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Semiconducting transparent thin films:
their properties and applications

A. L. DAWAR, J. C. JOSHI

Defence Science Centre, Metcalfe House, Delhi 110054, India

The present state of the art of transparent, electrically conducting films, with special
reference to In,03, SnO, and Cd,SnO,, has been reviewed. Various production techniques
currently in use, and typical parameters used in the processes have been discussed in
detail. Electrical and optical properties of these films have been reported as a function of
various parameters, e.g. substrate temperature, doping, oxygen pressure, etc. Finally, the
applications of these films in research and industry have been discussed in detail.

1. Introduction

Studies of transparent and highly conducting semi-
conductor films have attracted the interest of
many research workers because of their wide appli-
cations in both industry and research. Important
applications can be classified in four major groups.

1.1. Transparent heat reflecting films

These films are used for heat insulation where un-
hindered light transmission is required. The films
on the one hand efficiently reflect broadband
infrared heat radiation in a manner similar to
highly conductive metal-like materials; and on the
other hand they transmit light effectively in the
visible region as if they were insulators. Such spec-
trally selective films have wide applications in solar
thermal energy conversion, solar photovoltaic con-
version, solar heating, window insulation and
thermal insulation in lamps.

1.2. Heterojunction solar cells

Heterojunction solar cells with an integral con-
ducting transparent layer offer the possibility of
fabrication of low cost solar cells with perform-
ance characteristics suitable for large scale ter-
restial applications. The method of production of
these conducting transparent films is consistent
with high yield and fast throughput processing. It
also involves low substrate temperatures as com-
pared to diffusion processes, avoiding the chances
of degradation of semiconductor minority carrier

properties, that are important in a solar energy
conversion device. The conducting transparent
film permits the transmission of solar radiation
directly to the active region with little or no
attenuation. These solar cells thus have improved
sensitivity in the high-photon-energy portion of
the solar spectrum. In addition, the conducting
transparent film can serve simultaneously as a low-
resistance contact to the junction and as an anti-
reflection coating of the active region. Solar cells
utilizing these transparent conducting coatings are
now being fabricated widely, e.g. SnQ,/Si, In,05/
Si, ITO/Si, ITO/Si0, /Si.

1.3. Gas sensors

Unlike metal films whose conduction modulation
by gas adsorption is small and related to changes
in surface scattering, the conductance changes in
semiconductor materials are large and are caused
primarily by changes in carrier concentration due
to charge exchange with the species adsorbed from
the gas phase. The electron concentration in semi-
conductor sensors can vary in the conduction band
approximately linearly with pressure, over a range
of up to eight decades, while variations in the car-
rier mobility are generally small. It is this large and
reversible variation in conductance with active gas
pressure that has made semiconductor materials
attractive for the fabrication of gas sensing elec-
tronic transducers. The semiconducting properties
of the transparent conducting films have been
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exploited for use of these films in the sensing of
various gases, e.g. carbon monoxide, propane and
hydrogen.

1.4. Protective coatings

It has been reported [1] recently that the applica-
tion of a metallic oxide coating to glass containers
reduces appreciably the coefficient of friction of
the glass surfaces, facilitating the movement of
containers through high speed fitting lines. It has
now become common practice to apply these
metallic oxide coatings to glass containers
immediately after forging. The subsequent applica-
tion of an organic lubricant to the cooled and
annealed container gives a highly desirable change
to the glass surface, particularly with respect to
the abrasion resistance and lubricity.

1.5. Other applications

In addition to these main applications, these trans-
parent conducting films are now being widely used
in a variety of other applications, such as the pro-
duction of heating layers protecting vehicle wind-
screens from freezing and misting over [2], light-
transmitting electrodes in the development of
optoelectronic devices [3, 4]; laser-damage resist-
ant coatings in high power laser technology [5];
the photocathode in photoelectrochemical cells
[6]; antistatic surface layers on temperature con-
trol coatings in orbiting satellites [7]; and surface
layers in-electroluminescent applications [8].

A large number of materials can be used for
these applications, e.g. In,0s, SnO,, CdSnOs,
Cd,Sn0,4, CdInyO4 and In,TeOg. Some of the
important properties of these materials are shown
in Table I. So far, most of the research on the
fabrication of transparent coatings has been
restricted to oxides of tin, indium and a combina-
tion of their oxides because of the low cost.
Recently some work has been reported on the
fabrications of CdSnQ, coatings, but no applica-
tions have yet been reported. SnO,, In,0; and
Cd,Sn0, are n-type degenerate semiconductors

with low resistivity (~ 1072 to 10~* ohm cm) and
a wide band gap (2.3 to 4.6 V) which produces a
high transparency in the visible spectrum. Good
conductivity in these materials is obtained by
introducing carriers in one of two ways. Oxygen
deficiency may be created by heating in a slightly
reducing atmosphere. Such a process is reversible
and the carriers so created may be removed by
heating in air or oxygen at relatively low tempera-
tures (500 to 1000° C). The other method involves
chemical doping, for example by fluorine in the
case of SnQ, or by tin in In,03. The F~ anion sub-
stitutes for an O?” anion in the lattice, creating a
donor level in the band gap [9]. Similarly the sub-
stitution of an In®* cation by an Sn** cation leads
to a donor level in the band gap [10]. The method
of chemical doping is considered to be better from
the practical viewpoint since it has the advantage
that the resistivities are relatively unaffected by
heating or atmospheric exposures.

The need for coatings which have both low
resistivities and high transparency in the visible
region has led to the development of various depos-
ition techniques such as r.f. sputtering and d.c.
sputtering of oxide targets; reactive sputtering, in
the presence of oxygen, of indium, tin, indium—tin
or tin—cadmium alloy; ion beam sputtering; ion
plating; evaporation of oxide materials; reactive
evaporation of metals in the presence of oxygen
plasma-assisted reactive evaporation; flash evapora-
tion of oxidic powders; chemical vapour
deposition; and hydrolysis or spray. Each of these
processes has its own merits and demerits. For
example, sputtering techniques allow the fabrica-
tion of high quality films but they have high
equipment cost and a relatively low production
rate, and spray techniques are very cheap but the
films produced are not consistent.

The results reported by different workers using
different techniques vary significantly. There is a
wide diversity in the optimized dopant concentra-
tion for the best quality films. This is probably
because of differences in the deposition par-

TABLE I Some properties of transparent conducting oxides at room temperature

Serial Compound Structure-type Cell dimensions (nm) Resistivity Band gap

number a b c (ohm ¢m) V)

1 In,0, T1,0, (cubic) 1.0117 — - 1072-107* 3.7-4.4
2 SnO, Rutile 047317 - 0.31861 1072-10"* 3.9-46

3 Cd,5n0, Sr,PbO, 0.5568 0.9887 0.3192 1073107 2.34-2.76
4 In,TeO, Na,SiF 0.8882 - 0.4821 ~1072 -

5 CdIn,Q, Spinel 0.9167 - - ~10™ -

N



ameters and the purity of the elements. Though a
lot of work has been done to understand the con-
duction mechanism in these films, conclusive evi-
dence is still lacking. Bosnell and Waghorne [11]
have combined the X-ray, Auger and ESCA results
on indium—tin oxide films to resolve differences
of results. They concluded that intermediate tin
oxide states such as SnjzO, are present and anion
vacancies are generated by such suboxides of
Sn0O,, which act as a dopant in In,0O3. Fan and
co-workers [12, 13], on the other hand, stated
that interstitial tin is mainly responsible for the
conduction in SnQ, films. These interstitial atoms
give rise to a shallow donor impurity level
(0.03eV).

The aim of the present article is to review the
present state of the art of transparent, electrically
conducting films, with special reference to doped
and undoped In,03, Sn0,, indium—tin oxide and
cadmium stannate. Various production techniques
currently in use, and typical parameters used in
the processes are reported in detail. The electrical
and optical properties of these films are discussed
as a function of various parameters, such as dop-
ing, temperature, oxygen pressure, etc. Finally,
applications of these films in devices are reported.
Optimization of various parameters for different
applications are also discussed.

2. Fabrication techniques

Many methods have been tried out to fabricate
coatings of the oxide materials. Reviews of earlier
work are available in [14-16]. There follows
below a brief account of the methods used, par-
ticularly during the last five years, in the prepara-
tion of such coatings and also the typical par-
ameters used.

2.1. Chemical vapour deposition (CVD)

Chemical vapour deposition is based on the use of
volatile organometallic compounds of tin, indium,
cadmium, antimony, etc. The deposition set-up
commonly used is shown in Fig. 1. The apparatus
consists mainly of a rotating hot-plate reactor. The
size of the substrate is normally small in order to
produce uniform coatings. The temperature of the
hot-plate can be adjusted. The organometallic
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Figure 1 Basic set-up for the deposition of thin transpar-
ent conducting films using CVD technique.

compounds are kept in a separate container, which
is surrounded by a liquid bath, the temperature of
which can be controlled. There is an auxiliary
heater to prevent vapours from condensing in the

_delivery tube. The rates of flow of the gas and of

the reactant gas are adjustable. Many workers
[17—33] have reported the growth of conducting
transparent films using this technique. Kane et al.
[25] have grown tin oxide films using dibutyl tin
diacetate as the organometallic compound, nitrogen
as the carrier gas and oxygen as the reactant gas.
The substrate was kept at a temperature of about
420° C. These authors also attempted to grow films
under wet CVD conditions. Nitrogen and oxygen of
the desired ratio were bubbled through the distilled
water before being passed to the reaction chamber.
It was observed that the presence of water vapours
improved both the electrical and optical properties
of the films. The best films were reported to have
a sheet resistivity of ~ 544 ohm [J™' * and average
transmission of ~90%. Antimony-doped SnO,
films were also fabricated {26] under similar con-
ditions. Antimony was added in the form of
antimony pentachloride, which was kept in liquid
form in a separate container and its vapour was
transported into the reaction chamber using nitro-
gen as the carrier gas. The ratio of the antimony-
to-tin was controlled by adjusting the flow rate of
the carrier gas. Baliga and Gandhi [27] have used
this technique to grow undoped and doped SnO,
films by using tetramethyl tin as the base organo-
metallic compound, argon as the carrier gas and
the oxygen as the reactant gas. The rate of flow of

the carrier gas was 2.0lm™'. Phosphorus was

*The resistance of a rectangularly shaped section of the film is given by R = (p/r}(//l,) where p is the resistivity (in ochm
cm), ¢ is the thickness and [ and /,, are the length and width of the film. If I =/, i.e. the film has a square shape irrespec-
tive of the dimensions, R = p/t = R,. This R, i.e. the resistance of one square unit of the film, depends only on the
resistivity and thickness of the film, and is called the sheet resistivity of the film.



added to the films by simultaneously passing a
controlled quantity of phosphine gas. The opti-
mum ratio of PH3/TMT was observed to be 0.01.
The best films were reported to have a conduc-
tivity of 2000hm 'cm™! and a transmission of
~90% in the visible range. Arsenic-doped SnQO,
films were also fabricated [28] using the same
technique and doping was accomplished by intro-
ducing arsine gas in argon. The flow rates of
arsine/argon and TMT/argon were adjusted in
order to vary the arsenic concentration in the
films. The doping with arsenic was observed, how-
ever, not to be as effective as with phosphorus.
Gandhi er al. [29] have recently extended their
work to grow SnO, films by adopting the CVD
technique to use radio frequency (r.f.) plasma-
activated oxygen as the reactant. The main advant-
age of this technique is that it allows the growth of
high quality films at room temperature. The reac-
tor chamber was a vertical cylinder of diameter
10.5cm, and r.f. excitation at a frequency of
3.75 MHz was used to create the oxygen plasma in
this system. The total system pressure in the reac-
tor chamber was about 0.5 torr. Tabata e al. [30]
have modified the usual CVD technique to grow
Sn0, and In,0; films. In this technique, a high
speed directed stream of inactive gas carried and
deposited reacting materials on to the sample sur-
face. The gas stream was directed at an optimum
angle to the specimen surface and afterwards
removed through an exhaust. The effect of using
such a geometry was almost to eliminate the haze
which otherwise tends to be present in the films
grown using CVD. Blocher [31] and Kalbskopf
[32] have further extended this technique to
deposit continuously transparent conducting coat-
ings onto glass ribbons. They obtained very
uniform coatings.

2.2. Spraying technigques

Spraying methods are based on the pyrolytic de-
composition of tin, indium or cadmium com-
pounds dissolved in a liquid mixture when it is
sprayed onto a previously heated substrate. Many
variants have been tried to grow these films but
the basic technique used by all the workers is
similar to that shown in Fig. 2. The liquid solution
is introduced to the line and its vapours are carried
using some carrier gas like argon, nitrogen or air.
The vapour is carried to an atomizer from which it
is sprayed on to the preheated substrate. The
quality of these films depends on parameters such
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Figure 2 Basic set-up for the spray deposition.

as the spray rate, the substrate temperature, and
the ratio of the various constituents in the solu-
tions. In order to obtain films with good conduc-
tivity, it is normally essential that complete oxida-
tion of the metal should be avoided. This is
generally achieved by adding appropriate reducing
agents such as propanol, ethyl alcohol or pyro-
gallol. This technique has been most widely used
[34-50] because it is easy to use and economical.
Kulaszewicz ef al. [34] have grown thin films of
doped and undoped In,0; and SnQO,. Antimony-
doped films were fabricated using either SnCl, or
SnCl, with SbCl; dissolved in water, with 2% pyro-
gallol. The films of lowest sheet resistivity were
observed when 2.5ml of 2% of pyrogallol was
added to 18ml of mixed SnCl, and SbCl; solu-
tions. A sheet resistivity as low as 65ohm O™
and 10 ohm 37! for SnO, and In,0; films could
be achieved depending upon the quantity of dop-
ing and the reducing agent. Manifacier et al. [35-
37] have reported the fabrication of films of tin-
doped In,03 and fluorine-doped SnO, films of
sheet resistivity ~ 10ohm™" and transmission
greater than 85%. An aerosol stream [38] contain-
ing an alcoholic solution of SnCl; and InCl; was
sprayed through a preheating furnace. For doping
the SnO, films with fluorine, an organo-fluorine
compound, trifluoroacetic acid or ammonium
fluoride was added and for doping In,Os films
with Sn, SnCl;s:5H,0 was added. The temperature
of the substrate was kept higher than 350°C. The
optimum concentration of various ingradients was
reported to be (1) fluorine-doped SnO,: SnCly:
5H,0-0.329, H,0-0329, CH;CH,0OH-0.329,
NH,F-0.013; (2) Sn-In,03 1In,Cl;—0.0817,
H,0-0.4204, CH;CH,0H—-0.4204, SnCl,-5H,0—
0.0024, HC1-0.0751.

Sanz Maudes and Rodriguez [39] have used this
technique to grow undoped and doped SnO, films
on glass and silicon wafers. The solution used con-
sisted of 32.21 wt % ethanol, 40.35 wt % deionized



water and 2743wt% of S8SnCly. Doping was
achieved by mixing this solution with a hydro-
alcoholic  solution of 4.20wt% of Sb(l,
51.53wt% ethanol, 4294wt% of deionized
water, and 1.33 wt % HCl. The carrier gas used was
nitrogen and the diameter of the nozzle of the
sprayer was 0.5 mm. The films grown on substrates
at temperatures below 623 K were amorphous and
others grown at higher substrate temperatures
were polycrystalline. Shanthi er el [40, 411 have
more recently used this technique to grow
undoped and antimony-doped SnQ, films. The
typical spray mixture used consisted of 0.7M
SnCl,, 10M propanol and 0.2M HCl with varying
concentrations of SbCl;. The pH of the solution
was ~ 0.5, The temperature of the substrate was
kept between 340 to 540°C. Compressed air at a
pressure of ~0.5kgem™ was used as a carrier gas
and the spray rate was ~10 cm®min™. The films
produced were polycrystalline and the quality of
the films improved when the substrate tempera-
ture was increased. The optimum concentration of
antimony was estimated to be 3mol% and the
resistivity of the films were ~ 3 x 1073 ohm cm.
Ma [42] and Ortiz [43] have grown the films
of cadmium stannate using spray pyrolysis tech-
niques. The starting solution [43] consisted of
0.1M SnCly and 02M CdCl, and the pH of
the solution was adjusted to 1.5 with HCl, to
obtain a complete dissolution of SnCl;. The
substrate temperature was varied from 370
to 450°C and the flow rate of the nitrogen gas
from 8.2 to 10.91min™". The solution flow rates
were 1.5 to 2.1 em®min~t. The films produced
were polycrystalline and the sheet resistivity
and transmission were ~ 400ohm (™" and 83%
respectively.

Kulaszewicz [45] has described a slightly differ-
ent type of apparatus which consists of a rotating
sprayer having a swinging motion. More homo-
geneous and reproducible results were obtained.
Recently Pommier et al. [46] have modified the
spray technique to grow films of uniform thick-
ness over a larger surface area (10cm x 10cm).
The nozzle moved in the XY directions above
the substrate which was preheated to higher tem-
peratures. The solution was pulverized by means
of a neutral gas (nitrogen) so that it arrived at the
substrate in the form of very fine drops under
optimal condition. Indium—tin oxide layers with
resistivity ~2x 10™%ohmcem and transmission
~92 % were achieved.

2.3. Vacuum evaporation

Though this is one of the most commonly used
methods for growing thin films of various semi-
conductor materials it has not so far been used
extensively for growing thin transparent conduct-
ing coatings. The basic set-up is shown in Fig. 3.
An oil diffusion pump equipped with a liquid
nitrogen trap can be used to attain a base pressure
~107%torr. A resistively heated tungsten or tan-
talum source, or an electron-beam heated source,
can be used to evaporate the charge. The substrate
heater is placed above the substrate to heat it to
the required temperature. Oxygen or an argon—
oxygen mixture can be admitted through the cali-
brated leak valve. These oxide materials can be
evaporated in two ways: (i) by evaporating metal-
oxide, e.g. Sn0y, In, 03, Cd,Sn0y, or (ii) by evapor-
ating the metal in the presence of oxygen. It has
often been observed that when oxide materials are
evaporated as such there is always some deficiency
of oxygen in the films. Either the films must be
evaporated in the partial pressure of oxygen or
some post-deposition heat treatment in air is essen-
tial to achieve good quality films. This method has
been used by a few workers [51 —60] using either
resistive heating or electron beam heating. Pan and
Ma [53] evaporated thin films of indium oxide
from In,03 powder. The partial pressure of the
oxygen was achieved by first creating a vacuum
~1x 107%torr and then introducing oxygen such
that the pressure increased to the range ~ 8 x
107% to 2 x 107%torr. The substrate temperature

Gas Inlet — L ]
Valve
] Diffusion Pump

Figure 3 Set-up for vacuum evaporation of transparent
conducting thin films.



was kept at around 320 to 350° C and the evapora-
tion rate ~ 1.5 to 3nmmin~". It was observed that
an addition of about 5 to 20% of metallic tin in
In,0; charge improved the properties significantly
and reproducible results on conductivity
~10*hm ™ em™ and tramsmission ~90% could
be achieved. Mizuhashi [54] used this technique
to grow indium—tin oxide films. In,03 and SnO,
were evaporated from different crucibles. The
amount of SnQ, into the filins was adjusted by
adjusting the rates of evaporation of SnO, and
In,03. The partial pressure of the oxygen was
~107*torr. The lowest resistivity found for
indium tin oxide films was 2 x 10™*ohm cm with a
carrier density of ~10%cm™ and a mobility
~30cm?V~'sec™! at the optimized doping level
~5wt% and substrate temperature 400°C.
Noguchi and Sakata [55] have reported the growth
of films of In,03 by evaporating indium metal of
“five nines” purity in vacuum at a partial pressure
of oxygen ~1 x 107 torr. The substrate tempera-
ture was in the range of 200 to 500°C and the
deposition rate was ~0.3nmsec™’. The trans-
parency (~75%) in these films were slightly poor
as compared to the films grown using other tech-
niques. However, the conductivity was fairly good
(~2 to 3x10%0hm™cm™). Nath and Bunshah
[56] have further improved this technique for
fabricating high quality films of In,0; and indium-
tin oxide. They evaporated the metallic tin or tin—
indium alloy in the presence of Ar—15% O, gas
mixture. In order to enhance the reactivity of
indium or In—Sn vapour species with the reaction
gas, a dense plasma was generated by employing a
thoriated tungsten emitter and a low voltage anode
assembly. Magnetic field coils were also used to
confine the plasma and to enhance the reaction
further. Sheet resistivity as low as 2.2ohm[J™!
and transmission as high as 96% were achieved
using this technique.

2.4. Sputtering techniques

2.4.1. d.c. and r.f. sputtering

These are the most commonly used when device
quality films are required. Sputtered films of metal
oxides like the evaporated ones, tend to be
deficient in oxygen. To remove the deficiency, the
fitms should be sputtered in the presence of oxy-
gen or a post-deposition heat treatment should be
given. Fig. 4 shows the basic set-up for sputtering.
Typical conditions for d.c. sputtering for these
materials are cathode voltage ~ 1 to 3kV, cathode
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Figure 4 Set-up for the depostion of films using sputtering
techniques.
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current density = 1. to 3mAcm™ cathode—
substrate distance = 2 to 4 cm, working gas pres-
sure ~1072torr. For r.f. sputtering, power

~200W to 1 kW is delivered to the target from an
r.f. generator of 13 MHz via an impedance match-
ing network. Pre-deposition sputtering is essential
in order to clean the surface of the target. The
films can be fabricated in both ways: (i) sputtering
of the metal oxide target, (ii)} reactive sputtering of
the metal target in the presence of oxygen. Many
workers {12, 61—-83] have utilized these tech-
niques to grow high quality transparent conduct-
ing films. Fan et al. |76} investigated the proper-
ties of the r.f. sputtered indium tin oxide as a
function of the oxygen partial pressure in a mix-
ture with argon. It was observed that the proper-
ties were strongly dependent on the oxygen partial
pressure, The resistivity of these films was least
(~3 x10*ohmcm) for the oxygen partial pres-
sure of about 3 x 107%torr and then started
increasing again. The transmission, on the other
hand reached its maximum value ~90% for a
partial pressure of oxygen ~3 x 10 5torr and was
practically constant with further increase of oxy-
gen contents. Leja er al. [77] have observed that
during the reactive sputtering of tin in the
presence of oxygen, the resulting films consisted
of various phases of tin, SnO and SnO,. The
presence of these phases was dependent on the
oxygen concentration in the mixture of argon and
oxygen introduced into the chamber during
sputtering. Nojik [66] and Haacke and co-workers
[67—69] prepared films of cadmium stannate by
r.f. sputtering of the oxide target without using
oxygen; and of the Cd—Sn alloy using oxygen.
The substrate temperature was raised to 750°C



during the deposition and the deposition rate was
~30nmmin~", It was observed that the films
grown at a substrate temperature ~300°C were
amorphous but when they were grown at higher
substrate temperatures they were crystalline. A
significant effect of the post-deposition heat
treatment in a hydrogen or argon-CdS atmo-
sphere in improving the conductivity and trans-
mission was observed. On the other hand, Miyata
and co-workers [70—74] have reported that the
reactive sputtering of a Cd—Sn alloy target pro-
duced very good quality cadmium stannate films.
The oxygen ratio in the Ar—O, mixture was raised
to optimize the conditions and the deposition rate
was ~ 1.5 to 4.5nmmin"". Films with minimum
resistivity ~ 2.5 x 10™*ohm ¢cm were obtained with
a gas mixture of Ar—6% O,. These films had an
optimal transmission ~90%. Miyata et al. [75]
also fabricated cadmium stannate films by sputter-
ing a sintered CdO—Sn0O, target in argon or argon/
oxygen atmosphere. Unlike others, these authors
were able to grow films of minimum resistivity
~4.8 x 10™*ohmcm and transmission ~85% in
pure argon, and found that the addition of oxygen
resulted in increase of resistivity and decrease of
transmission.

2.4.2. Magnetron sputtering

Conventional diode sputtering sources, whilst offer-
ing the simply controlled and reproducible film
growth rates desirable for the reactive deposition
of coatings, suffer mainly from two disadvantages:
(i) the deposition rate is very low, (ii) there is a
substantial heating due to target secondary elec-
tron bombardment of the substrate. By employing
a magnetic field to confine these electrons to a
region close to the target surface, the heating
effect is substantially reduced and the plasma is
intensified, leading to greatly increased deposition
rates. Film preparation of the conducting and
transparent films of semiconducting oxide materials
have been recently tried by magnetron sputtering
[84--86]. Buchanan et al. [86] have grown films of
indium—tin oxide of resistivity as low as 5 X
10~* ohmcm and transmittance ~ 85%. The sub-
strate temperature was kept ~ 730° C and the rate
of deposition was ~ 16 nmmin~'. The authors
were able to deposit these films onto a variety of
substrates including pyrex, quartz and mylar.

2.4.3. lon plating

The production of low resistivity coatings

normally requires elevated temperatures of the
order of 400 to 500°C. An alternative to the
supply of energy to the condensing molecules by
heating the substrates is to provide it by the simul-
taneous bombardment of the surface with high
energy active molecules, then reactive processes
can be encouraged on the substrate surface. The
process where these particles are provided from a
discharge running in the residual gas in the vacuum
chamber has become known as ion-plating. Since
the substrate temperatures involved are very low,
this process can be used to coat in plastic
materials, and it can be introduced into almost all
the sputtering processes. This technique has
recently been used by many workers [87-93].
Howson et al. [87, 88] have used a reactive ion
plating process to grow coatings of the oxides of
indium and indium tin alloys starting from the
metal sources. A radio freqeuncy discharge of
13.56 MHz was used to create a discharge in the
residual atmosphere of argon/oxygen. The amount
of energy put into the substrate from the dis-
charge was found to be best characterized by the
d.c. negative standing valtage that appeared on
that electrode as a result of ion and electron cur-
rent balancing during the r.f. discharge. Films of
conductivity ~5 x 102ohm™ c¢cm™ were achieved
when the r.f. bias was such that the maximum
negative voltage was ~500volts. Machet et al
[89] have used resistance heated vapour sources to
deposit indium tin oxide. Indium and tin were
separately evaporated in oxygen and the rate of
evaporation of the individual elements was adjus-
ted to have the desired value of tin contents in
indium oxide. The substrate temperature was
~300 to 350°C and the growth rate was ~4 to
6 um h™'. Under optimum conditions the films had
a resistivity ~102ohmcm and transmission
~85%. Fluorine-doped In,0; films were also pro-
duced by Avaritsiotis and Howson [90] using this
technique. The fluorine was introduced as a
gaseous dopant in In,03 by evaporating the metal
in an oxygen—CF, r.f. discharge. It was observed
that the incorporation of 2.3at% fluorine in the
films induced a sheet resistivity of 40 ohm[1™!
and a transmittance of 80%. Recently Ridge ez al
[91] have used this technique to coat continuously
a flexible plastic sheet with indium tin oxide. A
magnetron sputtering source was modified to
accommodate this reactive tin-plating process. By
controlling  the  sputtering rate precisely
(~10nmmin~") and the partial pressure of oxygen
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(~0.9 x 10 3torr), they were able to achieve
highly transparent (~90%) and reasonably good
conducting (~ 400 ohm [0™!) films.

2.4.4. lon-beam sputtering ‘
Since ion-beam sputtering, unlike r.f. sputtering,
involves minimal intrinsic heating and electron
bombardment, so the effect on the substrate is
minimized. High quality films of transparent con-
ducting oxides have recently been fabricated by
this technique [81, 94] at deposition temperatures
less than 100°C. Fan [94] has used an argon-ion
beam source with a typical value of current of
50 mA. The electrical and optical properties of the
films were found to depend on the oxygen partial
pressure. The films had an electrical resistivity
(~5.5 x 10™* ohm cm) and transparency > 78% at
oxygen pressure of 2 to 3 x 107 5torr, both on
glass and mylar substrates.

In addition to these techniques, a few workers
have used other techniques, e.g. glow discharge
[95] and the Pyrosol process [96]. But these pro-
cesses have not been widely used.

2.5. Electrical properties

The electrical properties of these oxide materials
depend strongly on the deposition parameters, the
presence of impurities, post-deposition annealing
and the presence of oxygen during fabrication.
The effect of various parameters on the electrical
properties are discussed briefly in the following
sections. The data cited here for discussion is just
representative all that has been published.

2.5.1. Effect of oxygen

Fig. 5 shows typical results of films of indium tin
oxide [86] prepared by magnetron sputtering, as a
function of oxygen partial pressure. The films
were prepared from the In,O; target containing
9 mol % Sn0,. The system was first pumped down
to 1 x 10 7torr, and the required oxygen partial
pressure was introduced in argon at an overall
sputtering pressure of ~4 x 1073torr. It can be
observed from  this diagram that there exists a
broad minimum in the resistivity corresponding to
an oxygen pressure of 2.7 x 10 °torr. The
observed initial slight decrease in resistivity is
because the addition of oxygen enhances crystal-
lization of the films. Similar enhanced crystalliz-
ation with added oxygen has also been reported
for amorphous films of non-oxide semiconductors
[97]. Though the mechanism is not yet under-
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Figure 5 Effect of oxygen on the electrical properties of

indium tin oxide films [86].

stood, most probably the oxygen concentration
affects the growth pattern and the film prefers to
crystallize. The observed high carrier concentra-
tion at low values of added oxygen and the
decrease in carrier concentration with increasing
added oxygen suggests that the free carrier concen-
tration results from oxygen vacancies [11, 13, 14].

Fig. 6 gives typical results for the films of cad-
mium stannate [73] as a function of oxygen con-
centration. The films were prepared under a total
pressure of 3 x 10™2torr using the sputtering tech-
nique in an argon-oxygen atmosphere. For the
oxygen concentration in an argon—oxygen atmos-
phere of 2%, the resistivity is about 10 ohmcm.
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Figure 6 Effect of oxygen on the electrical properties of
cadmium stannate films [98].
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Figure 7 Effect of substrate temperature on the electrical

properties of In, 0, films [54].

With increasing oxygen concentrations, the resis-
tivity decreases to a minimum of 2.5x 107*
ohmcem at 6% oxygen concentration. The resis-
tivity starts increasing again with further increase
of oxygen; at 20% oxygen concentratjon, the aver-
age resistivity isabout 2 x 1072 ohm cm, two orders
of magnitude higher than the minimum value.

In order to have the films of lowest resistivity,
the concentration of oxygen has to be adjusted to
an optimum value.

2.5.2. Effect of substrate temperature

Figs. 7, 8 and 9 show typical results for the elec-
trical properties of In,0s [54], SnO, [40] and
Cd,Sn0, [43] as a function of substrate tempera-
ture. It can be observed from these figures that the
resistivity decreases at first and then increases
again as the substrate temperature is increased. On
the other hand, the carrier concentration first
either remains practically constant or increases
with the increase of substrate temperature; and
then starts decreasing with the further increase of
substrate temperature. The decrease in electron
concentration at higher substrate temperatures
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Figure 8 Effect of substrate temperature on the electrical
properties of SnQ, films {40].

further confirms that the free carrier concentra-
tion is mainly because of oxygen vacancies, as sug-
gested by Fan and Goodenough {13] and Bosnell
and Waghorne [11]. The initial increase in carrier
concentration in these films with substrate tem-
perature is because the crystallite size improves
significantly, thus reducing the grain boundary
scattering mechanism. This is related to the carrier
concentration as

n o= nge kT 1)

where n is the carrier concentration for a film hav-
ing a grain boundary potential barrier of ¢ at any
temperature 7', 1, is the carrier concentration in
the absence of grain boundaries, £ is Boltzmann’s
constant and g is the electronic charge.

The observed initial increase in conductivity in
these figures can also be understood on the same
reasoning that the crystallite size as well as the
crystalline nature of these films improves with the
increase of substrate temperature thus resulting in
increase in mobility and conductivity.

2.5.3. Effect of impurities

Impurities have been found to affect the electrical
properties appreciably. Figs. 10 and 11 show
typical variation of the electrical parameters of
indium oxide films doped with tin [36] and fluor-
ine [90] respectively. It can be observed from
these figures that initially the concentration of
free carriers increases with the increase of the tin/
indium or fluorine/indium ratio, whereas further
increase of these elements affects the electrical
properties. adversely. The initial increase may be
explained on the basis that tin and fluorine act as
substitutional impurities and replace indium and
oxygen respectively in order to give donor
electrons. Since the observed carrier concentration
is quite large (~ 10 cm™), it indicates that there
is significant contribution from oxygen vacancies
and interstitial indium atoms, in addition to the
substitutional tin or fluorine ions. The mobility
decreases gradually and the carrier density
decreases very fast for dopant concentrations
greater than the optimum value. This can be
explained as follows: the addition of tin or fluor-
ine liberates a great many carriers at first but
further addition inevitably causes disorders in the
In,0; lattice. Disorder enhances the scattering
mechanism such as phonon scattering and ionized
impurity scattering, resulting in decrease in
mobility. A crystal lattice distorted too much in
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this way can no longer be effective either in
generating Sn** ions on the substitutional sites of
In3* or in generating oxygen vacancies. It may,
however, be mentioned that the optimum value of
tin or fluorine in In,03 may vary slightly depend-
ing on the fabrication procedure.

Fig. 12 shows the effect of the impurity con-
centration of antimony [40] on the electrical
transport properties of SnO, films. The resistivity
decreases up to a concentration of 3 mol% and
starts increasing for higher antimony concentra-
tions. The carrier concentration, however, shows a
steep increase initially up to 6 mol % and a gradual
decrease thereafter. The results can be understood
on the following basis.

On addition of antimony up to 6 mol % the car-
rier concentration increases since antimony forms
a shallow donor level [98]. However for higher
values of antimony concentration there is a
decrease in both the carrier concentration and the
mobility. This is probably because a large addition
of antimony distorts the lattice, and increases the
activation energy of the donor. It can be further
observed from this figure that the value of

8x1020

{51020 -
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{1x10%0

09 1.2
SnClz,/SH?_O wt.conc. %)

Figure 10 Effect of tin doping on the electrical properties
of In,O, film [36].
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mobility increases initially up to ~ 1.4 mol % anti-
mony and then starts decreasing. The initial
increase in mobility is due to the increase in grain
size from 25nm for undoped films to 60 nm for
1.4mol% antimony-doped films, which reduces
the grain boundary scattering contribution signifi-
cantly. The decrease in mobility beyond this value
of concentration of antimony can be attributed to
the increase in contribution from ionized impurity
scattering.

2.5.4. Scattering mechanisms

The scattering mechanism involved in the conduc-
tion process in these films are little understood
explanations. Whatever are available, they are
diverse. Shanthi et al. [40] have indicated that the
mobility of SnO, and antimony-doped SnO, films
increases with the increase of temperature in the
temperature range 200 to 300 K. The authors have
attributed their results to the presence of grain
boundary scattering. The results have been
analysed in accordance with the Petritz model
[99], according to which

pg = AT ?exp (-—__q¢)

kT @)

where up is the observed mobility and A is
constant depending upon the deposition con-
ditions. ‘According to this relation logugT"?
against 1/T should give the value of ¢. Such a plot
has been drawn by Shanthi er al [40] and the

-value of ¢ has been estimated to be about 30 meV.

Dewall and Simonis [100] on the other hand have
reported that the mobility of undoped and
fluorine-doped SnO, films decreases with the
increase of temperature in the temperature range O
to 300°C. The observed decrease in mobility with
temperature is probably because of the predomi-
nance of lattice scattering in their films.
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Noguchi and Sakata [55, 101} have reported
that the mobility observed in films of In,03 and
tin-doped In,0j; is practically independent of tem-
perature (in the temperature range 77 to 300 K).
The mobility, however, is a strong function of car-
rier concentration, approximately in accordance
with the relation g o<n¥? These results have
been analysed in the light of Johnson and Lark-
Horovitz’s theory [102] of ionized scattering for
degenerate semiconductors.

Looking at the importance of these oxide
materials, much work is still needed to understand
fully the scattering mechanisms.

2.6 Optical properties

Optical properties of thin conducting transparent
films also depend on deposition parameters, the
presence of oxygen, impurities, carrier concentra-
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Figure 12 Effect of antimony doping on the electrical
properties of SnO, films {40].

tion, etc. The effect of these parameters on optical
properties is discussed briefly in the following
text.

2.6.1. Effect of oxygen

The optical properties of these films are not as sen-
sitive to the presence of oxygen as the electrical
properties. Fig. 13 shows the transmission of
indium—tin oxide films [81] as a function of
oxygen partial pressure for ion-beam sputtered
films. It can be observed from this diagram that
the transmission increases rapidly at first, exceed-
ing 80% at 3 x 10 %torr, and then becomes almost
constant at about 90%. Clearly, the presence of
oxygen beyond a certain limit is ineffective in con-
trolling the optical properties of these films. How-
ever, the electrical properties depend strongly on
the oxygen partial pressure and therefore in order
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Figure 13 Effect of oxygen on the transmission of indium
tin oxide films [81].
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Figure 14 Effect of substrate temperature T on the refrac-
tive index »# and transmission ¢ of indium—tin oxide films
[46].

to have high quality films, the value of oxygen par-
tial pressure is critical.

2.6.2. Effect of substrate temperature

Fig. 14 shows the effect of substrate temperature
T on the refractive index N and the transmission
t for indium—tin oxide films prepared by the spray
technique [46]. The refractive index decreases
significantly with increase of substrate tempera-
ture. On the other hand, the value of transmission
increases with increase of temperature up to a sub-
strate temperature ~450°C and then becomes
practically independent of substrate temperature
at higher temperatures. It has been suggested that
this dependence on substrate temperature, is
because films grown at a lower substrate tempera-
ture have a higher degree of surface roughness,
which causes light scattering and thus reduces the
transmission.

2.6.3. Reflection and transmission
properties

Figs. 15, 16 and 17 show typical variations of

transmission and reflection of In,0;3 [54], SnO,

[96] and Cd,Sn0,4 [103] films. It can be seen that

the films are transparent in the visible region and
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Figure 15 Reflection and transmission properties of In,0,
films [54].

are highly reflecting in the infrared region. The
wavelength at which the reflection becomes promi-
nent, known as plasma wavelength, depends
strongly on the carrier concentration. The trans-
mission decreases with increase of free carrier con-
centration, whereas the reflectivity increases with
increase of carrier concentration. The plasma
reflection edge shifts to shorter wavelengths with
increase of carrier concentration. This property of
reflection in the infrared and transmission in the
visible. can be understood on the basis of classical
theory:

€ =N?—K? = e, — i f(*+7)  (3)
2
" Yy W

= INK = +~—"" _ 4

¢ w(w?+ 7Y *)

where € and €" are the real and imaginary parts of
the dielectric constant, K is the extinction coef-
ficient and ey, is the dielectric constant of the
material in the absence of free electrons. The
wavelength A is related to w by the relation A =
27Co/w where Cyis the velocity of light. w,, and y
are correlated with the free carrier concentration #
and the mobility u of the charge carriers by the
equations

ne? eme

’y =
€oMe M

w, = (%)
€p is the permittivity of free space and m, is the
effective mass of the free carriers.

The material properties change drastically when
€' passes through € = 0. This defines the cut-off
wavelength of the filter, where metal-like infrared
reflection changes to dielectric-like visual trans-
mission. It is called the plasma wavelength of the
free electron material and is given by



Figure 16 Reflection and trans-
mission properties of SnO, films
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Since the value of v is quite small and thus can
be neglected, the cut-off wavelength A, can be
adjusted simply by changing the carrier concen-
tration of the films by doping.

Knowing the values of the plasma wavelength,
one can find out the value of the effective mass of
the carriers as a function of carrier concentration.
Such calculations have been made by Ohhata er al.
[104] and Shanthi e al. [40] for In,03 and SnO,
films respectively. The variation of effective mass
with carrier concentration is shown in Figs. 18 and
19. Such large changes in effective mass with carrier
concentration indicates non-parabolicity of the
conduction band.
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Figure 17 Reflection and transmission
Cd,Sn0O, films [103].

properties of

2.6.4. Optical absorption studies

The optical absorption studies {14, 16, 22, 40,
104, 105] in thin films indicate that there are both
direct and indirect allowed transitions present in
accordance with the realtions a ~ (hv — Eg)"? for
direct transitions, and a~ (hw — Eg)? for indirect
allowed transitions, where Av is the energy of the
photons, « is the absorption, and E and £ are the
energy gaps for these two transitions. Different
values of E, and Ey have observed by different
workers depending upon the deposition con-
ditions. The range of values observed for SnO,,
In,0; and Cd,Sn0, are given in Table 1. The values
of the energy gaps are also a function of the carrier
concentration and it has been observed that the
absorption edge shifts towards higher energy with
an increase in the carrier concentration. This is
known as the Burstein—Moss shift {106, 107].
Assuming that both the conduction band and the
valence band are parabolic, the energy shift can be
given in the same way as the free energy of a free
electron gas:

0.6

0 1 7

3 4
w1 10%0em3 )
Figure 18 Effective mass carriet contentration variation in
In,0, films [104].
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Figure 19 Effective mass carrier concentration variation in
SnQ, films [40].
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where Ly is the intrinsic band gap and my, is the
reduced mass defined by 1/my,=1/m.+ 1/my
where m, and my are the effective masses in the
conduction band and valence band respectively,
and h = h/2n where A is Planck’s constant. This
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Figure 20 The effect of carrier concentration on the band
edge shift for In,0, [104]. m direct allowed transition
d=142.5 to 145 nm; e indirect allowed transition d =
473 to 500 nm.
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relationship indicates that the shift should be pro-
portional to n*®, and the coefficient should lead
to the value of my,. Such a linear dependence of
the shift on 7% has been observed by many work-
ers. Representative data for In,0Oj3 are shown in
Fig. 20 [104].

2.7. Figure of merit

Common to all transparent conductor applications
is the need for optimizing the electrical and optical
coating parameters. Depending on the type of
device requiring a transparent electrode, the
optical transmission and the electrical conduction
of the electrodes should exceed certain minimum
values. Ideally both the parameters should be as
large as possible but their inter-relationship usually
excludes the simultaneous achievement of both
these criteria. In order to compare the perform-
ance of various transparent conductors, the most
widely used figure of merit is defined as [108]

TlO
Rg
where T is the transmission and Rg is the sheet

resistance. The maximum value of the thickness
that corresponds to this figure of merit is given by

®

(8)

¢rc =

tmax = 1/10a

where « is the optical absorption coefficient.
Table II compares the values of ¢p¢ for differ-
ent films prepared by different techniques.

3. Applications of transparent conducting
films

3.1. Transparent heat-reflecting films
Wavelength-selective surfaces have many important
applications, especially in solar energy conversion.
There are basically two classes of wavelength selec-
tive surfaces: selective black absorbers and trans-
parent heat mirrors. Selective black absorbers
absorb solar radiation and have a low infrared
thermal emissivity. Such absorbers are generally
prepared by coating a metal of high infrared reflec-
tivity with a thin film that is transparent in the
infrared but highly absorbing in the visible. Such a
film can be prepared by depositing a thin layer of
semiconductor having an energy gap of about 1eV
together with an antireflection coating [112]. The
other method of preparing selective black absorb-
ers is to use cermet films, e.g. MgO—Au [81, 113,
114}, and Cr,05;—~Cr [115, 116]. The other type of
wavelength-selective surfaces, transparent heat
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mirrors, are surfaces which have a high reflectance
for the parts of the wavelerigth spectrum which are
described as heat, and consequently they have a
low emissivity for these wavelengths. These sur-
faces are produced by two different techniques:
(1) by the use of multilayers of dielectrics and
interference effects to give the required properties,
and (2) by the use of intrinsic optical properties of
surfaces of bulk condyctors. The optical properties
of conducting materials are characterized by a
plasma frequency for their free carriers. The
material shows a reflectance that falls from di-
electric behaviour to near-zero and then rises to
near unity with increasing wavelength. In the
region of dielectric behaviour, the material is trans-
parent and the lower wavelength limit of transpar-
ency is governed by interband absorption. Optical
properties due to free carriers within semiconduc-
tors can lead, therefore, to regions of transparency
between the plasma frequency and the frequency
corresponding to the onset of interband absorp-
tion. Metals may also be used as transparent heat
mirrors if their interband absorption is sufficiently
small to allow a film to be thick enough to be
coherent whilst remaining transparent. Metals such
as gold, silver and copper, which possess a
relatively high transmission in the visible range of
the spectrum and a relatively high coefficient of
reflection in the longer wavelength region, have
proved effective. To improve the transparency in
the visible range, additional interference layers of
high refractive index materials are used. The most
commonly used coatings [117, 118] are ZnS/Au/
ZnS, TiO,/Au or Ag or Cu/TiO,, Bi,0,/Au, or Ag
or Cu/Bi,0;, ITO/Au or Ag or Cu/ITO. Fig. 21
shows typical results [117} of the transmission as a
function of wavelength for various layer combina-
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Figure 21 Transmission as a function of wavelength for
various layer combinations [117].
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tions in which the metallic layer is embedded
between two transparent layers of metallic oxide
of appropriate thickness.

Another simple technique to achieve the same
goal is to coat the surface with doped or undoped
In, 03, SnO, or Cd,Sn0y, or their mixed oxides, of
suitable carrier concentration. Many workers [44,
81, 85, 119—123] have reported the use of these
coatings for heat reflecting applications. In order
to have low emissivity, the sheet resistivity of the
films should be less than 20ohm™!. A typical
curve depicting this is shown in Fig. 22, for In,03
films [121], in which the value of emissivity is
given for different values of sheet resistivity. The
samples were heated to 80°C and the emissivity
was measured under roughly normal incidence
with a broad-band detector. Dewall and Simonis
[100] have estimated that for an optimum trans-
parent heat mirror based on SnQO, coatings, a high
electron mobility of at least 40 cm?V™'sec™ and
an electron concentration of about 3 x 10®cm™
are required. With the techniques described in the
earlier section, it seems quite feasible to achieve
such properties.

This property has also been exploited and used
in low pressure gas discharge lamps [107, 124],
solar collectors {103, 116, 121, 125, 126] and
incandescent lamps [81].

3.2. Heterojunction solar cells

There has been considerable interest in recent
years directed towards the development of con-
ducting oxide silicon solar cells. These hetero-
junction solar cells offer the possibility of fabrica-
tion of solar cells with performance characteristics
suitable for large scale terrestial applications. Such
an interest is also based on the fact that these
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Figure 22 The effect of sheet resistivity on the emissivity
of In, O, films [121].



heterojunction devices have a number of
advantages over diffused p-n junction silicon cells
and have the potential for lower cost fabrication.
Some of the advantages are: (a) ease of fabrication
of the junction because of lower junction forma-
tion temperatures; (b) the conducting transparent
film permits the transmission of solar radiation
directly to the active region with little or no
attenuation, so that solar cells based on these
materials result in improved sensitivity in the high-
photon-energy portion of the solar spectrum; and
(c) these films can serve simultaneously as a low
resistance contact to the junction and as an anti-
reflection coating for the active region. The refrac-
tive index of the film, N, is related to the refrac-
tive index Ng of the substrate by the relation
Ni = (Ng)"?, for an antireflection coating. The
refractive indices of indium—tin oxide and silicon,
which are ~2 and 4 respectively satisfy this con-
dition well.

In addition, the lower processing temperature is
especially suited for polycrystalline silicon since
preferential diffusion along grain boundaries can
be avoided. Moreover, the deposition techniques
are consistent with high yield and fast throughput
processing, thus avoiding degradation of semicon-
ductor minority carrier properties and suggesting a
compatibility with film and polycrystalline sub-
strates [127, 128]. Fig. 23 shows the typical con-
figuration [129] of a cell based on silicon
substrates. The single crystal or a polycrystalline
substrate wafer is polished. Prior to deposition of
Sn0O, or In,0s, the wafer is chemically etched in a
HF—HNOj; mixture. The thickness of the film is
usually kept ~ 100 nm in order to give the desired
antireflection properties. After the deposition of
SnO, back contact metallization is accomplished
by vacuum depositing 100 nm of titanium followed

n~=5n0,
!
|
Metal I
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Figure 23 Typical configuration of a heterojunction solar
cell [129].

-

by 500nm of silver. The front-metal grid electrode
is formed by sequentially evaporating 100nm of
titanium and 1000 nm of silver through the metal
mask. Heterojunction solar cells with a conducting
transparent film on silicon, indium phosphide, cad-
mium telluride, gallium arsenide, etc. have been
reported by many workers [127—153].

There has also been considerable interest
recently in solar cells incorporating an amorphous
interfacial layer between the cell substrate and the
window [154—157]. The purpose of using this
layer is to increase the open-circuit voltage by
decreasing the dark saturation current. This semi-
conductor—insulator—semiconductor {SIS) struc-
ture is potentially more stable and theoretically
more efficient than either a Schottky or a metal—
insulator—semiconductor (MIS) structure. The
origins of this potential superiority are the sup-
pression of majority carrier tunnelling in the SIS
structure, the absence of thin metal which absorbs
light and is subjected to environmental degrada-
tion and the wide choice of conductivity and band
gaps allowed in the top layer. Table III lists the
results of some of the workers on heterojunction
solar cells in which the conducting transparent
layer has been fabricated using different tech-
niques.

3.3. Gas sensors

Semiconductor materials whose conductance is
modulated directly by interaction with an active
gas have been studied for many years. There is
reversible chemisorption of reactive gases at the
surfaces of certain metal oxides and chalcogenides
which is accompanied by reversible changes in con-
ductance [164—176]. The recent emergence of
concern over pollution; over efficiency in a variety
of combustion processes; and over heightened
requirements involving poisoning gases has stimu-
lated substantial research and development in the
field of semiconductor gas sensors. Most of the
sensors used so far are based on doped or undoped
tin oxide. Windischmann and Mark [169] have
described a thin film SnO, sensor for carbon mon-
oxide. The sensors were fabricated by sputtering a
hot-pressed SnQ, target in the presence of oxygen.
The film thickness was of the order of 50 nm. The
films were tested in a flowing gas system with
sensors thermally biased at 200 to 500°C. It was
observed that the sensor ceased to work beyond
this temperature range. The sensors were tested to
detect carbon monoxide in the presence of back-
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TABLE III Comparison of solar cell properties based on conducting transparent layers produced by different tech-

niques
Structure Method of preparation Efficeincy Reference
or conducting film (%)

Sn0, /Si Spray deposition 12.3 [129]
SnO,/Si Spray deposition 7.2 [149]
SnO,/Si Sputtering 12.5 [158]
ITO/Si Sputtering 13.0 [159]
In,0,/Si Vacuum evaporation 6.0 [160]
ITO/Si Sputtering 12.0 [159]
ITO/Si Spray deposition 9.0 [161]
In,0,/InP Sputtering 9.3 [144]
Sn0, /InP Sputtering 2.2 [144]
ITO/CdTe Sputtering 8.0 [139]
ITO/InP Sputtering 14.0 [146]
ITO/InP Ton-beam sputtering 14.4 [162}
ITO/InP Magnetron sputtering 9.4 [146]
ITO/GaAs Magnetron sputtering 1.9 [146]
ITO/GaAs Ton beam sputtering 5.0 [146]
ITO/GaAs Sputtering 2.0 [146]
ITO/Si0,./Si Spray deposition 11.5 [154]
ITO/Si0,,/Si Ion beam sputtering 11.9 [163]

ground gas constituents which comprised 10%
oxygen, 3% water, 500ppm sulphur dioxide,
150 ppm nitrogen oxide, 9% carbon dioxide, and
the balance nitrogen. Within this range, it was
observed that the conductance of the sensor
increased with partial pressure Pgo of carbon
monoxide in the ambient gas according to the
relation

G = Go+ B(Pco)"? (10)

where G, is the background conductance in the
absence of carbon monoxide and § is a constant.
An example of this behaviour is shown in Fig. 24
[169]. The results have been analysed on the basis
of the following model. (a) There is a surface reac-
tion between associatively adsorbed carbon mon-
oxide from the ambient gas with chemisorbed
oxygen to produce CO3. (b) This is followed by
the return of the electron from the COj; to the
conduction band, owing to the exothermic reac-
tion energy of the CO oxidation. (¢) There is
subsequent thermal desorption of the neutral
sorbed CO,. It has also been observed that the
speed of response of the sensors increased with the
increase of carbon monoxide concentration.

The detectors based on SnO, doped with thor-
ium oxide (ThQO,), show the presence of an oscilla-
tion phenomenon [171, 172] when the devices are
exposed to carbon monoxide gas in air. Since this
oscillation phenomenon is absent in the presence
of other gases except carbon monoxide, the device
can be used to detect carbon monoxide in air.
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Recently it has been observed [173] that when
sensors based on SnOj,doped with palladium,
rhodium or MgO are tested in air, the oscillation
phenomenon exists only when hydrogen gas is
present in the air. This suggests the possibility of
using these devices for sensing hydrogen in atmos-
pheres containing various gases. Nitta et al. [170]
have reported the fabrication of a propane gas
detector using SnO, doped with niobium, vanad-
fum, titanium or molybdenum. It was observed
that the detectors based on SnO, doped with tran-
sition metals were relatively more reliable and
sensitive for the detection of propane gas.
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Figure 24 Effect of CO partial pressure on the conduct-
ance of SnO, films {1691.



3.4. Protective coatings

In recent years, increasing demands are being
placed on the serviceability of articles fabricated
from glass or plastics. Specifically for glass con-
tainers, high production speed, lighter weight con-
tainers as well as increased bottle-line filling speeds
are calling for improved methods to maintain the
inherently high strengths of moulded glass sur-
faces. It is well established now [1, 31, 177—181]
that metal oxides and organic coatings have to be
applied to glass containers to protect them from
frictive damage thereby maintaining a high percent-
age of pristine strength. These goatings lower the
coefficient of friction of the glass surface
facilitating the movement of containers through
high speed filling lines. The application of tin
oxide is made when the containers are hot (~ 400
to 500°C), and the process is normally known as
hot end treatment. The containers are consecu-
tively treated with an insoluble coating such as
emulsified polyethylene when the containers are at
much lower temperatures (100 to 150°C) and the
process is referred to as cold end treatment. It has
been reported that such treatments produce scuff-
free surfaces. Fig. 25 shows the typical values of
the friction coefficient of the bottles with and
without hot end coatings [178]. The value of the
friction coefficient F was in the range 0.8 to 0.9
for uncoated glass-to-glass contacts. Bottles receiv-
ing a commercial organic lubricant only, i.e. cold
end coating, showed an initial vajue of F as 0.45
for dry conditions. This value initially decreased
rapidly to 0.3 but on repeated frictive testing, it
rose to a constant value of about 0.8, indicating
that glass to glass contact occurred. Any lubricat-
ing qualities, initially present, were either worn
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Figure 25 Effect of various treatments on the friction co-
efficient of bottles as a function of repeated tests [178].

away or the organic coating had been cut through
by the repeated contact. For only the tin oxide
coatings, i.e. hot end treatment the intial value of
F was 0.38, and it remained constant for 50 tests.
When both tin oxide and organic libricants were
applied to glass surfaces, the initial value of F was
0.03 and it remained constant over the repeated
tests, demonstrating that the tin oxide coatings
act to bond the organic coating more firmly to
the glass surface than when no tin oxide is
present.

Budd [179] has indicated that these properties
of tin oxide coatings are very much related to the
level of tin treatment of these bottles. The higher
the level of tin, the greater is the resistance to
scuffing. It was also observed that the coating of
Sn0O, and the organic treatment produced good
abrasion resistance and lubricity in the surfaces,
which could be maintained through at least 20
alkaline washings of 2.5% NaOH solutions at
65°C. Various set-ups for coatings of SnO, on
such a large scale has been discussed by many
workers [31, 180, 181].

3.5. High power laser applications [5]

Electro-optic shutters based on the longitudinal
Pockels effect are required in high energy solid-
state systems for fusion research to suppress
target-damaging amplified spontaneous emission
and to protect the system from target retroreflec-
tions. The Pockels cells now used consist of cylin-
drical KDP crystals with a metal ring around the
crystal near the parallel faces. To achieve adequate
electric field uniformity over the aperture requires
a crystal length-to-diameter ratio of >1.1. Such
crystals with a clear aperture of 5cm and even
somewhat larger are available, but difficult to grow
and expensive. A transparent conductive film elec-
trode over the crystal aperture eliminates the
length to diameter constraint. The disc crystals
can, therefore, be used for the same purpose, pro-
vided they are coated with transparent conducting
films which can withstand high laser powers. It has
been reported by Pawlewicz et al. [5] that the r.f.
sputtered coatings of In; ¢Sng,0; on fused silica
exhibited damage thresholds of 2.2 and 3.1 Jem™2
for 0.15 and 1 nsec neodymium—glass laser pulses
respectively. The thresholds were measured using
linearly polarized 1.06 um pulses, incident on the
films at 56° from the normal. The beam diameter
was ~2mm. It has also been observed that the
damage thresholds did not increase with the square
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root of pulse durations, indicating that linear
absorption was the cause of damage.

3.6. Space applications [7]

A growing concern about non-uniform electric
charge build-up on the exterior surfaces of orbit-
ting satellites has prompted investigations with the
preparation and properties of electrically conduct-
ing transparent coatings for use as surface layers
on temperature control coatings. Field intensity
fluctuations in the earth’s magnetosphere
especially at geosynchronous orbital altitudes con-
tinuously irradiated with UV and charged particle
radiation may differentially bias spacecraft areas
to potentials as high as 10*V [182]. Spacecraft
elements charged to potential differences of this
magnitude may perturb the electromagnetic field
and charged particle environment that they were
launched to measure and may also cause
catastrophic failure of operature of operating func-
tions due to spontaneous discharges. Electrical
conducting transparent coatings can therefore

ensure potential uniformity on the exterior of the

satellites. The films should satisfy two conditions:
(1) they should be highly conducting, and (2) they
should have little effect on the properties of the
underlying surfaces even after extended exposures
to space environment with charged particles. Hass
and his coworkers [7, 138] have shown that In,0;
and ITO coatings were well suited for the purpose
and the coated surfaces were shown to have
excellent stability when exposed to combined UV
and charged particle irradiation in both laboratory
and actual space flight experiments.
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