 is observed if it is

oxygen deficient, since oxygen vacancies or interstitial

Sn4? ions are donor sites. The oxygen vacancies act as

doubly ionized donors and contribute two electrons to the

electrical conductivity [16].

The undoped SnO2 is electrically conducting mainly as

a result of deviation from stoichiometry. The n-type con-

ductivity in non-stoichiometric SnO2 is known to be due

to interstitial tin atoms and oxygen vacancies. Carriers are

formed by ionization of interstitial tin and oxygen vacan-

cies [17].

A detailed investigation of electron energy structure of

SnO2 is of considerable theoretical and practical interest.

Some researchers have reported results on various prop-

erties of SnO2 [18–20], but no information about the a.c.

conduction mechanisms in amorphous thin films of SnO2 is

available in literature. The study of a.c. electrical properties

of evaporated amorphous thin films of SnO2 helps to elu-

cidate the basic properties of this oxide.

In this study we report the a.c. electrical properties

of amorphous thin films of SnO2. The structure and stoi-

chiometry of the films are determined by the process

parameters: namely film thickness, substrate temperature

and post-deposition annealing. The effects of temperature

on the conductivity–frequency and capacitance–frequency

characteristics of the Al–SnO2–Al structure are also

reported.

Experimental work

Sample fabrication technique

Amorphous thin films used in this study were prepared by

vacuum evaporation of high-purity SnO2. This oxide was

evaporated from an electrically heated molybdenum boat in

a Balzers BA 510 coating unit. The oxide was deposited at

a pressure of 1.33 9 10-4 Pa without any gas treatment.

Films in the thickness range 100–400 nm were deposited at

a rate of 0.75 nms-1 with the substrates at 293 K. Some

300 nm-thick samples were fabricated with substrates in

the temperature range 293–543 K. Al–SnO2–Al samples

were prepared on clean Corning 7059 glass substrate by the

sequential vacuum deposition of aluminium as the bottom

electrode, SnO2 as the insulator and aluminium as the top

electrode in a crosswise fashion having width &3 mm so

that the film capacitor has an effective area of 0.1 cm2

approximately. Aluminium electrodes were made suffi-

ciently thick so that their resistance was less than 2–3 X.

The substrates were heated to the required temperature by

the heater mounted at the inner top of the bell jar. The

thickness of the film was estimated using a quartz crystal

monitor and finally the exact film thickness was determined

by multiple beam interferometry (MBI). Some samples

were annealed in vacuum for 4 h at different temperatures

and allowed to cool down at the rate of 2 K/min.

A number of films were deposited and for convenience

only those films whose respective thickness was in exact
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number such as 100, 200, 300 nm etc. were selected for

electrical measurements The thickness was measured very

carefully by MBI; however, the chance of error in the

measurement is only approximately ±2–3 nm in each

sample. The samples were heated in a subsidiary vacuum

system to remove absorbed gaseous impurities prior to

electrical measurements. All other techniques used for

fabrication of samples and cleaning the glass substrates are

the same as described earlier by Anwar et al. [21].

A.c. measurements

A.c. electrical measurements were made by a conventional

method with the sample in a subsidiary vacuum system at a

pressure of the order of 1.33 9 10-4 Pa. The lowering of

the sample temperature was achieved by firmly attaching

the sample to the brass base of a stainless steel tank con-

taining liquid nitrogen. Heating the sample above room

temperature was initiated by using a resistance heater

inserted in the holes made through the brass base. A

chromel–alumel thermocouple was attached to the sub-

strate close to the metal–insulator–metal (MIM) capacitor

under test, so as to measure the device temperature accu-

rately. Silver paste was used to make good electrical and

thermal contacts. A.c. measurements were taken directly

using a Hewlett-Packard Impedance Analyser type L. F.

4192 A, for conductance, capacitance and Q factor (quality

factor) of the sample, in the frequency range 300–1 MHz

using an a.c. signal of 500 mV applied across each sample.

The relative dielectric constant er, was calculated from the

well-known expression C = ereoA/d where A is the active

area of the device, d—the thickness of the film, C the

capacitance of the film capacitor and eo is the permittivity

of free space. The area of the film capacitor was deter-

mined by a simple travelling microscope.

Results

The a.c. conduction mechanisms of high-quality thermally

evaporated amorphous thin films of SnO2 have been studied

as a function of film thickness, substrate temperature and

post-deposition annealing. The variation in a.c conductivity

with frequency at different temperatures in the range

193–393 K for a 300 nm-thick Al–SnO2–Al sandwich

sample deposited on the substrate kept at 293 K is shown in

Fig. 1. This type of frequency variation of a.c. conductivity

component, ra.c, is expressed by the relation ra.c = Axs

(Eq. 4). The values of index s were obtained by evaluating

the slope of logr versus logf curves of Fig. 1, which ranges

from 0.62 to 0.93. Four Al–SnO2–Al sandwich samples

deposited on the substrates kept at 293 K having film

thicknesses in the range 100–400 nm were studied at 293 K

(during measurements in a subsidiary vacuum system) and

their frequency–conductivity characteristics are shown in

Fig. 2. Four 300 nm-thick Al–SnO2–Al sandwich samples

deposited in the substrate temperature range 293–543

K were studied at 293 K (during measurements in a sub-

sidiary vacuum system) and their frequency–conductivity

Fig. 1 Variation of a.c. conductivity with frequency of 300 nm-thick

Al–SnO2–Al sample at various temperatures during electrical mea-

surements, (1) 193 K, (2) 233 K, (3) 273 K, (4) 313 K, (5) 353 K, (6)

393 K

Fig. 2 Variation of a.c. conductivity with frequency of Al–SnO2–Al

samples at various thicknesses, (1) 100 nm, (2) 200 nm, (3) 300 nm,

(4) 400 nm
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characteristics are shown in Fig. 3. Five 300 nm-thick

Al–SnO2–Al sandwich samples deposited at substrate tem-

perature 293 K and annealed in the temperature range

473–773 K were studied at 293 K (during measurements in

a subsidiary vacuum system) and their frequency–conduc-

tivity characteristics are shown in Fig. 4. The a.c.

conduction process follows an xs-type law with s decreasing

with increase in temperature. The graphs drawn in Figs. 1–4

are not linear but there is a small curvature in these plots.

Results presented in these plots are similar to those as

reported by other authors [22–25]. For higher frequency the

conductivity approaches a quadratic power law. Figure 5

shows the variation of a.c conductivity with the inverse of

temperature at different frequencies for the sample of Fig. 1.

The essential feature in the temperature and frequency

dependence of a.c conductivity is that at low temperature the

conductivity is strongly frequency dependent. The values of

activation energies estimated from the slope of these plots

are given in Table 1. It was observed that at higher tem-

peratures the direct current (d.c.) part of conductivity

approaches the a.c conductivity value. It is worth noting that

at higher frequencies the activation energy has much smaller

values, indicating a different conduction process at higher

frequencies. These values are consistent with the existence

of a hopping mechanism in the lower temperature region and

thermally activated free band conduction process at higher

temperature region.

The dependence of slope s of r–f curves for the sample

of Fig. 1 as a function of temperature T is shown in Fig. 6,

which maybe expressed as [26]

s ¼ d log r=d log f ¼ �AT þ B ð5Þ

where A and B are positive constants, f the frequency (x/

2p) and T the absolute temperature. Hence rac = f-(AT - B)

Fig. 3 Variation of a.c. conductivity with frequency of 300 nm-thick

Al–SnO2–Al samples at various substrate temperatures, (1) 293 K, (2)

373 K, (3) 473 K, (4) 543 K

Fig. 4 Variation of a.c. conductivity with frequency of 300 nm-thick

Al–SnO2–Al samples at various annealing temperatures, (1) as

evaporated, (2) 473 K, (3) 573 K, (4) 673 K, (5) 773 K

Fig. 5 Conductivity plotted as a function of 1000/T for a 300 nm-

thick Al–SnO2–Al sample of Fig. 1, for fixed frequencies (1) d.c. (at

0.2 V), (2) 0.3 kHz, (3) 1 kHz, (4) 10 kHz, (5) 100 kHz
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gives the effect of simultaneous variation of temperature

and frequency on a.c. conductivity. It is seen from Fig. 6

that the value of s decreases from 0.93 to 0.62 when the

temperature increases from 193 to 393 K.

Theoretically, the total conductivity r(x) measured in

a.c. fields for semiconductors or insulators can be written

as

rðxÞ ¼ rdc þ rac ð6Þ

where rdc is the direct current (d.c.) conductivity and rac is

the component of conductivity depending upon the fre-

quency of the applied field.

Figure 7 shows the variation of capacitance with fre-

quency of a 300 nm-thick Al–SnO2–Al sandwich sample at

various temperatures during electrical measurements. A

decrease of capacitance with increasing frequency is noted

and this is probably associated with an increase in current

leakage with increase in frequency, a phenomenon that is

normally associated with a capacitance reduction. The

change in capacitance with frequency becomes less

remarked as the temperature is decreased. The variation of

capacitance C, with frequency f, below 104 Hz for the

temperature range 193–393 K is of the form

C / f�1=x ð7Þ

where x is approximately equal to 6 [27].

Discussion

To analyse the present results, different existing theories

for the a.c. conductivity related to xs behaviour will be

considered and a reasonable model, which explains the a.c

behaviour of SnO2, will be suggested. Figure 5 shows the

graph between conductivity versus reciprocal temperature.

The slope of this graph yields the activation energy. To

interpret the present results we first of all apply a model

initially proposed by Pollak and Geballe [28]. According to

this model thermally assisted hopping conduction mecha-

nism is involved between localized states. They further

suggested that at higher temperature multiple hops occur

frequently, while at low temperature a single hop pre-

dominates. This leads to an increased thermal activation at

high temperatures with a corresponding decrease in

Table 1 Activation energy for two ranges of temperature of a

300 nm-thick Al2SnO2-Al sample at various applied frequencies

Frequency (kHz) Activation energy (eV)

193-230 K 345-393 K

0 d.c. (at 0.2 V) 0.062 0.45

0.3 0.050 0.40

1.0 0.047 0.35

10 0.042 0.31

100 0.020 0.22

Fig. 6 Temperature dependence of the slope of conductivity–fre-

quency characteristics as a function of temperature for the sample of

Fig. 1

Fig. 7 Variation of capacitance with frequency of a 300 nm-thick

Al–SnO2–Al sample at various temperatures during electrical mea-

surements, (1) 193 K, (2) 233 K, (3) 273 K, (4) 313 K, (5) 353 K, (6)

393 K
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frequency dependence. But in our results conductivity

shows strong frequency dependence, which is coupled with

low-activation energy at low temperature (Table 1). Thus

present results cannot be explained on the basis of Pollak

and Geballe [28] theory.

Austin and Mott [3] improved the theory of Pollak and

Geballe and assumed that a.c. conduction process takes

place by the hopping of electrons between pairs of local-

ized states at the Fermi level. This process can be imagined

as a phonon-assisted tunnelling process through the

potential barrier between the localized states. Austin and

Mott [3] have given the following expression for the a.c.

conductivity

ra:cðxÞ / ðp=3Þ½NðEFÞ2�kTe2a�5x½lnðtph=xÞ�4 ð8Þ

where tph is the phonon frequency and a is the exponential

decay parameter of localized states wave functions.

Equation 8 shows that a.c conductivity is directly propor-

tional to the absolute temperature but in our case ra.c is not

directly proportional to the absolute temperature.

Austin and Mott [3] further suggested that to consider

the effect of polaron formation the last term in Eq. 8 must

be replaced by [ln(tph/x) - WH/kT]4, where WH is the

polaron hopping energy. The mathematical expression for

conductivity takes the form:

ra:cðxÞ / ðp=3Þ½NðEFÞ2�kTe2a�5x½lnðtph=xÞ �WH=kT �4

ð9Þ

The exponent s for the frequency power law behaviour

of the conductivity at high frequencies is given by the

expression:

s ¼ d lnrac xð Þ½ �=d lnxð Þ ¼ 1� 4=ln tph=x
� �

ð10Þ

Equation 10 shows that s is a decreasing function of

frequency. When last term in Eq. 10 is replaced by [ln(tph/

x) - WH/kT], the value of s becomes temperature

dependent and can be written as

s ¼ 1� 4=½ln tph=x
� �

�WH=kT�
� �

ð11Þ

and the variation of s with temperature is given by the

expression:

ds=dT ¼ 4WH= kT2 ln tph=x
� �

�WH=kT
� �2n o

ð12Þ

Equation 12 shows that ds/dT is always positive so s

increases with increase in temperature, but in our case a

decrease in s is observed with increase in temperature.

Thus from Eqs. 8 and 12, it is concluded that the theory of

Austin and Mott is unable to explain the a.c behaviour of

SnO2.

Elliott [2] proposed a correlated hopping model to

account for the a.c. conductivity in amorphous materials.

This model is based on the hopping of charge carriers

between localized sites separated by barriers of height Wm,

identified with the optical band gap. According to this

model a.c. conductivity is given by the expression:

r xð Þ ¼ p2N2e=24
� �

8e2=eWm

� �6
xs=sb

o

� �
ð13Þ

where N is the density (concentration) of localized states,

s = 1 - b at low temperature, b = 6kT/Wm, Wm is the

value of optical band gap and so is the characteristic

relaxation time (&10-13 s). Equation 13 predicts a fre-

quency response of conductivity proportional to xs, with s

increasing and tending to unity as temperature is decreased.

In the present case a gradual increase in s is observed with

decrease in temperature and conductivity is strongly fre-

quency dependent. At high frequency and low temperature

the activation energy is low (0.02 eV). These features

indicate that conduction at high frequency and low tem-

perature is by hopping mechanism.

The pair relaxation time is assumed to be

s ¼ soexp W=kTð Þ ð14Þ

The exponent s is related to Wm by

s ¼ 1� 6kT=Wm ð15Þ

By putting the measured value of optical band gap

(2.78 eV) [29] of 300 nm-thick sample of SnO2 deposited

at 293 K in Eq. 15, the value of s is found out to be 0.95 at

room temperature, which is consistent with the measured

value (0.93), as derived from the data of Fig. 1 at a

frequency of &105 Hz. As the theoretical value of s = 0.95

calculated from Eq. 15 agrees with the experimental value

of 0.93, we conclude that the conduction mechanism in our

films is governed by Elliott [2] theory of single polaron

hopping.

Thus the Elliott model satisfactorily explains the tem-

perature and frequency dependence of a.c conductivity and

variation of exponent s with temperature, which suggests

that electron-hopping process dominates at lower temper-

ature region and thermally activated free band conduction

process dominates at higher temperature region. The tran-

sition from hopping to free band conduction is due to

overlapping of localized levels and the free band. These

results are consistent with those of other authors [22–26,

30–32].

The observed results are explained as follows:

It is observed that a.c. conductivity increases due to

increase in temperature during measurements of electrical

properties of the sample. The thermal evaporation of SnO2

in vacuum produces lattice oxygen vacancies, which are

responsible for electron production in thin films. Oxygen

vacancies are shallow defects whose ionization occurs

easily. Ionized oxygen vacancy provides carriers for con-

duction. At higher temperature oxygen vacancies act as

doubly ionized donors and contribute two electrons as
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charge carriers. The increase in conductivity due to

increase in temperature during measurements of electrical

properties of the sample is likely due to increase in the

formation and high mobility of these types of ionized

donors.

The thickness is one of the most important parame-

ters, which affects the electrical properties of amorphous

thin films. It has been observed that electrical conduc-

tivity is increased with the increase in film thickness of

SnO2. The carriers are formed due to the interstitial tin,

oxygen vacancies and defects produced due to deviation

from stoichiometry during evaporation [i.e. Sn2Oi (where

Oi is the interstitial oxygen bound to tin), Sn2O4 and

SnO2-x (V Ö)x e02x defects (where x is the deviation

from stoichiometry)], but the mechanism responsible

for large semi-conducting changes in SnO2 thin films is

the formation of oxygen vacancies [18]. The oxygen

vacancies drastically alter the electronic properties of

thin films making hopping of electrons between the

oxygen vacancies. When the thickness of amorphous thin

films is increased the concentration of oxygen vacancies

is increased. An oxygen vacancy is formed when an

oxygen atom in a normal lattice site is removed, which

is usually equivalent to a transformation of an oxygen

atom in a normal site to the gaseous state. Considering

that oxygen ions in the regular sites have a valency of

-2, in this process, the two electrons of the oxygen ion

are left in the vacant site. If one or both of the localized

electrons are excited and transferred away from the

vacancy, the oxygen vacancy becomes singly or doubly

ionized, respectively. Since electrons are removed, the

ionized oxygen vacancy will have an effective positive

charge to conserve the electrical neutrality of the mate-

rial. The charged vacancy becomes an electron-trapping

site but in this process one or two electrons are available

for conduction. The formation of charged oxygen

vacancy leads to the formation of complimentary free

electrons. Thus initially when the thickness is increased,

interstitial tin, oxygen vacancies and Sn2Oi, Sn2O4 and

SnO2-x (V Ö)x e02x defects generate carriers in the films.

Oxygen vacancies, interstitial tin and defects produced

due to deviation from stoichiometry are donor like.

A large concentration of donor centres effectively

increases the conductivity in thicker samples.

The main conduction mechanism in SnO2 thin films

deposited at higher substrate temperature is the creation of

oxygen vacancies. During increase in substrate temperature

a large increase in the free electron concentration occurs

due to increase in the number of charged oxygen vacancies.

When an oxygen vacancy is initially formed at higher

substrate temperature, the chemical bonds of an oxygen

atom to the neighbouring atoms are broken. Therefore, it is

expected that process of formation of oxygen vacancy is

related to the oxygen bond strength in the tin oxide. From

this point of view, tin oxide is considered a relatively

unstable material, so that it is relatively easy to be reduced

from higher to lower valence states. Thus increase in

conductivity due to increase in substrate temperature is

ascribed to the oxygen vacancies and formation of tin

species of lower oxidation states.

It has been observed that electrical conductivity is

increased with the increase in annealing temperature. In

SnO2 singly and doubly ionized oxygen vacancies are

thought responsible for semiconducting properties at higher

annealing temperature. When SnO2 is annealed in vacuum,

singly ionized oxygen vacancy is changed into doubly

ionized oxygen vacancy, and small number of Sn4? ions is

changed into Sn2? ions. Thus the formation of tin species

of lower valence states and doubly ionized oxygen

vacancies are thought responsible for increase in electrical

conductivity at higher annealing temperature.

The capacitance is observed to decrease with the rise in

frequency as shown in Fig. 7. This decrease in capaci-

tance with frequency becomes less prominent for lower

temperatures. As temperature increases the low-frequency

range capacitance increases markedly. The increase in

capacitance in the high-temperature low-frequency region

is probably due to space charge polarization induced by

the increasing number of free carriers as a result of

increasing temperature. Such dispersion in the capacitance

has been attributed to the non-stoichiometric nature of the

films.

The capacitance characteristics described above are

similar to those observed by Goswami and Goswami [27].

The general variations of capacitance with both frequency

and temperature can be explained by using the equivalent

circuit model proposed by these workers, which consists of

a fixed capacitive element C in parallel with a resistive

element R, together with a series lead resistance r. The

model assumes that the contacts are ohmic and do not form

Schottky barriers at the surface. The measured series

equivalent capacitance Cs, is given by [27]

Cs ¼ C þ 1=x2R2C ð16Þ

where C is a frequency independent capacitance and R is

assumed to be thermally activated and is given by [27]

R ¼ R0exp DE=kTð Þ ð17Þ

where R0 is a constant and DE is activation energy. From

Eq. 17, it is clear that increase in the value of temperature

implies a decrease of R and hence measured capacitance

increases with the increase of temperature (using Eq. 16).

Equation 16 also predicts that measured capacitance

should decrease with increasing frequency reaching a value

of Cs = C for f = ? Hz. This effect is confirmed in the C

versus f plot shown in Fig. 7.
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Conclusion

On the basis of above-mentioned observations, it is con-

cluded that the a.c. conduction mechanism in our films is

governed by Elliott theory of single polaron hopping which

suggests that electron-hopping process dominates at lower

temperature region and thermally activated free band

conduction process dominates at higher temperature

region. The transition from hopping to free band conduc-

tion is due to overlapping of localized levels and the free

band. The increase in electrical conductivity with increase

in temperature during electrical measurements is ascribed

to the increase in the formation and high mobility of doubly

ionized oxygen vacancies. The increase in conductivity

with increase in film thickness is caused by the increase in

interstitial tin, oxygen vacancies and defects produced due

to deviation from stoichiometry. The increase in conduc-

tivity with increase in substrate and annealing temperature

may be due to the formation of singly or doubly ionized

oxygen vacancies and tin species of lower oxidation state.

Measurements of capacitance C as a function of frequency

and temperature show a decrease in C with increasing

frequency and increase in C with increasing temperature.

The increase in capacitance in the high-temperature low-

frequency region is probably due to space charge polari-

zation induced by the increasing number of free carriers as

a result of increasing temperature.
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