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ABSTRACT

During the past decade there has been a large amount of research activity
in the field of thin film technology for its different practical and commercial applications.
Realising its importance in technology, academié institutions, national laboratories and
industries have entered this activity. The interests are varied and encompass both
fundmental amd applied aspects for use in space, defence, industry and other areas. Many
organisations have installed automatic as well as manually operated deposition systems.

In this work, a number of oxide and sulphide thin solid films have been
prepared and their properties have been studied in relation to their practical and
commercial applications. These films were prepared by (1) Dip technique and (2) Open
aif | chemical vépour deposition technique (OACVD). The first has been used for
deposition of oxide (Sn0O,, CuO) and sulphide (Zn,Cd;.4S, SnS, SnS,;, MoS, & Cu,S)
films, while the second, for transparent conducting tin oxide (SnQ,) films only.

In the first chapter, an introduction to thin film technology, its different
applications iﬁ science and technology and a brief review of different techniques for
deposition of thin films have been discussed. |

In chapter two, details of the DIP TECHNIQUE are given and
preparation of oxide (SnOy & CuO) films using this technique and their characterizaﬁon
have been discussed. In the dip technique as used for oxide films the substrate is
withdrawn vertically at a controlled speed from a starting solution containing a suitable
metal nitrate or chloride and alcohol, when a liquid layer adheres to the substrate surface.
It is then baked in a furnace under atmoSphen'c conditions, when the liquid film reacts on
the substrate inside the furnace and is converted to a solid film. Undoped and F-doped
transparent semiconducting films with tin dioxide as the active material have been

prepared by the hydrolysis of stannous chloride which takes place when a substrate is
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withdrawn from a methanol solution of SnCl,. 2H,0 and baked at a high temperature as

described. F-doping is achieved by adding NH4F to the starting solution. The maximum

film thickhess obtainable per dipping (dip-withdrawal-bakecycle) is about 0.58 pm, but
can be increased by multiplé dipping. The films appear to be a mixed phase consisting of
crystalline tin dioxide over an amorphous background, probably of Sn(OH)Cl. The film
produced by a single dipping consists of a small number of isolated SnO, crystallites. But
as the film thickness is increased these crystallites increase in number and finally merge
into a continuous layer. Typical values of resistivity of F-doped films produced by this
method is 2.4 X 102 Q cm, with an average transmission of 85% at a thickness of 2.96
um. This work has been published in the "Surface and coating technology” Vol. 102
(1998) Page 73-80. |

For the preparation of copper oxide (CuO) films, a methanolic solution of
cupric chloride (CuCl,.2H,0) was used. These films were prepared at three different
baking temperatures. ASTM data confirms that the films are of CuO phase. The optical
band gap of the films calculated from optical absorption measurements is 1.85 eV which
is (juite éomparable with the reported in the literature.

The third chapter describes the deposition and study of various properties
of sulphide films. For the preparation of sulphide films, the starting soiution contains a

suitable compound of sulphur like thiourea or amonium thiocyanate in adddition to a

metallic chloride or nitrate. The films prepared were of Zn,Cd; S, SnS & SnS,, MoS,
and Cu,S.

For preparation of Zn,Cd; S (0< x <1) alloy thin films by this technique,
an alcoholic solution of the corresponding metal nitrates and thiourea was taken as a
starting solutién from which the substrate was withdrawn and baked at 400° C - 600° C.
X-ray diffractometric study suggests that for zinc atomic fraction x < 0.6 films prepared
at a baking temperature of 500° C are homogeneous with a hexdgonal (wurtzite)

structure. Increase in the proportion of zinc in the starting solution is found to produce a
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decrease in the lattice parameter. SEM studies reveal an increase in grain size with Zn
atomic fraction x upto a value of 0.6. For x > 0.6, the films appear to have an amorphous
character, as no distinguishable peaks can be seen in the X-ray diffractograms. The SEM
micrographs also do not show any clearly defined grains over this range. Values of
bandgap obtained from optical absorption measurements as well as from spectral response
of photoconductivity, are in good agreement with each other and vary monotonically from
230eV (CdS) to 2.69 eV (Zng ¢Cdy 4S) over the range 0< x < 0.6. For x> 0.6, the films
appear to develop an am(irphous nature and the optical band gaps obtained from optical
absorption measurement are much less than those obtained from photoconductive
measurements. This work has been published in the "Thin Solid Films" Vol. 322/1-2
(1998) Page4117-122.

For the preparation of SnS and SnS, films the starting solution was

prepared by dissolving SnCl, and thiourea in methanol. The structure and

photoconductive properties of these films and their conversion to tin dioxide by annealing

in atmospheric condition have been studied. XRD and SEM data suggest that good
quality SnS and SnS, films are obtained at a baking temperature of 3000 C and 360° C

respectively. Values of bandgap for SnS and SnS, obtained from spectral response of
photoconductivity are 1.4 ¢V and 2.4 eV respectively. The bandgap values for SnS, also
agree with that obtained from optical absorption measurements. Optical absorption data
for SnS, and Sb-doped SnS, films shows an increase in bandgap with increasing dopant
concentration. However, increasing dopant concentration is accompanied by a loss in

crystallinity as observed from XRD data. Annealing in atmospheric condition both of SnS

and SnS, films at 400° C converts them to transparent conducting SnG;.
In the last two sections of this chaptsr, preparation of MoS, and Cu,S
thin film and their optical & structural properties have been discussed briefly.
In chapter four we discuss a new technique developed by

us, which is very simple and cost effective. This is the Open Air Chemical Vapour
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Deposition (OACVD) technique. This technique was used for the preparation of
transparent conducting undoped and doped (Mo, Sb & F) tin dioxide films. In OACVD

techniélue, the substrate was placed vertically in:the central region of a long tube heated |
from outside of the tube in‘ atmosp‘hericv condition by winding a heater coil on its outer

surface. When the substrate attained the desired temperature then the starting material

(fof SnO, film; SnCl,.2H,0 with few drops of water) kept in another container placed at
the bottom of the tube was heated separately. White fumes, which contained SnCly

vapour, were given off by the paste and deposited Sn0, films where they came into

contact with the hot substrate. The eléctﬁcal, optical, XRD & SEM properties were
studied. Films were deposifed on glass"and mica substrates. The grain size of fhe film
deposited on »mica- substrate was larger cdmpared to those prepared on glass substrate.
Optiﬁmm concentration for each dopant, at which 'thé Sheet resistance is é minimum, was
determined. 4.5 at% F-doped SnO, films show the lowest resistivity ~ 4 X 104 Q c¢m and
éverage optiéal transmission of 80% at a thickness of 3500 A°. This work has  been
published in the ""Thin S’olid Fil}ns" Vol. 307 (1997 ) Page 221-227.

The fifth chapter §umfnarizes the work‘, presented in the thesis and future

work that may be carried out in the field is suggested.



CHAPITER-1

*THIN FILM DEPOSITION
TECHNIQUES
-A REVIEW



1.1. INTRODUCTION

Thin film technology has become extremely important today for
fundamental studies in many fields of physics, electronics, and chemistry and is also
employed in numerous practical applications. The tremendous progress in the field of
thin film physics has been stimulated and widened to a large degree by the recent
development of most efficient high and ultra-high vacuum systems up to many feet in
diameter in which thin films can be deposited with great ease by the high vacuum
evaporation technique. In addition, new instrumentation for measuring pressure, gas
composition, and deposition rates during the evaporation, and novel evaporation
sources, which are often automatically controlled, now permit the preparation of thin
films under precisely controlled and compietely reproducible conditions.

Some workers use such films to obtain information about the properties
of solids in general, since certain measurements can be made more conveniently using
thin films. Others are more interested in fundamental properties of solids in thin film
forms, since these may differ considerably from those of the bulk material. Examples of
such research include studies of the optical, electrical, magnetic and superconducting
properties, investigations of structural order, dislocation, migration phenomena and phase
transitions, and of various surface reactions and surface phenomena. The results obtained
by such fundamental studies are also of great interest to those concerned with the
practical and commercial applications of thin films. Examples of such applications which
aée most important for the fields of optics and electronics are: highly reflecting mirror
coatings, protective layers, antireflection films, beam-splitters, reflection and transmission

type interference filters with narrow and wide band widths, polarizer, radiation
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detectors, coatings for. image-forming devices, light intensifiers, and solar energy
converters, surface films for controlling the temperature of satellites, for passive and
active electronic device film components, thin film circuits, and superconducting thin
film devices [1].

Thin films form when it is built up as a thin layer of solid substance on a
solid support called the substrate by controlled condensation of the individual atomic,
molecular or ionic species, either directly by a physical process, or via a chemical and/
or electrochemical reaction.

We present in this chapter a brief review of different deposition
techniques. Though thh film deposition techniques are discussed in detail in various
standard books [2], it is discussed here in brief to place the deposition methods
described in the present work ( dip deposition technique and open air chemical vapour
deposition technique ) in their proper perspective.

A thin fiilm deposition process involves three basic steps: (1) creation of
atomic/molecular/ionic species, (ii) transport of these species through a medium (vapour,
stream or spray/ or liquid) and (ii1) condensation of the species on a substrate. Depending
on whether the vapour species has been created by a physical process (such as thermal
evaporation and sputtering) or by chemical or electrochemical means, the thin film
deposition processes can broadly be divided into two classes.

(i) Physical Methods of deposition or Physical Vapour Depdsition (PVD) and
(i) Chemical Methods of deposition.

By combining these two methods, hybrid techniques such as reactive
evaporation/sputtering and plasma deposition have been developed.

Although genuine differences exist between the two classes, the line of
demarcation is not really sharp and in many cases the techniques involve features

of both classes; nevertheless, the two are discussed separately.
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1.2. PHYSICAL VAPOUR DEPOSITION (PVD)

As already stated, PVD techniques are those where vapour of the materials
"to be deposited has been created by a physical process, mainly based on evaporation and

sputtering.

1.2.1.Evaporaﬁ0n technique: The evaporation of a material ‘requires

heating to a sufficiently high temperature to produce the desired vapour pressure. The
vapour atoms traverse the medium and are made to condense on a substrate surface to
form a thin film. The rate of condensation/deposition of the vapour atoms depends on the
vapour-source-substrate geometry and the condensation co-eﬁicient on the surface under
'given physical conditions.

Among the evaporation techniques thermal evaporation is comparatively
simple and very convenient. In this method, solid material vaporizes when heated to a
sufficiently high terﬁperature and then the condensation of the vapour onto a cooler
substrate, yields thin solid films. This is achieved by carrying out the deposition in a
vacuum of such magnitude that the mean free path of the ambient gas molecules is greater
than the dlmensmns of the deposition chamber and the source - substrate distance.
Because of colllslons w1th ambient gas atoms, a fraction of the vapour atoms proportional
to e"d/1 wﬂl be scattered. Here 'd' is the distance during their transfer through gas and 'I' is
the mean free path and its value at 25° C is about 450 cm at 10-5 Torr. Other evaporation
techniques such as -vacuum_ evaporation, arc evaporation, co-evaporation, flash
eveporation, laser evaporation, electron-beam evaporation, activated reactive evaporation
(ARE) are also commonly used for the deposition of thin films. A variety of sources is
used to evaporate different materials, depending on wheather they are available in wire,

foil or powder form,
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Figure 1.1 shows a few evaporation techniques which are commonly used
for the deposition of thin films. Flash Evaporation [Fig.1.1.(a)], a rapid evaporation of a
multicomponent alloy or compound, which tends to distill fractionally, may be obtained
[3,4] by continuously dropping fine particles of the materials onto a hot surface so that
numerous discrete evaporations occur. It has been used for preparing films of ceramics
[5], BiyTe; [6], III-V compounds [7] etc.

In Arc Evaporation [Fig.1.1.(b)], by striking an arc between two
electrodes of a conducting material, sufficiently high temperatures can be generated to
evaporate refractory materials such as Nb and Ta. It is widely used for evaporation of
carbon for electron-microscope specimens.

The Exploding-Wire techniques [Fig. 1.1.(c)], consists of exploding a wire
by a sudden resistive heating of the wire with a transient high current density (approx. 106
A/em?), 1t is achieved by discharging a bank of condensers (~10 to 100 uF), charged to a
voltage ~ 1 to 10 KV, through a metallic wire.

In case of Laser Evaporatipn, the enormous intensity of a laser may be
used to heat and vaporize materials by keeping the laser source outside the vacuum
system and focusing the beam onto the surface of the materials to be evaporated [Fig.
1.1{d)].

The evaporated films are generally not uniform because the arr‘lit)unt of the
material reaching the substrate depends on the angle (8) between source and the substrate
area [8]. The rate of deposition follows a Cos9/r2 variation for a point source and
Cos20/r2 variation for evaporation from a small area, r being the distance between the
source and the substrate. By proper selection of source, source-substrate geometry and

substrate rotation, it is possible to get highly uniform films over large areas.
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Figure 1.1. Schematic diagram of different evaporation technique

(a) Flash evaporation, (b) Arc evaporation.
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1.2.2. Sputtering techniques: Vapour species may be created by kinetic
)ejection from the surface of a material (called the target) by bombardment with energetic
and non-reactive ions. The ejection process, known as sputtering, takes place as a result
of momentum transfer between the impinging ions and the atoms of the target. surface.
The sputtered atoms are condensed on a substrate to form a film. Various sputtering
techniques are used for deposition of thin films.

Several systems have been employed for deposition of films by sputtering.
These sputtering variants are shown schematically in figure 1.2. The simplest and most
widely used one utilizes the glow discharge between two electrodes and is commonly
referred to as a diode arrangement [Fig. 1.2.(a)]. The substrate in such a diode system is
normally placed on the anode and kept at anode potential. It will acquire a negative
pofential of several volts relative to the anode and attracts gas ions, leading to
contamination of the film. On the other hand, if the substrate is held at a large negative
potential, the film will subjected to steady ion bombartment throughout its growth. This
technique [Fig. 1.2.(b)] employed by Maissel and Schaible [9], is called "bias sputtering".
The idea of sputter deposition with simultaneous sputter cleaning by bombardment was
originally conceived by Frerichs [10], and his arrangement is shown in figure 1.2.(c). Here
an asymmetric alternating rather than d.c. is applied between cathode and substrate so
that more material is deposited on one half-cycle than is removed by reverse sputtering in
the other half-cycle. Bombardment removes absorbed gases and responsible for good
bonding of the film. |

The effect of sputter-cleaning of an evaporated film is utilized in a system
[Fig. 1.2.(d)] called "ion plating" [11]. The films are obtained by evaporation from a
filament and the deposit is simultaneously bombarded with accelerated gas ions.

The efficient gettering action of films for reactive gases during deposition
was put to advantage by Theuerer and Hauser [12] in the technique [Fig. 1.2.(e)], called

"getter sputtering”. In this case , two cathodes of the material to be sputtered are
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symmetrically located with respect to a Ni anode cylindrical can. The first cathode is used
to maximize the gettering action of active gases where they enter near the bottom of the
cylindrical can. After sputtering for a few minutes, the sputtered materials from the
second cathode is allowed to deposit on the substrate.

Auxiliary electrons may be supplied thermionically from a filament. Both
the total ionization and the ionization efficiency are increased by accelerating the electrons
by means of a third electrdde and injecting them into the plasma. This sputtering [Fig.1.2
(D] process, is called "triode sputtering".

Ionization of the gas can be produced by suitable electromagnetic
radiations such as rf, uv, x-rays, and y-rays. High ionization yield may be obtained
conveniently by the use of f of several megacycles (RF sputtering). The rf may be
applied directly to the anode through a capacitor [Fig.1.2.(g.1.) for metal spuftéring], or
via a high-frequency coil inside [Fig.1.2.(g.2.)] or outside the discharge vessel. Gawehn
[13] used the electrodeless technique with rf of 1.8 to 12 Mc/sec to sputter at low
. pressure. Note that rf may be used additionally in any one of the Fig 1.2.(a) to 1.2.()
sputtering arrangements to obtained increased sputtering rates at lower pressures.

Davidse and Maissel [14] described the application of the rf technique to
sputtering of insulator films. A transmitter or a standerd rf heating power suply (1 to 20
Mc/sec, 2 kW at 2 kV) may be used to couple directly to the insulator target mounted on
a metal plate. Two cathodeé in a push-pull arrangement may be used [Fig. 1.2.(g.3)]. The
direct coupling of rf is somewhat sensitive to the design of the feed through for the
insulator cathode and to the rf power input. The reflective losses from the power supply
into the sputtering apparatus necessitate water cooling of the leads. For supporting and
stabilizing the high-frequency discharge, a magnetic field is frequently applied. It also
makes operation possible at iow pressures of a few milli-torr. Very pure films can be
obtained by this technique because chances of contamination are less at the low pressure

involved. Quartz and various glasses may be readily deposited to form films at rates of up
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to 30#%sec.under typical operating conditions of a 13.56 Mc/sec, rf power of 800 W at
3,000 V peak to peak and an axial magnetic field of 0.011 T.
These processes are best suited for depositing films of many type of

multicomponent materials.

1.3. EPITAXJIAL DEPOSITION

Both for the case of single component and multicomponent compounds, it
is possible to monitor and control the kinetics of condensation and thermodynamic
reactions of the various ad-atoms so that the deposition takes place literally monolayer-
by-monolayer on a single-crystal substrate and the atomic arrangement in the film follows
that in the single-crystal. It has been used primarily for basic single-crystal growth studies
and for specialized micro-electronic applications. Hot Wall Epitaxy (HWE), Molecular
Beam Epitaxy (MBE) and Grapho-epitaxy are commonly known. MBE is a sophisticated
and expensive method. For this method ultra-high-vacuum (UHV) is required to provide a
clean ambient. With the help of MBE technique it is possible to deposit epitaxial layers of
compound semiconductors, such as Zn,Cd;_,S [15], GaAs and CdTe having precisely
controlled properties. A schematic diagram of an MBE system is shown in figure 3.

In the above, very brief accounts of the important Physical Vapour
Deposition (PVD) techniques have been given. The deposition processes which are
related to our techniques belong to the chemical methods of deposition. So in the next
section the chemical methods of deposition zlu'e discussed in more detail More elaborate
accounts are available in the standard text books [2 & 16-20].

Chemical methods may be classified in two categories:
(1) Chemical vapour deposition and

(i1) Solution deposition technique.
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_1.4; CHEMICAL VAPOUR DEPOSITION

When a volatile compound of the substance to be deposited is vaporised, and the
vapour is thermally decomposed or reacted with other gases, vapours, or liquids at the
substrate to yield non-volatile reaction products which deposit atomistically (atom by
atom) on the substrate, the process is called Chemical Vapour Deposition [21, 22].
Since a large variety of chemical reactions are availéble, CVD is a versatile and
flexible technique in producing deposits of pure metals, semiconductors and insulators.

The chemical reactions utilized in CVD processes can be classified as: (i)
decomposition reactions, (ii) reduction reactions, (iii) chemical transport reactions, etc.

1.4.1. Thermal decomposition:- Some compounds (such as

organometallics, halides or metal hydrides) decompose at a high temperature on the
substrate to yield metallic or semiconductor films. A general decomposition reaction

can be written as

AB(gas) — A(solid)+ B(gas)———(1.1.)

A typical example of the decomposition process activated by heat (pyrolytic

decomposition) is

800-1300°C

SiH, (gas)—————— > Si(solid) +2H,(gas)———(12.)

Most organo-metallic compounds decompose at relatively low temperatures ( < 600°C )
and metal halides, particularly the iodides, are decomposed at higher temperatures. It is
more convenient to use organo-metallic compounds as the processing can be carried out
at lower temperatures. For example, thin films of AlpO3 can be prepared by thermal
decomposition of aluminium tri-ethoxide at 5500 C and aluminium tri-isopropoxide at

4200 C.

126667 - '
oy ety =277y w199
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1.4.2. Reduction:- A reduction reaction may be considered as a

decomposition reaction aided by the presence of another vapour species, called the
reductant. A reduction reaction occurs at temperatures much lower than the unaided
decomposition reaction.

A typical example of CVD by reduction is the preparation of Si from

the corresponding halide vapours using Hp or Zn as the reducing agent, according to

the reaction

SiCl,+2H, — Si+4HCl—-~-(13.)

The use of Hp, which is not a very strong reductant, offers the advantage that it can be

premixed with the halide vapours without causing a premature reaction in the gaseous
phase which gives rise to powdery deposits.

1.4.3. Chemical Transport: - The term chemical transport refers to the

process of transferring of a nonvolatile deposit material to the substrate with the help
of a highly volatile chemical vapour which converts it to a volatile compound by a
chemical reaction. The volatile compound, formed as a consequence of this reaction,

then decomposes on the substrate to yield a film of the source material. A typical

example is the transport of Si in I vapours.

Si(solid) +21,(gas) —X%C SiI, (gas) —— ——(14.)
Si(solid) + Sil, (gas) —° 5 28iI, (gas) —— — (15.)
28il, (gas) —22C s Si(solid) + Sil ,(gas) —— — —(16.)

Among the important materials which can be deposited by CVD

techniques are semiconductors such as I - VI and IIT - V compbunds, Si, and conducting

doped oxides of Sn, In, and V, insulators such as SiOp, SizNg, BN, Al»Oj3, Ta2'05,
TiOy , Nby O3z , and AlN, and a number of metals [23 - 27].
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The commonly used CVD systems cover a wide range from extremely simple
laboratory setups to highly sophisticated, completely automated, electrohicallyv controlled
and computerized industrial reactors. The systems can be eithef closed, permitting
complete reco{rery of the reagent épecies and recycling, or open, requiring an external
supply of source material and extraction of the reacﬁo'n components. A typical CVD

system used for the deposition of Si p-n junction structures is shown in Fig.1.4.
1.4.4. Major advantages of the CVD technique

() In general; low-vacuum facilities are ' required and, thus a relatively
simple setup and fast recycling are possible;(ii) higﬁ (~ 1 pm / min.) deposition rates
are possible; (i) it is possible‘ to deposit compounds with easily controlled
stoichiometry; (iv) it is relatively easy to dope the deposit with controlled amounts of
impurities; (v) it is possible to deposit multicomponent alloys; (vi) refractory materials
can be deposited at relatiVely lower temperatures as compared to vacuum evaporation;
(vii) épitaxial layers of high perfection and low impurity content can be easily grown;
(viii) objects of complex shapes and geometries can be coated; and (ix) in situ chemical

vapour etching of the substrates prior to deposition is possible.
1.4.5. Drawbacks of the CVD technique

(1) The generally complex thermodynamics and reaction kinetics are
poorly understood; (i) comparatively higher substrate temperatures are required than
those in the corresponding Physical Vapour Deposition (PVD) techniques ; (iit) the
reactive gases used for deposition and the volatile reaction products formed are, in most
cases, highly toxic, explosive, or corrosive; (iv) the corrosive vapours may attack the

substrate, the deposited film, and the materials of the deposition setup; (v) the volatile
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products generated during the deposition process may lead to incorporation of
impurities in the film; (vi) the high substrate temperatures may lead to diffusion, alloying
or chemical reaction on the substrate surface, thus restricting the choice of the substrate;
(vil)) high substrate temperatures may also give rise to segregation effects when
metastable multicomponent materials are being deposited; (viii) masking of the substrate

is generally difficuit.
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1.5. Solutlon Deposntmn Techmques

In these techniques, the métterial to be deposited are dispersed in a liquid
medium (generally aqueous) and are always present in ionic form. Solution deposition
techniques, therefore inherently involve chemical and / or electrochemical reactions for
the formation of the deposit matenal The solutlon deposition techmques may be
classified into two categories: (1) electrochemical deposition (ECD) and (ii)

chemical solution deposition (ESD).
'1.5.1. Electrochemical Deposition (ECD)

Electrochemical deposition techniques require an external source of current
for deposition. Obviously, they also require electrically conducting substrates. Various

ECD techniques are used for depositionlof films, and electrodeposition is one of them.

- L5.4.1. Eléctrodepositidh‘- The occurrence of chemical changes due
to the passage of electric current through an electrolyte (salt solution or molten salt)
is termed electrolys1s, and the depos1t10n of any substance on an electrode as a
consequence of electrolysis is called electrodeposmon. The main constituent of the
electrolyte which serves to lprovide ions either in their simple form or in complex form.
Additional chemicals such as wetting agents, brightening agents, alkalis, and acids may
be added with the electrolyte as required. Almost all metals‘ (except for highly
-ele.ctronegative ones) can be electrodepoSited from aqueous solutiohe. Alloys can be
deposited by coelectrolysis, for which the electrode,potentials should be brought very
'c.lose'to each other. Electrodepositio,nv'of compound ‘semieonductors like C(iSe, CdTe,

AgpSe and GaAs is possible by co-depositing the two components in elemental form by

cathodic reduction of their corresponding ions and their subsequent reaction to form



Chaptexr-1 | : _ ' S =1
the corresponding compbund. For example, depoéition of CdTe film involves
electrolytic codeposition of Cd and Te from Cd_+2 aﬁd T e03'2 ions. Similarly, CdSe
and GaAs are electroeposited from Cdﬂ and Se03-2 jons and Ga®3 and AsOp-2
'idns, respectively. The reaction involved at the cathocie, for example, in the caée 6f CdSe, |

are

Cd™ +2¢ —> Cd————(17.)
Se0, +3H,0+4e —> Se+60H ——(18.)
Cd +Se — CdSe————(19.)

A schematic block diagram of the experimental setup for

e]éctrodeposition. technique is shown in figure 1.5. Using this technique
semiconducting metal chalcogenides such as CdS, HgS, PbS, TizS, BinS, CuzS, NiS

CoS and SnS/SnS, thin film can be deposited on various substrates.

1.5.1.2. Anodization:- When a current is passed through an electrolyte; an
anode(metal 'shbstrate) is converted to one of its compounds. This conversion process is
called anodization. The chemical composition of the film depends on the type of
electroiyte. Acidic or basic electrdlytes lead to oxide films, whereas thiourea and ammonia

in the anodiziﬁg solution produce sulphide and nitride films respectively.

1.5.1.3. Cathodic conversion:- This is an electroconversion process for the

deposition of Cu,$ films on CdS. In this method, CuSO, taken as an electrolyte, CdS thin

film is used as a cathode and a copper plét_e as an anode. On passing a current Cilzs films
can be deposited on CdS film according to the following reaction.

CdS +2Cu** +2e — Cu, S +Cd"” ———(110.)

In this reaction Cd*2, goes into the solution.
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1.5.2. Chemical Solution Deposition (CSD)

Chemical solution deposition techniques are generally immersion
technique in the sense that they involve simply dipping of the substrate into the reaction
mixture for some time depending of the thickness required. Spray Pyrolysis, Solution
Growth and Sol-gel techniques are the most popular among Chemical Solution
Deposition techniques. The main advantages of these techniques are:-

(1) uniform deposition takes place, (ii) Both conducting aind insulating
substrates can be coated and (iii) No power supply is required. The wvarious CSD

techniques are:

| 1.5.2.1. Spray Pyrolysis:- A large number of metallic salt solutions
when sprayed onto a hot substrate decompose to yield oxide films. Similarly films of
sulfides or selenides can be prepared by pyrolytic decomposition of a solid complex
cotﬂpound formed on the surface of a substrate by spraying a mixed solution of the
corresponding metalic salt and a sulphur / selenium-bearing compound. For example,

CdClp and (NH2)2CS (thiourea) solutions when mixed at room temperature do not

react to form CdS, but when sprayed onto a substrate held at ~ 4000 C, a solid
complex of composition CdCly.(NH2)2CS is formed, which decomposes on the

substrate to yield CdS films. .

A schematic block diagrax;l of a typical spray-pyrolysis setup for
deposition of metallic oxide, metallic sulfide and metallic selenide thin films is shown in
figure 1.6. The atomization of the chemical solution into a spray of fine droplet is

effected by the spray nozzle with the help of a filtered carrier gas which may or may not

be involved in the pyrolytic reaction. For example, oxygen (O,) is used as a carrier gas

for the deposition of SnOy film whereas the carrier gas plays no role in the deposition of

CdS films. The carrier gas and the solution are fed into the spray nozzle at pre-
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determined and constant pressure and flow rates. The substrate temperature is
maintained with the help of a feedback circuit.

By this method doped and mixed films can be prepared very easily,
simply by adding to the spray solution a soluble salt of the desired dopant or impurity.
Two very important examples of the materials deposited by this technique [23 - 38]

for device fabrication are (i) CdS for solar cells and (ii) In F-or Sb-doped SnOp for

conducting glass.

1.5.2.2. Chemical Solution Growth:- The chemical solution growth

technique, well known for chalcogenide films, has been extended to the deposition of
oxide films (MnOg, FepO3 ZnO and Sn0O;). Metal jons in aqueous solution, under

certain conditions, form solid phases of hydroxides M(OH), or hydrous oxides
(M20.X HpO) which on heating yield the corresponding metal oxides. With the help of
controlled homogeneous precipitation from solution, S and Se compound films like CdS,
PbS, ZnS, BiyS3;, CdSe, PbSe, ZnSe etc. have been successfully deposited by this
technique [39, 40]. The major parameters which control the deposition process are the
composition of the deposition bath, its pH and its temperature. The experimental setup to
obtain film deposition is shown schematically in fig 1.7. The substrates are immersed
vertically in the reaction bath, which is stirred continuously with a magnetic stirrer. The
temperature of the bath is monitored by a cotract thermometer that forms a part of a
feedback circuit controlling the heater to maintain a constant temperature. When ionic
product (IP) of the metal and chalcogenide ions exceeds the solubility product (SP) of the
corresponding chalcogenide, a metal chalcogenide film is formed on the substrate by an

ion-by-ion condensation process.
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1.5.2.3. Sol-Gel Method:- In this method for the preparation of thin films, a
homogeneous solution is first prepared using metal alkoxides. The solution changes to a

sol and then to a gel at room temperature. This gel forms thin gel-sheets which are

converted to a glassy layer on heating to a high temperature. For instance, thin SiO,
layers can be obtained from silicoﬁ tetra-ethoxysilane Si(OC,Hs)4 at a témperature of
5000 C - 9000 C. The films presents the possibility of obtaining thin glass sheets of
thickness ranging from several tens to several hundreds of micrometers. With the help of '
this method one can also prepare bulk glasses and glass fibres. Fibres like silica-alumina or
pure silica can be prepared by heating after drawing from alkoxide solution at near room

temperature.

1.5.2.4. Dip Technique:- The dip technique [41-43] consists essentially of

inserting the substrate into a solution containing hydrolysable metal compounds and
pulling it out at a constant speed in atmospheric condition, when a liquid layer adheres to
the substrate surface. It is then baked at high temperature, when a chemical reaction takes
place producing the desired thin films. Any hydrolysable compound including halides or
nitrates, preferably metallo-organics are suitable for this process. A typical reaction in

the case of metal alkoxides is

AI(OR), +3H,0 —> AI(OH), +3ROH — —(111.)
2AIOR), — ALO, +3H,0———————— (112.)

The important control parameters are the viscosity of the solution,. the pulling
speed and the firing terriperature. The rate of heating also needs to be controlled to avoid
cracking of the films.

This technique has not been very popular, because so far it was
limited to oxide films only. But as described in detail in chapfer 2, it can be used to

deposit sulphide thin films also.
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1.5.3. Major advantagés of Solution Deposition Techniques |

(1) Experimental setups are much less sophisticated compared to those in
vapour deposition techniques; (ii) - no expensive equipment such as vacuum systems
is not required for the deposition; and (iii) deposition is carried out at much lower

temperatures (< 1000 C).

1.5.4. Drawbacks of Solution Deposition Techniques

Solution deposition techniques suffer from the drawback that preparation of
ultraclean substrates using in situ techniques, such as plasma etching and ion
bombardment as in the case of vapour deposition techniques, is not possible. Also the

choice of the substrate is limited to only water-insoluble materials,
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1.6. MISCELLANEOUS METHODS

1.6.1. Electrophoretic deposition

In this process, electrically charged particles suspended in a liquid are
deposited on an electrodé: by applying an elecrtic field. Using this method, mainly metal

alloys, compounds, polymers and mixture of various components can be deposited.

1.6.2. Screen printing

Schematic representation of the screen printing process is shown in figure
1.8. It involves positioning the substrate on a carriage, which is then brought beneath the
scrgen so that the substrate is in accurate registration with the pattern on the screen.
Ttipattern on the screen is photolithographically defined so that open mesh areas in the
screen correspond to the configuration to be printed. The substrate, when in the printing
position, is placed a shbrt distance beneath the screen. A small amount of the paste is
dispensed onto the upper surface of the screen. A flexible wiper, called the squeegee, then
moves across the screen surface, deflecting the screen vertically and bringing it into
contact with the substrate and forcing the paste through the open mesh areas. On removal
of the squeegee, the screen regains its original posoition by its natural tension, leaving
behind the printed paste pattern on the substrate. The substrate carriage is then removed

from beneath the screen and the substrate replaced and the process continues.

1.6.3. Spin coating
Spin coating differs from dip - coating in that the deposition film

thins by centrifugal draining and evaporation. Bornside et al. [44] divide spin -
coating into four stages: deposition, spin - up, spin - off and evaporation. An excess
of liquid is dispensed on the surface during the deposition stage. In the spin - up stage,

the liquid fiows radially outward, driven by centrifugal force. In the spin - off stage ,
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excess liquid ﬂows to the perimeter and leaves as droplets. As the film thins, the rate of
removal of excess liquid by spin - off slows down, because the thiner the film, the
greater resistance to flow, and because the concentrarion of the non - volatile
components increases, raising the viscosity. In the final stage, evaporation takes over as
the primary mechanism of thinning. According to Scriven [45] the main advantage of
spin - coating is that a film of liquid tends to become uniform in thickness during spin
- off and, once uniform, tends to remain so, provided that the viscosity is not shear -

dependent and does not vary over the substrate.

1.6.4. Solution Casting

In this method the solution is poured a horizontally placed substrate and
leaving it for the solvent to evaporate. And then very thick (~ 100um) films can be

formed on the substrate. The dried film can be stripped off the substrate very easily.

1.7. CONCLUSIONS

A large variety of methods for depositing thin solid films at rates ranging
from a fraction of an angstrom to 10 A9/sec have been successfully utilized by various
workers. Several of these methods, notably thermal evaporation and sputtering, permit
automatic monitoring and controlling of the rate of deposition and hence film thickness.
The fact that the properties of the films depend on various deposition parameters should

be considered in the choice of a particular deposition technique. The parameters are the
| rate of deposition, temperature or kinetic energy of the vapour atoms, angle of incidence
of vapour, electrostatic changes carried by vapours, the substrate temperature and
vapour-source materials, concentration of the solution, composiﬁbn of the ambient
atmosphere, and thermal accommodation and condensation coefficients of the vapour
atoms and the ambient gas atoms. These parameters may vary from technique‘ to

technique.
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*OXIDE FILMS PREPARED BY
THE DIP TECHNIQUE



2.1. INTRODUCTION

The dip technique provides a very simple and cost-effective method for the
deposition of thin films. It does not require any complex sophisticated specialized setup.
In this chapter we describe the dip technique in detail and its use for the deposition of

oxide films and their characterisation.

2.2. DIP TECHNIQUE

The earliest investigations concerning oxide coatings deposited from
solution were those of Geffcken aﬁd Berger [1] and of Geffcken [2] about 60 years ago.
Further work on this technique was carried out by Schroeder [3-6] and later by Dislich
[7-8]. It was Geficken [1-2] who laid the cornerstone by showing how to convert
relatively simple hydrolysable metal compounds into well-defined layers of metal oxide.
Schroeder [3-6] made a thorough analysis of the film forming process and discussed its
application to the deposition of a large number oxide films.

In 1980, H. Dislich and Eckart Hﬁssmann [8] showed that it is possible to
synthesize by dip coating thin films of glasses, crystals and glass ceramics which are not
easy to fabricate in bulk form. Dislich et al. [8] has deposited amorphous and crystalline
oxide films from organometallic solution using dip-coating technique. They used large
panes (nearly 3m X 4m) for deposition of oxide films, which are carefully cleaned,
inserted into an organometallic solution, and then withdrawal and baked in an
atmosphere. In this process, atmospheric hydrolysis and condensation process take place
until transparent metal oxide layers are obtained. The liquid film partly flows down the

plate and partly adheres to it and solidifies after evaporation of the solvent. Finally the
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film is hardened in a high temperature (3000 C - 400° C) cycle until a transparent metal
oxide film has been formed. In this process, film- forming oxides are mainly those of the
elements of groups 3-8 of the periodic table (provided that these lead to stable oxide) and
especially oxides of the following elements: Al, Si, Zr, Sn, Pb, Ta, Cr, Fe, Ni, Co, and

some other earth elements. The technique has also been used to deposit mixed oxides

such as.Si0,-Ti0, [9] whose refractive index could be varied over the range from 1.45

(Si0,) to 2.20 (TiO,) depending on the composition. These oxides may be amorphous or

crystalline depending on the treatment at higher temperatures, or the influence of the
surface of the substrate. It should be possible to deposit transparent conducting oxides
such as cadmium-tin-oxide (CTO) and zinc stannate by this technique. Dislich et al. also
found that dip-coating method using metal alkoxides is very useful for modifying the
properties of large surfaces and provide substrates with new active properties. The first
saleable products for optical applications were made in 1953. Since 1969 large panes of
window glass have been coated by this method for sun-shielding windows. These are sold
under the trade name Calorex [10]. Schott have been producing vehicle rear-view mirrors
by the dip-coating procedure since 1959 and anti-reflection layers on glass panes since
1964 [11]. ' |

As briefly mentioned in chapter 1, in this technique, the substrate is
withdrawn vertically from a solution containing suitable metal compounds (e.g. nitrate or
chloride or alkoxides) in an organic solvent, at a controlled speed, when a liquid layer
~ adheres to the substrate. It is then subjected to a high temperature treatment, when a
chemical reaction takes place, leading to the formation of the corresponding metal oxide

film onto the substrate surface.
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The solution (starting solution) which is to be used for deposition by dip technique
should have the following characteristics.

() Adequate solubility of the starting material and at the same time very
little tendency of the dissolved substances towards crystallization during evaporation of
the solvent.

(i) Sufficiently small contact angles between the solution and the
substrate to be coated in order to obtain good wetting of the latter. Wettability of a
substrate can be improved in some cases by the addition of wetting agents to the
solution.

(iii) Adequate durability of the solution and constancy of processing
conditions.

Duﬁng the formation of liquid film on the substrate in this technique, the
lifting movement of the carrier holding the substrate should be kept completely smooth
and shockless. If the irregularities in the liquid level and uncontrolled air currents are
avoided then the liquid film develops in a horizontal dipping line alone the
substrate. The uniformity in the film can be checked by observing the interference
fringes, which are formed due to the evaporation of the solvent from the substrate
surface.

In an excellent review of this topic, Scriven [12] states that when the
substrate is withdrawn from the solution or solutioﬁ is' dragged out from the substrate
then the thickness of the deposited films is dependent upon many factors. These factors
are viscous drag on the liquid by the moving substrate, force of gravity, resultant
force of surface tension in the concavely shaped meniscus, inertial force of the
boundary layer liquid arriving at the deposition region, surface tension gradient and the

disjoining or conjoining pressure.
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According to Scriven when the liquid viscosity, | and substrate speed (V)
are high enough to lower the curvature of the gravitational mehiscus, the deposited film

thickness of the liquid layer, h, is that which balances the viscous drag (1 v/h) and
gravity force (pgh) [12]:

h=c1(nvipg) V2 ——-(2.1)

where the constant C] 1is about 0.8 for Newtonian liquids. When the

substrate speed and viscosity are low (often the case for sol-gel dip coating film
deposition), this balance is modulated by the ratio of viscous drag to liquid-vapour

surface tension, 1|, according to the relationship derived by Landau and Levich [13]:

h=0.94(nv) 23 Mm1v1/6 (pg) 172 --(2.2)

However, the quality of the films and thickness depend on the
concentration of the starting solution and the speed of withdrawal. Factors like viscosity,
surface tension and vapour pressure, which are characteristics of each solution, can be
summarized in a constant value. This constant also depends on ambient temperature and
humidity.

The thickness of the film also depends upon the angle of inclination (0) of
the substrate relative to the horizontal line. The usual value of O is 900, i.e. vertical

withdrawal.
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2.3. DIP DEPOSITION SETUP

The setup used by us for the deposition of thin films by the dip technique is
shown in figure 2.1.

Here, the precleaned substrate in its holder, moves freely at the end of a
thread. The thread passes through a pﬁlley which is driven by a geared motor
arrangement. The substrate is immersed into the solution in such a way that the
holder remains just outside the liquid level. For smoothly drawing the substrate out
of the liquid, air currents are avoided. The liquid is usually kept inside a long éylinder.
Often it 1s found that abrupt exposure to air éfter withdrawal of the substrate leads to
patchy films with cracks. To avoid this shock, the substrate with its liquid film is kept for
- a few minutes in an atmosphere of the solution vapour within the long cylinder before its

transfer to the furnace for baking.

2.3.1.SUBSTRATE CLEANING

The cleanliness of the substrate surface exerts a decisive influence on film
growth and adhesion. The choice of cleaning technique depends on the nature of the
substrate, the type of contaminants present in it and the degree of cleanliness required.
Residues from manufacturing and packaging, lint, fingerprints, oil and airbone particulate
matter are examples of frequently encountered contaminants. Ordinary séda—glass, mica,
conducting glass (SnO,-coated) and aluminium substrate have been used for deposition
01'; films. When the glass substrate is polished during manufacture, the surface develops an
electrostatic charge, which firmly holds minute particles on the cleaned surface. In
addition, a small amount of grease may also be present. To remove these contaminants,
acid cleaners such as chromic acid is used to convert-them to more soluble compounds.
The effectiveness of solvents is probably more dependent on the ability to wet the

substrate than their solvent action. The solvent to be used must be of a high purity.
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Figure 2.1. E_xpe;i;lental setup of dip technique for deposition of thin

films.
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Common solvents used in cleaning are methanol, acetone, trichloro-ethylene and distilled
water. In this method substrates were initially cleaned in detergent solutions, dipped into
chromic acid, then again in detergent solution.and finally washed in running water.

The preferred method for degreasing a substrate is to expose it to solvent
(methanol) vapours by keeping it above the boiling liquid in a vapour degreasing chamber.
The solvent vapours condense on the substrate and fall back into the liquid. In this way,
the substrate is cleaned by the action of the pure solvent.

By cleaning test, it can be confirmed whether the substrates have been
properly cleaned or not. A common such test is to slowly withdraw'the clean substrate
from a container filled with pure water, when a continuous film of water will be observed
to remain on the substrate surface if the cleaning has been properly done. This method is
known as water-break test.

Substrates cleaned by the above method shows a remarkably high
coeflicient of friction for the liquid layer which adheres strongly to the surface. For all
types of substrates used, dipping in chromic acid, washing in soap solution and then
distilled water followed by vapour degreasing was found to produce surfaces which were
sufficiently clean for the deposition of films by the dip technique.

Thus with the help of the above setup, one can obtain a uniform liquid film
on the substrate. It is then subjected to a high temperature treatment to convert it into

a solid one.

2.3.2. DEPOSITION PROCESS

Film formation by the dip technique requires heating as an essential step.
This is advantageous because heating forms chemical bonds between the film and the
substrate leading to strong adhesion. Relatively low (~ 300¢ C) baking temperatures are
sufficient in most of the cases, hence highly heét - resistant substrates are not essential. As

previously mentioned, the precleaned substrate is withdrawn vertically from a starting
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solution and baked at a high temperature in a furnace for a few minutes in atmospheric
condition, when the adhered liquid chemicals in the form of a uniform liquid layer reacted
on the substrate surface and formed the desired solid film. The liquid layer adhering to
the substrate is mostly uniform, except for a region of ~1-2 mm wide near the bottom
and the side of the substrate. This non-uniform portion of the substrate usually known as
the trouble zone is dependent on the lifting speed as well as concentration of the starting
solution. If the lifting speed is very small (~ 1 mm) or the solution is very dilute, then the
length of the trouble zone is quite negligible ( < 1 mm). | |
However, the film thickness was found to be uniform over a central region

of few cm length. Studies were carried out on this uniform central part of the films.

2.3.3. THICKNESS OF THE FIIL.M

Film thickness depends primarily on the lifting speed of the substrate and
the concentration of the metal compounds present in the starting solution. Although as
previously mentioned, a number of factors, such as viscosity and surface tension of the
starting solution, atmospheric humidity and the angle of inclination (8) determine the
thickness of the liquid layer sticking to the substrate as it is pulled out, and thus the
thickness of the final film. But for practical purposes characteristics of the solution and
ambient condition is essentially constant and films are deposited by vertical withdrawal
(6=909), So_> thickness of the films is varied by key parameters such as lifting speed of the
substrate, concentration of the solution and multiple dipping (dip-withdrawal-bake cycle)
for thicker films.

A characteristic of the dip technique is the thickness of the film. With the
help of this technique the thicknesses ranging from 50 A° - 5000 A° can be obtained in
one dip-bake cycle. The small thickness is an advantage for films for electronic
applications; while it is usually a disadvantage for protecting layers. Thicker films can also

be obtained by this technique by repeating the whole process of dipping-withdrawal-
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baking a number of times. Since multiplé deposition is somewhat laborious, this technique
is not very suitable for films of several micrometers thickness and thicker films.

In the following articles, deposition of tindioxide-based (SnO,) transparent
semi-conducting oxide and copper oxide (CuO) thin films by the dip technique have been

described.

*2.4. TIN DIOXIDE-BASED (SnO;) TRANSPARENT
SEMICONDUCTING THIN FILMS

Transparent and conducting tin dioxide films have assumed importance in
research as well as in technology owing to their applications in the field of electronics,
ferroelectric memories, selective coatings etc. The presence of various impurities and the
deposition parameters drastically alter the properties of the tin dioxide films, thereby
influencing the efficiency of various devices such as photocondlictive and solar cells, thin
film transistors and electroluminescent cells etc. Several deposition techniques for
preparation of tin dioxide films héve been widely used [14-34].

For transparent conducting oxide applications, in electronics for instance, a

very high quality of the films is required, and this method is able to lead to very high-

quality SnO, layers, as far as the structure and morphology are cohcerned. However,
there are not many reports in the literature on SnO, films prepared by this technique,
which tend to have resistivity at least an order of magnitude higher than those prepared by
other techniques such as CVD [35]. This high value of resistivity, while not suitable for
photovoltaic cells, would however not be a problem for low current applications, such as

liquid crystal displays.

* Published in the ""Surface and coating technology" Vol. 102 (1998) Page 73-80.
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To prepare the transparent semi-conducting tin dioxide based films in this
technique, the starting solution was prepared by dissolving a requisite amount of stannous
chloride (SnCl, 2H,0) into methanol such as 0.33 kg. SnCl, 2H,0 in one litre methanol.
A clean substrate was then dipped into the starting solution and withdrawn vertically
at a controlled speed (1.33 mm/sec), uiaer atmospheric conditions using the setup
described previously (section 2.2). After withdrawal, the substrate with its liquid film
adhering to it is baked at 4000 C - 5000 C for five minutes. In this method, as also in the
related sol-gel method [29,30] a metal oxide (SnO,) film is produced by hydrolysis of the
corresponding metal alkoxide, nitrate or chloride on a substrate and subsequently heat
treated at a high temperature.

For F-doped film preparation, requisite amount of ammonium fluoride is
added to the starting solution. In this method undoped and doped films were prepared for
different baking temperatures. Variation of their thickness with lifting speed and
concentration was studied. Thicker films could be obtained by repeating the whole cycle
(dip-withdrawal-bake) a number of times. Films were deposited on soda-glass microscope '
slides and mica sheet. The characterization‘was mostly done on those deposited on glass

substrate.

2.4.1. EXPERIMENTAL RESULTS

In this section, electrical and optical properties as well as surface
morphology and crystal structure of undoped and F-doped tin dioxide-based transparent
semiconducting thin films deposited by the. dip technique have been discussed.

The films were deposited at different baking temperatures and at various
lifting speeds. It was found that at 1.33 mm/sec lifting speed and the baking temperature
of 4005 C - 500° C was necessary to obtain films of useful quality in terms of low sheet
resistance and high optical transmission. Within this temperature range there is no
noticeable variation in the film properties. Results reported in this section refer to films
prepared at a baking temperature of 400° C. The films were highly homogeneous and

mechanically and chemically stable.
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2.4.1.1. THICKNESS

The thickness of resulting films depends only on the lifting speed and
concentration of the solution if the starting solution is kept at a constant temperature and
humidity condition and the substrate is withdrawan at a fixed angle (90° in this case).
Film thickness can be also increased by repeating the whole cycle (dip-withdrawal-bake) a
number of times. Figure 2.2 - 2.4 shows the variation of film thickness with speed of
withdrawal, concentration and number of dippings, respectively. It is observed that the
thickness of the deposition layer increases linearly upto 7-8 dippings, beyond which the
rate of increase is slower. Thickness of deposited films was measured by stylus method. In
this method a step is made in a deposited film by removing part of the film from the
substrate, and then the "shoe" or “skid" of the stylus instrument is placed on the substrate.
The stylus instrument, travels across the sample surface with the movement of "shoe" or
"skid". The vertical displacement 1is converted to electrical signals by means of a
transducer. The signal is then amplified and recorded on a strip chart. Then the film
thickness was measured from the corresponding vertical distance between the lower and

upper portions of the trace.
2.4.1.2. X-RAY DIFFRACTOMETRIC STUDY

X-ray diffractometric studies were carried out by PHILIPS diffractometer
(model PW 1390) with CuK,, radiations (Ni-filter) at 1.54 A°. Figure 2.5 shows the X-ray
diffractograms of undoped films on glass substrate for five different numbers of dippings.
It is evident from the diffractograms that crystallinity of the films improve with number of
dippings upto a value of 20, beyond which a slight reduction in peak height is observed.
Single dip films are almost totally amorphous, whose resistivity is rather high, of the order

of 2.7 Qcm. The sheet resistance drops sharply as the thickness increases to about 1 pm.
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[speed of withdrawal: A =3 mm/sec, B = 1.3 mm/sec, C =

0.56 mm/sec].
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| This type of behavior has also been observed previously by Procia et. al. [35]. It is
possible that at low thicknéss only isolafed ‘small crysféllites are formed, which become
| larger and more densely packed at-larger. thicknesses [36]. Figure 2.6 sh-ow's fhe X—ray-
diffraétogram of a tybical 10-dip film on nﬁca substrate. ‘The peaks are observed to be .
‘much sharper cdmpared to those for ﬁlms'--deposited 611 soda-glass substrates. Prominent
peaks-a'nd their corresponding d- values fof typlcal films deposit:edrén sodﬁ-glass (20 dip)
and on‘mica (10 dip) substrate are listed and compared with d-ﬂ/alues ffom ASTM data

file in table - 2.1 & table - 2.2 respectively. -

Table - 2.1. - Prominent peak position (20 values) of x-ray diffraction peaks,

corresponding d-values and their identification for SnQ; - based transparent semi-

conducting films deposited on glass substrate.

.- (26) Observed d- values (A9) Comparable d-values (A°) from. hkl
ASTM data file no 21-1250 h
- 26.6 - 3.348 : 3.351 ‘ 110

3375 . 2653 o 2.644 101
378 . 2318 2369 . 200
389 2313 2309 111
©51.63 1m0 17165 211
550 1.668 o - 1675 220

5812 1586 1593 002
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Table - 2.2. ~.Pr‘0m.inent peéks position (20 values'). of x - ray diffraction peaks,
corre&ponding d-values and their identification for Sn0O, based transparént semi-
conddé,ting films deposited oﬁ mica substrate. » - |
(20 values) Observed d - values (A%) Comparabie d - values (AO) from h Kkl
| | ~ ASTM data file no. 21-1250

2675 3.330 T asst - 110

343 2612 2.644 101
38.1 | 2360 2369 - 200

456 1,988 2120 210
52.0 1.757 ) 1.765 211

554 1.657 o 1e1s 220

58.1 158 1593 002

The positidn of the peaks are in conformity with the standard 'tetragonal
drystal structure of SnO, Comparison with (I/Io) data from ASTM data file indicates that

there is no significant preferential growth in any direction.
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2.4.1.3. ELECTRICAL PROPERTIES

Films of various sheet resistance from 80 - 106 Q/[] éould be obtained by
* varying the concentration' of the starting.solutién, speed of withdrawal and number of
dippings. Figure 2.7 shows the variation of sheet resistance of undoped and F-doped films
(4.5 at%) with thickness. The sheet resistance was measured by standard four probe
arrangement. It is observed from the curves that sheet resistance decreases with the
 increase in thickness. The lowest value of ‘sheet resistance of undoped and 4.5 at% F-
doped films are 300 /(1 and 80 Q/[] respectively for a thickness of 2.96 um which
corresponds to resistivity values of 8.9 x 10-2 Q cm and 2.4 x 102 Q cm respectively. It
was found that film prepared by single dipping in a high concentration solution has a
much higher value of sheet re;sistance compared to one having the same thickness but
prepared by multiple dippings'using a lower concentrafion dip solution. For example, ata
thickness of 0.58 um the sheet fesistance of a single dip film was 4 x 104 Q/ D , while that
prepared by 5 dippings was 8 x 103 Q/[1. The pbssible reason may be that for single
dipping, a number of loosely paéked crystallites are formed, while for multi-dipping these
.crystallites formed at every deposition step tend to merge together and pro.duée a
continuous conduction path. Support for this argument is obtained from figure 2.7, where
the sheet resistance of undoped films is seen to drop sharply at a thickness of about 1 um.

For F-doped films the drop occurs at a thickness of about 0.5 um.
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Figure 2.7. Variation of sheet resistance of film deposited on glass
substrates with thickness. Undoped: A = 250 gms/litre,
B=330 gms/litre and 4.5 at% F-doped: C= 250 gms/litre.



Chapter - 2 57

2.4.1.4. SURFACE MORPHOLOGY STUDY BY SEM

Figure 2.8 shows the scanning electron micrograph of undoped and 4.5
at% F-doped film which was studied by HITACHI S-530 scanning electron microscope.
It is clear from the micrographs that for the undoped film, grain size increases upto 20
dippings. The initial layer (1st dip) films over an amorphous glass substrate is nearly
amorphous, which is evidenced from the XRD pattern also.

Figure 2.9 shows the surface morphology of the films on mica. The grain
size is observed to be significantly larger in case of mica substrate than that on glass
substrate (Fig. - 2.8.C). The much sharper XRD peaks observed in this case are also
consistent with the larger grain size. It is possible that formation of bigger crystallites is

facilitated by the single - crystal substrate, which is in contact with the growing film,
2.4.1.5. OPTICAL PROPERTIES

Dip deposited films are highly transparent. Figure 2.10 shows the optical
transmission versus wavelength curves for undoped and 4.5 at% F - doped films with
different sheet resistance values. These optical transmission data were obtained by
SHIMADZU UV-240 double beam spectrophotometer (air reference). It is seen that the
optical transmission is reduced as a result of doping. A similar phenomenon has also been
observed by chopra et. al. [37] and De et. al. [36] and attributed by them to a high
surface roughness of SnO, films having low sheet resistance compared to undoped ones.
Average optical transmission of 85 % - 90 % for undoped and 75 % - 80 % for doped

films are obtained for a thickness of 2.96 um over a range 400 nm to 800 nm.
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Figure 2.8. Electron micrographs of undoped films on glass substrate

undoped: (a) 1st dip, (b) S dip, (c) 10 dip.
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Figure 2.8. Electron micrographs of undoped films on glass substrate

undoped: (d) 15 dip, (e) 20 dip, (f) 25 dip.
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Figure 2.8. Electron micrographs of doped films on glass substrate
4.5 at% F-doped: (g) 20 dip.
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Figure 2.8. Electron micrographs of undoped films on mica substrate
(10 dip).
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2.4.1.6. DISCUSSION

It is known [38,39] that SnCly undergoes hydrolysis in presence of

atmospheric oxygen according to the equation

6SnCl, + H,0 — 2.SnCl, +4Sn(OH)CI - —— (2.3)

This reaction is relatively slow at room temperature, but is accelerated on

heating, SnCly in turn, readily hydrolyses to SnO, at a high temperature as given below

SnCl, +2H,0 — SnO, +4HCI———(24)

This forms the basis of preparation of conduction tin dioxide films by the

paste-heat or OACVD method [39 & 40, details are given in chapter 4]. In these

methods, SnCly produced from reaction 2.4 taking place in a separate area is allowed to
hydrolyse on the substrate and yield SnO, films, which is discuss earlier. In contrast, in
the present method the Sn(OH)Cl also remains on the substrate and forms the amorphous
matrix, while most of the SnCly produced escapes. A small fraction of this SnCly

however, is hydrolysed on the substrate and produce small SnO, crystallites. Repeated

dipping increases the number of these crystallites which form a continuous film after
about 15-20 dippings. This can be seen from the XRD spectra, the variation of sheet
resistance with thickness and the SEM photographs. We see that the sharp drop in sheet
resistance, appearance of sharp XRD peaks and merging of SnO, grains., all take place at
a thickness of about 1 pm. However, even at this stage there is a large amorphous

background present., as shown in by the high value of resistivity. viz, 2.4 x 102 Q cm

compared to 2.4 x 10-4 Q ¢cm for CVD SnQO, films.It may be interesting to note that in the

work of Gordillo et al. [41] also on spray-deposited SnO, films, a strong amorphous
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background is seen to be present in the XRD pattern when SnCl, was used as a starting

material.

Thus although an amorphous background, most probably Sn(OH)CI, is -
present in the films, it is highly transparent and leads to no significant drop in optical
transmission. This amorphous background is also responsible for making the resistivity
about two orders of magnitude higher than that obtained for CVD films. However, their
high optical transmittance makes these films suitable for those display applications where
the currents requirement is low, e.g. liquid crystal or electrochromic displays. In addition,
the simplicity of the deposition method could make it attractive for enhancing the IR
reflectivity at a low cost, e.g. in solar cookers.

The effectiveness of a transparent conducting film depends on its optical
transmission as well as its sheet resistance. As already discussed, the high sheet resistance
of the dip-déposited films is to a great extent compensated by their large optical
transimittance. Haacke [42] has introduced a figure of merit for transparent conducting

films defined by the relation @ ¢ = T10/Rs, where T is the optical transmittance and Rs is

the sheet resistance. This parameter can be used to evaluate the performance of a

candidate material from its fundamental parameters. A typical @ value for our 4.5 at%

F-doped, dip-deposited film is 2.5 x 10-3 Q-1 which compares quite favorably with the
value of 2.6 x 10-3 Q-1 for CVD SnO, films [14, 43].
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2.5. COPPER OXIDE (CuO) THIN FILMS BY THE
DIP TECHNIQUE

Copper oxide, which is a.promising semiconductor material for fabrication
of photovoltaic devices like solar cells [44], has been the subject of a number of studies in
-the past. The investigations carried out concern mainly its growth and optical properties
[45-51]. Recently, with the discovery of high temperature superconductivity study of-
decomposition of CuO/CuOy employing both metallic and oxide sources has assumed
sbecial importance in the preparation of the thin film high terhperature superconductors
(HTSCS). Thin films of copper oxide have been prepared using various thin film
deposition techniques such as chemical vapour deposition, electro-deposition, thermal
oxidation and sputtering process [52-54]. Electron - beam evaporation technique also has

been reported in the literature for the growth of CuyO thin films [45-50].

However, in comparison with other thin films of oxide semiconductors

such as InyO3, ZnO and SnO,, few data are available in the literature on the

characterization of copper oxide films.
In the following section, preparation of CuO thin films and their structural

and optical properties have been discussed.

2.5.1. PREPARATION OF CuO THIN FILM

Methanolic solution of cupric chloride (CuCly.2H,0) is taken as a starting

solution for the deposition of CuO thin films by the dip technique. The solution was

prepared using 0.25 kg cupric chloride in one litre methanol. Cupric chloride

(CuCly.2H,0) hydrolysed and reacted on the heated substrate inside the furnace at high

temperature in open air and formed thin solid films according the following reaction.

CuCl, + 2H,0 = CuO + 2 HCl + HyO ——ememev (2.5)
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The copper oxide thin films were deposited by the dip technique on glass
substrate in atmospheric condition at three baking temperature of 360° C, 400° C and
5000 C. The film deposition procedure is same as in the case of SnO, film (described in
2.2 section). Films were uniform' and black in colour. Films which were characterized had

a thickness of the order of one micrometer.

2.5.2. RESULTS AND DISCUSSION

The X-ray diffraction spectra of the CuO films prepared at three baking
temperatures are shown in figure 2.11. The relevant diffraction planes are indicated in the
spectra. Analysis of diffraction spectra indicates that the peak positions correspond to
CuO phase. The films prepared at 3600 C show (111) and (200) planes whereas films
prepared at 400° C and 5000 C film show (002) and (111) planes of CuO. Results of
peak position observed for the films prepared at three different temperatures and their,

comparison with the ASTM data values (file No. 5-661) are given below in the table 2.3.

Table 2.3. Comparison of observed value and ASTM data value of CuO thin
Sfilms deposited by dip technique.

OBSERVED VALUE ASTM DATAVALUE  hkl
20 d(A%) (Vo) 20 d(A%) (Vo)

Tg = 3600 C
357 251 78 356 252 100 T11
389 231 100 389 231 30 200

Tg =400° C and Tg = 500° C
353 256 78 354 253 49 002
383 235 100 387 232 9 111
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Figure 2.11. X-ray diffraétogram of CuO thin films deposited on glaés
substrate at three different baking temperature [(a), 360°
C; (b), 4000 C; 5000 C}J.
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The optical absorption of the copper oxide thin films was measured using

SHIMADZU UV - 240 double beam spectrophotometer in the range 350 - 800 nm. A

| typical recording for the optical absorption bf copper oxide film is shown in figure 2.12.

To analyse these results, (cthv)?2 is plotted against hv [Fig. 2.13] and from the intercept

of the straight line on the hv axis the band gap is estimated. The band gap value thus

obtained is about 1.85 eV,which is in good agreement with the value 1.80 eV obtained by
Miller et.al. [S51].

2.6. CONCLUSION

It has been demonstrated that the dip-coating technique can be used to

deposit CuO and SnO,-based transparent conducting oxide films in a simple manner using
‘metallic chlorides (SnCl,.2H,0 for SnO, and CuCl,.2H,O for CuO) as a starting

material.

Tin dioxide based transparent conducting films contain crystalline SnO, in

addition to an amorphous background, probably of Sn(OH)Cl. The resistivity of these
films is somewhat higher compared to SnO, films prepared by CVD or spray pyrolysis.
This is probably due to the presence of the amorphous constituent. However, the films are
highly transpareﬁt and have a figure éf merit value comparable to that for conventionally-
- prepared SnO, films. The films would be potentially useful for low-current application
such as display devices.

Copper oxide films are prepared using methanolic solution of cupric
chloride (CuCl,.2H,0) at three baking temperatures. ASTM data confirms that the films
are of CuO phase. The optical band gap of the films calculated from optical absorption
measurements is 1.85 eV which is quite comparable with the reported value.

Dip fechnique is a very simple and low-cost method, which requires no

Sophisticated specialized setup. Coating of the substrate of a large surface area can be
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easily obtained by this technique compared to that in sputtering, vacuum vapour
deposition and spray pyrolysis. Another advantage of the dip technique is that it is very
easy to coat both sides of the substrate instead of only one and to deposit otherwise
inaccessible surfaces. This method is well suited for applying coating on the inner and
outer surfaces of tubes of various diameters and shapes. The main advantage of the dip
coating method lies in fact that it is possible to deposit a variety of layers having good
homogeneity and mechanical and chemical stability with a very simple setup. Multilayer
thin films of different metal oxide layers one after another can bel deposited easily by this
technique. It should be stressed that both the oxide films produced by the dip technique

have been found to be stable after several months observation in laboratory conditions.
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*Sulphide thin films prepared
by the dip technique



3. INTRODUCTION

Sulphide thin films are extensively used for the fabrication of a number of
solid state devices such as solar cells, photoconductive cells, electroluminescent cells,
Schottky diode, thin film transistors etc. A large variety of deposition techniques
(discussed in chapter 1) have been used for the preparation of these films. Efforts are
under way to develop simple and low-cost methods for the deposition of sulphide films
for use in various device applications, especially in solar cells. |

| Results obtained under various deposition conditions are by no means
unique. Different workers have reported different results even under similar deposition
conditions. |

The dip technique 1s a simple method for the deposition of device-quality
sulphide films. This technique is traditionally used for deposition of oxide films as
described in chapter 2, where a solution of corresponding metal chloride in an organic
solvent is used as the starting solution. In case of sulphide film preparation, it has been
obseﬁed that simple addition of a suitable sulphur containing compound to the starting
solution prepared originally for the oxide film deposition results in a good quality sulphide
film, |

In this chapter, we describe the deposition of a number of binary and

ternary sulphide films by the dip technique and their characterisation.
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*3.1. ZnxCd1-xS THIN FILMS

3.1.1. INTRODUCTION

Ternary sulphide compounds are some of the most promising man-made
materials since-they yield new possibilities for tailoring physical properties. Among them
the wide baﬁd—ga_p II-VI compound semiconductors have Afound applicatioh in-
optoelectronic devices. There have been attempts to introduce Zn,Cd;S alloy
layers instead Qf CdS for obtaining specific band structure and optical properties [1] 'for
use in solar cells. | | |

These films have been wi(iely used as a wide bandgap window material in
heterojunction pho_tovol?aic solar cells [2-7], and in photoconductive“ devices [8]. In solar
ceﬁ systems, where CdS thm films bave been proved to be useful, partial substitution of
Zn for Cd increases the obtical window of the heterojunction and also the diffusion

potential [9]. Moresver, in heterojunction solar cells using CuGaSe,, use of anCdl_xS ’

instead of CdS can lead to an increase in photocurrent by providing a match in the

electron affinities of the two materials. This hexagonal Zn,Cd;.S ternary corﬁpbund is
élsb potentially useful as a window material for fabrication of p-n jﬁhctibns without lattice
mismatch in the devices based on quaternary materials like Culn,Ga; 4Se; [10] or
Culn(S,Sey.), [11] | | |

- Zn xCdy S thin films have been prepared by a variety of techniqueé, -
which include vacuum evapofation [12-13], spray pyrolysis [14-16], tf sputtering [17],‘
solution growth [‘18'-1'9] and sublimation growth [20]. Metal-organic vapour-phase
epifaxy (MOVPE) [21] and molecular-beam epitaxlfy (MBE) [22] have been recently

applied to prepare these films for the fabrication of efficient light-emitting devices.

* Published in the "journal of Thin Solid Films" Vol. 322/1-2 (1998) P. 117-122.
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Ton-beam deposition method makes it possible to fabricate high-quality ZnCdS films at a
low substrate temperature without interdiffusion in multilayers and heterojunction devices
[23, 25]. |

As discussed previously (chapter 2), the dip technique and the related sol-
gel method have been traditionally used for the deposition of oxide thin films [26-27].
Usually these involve the hydrolysis of the corresponding metal -alkoxide, nitrate or
chloride on a heated substrate. Previous workers [28] reported a modification of the dip
technique for deposition of sulphide films. In tlﬁs method the substrate is withdrawn from
an alcoholic solution of the metal nitrate and thiourea, and with the liquid layer adhering
to it, transferred to a furnace maintained at a high temperature. A."i chemical reaction then
takes place on the substrate to yield the solid sulphide films.

As described in ref. [28], attempts to produce Cd( gZng »S films using a -

starting solution containing both cadmium and zinc nitrates resulted in the formation of a

mixed phase material containing partially crystalline CdS and amorphous ZnS when

prepared at a baking temperature of 400° C and baking time (B) five minutes. We have
found that by increasing the baking temperature to 5000 C (Bt = 5 minutes) homogeneous

crystalline Zn,Cd;_,S films within the range 0<x<0.6 could be produced. These films

'show a continuous variation of lattice parameter and bandgap as a function of atomic
fraction x within the range 0<x<0.6. For x>0.6, the films tend to develop an amorphous
character, but the optical properties are not affected and the bandgap varies
monotorically from 2.3eV (CdS) to 2.69 €V (Zng ¢Cdg 4S) over the range 0<x<0.6. In
this chapter, the preparation of these films and their characterization by x-ray
diffractometry, scanning electron microscopy, optical and photoconductivity measurments

have been described.
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3.1.2. EXPERIMENTAL DETAILS

3.1.2.1. SOLUTION PREPARATION

Three separate saturated solutions of cadmium nitrate [Cd(NO3),,

4H,02], zincnitrate [Zn(NO3),, 6H,O] and thiourea with methanol as solvent were

initially prepared. The concentrations are 0.8 kg/litre, 1.0 kg/litre and 0.1 kg/litre
respectively. They were then mixed in requisite amounts to prepare the starting solution
for deposition of sulphide films. It was observed that the mixing was best achieved
without any precipitation taking place if the thiourea solution was initially divided into
two parts which were mixed with the two nitrate solutions separately, and finally one of

the mixfures slowly added to the other.

3.1.2.2. FILM FORMING PROCESS

Microscope glass-slides were usually used as a substrate. These
were cleaned by washing in detergent solution and chromic acid and finally degreased in
acetone and methanol vapour. The film forming process is exactly the same as described
| .'m chapter 2 for oxide films, which involves dipping of the substrate in the starting
_solution, its withdrawal at a controlled speed.and transfer to a furnace for baking for

almost 5 minutes. The chemical reactions for CdS and ZnS films are as follows.

Zn(NO3), + (NH,),CS =ZnS + CO; + 2H50 + 2Ny O ————-mmmmmmm- G.D
Cd(NO3), + (NH;),CS = CdS + CO, + 2HyO + ZN7O ---m-ememmm e B.2)

The minimum baking temperature required for the deposition of a solid
films was found to be 3000 C. It was observed that single phase crystalline films of a very

high quality were obtained when prepared at a baking temperature of 5000 C for five
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minutes baking time. Thickness of the films could be increased by repeating the whole
cycle (dip-withdrawal-bake) a number of times. All the films reported here were baked for

a fixed baking time of five minutes within the furnace under atmospheric conditions.

3.1.3. RESULTS AND DISCUSSION

Zn,Cd; S films were deposited at 500° C for various concentrations of

Zn from x = 0 to x = 1. The value of x was changed by changing the relative
concentrations of Zn - nitrate and Cd - nitrate in the starting solution. The anCdl_XS
thin films were smooth, highly uniform, reflecting and strongly adherent to the substrate.
Colour of the films was observed to change from yellow-orange to pale yellow with
increase in zinc atomic fraction x. Zinc sulphide films (x=1) were white in colour while
cadmium sulphide films (x=0) were orange-yellow in colour. Characterization of the films
was carried out by optical absorption, X-ray diffractometry, scanning microscopy and
spectral response of photo conductivity measurements. Results reported in this chapter
were obtained by measurements on films prepared by 10 dippings (dip-withdrawal-bake
cycle) from a starting solution containing total 0.93 (Cd + Zn) moles per litre and
withdrawn at a speed of 1.33 mm/sec and baked at 5000 C for five minutes.

~ The Zn/Cd ratio in the solid films was determined by Atomic Absorption
Spectroscopy. The value of x was found to be essentially the same as the relative

proportion of Zn atoms [Zn:(Zn+Cd)] in the starting solution.
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3.1.3.1. FILM THICKNESS

Films of different thickness were obtained by changing the
lifting speed as well as increasing the number of dippings (dip-withdrawal-bake cycle),
keeping the concentration of the solution fixed. Smooth and uniform films could be
obtained upto a maximum withdrawal speed of 1.33 mm / sec. For higher speeds, the -
films tended to be non-uniform. As discussed in chapter 2, at high withdrawal speeds the
liquid layer adhering to the substrate, as it is pulled out is quite thick, and turbulence in
this layer is also higher. Film thickness was measured by stylus method using o step as
described in chapter 2.

Figure 3.1 shows the variation of the thickness of the films for different
values of x, when the total number of (Cd + Zn) moles were kept constant in a given
volume of the starting solution. It shows that the thickness of the films decreased

linearly with fhe increase in zinc proportion.
3.1.3.2. X-RAY DIFFRACTOMETRIC STUDY

X-ray diffractometry studies were carried out by PHILIPS
diffractometer (model PW 1390) with CuK,, radiation (Ni-filter) at 1.54 A. Figure 3.2

shows the XRD patterns of the Zn,Cd;_S films (x=0.2) deposited at three baking
temperatures Tg = 4000 C, 5000 C and 600° C. 1t is clear from the diffractograms that the

Zn,Cdy_,S films deposited at a baking temperature of 500°C is hexagonal in structure

where as that deposited at 4000 C is a mixed phase, containing crystalline CdS (cubic) and
amorphous ZnS, with a prominent peak at 20 = 26.870 (d-value 3.32 A) coresponding to
(111) plane of CdS. No prominent peaks were observed in the film deposited at a baking

temperature of 600° C.
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Figure 3.1. Variation of thickness on zinc atomic fraétion x of
ZnyCd|_S thin films (Tg = 5000 C).
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As films with best crystalline properties were obtained for a baking
temperature 5000 C and a baking time of five minutes, these films were chosen for
further detailed study of their properties as a function of atomic fraction x.

Inthe compositional range O0<x<1, the crystal structure of the

ZnyCd; S films have been determined from x-ray diffraction patterns. The analysis

established the presence of hexagonal structure of the polycrystalline Zn,Cd;_S films in

the range 0<x<0.6. Films with composition corresponding to x>0.6 was found to be
nearly amorphous in nature.

A typical XRD pattern for Zn,Cd; .S (for x=0.4) films is shown in figure

3.3. Comparison of the prominent peak position (20—value) of the XRD spectra with the
JCPDS data file for CdS [29] suggests that the Zn,Cd;_,S film deposited at a baking
temperature of 500° C is hexagonal (wurtzite) in structure with the_ prominent x-ray
diffraction peaks corresponding to (100), (002), (101), (110) and (103) planes.

It i§ observed that the diffraction angle (20) shifts to higher angles with
increasing zinc atomic fraction x. The peaks, which are quite sharp upto x = 0.4, become
weaker beyond this and no prominent peaks appeélr for x>0.6, which means that in fhis
range fhe films are mostly amorphous. .v

The diffraction angle shifts towards higher angles with an increase in the
composition parameter X, which means that the lattice constant decreases with x. The
relationship between the lattilce.parameter and the zinc atomic fraction x over the range
0< x < 0.6 is shown in figure 3.4. It was observed that the lattice constant decreases with
increase in the proportion of Zn. This is consistent with the smaller size of the Zn atoms
and alsé reflected in the decrease in thickness of the films with increasing x as described in
section 3.3.1. Similar results were obtained by Yamaquchi et al. [30]. The values of @ and
¢ for thin film prepared at x = 0 (pure CdS) are 4.13 A and 6.73 A respectively. These
values are in good agreement with the data for hexagonal CdS films from the JCPDS card

[29].
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X-ray diffraction of a typical Zn,CdyS film ( x= 0.4) deposited at a
baking temperature of 500° C upon a dip-deposited polycrystalline CdS film with
hexagonal structure is shown in figure 3.5. The underlying CdS thin film of thickness ~
03 u was deposited initially by the dip technique on cfystalline tin-dioxide transparent
conducting substrate at a temperature of 5000 C. The top layer of Zn,Cd; S film (x=0.4)
of thickness 0.9 u was deposited on the CdS. The deposited film is also has a much and
more pronounced peak, indicating a higher order of crystallinity and is also hexagonal in

structure with preffered orientation along (002) plane.

3.1.3.3. OPTICAL PROPERTIES
3.1.3.3.1. Optical absorption

Optical properties were studied by SHIMADZU UV-240 double-
beam spectrophotometer. Optical absorption spectra of ZnyCd; 4S (0<x<1) thin films
deposited on glass substrates were obtained in the range 350 nm - 600 nm. (Fig.3.6).. The
spectra were taken with respect to the bare substrate placed in the reference beam. The
absorption edges are quite sharp, indicating that the films are uniform and homogeneous,

“and these move towards shorter wavelength with increasing Zn atomic fraction x

corresponding to increasing bandgap of the material. The optical energy gap (Eg) of the
Zn,Cd; S thin film was estimated by measuring optical density (O.D) of the films as a
function of wavelength in the range 2.2 ¢V to 3.5 eV, from which absorption co-efficient
(o) was obtained. Plots of (ahv)2 and (ahv)l/ 2 against hv wére made (Figure 3.7).
(cthv)2 versus hv plots yielded straight line over the range 0<x<0.6. In contrast, for x>0.6
straight lines were obtained when (cthv)!/2 was plotted against hv. This is indicative of

. the fact that the film are crystalline for 0<x<0.6 and amorphoxis beyond this range. The

bandgap of hexagonal Zn,Cd; S films obtained for the range 0<x<0.6, using the curve
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(athv)2 versus hv are in good agreement with other bandgap data obtained from the films
deposited by spray pyrolysis [31] or Electron Beam Epitaxy [32].

In the above o was estimated by the following relation.

Y, (2.303)0)[((0. D 53

* where 'd'is the film thickness and O.D. is the optical density, which was converted

into transmittance according to the relation given below.

I
0.D logm(T"j ——————— 34)

and

1

If=—-——-———- : e
7 (35)
Where 1, is the intensity of light incident on the film and I is that transmitted

beam.

3.1.3.3.2. Spectral response of photoconductivity

To determine the photoconductive (PC) spectral response, a PC
cell was fabricated by depositing Ag-electrodes in the usual interdigitated (comb-like)

pattern, which was suBsequently placed at the detector position of a SPECTROMOM

202 spectrophotometer, and the photocurrent was measured as function of wavelength.
The area of the cell was about one square cm. It is known that deposition of Ag after
. ionic bombardment at high vacuum as was done in this case, produces an ohmic contact
with the underlying surface. The pattern of the cell as well as the circuit used -for

measurement of photocurrent is shown in figure 3.8.
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Spectral response of photoconductivity curves are shown in figure 3.9.
The photocurrent values are normalized with the peak response for pure CdS taken as 1.
No correction was made for the variation of intensity with wavelength of the tungsten
filament source used in the spectrophotometer. With increasing x, position of the
maximum moves from 540 nm for CdS to 360 nm for ZnS, corresponding to a shift in
bandgap from 2.3 eV to 3.4 eV. This continuous change in bandgap with increasing
proportion of zinc again confirms the formation of a solid solution.

Figure 3.10 shows the variation with x of (1) bandgap for 0<x<0.6, (ii)
optical gap for x>0.6, and (iii) the photon energy 0<x<1 at which peak response in
photoconductivity is obtained. Curves (i) and (iii) agree quite closely in the range
0<x<0.6, where crystalline films were obtained. The optical bandgap for x>0.6 are much
less than that obtained from photoconductive measurements, which may be due to the
amorphous nature of the films in the region.

According to H. Hill [33], the optical bandgap E, of Zn,Cd; S which is a

ternary alloy film, can be expressed as

Ey=Ecg +(Ez;s — Egis —b)x +bx* ———(36)

where b is the bowing parameter and x 15 the Zn atomic fraction. The vaiue
of b for films is about 0.22 eV, estimated from curve fitting with the values of optical
bandgap in the range 0<x<0.6. This value is very close agreement with theory as obtained
by Hill [33]. For x>0.6 the value of b changes sharply to 0.07, again indicating a transition

from crystalline to amorohous films.
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3.1.3.4. SURFACE MORPHOLOGY

Surface morphology studies were carried out by HITACHI S-530
scanning electron microscope. Figure 3.11 shows the SEM micrographs of Zn,Cd;_ .S
thin films for different values of zinc atomic fraction x. It is evident from the micrographs
that the average grain size of the film increases upto x = 0.4, beyond which a tendency of
reduction in crystallinity is observed. This is also evidenced in the XRD pattern, where
sharp peaks are observed only over the range 0<x<0.4. The average grain size changes
from 0.5 pm (x = 0) to 0.9 um (x = 0.4), beyond which (x > 0.6) the grains are not

properly defined.

&
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Figure 3.11. Scanning electron micrographs of ZnyCd{.xS thin films,

(a) X=0, (b) x=0.1, (c) x=0.3.
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Figure 3.11. Scanning electron micrographs of ZnyCd{_4S thin films,

(d)) X=0.4, (€)x=0.5. (f)x=0.6.
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*3.2. TIN SULPHIDE (SnS & SnS2) THIN
SOLID FILMS

3.2.1. INTRODUCTION

Efforts have been made currently in finding new materials for energy
conversion. Two important factors that should be considered in production of these
materials are the band gap energy matching the solar spectrum and the competitiveness of
prodﬁctioh cost. The first criterion is met by several materials such as Si and GaAs which
are being used currently. However, the costs are extremely high for large scale production
and can be brought down only by simplifying the manufacturing process.

In the present decade, semiconducting~ chalcogenide thin films have
received much attention because of their world-wide application in the various field of
science and technology [34]. In addition, a drastic cut in the cost of production of
semiconductor devices is also possible by the use of semiconducting thin ﬁhn§ in place of
single crystal. Among other materials of recent interest are metal chalcogenides such as
CdS and CdSe which fall in the group of II-VI compounds. Among the chalcogenide
thin films, tin sulphides show promise because of their possible application in solid state
devices, such as photovoltaic [35-38], photoelectrochemical cells (PEC) [39],
photoconductive cells [40] and intercalati.on battery systems [41]. However, compounds
of tin sulphide have not been extensively studied.

Tin forms several binary sulphides, such as SnS (orthorhombic) [42-43],

SnS, (trigonal) [44], SnyS3 (thombic) [45], and SnzSy \(tetragonal) [46]. All these are

semiconducting materials.

4

* Communicated to the " Thin Solid Films" July 1998.
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Polycrystalline SnS which is usually a p-type semiconductor, with optical
and thermal baﬁdgaps of 1.08 eV and 1.20 eV respectively [35-36, 47], may be very
interesting for the photovoltaic coversion of solar energy into electrical energy, since its
bandgap is comparable to that of silicon [40].

Tin disulphide (SnS,) is also a very interesting material, both for its
layered structure and for the antisotropy of its properties, which makes it a good
candidate for utilisation in photochemical solar cells. This compound crystallizes in the

CdI, type structure with layers of atoms in a close packed arrangement. Within each layer

the bonding is mainly covalent, while the layers interact with each other through van der
Waals forces. The bandgap of SnS, films is about 2.2 eV which is more suitable for
photoconductive and photoelectrochemical cells [39-40].

However, comparatively few reports are available for preparation, study
and application on these films.

A number of deposition techniques, which include chemical deposition
[40,48], evaporation tecﬁnique [34], chemical vapour transport [49] and electrodeposition
[50] have been used for the preparation of these films.

Development of the dip technique for the deposition of SnS and SnS, thin
films would of practical interest, since dip techﬁique is both simple and economic. An
attempt Was therefore made to deposit mono and di-sulphides of tin by simple variation of
- stoichiometry.

These tin sulphide films could be converted easily to tin dioxide by simple
‘annealing in air, thus providing another route for the preparation of transparent
conducting tin oxide films.

In this section, we describe in detail the preparation of SnS and SnS, films
by the dip technique and their characterization by Scanning Electron Microscopy (SEM),

X-ray diffractometry (XRD), studies of optical and photoconductive properties, and their

conversion to SnO, films by air annealing in atmospheric condition.
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3.2.2. EXPERIMENTAL DETAILS

Two separate saturated solutions of SnCl,.2H,O and thiourea with
methanol as solvent were initially prepared. Then they were mixed in requisite amounts
together slowly to yield the starting solution for the preparation of SnS and SnS, thin
films. As a rough guide, 15 gms SnCl, . 2H,0 in 30 cc methanol and 5 gms thiourea in 50

cc methanol was taken for preparation of SnS films whereas for SnS, films, 5 gms of

more thiourea with 50 cc methanol was added in the above solution .

The films were prepared using the same setup and technique as mentioned
in Chapter 2, where speed of withdrawal was 1.33 mm/sec and freshly prepared solutions
were used. The films were prepared on soda-glass substrate at different baking
temperature in the range 2000 C - 3600 C for 5 minutes baking time. The formation of

SnS and SnS, films on the surface of the substrate takes place according to the

following reactions.

SnCl, +(NH,),CS +2H,0 —> SnS +2NH,CI + CO, — — - —(3.7)

To prepare SnS, films, a starting solution having SnCl, and thiourea in
1:2 molar ratio was used and the corresponding equation is given below.

SnCl, +2(NH,),CS +2H,0 — SnS, +2NH,CI+CO, —— ——(38)

It may be mentioned that the various intermediate chemical reactions and
products in the above reactions are quite complex and not known in detail.

SnS and SnS, films were deposited at baking temperatures of 2000 C,
3000 C & 3600 C and for a baking time of 5 minutes. Optical absorbtion, photoconductive
(PC) spectral response and microstructural studies were carried out using SHIMADZU

UV-240 double-beam spectrophotometer, SPECTROMOM 202 spectrophotometer,
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PHILIPS ‘diﬂ‘ractometer' (model PW 1396) with CuKo radiation (Ni-filter) at 1.54 A,
HITAC__HI S-530 scanning electron microscope  respectively  as mentidned earlier
 (section 4.2). As described eﬁrlier, the thickness of the films was measured by stylus
method using o step. "

SnS and SnS, films were baked in a furnace in atmospheric condition at

4000 C for different times ( \10_:- 120 minutes) to convert them to transparent conducting

tin dioxide film. The SnO, films were characterized by XRD, SEM, optical transmission

measurements, and variation of their sheet resistance were recorded, using standard

four probe ‘method. Optical absorption and doping effects were studied using SnS, films

only.
3.2.3. RESULTS AND DISCUSSION

Tin mono and di-sulphide films were smooth, shiny and strongly adherent

to the substrate. The films were also highly uniform except for the trouble zone at the
bottom and sides as described in Chapter 2. The colour of SnS and SnS, films was black

and golden yellov;z respectivély.'
3.2.3.1. THICKNESS

| Films of different thickness were obtainégl by changing multiple dippings.
Figure 3.12 shows the thicl;ness variation with number of dippings of SnS, films at a
baking temperature @f 3600 C. It is seen that the thickness per dipping is lower for first
dip compared with the subsequent dippings. This may be due to the fact that first
deposition is on émorphods glass Substrafe‘whereas the subsequent depositions are on °

crystalline SnS, layer itself. Similar results were obtained by Karanjai et al. for CdS films

| [28 ]. Thickness variation of SnS films with number of dippings follows same nature as
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that of SnS, films. But the thickness in case of SnS films is less than that for SnS, films
for a particular dipping.

Characterization results reported in this chapter are for films prepared by 5
dippings corresponding to a thickness of 0.50 pm for SnS and 0.55 um for SnS, films.

3.2.3.2. X-RAY DIFFRACTOMETRIC STUDY

Figure 4.13 shows the X-ray diffraction patterns for SnS thin films at
three different baking temperatures (200¢ C, 3000 C and 360°¢ C)} and 5 minutes baking
time. Only one peak was observed at 31.950 which was found to be strongest for films
prepared at a baking temperature of 3000 C. The corresponding 'd’ value was found to be
2.8 A9, which is identical to the (040) spacings of SnS.

The X-ray diffraction pattern for a typical SnS, thin films prepared at a
baking temperature of 3600 C, is shown in figure 3.14. It was observed from the XRD

pattern that there is only one peak at 20 = 15°. The 'd' value calculated from the 20 value
and was 5.9 A9, corresponding to spacing of (001) plane of SnS,. Peak position and

corresponding 'd' values of both SnS and SnS, films were compared with the standard
JCPDS data file ( No. 14-620 for SnS and No.23-677 for SnS,), which confirmed the
successful deposition of SnS and SnS, films. Prominent peaks and their corresponding d-

values for SnS and SnS, films deposited on soda-glass substrate are listed and compared

with d-values from JCPDS data file in table -3.1
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Table - 3.1. Prominent peak position (20 values) of x-ray diffraction
peaks,corresponding d-values and their identification for SnS and SnS, films

deposited on glass substrate.

OBSERVATION COMPARISON WITH JCPDS FILE hkl

Peak position Observed  Intensity Peak position Comparable Intensity

(20) d- values (A9) (I/I,) (26) d- values (A%) (I/1,)
SnS Film ( JCPDS data file No. 14-620)
31.95 2.80 100 32.00 2.79 100, 040

SnS, Film ( JCPDS data file No.23-677).

15.02 5.89 100 15.02 5.89 100 001

In each case, appearance of only one sharp peak appears to indicate a

preferred orientation, along the (040) planes for SnS and (001) planes for SnS,

respectively.
SnS, films prepared at 200° C and 300° C showed no sharp peaks and
only a broad hump indicating that they were possibly amorphous.

Thus, baking for 5 minutes in 300° C and 360° C resulted in oxide-free

SnS and SnS, films by the dip technique. It may be mentioned that no evidence of any

oxide (SnO,) peak was found over a 2 0 range 10° to 80°.
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3.2.3.3. SURFACE MORPHOLOGY

SEM micrographs of SnS thin Films deposited at three different baking
temperatures (2000 C, 3000 C and 360° C) are shown in figure 3.15. It is clear from the
micrographs that grain size of the films deposited at 3000 C is the largest compared to

others. As already mentioned, these films also show the strongest XRD peaks.
Figure 3.16 shows the SEM micrographs of an SnS, thin film prepared at

a baking temperature of 3600 C. Average grain size for both SnS and SnS, films as

observed from the micrograph is about 1 pm.

3.2.3.4. PHOTOCONDUCTIVE PROPERTIES

. The spectral response of photoconductivity curves for SnS and SnS, thin

films are shown in figure 3.17. In figure 3.17 the photocurrent values are normalised with

the peak response for SnS, film taken as 1. The maximum photocurrent for SnS film is

seen to occur at 840 nm, corresponding to a band gap of 1.4 eV which is comparable to

values reported in the literature [39]. In case of SnS, films, the maximum photocurrent

was observed at 500 nm which corresponds to a band gap of 2.4 eV, and compares quite

well with values reported by other workers [39-40].

'3.2.3.5. OPTICAL ABSORPTION PROPERTIES

In the following, the optical absorption of undoped and Sb-doped SnS,

films are discussed. It was not possible to carry out optical absorption measurements on
SnS films as the absorption edge lies in the infrared and the soda-glass substrate sirongly

absorbs in this range.-
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Figure 3.15. Scanning electron micrographs of SnS thin films at three different

baking temperatures, (a) 200° C, (b) 300° C, (c) 360° C.
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Figure 3.16. Scanning electron micrograph of SnS, thin films deposited on glass

substrate at 360° C.
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Figure 3.17. Spectral response of photoconductivity curves of SnS and

SnS, thin films at baking temperature 3000 C and 3600 C
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3.2.3.5.1. Undoped SnS, films
Optical absorption spectra of SnSZ' films is shown in figure 3.18.

In this figure (a) shows the absorption spectra of pure SnS, film. The spectra is taken

with respect to the bare substrate placed in the reference beam. The rise in absorption is
quite steep, indicating that the films are homogeneous and the optical band gap was
measured from the extrapolation of the linear portion of the (ahv)2 versus hv curve

shown in figure 3.19. The optical band gap. of SnS, films is 2.4 eV (from figure 3.19),

which is the same as obtained from photoconductive response data.

3.2.3.5.2. Sb-doped Sn$S, films
SnS, thin films of thickness about 0.55 um deposited at a baking

temperature of 360° C for 5 minuits baking time were doped with antimony (Sb) for
different at%. It was observed from the optical absorption data in figure 3.18, that the
absorption edges of these spectra are shifted towards shorter wavelength as a result of
increasing Sb concentration corresponding to an increase in band gap from 2.4 eV to 3.0
eV (for 3 at%doping), which was calculated from the curve (athv)2 versus hv shown in

figure 3.19.

X-ray diffractometric studies were carried out for doped SnS, films. It is
observed that introduction of antimony (Sb) as a dopant in the SnS, film reduces the peak
height. In the X-ray diffractogram shown in figure 3.20, thus at 0.12 at% Sb doped SnS,
film the peak height is reduced and for 0.3 at% Sb doping the peak has disappeared. Tflus
it can be concluded that Sb-doping has a strong effect on the crystallinity of SnS,, and a
very small concentration (0.3 at%) of Sb being sufficient to make it completély
amorphdus. A similar result was observed by Banerjee et al. [51], who found that the
introduction of Sb as dopant in CdS reduces its crystallinity and, at 3 at% doping, the

structure becomes completely amorphous.
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thin films at baking temperature 3600 C (a) 0.12 at%
and (b) 0.3 at%.
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3.2.3.6. EFFECT OF ANNEALING

Effect of annealing was studied by baking SnS and SnS, films, prepared at a

baking temperature of 3000 C and 360° C for 5 minutes to a higher temperature of 4000

C in the furnace at atmospheric condition for various baking times.

We found that when SnS and SnS, films are annealed in a furnace at 4000 C for

more than 10 minutes, these are converted into SnO, transparent conducting films in the

presence of atmospheric oxygen, according to one of the following reactions.

SnS + 20, = Sn0y + SOy ——memee- (3.9)
SnS, + 30, = Sn0, + 280, ——--(3.10)

Figure 3.21 shows the effect of annealing in atmospheric condition at 400° C for

different baking times on the sheet resistance of SnS and SnS, films. It was observed that
good quality SnO, films in terms of crystallinity as well as optical transmission could be

obtained by air annealing of tin disulphide films prepared by dip technique for about 50

minutes. The electrical conductivity SnO, films obtained by this method are quite

reasonable, the sheet resistance being 2 X 103 /0 with an optical transmission of 90%.
It was observed that for prolonged annealing (>120 min.) of SnS and SnS, films
- the sheet resistance become very high and of the order of 106 /00 with no change in
optical transmission. This is probably due to the filling of the oxygen vacancies resulting
in a near-stoichiometric materials. These high-sheet-resistance SnO, films may be useful
as an insulator layer [52] as well as a protective layer [48] in semiconductor device

structures. It was observed that due to increase in annealing time the optical transmission

of the films is increase (fig. 3.22). XRD and SEM of a typical SnO, films obtained by this

method by annealing of SnS, is shown in figures 3.23 and 3.24. The XRD pattern of the
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Figure 3.22. Optical transmission versus wavelength for annealed SnS
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transformed films matches well with the XRD powder pattern simulated from the data for
Sn0O, [53] as well as with JCPDS file 21-1250 data for SnO, mineral sample. Prominent
peaks, corresponding d-values and their intensity for these SnO, films are listed and

compared with JCPDS data file in table -3.2

Table - 3.2. Prominent peak position (20 values) of x-ray diffraction peaks,
corresponding d-values and their identification for SnO, film obtained from SnS,

film (annealing time = 50 minutes).

OBSERVATION , COMPARISON WITH hkl
JCPDS DATA FILE NO. 21-1250
Peak position Observed  Intensity =~ Comparable Intensity
(20) d- vglues (A°) (I11) d- values (A9) (I/1,)
26.65 3.34 100 3.35 100 110
38.00 2.36 40 2.37 25 200
51.85 1.76 22 1.76 65 211

54.80 1.67 15 1.67 18 220
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Figure 3.24. Scanning electron micrograph of SnOj thin film obtained from SnS,

film by atmospheric annealing at 400° C.
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3.3. A FEW MORE SULPHIDE FILMS

A few more sulphide films were also deposited using dip technique. In the
following section deposition and characterisation of Mo-sulphide and Cu-sulphide films

have been discussed in brief,

*3.3.1. MOLYBDENUM DISULPHIDE (Mo$S2)
THIN FILM

3.3.1.1. INTRODUCTION

Molybdenum dichalcogenides appear to be very promising semiconductor |
materials for various applicz;tions such as solar cells [54-55], rechargeable batteries [56]
and solid lubricants for metallic and ceramic surface in environments where hydrocarbon
or -other fluid-based lubricants are unsuitable, such as in high \;acuum or high temperature
applications [57-58]. It has been also widely used in space-technology where its low co-
efﬁcieﬁt of friction in vacuum is of particular value [59]. These applications arise from the
optical, electrochemical and mechanical properties of these compounds. They exhibit a
layer-type structure in which monolayers of Mo are sandwiéhed between monolayers of
sulphur, which are held together by relatively weak van der Waals forces. These materials
have band gaps (1.78 eV) well-matched to the solar spectrum [601. A number of methods
exist for the production of MoS; thin films, including sputtering [61-63], electrochemical
deposition [60,64], and pulsed laser deposition [65-68].‘ |

In this section, the preparétion of M0S2 thin films by dip technique and to

study their.stmétural and optical properties have been described.

*Presented at the "Fifth West Bengal State Sc. Cong." Proceedings, University of
North Bengal, 21-23 March, 1998, Page 140.
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3.3.1.2. EXPERIMENTAL DETAILS

Film deposition procedure exactly follows the éame technique as discussed
earlier, where lifting speed were 1.33 mm/sec and the starting solution was taken by
mixing of methanolic solution of ammonium molybdate (5 gms ammonium molybdate in
50 cc methanol) and ammonium thiocyanate (3.88 gm ammonium thiocyéﬁate in 40 cc
methanol). The deposition was performed on soda-glass substrate at different baking
temperature from 3000 C to 450° C for 5 minutes baking time. The substrate was cleaned
as discussed before in detergent solution, water and chromic acid and finally degreased in
acetone and methanol vapour.

Characterization of the films -were carried out by X-ray
diffractometry, Scanning electron microscopy and optical absorption using PHILIPS
diffractometer (model PW 1390) with CuK, radiation (Ni-filter) at 1.54 A, HITACHI
S-530  scanning electron microscope and SHIMADZU UV-240 double-beam

spectrophotometer respectively.

3.3.1.3. RESULTS AND DISCUSSION

MoS, thin films are smooth, uniform and strongly adherent to the

substrate. The films are gray in colour. The thickness of the films prepared for
characterization is estimated to be one micrometer.

| Figure 3.25 shows the XRD spectra of MoS, thin films prepared at three
different baking temperature 300° C, 360° C and 450° C. From the XRD spectra we
observed that the films prepared at 3000 Cis completely amorphous in nature but films
prepared at 3600 C and 450° C are crystalline. Comparison of the prominent peak
positions (20 - values) of the XRD spectra with the ASTM data file for MoS, (File No.

24-515) suggests that the films deposited at baking temperature 360° C and 450° C are
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f‘_igure 3.25. X-ray diffractogr_ani of MoS; thin films deposited on
| _ ’gl_ass‘ substrate at three different baking temperature
[(a), 3000 C; (b), 3600 C; (c), 4500 CJ.
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hexagonal in structure. The planes of MoS, are indi'catedA in the XRD spé'ctra. These
planes are (002), (012), (104), (107) and (113). The peaks which are unmarked do not
- correspond to MoS;;_‘ films. These unfnarked peaks correspond to MoOs which were-
confirmed ‘from the ASTM data file no. 5-0508. Prominent peaks, corresponding d-values .
_ and their intensities for MoS, films prepared at 4500 ‘C are listed and comi)ared with

~ JCPDS data file (24-515) in table -3.3

~ Table - 3.3. Prominent pedk position (20 values)’ of x-ray diffraction peaks,
- corresponding d-values and their identification for MoS, films.

' OBSERVATION " COMPARISONWITH  hki
‘ JCPDS DATA FILE NO. 24-515
Peak position Observed ~ Intensity Comparable 'Intensity‘
(26) d- values (A%) (15 d-values (A9 (VL)
1325 630 - 100 620 100 002
33.75 265 33 263 21 012
 39.00 2.30 88 2.35 27 104
4640 195 28 190 14 107
59.00 156 . .25 1.53 g 113

Figure 3.26 shows the scanning electron micrographs of MoS, films

- deposited on glass substrates at three different baking temperatures. These miérographs
shows that the grain size of MoS, films when deposited at 360° C and 400° C are larger

* .. than the that size of films depos1ted at 3000 C.

Flgure 3.27 shows the optical absoptlon of M082 ﬁlms deposited on glass
;‘ suBstrate. From rthe‘ ste‘epness of the absorption edge we conclude that the films are
‘ homogeneoﬁs.' T_he optical bandgap is calculated from the plot of (athv)?2 versus hv (Fig.
3.28) and is "t"durid.to be 1.80 eV. This is corhparable with- the \_/alue 1.78 €V obtained by

: Ponomareyv et al.[60].
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Figure 3.26. Scanning electron micrograph of MoS; thin film obtained from

deposited on glass substrate at three different baking temperatures

[(a), 3000 C, (b) 360° C, (c) 4500 C.]
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Figure 3.27. Optical absorption spectra of MoS; thin films deposited

on glass substrate.
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3 3.2. COPPER SULPHIDE (CuZS) THIN FILM

3.3. 2 1. INTRODUCTION
" The copper-sulphlde Cu, S (1<x<2) system forms a number of phases,

which are well known for their application as optoelectronic materials, and continue to be
_interesting semiconductor materials due to the variation in properties depending on the
value of x [69-72]. At least four stable phases are known [73] to exist at room

temperature for which their mineralogical names are often used. On the 'copper rich' side

of the copper sulphide phase diagram are the orthohorhombic chalcocite (Cu,S), djurlite
(Cuy.955) and anilite (Ci11_75S), while in the 'sulphur rich' side is covellite (CuS). Mixed
phases are also known in the intermediate compositién [74]. The structure of the copper

sulphide compounds is quite complicated [75]. Even the structures of CuyS and CusS,

which appear to be stoichiometric, are not consistent wifh their formulation as Cu(I) and
VCAu(II) sulphides.- Chalcocite (Cu,S) can come in its low-temperature from with a rather
complex structure or in its high-temperatufe from of disordered'rearrangements éf Cu
atoms in a close-packed array of S atoms [76]. Likewise, the compound CuS, which
occurs as the mineral covellite, has one -third of its metal ions surrounded by three
neighbouring S atoms at the cofners of a tringle and the remainder have four S neighbours
arranged tetrahedrally.

Copper sulphides exhibit a range of electrical properties, from metallic to
semi-metallic an(ll' semiconductor-like. Due to thése characteristics, by suitably. adjusting
their composition cépper sulphides are exploitable in the fabrication of eleétronic devices
[76-77].

. Deposition of these films can be made by different techniques, such és )
vacuum evaporation [78], activated reactive evaporation [79] and chemical bath

deposition [80-84].
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In thls section, the preparatlon structural and optical propertles of dip .
depos1ted Cu2S thm films have been descrlbed shortly. | |

3.3.2.2. EXPERIMENTAL DETAILS |

| .Film .‘preparation and other parameters was the 'same’as discussed earlier,
- the only diﬂ'erence being the startin‘g material‘ and the baking temperature F‘or depositon |
of Cu,$ films, methanohc solutlon of copper nitrate (10 gms of copper nitrate in 40 cc
' ‘methanol) and ammomum thlocyanate . 6 gms ammomum thlocyanate in 20 cc

methanol) were mixed together slowly to yield the.startmg solution. Films were depos1ted

on soda-glass substrates at three dlfferent bakmg temperature 3600 C 4000 C and 5000 C =

for. ﬁve minutes baking tlme Multlcoatmg & drp) ﬁlms havmg thlckness of about lum
was taken for the charactenzatlon of the ﬂlms The colour of the ﬁlms are brown |

| For structural properties x-ray drffractometry and surface morphology |
studles were camed out- by PH]L]PS dlﬁ'ractometer (model PW 1390) w1th CuK(x ,
‘radlatlon (Nl-ﬁlter) at 1. 54 'A% and HITACHI S- 530 scanmng electron mlcroscope -b
respectlvely whereas opt1ca1 absorption data were taken by SHIMADZU UV-2407

double-beam spectrophotometer for measurement of opt1ca1 band gap.
3.‘3._ 2.3. RESULTS AND DISCUSSION |

563&3 29- shows " the XRD patterns of Cu2$ thin - films at baking
14000-C-
temperature of,500° C. CuZS peaks are 1dent1ﬁed from the ASTM data file and shown n

table 3.4. A few peaks of CuO al»soarrse in this spectra. Probably some of thevcopper is
-~ oxidised to CuO at this high temperaturef The films prepared at»the other two baking'r

temperature (3600 C& 400o C) are amorphous in nature A typlcal scanmng electron_ "
' mlcrographs of Cu,S film at 5000 C 1s ‘shown in figure 3 30,
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Figure 3.30. A typical scanning electron micrograph of Cu,S thin film deposited on

glass substrate at 5000 C



Chapter - 3 135

Table - 3.4. Prominent peak position (20 values) of x-ray diffraction peaks,

corresponding d-values and their identification for Cu,S film.

OBSERVATION COMPARISON WITH hid
‘ -JCPDS DATA FILE NO. 23-961
Peak position Observed >Intensity Comparable  Intensity
(20) d- values (A%) (V) d- values (A%) (/1)
24.80 3.59 16 3.59 16 162, 203
27.00 3.30 | 57 . 3.31 25 322
35.70 2.51 19 2.52 40 0102+
3880 232 17 232 40 2102, 471+

Figure 3.31 shows the optical absoption of Cu,S films deposited on glass

substrtate. The value of the band gap, Eg was determined in the usual way from the
_ intercept of the (cthv)? versus hv plots (fig.3.32) which was a straight line on the hv axis.
The optical band gap obtained from this curve is about 1.4 eV. This value is good

agreement with the value obtained by other workers [79].
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Figure 3.31. Optical absorption spectra of Cu;S thin films deposited

on glass substrate at 4000 C.
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3.4. CONCLUSION

Dip technique is a simple and suitable method of obtaining adherent,
specular, homogeneous and stoichiometric sulphide thin solid films. In this present
chapter, we have prepared successfully a number of sulphide films which may be used in
solid state devices. All these films are smooth, uniform and have the usual crystal
structure for these materials.

Zn,Cdj S (0<x<0.6) films were hexagonal in structure, whose lattice
parameter ¢ and & were found to decrease with increase in X. An increase in x also
produces a similar drop in the thickness of the film, the total number of (Cd + Zn) moles
in the starting solution remaining constant. This agrees well with the fact that the Zn
atoms have a relatively smaller size compared to Cd atoms. The bandgaps obtained from
optical absorption and spectral response of photoconductivity measurements are in good
agreement with each other and vary from 2.30 eV (CdS) to 2.69 eV (Zng ¢Cdg 4S),
beyond which the bandgaps obtained from optical absorption measurements (optical
bandgap) are much less than that obtained from photoconductive measurements owing to
the films becoming amorphous over this range. Surface morphology study by SEM as
well as XRD data show that good crystallinity is obtained upt(; a zinc atomic fraction of

0.4.
SnS ans Sn$S, thin film shows good crystalline structure when prepareq!it a

baking temperature of 300° C for SnS and 3600 C for SnS, films. Bandgaps obtained
from photoconductivity measurements are 1.4 eV and 2.4 eV for SnS and SnS, films
respectively. Optical absorption measurements on SnS, films also yield a value of 2.4 eV.
Antimony-doping of SnS, films produces an increase in bandgap along with a sharp

reduction in crystallinity. _
Annealing in air at 4009 C both SnS and SnS, films convert them to

transparent conducting tin dioxide, thus providing an alternative route for its preparation.
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MoS, thin films show a crystalline structure for a baking temperature of
3600 C and 4500 C, whereas at 300° C these are amorphous in nature. Optical
absorption data shows the films are uniform and homogeneous. The optical bandgap,
which was calculated from the absorption dafa, is 1.80 eV and is comparable with the

literature value.
Cu,S thin films have crystalline structure when the baking temperature

was 5000 C but has some CuO present because of the oxidation at this high femperature.
Optical bandgap, calculated from optical absorption data is 1.4 eV, which is again in

agreement with that obtained by other workers.
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CHAPTER-4

- *Transparent conducting
Tin dioxide thin films Prepared by
open air chemical vapour
deposition(OACVD) technique



*4.1 INTRODUCTION

The simultaﬁeous occurrence éf high opticalr transparency (more than 80
%) in the visible region and hlgh »electrical conductivity (about 103 Q-1 om- or more)
is not possible in an intrinsic stoi’cﬂibmet_ric material. Partial transparency and fairly good |
conductivity may be obtained in thin films of a variety of metals. The only way to obtain
good transparent conductors is to create electron degeneracy in a wide band gap (more
than 3 eV) oxide by controllably introducing non-stoichimetry and /or appropriate
dopants. The most popular transparent coatings are fabricated from metal oxides, in
particular the oxides of indium, tin and zinc.

Tin oxide thin films are known to have high mechanical and chemical
stability, except for their interaction with oxygen atoms at high temperature. These films
have high transmittance in the visible region and a high reflectivity in the infrared region.
They also possess a high electriéal d.c. conductivity and Hall mobility. Undoped tin oxide
films are n-type degenerate semiconductor with a wide band gap (approximately 3.5 - 4
eV) [1-3], and a refractive index of approximately 1.9 [5]. However, the properties of tin

| dioxide depend'crucially on their deviation from stoichiometry, on the nature and amount
of impurities, and on the microstructure. All these properties depend on the deposition

method and parameters, and on post-deposition processing.

* Published in the "journal of Thin Solid Films" Vel. 307 (1998) P. 221-227.
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Owing to their high chemical | and mechanical stabilities, transparent
conductive tin dioxide are largely employed in electrochemistry as transparent electrodes
[4, 5] dr as substrates for electrodeposition'[6] in solid state devices for photovoltaic
and optoelectronic applications [7-9] or as spectrally selective coatings [10]. Apart from
these applications transparent condugting tin oxide can also be used in thin film resistors,
transparent heating element for aircraft and automobile windows, antistatic coatings for
instrument windows, heat reflecting mirrors for glass windows and incandescent bulbs,
antireflection  coatings, liquid crystal display, electrochromic and ferroelectric
photoconductor storage, semiconductor / insulator / semiconductor (SIS) heterojunctions,
and protective and wear-resistant coatings for glass containers [11]. There is growing
interest in newer applications of tin oxide and one of the most important uses is for the
detection of toxic and explosive gases in air such as carbon monoxide and methane
[12,13].

Tin oxide is a high bandgap semiconductor which is made
conductive by n-type dopants which fall into two categories: (i) pentavalent metals such
as antimony which substitute for tin atoms, and (it) halogens such as fluorine or chlorine
which replace oxygen. The choice of dopant can be guided by understanding that tin
oxide is a fairly ionic compound for which the metal orbitals dominantly form the
conduction band, while the oxygen orbitals make up most of the filled valence band.
Substituting a metal for tin induces a large local perturbation in the conduction band,
frequently scattering the electrons in the conduction band. This reduces the mobility of
the electrons, which degrades the conductivify and transparency of the material. A
halogen substituting for oxygen, however, mainly disturbs the filled valence band, and
only slightly disturbs the electrons in the conduction band. Of the halogens, fluorine
causes the least scattering, and fluorine doping leads to tin oxide films with the highest

‘conductivity [11], because these films generally have higher mobilities (about 25 - 50 cm?2 ‘
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V-1 S-1) than undoped SnO, films. In either type of substitution, a positively charged

scattering center is produced.

Tin dioxide films have been prepared by various techniques such as
chemical vapour deposition [14-18}, spray pyrolysis [19-23], vacuum evaporation [24],
reactive rf sputtering [25-28], sol-gel method [29-32] and glow discharge [33]. In this
chapter, Open Air Chemical Vapour Depositidn (OACVD) technique has been employed
for the preparation of undoped and doped tin dioxide thin films and to study their

different properties.

4.2. DEPOSITION OF SnO2 FILM BY CVD

In the last several years, the deposition techniques for SnQ, have

undergone many changes, mainly as a result of the work of international research groups
led by Bube, Bunshah, Manifacier and Chopra [1,8,11]. Many sophisticated deposition
techhiques have been developed. The foremost characteristics of a Chemical Vapour
Deposition (CVD) techhique is that it involves a heterogeneous chémical reaction at the
surface of a substrate without requiring vacuum as an essential condition for deposition.
The chemical reactionin CVD may be activated by the application of light, heat,
RF field, x-ray radiation, electrical arc, glow discharge, electron bombardment, or by
catalytic actiﬁty of the substrate surface.

Metallic oxides are usually deposited by the vaporization of a suitable
metal-bearing compound (which is volatile, thermally stable at a temperature sufficiently
high to produce an adequate vapour pressure and ‘thermally unstable at higher

temperatures of deposition - criteria generally fulfilled by organometallic compounds) and

its in situ oxidation with O, or HyO [34]. Argon, O, or N,, are generally used as carrier

gases. Some heterogeneous reactions leading to the formation of SnO, are given below.
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SnClL(g)+0,(g) = Sn0,(s) +Cl, ———(4.1) '
(CH,),Sn(g) +80,(g) — Sn0,(s) + 6H,0(g) +4CO,(g) - ——(4.2.)

- SnCl,(g)+2H,0 — SnO,(s)+4HCI(g)———(43.)

The mechanism of film formation via the above reactions has been
throughly examined by Ghoshtagore [35]. In all cases, the reaction of SnCl, or (CH3)4Sn
has been found to take place at the surface with an adsorbed oxygen atom or water
molecule. The main control parameters in the process are gas flow and composition,
substrate temperéture and geometry of the deposition apparatus. The deposition rate
depends mainly on the gas flow rate and substrate temperature. Typical rates are about
300-1000 A° nlin'i, although much higher rates have been also ~  reported [37,38].
The substrate temperature is generally in the range 350 - 400° C. Higher temperatures
favour better crystallinity [34,39] and larger grain size [34,39-40] resulting in higher
mobilities [34]. The geometry of the deposifior_l system is of the utmost importance,
especially for large-scale applications. A maximum solar transmittance of about 85% -
95% with a minimum resistivity as low as about 7 X 10-5 ) ¢cm is achievable by the CVD
method [14-18 & 34-36].

In a previous réport, Karanjai et al. [41] had described an extremly simple
and low-cost chemical vapour deposition method for tin dioxide films. In that method, the
starting material was SnCl,.2H,O crystal which were ground with water into a paste and
the paste applied in the form of 4-5 mm wide band near, and parallel to the lower edge of
a substrate positioned vertically. On heating in air the paste decomposes according to the

following equation.

6SnClz + H20 —> 28nCla+ 4Sn(OH)CI——— (44.)

SnCly, which is generated as one of the reaction products, rises upward

due to convection and hydrolyses on the heated substrate to produce a tin dioxide film

according to the equation.
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- SnCl, +2H 0= 810, +4HC....... (4.'5) |

‘Doping with antimony can be achieved by mixing reqUisite amount of SbCly with SnCly

paste Cons1denng the sunphclty of the method ﬁlms of reasonable good quahty can be

obtamed

This so called'_"paste, - h_eat " tnethod, however suﬂ‘er_s from the following

._ disadvantages: (i) the portion ¢ of the‘ substrate. where the SnC12 paste was apphed must be |

subsequently cut away before the films can be used, (ii) because of the geometry of the

arrangement the ﬁlms are non-umform be1ng thlckest near the paste - coated area and

) .becommg thinner away from it, and (i) non-planar substrates as also those with small

- sizes cannot be used
" 4.3. EXPERIMENTAL DETAILS

Open Air Cheniical Vapour Deposition (QACVD) mettiod is mainly based
on the principle of Chemical Vapour Deposition techni(jue and nxodiﬁcation of the above
"paste-heat” method [41] which employs the' same p'rinciple and mamtams essentially.the §
same sunphcrty at the same tlme enablmg one to obtam films free from the defects
discussed above. Here, the reactlon is actlvated by’ heat only. It does not require any
spec1ahzed sophisticated . experimental setup, and hence can be carried out in any-
: 1aboratory In OACVD method. the ﬁlms were obtained simply by passing SnCl4' Vapour
- using air current due to convectlon through a long tube on a heated substrate m'r
atmosphenc condltlons Usmg thls method preparation of undoped and doped (Sb, Mo &
F) tin dioxide thin ﬁlms have been prepared and their electrical and optical propertles as
well as surface morphology and crystal structure are studied.

In this method.a 75 cm. long glass tube of mtemal dlameter 5 cm. was
placed vertlcally as shown in Figure 4.1. The tube was heated from. outs1de in

atmospherlc condition by winding a heater coil on its outer surface over a length of 70 -
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cm. The substrate was placed vertically in the central region of the tube. The starting
materiai was taken in a conical flask placed at the bottom of the tube and heated
separately. The temperature of the substrate was measured by a thermocouple placed
close to it. The starting material was prepared by mixing crystals of SnCly, 2H»O with a
few drops of water along with‘ any dopant material that might be added and was stirred
mechanically to convert it‘to a paste.

In the film forming process, the substrate was initially heated to attain the

desired temperature after which the SnCl, paste was heated. White fumes were given off

by the paste and were seen to deposit SnO2 films where they came into contact with the

hot substrate.

Using this method, it is possible to deposit a number of films in a batch, by
attaching them to a holder, which is placed in the central region of the tube. Usually both
sides of the substrate are coated by this method, which is advantageous in some special
cases [42], but it is also possible to coat one side only by masking the other side, or By
fixing two substrates back to back. This method is especially advantageous for
inaccessible surfaces and the inside surface of a tube, where one can obtain a coating
quite easily, in contrast to rather complex arrangements required in usual CVD
methods. The films were usually deposited over microglass slides (7.5 ¢cm. x 2.5 c¢m.) and
showed uniform interference colour over their entire area except at the edges. But
uniform films could also be routinely obtained, if necessary, over a larger area of 40 cm.
long>by 4 cm. wide.

Undoped tin dioxide films of wvarious thicknesses were prepared at
substrate temperatures of 3500 C, 400° C and 450° C. Soda glass microslides, mica
and Al-sheet were used as substrates.

The films were doped with Antimony, Fluorine and Molybdenum by
adding Antimony trichloride (15 mg for 1.5 at% Sb-doped), Ammonium fluoride (275



Chapter - 4

> Heating coil

> Substrate

> Sn Clz . 2H20

HEATER

Figure 4.1. Experimental setup of Open Air Chemical Vapodr

Deposition (OACVD) met

films.

hod for deposition of thin

152



Chapter - 4 153

mg for 4.5 at% F-doped) and Ammonium molybdate (70 mg for 6 at% Mo-doped)
respectively to the SnCly2H,O (25 gm) starting material. Electronic grade materials
were used for the preparation of these films. Characterization of the films was carried
out by optical transmission and electrical conductivity —measurments, X-ray

diffractometry and scanning electron microscopy.

4.4. EXPERIMENTAL RESULTS

The films were smooth, highly uniform and resistant to peeling - off and
acids, and also showed long term stability with respect to their optical, electrical and
méchanical properties. They displayed characteristic interference colours. It was found
that usmg this process a substrate temperature of 400° C was neceésary to prepare films
of the very high quality in terms of conductivity, optical transmission, uniformity and

resistance to peeling - off and acids as well as environmental shocks.
4.4.1. X- ray diffractometric study

The undoped and doped tin dioxide films are polycryétalline and
have a rutile structure with lattice parameters corresponding to those of bulk tin dioxide.
Although the undoped tin dioxide films are randomly oriented, doping leads to orientation
effects.

X-ray diffractometric studies were carried out on undoped and

doped (Sb, Mo & F) SnO7 films deposited at a substrate temperature of 4000 C using
Philips diffractometer (model PW 1390) with CuK, radiation at 1.54 A. Diffraction peaks
for undoped SnO, films having two different thicknesses are shown in figure 4.2(a).
Figure 4.2(b) shows the x-ray diffractograms of Sb and F-doped SnO, films. The

crystal structure is in accordance with the usual tetragonal form of SnO9 . -
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It is clear from the XRD patterns that there is no amorphous background in
the diffractograms of the deposited films. Moreover, none of the undoped films show any
preferred orientation, while those doped with Sb and F shows preferred orientation

-along the (110) planes. Prominent peaks, their d-values and relative intensities (I/I )

for a typical F-doped films are listed in Table - 4.1.

Table - 4.1. Prominent peak position ( 20 values ) of the X- ray diffraction peaks,

corresponding d - values, relative intensities { Il ) and their identification for F -

doped SnQ3 films.

Observed Values Comparable values from ASTM data file

(20) d-values(A9) (I'I,) (29) d-values(A%) (VIy) h kil
26.60  3.347 100 26.57 3.351 100 110
3390 2.641 21 33.86 2.644 80 101
3795 2.368 32 37.94 2.369 25 200
51.75 1.764 34 51.73 1.765 65 211
5485 1.671 | 12 54.74 1.675 18 220
6195 1.496 12 61.86 1.498 14 310

6590 1415 13 65.94 1.415 16 301
4.4.2, Surface Morphology

Surface morphology studies were carried out by HITACHI S-530
scanning electron microscopy. The scanning electron micrographs of these films indicated
that the coarseness of the surface increases with increasing deposition temperature and

dopant concentration. Surface topographies of undoped, 6 at% Mo-doped, 1.5 at% Sb-
doped, and 4.5 at% F-doped SnO, films deposited at a substrate temperature of
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4000 C are shown in figure 4.3. It is observed that in all cases except that of Mo-
doped films large size grains of ~ 1.7 um are spread through out the film over a
background of grain size ~ 0.6 um. These large grains are observed to disappear when
dbped with Mo. The average grain size for Sb and F-doped films are found to be
ldrger; while that for Mo-doped films are smaller compared to the undoped ones.

Films were also deposited on different substrates to investigate

the substrate effect. Figure 4.4 shows the SEM micrographs of undoped SnO, films

deposited on mica and aluminium sheet at a substrate temperature of 4000 C. It is also

evident from figure 4.4 that the grain size of the undoped SnO» films deposited on

crystalline mica and aluminium substrate is larger than that deposited on glass

substrates. Table 4.2 shows the grain size variation of the film deposited.

Table 4.2. - Grain size variation of doped (on glass) and wundoped (on different
substrates) SnQ> films [deposition temperature Ty = 400° C].

f

Films Substrate Average grain size (um)

SnOj-undoped glass 1.20
SnO»:Sb glass 4.00
SnO2:Mo glass 0.60
SnOy:F glass 4.75
SnO7-undoped mica 2.00

SnO3-undoped aluminium 1.50
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Figure 4.3. Scanning electron microscopes of undoped and doped SnO3 thin films
on glass substrate (T=4000 C). (a) Undoped SnOj; (b) SnO3:Mo (6 at%).
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Figure 4.3. Scanning electron microscopes of doped SnO> thin films on glass
substrate (T=400° C). (¢)Sn03:Sb (1.5 at%) (d) SnO3:F (4.5 at%).
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Figure 4.4. Scanning electron microscopes of SnQ; thin films on different

substrates (T=4000 C) (a) mica (b) On aluminium sheet.
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4.4.3. Electrical Properties

Results of detailed measurments of sheet resistance of the films as a
function of thickness, temperature aﬁd dopant concentration are shown in Figures 4,5,
- 4.6 and 4.7 respectively, Films of various thickness were obtained by varying the amount
of starting material, depositioﬁ time and substrate temperature. By observing the change
in interference colours as a function of time the order of a particular colour could be
known, and from the standard value of mean refractive index of SnQ, (taken as 2.0 over
the range 400 nm - 800 ._nm) the thickness could be estimated [43]. The sheet resistance of
the films were measured by standard four-probe method.

Figure 4.5 shows the variation of sheet resistance with thickness
of undoped films deposited a£ three substrate temperatures. It is evident from the
curves that the room temperature resistivity of the undoped films decreases to its
minimum value when deposited at a substrate temperature of 4000 C but increases again
when deposited at a higher substrate temperature of 4500 C. This is due to the fact
that, on increasing the substrate temperature from 3500 C to 4000 C, a better degree
of crystallinity is achieved, leading to improved electronic, optical and structural
properties [44-45]. It is also known that [21] both the carrier concentration and mobility

_increase with the increase of substrate temperature where mobility variation is larger
than that of carrier concentration. Further increase in substrate temperature produces
films of increased resistivity, This is due to the fact that in undoped SnOj, conduction
electrons arise = from oxygen vacancies, and higher substrate temperature causes
increased oxygen evolution from the substrate, leading to more nearly stoichiometric
films [14,44]. The resistivity of the undoped films prepared at a substrate temperature of
4000 Cis estimated to be 4 x 10-3 Q cm., which agrees well with the values reported

earlier in the literature [44].
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Effect of dopants [ Mo, Sb & F ] at various concentration on
the resistivity is shown in figure 4.6. It is found that for every dopant, there is an
optimum concentration at which the sheet resistance is a minimum. These values are

listed in table 4.3.

Table 4.3. Minimum resistivity values of undoped and doped SnQj films on glass
substrate (T; = 4000 C). "

Films Resistivity (2 cm.)
Sn02 (undoped) 4x 1073
Sn02:Mo (6at%) 2x 1073
Sn02:Sb (1.5at%) A 8 x 104
SnO2:F (4.5 at%) _ 4x 104

Thus it is observed that introduction of Mo reduces the resistivity by a
maximum factor of two whereas Sb and F reduces it by a factor of five and ten
respectively. Similar results are reported by G. Gordillo et al [46]. Relatively higher
resistivity and lower optical transmission of the Mo-doped SnO» * films compared to Sb-
doped and F-doped films may due to their small grain size, as observed from the SEM
micrograph. It is known that with decrease in grain size the grain boundary potential
increase leading to increased grain boundary scatteriﬁg and a corresponding increase in
resistivity [12]. In the case of Sb-doped and F-doped SnOo films, the resistivity
decreases upto 1.5 at% Sb doping and 4.5 at% F-doping respectively which may be
due to (i) increased carrier concentration, (ii) larger grain size and (iii)) preferred
orientation. Beyond the above concentration the observed increase in resistivity may be
due to the increase in contribution from ionised impurity scattering [21].

Variation of sheet resistance with thickness for optimum

concentration of the dopants is shown in figure 4.7.
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4.4.4. Optical Properties

The high optical transparency of these films in the visible and near

IR regions of the solar spectrum in a direct consequence of SnO, being a wide bandgap

semiconductor (Eg 23 eV). The transmission in this region is limited by several factors

[11]: (i) reflection losses which include both specular and scattered (diffuse) components
(this backward scattering (about 1% - 2%) is primary due to surface roughness and
increases with increasing thickness); (ii) absorption (about 1% - 2%) in the films, which is
primarily due to free carriers; (iii) Variations in transmittance that may occur due to
interference phenomena depending on the thickness of the film with the result that an
average visible transmission must be described. The transmitted part of the incident
energy also has spéculzir Vand scattered (diffuse) components. This forward scattering
(about 5%) is due to inhomogeneities in the film in the form of unreacted or partly reacted
chemical species generated during the complex pyrolytic process, trapped gases,
segregated impurity atoms of other oxide phases. Optical transmission as a function of
wavelength in the range 400 nm to 800 nm was obtained by SHIMADZU UV - 240
double beam spectrophotometer. ‘

The results{for undoped and variously doped films for constant
thickness and different sheet resistance values are shown in'.ﬁgure 3.8a, 3.8b, 3.8¢c and
3.8d. The optical transmission is observed to decrease with decreasing sheet resistance
in ~c.:ase of both undoped and doped films. Variation of the averége optical transmission as
a function of sheet resistance for undoped and doped films are shown in figure 3.9. It is
seen for all the films that the optical transmission drops off more rapidly at lower
values of the sheet resistance. This is due to an increase in surface roughness of films
having low sheet resistance which have a proportionately higher thickness. However, F-
doped films are found to have high optical transmission even at a low resistivity of 4 X

104 Q cm.
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4.4.5. Figure of merit

A figure of merit for transparent materials has been defined by
the relation ®c = TIO/Rg [38], where T is the optical transmission and Rg is the
electrical sheet resistance. It is a useful tool for comparing the performance of
transparent conductive coating when their electrical sheet resistance and optical

transmission are known. Furthermore, the expression derived for ¢ can be used to

predict the transparent electrode properties of a candidate material from its fundamental
properties. The figure of merit is calculated for undoped and Mo, Sb and F doped SnO7
films deposited by this method ‘and compared with other workers. The calculated value

and the results of other workers are tabulated in table 4.4.

4.4.6. Comparision of Electrical and Optical properties of tin

dioxide films prepared by various workers.

The films are found to compare quite favourably in terms of
electrical and optical properties with those prepared by other methods as shown in table

4.4 given below.
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Table - 4.4. Comparison of the electrical and optical properties of tin dioxide films

prepared by various workers.

Material  Deposition p Rg T Ar ) e

technigque (Q cm.) (Q/0) % (um) (10-3cm-1)
Sn05 Spray pyrolysis [1] 5x103 84 85(05-2) 2.4
CVD [54] 7x102 1200 93 (0.3-0.7) 0.41
Present work 4 x 10-3 100 90 (0.4-0.8) 3.48
SnQ» :Sb Spray pyrolysis [11] 42x1073 28 87 (0.3-1) 9.4
CVD[20] 2x10-3 55 88 (0.4-0.7)  5.06
Present work 8x 104 20 75(0.4-0.8) 2.82
SnOy:F Spray pyrolysis [11] 4.6 x 104 10 85 (0.4-10) 19.68
CVD [55] 5x 104 20 90 (0.4-0.8) 17.43
Present work 4x 104 10 85 (0.4-0.8) 19.68
SnO»>:Mo Present work - 2x 10-3 50 70(0.4-0.8) 2.15

P - Resistivity, Rg - Sheet resistance, T (Ay) - Average optical

Transmission (Wavelength), ¢ - Figure of merit, CVD - chemical

vapour deposition.
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4.5. CONCLUSION

Undoped and Mo-, Sb- and F-doped tin oxide films of reproducible quality
have been deposited by the Open Air Chemical Vapour Deposition (OACVD) technique.
The films were smooth, highly uniform and resistant to peeling - off and acids, and also
showed a high degree of crystallinity along with long term stability with respect to their
optical, electrical and mechanical properties. X-ray diffractometric study suggests that Sb
and F-doped SnO, films show preferred orientation along the (110) plane. Surface
morphology study by scanning electron microscope suggests that for films deposited on
glass substrates, the grain size increases in the case of Sb-doped and F-dbped Sn0O, films

but decreases for Mo-doped SnO, films when compared to undoped films. The grain size

for undoped films on mica and aluminium sheet substrate is also larger than that for films
deposited on glass substrates.

The lowest values of sheet resistance at a particular thickness are obtained

for 6 at% Mo-doped, 1.5 at% Sb-doped and 4.5 at% F-doped SnO, films on glass
substrate. A typical value of resistivity of 4.5 at% F-doped SnO, films is 4 x 104 Q cm
and that for 1.5 at% Sb-doped SnO, is 8 X 10 Q cm.

The films compare quite well in terms of electrical conductivity and optical
transmission with those obtained by other methods. The average optical transmission is
found to decreasé as the sheet resistance decreases for Mo and Sb-doped films. But for F-
doped films, negligible increase in transmission loss with decrease in sheet resistance is
found to occur.

Transparent conductors will continue to play an increasingly.‘ important
role in electronic and opto-electronic devices. Further efforts are required to introduce
such dopants and develop new processing techniques to satisfy the twin conflicting
requirements of high optical transmission along with low resistivity. This is a totally

unexplored area.
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In conclusion, tin oxide films having a sheet resistance of 10 - 100 Q
Square-l and an average optical transmission of 75% - 90% could routinely be obtained
by this method. The merit of this method is its extreme simplicity by which one can
deposit useful tin oxide films for device applications either on one side or both sides of a
planar substrate or inside of a tube quite easily in any laboratory without using any

specialized experimental set up. It is believed that using this method, ZnO, CuO, CdO,
CdSnO; etc. oxide thin films also can be prepared.
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In fhis present work, we have reported two techniques for the deposition
of thin films. They are the DIP TECHNIQUE and the OPEN AIR CHEMICAL
VAPOUR DEPOSITION (OACVD) TECHNIQUE. Using the DIP technique, we have
prepared a few oxide (SnO, & CuO) and sulphide (Zn,Cd;.,S, SnS, SnS,, MoS, &
Cu,S) thin films, while the OACVD technique has been used for the deposition of ‘SnOZ
films only. The ﬁims were characterised by various standard methods. The major
observations and éoﬁChisiohs drawn from the work reported in this thesis are presented

along with suggestions for 'future work.

I. THE DIP TECHNIQUE

The dip technique has been developed as a simple and inexpensive process
for the deposition of oxide and sulphide films. For both types of films, the film-forming
process consists of dipping and withdrawal of the substrate from a suitable starting
solution and its subsequent baking at a high temperature. The starting solution has
methanol as the solvent, in which the corresponding metallic chlorides are disolved for the
preparation of oxide films. For sulphide films, it also contains é suitable sulphur
containing compound such as thiourea or ammonium thiocyanate in addition to the
corresponding metallic chloride or nitrates. These films were smooth, highly uniform and

strongly adherent to the substrate.
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Undoped and F-doped transparent semiconducting films with tin dioxide

(Sn0O,) as the active material as also copper oxide (CuO) films have been prepared. The
transparent conductor with SnO, as the active material film is formed in situ by the
hydrolysis of stannous chloride (with NHyF added for F-doped films) which takes place

when the substrate is withdrawn from a methanol solution of SnCl,.2H,0 and baked at a

high temperature as described above. The maximum film thickness obtainable per dipping
cycle is about 0.58 pum, but can be increased by multiple dipping. The film consist of a
mixed phase consisting of small amount of SnO, crystallites over an amorphous )
background, probably of Sn(OH)CL. The films have a featureless microstructure and a
high resistivity. The high resistivity is thought to be due to the presence of Sn(OH)Cl
along with small amounts of crystalline SnO,. But as the film thickness is increased by
repeating the number of dipping, these crystallites increase in number and finally merge
into a continuous layer after 15-20 dippings. However, even at this stage there is a large
amorphous background present, as shown by the high value of resistivity. viz, 2.4 x 10-2
Q cm compared to 2.4 x 10-4 Q cm for CVD SnO, films. In spite of the presence of the
amorphous background the films are quite transparerit and have a high optical
transmiésion. These are suitable for those display application where the current
requirment is low, e.g. liquid crystai or electrochromic displays.

The copper oxide films were prepared at different baking temperatures
using methanolic solution of CuCl,. The films have the crystalline CuO structure and its
optical band gap as determined from the optical absorption data is 1.85 eV.

Zn,Cd; S (0<x<1) alloy thin films prepared at 5000 C using an alcoholic
solution of the corresponding metal nitrates and thiourea. Zn,Cdy xS (0<x<0.6) were
hexagonal in structure, whose lattice parameter ¢ and a are found to decrease with
increase in X. An increase in x also produces a similar drop in the thickness of the film, the
total number of (Cd + Zn) moles in the starting solution being kept constant. This agfees

well with the fact that the Zn atoms have a relatively smaller size compared to Cd atoms.
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The bandgaps obtained from optical absorption and spectral response of '
photocondlictivity measurements are in good agreement with each other and vary from
2.30 eV (CdS) to 2.69 eV (Zng¢Cdj 4S). Beyond this range (x>0.6) the films are
amorphous and_the bandgaps obtained from optical absorption measurements (optical
bandgap) are much less than that obtained from photoconductive measurements due to a
change from crystalline to amorphous structure. Surface morphology study by SEM as
well as XRD data also confirm that good crystallinity is obt;ined upto a zinc atomic
fraction of 0.6 only.

Tin mono- and disull;hide (SnS & SnS,) were pref)ared using an alcoholic
solution of the corresponding chloride and thiourea. SnS & SnSZ thin film show good
crystalline structure when prepared at a baking temperature of 3000 C for SnS and 360° C
for SnS, films. Bandgaps obtained from photoconductivity measurements are 1.4 eV and
2.4 eV for SnS and SnS; films respectively. Optical absorption measuréments on SnS,
films also yield a bandgap value of 2.4 V. Antimony-doping of SnS, films produces an

increase in bandgap along with a sharp reduction in crystallinity. Annealing in atmospheric

condition at 4000 C both SnS and SnS, films convert them to transparent conducting tin

dioxide, thus providing an alternative route for its preparation.

For MoS, and CuS thin films, methanolic solution of ammonium

molybdate and copper nitrate respectively along with ammonium thiocyanate as a starting'

solution were used. MoS, and Cu,S films with good crystallinity were obtained for

baking temperature of 360° C 5 4500 C and 500° C respectively. Optical absorption data

shows the films are uniform and homogeneous. The optical bandgaps are 1.80 eV and 1.4

eV for MoS, and Cu,S respectively which were calculated from optical absorption data.

II. OACVD TECHNIOUE

A simple and low-cost technique has been developed in our laboratory for

the preparation of transparent conducting tin dioxide films. Using this technique,
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transparent conducting undoped and doped (Mo, Sb & F) tin dioxide films have been
prepared on glass substrates at 400° C. Here the substrate was placed vertically in the

central region of a long tube heated from outside by winding a heater coil on its outer

surface. The starting material in the form of SnCl, paste was heated at the bottom of an
open-ended glass tube inside which the substrate was placed. On heating, the SnCl,
decomposed into SnCly and H,O, the former getting hydroly_zed.oh the heated substrate

and depositing SnO, film. The films were of a very high quality and showed 1ong term

stability with respect to their optical, electrical and mechanical properties. Doping of the
films by F, Mo and Sb was achieved by mixing Ammonium fluoride, Ammonium
molybdate and Antimoni trichléride respectively. The films were characterised by _XRD’&
SEM as also measurement of electrical and optical properties. The films were deposited
on glass and mica substrates. The grain size of the films deposited on mica substrate was
larger compared to those preparéd on glass substrate. Optimum concentration for each
- dopant at which the sheet resistance is a minimum, was determined. 4.5 at% F-doped

SnO, films showed the lowest resistivity ~ 4 X 104 Q cm and average optical

transmission of 80% at a thickness of 3500 A9,
IV. SUGGESTION FOR FUTURE WORK

(a) To assess the usefulness of the dip technique, it is necessary to prepare films of

different materials under various deposition conditions and their subsequent

characterisation. For example, Tin sulphide films described here have only SnS & SnS,
phase, but the same technique may be used to prepare SnS,, (1<x <2) films, and even films
with composition SnyS3, Sn3S4. Other dopants like Cu could also be used for tin

sulphide films.
(b) The simple OACVD technique for deposition of SnO, film could be used for

the deposition and study of films using other dopants, such as Cl, In, Cd, P. In addition,
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‘preparation and charaptedsation of cadmium-tin-oxide ‘(CdSnOz)_‘or ZnO‘ﬁl.ms> in this
method could also be used. '

It is evident that for the future well-being of nations, a supply of energy,
based onba renewablé source which is ecénomicali'y and ‘énvironﬁlentaﬁy acceptable need‘
tb Be developed. Direct 'coﬁversion of solar energy electric powér.by ‘thin film PV vc‘leviées
appéars to be the"ic.leal solution. In the present wo'rk,‘ the.ﬁlms which were p;epared are
suitable as materials for thé“abové purpose. The above techﬁiqu_es Wthh can bé adopfed’
for the preparation bf solar photovoltaic energy conversion thin.-ﬁl‘m‘ materials are very
simple and low-cost and cén be carried out in virtually any léboratblfy. |

We hope that in ﬁ;ture theée techniques will be found to.be useful for lor}g—.
term success of PV vtechnol-ogy as a way of effectively utilizing our solar inc_dmc due to

its simplicity and low-cost. :
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Abstract

Highly transparent und conducting u1{dop¢d and doped (Mo. Sb. F) tin dioxide films have been prepared by the open air chemiczi
vapour deposition technique. The electrital and optical properties have been studied in detail for films deposited on gluss substrates.
Surface morphology study by scanning electron microscope shows that for films deposited on glass substrates. Sb- und F-doped films
huve u larger grain size than undoped ones. Mo-doping. in contrast. producés smaller grains. Films deposited on micu and Al sheet
substrate have also a larger grain size compared to those on glass substrate. Films of very high quahty in terms of crystallinity, electrical
conductivity and optical transmission were obtained when deposited at a substrate temperature of 4X°C. The opumum concentration for
each dopant. at which the sheet resistance is a minimum. has been determined. 4.5 at.% F-doped SnO. films show the Jowest resistivity.

Keviwords s Transparent conducting oxide: SnQ- thin films: CVD

~ 4 10°* ) em. and an average optical transmission of 80% at a thickness of 3500 A. T 1997 Elsevier Science S.A.

1. Introduction _

Tin dioxide has been widely used as a transparent
conducung thin film matenal for application in a number
of solid state devices such as solar cells. opto-electronic
devices. liquid crystal displays. heat mirrors, photo-thermal
comverters. thin f1lm resistors and gas sensors [1—4].

The films are also very useful because of the stability of
their mechanical. optical and electrical properties. Tin
dioxide is a wide band gap electron degenerate semicon-
ductor, whose properties largely depend on the-deviation
from stoichiometry (oxygen deficiency) as well as on the
dopants used. Usually antimony or fluorine is used as a
dopant to substitute tin or oxygen atoms. respectively.
""“Tin dioxide films have been prepared by a large variety

“of techniques which include spray pyrolysis [5-12]. chemi-
cal vapour deposition [13-17]. sol-gel method [18-20].
reactive evaporation [21] and reactive r.f. sputtering [22].
The properties of these films crucially depend on the
deposition technigue and post deposition treatment.

A

»

* Correspondthg author. Tel.: ~91 383 450414 fax: + 91 353 350546
c-mail: dhruba@nbu.emet.in :

0040-6090 797 /S17.00 € 1997 Elsevier Science S.A. All rights reserved.

Pl SOU40-6090(97)00268-X

" In a previous report [23] we described an extremely
simple and low-cost chemical vapour deposition method
for tin dioxide films. In this method. the <tarting material
is SnCl,. 2 H,O crystals which are ground with water into
a paste and the paste applied in the form of a 4-5 mm
wide band near. and parallel to. the lower edge of a
substrate positioned vertically. On heating in uir the paste
decomposes according to the equation

6SnCl, + H,O — 2SnCl, ~ 4Sn(OH)Cl.

SnCl,. which is generated as one of the reaction products.
rises upward due to convection and hydrolyses on the
heated substrate to produce a tin dioxide film. Doping with
antimony can be achieved by mixing the requisite amount
of SbCl, with SnCl, paste. Considering the simplicity of
the method. films of reasonably good quality can be
obtained. Details are given in Ref. [23] .

This so-called ~“paste-heat” method. however. sutters
from the following disadyantages: (i) the portion of the
substrate where the SnCl. paste is applied must be subse-
quently cut away betore the films can be used. (ii) because
of the geometry of the arrangement. the films are non-uni-
form, being thickest near the paste-coated area and becom-
ing thinner away from-it. and (iii) non-planar substrates, as
also those with small sizes cannot be used.
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In this report. we describe a modification of the above
method. which employs the same principle. and maintains
essentially the same simplicity. at the same time enabling
one 1o obtain films tree from the above defects. The
preparation of undoped and doped (Sb. Mo, F) tin dioxide
thin f1lms by this method and the study of their electrical
and optical properties as well as their surface morphology
and cnystal structure are described.

2. Experimental details

A 75 cm long glass tube with an internal diameter of 5
cm wus placed vertically as shown in Fig. 1. The tube was
heated from the outside in atmospheric condition by wind-
ing a heater coil on 1ts outer surface over a length of 70
cm. The substrate wus placed vertically in the central

region of the twbe. The starting material was taken in a

contcal flask placed at the bottom of the tube and heated
~sepuaratels. The temperature of the <ubstrate was measured
by a thermocouple placed close to the substrate. The
starting material was prepared by mixing crystals of SnCl..
2H.O with a few drops of water along with any dopant
material that might be added and was stirred mechanically
to vonvert it 10 & paste.

In the film forming process. the substrate was initially
hedted to attain the desired temperature after which the
SnCl. paste was heated. White fumes were given oft by
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Fip 1 Expenmiental arrangement tor the deposition of SnO, films.
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the paste und were ~een to deposit SnO. films where thes
came into contact with the hot substrate.

It iv possible to deposit 4 number of films in a batch. by
attaching them to a holder. which is placed in the centrul
region of the tube. Usualiy both stdes of the substrate are
coated by this method. which v advantageous 1 ~ome
special cases [24]. but it 1~ also posable to coat vne de
only by masking the other side. or by fiving tw o substrates
back to back This method 1x especiatly adyantageous tor
inaceessible surtuces und the made surfuce of o tube.
where one can obtain & coaling guite easily. in contrast b
the rather compley amangements required i the usue.
CVD methods. The films were usually deposited over sod.
glass substrates (7.8 om - 285 em) and showed a pmiform
Interterence colour over their enure areu excepl st the
edges. But unitorm films could also be routinely vbtamned.
it necessury, over a larger area ot 40 cm long by 4 om
wide. ’

Undoped tin diovide films of vanous thicknesses were
prepared at substrate temperatures ot 330°C, 300-C and
150°C. Soda glass microslides, migs and Al sheet were
used as substrates. \ '

The - films were doped with antimony. tluonne and
molybdenum by adding antimoeny” richloride. ammonium
fluoride and ammonium molvbdate respectivel "o the
SnCl. swning matenal. Charactenzation of the films was
carried out by optical transmission and electneal condue-
tivity measurements. X-ray ditfruactometrs and scanning
electron microscopy.

The electrical properties of the films were measured by
the standard four-probe method and the optical properties
were studied by a Shimadzu UV-240 double-beam spectro-
photometer. Surface morphology and X-ray diffractometne
studies were carried out by a Hitacht S$-330 scanning
electron microscope and a Philips diftractometer (model
PW 1390) with CuK_ radiation (Ni-filter) at 1.54 A,
respectively.

3. Results and discussions

The films were smooth. highly uniform and resistant so
peeling-off and acids. and also showed long-term stability
with respect to their optical. electncal and mechanical
properties. They displayed - characteristic  interference
colours. Films of various thicknesses were obtained by
varying the amount of starting matenial. deposition time
and substrate temperature. By observing the change in
interference colours as a function of time the order of a
particular colour could be known, and from the stundard
value of the mean refractive index of SnO. (taken as 2.0
over the range of 400-800 nm) the thickness could be
estimated [23].

It was found that using this process a substrate tempeni-
tre of 4(X°C was necessary 10 prepare films of very high
quality i terms of conductivity. optical transmisston. vai-
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It s clear from the XRD pattens that there is no
amorphous background in the diffractograms of the de-
posited films. Moreover. none of the undoped films show
any preferred orientation. while those doped with Sb and F
show a preferred orientation along the (110} planes. Promi-
nent peaks. their d-values and relative intensities (/7))
for a typical F-doped SnO. film are listed in Table [.

formity and resistance to peeling-off and acids as well as
environmental shocks.

2.1, X-ray diffractometric study

X-ray diffractometric studies were carried out on un-
doped and doped SnO. films deposited at a substrate
temperature of 400°C. Diffraction peaks for undoped SnO.
films having two different thicknesses are shown in Fig. 3.2. Surtace -morphology
2ta). Fig. 2(b) shows the X-ray diffractograms of Sb and F
doped SnO. films. The crystal structure is in accordance
with the usual tetragonal form of SnO,.

Surface topographies of undoped. 6 at.f> Mo-doped. 1.3
at.% Sb-doped. and 4.5 at.% F-doped SnO. films de-
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Fig. 2. (1) X-ray diffractogram of undoped SnO, films of two different thicknesses (7, = 400°C). (i) 0.6 um i) 2.5 gm. tb) X-ruy dufractogram of doped
nims (7, = 400°C). (i) 1.5 at.% Sb-doped. (i) 3.5 at.% F-doped. C
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Table | :

Pronnneni peah posttiens 2w values) of the X-ray diffruction peaks.
cerresponding a-values. relatis e infensities ¢/ {,,) and their Wdenutication
for F-doped SnO. tilims '

Obsened values )

Compuarable values from ASTM duta file

I uevaluc{Al oA 20 devalues (Al U200 Bk
dhee 34T 100 26,57 . 1351 - 100 1o,
oo et o 2IN6 264 30 101
' a2 3793 2369 - T 1)
R SI73 1768 T TS 211
12 3374 1675 18 220
P2 AL N6 1498 14 - 0

6594 L41s 16 < ol

posited at a substrate temperature of 400°C are shown in
Fig. 3 It is observed that in all cases except that of
Mo-doped films large size grains of ~ 1.7 pm are spread
throughout the film over a background of grain size ~ 0.6
pm. Thewe large grains are observed to disappear when
doped with Mo. The average grain size for Sb- and
F-doped films is found to be larger. while that for Mo-
doped films is smaller compared to the undoped ones.

Films were also—deposited on different substrates to
investigale the substrate effect. Fig. 4 shows the SEM
micrographs of undoped SnO. films deposited on mica
and aluminium sheet at a- substrate temperature of 400°C.
At is also evident.from Fig. 4 that the grain size of the
undoped SnO, films deposited on crystalline mica *and
‘aluminium substrate is larger than that deposited on glass
substrates. Table 2 shows the grain size variation of the
films deposited. R

A W S0

Fig. 4 -Scunming electrin mecrograpas
substrates (7. = 200°C) 1 O micd, 1heon sluminiam sheel

2vnl). thin Nims n artierent

3.3 Electrical properties

~ Results of detailed measurements of the sheet resistance
of the films as a function of thickness. temperature and
dopant concentration are shown in Figs. 5 and 6.

Fig. 5 shows the variation of sheet resistance with
thickness of undoped films deposited at three substrate
temperatures. It is evident from the curves that the room
temperature resistivity of the undoped films -decreases to
its minimum value when deposited at a substrate tempera-
ture of 400°C but increuses again when deposited at a

“higher substrate temperature of 450°C. This is due to the

fact that. on increasing the substrate temperature from
350°C 1o 400°C. a better degree of crystallinity is achieved.
leading to improved electronic. optical and structural prop-
erties [8.26]. It iis also known that [5] both the carrier

Flg 3. Scanning electron mlcmgmph\ of SnO; thin films on zla.ss substrates (7, = 300°C). ay L'ndopcd S$nO.: (b) SnO;:Mo (6 at.F): (c) SnO,:Sb (1.5

at% ). (d) SnO,:F (4.5a1.%).
‘0

+
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Table 2
Gran size vanation of doped (on glass) and undoped (on diferent
substrutes) $n0- tilms tdeposition temperature 7, = 400°C)

Films ) Substrate Average grain size [ pm]
$nQ. undoped glass T2
5n0.:Sh ghass 4.00
- Sn0:: Mo glass 0.60
SnO.F 2lass 4.75
SnO; undoped mica 2.00

5n0. undoped aluminium 1.50

concentration and mobility increase with the increase of
substrate temperature where mobility variation is larger
than that of the carrier concentration. A further increase in
substrate temperature produces films of increased resistiv-
ity. This is due to the fact that in undoped SnO.. conduc-
uon electrons arise from oxvgen vacancies. and a higher
substrate temperature causes an increased oxvgen evolu-
tion from the substrate. leading to more nearly stoichio-
metric films [8.27). The resistivity of the undoped films
prepared at a substrate temperature of 400°C is estimated
to be 4 X 107* Q cm. which agrees well with the values
reported earlier in the literature [8].

The effect of dopants (Mo. Sb. and F) at various
concentrations on the resistivity was studied. It is found
that for every dopant. there is an optimum concentration at
which the resistivity'is a minimum. These values are listed
in Table 3. _ '

Thus it is observed that the introduction of Mo reduces
the resistivity by a maximum factor of 2 whereas Sb and F
reduce it by factors of 5 and 10. respectively. Similar
results are reported by Gordillo et al. [7]. The relatively

>
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Dttt

Resistance (IUh/U:
P
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Sheet
:
G

277 600 2400 3200 4000

“Fichneas (AT

Fig. 5. Vanation of sheet resistance with thickness of undoped SnO,
fiims deposited at various substrate temperatures. A. 350°C: B. 400°C: C.
450°C. :
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Fig. 6. Sheet resistance-thickness relationship for uadoped tcurve Aband
doped {curve B, SnO,:Mo (6 at.%k cune C. SnO. Sh (1.5 ar.% ¥k cune
D, SnO.:F (4.5 at.%)) SnO. films prepared at a substrate temperaiure of
H00°C: ’

higher resistivity and lower optical transmission of the
Mo-doped SnO. films compared to the Sh-doped and

| T I Ty E e T T B T I e L Lo TR T

wbscived o thic DEM Gidccvgiapde 10 Mo i s ik,
the decrease in grain size the grain boundary potentia
increases. leading to an increased grain boundary scatter-
ing and a corresponding increase in resistivity [5]. In the
case of Sb-doped and F-doped SnO. films. the resistivity
decreases up to 1.5 at.% Sb-doping and 4.5 at.% F-doping.
respectively. which may be due to (i) increased carrier
concentration. (ii) larger grain size and G} preferred

- orientation. Beyond the above concentration the observed

. Table 3

Minimum resistivity values of-undoped and doped SnO. films on glass
substrate (7, = 400°C)

Films Resistivity [ em]

SnO0, (undoped) x 0
SnO.:Mo (6 at.%) 2x1lo
Sn0,:Sb (1.5 at.%) gxto?
S$nO,:F (4.5 a1.%) dx ot




Reprints

226 S C.Ruv eral  Thin Solid Fidms 307 jon™ 22 j 0 20

Increases in resistivity may be due to the increase in the
contribution from ionised impurity scattering [5].

The sanation of <heet resistance with thickness for
optimum concentrations of the dopants is shown in Fig. 6.

24 Oprical properties

The vuriation of the average optical transmission over
the range $00-%(X} nm as a.function ot sheet resistance for
undoped and doped films is shown in Fig. 7. The optical
transmission i» obsenved to decrease with decreasing sheet
resistance in the case of both undoped and doped films. It
is seen for all the films that the optical transmission drops
oftf more rapidly at lower values of the sheet resistance.
This is due to an increase in surface roughness of films
having a low sheet resistance which have a proportionately
higher thickness [1.26]. However. F-doped films are found
to have a high optical transmission even at a low sheet
resistance of 100 {1/ .

"The fflms are found to compare quite favourably in
terms of electrical and optical properties with those pre-
pared by other methods as shown in Table 4. The figure of
merit & for the films has been calculated according to
"Haicke's [28] relation &1 = T'"/R_ for wansparent con-
ducting films, where 7 is the transmission and’ R, the
sheet resistance.

3.5, Conclusions

Undoped and Mo-. Sb-, and F-doped SnO, films de-
posited by the Open Air Chemical Vapour Deposition
(OACVD) technique have been investigated in detail. The
films show a high degree of crystallinity along with the
largest values of electrical conductivity and optical trans-
mission when deposited at a substrate temperature of
400°C. X-ray diffractometric study suggests that Sb- and
F-doped SnO. films show a preferred orientation along the

(110) plane. The surface morphology study by scanning .

EEnErat T e 1
!
a
- — ]
RS L2 .
e. /—'_Q g8
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Zeat e e et
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‘ } T - .
i PP o - e
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v i
s
«<
. .
vz 200 . 300 20C s90 600 100

Sweel resistance ;N0

Fig. 7. The average optical transmission over 400-800 nm versus sheet
resistance for undoped (curve A) and doped (curve B, SnO.:Mo (6 at% ).
curve C. SnO,:Sb (1.5 at.F ) curve D. SnO,:F(4:5 at.%)) SnQ, films
preparedat a substrate temperature of $00°C.
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Table 3
Companson of the clectncal _snd vpucal properies o1 tim desude fHms
prepared by vartous workers

Matenal Deposition  p R. AN &,
technique ’
SnO. SP{27) S < sms.n 2
. ’ CVD(29i hSRYTI T 93t ioaTs o o
present wark 4« i0 HE T R TIE IY TR NI BN
SnO.:Sh SP[!} 42200 7 2 T o 9 =n
A CVD{30i .2 2w it-® 7 S5 XsmdooTr Soe
present work 8. 10°F 00 TSmd-0x 2l
SnO. F Spl:} d6x G Qo N340 P9 on
’ CVD[i3) 5w c 2o 9nn4egar T3
present work 3w 10 I 3R02-0%: j9m
SnO. Mo present work 2 ith se Jgd-psr D03
p - resistivity [£2 emf. R - sheetresistance (€1 T 7,03 41 - sveruge

optical transmission (wavelength runge [T umi. oo - fzore of ment
[=10°" 2 L CVD - chemucal vapour deposiuion, )P - spray paoob-

Sis.

electron microscope suggests that for films deposited on
glass substrates. the grain size increases in the case of
Sb-doped and F-doped SnO. films but decreases for Mo-
doped SnO. films. The grain size for undoped films on
mica and aluminium sheet substrate is also larger than that
for films deposited on glass substrates. ’

The lowest values of sheet resistance at a particular
thickness are obtained for 6 at.% Mo-doped. 1.5 at%
Sb-doped and 4.5 at.% F-doped SnO. films on glass
substrate. A typical value of resistivity of 4.5 at.“c F-doped
SnO. films is 4 x 107 Qcm and that for 1.5 at%
Sb- doped SnO, is ~8x 107" Qem.

The films compare quite well in terms. of electrical
conductivity and optical transmisston with those obtained
by other methods. The average optical transmission over
the range of 400 to 800 nm is found to decrease as the
sheet resistance decreases for Mo- and Sb-doped films. But
for F-doped films. a negligible increase in transmission
loss with decreasing sheet resistance is found to occur.

In conclusion. tin dioxide films having a sheet resis-
tance of 10-1000 Q/0 and an average optical transmis-
sion of 75-90% could routinely be abtained by this method.
The merit of the present method is its extreme simplicity
by which one can deposit useful tin dioxide films for

-device applications either on one side or both sides of a
" planar substrate or inside of a tube quite easily in any
-+ laboratory.
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Abstract

Undoped and F-doped transparent semiconducting films witi
sogng wchr.u--xc The film 1~ formed in sitw by the hydpolssis of stannous chlonde which
Hoorem oo methane! solution of SnCl_w:l\(;() and heat treatad w0 o
Jing \H Foes b starting sofution. The maximum films thichness obunnuble per dippee s codie i about 03N um. ~ut can be
nereased b mulnpl; dipping. The films appedr o be @ mined phase consisting of orase

dt drovade as the sotnve mater:

Chave deen prepared oy dip-

tahes prace when o substrate s
Vrerineratare Fodering s achieved by

HCOHN OARIC VST i .lI!L\I'Ph\\U\

Aachgrouad probabiv of SneOHOWCL The film produced by a single dipping consists of 4 sinad number of olated SnQ - crvstalines.
Bt o tne twim thichness v increased these erdstallites increase in number and tinally merge i & continuous laver A nvpieal
Cabae of reantinty tor Fedoped tilms produced by this method s 24« F0 7 Qem. with an 2verage Uramsmissien ol ~ N30 gt g

Choss ol 2yeons o eI Flevier Saience SUAL

A s ﬂanspurcm semtconducung ovide: SnO.-based thin films: Dip-coating technigue

1. Introduction

Alteng franspareal conaucting oxide materials, un
divande gl ind wide use because of thenr eacellent
perfermance along with high mechanical. chemical and
environmental stability and low cost. [n recent vears
extensive studies have been carried out on these films.
which ure charactenized by high electrical conductivity
and high transparency in the visible region of the solar
spectrum combined with a high reflecuvity in the infra-
red (IR} region. Tin dioxide is a semiconductor with a
wide band gap (3.5.4eV) [1-3] having 4 refractive
index of approximately 2.0 [3] and u tetragonal crystal

structure. The material is used in a variety of display -

devices such as hiquid crystal displays. electrochromic
and electroluminescent cells and imaging tubes [4-6]
such as photovoltaic devices.

A vaniety of technigues have been employed to deposit
un dioxide films. These include reactive sputtering [7].
spray  pyrolysis [8.9]. “paste-heat™ [10]. chemical

apour deposition [ 11.12] and reactive evaporation [13].

The dip-coating technique is an extremely simple and

* Corresponding author

I T S ar e caer Saenee BV AR nghis resernved

L R

low-cost method tor the deposition of oxide thin films
(14]. In this method. as in the related sol gel method
f1s 46 a metal onde nim s produced by hvdrolysis of
the correspond:ig metad alkovide. mitrate or chlonde on
4 substrate and subsequently heat treated at o high
temperature. There are however. few reports in the
literature on SnQ. tilms prepared by this method. which
tend to have a resistivity of at least an order of magni-
tude-higher than those prepared by other technigques.
such as chemical vapour deposition (CVD) [17] This
high value of resistivits. while not suitable for photo-
voltaic cells. would not be o problem for low current
applications. such as liquid crystal displays. The present
work describes the preparation of undoped and F-doped
tin dioxide-based trunsparent semiconducting thin tilms

by the dip-coating technique and results of study of

their electrical and optical properties as well as surface
morphology and crystal structure.

2. Experimental details
To prepare the tilms. the substrate is first dipped and
then withdrawn ertcally  from o solution  of
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Fre i Vanation ot thickness of films, deposited on glass substrates.
wath concentration of the sturung sofution {speed of withdrawal: A =
Smme B imm s b 3emms)

SnCly 2H.O in methanol at a controlled speed
t 1.33mm ~1. The substrate together with its adhering
hyud film 1s then transferred to a furnace kept at a
high temperature and heat treated in air for 3 min.
Detatls of the process are given elsewhere {18§]. For
doped film preparation. the requisite amount ol ammo-
nium fluoride is added 1o the starting solution.
Undoped and doped films were prepared for different
heat-treatment temperatures. Variation of thickness with
lifting speed and concentration was studied. Thicker
films could be obtained by repeating the whole cycle
(dip -withdrawa! heat treatment) 4 number ol times.

§000 -

5000 .

4000 -

THICKNESS (A)
(")
o
(=]
o

. 4 — —— —_J

0.5 1.0 1.5 2.0 2.5 3.0
SPEED {(mm/Sec)

Fig. 2. Vanation-of-thickness of filmis. deposited on glass substrutes,

with speed of withdrawal [concentration of the starting solution: A =
e L B=330g I C=280p 1]
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__Fims were deposited on ~odi-glass mucroscope shdes

and mica sheets. The characterization was mostly done
on those deposited on glass substrates

The thickness ot the deposited nlms was measured
using the ~tvlus method, while <heet resistance was
measured by o standard four probe arrangement Opuicdl
transmission as a funcoion of wavelength was obtened
by SHIMADZU UV-246 double-beunt spectrnephoteme-
ter. Surtuce .morphology and Ne-riny diffractomerne
studies were carried cut with g HITACHIT S-536 scannmy
clectron microscope and o PHILIPS diffractometer
tmodel PW [390) with CuK., radistion.

3. Results

It was found -that a heat-treatment temperature of
H00-300 C was pecessary to obtain films of useful
quality in terms of low sheet resistance and high opucal
trunsmission. Within this temperature range there wus
no noticeable variuuon in the tilm properties. Results
reporied in this paper refer to films prepared at @ heat-
treatment temperature of 400 C.

4. Thickness
Figs. 13 show the vanauon of film thickness with

speed of withdrawal. concentration and number of
dippings. respectivels. [t is observed that the thickness

32

28 - :

24 r . _ _‘_:_
2.0} . . ’

1.6 -

THICKNESS{um)
'

12- s
08 F s

04 - . /

1 3 s T 8 11 13 15 i 15
NUMBER OF DIPPINGS

Fig. 3. Vuriation of thickness of tilms, depasited on glass substrates.
with number of dippings at a4 speed of withdrawal 1.3 mm ~ {concen-
tration of the sarting solution: A =330 L B=2¢ 1]
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ol the deposited Laver increases linearly up to 7 8
dippings. besond which the rate of increase is slower.

8. X-ray diffractometric study

brgo 4 shows the Xeray diffractograms” of undoped
tilms on ghiss substrute for five ditferent numbers of
dippmgs. Ity ovident from the dilfructograms that
oristallimiy of the films ‘increased with number of
dippings up to a value of 20 dippings. Single dip films
are predonminanty amorphous.

Fig. ¥ shows the Xeray diffractogram of a tvpical 10
dip tilm on micu substrate. The peaks are observed to
be much sharper compared (o those for films deposited
ot soda-gliss substrates. The position of the peaks
obtiimed on both gluss and mica substrates are in
contormits with the standard tetragonal erystal structure
of SnO,. Comparison with ASTM (/ /) data indicates

{
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that there is no signticant preferenual grosth in am
direction. : '

6. Electrical properties

Fig. 6 shows the decrease in sheet resnstance of
undoped and F-doped films (4.5 at <%y with thickness
The lowest values of sheet resistance. of undoped and
4.53at% F-doped films. are 300 Q and S0 Q
respectively. for a thickness of 296 um which corres-
ponds to resistivity svalues of $9<10 S Qem and
247 1077 Qem. respectively.

It was found that u film prepared by <ingle dipping
in a hgh concentraton solutton has @ much higher
vilue of sheet resistunce compared to one having the
sume thickness but prepured by multiple dippings using
a4 lower concentration dip solution. For exumple. at a
thickness of 0.38 um the sheet resistance of a single dip
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film was 4 - 104 Q) while that prepared by five dip-

pings was S < 100 Q- The possible reason may be that
for single dipping. a4 number of loosely pucked crystul-
lites are formed. while for mulu-dipping these crystallites
formed ut every deposition step tend to merge together
and produce a continuous conducting path. Support for
this argument 1> obtained tfrom Fig. 6. where the sheet
resistangg of undoped films is seen to drop sharply at a
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thichness of about | um. For F-doped tilms the dro
oceurs at a thickness of ubout 4.3 um.

7. Surface morphology study by SEM

Fig 7 shows the scanning electron mucrographs o
undoped und 4.3 at.% F-doped nilm~ 1t s clear from
the micrographs that for the undoped Him. grin sz
increases up to 20 dippings. The initiad faser [1st dip
films over an amorphous gliss substrate i< nearls amor.

phous which s evidenced trom the XRD pattern also
I [ R T B R R S TN DY EPURERRERL I B EVRI ' FYT ST

Foae =

[ X N [ Y [ veennnbls tnaend | FESN

ke e

1 the case of muca substrate than that on glass substrate
t Fig. "¢3. The much sharper NRD peaks observed i
this cuase are alse consistent with the lurger grain size
[t is possible that formuadon of bigger crystallites 1
fucilituted by the single-crystal substrate. which i~ m
contact with the growing film.

8. Optical properties -

Films obtiined by dip-couting ‘lcchniquc are highly
transparent. Fig. 9 shows the optical transmission reran
wavelength curves tor undoped and 4.5 a0 F-doped
films with ditferent sheet resistance values. It s seen that
the optical transmussion 1s reduced as it result of doping,

o8

THICKNESS

v 2

substrates with thichness, Undoped: A =230 11 B

16
Hm ]

1 35S F-doped:
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Fig. 7. Electron micrographs of undoped and doped films on ghiss substrate. Undoped: (ad Ist dip: (b five dips: (o) ten dips: wd ) fifteen dips

(e) twenty dips: (1) twenty five dips. 4.5 at.% F-doped film: (g) twenty dips.

A similar phenomenon has also been observed by
Chopra et al. [4] and De et al. [19] and attributed by
them to ‘a high surface roughness of SnO, films having
low sheet resistance compared to undoped ones. Average
optical transmission 83-90%- for undoped and 75-80%

for F-doped films are obtained for a thickness of 2.96 ym

over ¢ range 400 to 900 nm.

9. Discussion

It is known [10.20] that SnCl, undergoes hydrolysis
according to the equation

6SnCl, + H,O — 2SnCl, +4Sn(OH )CL (n

3

This reaction is relatively slow at room temperature.
but is accelerated on heating. SnCl,. in turn. readily
hydrolyses to SnO. at 4 high temperature as given below

SnCl, + 2H.0 =$n0, ~4HCl: - (2)

This torms the basis of preparation of conducting un
dioxide films by the paste-heat or OACVD miethods
[10.21]. In these methods. SnCly produced trom reaction
(Eq. (1)) taking place in a separate arca is allowed o
hydrolyse on the substrate and yield SnO.. In contrast.
in the present method the Sn(OH)CH also remains on
the substrate and forms the amorphous matrix. while
most of the SnCl, produced. escapes. A small fraction
of this SnCl,. however. is hydrolvsed on the substrate
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Fig. 7. (continued)

and produces small SnO, crystallites. Repeated dipping
increases the number of these crystallites which form an
interconnected network after about 15-20 dippings. This
cuan be—seen from the XRD spectra. the varnation -of
sheet resistunce with thickness and the SEM photo-
graphs. We see that the.sharp drop in sheet resistance.
appearance of sharp XRD peaks and merging of SnO,
grains, all tuke place at a thickness of about 1 um.
However. even at this  stage - the proportion of the
amorphous component is quite large. as shown by the
high value of resistivity. viz. 2.4 x 107 Q cm compared
to 24x107*Qem for CVD SnQ, tilms. It may be
interesting to note that in the work of Gordillo et al.
[22]. also on spray-deposited SnO, films. a strong amor-
phous background is seen to be present in the XRD
pattern when SnCl, was used as a starting material.
Although this amorphous component. most probably

Sn(OH)Cl is present in the films. it is highly transparent .

and leads to no significant drop in optical transmission.

e

" This component is responstble for making the resistivity
‘about two orders of magnitude higher than that obuained

for CVD films. However. the high opuical transmittances
makes these films suitable for those displayv applications
where the current requirement is low_ e.g. liquid crystal
or electrochromic displays. In addition. the simplicity
of the deposition method could make it attrictive for
enhiancing the IR reflectivity at a low cost. eg. ir

‘solar cookers.

The effectiveness of a transparent conducting film

~depends on its optical transmission as well as its sheet

resistance. As already discussed. the high sheet resistance
ol the dip-coated tilms s, to a great extent. compensated
for by their lurge optical transmittance. Haacke [23] has
introduced u ligure of merit for transparent conducting
films defined by the relation ¢,=T7" Ry. where T is
the optical transmittance and Ry is the sheet resistance.
This purameter cun be used to evaluate the performance
of a candidate material from its fundamental parame-
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LIMMALY 3 - . o
It has been demonstrated that the dip-coating tech-
nigue can be used to deposit trunsparent semiconducting
films in a simple manner using SnCl. - 2H.O as a starung
materiul. The films contam crystathne $nO: in addition
to sn amorphous background. probubly of SncOHH(CL
The resistivity of the tiims is somewhat higher compared
to SNO; films prepured by CVD or spray pyrolysis. This
is probubly due to the presence of the amorphous.
constituent. However, the tilms are highly transparent
and have u figure of mernt comparable to that for
.;or(:‘cntionull_\-prcp;ircd SnO. filma. The films would be -
potentially useful for low-current application such as
dbpld\ devices. The method is easily dddpl.lb]t for
deposiion_on_large-area surfaces.
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Deposition and characterization of Zn Cd, _ S thin films prepared by the
~ dip technique
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Abstract

Zn Cd; ., S0 <1< 1) thin films have been deposited by the dip technique on giuss camsirares In this method. a clean substrate was
dipped into an alechalic solution of the corresponding nitrates and thiourea and then webdrawn vertically at a controlled speed, and
finaliy boked 10 4 fumoce. X-ray diffractometric study suggests that for zine atimae racuon 1 < 0.6 films.prepared at a baking
iecmperature of S00°C are homogeneous with a hexagonal (wunzite) structure. Increase ' the proportion of zinc in the starting solution is
found to produce a decrease in the lattice parameter. SEM studies reveal an increase i graim size with -x up to a value of 0.6. For
x > 0.6. the films appear 10 have an amorphous character, as no distinguishable peaks can be scen in the X-ray diftractograms. The SEM
micrographs alse do not show any clearly defined grains over this range. Values of bundgap obtained from optical absorption
measuremenss as well as from spectral response of photoconductivity are in good agrcemen: with each other and vary monotonically from

2.30 eV (CdS) to 2.69 eV (Zn,,Cd, ,S) over the range 0 < x < 0.6. © 1998 Elscvier Science S AL

Keywards. Deposition process: Oplical properties; Surface morphology: X-ray diffraction

1. Introduction

Zn Cd,_,S thin films have been widely used as}wide {cv

bandgap window material in heterojunction photovoltaic
solar cells [1-5) and in photoconductive devices [6). In
solar cell systems, where CdS thin films have been proved
to be useful, partial substitution of Zn for Cd increases the
optical window of the heterojunction and also the diffusion
potential {7]. Moreover. in heterojunction solar cells using
CuGaSe,. the usc of Zn _Cd,_ S instead of CdS can lead
to an increase in photocurrent by providing a match in the
electron affinities of the two materials. This hexagonal
Zn Cd, .S ternary compound is also potentially useful as
a window material for the fabrication of p~n junctions
without lattice mismatch in the devices based on quater-
nary matenals like Culn Ga, __Se, [8] or Culn(S,Se,_.),
{9). Zn Cd, _ .S thin films have been prepared by a varicty

of techniques. which include spray pyrolysis [7.10], ion-
beam deposition [11]. molecular beam cpitaxial growth.

{12], solution growth [13.14], and successive ionic layer
absorption and reaction process [15].

" Cormresponding author Tel.. +91-353-250414; fax; +91-353-450546:
¢-mail: dhruba@nbu emet in

0040-60%U 798 /S17 00 ¢ 1998 Elsevier Science S.A. All rights reserved.

P SO040-6090(97)00932-2

The dip technigque and the related sol—gel method have
been traditivnaliy used for the deposition of oxide. thin
films [16.17]. Usually. these involve the hydrolysis of the
corresponding metal alkoxide, nitrate or chloride on a
heated substrate. [n a previous work [18]. we reported a
modification of the dip technique for the deposition of
sulphide films. Here. the substrate 1s withdrawn from an
alcoholic solution of the metal nitrate and thiourea. and
transferred to a furnace maintained at a high temperature.,

-where a chemical reaction takes place to yield the sulphide

films.

As descrnibed in Ref. [18). .attempts to produce
Cdy4Zn, .S films using a starting solution containing both
cadmium and /inc mitrates resulted in the formation of a
mixed phase Frwienal containing partially crystalline CdS
and amorphous 7nS when prepared at a baking tempera-
ture of J00°C It has been found that by increasing the
baking temperature to 300°C homogeneous crystalline.
Zn Cd, _ S fils wathin the range 0 < v < 0.6 could be
produced. These ~hows continuous variation of lattice
parameter and ' ondgap as o function of x. For x> 0.6, the
films tend 1o desclop an amoerphous character. The bandgap
varies monotonicaih rom 2.3 eV (CdS) o 2.69 eV
(Zngy Cd, S over the range 0 < x <06, We describe in
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this report the preparation of these films and their charac-
.terization by X-ray diffractometry, scanning electron mi-
croscopy, optical and photoconductivity measurements.

2. Experimental details -

Three scparate saturated solutions of cadmium nitrate
[Cd(NO,),, 4H,0]. zinc nitrate [Zn(NO,),, 6H,0] and
thiourea with methanol as solvent were initially prepared.
They were then mixed in requisite amounts to yield the
starting solution for deposition by dipping. It was found
that the mixing was best achieved without any precipita-
tion taking place if the thiourea solution was divided into
two parts which were mixed with the two nitrate solutions
separately, and one of the mixtures then slowly added to
the other.

Microscope glass slides, used as substrates, were cleaned
by washing in detergent and chromic acid and finally
degreased in acetone and methanol vapour.

In the film forming process, a clean substrate was
dipped into the starting solution and then withdrawn verti-
cally at a controlled speed, under atmospheric conditions,
with the help of a pulley and geared motor, when a liquid
film adhered to the substrate. The substrate together with
the liquid film adhering 10 1t was immediately transferred
to a fummace for baking. when the chemicals reacted to
form the desired solid film. It is found that films of a very
high quality were obtainable when prepared at a baking
temperature of 500°C. Thickness of the films could be
increased by repeating ii.c whole cycle (dip—withdrawal—
bake) a number of times. Details are given in Ref. [18].

Zn Cd,_,S films were deposited at 500°C for various
concentrations of zinc from x=0to x= 1. The value of
x was changed by changing the concentrations of Zn-—
nitrate and Cd-nitrate in the starting solution. The Zn/Cd
ratio in the solid films was determined by Atomic Absorp-

" tion Spectroscopy. The value of x was found to be
essentially the same as the relative proportion of Zn atoms
[Zn:(Zn + Cd)] in the starting solution. Film thickness was
measured by stylus method. Characterization of the films
was carricd out by optical absorption, X-ray diffractome-
try. scanning electron microscopy and spectral response of
photo conductivity measurements.

Optical properties were studied by Shimadzu UV-240
double-beam spectrophotometes. X-ray diffractometry and
surface forphology studies were carried out by Philips
diffractometer (model PW 1390) with CuK, radiation
(Ni-filter) at 1.54 A and Hitachi S-530 scanning electron
microscope, respectively. To determine .the photo conduc-
tive (PC) spectral response, a PC cell was fabricated by
depositing Ag-electrodes in the usual interdigitated pattern,
which was subsequently placed at the detector position of
a Spectromom 202 spectrophotometer, and the photo cur-
rent measured as a function of wavelength. The area of the
cell was about 1 cm?.
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3. Results and discussion

The Zn Cd, _ S thin films were smooth. uniform, highly
reflecting and strongly adherent to the substrate. Colour of
the films was observed to change from yellow-orange tc
pale yellow with increase in zine atomic fraction x. Zinc

_sulphide films (.« = 1) were white in colour.

Films of difterent thicknesses were obtained by chang-
ing the lifting specd as well as increasing the number of
dippings (dip—withdrawal-bake cycle). Smooth and uni.
form films could be obtained up to a maximum withdrawa
speed of 1.33 mm/s. For higher speeds, the films tendec
to be non-uniform. At high withdrawal speeds, the liquic
layer adhering to the substrate as it is pulled out is quite
thick, and turbulence in this layer is also higher.

Results reported in this paper were obtained by mea
surements on fiims prepared by 10 dippings from a starting
solution containing total 0.93 (Cd + Zn) mol /1 and with
drawn at a speed of 1.33 mm/s.

3.1. Thickness

Fig. 1 shows the variation of the thickness of the film
for different values of x, when the total number of (Cd +
Zn) moles was kept constant in a given volume of th
starting solution. Cd and Zn ratio in the solid film:
measured by Atomic Absorption Spectroscopy, agrees we!
with that in the starting solution for different concentra
tions. The thickness of the films is found to decreas
linearly with the increase in zine proportion.
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Fig. 2 X-my diffractogram of 2 1ypical Zn Cd, _,S thin film (x =0.4).
3.2. X-ray diffraciometric study

A typical XRD pattern for Zn,Cd,_,S (for x=04)
films is shown in Fig. 2. Comparison of the prominent
peak positions (26-values) of the XRD spectra with the
JCPDS data file for CdS [19] suggests that the Zn Cd,_,S
film deposited at a baking temperature of 500°C is hexago-
nal (wurizite) in structure with the prominent X-ray
diffraction peaks comresponding to (100), (002), (101),
(110) and (103) planes.

It was observed that the diffraction angle (28) shifts 10
higher angles with increasing zinc atomic fraction x. The
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peaks, which are quite sharp up to x = 0.4, become weaker
beyond this and nu prominent peaks appear for x> 0.6,

~which means that 1n this range the films are mostly

amorphous.

Fig. 3 shows the relanonship betwee: ¢ lattice param-
eter and the zin¢ atomic fraction x over the range 0 < x <
0.6. It is observed that the lattice constants decrease with
increase in the proportion of Zn. This is consistent with the
smaller size of the Zn atoms and also reflected in the
decrease in thickness of the films with increasing x as
described in Sccuon 3.1. Similar results were obtained by
Yamaguchi ct. al {20] The values of a and ¢ for thin film
prepared at x =0 (pure CdS) are 4.13 A and 6.73 A,
respectively. These values are in good agreement with the
data for hexavonal CdS films from the JCPDS card [19].

3.3. Optical properires \

The optical energy gap of theZn Cd, _ S thin film was
estimated by measuriag optical density (0.D.) of the films
as a function of wavcelength in the range 2.2 eV 1o 3.5 eV,
from which absorption co-efficient (a ) was obtained. Plots
of (ahv)” and (ahw? ' against hv were made (Fig. 4).
(ahv)* vs. he plots vielded straight line over the range’
0<x<06. In contrast. for x> 0.6 straight lines were
obtained when (v, .4 was plotted against Av. This is HJ
indicative ol the fact that the film are crystalline for
0 < x < 0.6 and amurphous beyond this range.

Spectral respoasz of photoconductivity curves are shown

26 ~

]

SN

22 23 2-4 25 26 2T
hA (evV) —>

Fig. 4. The plots of (ah)* [for 0 < x < 0.6) and (ahy H[for x> 0.6) against Av of Zn,C, S thin iy p 4 3 / )Ji,
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in Fig. 5. The photocurrent values are normalized with the - S - e B ic

peak response for pure CdS taken as 1. No correction was
made for the variation of intensity with wavelength of the
tungsten filament source used in the spectrophotometer.
With incggasing x, position of the maximum moves from
540 nm for CdS 10 360 nm for ZnS, corresponding o0 a
shift in band gap from 2.3 eV 10 3.4 e¢V. This continuous
change in band gap with increasing proportion of zinc
again confirms the formation of a solid solution.

Fig. 6 shows the variation with x of (i) bandgap for
0<x<0.6. (ii) optic.. gap for x> 0.6, and (iii) the

LdmmTea.on f

Fig. 6. Vanaton of th bandgapte. S 2. Ddfor0 s 1 < 0.6.(F) optical

bandgap (= 1. for v > 96, and {£) photon cncrg)‘f(& AA D
with zinc atosas fraain o or Z S thin Gl

e

photon encrgy (0 < x < 1) at which peak response in pho-
toconductivity 1s obtained. Curves (i) and (iii} agree quite
closely in the range 0 < x 5 0.6, where crystalline films
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were obtained The optical bandgaps for x > 0.6 are much”
less than that obtained from photoconductive measure-
ments. which may be due to the amorphous nature of the
films in that region.

According to H. Hill [21]. the optical bandgap E, of the
Zn Cd,_,S.films can be expressed as:

E’é]: Ecas + ( Ezas — Ecas — b) x + bx? /j‘({/g\

where b is the bowing parameter and x is Zn atomic
fraction. The value of b for films is about 0.22 eV.
estimated from carve fitting, with the values of optical
bandgap in the range O < x < 0.6. This value is in very
close agrcement with theory as obtained by Hill [21]). For

x> 0.6. the value of b changes sharply to 0.07, again. .

indicating a transition from crystalline to amorphous films.

. . . . __.,,.___T_,_,zol -

S.C. Ray et al. / Thin Solid Films 00 { | 99K+ i44) - ¢«

3.4 Surtacs morpliologn

Fig. 7 <how s e SEM - nucrographs of Zn ,Cd, _, S th
films for ditterent values of ¢zinc atomic fraction x. It
evident from the micrographs that the grain size of the fil
increases up te¢ v= 0.4, beyond which a tendency
reduction in crystallinity is observed. This is also e
denced in the” XRD patiem. where sharp peaks are o
served only over the range 0 < x £ 0.4,

4. Conclusion

Homogeneous and crystalline Zn,Cd,_ S thin filr
have been prepared successfully by the dip technique ov

f A

v

.-
v
[

.y

Fig. 7. The scanning electron micrographs of Zn,Cd, _,S thin films. (@) x=0,(b) x=0.1, (¢} x=03.(d) x = 0.4, (&) x=0.5. (D x =06,
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the range 0 < x < 0.6 ¢ films are hexagonal in struc-
ture. whosc lattice parameters ¢ and a are found to
decrease with increase in x. An increase in x also pro-
duces a similar drop in the thickness of the film, when the
total number of (Cd + Zn) moles in the starting solution is
kept constant. This agrees well with the fact that the Zn
atoms have a relatively smaller size compared to Cd
atoms. The band gaps obtained from optical absorption and
spectral response of photoconductivity measurements are
in good agreement with each other and vary from 2.30 eV
(CdS) o 2.69 eV (Zny,Cd,y,S). beyond which the
bandgaps obtained from optical absorption measurements
(optical gap) are much less than that obtained from photo-
conductive measurements. Surface morphology study by
SEM as well as XRD data shows that good crystallinity is
obtained up to a zinc atomic fraction of 0.4. For x> 0.6
the films appear to develop an amorphous character.
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PREPARATION AND STUDY OF MoS, THIN FILMS DEPOSITED

B .Y THE DIP TECHN!QUE
S.C.RAY. DEPARTMENT OF PHYSICS, UNIVERSITY OF NORTH BENGAL, SILIGURI
: DARJEELING - 734430, WEST BENGAL, INDLA AND
M.K.KARANJAL DEPARTMENT OF PHYSICS, SILIGURI COLLEGE. SILIGURI,
' DARJEELING - 734401, WEST BENGAL, INDIA

. Molybdenum sulphide (MoS,) dichalcogenide thin film is a very promising
semiconductor (bandgap 1.78 eV) for its various applications in solar cells, rechargeable
batteries and as a solid lubricant for metallic and ceramic surfaces where hydrocarbon or
other fluid-based lubricants are unsuitable, such as in high vacuum or high temperature
apphcations MoS. thin films have been prepared by the dip technique In this technique. a
clean glass substrate was dipped into the methanolic solution of ammonium molybdate and
ammounium thiocyanate for half a min and then withdrawn vertically at a controlled speed.
under atmospheric conditions, with the help of a pulley and geared motor, when a liquid
film adhered to the substrate. The substrate together with the liquid film adhering to it was
- immediately transfered to a high temperature furnace for baking, where the chemicals reacted
to form the desired solid film. Films are smooth, uniform and homogenious. X-ray
&ffractometric study suggests that, MoS, films deposited by the dip technique at a baking

temperture of 300" C are amorphous in nature but those deposited at a higher baking
~ temperatue of 360° C and 450°C are hexagonal in structure The optical bandgap (1 80 eV)
-alculated from the absorption measurement is quite comparable with the other reported
value -
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