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ABSTRACT

The design and construction of a simple and low-cost device
for the deposition of thin filus by the pyrosol process has been
describeds Doped and undoped films of Sn02 and In?_o5 have been pre-
pared on glass substrates, These films were highly conducting and at
the same time hipghly transparent. They were non-stoichiometric but
homogeneous and polycrystalline ia structure. It is Tound that an
activation energy of about 0.2 eV is associated with the growth process
of these filus. The sheet resistance of these films shows a size effect
below a thickness of about 0,3}xm. Doping has been performed by adding
antimeny (Sb) and fluvorine (F) in Sn0, fils and higher figure of merit
in couparison to other earlier revorts has been obtained. In Inao5
film Sn has been used as doping elewent to obtain films of higher

conductivity and liall mobility.

The electrical transport properties and the optical transmission
coefficients in the UV-VIS range of these films in the carrier concen-

tration range ~ 6 X 1018 18

to~ 1.3X10°" en™> for sn0, and from ~3X10
to~ 7 X10°° cu™ for In,0; £ilus with thickness about 0.2um have
been studied in detail to establish a tentative energy band picture
of these degenerate samples. The thermoeleciric power of the filus
were measured in the temperature range 2?° to 160°C for Snoa and upto

175°¢ for In203 films. Using the thermopower and optical transmission



(ii)

data the effective masses of electrons and of holes have rese
pectively been determined as a function of the carrier conecne-
tration. The optical band gap and the position of the Fermi
levels were.determined. It has been observed that the Forni
levels are pinned near the conduction band edge at decreasing
carrier concentrations, and the optical band gap shows an appre=-
ciable Hoés-Burstoin chift in the investigated range of carrier

concentration.

The effect of post-deposition heat treatment on some
of the SnOa and In203 films has been studied. It has been obser-
ved that heat treatment in different ambients have remarkable
effects on the film resistivity. No appreciable change of carrier
concentration was noticed in Sno2 film but it was noticed in the
I‘néo3 films. Hall mobilitiecs in these films are found thermally
activated at temperatures ranging from room temperature upto
about 25090. Ozygen diffusion mechanism at the grain boundarics
of these films has been discussed critically to explain the
observed mobility data. It is inferred from the heat treatment
experinents that the role of oxygen diffusion process in the
film is only to modulate the inter-grain boundary potential

barrier heights.,

For Snoa thin films two distinct scattering processes
viz the grain boundary scattering and the ionized impurity scatte-

ring are found to play a predominant role in limiting the Hall



(iid)

mobility in the two different ranges of carrier concentrations
at room temperature. For the Inao3 films however the lattice
scattering is found to be the dominant process limiting the

carrier mobility.

Finally, an attempt has been made to determine the
electron affinity and work function of these samples on an enpipie-
cal basis using the electronegativity concept. The crystal bindings
of these samples were also determined and were found to be of

fairly ionic in nature.
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CIAPTER - 1

INTRODUCTION

Successful applications of thin filus in various scientie-
fic, industrial and engineering purposes and the increasing demand
of microelectronic components in different branches of technology
have greatly expanded the sphere of thin film research. Enough
research has been carried out on different kinds of thin films cove
ering metallic, semiconducting, insulating and cermet ( granular netal)
materials during the last two decades in which a substancial period
has been utilized in search of newer coating materials having special
electro-optical properties. These include spectrally selective coat-
ing, transparent conducting coating, photoconductive and photochromae
tic coating, solar absorbing coating etc. These coating may either
be a single or multilayer on a suitable neutral substrate or may be
layers forning a conmposite structure with the substrate. Of all the
above varieties the transparent conducting oxide coatings have initie
ally drawn much attention because of their application in solar cells
but ultimately the sphere of application has been greatly extended
to different branches of science and technology. These oxide filns
have become the object of study since 1910 and are still being inves-

tigated in various ways with enough research interests and prospects.

11 A BRIEF RIVIEW OF TRANSPARENT CONDUCTING HATERIAL

" 1e1e1 The SnO2 Faterial ¢ =

Tin oxide material has been prepared and studied in three



different forus : (a) Single crystal of 5n0, (casseterite ), (b) Sintered

$n0, waterial and (c) Polycrystalline and aviorphous Sn0. material,

2

(a) Single crystal of Sn0.,

$n02 crystallizes with tetragonal rutile structure with
space group Hlﬁ L;Pha/h;nm] (1). The unit cell contains six atoms two
tin and four oxygen as illustrated in figure 1.1, BEach tin atom is at
the centre of six oxygen atous and every oxygen atom is surrounded by
three tin atous. Thus it is a structure of 6:3 coordination, The lattice
paraueters deteruined by Baurca) are a=b=4, 737 lfand ¢ =3.,185 4%,
2w

The ionic radius of 0 is 1.4 A% and that of Sn4'+ is 0.71 A° (3).

(b) Sintered Sn@a raterizl

(&)

Van Daal has described a wmethod of prevaring pure
sintered tin oxide with a high density of about 95 % of the bulk dene
sity by applying a gas transport reaction method(S). Loch(G) has
obtained Shb-doped sintered Snoa. The behaviour of electrical conducti-
vity,quasi-free ‘electron concentrations and Hall nobility of these
samples were found to be siuilar to those of iumpure single crystal,

Recent . studies on sintered SnO2 are hardly available,

(¢) Polycrystalline and auorphous Sn02 raterial ¢

These materials are available mainly in the form of
thin files. Vincent ot al{?) have described in detail a method of
producing polycrystalline doped and undoped tin oxide by precipitation
from a solution and are probably not thin films, Reports on amorphous

0
SnO2 are not so coumuon. Very recently Jousse et al(”) have prepared



Figure 1.1 : Unit cell of the crystal structure of SnOE.
Larger circles indicate o :n atoums and

the small circles indicate tin atous.

2a



and studied auorphous Sn0, filus and this is perhaps the only report

- available to date. All other reports are on polycrystalline SnO. thin

2
filus and are described in the next sectione.

1¢122 Thin Pilus of 5n0., as Transparent Conductor

Transparent conducting coatings of soue metallic oxide
iike tin oxide have been known for about half a centurycg) since 1942
Qhen lie Kasters(10) synthesized transparent conducting tin oxide thin
films for the firet time. There are rany metallic thin films which
for thickness less than 10 nm becone transparent but very fragile
converse to Sno2 which is found very hard and stable against chenical
attack and decay. Foreover Sno2 thin film is highlyladherent to wany
substrates and can withstand high temperature. All these unique combi=-
nation of properties have rendered this material technologically very

important(1q).

1414241 Preparation of $n0, thin £ilm

A number of deposition techniques can be applied to
prepare SnO2 thin filus in doped and undoped formse These includ? =

(i) Evaporation s -

Transparent conducting thin filwms of Sno2 can be prepa=
red by direct evaporation of Sn02 powder either by electron beam(12)
or flash evaporation method(15). Due to the high melting point of

Snoa ( 1127°C ) therunal evaporation yields opaque Sn0, files of infere
ior quality.

Reactive evaporation of SnO2 films can be achieved by



the vacuum evaporation of metallic¢ Sn in an oxygen atmosphere(1h)

onto substrates heated to about 400°cC. Post-oxidation of vacuum
evaporated wmetallic tin filw may also .Vield‘SnO2 film(qs) but of
inferior quality, On the other hand activated reactive evaporation

(16)

rethod gives excellent quality transparent conducting Snca films,.

(ii) Souttering & =

All types of sputtering wethods have been ewployed to
deposite SnGa thin films. Reactive sputtering(17), ion beam sputtering(18)
and other similar metheds(19) are found to yield very good results.
As-sputtered filws are usually amorphous in nature but elevated

substrate temperature or a post-deposition heat treatuent gives poly=

crystalline filus,

(iii) Chewical Vavour Deposition (CVD) 3 =

CVD is a widely used method for the deposition of Sno2
thin film of good quality, Films have been prepared by the pyrolysis

(20), dibutyl tin diacetate(21)

of tetramethyltin and by pyrolyeis

and hydrolysis of both the stannous and stannic chlorides(aa).
Heterogeneous reaction and mechanism of formation of

SnO2 film from SnClu has been given in detail by Ghostagore(EO). The

hydrolysis reaction is given by
SnCl, (g) + 2H0(g) === 5n0,(s) + 4HCL(g) eee  ees (141)

. e s (20,22)
ofcourse within some uncertainties, as mentioned by the authors .

In pyrolysis the undesirable homogeneous volume phase reactions at



high temperature affect the quality of the film by producing haziness

on the surface,

(iv) Reactive Chemical Spray (RCS) 3 =

This technique(EB’ah) involves spraying of an ionic
solution, usually aqueous, containing soluble salts of the constitu~
ent atous of the decireg coupound onto heated substrates. Hydrolysis
and pyrolysis are the main chemical reactions involved in the process.
This technique is only very slightly different from CVD in the sense
that here the chemicals vaporize and react on the substrate surface
after reaching on it(25>. But in CVD vaporization takes place bvefore
reaching the substrate surface. This deuwarcatiom is obviously not
very sharp and in practice a combination of both the processes may
take place in either case of CVD or RCS techniques, In principle
RCS technique is very siuple and is suitable for industrial
applications.

Iransparent conducting films of Sno2 have been deposi=
ted by spraying alcoholic solution of SnClh (24) and SnCl2 (26)

(22)

using Hao or HEOZ

perforued by adding SbCl3 and flourine doping was .performed by

by different workers. Antimony doping was

using NﬂhF or Hﬁ‘(a?)with the spray solution. The optimum substrate
teuperature for better film was reported to be about 400 = 500° ¢,
Typically, a gas flow rate of about 5 = 10 1/uin at a pressure of
about 0,5 kg/'cm2 with a solution flow rate of about 5 =20 cmB/ﬁin
were counonly usede. The size of the spray particle and their distrie
bution affect the uniformity of the film surface and their optical

transnission decreases(ag).



(v) Dip technigue 3 =

The dip technique(zg) consists essentially of inser-
ting the substrate into a solution containing hydrolysable metal
conipounds and pulling it out at a constant speed into an atmosphere
containing water vapour. In this atmosphere hydrolysis and condensa=
tion process take place. Finally the films are hardened by a tempera-
ture cycle to form transparent metal oxides. This technique has been
used commercially to derosit large area coatings ( about 10 =12 mz)

of SnOa.

(vi) Other techniques : -

Other techniques like chemical solution growth, glow
discharge decomposition of SnCIE, Sn(cﬂﬁ)k or -SnClh in oxygen have

also been used to prepare SnO2 films(jo’§1).

Dopants used :

Except antimony and flourine several other dopnats

. - (32’33) Y 3
have been studied in Sn02 films o They are phosphorus, zinc,
arsenic, thallium, telluriun, tungsten, chlorine, bromine, iodine
and indium. They did not give good results with respect to transpa-

rency and conductivity.

1e1e2.2 Properties of Sn02 thin film and Sinrle crystal @

(i) Structural : -

All types of structural investigations including

X-ray and electron microscopy were performed on Sn()2 filus by many



",

workers. The deposited filus were found to present gramilar polycry-
stalline structure with a tetragonal rutile lattice(jé). Both the
Snoa and Sn0 phases were detected in the film., The grain size as
reported rniay vary from 50 A2 to~1oh A® » The measured atowic ratios
of the dopants iupurity in the deposited films vary from that of the
solution used. Sodium ang chlorine contamination are very usual in
the case of using soda liue glass substrates and SnClh solution(Bu)

in spray devosition process.

(ii) Electrical : -

The electrical proverties of Sno2 thin films are
very wuch sensitive to their method of preparation. Since the method
of preparations are diversé, a lﬁrge scatter in the electrical
properties were reported. Comprehensive studies of SnO2 films have
been carried out by Aitchison(35). He found that stoichiometric Sno2
film is highly resistive (-~ 108_rlcm ) at room temperature., Resisti-
vity decreases. drastically if pentavalent dopant (Sb) is added.
Trivalent dopant (In) on the other hand could not lower the resistivity,
Linimum resistivity lies within 1072~ 10~'0cm for doped Sn0,, £ilus
of moderate thickness (n/O.}/Am to 0.%/Lm ) « Conducting transparent
films have a quasi-free electron concentration of:~/1018- 1020 cm""3
and Hzll mohilitycjé) ﬁé 50 cma/v.sec. This value of Hall mibility
is certainly very small in couparison to those of single crystal sane
ples, where it was found that(ﬁ?) Hall mobility may be as high as

. 1 -
300 cma/V.sec for carrier concentration of the order of ~ 10 > cul 3.

This lowering of Hall mibility in thin film has been attributed to



]

the increased scattering effects in the sample. There is variations

of openion regarding the exact nature of the scattering process in

. . z0 o
the film. Grain boundary scattering(ju>, ionized impurity scattering(57')9)
and 1attice_scattering(40) all of +these processes were considered
independently by different workers to be the dominant scattering

mechanism in these films at room temperature.

&2)

!
Nagasawa et al(}1) and Fonstad et al have conducted

studies with pure single crystal of Snoa. They found that at room

teuperature these crystols are good conductors. The carrier concen-

3 1 s
tration was ~ 10 7 cm 3. Inpure single crystals and intentionally

'..l
doped single crystals were also investigated(ij +5). Density of

states effective mass ( n*) were found to lie within 0.1m° to O.Bn%

O ca™ for the doped

46)

in the carrier concentration rangef~f1015'to 102

samples. The cyclotron resonance experinent gives value of mn*

for the pure single crystal of SnO2 as O.E?5xﬁ,where the carrier

concentration was ~ ?311015cm" and room teumperature lall mobility

was about 250 cma/V.sec.

(iii) Optical ¢ =

(14,35,36,L7,48)

Several authors have studied the

ontical properties of Sno2 thin filnm, Spence(1h) found that the
absorption edge occurs at about 3.7 ev with direct transitions
indicated at about 4.3 ev and indirect transition at about 2.7 ev.
Ishiguro et al(56) uweasured the transmission and reflection coeffiw
cients of highly conductive Sn0, film obtained by hydrolysis of SnClh

on fused quartz or rock salt substrates. These speciuiens were highly



transparent in the visible region and the fundamental absorption
started at about 0.§}Lm extending to a shorter wavelength, High infra-

red reflection was also observed., The carrier concentrations of the
20 3

1 -
samples were~ 10 9-—10 ¢t "o The refractive 'index, as reported for

the sauples were found to vary with the wavelength from 1.92 at
N = O.S/Am to a winimum value of 0.27 at about B.S/Am and 5.53 at

BQ/Am. Absorption coefficients were found to increase with the addi-

spy (47,48) %8)

tion of dopants ( e TohArai found that in the visible

region the optical properties of conductive and nonconductive Sno?
thin films are similar,

The first optical studies on single crystal of SnO2
were carried out by Kohnke(p7) on natural cassiterite, He found the
fundarzental optical band gap Eg;é 3.54 ev, Sunmitt and his coworkers

(49 -52)

have found that in Sn02 single crystal UV absorption coeffi-

cient takes the value of the order of~ 103 cm°1. High IR reflection

(4,41)

and visible transuissions were also noticed o The static dielec=-
tric constant have been found to be 9.58 and 13.5 for direction para-

llel and perpendicular to the c-axis respectively.

(iv) Hardness of the coating : =

The hardness of SnO2 on the lohs' scale is around
7 =8, as for crystalline aluminium silicate and fluoride. The coating
being oxide is inert to most of the acids and alkalies and resistant

to corrosion.

In short, it has however been accepted in general

that SnO2 in its undoped form is an n-type wide band gap semiconduce=



tor which is ontically transparent in the visible region of the

spectrun and is very stable in nornal atmosphere.

Tel1e? Thin P"ilius of In?O3 as Tronanarent Conductor 3 -

Intensive research wvork on 1n203 thin film started
just in the last decade. These films are in many respect similar
to SnO2 filus when they are considered in doped condition. In
mest of the cacses In203 thin films  are prepared using tin {(&r) as
a doping waterial and the resulting films are known as tin-doped
indium oxide film (InEOB:Sn) or indium~tineoxide (ITO) films,
Other dopants which have been studied in In 03 films include tita=

2
(53) (54)

L
nium sy antiwmcny ’ lead(5F>and fluorine(ss).

101631 Preparation of In203 thin £filn ¢ -

Alumost all the deposition methods suitable for Sno2

(56)

film including the reactive ion plating method have been applied

to prepare 1n203 thin films. When to deposit . this film by spray

pyrolysis from its chloride the following well known reversibl

(34)

endothermic reaction takes place at the substrate surface

2 InCl + 3 H20 -T_:':ﬁ Inz() + 6 HC1 sesn soe (1 o2)

3 >

and the sample of In203 is obtained normally in an unintentionally
doped condition. Sn=-doping for ITO films can be achieved here by
nixing SnClh in the working solution. Except In(:l3 other compounds

of indium which are easily hydrolysable could also be used for the
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preparation of InEO3 filn by hydrolysis, L2 .

1e1e5.2 Proverties of In203 thin film and sinple crystal § -

Structural, electrical and optical nroperties of
undoped and doned InEOB thin filas were studied by several authors(Bk).
InaO:5 like Snoa is an n-type broad band semiconductor. The main
difference of Inao‘3 thin film from SnO2 is that the former crystalle-
izes in the cubic b.ce.c structure with a= 10.118 A® vhereas the
latter is rutile. Hall mibilities of undoped Inao3 film may be of the

order of 10 to 74 cma/V.sec(ﬁ?) and is greater than that of Sn0., film.

2

Other properties are comparable to those of SnO. thin film.

2
Inzo3 coating is not so hard as SnG2 is but is compa=-

rable te other hard oxides in stability and inertness.

Initial studies on single crystal of In203 has been
(58) (59) (60)

reported by veiher and his coworkers e Very recently Kanai
has prepared and studied doped single crystal of In205. He found
that doping by Ti, Nb, Ta, W and Ge have no significant effect on
the electrical and optical properties of In203 single crystal but
4r and Hf have strong effect as donor impurities. It has been
observed that ITO single crystal has the Hall mobility . about ~ 100
cmE/V.sec and is couparable to Zr and Hf doped Ina()_,5 crystals having
carrier concentration ~ 1020 c:ra"':5 and resistivity~ 2X 10'1{:_(). Chh e
Hall mibilities of other doped In;_,G3 single crystals vary within

25 to 70 cmz/v.sec.

Past reports on amorphous In?o3 thin film are uncommon,



Direct optical band gap of In
(58,61)

2(}3 lies between 3.55

and .75 ev and the refractive index in the visible ranges are.
found to vary from ~1.9 to 2.08(62). Doping and substrate temperature
have remarkable effects on these paraneters. Other optical properties

are aluost siuilar to those of Sno2 thin filus,

1.1.4 Other Transparent Conductors : -

Several other oxides e.g Zn0, Cao, BiEOB’ NoOB, Ti()2
etc have been found to show various degrees of trancparent conductive
properties. Of all these oxides Zn0 and CdO have been studied extene
sively(ﬁs'ﬁg).

Except all these oxides, cadnium stannate (Cdasnoh)
thin filu can exhibit good transparent conductive prorerties as
have been rerorted by different authors(65). dinc-stannate is another
possible menber of this variety. Transparency of Zn0 films are supi-
rior to SnO2 and In203 filus but are not so conductive in the undoped
( and some times in the as=deposited ) condition; on the other hand
cadmium stannate is highly oxpensive. All of these transparent

conductive materials show n-type conductivity in the undoped -and doped

conditions,

1+1.5 Figure of lerit of Transparent Conducting Coating § =

The relative usefulness of a tramsparent conductive

film can be guantized cosidering its two fundawental requirements
L] 4 Gr
high optical transwmission and high electrical conductivity. Huacke( 5)

has proposed a figure of unerit gTC which peruiits a comparison



i

botween different {ransparent conductors. This can be expressed as
Fipure of wmerit ¢ = T1Q/R o
. TC in) ss e ese (1._))

where R 1is the electrical sheet resistance and T is the optical

transmissian.

Collecting some recent rerorted data about the figure
of werit of Sn()2 thin films, it is observed that the highest figure
of merit may be 131.0X10™> O~ sor $n0,:8b £i1n (66) deposited by
activated reactive evaporation method..For filnms deposited by spray(67'6&)
or CVD nethods the waximum . way lie within 52.6 X10™2and 56.4 X
1072 =1, Highest figure of merit of ITO film so far obtained is
184.0X1072 07" for heat treated filus deposited by CVD methoda 69,

Haxivun ﬁéc for apray deposited ITO is lower to that of Sn0O. film.

2

For cadmium stannate the highest ﬁ%c as reported by Haacke et 31(70),
-? -

is 258.0X107°.00 1 for film deposited by sputtering wethod and

perhaps it is the highest figure of merit of all the transparent cone-

ductors so far reported.

1e1e6 Applications of Transparent Conducting Coatings 3 =

Transparent conducting coatings have attracted enough
interest only beaauce of their wide applications, some of which are

given below :

(i) Transparent heat reflecting coatings t =

Because of the high reflecting power of IR radiation
and high visible transmission Snoa and Inao3 thin filus are spectra-

lly selective and have application in solar thermal energy conwersion,



solar photovoltaic conversion, solar heatihg, window and incandes-
cent lamp insulation etec., In conventional incandescent lawp the
tungsten filavent emits only 10% visible and allmut 90 % heat radi-
ation. Here a heat reflecting coating on the glass envelope could
help reflecting this thermal part back to heat the filament and

can save enough power.

For space craft instruments thermal balance is an
important and delicate parameter. This requires heat retention under
cold and heat radiation under hot conditions. This is essential for
the performance of its very sensitive and sophisticated electronic
equipnents. This heat regulation becomes possible by switchable come

posite coatings of spectrally selective materials.

(ii) Application to solar cellis : =

Both single crystal and polycrystalline silicon and
several other binary and ternary compounde have been found to form
junctions with Sn02 and ITO yielding high efficiency solar cells(71).
For these cells transparent conducting coatings are useful in many
ways. The coating permits the transmission of solar radiation directe
1y to the active region wi£h little or no attenuation and can serve
simultancously as a low resistance contact to the junction and as
an antireflection coating for the active region. The ease of fabri=

cation and preater stability of these films help manufacturing the

cells at relatively lowver costs,

(iii) Antistatic coatings & =

Antistatic coatings on polyester flexible substrates



are used to fabricate packaging for delicate integrated circuits
during their transport and storage. Another use of these coatings for
antistatic purnposes is in space crafts, Field intensity fluctuations
in the earth's nagnetosphere and continuous irradiation of UV and
other charpged particles may differentially bias space craft areas

to a dangerously high potential(72). 1n203 and ITO coatings could

show excellent stability when exposed to combined UV and charge partie-
(?3)

cles irradiation and these coatings therefore could bring unifore

uity of potential on the exterior of the craft,

(iv) Gas sencors & -

llost of the gas sensors used so far are based on doped
or undorned tin oxide(74). Sno2 doped with Th02 are ueed as carbon
wonoxide gas sensors. Sno2 doped with Pd, Rh, or ligD are used to
detect hydrogen gas, SnO2 doped with Nb, Va, Ti and Mo are used for
propane gas detectors. Other transparent conducting oxides are also

important for gas sensing applicaticns.

(v) Other anplications t -

Cther important applications are- the production of
resistive heating layers protecting vehicle wind plasses and window
glasses of residential houses, laser damage resistant coatings in

y(?5), photocathode in photo-cheical cells

high power laser technolog
and surface layers in electroluminescent applications. These oxide
layers could reduce the coefficicnt of friction and thereby can pro-

tect glacs containers in high speed filling lines.
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Te2 FURDALENTAL AND TRCHNICAL PROBLELS OF ORTAINING

IRANSPARENT CONDUCTING FILLS

There is a fundauental conflict between transparency and
electr%cal conductivity, Incédent photon when creates electron-hole
pairs in a material it linits the transparency at short wavelengths.
Again the steep increase of reflectivity due to free carrier absorp-
tion liwits the transparency at long wavelengths. Since the conductivie
ty of a waterial is directly rroportional to its free carrier content
higher electrical conductivity therefore automatically brings opacity
in the filws. This is why electrical conductars are generally opagque
in nature. Some basic considerations indicate that materials with long
rean free path should produce layers with larger figure of merit. long
mean free path in highly conductihg netal films are obtained with
relatively thick films and consequently opaque one. Again in the case
of semiconductors if the band gap is sufficiently high (=~ 3 ev) thicker
filus with high traonsuission are possible, but conductivity would be
hindered due to high band gap. The only way to obtain good transparent
conductor is to creat electron degeneracy in a wide band gap seuicon-
ductor by introducing non-stoichiometry in a controlled way. Oxide
serniconductors are of wide band gap material and are therefore suita-

ble candidate for transparent conductors.

Substrate noaterial soretines creates problem in obtaining
transparent conducting filws. In cheap soda lime glass substrates this
problem is noticeable. Alkali ions of the substrate diffuse into the

film and compensate the effect of free electrons by producing p=-type



doping agents in n-type material. This imparts high resistivity to

the sample.

Another iuportant factor, especially associated with the
spray deposition system is the quality of the speay particles obtai-
ned at the tiue of film deposition. Uniform size of the spray parti-
cle could only produce filus of relatively better quality. Therefore
the design of the spray apparatus is very izportant. Opaque suspen=-
ded foreign dust particles in the deposition environment may bfing
haziness in the film. The working liquid and the atmosphere should

therefore be clear enough to obtain transparent films,

1.3 THE AI¥ OF THL WORK

Considering the iumense application of transparent conduc-
ting films, particularly in heterojunction solar cells, it becomes
meaningful to prepare transparent conducting thin films in our labo=
ratory. In view of the past information and the problems ( mentioned
in the previous section) it seens wise at rresent to select an easy
film deposition method, the chemical spray method as we think, and
to wodify the deposition system in a way such that relatively better
transparent conducting filwus could be obtained in an easy and effici-
ent way. Therefore the job would be to try to design an apparatus
for the deposition of thin film by a svpraying method and to prepare
and In,0, thin films. To utilize these films more fruitfully

2 23
it is essential to characterize the sample and a study of their

SnoO

electrical and optical properties is necessary. Some of these studies

have been performed and reported in this work.



1.4 THE STRUCTURE OF THE THESTS

Some experimental work on the deposition and charac-
terization of Sn02 and 1n203 thin films have been presented in
this thesis. It containes six major chapters in which only the

second chapter consists of two partse

The present chapter contains an introduction to
SnO2 and Inao3 thin films and their applications. Detail descrip-
tion of the design of a spray apparatus and that of the film
deposition process and the experimental prerequisites for the
preparation of different samples have been given in chapter - 3,
A description of the adopted experimental techniques and related
appliances for the stﬁdy of the different properties of the

prepared films have also been given in this chapter,

The theoretical background of the apparatus design
consideration and various analytical technigques for the analysis
of different rosults have been given respectively in part-1 and

part=2 of chapier-2.

Chapter- 4 deals with the effects of different
deposition variables on the Snoa film characteristics. With a
view to obtaining a tentative energy band picture of the material
a systematic analysis of different structural, electrical and
optical properties of the samples have been presensed in this
chapter. Similar studies on In. 0, thin films have been presented

273
in chapter-5.



In each of the chapters = 3y, 4 and 5 the expori=
mental observations, their interpretations and possible inplie-

cations of the obtained results have been discussed.

The conclusions of the present work and a few sugges-

tions for future work have been given in chapter- 6.

Relivant references or bibliography for the respec-
tive chapters have been given at the end of each chapter, At the
end of the thesis a list of research rublications made from

the text of the thesis has been given.
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TLEORETTIUAL CONSIDERATIONS

Non=-vacuun nethods could not produce films of the same nature
as that obtained by vacuum methods although the basic principles of
condensation and nucleation of thin films from its vapour phases
are not very different in these nethods. It is known that the cheni-
cal spray deposztlon rethod is a non-vacuum method and can operate
in open athosphere. With the 1ncrea31ng stringent quality requirenents
impbsed on chemlcally deposited filus a thorough understanding of the
undérlying principles of the method becomes necessary. In this chapter
the 1st part ihcludes a short description of the nucleation and growth
aspects of thin film from its vapour phase in addition to some aspects
of the process.itself, and the 2nd part describes the methods of

analysis of various properties of seniconducting thin film.

FART = I : THEORETICAL ASPECT AND FILM GROUTH PROCESS IN A

CHRLICAL LETHOD

2.1 TIDORETICAL BACKGROUND OF TiHE CHILICAL SPRAY LETHOD

To form a qualitative as well as quantitative background of
the wethod one is to know the chemistry, the theriodynanics and possi-
ble chemical kinetics of the method. Relative usefulness of these

studies are briefly-described below,



2ele1 Cheristry of the Fiethod & -

It has already Eeen wentioned that chemical (spray)
deposition method is a material synthecis method in which the
constituents of the vapour phase react to form a solid film at
some surface., Thus the occurance of chemical reaction is an essen-
tial characteristic of the methed. The nature and extent of cherim
cal reaction can be deduced if one knows the composition of the
solid and vapour phases in the system. The composition of the solid
product can be analysed after the deposition, buf that of the vapour
phase must be determined in situ at the particular reaction condition
because many high temperature species disappear or change upon cool-
ing to room temperature. At present there are several experimental
methods for doing the job, e.gymass spectrometry, Raman spectroscopy,

absorption spectroscopy, gas chromatography etc.

2el1eTe1 Chemicsl reaction s =

There are several types of chemical reactions which

may take part in the film formation process in a chemical method, e.g

* (a) Pyrolysis (b) Hydrolysis (c) Oxidation (d) Reduction
(e) Synthesis reaction (f) Disproportionation (g) Carbide

and Nitride formation (h) Combined reaction etc.

For a spray deposition method the first four varieties (a),(b),(c)

and (d) are important and are very frequently encountered.

Pyrolysis is the process of chemical decomposition
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of a substance by the action of heat and hydrolysis is the chemical
decomposition caused by the action of water. In hydrolysis reaction

vater itself also decomposes. Ve are rresently interested with these

two types of reactions for the preparation of SnO, and In.O. films.

2 23
The formation reactions are given by equations (1.1) and (1.2) res-

pectively.

2.1.1.2 The reactor systeon ¢ =

The reactor is a basic part of any pyrolytic deposi-
tion system. The design of the reactor should be such that it could

provide equiprents to accomplish the following functions =

(a) Transport, rieter and time the diluent and reactant gases
entering the réactor,

(b) Provide heat to thelsite of reaction, namely the substrate
material being coated, and confrol of this temperature,

(¢) Remove the by-product exhaust gases from the deposition

zone and saflely dispose of them.

The quality of the deposited film depends on the degree of fulfile
uent of these functions and to meet these requirements one should

also look into the simplicity of construction of the reactor.

The geometry and construction materials of the reace
tor are determined by the physical and chemical characteristics of
the whole system and by the process parameters. The reactor system
in the chemical spray deposition process can be broadly classified

as -
(i) low teuperature reactor for using at temperatures Z 500°¢C



at normal Pressure.
(ii) High temperature reactors for using at teuperatures > 500°C
at normal bressure,

(iii) Iow pressure reactors,

low pressure reactors are generally hot-wall type but the low tenp-

erature or high tenperature reactors may either be of hot-wall or

cold-wall type.

In hot-wall rcactors it is assuried that due to low
gas velocities eunployed a fully developed thermal field exists in
the reactor. These reactors are generally tubular in design. In
cold~wall reactors the situation is more complex. The existence
of rather sharp temperature gradients perpendicular to, as well as
along the surface of the substrate(in the horizontal configuration5(1)
affect the gaa flow 2nd the transport phenoriena considerably as

shown diagramically - in figure 2.1 .

liot=wall rcactors are used in the case of systems
where the deposition reaction is exothernic in nature since the
high wall tewperature minimizes or even prevents undesirahls depo-
sition on the reactor walls. In the case endothernic reaction

cold-wall reactors are rore useful.

2e1e1.3 Transport phenorena in the reactor s -

Transport phenomena in fluids are related to the
nature of the fluid flow. The following parameters affect the

nature of gas flow in reactors :



27a

P A

; ° —» 1000
e - .\:_ e ~ o 41100
Sl el L e e T e T ksceptor.. at 212007

2 10 15 cm

Figure 2.1 : Isotherms in horizontal reactor when heated from
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(1) velocity of flow,

(ii) temperature and tewperature distribution in the system,
(iii) pressure in the system,

(iv) geouwetry of the system and

(v) gas or vapour characteristics.,

The transport phenomena is therefore important due to two basic
reasons -

(a) the requirerient of thickness and semiconducting doping
uniformity which can be fulfilled only when equal amounts
of reactant gases and doparts are delivered to all the
substrates in the systen,

(b) the requirement of high chemical efficiency to achieve
satisfactory growth rates and utilization of input chenmie
cals; this means that sufficient amounts of reactants

uust be delivered to the film growth surfaces,

All of the above points should be considered at the time of desi-

gning the reactor.

2ele?2 Thermodynamics of the lethod : -

The wmain function of thermodynamics in relation to
chenical spray method is to predict the feasibility of the process
under some specified conditions and to provide quantitative infor-
mation obout the process. In order to perform necessary thermody-
namic calculations for this purpose one requires a set of relative

theruodynarnic data of the system. The most useful of them are the
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£ s
ree energy of foruation of all the associated vapour and condensed

'l 3 i
constituents. The therrodynanics, however can be used as only a

guide line because in most of the cases actual situation deviates

enough from the thernodynanical prediction; moreover it can not

provide any inforration about the rate of the deposition process.

2e1e3 Kinetics of the hethod § =

Some of the factors that cause deviations of theruo=-
dynamical prediction from reality are gemerally studied in the
kinetics. It is knoun that the deposition reaction in chemical
spray deposition process is aluost alvays a heterogeneous reaction.
The sequence of events in the usual heterogeneous process can be

described as follows @

(i) Diffusion of reactants to the surface,

(ii) Adsorption of reactants at the surface,

(iii) Surface events, such as chemical reaction, surface

motion, lattice incorporation etc,

(iv) Decsorption of products from the surface and

(v) Diffusion of products awvay from the surface.
The application of kinetics in film deposition process has been
exemplified by Eversteijn(a) and that can bé of use in the present
cage of SnO2 f£ilm deposition. Dependence of SnO2 film deposition
rate on the substrate temperature has been described in chapter-k,

but it would be meaningful here to mention that the most likely

rate controlling step at lower teumperatures is the weak adsorption



of reactants on the substrate surface. In the upper temperature

range howvever the most probable rate controlling step is the
diffusion of reactants and product to and from the substrate

surface respectively. The rate of deposition r is exponentially

dependent on temperature Tas given by Arrhenius equation -

' = a exp (-AEA{BT) eoce case (2.1)

where A E is the activation energy for the process and a is the

frequency factor.

Another important side of the film deposition process
where kinetics has its role to play is to determine the variations -
of the deposition rate on the substrate orientation. This is however
useful for epitaxial filus with which we are not presently dealing

in this weork.

2e2 I'ILY GROUTIL ASPECTE

Properties of thin film are very much related to
their structure. Thus understanding of the factors governing the
structure of the film is important. A brief discussion about the
nucleation and foruation of polycrystalline and amorphous thin

£ilms has been given in this section.

2e2e1 Mucleation and the Stages of Film Growth ¢ =

The nodern theory of nucleation is based upon the
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atorostic nucleation concept(B) which states that not all surface

sites have equal bonding characteristics. Those with strong bonds
are particularly favourable nucleation sites. Again, after nuclei
reach a certain size it becoues energitically more favourable for

them to grow than to reevamorate. The growing nuclei come into

contact and finally coalesce to form a continuous filnm.

The sequence of the nucleaztion and grovwth steps to
form a continuous film as revealed by an electron microscopic

abservation(h'E) aTe =

(2) The islarnd stage ¢ where the first evidence of condensaw

tion is observed via sudden burst of muclai of fairly uniform size.

(b) The coalescence stare : which occurs between the islands

in less than 0.1 sec. The character of coalescence is liguid like
and enlargenient of the islands occurs covering larger areas of
the substrate.

(c) The channel stace : when larger islands grow together

they leave channels of interconnected holes of exposed substrate
in the form of a network structure on the substrate. As deposition
continues, secondary nucleation occurs in these channels and forus
the last stage of the nucleation viz =

(d) The continuous film : which then grows in thickness as

the time passes.

2e2e2 Polycrystalline ard Amorphous Thin Film 3 =

These two structural forme are actually nore conncn
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in spray a s 3
J Geposited filmg, In general, lower temperature and higher

aB hag s
a5 pnase concentration favour formation of polycrystalline deposit.

Under these conditions the arrival rate at the surface is high,

but the surface wobility of adsorbed atoms is low. Nany nuclei of

different orientation are forimed, which upon coalescenee result

in a film consisting of many differently oriented grains. Further
decrease in temperature and increase in supersaturation result in
even more nuclel and ¢censequently in finer grained filus, eventually

leading to the formation of acorphous film when crystallization is

coupletely »prevented,

2.2s3 Foraation of Defects Burinzg Grovih ¢ -

When the islands during the initial stapges of film
growth are still guite small, they are observed to be verfect
single crystalecs). However as soon as the islands becore large
enough so that they touch, grain boundaries or lattice defects will
be incorporated into the filw, unleess the islands coalesce to form
a single grain, Again during the process of recrystallization of
the grains which also occurs at the early stage of film foruation,
a large number of defects are incorporated in the film. The types
of defects those are often encountered in spray deposited filus
are lattice vacancies, stoichiomelric excess and grain boundary.
Another type cof defect namely the surface roughness which stens
from the guality of the sprayer is especially impertant in the

case of spray deposited filuse Rough surface can affect the overall

properties of the film if the thickress ig srall. Dislocations are
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mainly found in evaporated filusg and are therefore not very impore

tant here.

2e2e3e1 The prain boundaries ; -

Effects of grain boundaries in polycrystalline thin
film are very much significant. The grain size and hence the boun=
dary regions in thin films depend on the deposition variables
such as (a) film thickness, (b) substrate temperature, (c) anneale
ing temperature and (d) the deposition rate. Thus the number of

such boundaries ape controlable paraneters.

(6)

A schematic representation of the dependence of
grain size on different parameters as mentioned above,, has been
given in figure 2.2. In this figure the dependence of grain size
on the deposition rate is less obvious, but can be understood on
the basis that film atoms just impinged on the surface, although
they may possess a large surface mobility, become buried under
subsequent layers, at high deposition rates, before much diffu-

(6)

sion can take place e In order to operate this effect, however
a certain miniunum rate must be exceeded., Below this threshold

rate, grain size is limited by temperature alone.

Dependence of grain size of Sn0,, thin film (CVD) on
the substrate temperature has been studied by T.luranoi etal(7),
wvhere it was observed that grain size increases with the substrate
tenperature. It is naturally expected because of an increase in

surface mibility due to an increasing substrate temperature

allows the film to decrease its total energy by growing larger grains.
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Figure 2.2 : Dependence of grain size L on film thickness,

substrate temperature Ts’ annealing temperature

and deposition rate.




2.2.4 Defect Structure in Sno2 and In203 Thin Film ¢ =

It is well known that the rhysical properties of
oxides depend strongly on the deviation from the stoichiometric
composition and on the nature ang concentrations of foreign atonms
incorporated into the host lattice. The exact nature of the defect
structure in SnO2 and In203 thin filns are still nostly uncertain.

Since SnO2 is n=type, either oxygen vacancies V° or
interstitial tin atom Sni are expected to be donors in pure Snan
Thus either of the defect reactions -

$n0, === gp (Sn“+) + 000%") ¢ V2 %0
2 o 2
e lg..,.
or, SnO2 LEES= O sng” 4 02(8)

(©)

nay take place e In the case of Sb-doped and F-doped SnO2 cations
and anions of SnO2 1:ay be replaced respectively by Sb5+ and F~ ions.
Vhen deposited SnO2 from SnClk by spray pyrolysis, C1~ ions may

also replace 02° ions in the lattice at low substrate temperatures(g).

In undoped Inao3 thin filn oxygen vacancies azd in

Sn-doped In?o3 film both the substitutional tin and oxXygen vacane

(10)

cies may be present o C1” ion concentration is also important

when Inao3 is spray deposited from InCls. Formation of all these
defects are strongly dependent on the preparational conditions.
Contamination from substrate material is also inportant for these

films.



PART - II: ANALYTICAL IETHODS FOR TIE

STUDY OF FILY PROPERTIES

Electrical and optical properties of semiconducting materials
are generally analysed by statistical methods. Such methods are
devided into two main branches = the classical statistics and the
quantun statistics. The more commonly used method for sermiconductor
physics is the classical statistics, but there are cases vhere the
application of quantum statistics becomes essential to have adequate

analysis of the results,

2 and In203 thin films are

obtained alwost always in a degenerately doped condition and thus

In the spray deposition process Sn0

the degenerate electron gas models would be best applicable to
these samples. In this part of the chapter different theoretical
principles underlying the various analytical methods for the pro-
prerties of semiconducting naterials with special emphasis on

degenerate ceniconductors have been briefly discussed.

2.3 DECLNERATE AND NOH;DEGENERﬁ.E SEI ICONDUCTOR

Ferui level in most of the semiconductor is located at least
a few kBT below the bottom of the conduction band. In that case
the electrons in the conduction band follow closely Boltzmann

statistics, and the electron gas is said to be non-degenerate.



Under certain circuustances, hovever, the Fermi level may enter
into the conduction band and the electron gas in the conduction

band may becore degenerate. The conditionsfavourable for such a

situation are-

(i) Relatively high donor density (-~ 1019 cm“j)
(ii) Swmall donor ionization enerpgy and
(iii) Iow density of states near the bottom of the conduction

band i.evsmall effective mass of the electrons.

Under these conditions all the statistical calculations should be

perforued by taking the Fermi-Dirac statistice into account.

As temperature increases from absolute zero, the
donors begin to ionize and as a result of the low density of states
the lower energy states in the conduction band becone completely
filled. The position of the Fermi level relative to the bottom of

the conduction band is then given by(11)
2,0 * g
Ep = (h°/8m ) ( 3n/mt)” coo ces (2.2)

where n is the density of electrons in the conduction band. As
long as E%J§> kBT, the electron gas is depgenerate. Clearly as
the electron effective mass m; is reduced, degeneracy may occur

18

at lover electron demsity (~ 10 cm-3). As temperature is increae
sed further the degeneracy is removed and Fermi level leaves the
conduction band again. The approximate condition for degeneracy

is that the Fermi level be no lower than kBT below the conduction
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band edge and the tewmperature Tdeg at vhich this condition is

satisfied can be obtained fronm equation 2.2 as
T = ( h2/8k m*) ( 3n /rc)i‘?" (

deg B e deg L XN ] LA ¥ ] 2.3)
Here Tdeg is the teuperature upto which degeneracy exists and is
known as degeneracy temperature and ndng is the carrier concen-
tration at that tempersature known as the degeneracy concentration

(concentration for the onset of degeneracy).

2.3e1 The lott-Criticol Density of Electrons : -

The Hott-critical density n, for the metal-insula-
tor transition in a doped sewmiconductor is estimated from the

llott~=criterion

1 2 2
nc aH —~— 0.25 L] aII = GOIH /m;e

The effedtive Bohr radius is ay and 60 is the static dielectric
congtant of the host lattice. This critical density is not a
constant gquantity for a material but it depends on the method of

sample preparation and inpurity content.

2.4 THUE HALL CONSTANT, TLECTRICAL CONDUCTIVITY AND NOBRILITY

Hall effect is observed when a magnetic field is

applied at right angles to a conductor carrying a current I as



shown in figure 2.3, In presence of a magnetic field, a magnetic
force vB acts on the electrons having an average velocity v due

to the current I. This force is at right angles to both the direce
tion of B and v and therefore each electron (for n-type material)
is deflected towards one side of the conductor. When the electrons
reach the surface of the conductor they produce an additional
electric field EH' Under equilibrium conditions, the side ways
force on the noving carriers due to this field Jjust balances that

arising from the magnetic field.

The magnitude of the transverse Hall field €H e is

found by equating the side wise forces -

eE,, = evDB eeon eoo soe (2-4)

Fl

The average velocity can be expressed in terms of the current
density J and the conduction electron density n from the rela-

tion J = nev , and the result is

EH = ( 1/ne)JB = RHJB oo eve (205)

wvhere the Hall constant
RH = 1/[1@ soe cee evce (206)

gives the carrier concentration directly. The experiuentally

observed quantity is the Hall voltage VH ¢ Which is obtained from
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Figure 2.3 : The forces acting on a current carrier in a
conductor placed in a magnetic field leading

to the observable Hall field EH "



equation 2.5 since

EH = Vﬁ/w v and J =1I/vwt ,

where w is the sample width and ¢ its thickness. Therefore

eqn. 2.5 becoues
RH = 1/!19 = vnt/IB soe eco (2.7)

In equation 2.7, e is the magnitude of electronic charge and the
algebraic sign of the Hall voltage tells whether the carriers are

holes or electrons.

This is a very simple treatment of the Hall effect
which considers a spherical constant energy surface for the speci-
men. A more regorous treatment for multivalley semiconductors with
ellipsoidal constant energy surfaces leads to the following expre=

ssion for the Hall constant(12)i

RH = (r/ne) BK(K +2)/(2K+1)2 eoo0 saso (208)

where r is a constant equal to 1 for degenerate semiconductors
and K is the ratio of the longitudinal to transverse effective
sasses of the carriers. For our SnO2 and In205 thin films the

quantity 3rK(K+2)/(2K+1)2' is not very different from unity,

Holl wobility s and Electrical Conductivity 6 :
7

-Hall mobility of the charge carrier in an electr-
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ic field & is the average velocity of the electrons per unit

electric field, i.e

/u= v/ € coe cee oes (2.9)

Combining this with the ohn's law § = J/E we get the conduc—

tivity-

5"=ne/u

01‘,/(,(.= %6\1 evo ese evco (2.10)

Due to thermal energies the electrons and holes
in a semiconductor are in rapid random motion colliding among
themselves, If 7 is the average time between such collicions
then ihe rate of change of velocity is «~v/7 . Under steady state
condition this rate of change must be equal to the acceleration

due to the field -ef /m* .Therefore _
ee/m* =v/7 = /ug/f,"
or, /LL = e7J/m‘ and 6 = neaT/m‘ ece eoe (2.11)

In the above derivation the relaxation time '7/ has been assumed

to be independent of the electromns' velocity v for simplicity.

For seniconductor with spherical constant energy

surfaces it has been observed that over a considerable range of

energies (12)
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T: aE-r coe voe ece (2-12)

where r is a constant and a ray vary with tenperature. The value
cf r is generally derived from the observed variation of mobility
with temperature and is dependent on the scattering processes.

To determine the exact nature of dependence of T on energy of the

electrons is a fundauental problem of semiconductor physics.

2.5 VARIATION OF CARRITLR CONCENTRATION WITH TELIERATURE

(FOR EXTRINSIC ST ICONDUCTOR)

The temperature variation of electron concentration
n (or hole concentration p) may be seen in the following way. Ve
consider only the region of rartial ionization of the donors so
thet n < ND (or, p <‘NA) where ND is the donor density. Taking
the case of n=-type material (ND> NA), the rate of loss of electrons
from donor centres to the conduction band is proportional to the
nunber of filled donors [ND-(NA-fza)] and the number of empty

conduction band states Nc. Thus it is given by-
k1Nc (ND - NA-n)

The rate of return of electrons to the donors states is proportion-
al to the number of electrons in the conduction hand n and to the
number of eupty donor states ( NA-+11) each of which must be counted

twice (due to spin degeneracy). This rate is then

k,n [2 (NA + n )]
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At equilibrium these rates are equal, so that

nLE(n+ NA)]/ w, LND-(NA-V-II)J =ky/k, = K ... oos (2.13)

vhere K is the equilibrium constant a function only of tomperature.

In classical approximation it is given by-
K = exp [—(Le-ED)/kBT]

where (iﬁc-lﬁ)) is the donor ionization energy, Ec is the conduction

band edge and
_ 2. 3/2
. Nc = 2(2:’[{3; kBT/h)

is the effective density of states. For degencrate case Nc would

be given by-
- ) _ 3/2
N, = 4Tl/h (2m? k,T)
If 11<§NA, equation(2.13)reduces to
n .—_[(HD- N/, . mc/aj exp E-(FC-ED)/kBT] see (2.14)

On the other hand if N> n > N,, then equation (2.13) reduces to

2
20°/N Ny =exp [ ~(Ey= E)/X,T |



or, n = (NC/E .ND)% exp [.-( E,=- ED)/ZRBT) vee - (2415)

where the bre-exponentisl term has a slight temperature depen=
dence but is usually neglected. Bquation (2.14) and (2.15) operate
80 long as the sauple is extrinsic and remain out side the exhaust=
ion range. In the exhaustion region where all the donors are ionized
the electron concentration is approximately constant. The electron
concentration where the (n vs. T) plot is horizontal equals the

donor concentration..ﬂg.

2¢5¢1 The Actjvation Energy :=

The simple activation energy related to the electronic
conduction process of a material is often expressed by a conventional

Arrhenius type relation=-
6"’—‘ 5;0 exXp (—Ea/kBT ) sse oo ece (20155\)

where Ea is the activation energy and 6 is the electrical conduce
tivity. For semiconductors the following two distinet cases may

arise.
Cage - I

Intrinoic semiconductor:= For n-type conduction, the carrier

concentration in this type of material is expressed as-

n = (NVNC)% exp (- E5/2I{BT) ons see (2.15]))
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wvhere N, and N, are the carrier concentrations in the valence and

conduction bands respectively, and Eg is the band gap. Since 6~

(= ne/x) is directly proportional to the carrioer concentration, n,
at constant mobilities, the activation energy can be obtained by

comparing eqn(2.15a) and (2.15b), and is given by-

E, =E,/2 = half the band gap o — (2.15¢)

Case =« IT

Ixtrinsic seniconductor § - For extrinsic semiconductor additional

trap levels are present in the regular band gap. Therefore the acti-
vation energies can be obtained by comparing egquation (2.14) or egn

(2.15) with equation (2.15a). Tuwo cases may again arise-

(1) Uncormpensated ceniconductor i -

In this situation Np>n>> N, and the activation

energy is obtained from eqn (2.15),

B, = (Eo- Ey)/2 = half the trap depth . eee (2.15d)

(ii) Partly compensated semiconductor & -

In this regime n < N,< N, and the activation

energy is

5 = - 5 = 2 cee e (20159)
E, = (Ey=E}) = the trap depth &

Compensated seniconductors behave like intrinsic material and the

activation energy is conparable to half the band gape



A sanple may change from omne category to other
depending on itgs temperature, At high temperature, in extrinsic
sample, intrinsic conduction may set in. From the above discussion
it is however understood that the activation energy studies in

seniconductors should be perforred with great care.

2.6 THONSON COUTFICIUNT  AND TIERIOELECTRIC POVER

It has been observed that when a temperature gradient
is imposed on a conductor an e.m.f is set up between its two ends
under condition even when no electric current is drawn. This effect
is a rudimentary conception of thermoclectric effect in conductors.
Phenonenologically one may define at this point the Thomson coeffi-
cient, Th y as the coefficient of proportionality relating the

electric field and temperature gradient as follows =

E,==T,(0T/0x%) ... vou (2.16)
Physically,the effect can be scen as the result of increased
energy of electrons at the hot end of the material causing a
diffusion of electrons towards the cold end; the charge iwmbalance
caused by this diffusion sets up an electric field sufficient to
oppose further flow of charge in this direction. A guantity comme
only used to describe the effect is the thermoelectric power Qab;
This refers to two materials denoted by a and b. If we have a

circuit containing two junctions at A and B as shown in figure 2.4



Figure 2.k :
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at teuperatures TE and T,I s the raterial is being open at point

¢y ( C may have other temperature T, ) the open circuit voltage

Vo at C is given by

T
2
VO == ér Qab(T) dT
1

If T2 =T, + AT, wvhen AT ig small, we have

VO = QabAST eve LE X (XX} {201?)

This equation defines Qab the thermoelectric pover of the material
a with respect to material b, and is practically the specific

thermoelectric power.

2.6.1 Absolute Thermoclectric power & =

()
h

If ‘I‘}Ea) and T are the Thomson coefficients for

the two materials then from thermodynamical au:-g;i.tment:(13 )

Téa)‘ Tﬁb) = T (anb/dT) sece cowe (2-18)

If we choose for the material b one feor which Téb) =0

(usually lead, Pb), and for the thermoelectric power relative
to this material write Qab = Q&, then Qa is sometimes called

the absolute thermoelectric pover.

For non-degenerate semiconductor with scalar effective



mass m and relexation time T of the form TJo< 5T, we have

(
the expression for thermoelectric power"la)

Q (nyp) =7 [(5/2 -r) - nF/kE‘I‘] kp/e .o (2.19)
Q is negative for n-type semiconductor and positive for p=type,
r is the scattering index ang EF is the Fermi energy with refe-

rence to the conduction bang edge.

24642 Degeuerate Case §

Vhen the semiconductor is extrinsic and degenerate
then the situation is more couplex and the formula for Q nay be

(%)

given by’

Qln,p) =2 (ky/e) { L2/ ] [F, . Op)7 5, )] ’W} eee (2.20)

where, yl‘ = "‘F/ kp T is the reduced Fermi energy, and

o
F’r(‘Yl‘) = Ofxr{‘i/ [1+ éxP(x-Yt*)_]} dx .es (2.21)

is the Fermi integra1(15’16). Here r =0 for lattice phonon

scatiering and r= 2 for ionized impurity scattering.



2.6.3 The Position of Ferui Level s -

In the case of electronic seniconductor where the

erystal binding is rostly ionic in nature, an expression for the

thermoelectric power @ similar to equation (2.20) has been deri-

ved and exenplified for oxide semiconductor by R.H.Uright(15).

This is given by

Q = kB/e {[(3/2)1"2(71‘)/ F, (?1* )J- *q‘} - eso  (2,22)

where F1(7r) and Fa(Tr) are Fermi integrals given by equation
(2.21) and the other symbols have their usual meanings. For Sno,
and Inao3 thin filws this equation(2.22) may be suitable for the

determination of Fermi levels,

2.6.4 Effective llass of Llectrons : -

For seniconductors obeying Fermi-Dirac statistics

the expression for carrier concentration is given by(12)
/% (2 we k. 132 . 2.23)
n = lf[\/h (2 mekBT) F_%_ (’Yl) ooe ( 2

wvhere F_% (rl‘) is again the Fermi integral and ; is the effective
mass of electrons in the conduction band. Let us put m; =Gm,

where m is the free electron rest mass and G is a constant. Then

equation (2.23) can be rewritten as
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® - 3 - P
P00 = /U ue 2y=5/2 32 cee (2420)
so that from g knovledge of either'qf or n/GB/z(effective
elcctron density), the other can be determined at any tenpera-
ture. N°® can be deternineq from equation(2.22) and reasuring

n by Hall experirient the value of G and hence E; can be found.

If the seuiconductor is ron-degenerate then the
effective nass of electrons can be easily deteruined from the

(11)

expression for theruoelectric pover

Q = <86.2 1n [t,,.'? x101? Ry +(3/2)1n(m;/m) +(3/2)1n T+2_‘] /UV/OK
coa (2,25)

vhaore RH is llall constant and T is absolute tewmperature. This

expression however gives good result only near room tenperature.



2.7 SCATTERING PROCESSES

Durlng the course of free electron's riotion in a

real crystal they suffer M

tions resulting in g rhenonenon of scattering. The effeect of any
scattering interaction i may be evaluated by calculating the
relaxation tire 7’1 associated with the process. The over all

relaxation time 7T may then be expressed by
1 = >
/T Z_i 1/’712- cao eoe oes (2-26)

It is clear that the scattering process which leads to the

-~

shortest relaxation tine /i is the dominant one. Once the relax-

ation time 7 is known, the mobility nay be easily calculated.

The processes those can scatter carriers and there=-

fore affect the mobility have been briefly described below,

2.7.1 Lattice Scattering : -

Carriers may bé scattered in the lattice either by
the (i) electric potential due to optical polarization of the
lattice or by the acoustic lattice vibrations creating a lattice
deforzation potential via (ii) lattice dialatiom or via (iii) pie-
zoelectric polarization field.,

Optical mode scattering has been treated by many



theoretical physicists. Fop non-degenerate semiconductor Howarth

. (17)
and Sondheiner have given a very useful expression for the

nobility-

/U'o = [,ha/e (akB)%J e;«’} w? -3/2 [e €/ (e =e )] exp (6,/T) _1]
at T<Koy ... con  (2.27)

where eD is the Debye temperature, € is the dielectric constant
and €, is the high frequency(optical) dielectric constant. Sinjie

lar formula for degenerate seuiconductor may also be obtained(183

For Sn0, (rutile ) estinated value of 6, is~ 500°K.
Calculation by Bardeen and Shcckley(19) shows that the mobility,
for scattering due to lattice dialation caused by the acoustic
lattice vibration, is

S 1t T 5/2 3/2°
- -4 = 2 W L

/L(a = (STL) H Cii/EJL,ln me (kBT) J eoca (2.28)

where, Cii is the average longitudinal elastic constants and Eﬁn

is the shift of the conduction band edge per unit dialation ium ev.

Piezoelectric scattering may not be so important

in SnO2 thin films.

2e7.2 Inpurity Scatterinpg : -

Inpurities in extrinsic semiconductors may remain

as ionized or as neutral. Both of them may scatter carriers under



specific conditions.

2.7:2.1 Tonized impuri@x_scattering-:-

When the concentration of ionized donors or acceptors
are high, the electrons suffer Rutherford scattering due to the
presence of ions. For theoretical treatments Blatt(EO) used partial
vave method and discussed ionized impurity scattering in non-dege=
nerate seniconductors. Using Kohn's variational principle in partie
al wave method Csavinszky(2a) has analytically showed that this
scattering process in the case of degenerate semiconductor can be
adequately described by considering only the zeroth-order phase
shift of the partial waves. Appropriate scattering potential for
this purpose would be the screened Coulombd potential as used by

Blatt having the screening length(EB)
R = (/58 0 Mitne w? 26y .. cee  (2.29)

beyond which the scattering potential is assumed to be negligi-
ble. € is the dielectric constant of the medium and n is the
carrier concentration. The expression for the total scattering

cross-gection Qo is then given by
Q = (lf'n-/ka) Binz oce e coe (2030)
o Mo

where k is the wave number of the scattered particle and71° is

the zeroth-order phase shift,



To determine an expression for the mobility, limited
by ionized ivpurity scattering alone,one has to compute the average
relaxation time (T at first. 7 in terus of the total scattering
crosg-section Qo’ the number of scatterers N+, and the velocity of

electrons v, is given byczh)
T =@y ™ Ll (2.31)

Yor degemerate semiconductor the above exprescion for average T

can be written as

T = (v ) L, cee  (2.32)
where the superscript F indicates that the corresponding quantie
ties are to be taken at the Fermi energy. Thus the expression for

mobility is given by~

/*1 =T e/u: =o0.323e/ (X Qf; a?) ... (2.33)

2e7e2e2 Neutral impurity scattering s -

Neutral impurity scattering is relatively less

important at about room temperature but may be important at low

(24)

tenperature limit. Erginsoy has calculated the mobility

associated with this type of scattering alone and obtained



/"'ﬂ - m; e-)/(acé Nohg) ®oo evce (2.31!')

where Nb is the ¢oncentration of meutral impurity centres.

22753 Scattering at Dislocations s -

This form of scattering has been discussed theore-
tically by Dexter ang Seitz(as). They showed that this type of
scattering would not be significant unless the dislocation den-
sity exceeds 1080m°2. At a density of 10" leun™2 scattering should
be comparable to lattice scattering at room temperature. Disloca=~
tion appear as a charged cylinder in the rath of an electron and

causes scattering. The relaxation time for the process is given by

Ty = 3/(8Riv) ... s (2.35)

where N is dislocation density and R is the radius of the disloca=-
tion line and v is the velocity of the electron. This type of
scattering is also unimportant at room temperatures but may be
inportant at low temperature limit. For spray deposited samples

dislocations are less imnportant as have been mentioned earlier.

2.7.4 Scattering by Grain Boundaries i =

Grain boundary scatterings are very important for

polycrystalline samples obtained either in bulk or in the form



of thin filus.

From the grain boundary potential barrier theories

(26=29)

it is found that the boundary regions are characterized

by a potential barrier of height E/L and a density of traps th

They are related by
1;,/4 - eaQi/(geeon) g - (2.36)

wvhere n is the carrier concentration. The barrier height is

also dependent on the grain size. However, depending upon the

nature of this barrier height the scattering process and thereby

the carrier transport process in the sample may be influenced

either by the (i) thermionic emimsion of carriers over the barpier
or by the (ii) quantum mechanical tunnelling or by the (iii) barrier
reflection mechanism. A combination of all these different mecha-
nisms way also be present. Due to all these possibilities the

situation becoues very couplex in degenerate semiconductors.

R.E.Jones et al(§0) have pointed out that when
%?L<3:E%, for a strongly degenerate sample with the Fermi level
EF at least 2kBT above the conduction band edge, quantum mechanie
cal barrier reflection model would be appropriate and the relaxa-

tion time 7" for the material with grain size L can be given by -
TB=2L'ﬁZE/( n* 32E2V) ece esve (2037)
o=

Since E==1/2(m;v2) is the energy of the electron having velocity



v, and a==Qéfn is the width of the square barrier of height %M, expr-
ession(2.37) thus takes the form 7Teo<c T and gives the value

of r=-1/2 for barrier scattering. It can be noted here that for
pure lattice scattering r = 1/2 , For strongly degencrate case

the temperature broadening of the Fermi surface will only slightly
change the velocity distribution of the electrons and thus barriecr
reflection leads to almost temperature independent scattering
mechanism. On the other hand Petritz(31) has pointed out that
when thermionic emission of the carriers predominate then the
associated mobility is strongly teuperature dependent; whereas

in the case of tumnelling, carrier transport is temperature in-

dependent(sa).

The nature of grain boundary scattering in polycry-
stalline semiconductor is presently an interesting subject of

study to many workers.

2e7.5 Carricr-Carrier Scattering & -

In highly degenerate electron gas model this type
of scattering is important, but since the contribution is very
snall, they are generally neglected. In sone cases, however,
(discussed latter in this chapter) this type of scattering can
play an important role in determining the band shape of the SpQ=
cinen. The effect of inter-electron collision on nobility has been
discussed by Frohlich et a1(33? When the effective mass of holes

are larger than those of electrons then the electron-hole collision
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ay reduce the electron Lobility.

2.7.6 Inter-valley Scattering : -

Inter-valley scattering(34) is important for semi-
conductors where a multivalleﬁ conduction band is present. Such
scattering usually involves the participation of energitic phon=
ons and hence is.inelastic and strongly temperature dependent,
This is however noticecable at high teuperature only because at

low temperature energitic phonons are not available.

2o7e7 Iffect of Inhonogeneity on lobility ¢ =

It is usual that thin film samples may possess soune
inhomogeneity in their structure. This inhoriogeneity has large
effect on the carrier riobility. Such inhomogeneity may result from
(i) anisotropic impurity segregation, (ii) impurity complex forma-
tion, (iii) formation of cluster in solid-solution samples or from

(iv) composition fluctuations during growth,

The meighbourhocod of an inhomogeneity is usually
characterized by a space-charge region to which carriers suffer

hard-sphere like collision. The mobility is therefore given by‘ss}
//‘. = (G/NS ) ( 2m;kBT).% eoe ses (2.58)

where N is the demsity of space charge region with effective

scattering cross-section of S. This type of scattering is
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prominant in high resistive waterials,

2.8 OPTICAL PROCESSES

To investigate the optical behaviours of a senicon-
ductor it is necessary to study its ultraviolet ( UV ), visible
and infrared (IR) characteristics., $n0,, and In203 thin filwms are
transparent to visible radiation and therefore their UV and IR
characteristics are important. Optical studies therefore should
include absorption and reflection phenorena in these regions and

transmission phenomenon in the visible region,

2+3.1 Inter Band Optical Transition and the Pond Gop ¢ =

When an electron in thé valence band absorbs energy
in sone form it may make a transition to the conduction baad under
certain circumstances. Vhen this transition between the bands
occurs at the same value of the wave vector k then the transition
is considered as vertical and is allowed. Non vertical trausitions
are nominally forbidden. For the simple case shown in figure 2,52
the absorption of radiation would be intense for all lr9>>Eg and
cease more or less abruptly at hY = Eg, where Eg is called the
absorption edge or the optical band gap. These types of-transitions
do not involve any phonon for the conservation of energy. Therefore
the transition is called direct. Bardeen, Blatt and Ha11(36) have

given an expression for the absorption process as
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Allowed Trens=icion

Energy
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Figure 2.5 : Optical transition in semiconductor, -

(a) Allowed transition,(b) Forbidden transition.



Oy = B(hY - Eg)s/hi) (2.39)

vhere & =% for allowed transition and 3/2 for the forbidden

transition, B is constant ang C{d is the absorption coefficient.
The process of indirect transition has alsoe been

treated by the same authors(ss). This type of transition alvays

includes phonons. The absorption coefficient is given by -

d, = A(hY «E_ 2
i g

Egs/hv LN ®oo (2.“.0)

vhere s=2 for allowed transition and 3 for forbidden onec.
Allowed transitions are less probable in indirect process. Here

Ep is the energy of the phonon absorbed (+) and/or enitted (=),

From all of these expressions it is clear that a
plot of (Xh¥)® vs hY curve would give the value of Eg when

carefully drawn for a particular transition process.

2842 Dependence of Optical Absorntion Bdpe on

the Carrier Concentration : e

For degcnerate semiconductor a dependence of the
optical absorption edge om the carrier concentration is often
observed. The effect has been explained independently by Moss(’7)
(38)

and Burstein when they observed in InSb sample a shift of
the absorption edge towards higher energy as a function of its

carrier concentration.
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In fact the magnitude of the shift is determined by
tuo competing mochanisms. There is a band gap narrowing which is
a consequencecBg) of many body effects on the conduction and vale
ence bands, This shrinkage is counteracted by the lMoss-Burstein
effect(Bg) which gives a bang gap widening as a result of the
bloéking of the lowest states in the conduction band. At high
carrier density, well above the Mott-critical density, (also depe=
nding on the level_of doping) either of the two mechanisms may

predominate. This effect has been observed very distinctly in

both the Sno2 and 1n203 thin film samples.

Lhe Theory of the Shift (lLoss-Burstein ):

Ir Ego is the intrinsic band gap, then the energy E
of the electron making a transition from soue place of the valence

band to the conduction band can be written as
v . pney 2 . 2,2 » 1
E=hT% /(2 lﬂe) + EE‘,‘O + h 'k /(th) ceoe eso (2-'!‘1)

at the same wave vector k. As the density of states im k-space

is simply
ai/ak = 2 (4K?) ... vos (2.42)

we obtain directly

d N(E)/dE = 8N n™> [2&!;3 (E-Ego):] .. s - (B.5%)
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Here N(E) is the density of states function and m; is the reduced

effective mass given by
- ] *
1/.’!’5; = 1/me + 1/mh soe reo (2"4.[{.)

Now integrating (2.43) over the range 0 to ﬁng (figure 2.6)

wve get
AEg
o= / anE)  =[87 /502 my k)72
.0

- Thus the loss~Burstein shift is given by
- 2
A}“:éﬂ =(’h2/,2 m; ) (3“—2 N)g L XY szs (2.45)

This expression is exactly siwilar to equation(2.2) which gives

the position of Fermi level in a - degenerate senmiconductor.

This is however a very simplified method of obtai=
ningZSEg where the soll energies due to electron-electron (c-e)
and electron-impurity (e~i) scatterings have not been considered.
If they are talken into account the expression for the shifted

band gap c¢an be represented by(QO)--

MB
As, =L ° + A Zc(kF,CO) - A Zv (kpy @) o (2.46)

vhere H »_  and 41 )  represent the self energies due to (e-e )
c v ‘
and (e-i) scattering and can be derived by quantum mechanical



methods. In the above derivation it has been assumed that the

conduction band is parabolic, But if the band is non-parabolic
(41)

vith a linear dependence of E on k for example; then we obtain

2.
)

<&

AEg o N% in place of N° in equation (2.45),

2.8.3 Refractive Index of Transparent Filws 3 =

Figure 2.7(a) represents a thin film with a conplex
refractive index n= np - ik bounded by two transparent media
with refractive indices N, and nq « Considering a unit anplitude
for the incident light, and for normal incidence the amplitude

J
of the transmitted wave is given by“a)
A= t.t, exp(-2tint/ )/ |1 +r,T, exp(-hﬂlirz‘b/?\)] eee  (2.47)

in which t,', te. r, and r, are the transmission and reflection
coefficients at the fromt and rear faces. The transmission of

the layer is given by -
2
T = (n1/no) IA( coe cee cee (201"8)

For transparent film (weak absorption) with k= << (n, -no)a and
k2<< (nf -n, )2. k being the extinction coefficient, T is given
by

2 [ A2 L A2 4,2
T= (‘I6n,°n1nf K)/ [(21 +C, K™+ 2C,C_K cos (Imnft/A )] ees (2.49)
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Figure (2.6) : Origin of Moss-Burstein shift .

Figure 2,7 :

uniform thickness t .

Typical transmission spectrum for a thin film of




where C, = (n, +0o)(ng+m,), Cy = (np=ng)(n,- n,) and

K = exp(-l*nk t/?\) = exXp (-d t) coe oo (2050)

X is the absorption coefficient of the thin film,

Generally outside the region of fundamental absorp=
tion (Y D> Eg) or of the free carrier absorption (at higher wave=
lengths), the dispersion of n, and k is not very large. The maxi-

ma and minima of T in equation (2.49) occur for
L}ﬁnft/}\ = miC eea ese (2051)

where m is the order number. Using equation (2.51) in (2.49) for

1
transparent film on a nonabsorbing substrate we obtain( 2)
l
nf = [N-l- (NZ- n§n$ )%] c eoe eve (2-52)
where N = (n2+ na)/a + 20,0, (? -7 .  )/T
= | 071 "nax i

i
min max min

T oy 2nd T.in @re shown in figure 2.7(b).
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2.8.4 IR Choracteristics : =

In the tranmsmission region the major IR losses are

due to free carrier absorption within the film. The expression

for the absorption coefficient O im this region can be derived

from the classical dispersion relation for the complex dielectric

function €= ¢ o 3 €" for a free electron gas, where

2_k2

v o
€' =g

2 2 2 -

= 61.- Y_“-&)P/(w +Y ):l ece soe (205.'))
" 2 .2 2

and ¢" = 2nk =(Y/w) Wy €, /(WS Y% .. (2.54)

EL is the dielectric constant of the material if there are no

free electrons, Y= e/( n’zé/.k) = 1/7 4 T is the relazation time.

The screened plasua frequency wp is given by
W = ll-flnea/e €. n* ]% . . (2.55)
P [ o Le °* -
or, the plasma edge,
= ¢ [(é & m‘rt)l/ nea _]% in CeGoSe eve (2-56)
Ap = Sl (&€& =

Since the absorption coefficient
d= 4nk/7\, coo caae ) [ XX ] (2.57)

therefore combining equations (2.53) to (2.57) we obtain



d = (7‘.20311)/(1”1260 cgnfm;/u) ece soe (2058)

where, €y is the velocity of light in free space, and other

syubols have their usual meanings,

IR Reflectivity:

One of the important optical characteristics of
Sno2 and Inao3 thin films is their IR reflectivity. The reflece
tivity in the free carrier absorption region can be cbtained

by using f)= 1/h<7u in the classical dispersion relation(QB)as-
w1‘
1«R = ll' (Keo 00/0/7\)2 ceo ece (2o59)

The IR reflection for very thin films can be calculated very
briefly using the impedance change description. In this case
the impedance at the film surface is the sheet resistance of
the film R, shunted by the background impedance. If for sime
plicity the latter is assumed to be the same as in the foregro=-

und, i.e.,the free space impedance 1/€6 ¢4 = 376 S1, ve obtain
-2
R=(142€,Ry,) cee cos cos (2.60)

With some substitution we obtain for the IR reflection loss

at high reflection level an approximate relation =
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TeR =geg/e) /ey L, (2.61)

A comparicon of equation (2.58) with (2.61) reveals that

both the loscses cannot be wminimized simultaneously,
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CHAPTER « 3

DXPERILEITAL DUTAILS

This chapter deals with mainly the design and constr-
uction of different experinental apparatu se6y and preparation
of experimental sauples ( §n0,, and In207 thin films ) on glass
substrates. Various experinental methods which vere adopted
throughout the course of the work for the analysis of the stroe-
ctural, electrical and optical properties of the deposited films

have also been described here.

3.1 INTRODUCTION

It is already known that the procecs of spray deposie
tion is one of the simplest and least expensive one of all the
film derosition methods available to date. Because of this
extreme simplicity one has to face a number of difficulties
in controlling the process variables. loreover the qualities
of the deposited films are relatively inferior to those of
filws obtained in other complex rmethods. Experimental arrange-
pents have been put forward by many workers(1°8) to promote
ease of operation and to overcome difficulties which were often

encountered at the time of film deposition. But still more

work is needed to improve the process of deposition and to



reduce the cost of production, since for solar cell and other

device technology the low cost production of semiconducting

thin filws has becoue a necessary precondition,

Pyrosol process(a'g) is a chenmical spray deposition
process where an aerosol is prepared from the working solution
in one section of the apparatus and simultaneously carried to the
other section where pyrolysis of the aerosol takes place. Ve have
described in the following sections a new apparatus for this
process. It céuld be mentioned here that like the $n0,, and In203 :
thin films, several other semiconducting thin films of binary
and ternary compounds such asg Zn0, CdS, CdTe, CuInSe2 etc. can
also be easily prepared by this épparatus only by adjusting

sone of the parareters of the Process.

It was observed that in all spray deposition process
comuon defects like the surface roughness and thickness inhono-
geneities of the derosited films are often encountered. Therefore
the role of the deposition apparatus is very important in prepa-

ring good quality filme free from these defects.

3.2 DIFFICULTY WITHE THE CONVENTIONAL PNRUNATIC SPRAY SYSTEL

It is an inherent property of a pneumatic spray
gun that it produces syray particles of various sizes at the
exit nozzle whatever fine the nozzle is. Sometimes the size of

the droplets depends on the cone angle covered by the spray
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(1c,11)
particles* ™ e This creates difficulty in the film deposi-

tion process. The chemical reaction which is a fundamental

wechanism of the processy takes place in the vapour phase.

Droplets of different sizes reaching at the same site of the
substrate at a constant temperature would take different frace

tion of tine for their vaporization and reaction. Therefore an

unwanted interaction between the reacted and unreacted species
may take place at the substrate surface which results in films

that are not uniform in structure and are alsc inhomogeneous

in couposition.

To obtain good results therefore, the uniformity
and fineness both of these physical qualities of the spray par-
ticles are to be assured first. To prepare a good sprayer it is
thus necessary not only to make the spray nozzle with care, but
also it is ecually important to try to filtre the produced spray
particles so that a very fine and uniform droplet size coul& be
ohtained at the out put. With this end in view we proceed to

design a new apparatus for the spray system.

535 DESIGN OF A NEU SPRAY DETCSITION APPARATUS

The spray deposition apparatus obviously should
perforu a number of functions e.g., the production of aerosol,
their filtration for uniforwmity, transport of them to the reacw

tor section and formation of films. The different stages of
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the an are .
Pparatus required for these purposes are described below.

P -
Jese1 The Spray Nozzle and its lodification & -

The spray nozzle consists of two capillary glass
tubes fitted at right angle to each other as shown in figure 3.1(a).
When compressed air ig paased-rapidly throurh the upper tube P in
a direction tangential to.the mouth of the lower tube Ly a parti-
al vacuum is created at the upper part of the tube A whose lower
end is kept iumersed in the spray liquid. Due to this partial
vacuum the liguid rises up through the tube A and the corpressed
air drives it away in the form of fine spray particles (aerosol).

The thinner the spray nozzle the finer would be the spray parti-

cles.

This type of spray guns have been directly used by

nany of the earlier workers for the deposition of thin films of

(1-7)

various materials » The problem of nonuniformity of droplet

size remains with this type of spray guns.

(2)

Lodification @

During the course of the present work this conven-
fional spray gun system has been modified in a way as shown in
figure 3.1(b). Here the spray gun has beer kept in a large capa-
city ( > 1500ml) round bottom flask F having a little protuberae-

nce at the bottom and an outlei at the top where a bent pipe C
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- Aerosol

Aerosol

Aerosol

input

(b)

Figure 3.1 (a): Conventional pneumatic spray gun ;

(b) and (c) are respectively the spray system and the

pyrolysis reactor designed in our laboratory.
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is fitted.

amount of £ :
resh liquia (~ 5ml) can then be used at each run withe
out wastage.

Aerosol is produceq in the flask and during their

wvay out i i
y of it through the Pipe C they are automatically separated

into heavier ang lighter droplets due to the action of vertical

air current and gravitational effects,

the 1

It is then more likely that

arger droplets would be coalesced in the flask and/or in the
conduit pipe ¢ ang finally drop down again in the flask to be fed
back. The lighter and relatively smaller droplets on the other
hand,will be carried by the same incoming carrier gns to the reace-
tor zone. This is how a virtual filtration process works in the
spray system producing almost uniform and very srall droplet size

at the outlet of the sprayer.

Other facilities which are ascociated with this arran-

geuent are =

(2) the rate of flow of the working solution can
be controlled to a better accuracy by suitably designing = the
nozzle A and adjusting the air fiow rate. or example, in prera=-
ring SnO2 f£ilm the solution flow rate was kopt constant to 0.25 ml/min,

i . 1=
which is 10=100 times less than used by the earlier designers( 7).

(b) Due to this small flow rate, the time of deposi-
tion is increased which provides a better thickness contrel and

larger grain size(b) of the film,
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(¢) Extra loss of working solution which was appa=
rent in conventional setups(1'7) can be greatly minimized by fixing

the flow rate to its required lower limit,

() Very fine droplets obtained at the reactor
section are easily vaporizable and require no extra pre-heating

(5)

furnace « This saves excess power consumption.

The system is therefore econonmic in all respects.

3e302 The Desipn of the Reactor ¢ -

The design of the reactor is shown in figure 3.1(e),
It is a vertical batch type reactor composed of a stainless
steel enclosure E having a pyrex glass jacket inside, a heater H,
and a heat susceptor thick grgphite block G. Substrate is placed
on the susceptor, and the temperature of the substrate is monito-
red by a chromel-alunel thermocouple T.C. For different tempera-
ture requirements the heater power is controlled accordinglye
For the rapid expulsion of the byproduct gases there are openings
at the side and at the top of the reactor. The double cone shape
of the reactor wall E has two fold action. It helps focussing
the incoming aerosol towards the substrate S and also provides

a chimney action to the exhaust gas upwards.

This rcactor system is an intermediate case of a
hot-wall and a cold-wall reactor (described in the previous chap-

ter). The chemical reactions (eqn. 1.1 and eqn. 1.2) which occurs
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in the reactor are both endothermic and therefore a cold wall
reactor should be adequate as mentioned in chapter- 2. But since
the incoming aerosol for the reactor is cold,this will give a
tremendous thermal shock to the heated substrate and the glacs
substrate uay be cracged atonce. loreover the reaction process
would be disturbed due to a rapid fall of substrate temperature.
To overcome these difficulties the temperature of the reactor
wall should be maintained at a level much higher to the roonm
temperature but lower to that of the optiuum substrate tempera-
ture or the reaction temperature. This temperature is waintained
automatically here by the umetallic enclosure E placed over the
heater H, and thus it can provide a pre~heating action easily to
the input aerosol., Hot-wall reactors are seldom used for these

t
purposes(}'s).

3630261 The heater t-

The heater H is an ordinary hot plate 2 kwatt nichro-
me wire heater. The top of the plate is covered by a piece of
asbestos sheet with a small opening at the centre where a mica
sheet is attached. A thick stainless steel 6r graphite plate G
(fig.3.1(c) ) is placed on this mica sheet. Substrate is placed
on this susceptor plate G to have a uniform temperature throughout
the subsirate surface. Another mica sheet is placed on this

susceptor block to protect it from chemical corrosion. The heater



-7 -

pover is controlled by an electronic power controller.

Bedelol The fume chamber § -

It is a large box type chamber with a slanting top
and is provided with a chimney. There . is an exhaust fan with
regulated power supply fitted at the mouth of the chimney. The
slanting top and the side walls are made of glass. There are air
tight doors in the front side. The chamber has purging facilities.
The whole spray system and the reactor are kept inside this fuwme
chamber at the time of film deposition because of

(i) safety grounds and

(ii) to check air current disturbances at the

deposition site.
These two points just stated,are very important for the pyrosol

process when deposition is carried out in open air atwosphere,

303e3 The Carrier Gas : =

The carrier gas is choszen for its suitability in
relation to the chemical reaction taking place. For instance,
for the deposition of an oxide layer air may be used, so as to
supply the oxygen needed for the reaction. In other cases a
neutral gas such as nitrogen, argon or helium may be used. In

the present experiments compressed dry air from an air comnpre=
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ssor has becen used as carrier gase The pressure of the gas is
to be maintained constant and appropriate to the requirement of

the spray rate. We have found 20 psi pressure as standard for

the spray system.,

363031 The air conpressor § -

It is a reservoir type electrical air compressor.
A rotary pump in its suction mode dravs atmospheric air and
keeps it reserve in a large capacity-air tank, At the outlet
of the tank a pressure gauge is attached which records the pre=
ssure of the air at the time of supplying it from the tank.
There is a by-pase control valve which can keep the output
pressure constant. The air was passed through a silica gel

colunn to make it dry before passing it into the sprayer.

34 SELLCTION OF THE SPRAY SOLBTION

(a) Source compound 3

The choice of the source compound must satisfy a
nunber of essential conditions § it should be a stable compound
at room temperature, it should not oxidize in air or in the
presence of water at room temperature, it should have a decom=-
position temperature below 500°C and preferably higher than its

bioling or sublimation tenmperature.
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TFor Snoa and In203 thin films (anhydrous or hydra=-
ted) $nCl, or SnCl, and InCl3 may respectively be used as the
source compounds. SnCl2 or SnClh is available in the form of

liquid but InCl3 is a crystalline solid at room temperature.

(v) Solvent s

The type of solvent is chosen in relation to the
source compoundse. The concentration and viscosity of the sole
vent must permit a high aerosol flow rate. Since the spray syse
tem used in the present experiment operates via a partial vacuum
path at the mouth of the spray nozzle, the concentration of the
solution prepared by the solvent should be such thet it could
at icast be drawn by the nozzle. The higher the solution concen-
tration the lower would be the spray rate. It is preferable to
select a solvent that is not casily inflamable to avoid sudden
coubustion in the reactor. The most comronly used solvents are
wvater and methanol. We have used water to facilitate hydrolysis
and ethyle alcohol (CEHBOH) as diluent. Since the surface tension

of alcohol is small it can also produce finely dispersed aerosol

pore easily.



3e4e1  Conposition of the Ionic Solution for SnO. film.

2

A nixture of fuming SnClh, deionized water and
pure alcohol in the ratio 1:2:6 by volume was taken as the ionic
solution. This composition was selected arbitrarily so as to
keep the specific gravity of the solution nearly equal to unity.
This is a 0.9% molar (1) solution of SnClh in a mixture of water
and alcohol. It is always preferable to keep the solution con-
centration constant to assure a constant flow rate. Other coa=-

position of the ionic solution may also be taken.

For doped SnO2 filus antivony (Sb) in the form of
SbCly and fluorine (F) in the form of NI, F and HF were used
sercrately in different runs with the working solution. For
the present study 0.3 to 6.0 mole per cent(m%)of Sb-doping
and 4 to 70 mole percent of F-doping have been taken in SnClh.
It is to be noted here that Sb is a cationic dopant whereas
F is anionic. Since I can attack glass wares , in measuring

HF therefore a plastic pipette should be invariably used.

3.4.2 Conposition of the Ionic Solution for Inaoﬁ filns ¢ =

Since InCl3 is a solid, it is easier to express
the concentration of the ionic solution in terms of molarity (ii).
Ve have used a mixture of equal volume of water and alcohol as

an adeguate solvent for InCl3 solution. Aftor trying with



solutions of different concentrations from 0.1 M to 1.0M, we
find O.44 ¥ solution as a better one for In2°3 films. The
specific gravity remains slightly greater than unity at this

concentration and is kept constant for the present studies.

For Sn-doped In203 filws Sn-doping has been achi-
eved by using $nCl, as dopant. We have studied 1-16 mole % of

Sn-doping in In films,

292
For all the doped filws dopants were always used
with the working solution. Purity of the chemicals used in the -

present work were of reagent grade and supplied by E.lerk,

Gerrany. All the working solutions were acidic in mature.

2.5 SUBSTRATE CILANING

The cleanliness of the substrate surface exerts a
decisive influence on film growth and adhesion. A thoroughly
cleaned substrate is a pre-requisite for the preparaticn of
filmws with reproducible preperties. The choice eof cleaning teche
nicues depends on the nature of the substrate, the type of con-
taminants and the degree of cleanliness required. We have used
glass substrates (supplied by the Corning Glass Works U.S.A)
which were ordinary microscope slides and cover slides and theree
fore residue from manufacturing and packaging. lints, finger-

‘prints, oils and air borne particulate matters were supposed

to be the contaminants.



The following procedure was found adequate fbr
substrate cleaning in our laboratory. The gross contaminations
of ecach of the cubstrates are first rermoved by luke warm ague-
ous solution of sodium carbonate in an ultrasonic cleaner., After
wasching in a stream of cold water they are dipped at first into
nitric acid for some time and then into chromic acid mixture
(potassium dichroumate in sulphuric acid) for several days. Taking
thenm out of the chromic acid bath one by one they are washed and
thoroughly rinsed with deionized water several times and finally
made dry by blowing hot air. They are then preserved in desicca-

tor. The water-brecak cleanliness test(qa)

was performed for the
substrates before the deposition of films onto them. During the
whole process the substrates were alvays held by slide-holding

forceps.

3.6 SHAPE OF THE SANPIE AND PREPARATION OF MASKS

For the purpose of various experimental studies,
filns of specific size and shape are required. liagsks are used
for this purpose. These are suitably shoped apertures through
vhich deposition is made to get a desired pattern of the film,
In the case of chemical spray depesition process it is needless
to say that the mask materials should be inert to the chemicals
used for the process. We found mica and stainless steel as sui-

table macking materials, because they are chemically inert and
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Figure 3.2 : The effect of size of mask on the deposited film

in pyrosol process.

Figure 3.3 : (a) Mica mask with the design cut on it,

(b) A stainless steel frame to hold the mask and the

substrate intimately in contact,

(c) Mask to deposite Pb-film for thermopower reference

contact,

(d) Mask to deposite experimental

thermopower measurement.

sample for the
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can withstand high temperature. Since the film thicknesses are

of the order of O.a-o.4/1m the mask should be as thin as posse
ible so =B to obtain unifornity of thickness throughout the film
pattern. The smaller is the dimension of the pattern the thinner
should be the mask. The effect of the mask thickness on the film
size and uniformity has been clearly illustrated in figure 3.2(a),
(b) and (c). Since it is assumed that in pyrosol process vapour
phase reaction takes place at the substrate surface or at its
close vicinity this effect is therefore very important and should
be taken into account. An alumost single layer mica sheet may then

be adequate for preparing masks.

Van der Pauw's method(13) was adopted for the nmeasu-
rement of resistivity and Hall mobility of our samples. A suita-
ble mask as shown in figure 3.3(a) was thercefore used so that the
deposited film assumesthe shape of Van der Pauw specimen. Figure
3.%(b) shows a stainless steel frame that can hold the maszk on
the substrate intimately in contact with each other. Figure 3.3(c)
and (d) are masks to prepare samples for thermopover measurement.
Hask (c) is made of wmica sheet and is used for S$n0,, and In,Cy
films but (d) is made of stainless steel or aluminium foil and
is used to deposit metal (Pb) film as contact to SnO2 or Inao3
films. lietal contact was prepared by vacuum evaporation method.
The patterns shown in figure 3.3 are cut in the mask materials.

Due to the very delicalte and brittle mature of a thin mica sheet

a great care is needed to prepare these masks. A freshly cleaved
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mica was always used to avoid cleaning procedures.

Apart from using masks post-deposition etching
procedures were also required., For SnO2 film zinc-dust in HC1
is the best and rapidly etching material. Covering the film
surface by paraffin wax the required shape was marked on the
vax layer. The unwanted portion of the film was then etched
out by Zn-dust in HCl, After conmpletion of etching the wax
was removed from the film surface by using organic solvent.

The required pattern of the film was thus obtained.

3.7 FIIM DEPOSITION PARALTERS

Because of the reversibility of the chemical reactions
(1.1) and (1.2) the structure, composition and other characterise
tics of the deposited films depend on a number of deposition
paraneters {process variables), such as the tenperature of the
substrate, the flow rate of the aerosol and carrier gas, deposie
tion time, quality of the substrate material, size of the atome
ized epray particles, concentration of the ionic solution, dise
tance between the substrate and the source (mouth of the pipe
supplying the aerosol) and the doping levels for intentionally
doped filws. Obviously the substrate temperature is the most

important factor and must be controlled with care,

In preparing films for the present work all of the

above parameters except (i) the deposition time ty (ii) the subse
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trate temperature Ts' (iii) the concentration of the solution
and (iv) doping levels were kept unchanged. To study the effect
of any one of these four paraceters on the film properties the

reraining other should be kept reasonably constant,

To achieve uniformity of thickness and the homogen
eity of the film, air current disturbances bocome another paraneter
It has also been noticed that in depositing photoscnsitive films
such as ZnO, CdS etc.control of light at the deposition site
becomes necessary. The whole fume chamber should then be covered

externally by a black screen.

3.8 FILM DEPOSITION

Prior to the devosition of film the whole setup
should be properly cleaned. A little amount of spray solution
(~5ml) is taken in the flask F fitted up with the spray nozzle
A (Fige 34b). A clean substrate with a suitable mask is put
on the susceptor of the heater H. Before supplying the compressed
air the heater is kept on for some time so that the substrate
and the reactor wall E attain the requisite temperature, The
substrate teuperature Ts is to be kept at a level slightly higher
than the required substrate temperature because at the onset of

deposition a slight fall of temperature is likely.

When coupressed air is passed through P at a cons=-



tant pressure (~20 pei ), a fine zerosol cloud is produced in
the flack and is automatically carried to the reactor zone where
£ilm is deposited on the substrate. 4 to 5 nminutes of spray proe
duces SnO2 Tilm of thickness about 0.2/xm at a substrate tompera=
ture of T = 400°C. To derosit Inao3 films of similar thickness
the time reouired is 8-10 minutes at similar range of substrate

temperature.

3e48.17 Filn Thickness Control & =

Deposition time td is the main thickness controlling
factor in the present spray deposition process, provided the other
rarameters remain constant. Since the deposition is carried out
in normal atuwosphere a direct and insitu control of thickness t
is not so easy. To control the film thickness therefore calibrae
tion charts way be used. These charts are generally td vs.t plots,
and should be prepared at different constant substrate temperatures
prior to the preparation of a particular experimental sample
using the same solution and deposition variables. Since the rate
of deposition in the present setup is rather small, the thicke

ness control is therefore easy.



3.8.2 Evaporation of letal Film for Contact 3 -

For the measurement of thermoelectric pover, lead
(Pb) has been used as a reference contact material. Pure meta-
lliec lead has been thermally evaporated on a requisite substre
ate at a pressure o:t‘/v"io"’+ torr in Edwardfs high vacuum coate
ing unit (liodel 6E). Evaporation was carried out from & molyb-

denum baat.

3.9 OPTINIZATION OF THE DEPCSITION PROCESS

To optimize the deposition process one should have
to select at first the requirement with respect to which the
process is to be optimized. Since there are several process
variables, the optimization process would therefore be lengthy.
We have selected the high transparency as well as the high elcc=
trical conductivity ( or in other word the high figure of merit)
of the films as our basic requirement. We have proceeded to
optinize the procoess under certain limitations and it cannot be

taken as the ultimate optimization.

First a set of films was deposited at various
pubstrate temperatures Ts keeping all other deposition variables
constant at an arbitrary level. From this set of filus the subs-
trate temperature '1‘B was selected corresponding to the best

conducting and transparent film. Then at this temperature TB



films were again deposited by varying‘only the distance between
the substrate S and the exit of the conduit pipe C (may be called
source). From this set of films the best one was taken to fix

the distance d between the substrate and the source. Keeping

this distance d and temperature '1's as fixed the pressure P of

the carrier gos was then varied arnd a third set of filmes was
deposited. From this set the adequate pressure P of the carrier
gas corresponding to the best film was selected. Since the
process variables are to some extent mutually interdependent,

the resulting optinization was undoubtedly a tentative one.

We found d = 20 cm for Sn0, film and 8-10 cm for In20 film

2 3
to produce the best result at a pressure of 20 psi of the
carrier gas. All the experimental samples for our present work

have been prepared by taking this value of 4 and pressure P.



510  LEAD ATTACHEENT TO THE FILH

Usually, two methods are used for attaching lead
to thin films ; (i) solid phase bonding and (ii) alloy bonding.
The solid phase bonds are formed by thermocompression and ultre

asonic means whereas, the alloy bonds are formed by soldering.

In the present work, metallic indiuvm (without flux)
was used as soldering material to make electrical contacts.
Since the experimental samples were very hard,good contacts wefe
obtained by indium, Indium dots were first soldered to the clean
film surface. One end of a clean fine copper whisker was then
wetted by indium and then placed in contact with the indium dot
on the film and the vhisker was heated with the help of a 25 watt
fine tip soldering iron. The applied heat just melted the upper
part of the indium dot and made a good ohmic contact with the
film. Slight pressure was sometimes applied %o the contact points

to make it very tight.

For the measurcments at high temperatures (above 100°¢;
the contact points were thickly covered with an insulating hard
adhesive resin that can withstand high temperature upto'NIBOOOC.
Indium contacts were them found to remain operative at tempera-

tures upto ~ 260°C without any disturbance.
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511 HEASURBIENT OF FILE THICKNESS

In thin film experiments thickness measurement
is an essential job. All nost all the electrical paraneters
except the Hall mobility and sheet resistance need for their
evaluation the value of film thickness. Therefore thickness
should be measured with precision as far as rocsible. There
are several methods of measuring the film thickness, some of

which are briefly described below.

(a) Hethod adopted for the present work 3

Since the experimental samples are transparent to
the visible light the measurement of thickness by interfero=-
metric method would be adequate. The interferometric method
for the determination of film thickness using Fizeau fringes
has been developed to a remarkable degree by Tolansky(1h)
and is now accepted as a standard method. To make the Fizeau
fringes of equal thickness visible in a multiple beam inter=-
feroueter formed by a thin absorbing film on a glass substr-
ate, generally an auxilliary reflecting coating on the film
surface is required. But if the experimental sample is trans=-
parent with a very smooth surface no such auxilliary coating

(15)

is necessa¥yy
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The film to be measured is required to form a step
on a glass substrate over which another rlane glass plate
(Fizeau plate) is placed. This forms the interferoweter as
shown in figure 3.4(a). When the interferometer is illuminated
with a parallel monochromatic beam of light a fringe systen
as shown in figure 3.4(b) is produced. The displacement h of
the fringe system across the film-substrate step is then

measured to calculate the film thickness t, using the relation

t =(h /fringe spacing) X A/2 = hA/ 21

The accuracy of the method depends on how accurately the frac=-
tion h of the fringe space 1 has been measured. Thickness
neasurenent from 30 P to 20,000 A® can be wade with an accu=-

racy of 10 A°.

(b) Other nethods @

At present there are several other methods of
determining thicknesses of transpareant filus, A few very simple

nethods are mentioned below.

(i) Graviwetric method :

This is one of the oldest techniques for the
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determination of film thickness. The moss m of a film of area A
is determined by a microbalance by weighing the substrate before
and after deposition. The thickness is then calculated by assu=

ming bulk density f) of the film material. Thickness t of the
film is given by

t = m/A(O

There are several difficulties and sources of errors in this
method, especially the value offo cannot be known with precision.

This method is therefore avoided.

(ii) Stylus instrument

Stylus instruments are largely used for the measu=
rerient of surface roughness and surface finishes. lere also a
film step is required. In principle the instrument compares
the vertical movenments of the stylus travelling across the
sanple surface with the movement of a ''shoe" or '"skid" on a
smooth and flat reference surface, the substrate. The mecha-
nical signals produced by the stylus povement is converted
to electrical signals which are then amplified and recorded
on a strip chart. Fron the pattern of the chart thickness
of the film is evaluated. For hard films like Sno2 and Inao3

this method is very much suitable. The main advantage of this
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method is that it does not depend on the optical nature of the
sample. If the sauple can just support the load of the stylus

then the method can be applied. Here the accuracy depends on

the sensitivity of the stylus.

(iii) Colour comparison :

This is a crude but very simple and rapid method
or estimation of thickness of transparent film on a reflecting
substrate. Trancparent films display colours when vieved thro-
ugh ordinary reflected day light. The colour depends on the
thickness of the film. First precise colour +thickness gauge

wvas made by Blodgett(16)

who had deposited layers of barium
ctearate on a lead-glass plate producing a very colourful and

useful thickness gauge.

In making colour comparison, one must be careful
not to confuse different film thicknesses which give rise to
similar colours but in different orders. This can be done by
comparing the colours of the films while varying the angle of
observation. The value of the refractive index however limits

this method in some cases.



3.12 REFLECTION DLECTRON DIFFRACTION (RED) IETHOD

In all cases where the surface properties of
reasonably flat crystalline materials are of importance RED is
usually capable of providing valuable structural information.
Furthermore the technique has the particular advantage of
being nondestructive and of requiring minimal specimen prepara-
tion. The precision of the method is however inferior to that

of transmission electron diffraction method.

3.12.1 The Camera Equation and the Camera lLength § -

In RED technique a mono-energitic beam of electron
with enerpgy in the range 10-100 kev is used to obtain diffraction
from the atomic planes at the surface of a crystalline specimen.
The wavelength ).corresponding to an accelerating voltage V

(1?7)

(measured in volts) is given by the expression
-6 % fP 2
)\ = EEO/V("""'O V)] soo soo (J.1)

Thus for the emergy range given above, the associated wavelength

of the electrons varies from 0.12 to 0.04 A°.

The requirement for Bragg diffraction is that

7\. = 2 dhl{]. Sin © oo TR} seo (5‘2)
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vhere, dy., is the inter-planar epacing and © is the Bragg angle.

For ¢
or most matals, dhl-:l is typically of the order of 2A°, so for

the above range of wavelengths the Bragg angle varies from about
o

15 to 0.5, Consequently in the RED technique, only those crys=-

tal planes that are inclined at less than a few degrees to the

surface of a spocimen will diffract an electron beam that strikes

it at prazing incidence.

The condition necessary to produce an electron
diffraction pattern are illustrated in figure 3.5. When the
incident beam strikes the crystal plane (hkl) at the Bragg angle
©, then it is diffracted to form a diffraction spot at P on the
photographic plate(or fluorescent screen) placed at a distance

L from the sawmple.

L is known as the camera length, and it depends on
whether the sample is placed outside or within the influence of
the magnetic lens system of the diffraction instrument. From
consideration of elementary geometry when inspecting figure 3.5
the distance thl from the diffraction spot P to the spot O

wade by the direct beam is given by

Rhl”l = L tan 20 see sve soe (303)

For high energy electron diffraction, the wvalue of © is typica-

11y of the order of 1° as stated above, so that following small

angle approximation may be made =



o~

a4
thl - 2186 and s8ind «= §

Thus the Bragg relation of equation (3.2) may be written as

M= Ryq dp, /L or AL = Ryq ey oo (3.4)

Thie is known as the camera eqguation. The value of L is best
determined with reference to a standard specimen of known

crystal structure and lattice parameters.

~

3e12.2 Intecrpretation of the Diffraction Poticrns ¢ =

The diffraction patterns usually obtained in the
deposited films may be classified in the following three cate-

gories.

(2) piffuce patterns @

Auongst the materials with the least amount of
crystalline order, there are two similar types that give rise
to diffuse patterns in electron diffraction. Firstly, there are
the structures with no crystalline order that are usually descr-
ibed as being amorphous. These exhibit a low degree of long
range order and consequently produce just a few very diffuse

diffraction rings. Secondly, materials that are crystalline,
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but have an extremely small grain size of about 3 to 100 unit
cells in diameter, also have poor long range order by virtue
of their grain size. These similarly yield diffraction patterns
containing diffuse rings. The wider is the diffuse ring pattern

the smaller is the grain size.

(b) The ring patterns:

If the grain size of a material is larger than that
wvhich can give rise to broadening of diffuse diffraction rings
as mentioned above but is smaller than about 0.5 mm, for exam-
ple, then the resulting diffraction pattern will consist of a
nunber of continuous rings which become less continuous and
wore "spotty" as the grain size increases. These rings arise
from diffraction by a large number of randomly oriented crysta=-
1lites. Measurement of the radii of the diffraction rings ena-
bles the interplanar specing corresponding to each to be calcu=
lated using equation (3.%) and the known camera length L. The
calculated values can then be compared with the ASTH index
values(qg) and in doing this it is usually helpful to make an
estimate of the relative intensities of the rings. However,
when comparing the estimated relative intensities with the
ASTH index values, it may be necessary to take into account
the fact that the scattering factor for X-rays and for electrons

are different. Furthermore, due to the increased probability
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of dynamical effects in electron diffraction, anomalous inten-
sities may occur(19). Despite these factors, general agreement
between estimated and ASTH index values of intensities is found

to exist.

(¢) Arc patterns:

The next level of crystalline order beyond the
polycrystalline state occurs when grains have a preferred common
orientation or fibre axis. There is a wide range of materials
exhibiting thie characteristics including deposited layers.
Diffraction from such structures can give rise to two quite
different types of patterns depending on the orientation of the
fibre axis in relation to the direction of the electron beam.
When the preferred oricntation is approximately parallel to the
beam, the resulting pattern still consists of rings but the
relative intensities of these are abnormal and in certain cases,
allowed reflections may even be absent. In other special condi=-
tion when the fibre axis is approximately perpendicular to the
direction of the electron beam, the diffraction patterns are
characterized by arcs of intensity instead of rings, where the
length of the arcs is a neasure of the nisorientation of the
grains, For deposited layer it is usual for grains to exhibit
a prelerred orientation that is nearly perpendicular to the

surface of the sample and such specimens give rise to RED
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patterns containing intensity arcs.

3.13 RESISTIVITY, HALL NOBILITY AND CARRILER CONCENTRATICN

HEASURGLENT

For thin film somples Van der Pauw's method(13) is
used most extensively for the measurement of resistivity and
Hall constants, and we have followed this method throughout

the work.

Using this method, both resistivity and Hall cons-
tant can be obtained from measurement on any uniform sheet of
naterial of arbitrary shape with four srall contacts applied to
the peripheri, Figure 3.6 shows the Vander Pauvw'!s specimen with
four small contacts A,B,C and D in order., 1,2,3 and 4 are ter-
minals of the electrometers that measure voliages and currentse.
Digital multiweters were used for this purpose. The arrovs
iﬁdicaﬁe commutating switches which can make connections between
the film and meter terminals, If a dec current IAB entering the
specimen through the contact A and leaving it through the cont-
act B produces a potential difference VCD between the contacts
D and C then R

AB,CD
is defined as VDA/IBC and RBD,AG as VAC/IBD' ARBD,AC

is defined as VCD’/IAB’ Sinilarly, RBG,DA

measures the change in RBD AC due to the application of
9

pagnetic field B, For a plate of arbitrary shape and of constant

thickness t, the resistivity and Hall constant are given by
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the expression

P =Lt/ m2)CRyp on v Ryg 10 1/2] £C Ry on/ Rop ) eee (505)
and the Hall constant

Ry = ARBD,AC('!OGt/B) = AR Ry 131)(10 t/8) cm3/c ese (5.6)

where the magnetic field B is in Gauss and film thickness ¢ is

in ¢m. The function f can be evaluated from

(R /< + R ) =

Ryp,cp = Boc,pn’/C Rap,cp * Bpe,pa

(2/1n2)arc cosh [lexp (An2/£)}/2] oes (3.7)

The function £ of this equation depends only on the ratio

RAE CD/RBC DA *

dependence of £ on the ratio RAB CD/R

FPipure 3.7 shows in graphical form, the

'm -

The shape of the sample is taken in the form of
a"quatrifoil leaf" so as to eliminate the influence of contacts
and to keep the ratio RAB,CD/ RBC,AD approximnately equal to

unity. Under this condition the resistivity {O is given by

P = 20266 t( RAB,CD / REC,J‘\D) ohm cm eoe (3.8)



. 101 =

The magnetic field B is always perpendicular to the plane of

the sanple.

The Hall mobility/;& and the carrier concentration
n can then be calculated from the relation //i = Rﬂ,ﬁo cmZ/V.sec
and n = 1 /Iﬁle cm"5 e In calculating rg s appropriate corre-
ction factor . evaluated from figure 3.7 was used where it was

at all necessarye.

3.14 THE MAGHETIC FIRELD B

The magnetic field used for the study of Hall
effects was provided by an electromagnet (Type A designed and
supplied by Newport Instruments Ltd. England). The magnet was
adjusted for the best homogeneity such that with a faece gap of
2.5 cn at a field of 3.5 k Gauss, a resolution of 7.5 parts in

106

wag obtained with a cylindrical sample of 6 mm diameter
and 19 mw length when the plane pole-faces are fitted. Magnetic
fields of the order of 3.5 to 7.35 k Gauss were used fcx the
present experimental studies on Sn0, and 121203 thin £ilms. For

this purpose the elecfromagnet was previously calibrated with

respect to supplied current through its coils.
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2.15 EEASURELENTS AT  ELEVATLED  TLMPERATURE

The work presented in this thesis includes sone
neasurements perforred at temperatures ranging from room teme
perature upto about 25000. For all such measurements a nichromne
wire flat heater 2.5 X5 cma in size and properly insulated by
mica sheet in conjunction with thick aluminium heat sink (4 mm)
has been used. The temperature of the surface of the heat sink
could be kept constant for a comsiderable time. Applying volta-
ges from 5 to 50 volts a.c. across the heater coil, temperature
could be varied from room temperature to about 280°C. The tenpe=-
rature cf the speciuen was measured by a coprer-constantan

thermocouple.

3.15.1 leasursment of Thernrocelectric Power (TEP) & =

Figure 3.8 shows the experimental arrangenents
for the measurement of thermoelectric power of SnO2 and Inao3
films. The shape DABC of the sample with two junctions at A
and B required for the measurement was prepared by using masks
of figure 3.3(c) and (d) during the time of film deposition.
Lead (Pb) has been taken as the reference metal for TEP measure=
ment., After the deposition of Sn0, (or InZOB) film AB the subs-

trate with the film was placed inside a vacuum evaporation
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chamber wvhere thick lead film AD and BC were deposited by
thermal evaporation of pure metallic lead. A spring-pressure
cliping arrangement provided intimate contact between the
substrate and the heater. The technique used for the measure-
ment of Seebeck coefficient is the integral method namely
keeping one end of the film at a constant temperature and
varying the temperature of the other end. The cold Junction
of the sample was immersed into an ice-water bath at 0°C and
the tenmperature of the hot junction was made to vary over the
temperature range 27° to 160°C for $n0,, £ilm(and upto 175°C
for In203 film)e An appropriate heat insulating barrier E was
inserted between the hot and cold ends to minimize heat radia=-
tion from the hot to the cold end. The immersed porticn of
the sample was electrically insulated to eliminate the possi-
bility of leakage of enf between D and C due to contact with
ice/water. All air currents were minimized by a suitable

enclosure around the sotup.

Thoe temperature of the hot junction was raised
slowly by definite intervals and when the temperature of each
of these points become steady the thermo-enf was noted from
the electrometer attached to the terminals. After the TEP
measurements the samples were etched with Zn-dust and HCl to

(13) and the carrier

ghape them into . Van der Pauw's specimen
concentration and Hall mobilities of the samples were measured.

In TEP experiments the thicknesses of the samples were kept
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almost constant (Q:O.Z/Lm ) for the present work.

3e15.2 Post-deposition Heat Treatment Fxperineonts s =

Yor thin film devices the temperaturé stability
and reproducibility of the film properties are very important
for the device operation and reliability. For the fabrication
and optinization of electronic devices it has been observed
that‘a common process of heat treatment oftem comes in the way.
Polycrystalline oxide films deposited in the open air atmosph-
ere are very sensitive to post-depomition heat treatments espe-
cially in the case of films deposited by pyrosol process.
Pherefore studies on post-deposition heat treatuent of these
samnples (Sn()2 and IHEQB) are necessary for improved understan-
ding of the behaviour of the deposited films under thermal

cycling.

For the heat treatuent experiments the sample
immediately after its deposition was ccoled down to room tempe-
rature, at an average rate of ~ 100°C/min and was kept in
desiccator. All the films were deposited at a constant substrate
temperature of~ 400°C . Heat treatment operations were perfor-
ned in air

(i) at normal pressure, and

1

(i) in vacuum of the order of ~ 10~ to~z10’5 torr.

By heat treatment we mean a heating cycle from room temperature



to 250°c followed by a cooling cycle back to room temperature
in the same ambient. Heating temperature was raised at an ave=
rage rate of ~10° C /min upto a maximum temperature of 250°C at
which the sanple was kept for an hour before the commencenent
of the return operation of cooling. Cooling rate was maintained
almost the same as that of heating. Resistivity and Hall const-
ants wvere the main objects of study in this experiment. Optical
transnission of the filus were also studied before and after

the heat treatwment operation.

An as-deposited Sno2 film wag first heat treated in
air and after completion of this operation the sample was put
into a vacuum chamber where it was again heat treated in a siui=
lar vay. To sce the effect a reverse step was also followed, i.@.s
an as-deposcited sample was first heated in vacuum and then in
normal pressuré. In vacuum no electrical measurenents were token
and therefore the reported values of the different paraumeters
correspond to samples in air. Repeated heat treatments of the

same film in the same ambient were also performed.

3.16 MEASURGLENT OF OPTICAL TRANGHISSION .

Optical transnission experiments presented in this
thesis were carried out in the wavelength range 0.27 to O.QS/Um.

For this purpose the samples of Sn02 and Inao3 were prepared
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on a special type of glass substrates which were almost trance

parent in this range of wavelength.

A double beam spectrophotometer (Shimadzu UV=1850)
was uced for the measurement of transmission coefficients.
A sample (with the substrate) and an uncoated substrate were
placed respectively in the incident and reference beam of the
instrument. Optical transmission (in percentage) for normal
incidence was then directly obtained for the film at different
vavelengths. A curve was then plotted taking the percentage
transmission T as the ordinate and the different wavelengths
as the abscissa. The transnission spectra of the sample vas

thus obtained.

Optical absorptions were then calculated for the
sacple at different wavelengths from this curve. Due to the
extreme transparency of the sample in the visible waveiength
range the reflection coefficients for normal incidence were
considered to be negligible., The value of the refractive

index of the film was calculated from the transmission datae.
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CHAPTER = &4

STUNLIES O SnO2 FLILY

In this chapter the results of the various experi=-
mental investigations on SnO2 thin films have been presented.
Possible explanations and discussion of the results are also
given here. The details of the experimental techniques for

these studies have already been given in the previous chapter.

4,1 STRUCYURAL STUDIES

The physical nature of the doped and undoped Sn0,
films deposited at substrate temperatures 300° and 400°C were
investigated by the reflection electron diffraction (RED)
method. Figure 4.1 shows typical RED patterns of some undoped
and Sb-doped SnO2 filus. All the films were found to show
polycrystalline structure. In figure 4.1(a) the diffraction
rings are present but they are diffuse rings indicating that
the film of 300°C possesses grains that are very suall in dia=-
meter. Films of 400°C on the other hand possess larger grains
in comparison to film of 300°C. These are indicated by the

clear rings of figure 4.1(b) and (c). The tendency of the
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Figure 4.1(a) : RED pattern of undoped Sn0, film deposited

at TS:Z BOOOC on glass substrate.



109b

Figure 4.1(b) : RED pattern of SnO, film deposited

at Tsii 400°C on glass substrate.
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Figure 4.1(c) : RED pattern of 0.3 mole % Sb-doped Sn0, film

deposited at T = 400°C on glass substrate.
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continuous ring patterns towards a less continuous (arcy) patterns
are also noticed. This is an indication that there may have a
preferred orientation of the grains in the sample, possibly

perpendicular to the surface of the film.

From the study of the relative intensities of these
rings using ASTH index values for the Sno2 erystal, the Sn02
phase of the film was definitely identified. The detail discu-

ssion of the pattern aralysis process has been given in chapter-3.

L,2 UUIFORMITY OF DEPOSITION

A test of the uniformity of thickness and of resise
tivity of the film was performed on a ﬁ-xﬁ-cmz film deposited
in the shape shown in figure 4.2. With a current passing through
the film the voltage drop V for successive 2 mm segmnents was
measured along the line of the film by a fine two point probe.
Thicknesses were also measured for each part of the film (AB, BC
vse etc). It was observed that the maximum variation in V between
the seguents was within 8 to 10% for the peripheral regions,
but when a 2X2 cm2 area PQRS of the film was considered in the
central part of the film this variation then reduced to less
than 0.5 %. Thickness measurements also gave sizilar results.
Phis indicates that the central part of the film is more homoge-

neous and can be used more effectively than the peripheral partse.
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Fipgure L. % : Variation of film thickness t with the deposition time td‘



L.,3 EFFECT OF TIE DEPOSITION TINE

Figure 4.3 shows the dependence of film thickness t
on the deposition time td. It is observed that the variation
of t with td is not linear, but logt varies approximately
linearly with td. This is natural becauce at the begining of
the spraying a portion of the aercsol is distributed in the
reactor chamber and does not reach at the substrate { for a period
known as the incubation time ) . This results in a lower deposi=-

(1)

tion rate « After some time the process becomes steady and

the thickness of the film increases.

L L THE TFFECT OF SUBSTRATE TEIPLRATURE

Substrate temperature ‘I's has a remarkable effect on
the film growth rate. Figure k.4 shows the variation of the ave=
rage grovth rate (t/td) with substrate temperature. It is obser-
ved from curve(a) that the average rate of growth increases sharply
with TS between 300° and 40000, showing an activation energy of
growth ~ 0.2 eV. The latter is calculated from the plot of 1n (£/t,)
against T;1, curve (b)of the same figure. At higher substrate
temperature (t/td) becomes almost tomperature independent. This
phenomenon indicates that in the lower temperature region the
surface reaction (equation 1.,1) is dominated mainly by two

factors: the teuperature Ts,and the rate of reactant supply;
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but at higher temperature the reaction rate is so fast that the
film growth rate becores mostly dependent on the rate of react=-

1)

ant supply s which was kept constant in the present investipgae-

tion.

Resistivity f) s Hall mobility/;t and the carrier
concentration n have been measured at room temperature for un=
doped films deposited at different substrate temperature Ts’ and
the values are plotted in figure 4.5. All the films are found
to show n-type conductivity. It is observed that f)shows a
minimum value at Ts’,:', 3800(.3, where /u ond n show their peak
values.

It is well known that conducting Snc2 thin films

(2)

are defect semiconductors and their high conductivity is

due to the prescnce of oxygen vacancies, interstitial Sr atong,
Cl™ ion impurities (from the starting materizl) and other foreign
impurities. At higher temperatures (TSEB 425°C) alkali ions uay
diffuse from the glass substrate and create acceptor centres in
the film which can decresse the carrier concentration and increase
the resistivity. At the same time the film starts to becoue
relatively more opaque at these temperature linits. On the other
hand at lower temperatures (Tsfi 350°C), probably because of

the incoi.plete hydrolysis of SnClh and slow reaction rate, the

film tends to becowe amorphous to a greater desgree and the

conduction process is hindered, It has been ohbserved that below



280°C of substrate temperature no substantial deposition is
possible, even at this temperature the adhesion of the film
to the substrate is rather low. At TB::BBOOC the film stoichi=
ouetry becomes adjusted in such a way that high quelity transe
parent conducting films are obtained with a very high sticking

‘coefficient.

L,5 TIE SHELT RESISTANCE

Figure 4.6 shous that, as the film thickness t
increases the sheet resistance R decreases first very rapidly
and then it gradually tends to become independent of thickness.
From this behaviour it is inferred that the sheet resistance
size effect in SnO2 films is pronounced only below a thickness
of about A’O.B/im and above this thickness bulk properties nay

(1)

set in

L.6 EFFECT OF DOPING

Doped Sno2 films were prepared at a constant subs-
trate tewperature T8¢$ 38000 using the different working solu=
tions as mentioned in chapter=3. Two types of doped films were

prepared as described below.
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4.6.1 Sb-doved Filnz t =

Figure 4.7 shows the variation of p , M and n of
Sno2 film with the Sb-doping concentrations in the working
solution, Higher Sb-doping does not give good result with res=-
pect to both conductivity and transparency. Films tend to
become darkish at higher Sb-concentrations = 6 mole % . The
lowest resistivity was obtained with 1.6 mole ¥ of Sb in SnO2

films depoeited in our laboratory.

4.6.2 T-doped Filug 3 =

Fluorine doping was achieved in two ways as have
been mentioned in chapter - 3. By using NHhF and by using HF in
SnCl# solution. It was observed that F-doping by using HF
could decrease the film resistivity substantially. Doping by
EHhF can also decrease the film resistivity but not so.efficiently
as HF can. To achieve minirum cheet resistance therefore HF is
preferred. But there is a problem here in using HF as dopant.
HF 1ike Sb creates a bit darkish colour of the film when the
doping level is high > 40 mole % . On the other hand NH,F does

not produce such colouration even at very high doping levels.

Figure 4.8 shows the variation of Py M and n of
SnO2 £ilms with the F-doping concentration when doping was

perforued by using NHAF. linimum resistivity and mobility was



" obtained at about 20- 25mole % of fluorine. Similar curves were
obtained when the doping was verformed by using HF but at that

time minimum resistivity was obtained at about 60 =65 mole %
of F.

The gross electrical conductivity of doped films
is greater than that of the undoped films because of the addi-
tional donor levels in the doped material. Due to the similar
fonic radii of F~ (~1.36 A°) and 05~ (=1.40A°%), the fluorine
(¥7) may substitute for the anion (02-) in SnO2 lattice and
act as a donor(B). On the other hand Sbs* from Sbcl3 may replace
the cation (Snu+) in the lattice, but since the ionic radius of
sb”°* (= 0.62 A%) is not so clearly matched with that of Snl{""
(=~ 0.71 A®), doping efficiency of Sb is thus slightly less than
that of F ,But still higher conductivity is achieved by these
doping effects. The difference between using NHhF and HF as
F-doping agents is not so clear. Probably it may be due to the
incorporation of soue HHK ion in the lattice, while using NHAF,

which praduces additional defect centres in the film and act

as electron capture centres.

Doping also increases the grain size of the film
and therefore a limited increase of Hall mobility was also

observed in the doped filus.
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L.7 OPTICAL TRANSKISSION AND REFRACTIVE INDEX

The variation of optical transmission coefficient T
as a function of Sb-doping concentration is shown in figure 4.9
(curve- a ). The optical transmission gradually decreases with
the Sb-doping concentration. F-doping does not decrease the
optical transmission at lower doping levels. The refractive in-
dex (nf) of the film increases with Sb-doping concentration as
represented by curve (b) of figure 4,9. The value of the refra-
ctive index was found to be 1.75 for undoped and 2.1 for 6 mole %
Bo-doped Sn02 films respectively. Both T and n, were evaluated

at \=x 0,55/um.

Figure %.10 shows the optical transmission vs. sheet
recistance plot of Snoa:F films wvhen doping was performed by
using HIF. From these curves it is clear that sheet resistance
below 6 (L/0 is accommanied by a drastic fall of optical trans-
misscion in the visible ranges Different curves of the figure
represent values of the transmission coefficients T at differ=-

ent fixed wavelengths.
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- 117 =

4,8 THE FIGURE OF MERIT OF TIE COATING

It is known from the above discussion that higher
doping increases the electrical conductivity of the £ilm but
at the cost of optical transmission. For a highly conductive
film with high transparency therefore some compromise is reque
ired and this has been expressed in terms of a quantity known
as the figure of merit of a transparent conducting film, ¢&c.

(8)

Haacke's figure of merit for a thin transparent film is

given by (equation 1.3)
10
Q’,Cz T /RU

which allows for transparency, conductivity and thickness at
the same time. The best figure of merit of the films as obtai-
ned in our present work are listed in table 4.1. The table
shows that the present technique of film deposition can produce

a better compared to earlier samples obtained elsewhere.

g&c
For F=doped SnO2 £ilm optimum figure of merit could be obtained
from the curves of figure 4,10, Ye obtained the highest Q&C
of spray deposited Sn0,:F film to be about 56.521{10""3 01 ag

T at = 5900 A% These

2\ = 6000 A% and about 57.0X10™7 7
values are supposed to be the highest value of ﬁchor the spray

deposited Sn02 £ilm so far as we know from the recent literatures.
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TABLE 4,1

L] t ]
Spray deposited | TFigure of ! Vavelength | Reference
] [} !
films ! merit ' m !
AT A
to072dh :
1] y ]
| ’ L
Sno,, 1.26 0.55 L
Sn0,:F ‘ 18.5 0.55 b
15203:Sn 22,0 : 0.55 b
SnOESF 3.5 0.75 5
SnOE:F 52.6 0.65 7
‘InEOB (Commercial 142 - 8
BALTRACON)
$n0,, 7.12 0.55 Present Vork
Sn0,: Sb 5.4 0.55 ’e
SnOZSF 57.0 0.59 "
In203 (Unoptinized) 0.57 0.55 '
In < :Sn 9 22-4 0055 %

e’ 3
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Lk.9 POST-DEPQSITION HFEAT TREATHENT OF $n0, FIL

The temperature dependence of resistivity fJ, Hall
mobility/u_and carrier concentration n of some as-deposited
filus of SnOa vith thickness of the order of ~ 0.2/um have
been studied between 2?° and 25000. It was observed that post-
deposition heat treatment'lowers the value of/o without any
appreciable change of carrier concentration n. Group of samples
with similar initial characteristics show similar behaviour in
heat treatment but the relative magnitudes offo and/u differ
from sample to sample, and this variation is probably due to the
previous history of the film preparation. The variation of/p with
teuperature T of two typical samples of SnO2 film having slightly
different initial characteristics have been shown in figure
L.11(a) and (b). It is observed that fj vse T curves follow
irreversible paths in the heating and cooling cycles. {o decre=~
ases with increasing temperature in the case of as-deposited
films, but if the films are initially heat treated in vacuum
then{o shows an increase with the increasing temperature. This
indicates a positive temperature coefficient of resistivity
(TCR) for the vacuum heat treated films and negative for the
as-deposited films. Thic alteration of the sign of TCR is repeat=-
able for a sanple. Two consecutive heat treatments in the same
ambient do not alter the sign of TCR. The calculated values

of TCR for the experimental samples are shown in table 4.2,
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Figure 4.12 shows the change of resistivity due to
heat treatmnent in different ambient pressures, starting from
porm:al pressure down to ~ 10'5 torr. BEach time heating was
continued for an hour at a constant temperature of 250°C, then
the samples were cooled and measured. Here a time of one hour was
considered sufficient because equilibrium was found to be attained
within 30 ninutes at a constant temperature and pressure. It
is clear from figure 4.12 that lover ambient pressure helps to
decrease  the resistivity to its lower limit. It was also
observed that the values of/O once attained after a heat trea-
tuent did not subsequently change . s0 long as:the sample was

kept under ' nornal temperature and pressure conditionse.

Discussion

Several mechanisms may take part in bringing about

the observed changes in the film by heat treatment, e.g.,

(i) Recrystallization of the amorphous part of the

film,

(ii) The highly resistive Sn0 phase which is present
in addition to the SnO2 phase in the filmch)
may change to the relatively low resistive
SnO2 phase.

(iii) Reorientation of the existing crystallites.

(iv) Change of frozen~in stresses or generation
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of internal stresses in the film due to heat
treatrent, and
(v) oxygen chemisorption/desorption wechanism at the

grain boundaries of the film.

All of the ahove mechanisms may not be egually important for

the present casec.

The deposition temperature of the saumples were
~ 400°C which is ruch greater than the post-deposition heat
treatment temperature, 25000, and therefore it is gquite likely
that mechanism (i) may not take place. The Sn0 phase of the
film is less stable than the SnOa phase, and so there is some
pessibility that this type of phase transition may take place
due to heat treatwent in air, but in vacuum such transiticn
is not possible. Due to low heating temperature this phase
transition mechaniem, (ii), is however not at all possible

because the reaction

red
heat

Sn0 + © Sn0

would not take place. lioreover since a vacuum heat treatment
followed by a second.heat treatment in air could return the
qualitative features of the as-deposited film, it is apparent
that no major structural change in the film occurs. The change

of resistivity then can only be attributed to the change of
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nobility of the carriers for the same concentration.

The mechanisus (iii) and (iv) are somewhat inter-
related. ll.Just et a1<9) have pointed out that when the elastic
stresses on a film decreases during a heat treatuent the resis-
tivity decreases sinultaneoucsly. Thece frozen-in stresces and
the random orientation of the crystallites were produced in the
film during their initial period of ' nucleation and this proba=-
bly depends on the cooling rate of the samples after the .comp=
letion of deposition. It may be mentioned here that the linear
coefficient of thermal expansion of semiconducting Snoa,material

is ~ 4}110_6

perc’C,whereas that of the glass substrate is about
n’9}{10"6 peroc. Therefore during the ihitial period of cooling
of the filw there is some possibility of stresses to be locked-in,

In the subsequent heat treatment these stresses may be minimized.

The value of TCR of thin film is greatly affected
by thermal expansion miswatch between the film and the substrate.

(10)

P.H.Hall has derived the relationship

oA, = o

£ - 4,2 (af - B) ece sce (“‘-1)

b

where fo and cxb are the TCR values of the film and the corree
sponding bulk materials respectively, (af-aS) is the difference
between the coefficients of therual expansion of the film and

substrate. For Sn0, film since (afm-as) is very small, the
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correction factor would not be very significant.

Mechanism (v) is thought to be the most important
here because of the polycrystalline nature of the oxide films.
This can be successfully analysed invoking the existing grain

boundary trapping modela(11'1h)

« The model considers the film
to be couposed of rectangular array of square grzins separated
by grain boundary regionsc; (a detail discussion about the nodel
has been given in chapter-5). In the case of highly degenerate
SnO2 szmples if it is expected that the dominating current is
due to the thermionic emissicn over the grain boundary barriers,
then the expression for thermally activated mobility can be

!
given by(1%'15)

a
/U. = A/J.é T-? e:{p(u Gh/kB‘l") eow sew (402)

where /Hé T"% = Uy has the dimension of mobility and corre=-

sponds to the v;;ue of the carrier mobility of the sample in
absence of such grain boundaries and Q&, is the potential
energy barrier height between the grain and boundary regionse.
A is an empirical factor which can account for the various
reflection, transmission and scattering coefficients at the
grain boundaries and their slow tempetature dependence(16).
/Ué is a pafameter related to the grain size of the samplie.

Also ¢§ is given by(1’)
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be = kBT 1n( n1/n2 ) sso soe (2"03)

where n, and n, are the carrier concentrations in grains and
in boundary regions respectively. Identifying n, as the carrier
concentration corresponding to the measured Hall coefficient
RH’ the values of n, can be caleulated. These values are now.

given in table 4.2,

Figure 4,13 shows the variation of Hall mobility u
of as-deposited and vacuum heat treated films with the tempe=-
rature. Plotting 1n9MT%) against T°1 for the samples in the
tenperature range 27° to 25000, as shown in figure 4.14, it
is observed that the data points are approximately fitted by
equation 4,2 and thus mobility is thermally activated through=
out the investigated temperature range. Values of ¢b obtained
from the slopes of the curves are 0.036 eV and 0.053 eV for
the as~deposited samples. After a vacuum heat treatment these
values ére changed to 0.011 eV and 0.009 eV respectively for
the same two films having carrier concentrations 1.3)(1020 and
9.7)[1019 cm-B. It can be seen from table 4.2 that the values
of ﬁbfbr ag=deposited filus are higher to those of vacuum
heat treated filwms and also that dbfor the as-deposited films
increases with the decrease of carrier cencentration. Approxi=-
mately a 25% change in n, ( 9.7%10"9 < B, £ 1.3 X10°° en™>)

is accompanied by a relatively larger change in n, (60 %) for
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as=deposited films and almost equal change (~21% ) for vacuum

heat treated filus.

Since oxygen vacancies are the major sources of

(2)

donors in SnD2 films s+ the incorporation of oxygen states

in the grain boundaries are important. It appears that the
population of oxygen states in the grain boundaries relative

to the ambient oxygen pressure over the film could determine
the condition of the inward or outward diffusion of the asso-
ciated charges and that at any temperature either of the proce=
sees, chenisorption or desorption may take place to reach an
equilibriun, As-deposited films having excess of chemnisorbed
oxygen are, when heated either in air or in vacuum,subject to
desorpfion of oxygen from the grain boundaries and this lowers
the resistivity by lowvering the inter-grain boundary barrier
height. For these conditions TCR is negative. On the other hand
the same film after a vacuum heat treatment and then heating
again in air shows a positive TCR indicating oxygen chemisorpe
tion has taken place. This is because the population of oxygen
at the grain boundaries was decreased by the prior heat treat-
rnent operation. In air ambient at normal pressure, if a heating
cycle produced desorption, the following cooling cycle would
produce chemisorption and vice versa j but in vacuum, desorp-

tion predominates due to low pressure and oxygen deficiency

in the ambient.



Optical transmission of the films was measured
before and after the heat treatment but no significant change

of transparency was noticed.
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L.9.1 Activation Enerpy of Sn0, samples § =

Conductivity activation energy Ea of our samples
has been determined from the temperature dependence of electr-
ical conductivity 6" » For this purpose a set of 1n 0 vs. T"1
curves were plotted in the temperature range 27° to 250°C for
the samples of different carrier concentrations. Figure 4,15
chows these plots for three typical samples. The figure shows
twvo distinct regions for each curve and these two regions have
different slopes. The calculated values of Ea with their effective
range of teuperature are shown in table Lk,3. In the room tempe
erature side the activation energy Ei is very low and lies in
the range of 3.28 neV to 5.22 meV, whereas in the high tempera=

ture side EiI

is of the order of 40 to 63 meV. The existonce
of two activation energics indicate that there may have two
donor impurity levels in our Sno2 gamples. With the increase of
net carrier concentration (donor density),the shallower level
nay merge with the extended conduction band and results in temp=-
erature independent conductivity in the room temperature side.
This phenomenon may lead to a shrinkage of the optical band

gap Eg of the material at hipgh carrier concentration levels.

Foxr our Sn02 sample we have noticed a similar shrinkage of EG

at about ,>_:1021 cm°3 of carrier conceniration (described latex in

cection 4.11.1).
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The decrease of activation energy(EiI) with incre=-
asing donor concentration (ND) is comnonly observed in both
elemental and compound semiconductors. Pearson and Bardeen(17)
have proposed a model to explain this effect. Their hypothesis
is that- there is appreciable electrostatic attraction between
the electrons and ionized impurity centres which increases
with the increase of donor concentrations. They have obtained

the following equétion from a study on boron-doped silicon

samples.



3
ED = EO- aND eos eeo coe (ll'.",’)

where Eo is the donor ionization energy at infinite dilution,
and ED is the donor ionization energy. Fitting our data in

the above equation (noting that ED=2Ea for highly degenerate
samples and n 2 Ny ) we obtain for our as-deposited SnO, films

-8 3 |
ED - 00482 bt 8.21‘ x10 !13 ev LR ) o0 (4.5)

[+]
On the other hand for Sn()2 crystals“c’) heat treated in

oxygen the above equation (4.4) reduces to

8

ED = 0-15 - 807 x10- eV eeo eso (!;‘-6)

1
Np
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L.10 TIERR:IOELECTRIC POUER OF Sno,, FILI

The thermoeclectric power (TEP) of some samples of
Sno2 having different carrier concentrations were measured in
the temperature range 27° to 160°C, lleasured values of TEP
are plotted as a function of temperature in figure 4.16. All
the samples showed an almost reversible character when subjected
to thermal cycling from 27° to 160°C. The sign of the thermo-emf
was negative corresponding to the n-type character of the sample

as was obtained earlier in Hall effect experiments.

Since our measurements were limited to high temper-
ature range only, the contribution from phonon drag to the TEP
may be assumed negligible. From figure 4.16 it can be seen

that the TEP can be expressed as(19)

Q = T + ¢ see eco oo (u"?)

where Q is the TEP value at absolute teumperature T, b and ¢
are indepcndent of temperature but may depend on the film
thickness and heat treatment. The first term bT is the elec=
tron diffusion term and ¢ represents the temperature indepen-

dent contribution to the TEP.

The charge carrier concentrations obtained from

the Hall coefficients ofrthese pamples are of the order of



1350a

n=9X ’IO’ISCm_3
o o—-——————'—u"‘o_o—o-——o——-—_-
o o - .
140 o o —0—0—°0T
120 [
5x10'°
,g,—»—?ﬂ.ﬂo,,ofo/V’”’/
O,
']OO' /L'/o-/o_-o/o/
_/O——-’O
8ok 1.3 x10°°
Q __,,’—-5—/""°————u——"°"‘“°"'°_"w_
(/UV/OK) 0 o____Q__Q.—-O_-o (¥) [+) o
60F
3.8 X100
,__——fr——w—u*—<r———<r———°-"—°‘*"°_——JL___°_~—A_P—_O_—
40 . 9 -0
. 6.5%10%°
-0 60— ——0—g——0—0 o o 0—0
1.3 X10%)
20F 0 D, O—p—0C ul - o o o - —0 o 0 0. Fo)
o o—0 o 0. [+} ] Q e) (] Q o] Fo) o 21
© 1.6 X10
0 1 ] 1 | 1 1 1 1
Lo 60 80 100 120 140 160 180

Teuperature T S

Figure 4.16 : Variation of thermoelectric power of Sn0, film
with temperature. Different curves are for

samples of different carrier concentrations.




EEmat L Ll E RN

S T T IRIImS—S———

- 131 =

1 k.
~ 10 9 t00J1021 cm 3, and so all the samples are considered

to be degenerate at room temperature. The degeneracy tempera=-

ture calculated from the expression
T = (b2/8kme ) (3n /)3
d ‘Be

is found to be hf103 OK.

Figure 4.17 shows the variation of TEP with the
carrier concentration n at three different temperatures. It
is observed that with the increase of carrier concentration

the TEP values tend to become temperature independent (fig-

ure 4.16). This corresponds to a saturation effect that implics

a pinning mode of the Fermi levels possibly at lower carrier

concentrations.

4,10.1 The Position of Fermi level and Its Variation with

Carrier Concentration and Temperature $ =

The position of Fermi level of our .SnO2 samples
can be obtained from the thermo-power data. The expression
for the thernoelectric power of a degenerate semiconductor

can be given by(zo)

5 Q - (kB/e) [(3/2) Fa(‘q)/F“(-'l) "'YLJ oo ece (4.8)
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'Tl = EF/kBT Xy eve : (1’]’!9)

is the reduced Fernl energy. lere the poscition of Fermi level
is with respect to the conduction band edge. Fr(q) are the
Fermi integrals of order r defined by equation 2.21, and their

(20'21). Now from the

values are obtained in standard tables
measured values of thermoelectric power Q and solving equation
(4.8) numerically with the help of Fermi integral values, the
value of'q and hence the position of the Fermi levels EF have
been determined, It was found that the Fermi levels lie in the
conduction band for all the samples. This shows a complete
'degenerate nature of our spray deposited SnOa films. The variae=
tion in the position of the Fermi levels at two different tempe
eratures ( 300° and 400°K) with respect to the carrier concen=-
tration of the samples are shown in figure 4,18. It is now
clear from this figure, curve(a) and (b), that the Fermi levels
at different temperatures are being gradually pinned near the

(22,27)

band edge with decrease of carrier concentration o This

confirms our prediction made in the previous section 4.10.
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k.10.2 Effective iass of Electrons g

Knowing'q.from the above calculations it is now
easier to obtain the electron effective mass m; in the cone
duction band. It is known that, for a degenerate semiconduce
tor, m; can be related to the free carrier concentration n by

the following relation,
n 3 3/2
n = (1/h ) li'rc(zm;kBT) F_g, (T{) osse ose (4010)

where E%(Q) is again the Fermi integral. leasuring =a from

the Hall effect, the value of m; for all the samples of Sno2

have been determined at room temperature. These values are
plotted as a function of the carrier concentration in figure
4,18, curve (c). It is observed from this curve that the vari-

ation of m; with carrier concentration is linited mostly in

18 20 =3

the concentration range ~ 10 ~ to 2X10"" cm -, and above this

range m; .becomes almost constant. We found m; to increase

18

from O.14m to 0.56m in the carrier concentration range 6 X10

1

| .
to 1.3X10°1 em™ for our Sno0,, samples.

4.10.3 Carrier Concentration for Nondepenerate §n0,, Film : -

The extrapolated end of the E; vs. n curve, curve(a)

of figure 4.18, to E%.: 0 corresponds to a carrier concentration



1.5 X'¥018 em™”, and this may be taken as the upper linit of
the carrier concentration, Ds for nondegenerate SnO2 film.
Because at a concentration n <lnb the Ferni level . the

sample should leave the conduction band and lie in the band

BaPpo.

L.11 T2 OPTICAL ABSORITION

Optical absorption coefficients of Sno2 £ilm have
heen determined from the transmission spectra. It is already
mentioned that over the entire visible range of frequencies
Sn0, films are found highly transparent. Figure 4.19 shows the
transiiission spectra of undoped and Sb-doped SnO2 films with
reference to an uncoated substrate in the wavelength range
O.Es/im to 0.?/Am o Sb-doped films show lower transmission than
that of undoped filus in the visible range. Similar curves were

also obtained for F-dored films,

In the fundamental absorption region, which lies in

the ultra-violet range, the transﬁission coefficient T is given
by(BB)

T=A exp (-at ) ese eoes coee ("1‘011)

where A= 4Tk/)\ , and k is the extinction coefficient at
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wavelength A and ¢ is the film thickness. For ‘k2<31n§.

which is found valid for our Sn0, films (nf is the refractive
index of the film), the value of A that accounts for the refle
ection effects can approximately be taken as unity(h). Therefore
the absorption coefficient A can be deteruined from the value
of t and T. The calculated values of X as a function of wavelec=

ngths is shown in figure 4.20(a).

4.11.1 Evaluation of The Optical Band Gap § =

Assuming that the transition probability becones
constant near the absorpti&n edge, the absorption coefficient
A for direct allowed transition for a simple parabolic band
scherie can be described as a function of incident photon emergy

hY as
a
a=c ( nv -Eg)‘ﬂ/h))

where Eg is the optical band gap. Now from a plot of (any)?
against hﬂ), the value of Eg can be determined by extrapola=-
ting the straight portion of the curve to Ol= 0. Figure 4.20(b)
shows such plots for some of the SnO2 samples having different
carrier concentrationé. It is'observed from this figure that

the fundauental absorption edge shifts gradually to the shorter
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wavelength (higher energy).with the increase of carricr concene
tration. This effect of widening of the band gap is known as the
loss-Burstein shift in semiconductorscak) as has already been
mentioned in chapter-2., Figure 4.21 shows the variation of E
with the carrier concentration n of the samples. It is noticed
from this figure that the value of Eg starts from 3.59 eV for

& sample with carrier concentration 6 X10‘I8 c:‘:m"3 and increases

upto 35496 eV for a sample with carrier concentration 6 x1020 cm'3 .

Above ~ 1077 om™> of carrier concentration the

value of .'E:g is slightly decreased locally from its maxinum value
of 3.96 eV. This shrinkage may be due to (i) the merging of

the shallower donor levels with the extended conduction 'bamd(25 )
or, it may be due to a (ii) many body effect in heavily doped
seniconductors, which produces an increased shielding effect

of the impurity centres by the free electrons.

However, while such a shift is present with the
optical absorption edge, it is very difficult to detect the
actual conduction band edge, Bc’ of the materisl from the opti-
cal absorption studies. But still an approximate estimation

of the same can be made in the following way.

The carrier concentration at which the Fermi level

coincides with the conduction band edge is n = 1.5 JE‘IQ18 em™>

as obtained in section 4.10.3, and the energy gap corresponding



to this value of n (= no) obtained from the extrapolated part
of the n vs, Eg curve (figure 4.21) is 3.45 eV. The value of Eg
Just obtained should correspond to the lower litit of the absor=

ption edge and may be taken as the actual band gap of our SnO
(27)

2

sample « This value is in excellent agreement with the value

of 3.4 eV obtained by Arai(ZS) and 3.4% eV obtained by Kohnke
and Hurt(ea) from the maximum of the conductivity spectral res-
ronse curve., In the above analysis it has been assumed that the
nondegenerate Sno2 sample would not suffer any appreciable loss-
Burstein shift. The shift of Eg from 3.45 eV to 3.96 eV for our
18 1cm-3

@)

SnOa film in the carrier concentration range ~ 10'° to ~ 102

is very large and shows that Snoa is a broad band senmiconductor

The probability of indirect transition has also
been considered but the values of Eg then obtained were very

low and seemed to be uninportant.

4,12 HOLE CFFECTIVE MASS

In section 4.10.2 it has been observed that m;

varies from 0.74m to 0.56m in the carrier consentration range

18 21 5

6X10'° to 1.3X10°" cm “. Such a wide variation of m? is an

indication that the curvature of the conduction band is 1arge(29)
and is probably influenced by the valence band curvature. In
such a situation the shift of the absorption edge with the

carrier concentration can be described in the same way as the



Fermi energy of a freec electrom gas because Ep must comply with

the shift. Therefore we nay write(z?)
Shift of E 0 Ep = /ha/am;(Srczn)% " ses  (Lo12)

where m;_ has been used in place of m; to account for the
effect of the valence band curvature to the conduction band.
m; can be given by

1/rn;_ = 1/my + 1/ up ok — (4.13)
Here m!'z is the hole effective mass in the valence band. In
principle m; may have a slipht dependence on n in eguation
k.12 but nmay be treated as constant for approximation. Theree
fore plotting EF against n§ the value of m; can be determined.
Figure 4,22 shows such a plot whore it is observed that n§ law
is excellently obeyed. The value of m} obtained from the slope
of the straight line is 0.64 m. Now using the va;l.ues of mé in
equation 4.13 the values of ma can be determined. For a sample
with n = 8,8X10" en™, mt = O.bm and By = 0.17 eV, m! comes
out to be ~1.,06 m. The negative sign of the hole effective mass
irplies that the valence band is curved in the same direction
as the conduction band and is an indication that the conduction
band and the valence band extrema do not lie at the same wave
h

vector ke= 0 (29). The values of m} for other samples can be

deternined in a similar waye
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h.12.1  Consistency of the ¥alues of Ep _and m? te

In order to confirm whether the values of the
Fermi energy obtained from the thermopower data and the values
of mi‘jl obtained above are consistent with the Burstein shift
obtained from the optical absorption studies can be tested
by calculating the values of hY () from the following expre

esscion given by Kaiser and Fan(BO).

R (2) = B, 4 (14 m/mp ) [Bpeky? 1o {(a=0)/0)] eee (4a10)

where the second term on the R.H.S accounts for the shift.
Here hYy () is the photon energy corresponding to an absor=-
ption coefficient « , oy is the absorption coefficient if the
excited state corresponding to the same hY (X) is unoccupied

( here nondegenerate Snoa) and Eg is the energy gap of the
sample. The value of oco may approximately be taken here from
the straight line AB of figure 4.20 (b) drawn at hY =Eg= 3,45
eV and parallel to thet due to n=6 x101%en=3 « For a sample
with n = 8.8 X107 en™” and Eg =3.86 eV the calculated value
of hY () comes out to be 3.98 eV corresponding to the expe-
rimental value of 4 eV . Thus the agreement is very good. For
another sample with n=2.7 X10°C cn™>, E, = 3.93 eV, Ep=0.29
eV, m$=0.5m and mf = =2.2m the calculated value of h» ()
comes out to be 4.1%4 eV corresponding to the experimental
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value of 4,09 eV, therefore the agreenent is again very good.
Thus the position of the Fermi levels are consistent with the

observed loss-Burstein shift for our Sno2 sanples.

k.13 CARRIIR SCATTFRING MECHANISH IN Sn02 FILI

It is observed that SnO2 thin films possess consi-

derably lower Hall mobility at room teuperature of ~ 9.1 cm2
T leas—" 3 comparison to the corresponding single crysta1(31)
2,,~1 =1

mobility of ~ 87 en“V™ ‘sec for the same carrier concentration
of'~'8.8)(1019 cm'B. Different scattering processes and thé
grain boundary barricr effects are probably responsible for
this. The measured Hall mobility of the samples are plotted

as a function of their carrier concentration in figure 4.23

curve(a) «

Since the samples are polycrystalline in structure
the contribution of grain boundary scattering may be important.

(32)

Roy et al have mentioned that the grain boundary limited

mobility,/us, in a polycrystalline sample is related to the

effective mobility,/ue, by the relation

1,//4,(9 = 1//*8 + 1//ug coe ces (4,15)

where,‘/is is the corresyponding mobility in a single crystal
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where no grain boundsry is present at the same carrier concene
tration. By taking the values of/us from the 1iterature(31’33'54)
and taking M 88 the experimental mobilities, the values of

/Mg vere determined from equation 4.15 and are plotted as a

function of the carrier concentration ir figure b.23, curve(b).

The contribution of ionized impurity scattering to
the carrier mobility at different carrier concentrations in
degenerate SnO2 films have been calculated by the process
worked out by Csavinszky(ss). The calculated values of the
mobility are also plotted as a function of the same carrier
concentration in figure 4.23, curve(c). Now from the nature of
the three curves (a), (b) and (¢) of figure 4.23 it is clearly
unierstood that these two processes, the grain boundary scatte-
ring and the ionized impurity scattering are distinctly predo=-
minant in the two different ranges of carrier concentrations(aa).
The close agreement between the theoretical and experimental
curves shows that at room temperature, the contribution due
to scattering procecsses other than these two would probably
be very small at least in the range of carrier concentration

(2)

investigated . Thus we conclude that for spray deposited SnO

2
thin film samples two distinct scattering processes viz the

grain boundary scattering and the ionized impurity scattering
are predominant in the two different ranges of carrier concen-

trations from~ 1018 to~10°C eu™> and from ~ 10°C to ~ 10° lom™~
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(27)

respectively, at room temperature « It may be mentioned

here that our observation on samples of carrier concentration

20 =3 (36)

= 10 ? agrees well with those of Imai » Who on the

basis of thermopoﬁer measurenent concluded that ionized impu=-
rity scattering is the predominant scattering mechanism in

Sn0,, sample at room temperature.

2

b4 NATURE OF THD SnO2 CRYSTAL BINDIN

Semiconductors are generally covalent in nature,
but it is an established fact that no chemical bond is purely
covalent or purely ionic im character but is a mixture of the

both. From the electronegativity concept of Pauling the percen-

tage of ionic character, y, of the bond between Sn and O (oxygen)

can be determined by using the Pauling's electronegativity

(37) (38)

values in an empirical relation given by hime

log (100 =y ) = 2.0 = 0.11 [‘_AEN(Sn—O)]a - (&.16)

Here AEN (Sn~0) is the electronegativity difference between
Sn and 0., In polycrystalline extrinsic SnO2 samples if the
bonds between Sn and O are taken asg the principal bond for the

crystalline phase then it can be inferred that Sno2 is more



an ionic crystal than covalent.

4,15 TIE ELECTRONEGATIVITY OF BULK Sn02 HATERIAL

(37)

According to lulliken's assumption s the electr=

onegativity of a neutral atom is the arithmetic mean of the

atonic electron affinity (Af) and the first ionization energy
(EI) of the atom; and we know, the electronegativity equalizae
(37)

tion concept of Sanderson s the bulk electronegativity of
a conmpound is the geometric mean of the electronegativities

of the constituent atoms. Therefore, the electronegativity of

Sn02 can be written as
EN (8n0,) = [ {Aq(sn) + E_(sm)} X & {4.(0) + EI(O)}ZJ'} cee (£.17)

Using the respective values of electron affinity and ionizae-

tion energies in this eguation we get

EN (SnOa) = 6.25 eV ane _ soe ose (#0173-)
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4,16 THE ELECTRON AFFINITY AND WORK TFUNCTION OF SPRAY

DEPOSITED SnO2 THIN FPILY

The electron affinity and work function are the two
important parameters of a semiconducting specimen. For the fabre
ication of junction device like solar cell these two parameters
are especially nceded for the constituent components to have

a better seclection of the materials.

Electron affinity and work function are defined,
respectively as the energy required to remove an electron
from the bottom of the conduction band Ec and from the Fermi
level EF to a position just out side the surface of the material

(vacuum level).

Determination of the electron affinity of a bulk
seniconductor is not so straight forward as that of the Fermi
surface. Therefore, an indirect and empirical method(Bg)
based on the electronegativities of the atoms may be used.

In the case of semiconductors the bulk electronegativity, EN,
corresponds to the intrinsic Fermi level, E%, such that relative

(40)

to vacuum

i
EFNEN = x + Eg/Z see seo (4018)

where, X is the electron affinity and Eg is the optical band
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gap between the conduction and valence bands. Since the position
of E; in a tulk semiconductor is determined by the regular cryse
tallographic structure of the intrinsic material, the electrone=-
gativity could therefore be assumed here as an approxinately
constant parameter, and the effect of change of the possible
impurity contents in the material can be accounted for by a net

change in the electron affinity of the samplechO).

In polycrystalline semiconductor at least in simple
cases,the charge carriers responsitle for electrical conduction
are the free charges and they corresvend te the defect centres
inherent in the individual crystzllites ap well as in the bulk,
but in no way they should affect the structural formula of the
host compound. The concentratioa of such charge carriers in the
bulk material is determined from the measurement of Hall constants
at low magnetic field. Therefore, eguation 4.17 and 4.18 can be
taken into account to estimate the electronegativity and hence
the electron affinity of Snoz samples of various carrier conoen-

trations,

Depending on the substrate teuwperature ranging from
350° to 55000, it has been observed that the carrier concentrae
tion of undoped SnO2 thin film varies from AJ1018 to Ad1oaocm-3.
The optical band gap Eg of each sauple for the above range of

carrier concentrations can be obtained from figure 4.21., Then

the electron affinity X of each sample can be obtained fiom



146a

T

l,“55

445

b4 |

)((eV)

T

h.35T

1 1 ) I N U | 1 L | SN [SURSRY RN (SN %] O

1.6

Py

{4.0

W {eV)
.

13.8

3.6

1019 10°0
_3)

Carrier concentration n (cm

Figure L4.24 : Variation of electron affinity X, and work function

W/ of undoped SnO2 film as a function of free

carrier concentration of the sample.



- %6 -

equation 4.18 using EN = 6.25 eV,

The position of the Fermi level as a function of
carrier concentration has been given in figure 4.18. Now using
these values of EF and the values of A determined above, the
work function W for the samples can be easily deterumined from

the relation

W = )(_ - EF eoce cee eee (1{‘019)

The values of electron affinity X obtained for our sample
are found to vary from 4.29 eV to 4.53 eV in the carrier con-

20 18

centration range ~ 10™" to ~ 10 cm's, and is slightly less

than the experimental value of 4.3 eV (for Sn0O, sample with

2
Eg=_3.5ev). The work function W of our sample is found to

vary from 4.04 eV to 4.53 eV in the same carrier concentration
range. The experimental value of the work function in the case

(1) is k.75 eV and

of pure Sn02 sample as reported by Feucht
is slightly higher than our estimated values. The variation with n

of X and W are graphically shown in figure 4.2k,

The following two significant reasons may be mentioned
here for the present discrepancy existing between the values
estimated here and experimentally obtained else where for the

above two parameters.
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Firstly :

The work function W obtained from the measurement
of photoelectric threshold in vacuum, corresponds to the amo=
unt of energy required to extract one electron from the bind-

ing forces in the bulk and is given by

W o= ./(Ac + qﬂ see see owo - (1}.20)

where./uc is the chemical potential measured with respect to
vacuum and qf accounts for the surface dipole effects(ua).
The position of Fermi level relative to the vacuum therefore
depends on the surface structure. On the other hand the posi-
tion of Fermi level determined from the thermoelectric powver
data corresponds to the chemical potential relative to the
conduction band edge and it does not account for the surface
dipole effects. Therefore, for degenerate materials the pre=

sent method of estimation of work function would always lead

to an under=-estimated value.

Secondly &

Since the surfaces of solids with different crysta=
llographic orientation and stoichiometry have different surface
dipole layers, the value of work function for the same material

may vary from sample to sample. Particularly, for the spray depo-

sited oxide semiconductors this effect is more significant
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because of the probable oxygen adsorption mechanism at the
surface which helps to increase the experimental work function
values. lowever, since the surface structure of spray deposited
SnO2 samples depends very much on the preparational technique,
sorie limited discrepancy between the values of work function
or electron affinity or the band gap of the sample studied here

!
and elsevhere may ezist(‘E).

From the above study it appears that the work func=
tion and electron affinity of degenerate SnO2 thin film samples
increace with the decrease of carrier concentrations. Starting
from different values in the conduction band they attain the
pame value of 4.53 eV at the band edge(figure 4.24). The rate
of increase of the work function is relatively slower than that
of the electron affinity and is due to the gradual pinning
(27)

node of the Fermi levels that exists near the conduction
band edge with the decrease of carrier concentration of the

samnple.
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STUDIES O} In 03 FILNS

2

Indium oxide (In203) thin films have enough simila=
rities with the Sno2 thin films particularly with respect to
the properties like transparency and conductivity. Therefore,
the experimental studies on In203 films ﬁave been carried out

in a like manner as was done for our SnO2 filns.

S5e1 INTRODUCTORY STUDIES

Structural investigations on In203 films revealed
a granular polycrystalline structure with grain size slightly

larger than that of the Sn0O, films. The variation of the film

2
thickness ¢t with the deyposition time td for Inao3 filos was

found to show a relatively flat nature than that was obtained

for the Sn0O., filws. The sheet resistance size effect was almost

2
similar to that of the Snoa films described in section 4.5.
Substrate temperature dependence of the electrical conductivity
and Hall mobility showed that %00° = 425°C of substrate tempera=
ture is adequate for a low resistive film and therefore all

the experimental samples of Inao3 (doped and undoped) vere



prepared at this temperature limit.

The hydrolysis reaction of InCl, proceeds at a

3
slover rate in couparison to the reaction rate of SnClh at

a constant temperature and also that the former is less sensit-
ive to a swall change of substrate temperature. Therefore, the
average growth rate (t/td) of In203 film was smaller and the
film growth activation energy was found slightly less than
that of the SnO2 £film at about 400°C of substrate temperature-.
From this point of view the growth process of In203 film is

said to be a favourable one for larger grain size formation.

The rate of growth and the electrical properties of
undoped and Sn-doped In203 f£ilms were found to depend substane
tially on the working sclution concentration as well as on the
use of alcohol in the solution. A brief study regarding this

behaviour has been given in the following section.

5.2 THE EFFECT OF SOLUTION CONCENTRATION

Purely aqueous solution of InCl3 of different con-
centrations from Q0.2 M to 0.5 M were taken as working solution
and keeping all other associated deposition variables constant
a set of undoped In203 filus were prepared. Resistivityta s Hall

mobility‘/A and the carrier concentration n of these samples



were measured. The values are graphically shown in figure 5.1.
It is observed from these curves thatfo increases from #.9){10-2
to 8.5.X10-?flcm with the increase of solution concentration
from 0.2M to 0.5 M. The mobility values correspondingly decrea=
sae from 26.5 cmz/ Vasec to ~ 16 cmz/ V. sec in this interval
where the carrier concenfration shows a minimum value of 4.5 X

18

10%° en™ at 0.35 ¥ of solution concentration.

Vhen an alcoholic solution was used foxr depositing
the films, the above picture changed and better result was obtai~
ned at a concentration of ~ 044 M, A brief table is given here
to show this effect (tadle 5.1). It was also observed that films
prepared from purely agueous solution are more transparent than
the films prepared frcm alcoholic solution, but due to the lowver
growth rate of the former films, solution containing alcohol was
preferred. Moreover alcoholic solution gives better results in
preparing a more useful variety of filws, namely the Sn-doped
In203 filws or ITO films. From the above description and from
table 5.1 it is found that when the films are prepared from
alcoholic solution, the increasc of working solution concentra=-
tion produces higher conductivity and Hall mobility; but if the
films are prepared from purely aqueous solution conductivity and
Hall mobility both decrease with the inecrease of solution concen-

tration.

In conparison to purelj aqueous solution, alcoholic
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solution produces fiﬁely disperced aerosol which is easier for
the vaporisation and reaction. But if then the reaction takes
place above the substrate surface, the resulting film on the

substrate may be slightly hazy(1)

o« In this situation the dis=
tance between the mouth of the aerosol supplying tube and the

substrate should be lowered.

The lower deposition rate of the film obtained in
using purely aqueous solution may be due to the reversibility
of the reaction (1.2) viz
InCl; + H0 == Iny0, + HC1
When alcohol is used (CZHBOH) in the starting solution, then
it becomes easier for the above reaction to proceed more effie
ciently in the forward direction thamn in the backward direction,
because alcohol then reacts with the evolved HCl to form ethyl=-
chloride and is readily evaporated out from the deposition site.
Thus alcoholic solution should give higher deposition rate of

the filns.
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5.3 THE EFFECT OF Sn-DOPING

Sn=doped InEOB filws were prepared by using different
role % of Sn014 in Incl3 solution. The effect of this doping on
the electrical properties of InEOBxSn film has been represented
by two sets of typical curves in figures 5.2(a) and 5.2(b) for
tuo different solution concentrations 0.2 K and O.44 M respect=

ively. The solution was alcoholic.

It is observed from these figures that the nature
of variations of/o ,/A and n qf the films with the Sn~doping
levels are almost similar in these two cases of solution con=-
centrations. About 2-3 mole % of Sn can produce the highest
Hall mobility. The resistivity decreases with the increase of
doping level almost upto 9 mole % in these two cases. The carr-
ier concentration also gradually increases with the addition of
dopant. A minima in the umobility variation curve is found nesr
about 5 mole % of Sn in the case of 0.44 M solution and at about
10 mole % of Sn in the case of 0.2 # solution. It is however
clear that filws with higher conductivity, Hall mobility and
carrier concentration can be obtained from O.44 M seclution
rather than 0.2 M solution at similar doping levels. The working
solution concentration is thus a valuable parameter for InaojsSn
films, particularly in controlling the Hall mobility values and

nceds precise optimization if higher mobility is required.
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5.4  POAT-DEPOSITION NUAT TREATHENT OF Inaos AND Imao3

Post-deposition heat treatment of a set of In203 and
In203=Sn films have been performed in air at normal pressure and
in vacuuam of the order of~10~2 torr. The heating temperature
wvas varied from 300 to 25000. The details of the experimental
procedure have been described in chapter-3. Obtaining similari-
ties in the nature of the variations of different electrical
paramneters in heat treatments of several specimens of this cate-
gory wve have reported here only results of four iypical samples.

Two of them are undoped and the other two are Sn-doped In203 filus.

5.4.1 Heat Trecatment at Normal Atucsphere e

Puring this heat treatwmeant operation a simultaneous
measurerent of resistivity end Hall coefficient were perforued.

The results are discussed below.

5.4.1.1 Tenvorature depcndence of resistivity -

The variation of resistivity/o with temperature T
of the samples are shown by two sets of curves in figure 5.3(a)
and 5,3(b) for undoped and Sn-doped films respectively. It can
be seen from these curves that initially the resistivity slightly

increaces between room temperature and ~ 7o°c (region 1), then
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it gradually decreases with the rise of temperature upto ~ 190°¢C
(region II), and again increases very slightly with the rice of
temperature upto ~ 250°C (region III). Finally,/o drops down at
the same (constant) temperature of 250°C during a period of 1 hour
and attains a steady state value. The return operation of cooling
does not alter appreciably the value of/o once attained at the

maximum temperature.

The value of TCR ¢

In the temperature ronge 70° to 180°C where the
resistivity of all the filus decreases maximum, the temperature
coefficient of resistiviiy (TCR) have been calculated for the as-
deposited samples and are shown in table 5.2, TCR is fouad negative
for all the films in this region, whercas it is positive Tor region

ITI.

S.4.1.2 The dorors and the donor jonizatior energy :=-

During the variation of[O s the carrier concentration
n &nd the Hall mobility/u_ of the samples were also found to vary
glowly with temperature. Fron the temperature variation of n in
region II; the donor ionization energy (Ed'Ed) may be determined
by plotting(lnn)against T-1 and using eguation 2.15 considering

the soamples to be in the uncompensaied regime. The obtained values
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of (Ec-ﬁEd)With reference to the conduction band edge E, are given
in table 5.2. The values are of the order of ~ 0.069 to 0.1 eV as
obtained from figures 5.5 and 5.6; and are all very small indica-

ting that the possible donor levels are very shallow.

Whether this sort of donor levels are reasonable in
1n203 filus can te justified by calculating the dielectric cons-
tant 61' for the samples. For this purpose a hydrogenic model
for the medium could be assumed where the donor ionization energy

By is given by(a)

Ey = (eL‘ m;)/(aéid{a) « 1z C.G.8. voe coe (5.1)

Here m; is the effective mass of the conduction electrons, and
may be obtained from the thermopower data. For undoped In?o3

cones out to be 3.9 « Ik and are in excelle

(3)

filwes the value of EL

ent agreement with the reported value of 4 by Kostlin et al
&)

and by Clanget - For the Sn-doped samples the donor levels are
more close to the conduction band and the calculated value of ELis
about ~ 5.36 and is slightly higher than the reported one,~ 4.45
by Fan and Bachner(5) for rf diocde sputtered ITO films of diffe=-
rent carrier concentration. Thus the obtained denor levels appear

to be consictent with the energy bands, and the samples in this

region (region II) could be safely considered as uncoupensated.

It is already known that In,0, thin films like the

273
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Sno2 filme are impurity semiconductors with n-type conductivity.
The energy levels of the impurity states lie at the energy gap

near the bottom of the conduction band. In undoped films oxygen
vacancies and interstitial chlorine ion (as impurity coming from

InClE) can act as the major sources of donors. Interstitial In3+

)

cations are also important in this case

For the Sn~doped filme we have a solid solution

be | 34,
wvhere Sn ' ion may substitute for In’* ions in the In 0, lattice.

273
This is logical since among the %two valence states of $n viz Sn2+
and th+,the ionic radius of Sn4+ (= 0.714°) is less than the

ionic radius of In°t (=~ 0.81 A°), whereas the ionic radiue of

snZt (= 0,93 A°) is greater than this(7). In this situation if

3+

covalent bonds are formed between Sn.l"+ and surrounding In”  ions

the surplus 1 electron of Snk+ would be contributed to the con-

duction process and Sn.q+ ion would be a positive trap centre

leading to an electronic energy level just below the conduction

band, Manifacier et al(g) have pointed out that a combination of
3+ ¢ Ly

. Sy T
both the controlled valence semiconductor Ina_x nx ex()3 and

7 -
nonstoichiometric semiconductor Iné+ Og_ﬁxe2x nay be formed to

create possible donor levels in these films. I'raser and Coqk<9)
have pointed out that the resistivity of InPOBSSn film is wore

sensitive to the oxygen vacancies than it is to the Sn content.

Apart from these donor levels, there are some excess

oxygen occupying the interstitial sites of the In203 lattice
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which create acceptor levels just above the valence band(10).

With the increase of teuperature these acceptor states may be

excited to negate the donor action (compensation effect).

Selta1.3 The experivental curves t (Figure 5.3)

The gross decrease of resistivity due to a heat
treatrent in air can be explained as mainly due to the desorp-
tion of oxygen from the grain boundaries of the filws. This type
of explanation in detail has already been given in connection
with the heat treatment experiments of SnO2 films in chapter-h.
The only exception here is that an increase of carrier concentra-
tion in addition to an increase of mobility are noticed with the
observed decrease of resistivity, whereas for Sno2 films there
was no appreciable change of carrier concentration due %o heat

treatoent.

It has been mentioned in section 4.9 that chemisorp-
tion and desorption both may occur at all temperature. The process
that dominates is determined by their respective rates which are
functions of the ambient temperature and relative concentrations
of the chemisorption species available in the ambient and in the
chenisorption site. The swmall increase of resistivity between

30° and 70°C at the begining of the heating cycle may be due to
(1)

(12)

the predominance of such chenisorption effect which may also

give rise to oxidation of the graim boundaries « Haissel has



mentioned that the oxidation of the grain boundaries could occur
either as a result of oxygen diffusing in from the surface or
from trapped oxygen diffusing internally and then precipitating
at the grain boundaries as an insulating phase. But as the temp-
erature increases further (in region II),an overwhelming majority
of desorption is observed and the resistivity decreases. It is
very difficult to explain at present the minor increase of resis-
tivity in region III when the sample temperature crosses 190°C.
Three possible mechanisms wmay be present here ¢
(i) a generation of internal stresses in the film(13),

(ii) a predominance of partial carrier compensation

effect due to the excitation of possible accep=-

tor levels in the film(qu)

s and
(iii) a dissociative chemisorption effect.
Let us first discuss the latter effect in some detail for our

samples.

In studying the gas-solid interaction of various
gases with tin oxide and zinc oxide, it was found that in a high
oxygen ambient the electrical conductivity 6 of the semiconduc-
tors schowed anomalous behaviour in some temperature regions(15-17).
The slopes of in6 vsaT°1 plotes changed from negative value
(normal semiconductor characteristics) to positive value vwhen
the sample temperature was below or above a cerfain temperature

Tc. This eritical temperature for tin oxide film as obtained by

the authors(15-17) was around 160°C and for zinc oxide it was
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o
about 220°C, In our Sn0, saumple we did not observe such critical

temperature upto RSGOC, but in our 11120}5 and InZOB:Sn £ilms a
siuilar T  is being observed around 195°¢c, figure S5.4(a) and (b).
This type of anomalous behaviour was broadly referred to as a
result of strong electronic interaction between chemisorbed oxy-
y(16,17)

gen and the semiconductor bulk(at the surface region

wore detail explanation for our samples may then be as follows.

At room temperature the principal species of chemi-
sorbed oxygen was O;-. When the sample temperature rises, the
chemisorbed 0;' desorbed from the sample donating an electron
to the indium oxide (O;- —> 0, + e), hence causing the resis-
tivity to decrease(in region II, figure 5.3 and S.4.). On further
raising the temperature and as the sample temperature crosses Tc
dissociative chemisorption occurs (in region III), yielding 01-
or 02- by accepting electrons from indium oxide (02+2e — 201-,
or %:02-+ 2e -e>-02" Yo As a result resistivity may increase at temp.
beyond Tc. If the above explanation is valid here then it can be

said that the mechanism (iii) is mostly effective in a narrow

temperature region of 200° - 230°C for In203 and In?OB:Sn filws.

' On the other hand if mechaniem (ii) holds, then it
seems that the acceptor level is exhausted at temperature 230° -
2L0%°C while the donor ionization or the usual desorption process
again predominates and the resistivity decreases for the last
time at a constant teumperature of 250°C. Here the reason of invo-

king this partial carrier compensation effect is that the activa=
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tion energy determined for region III using partially compensae-
ted semiconductor model agrees well with the previously deterni=-
ned donor ionization energy using uncompensated semiconductor
model. Table 5.2 shows these values. Since for region III, a
pirmilar behaviour was noticed for all the doped and undoped films,
it is definitely a characteristic: of the host lattice (In205)
rather than of the Sn-donors. Therefore it appears that mechanism
like partial carrier compensation may dominate in this temperature
region due to which resistivity increases locally over a general

declining backgrounde.

Regarding mechanism (i) it can be said that semicon=
ducting Inao3 and InEOB:Sn films have the linear coefficient of
thermal expansion ~ 10.2}{10'6 /° C which is very ciose to that
of the glass substrate ~ 9){10-6/00, and also that the filus are
highly adherent to the glass substrate. Therefore, the generation
of internal stresses in the film due to vwhich its resistivity may
increase, should not be attributed here to the expansion coeffic=-

jent mismatch between the film and glass substrate but to the

£ilm-substrate combination.
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Sh.1.4 The activation enerpies for Inao3 and In203:Sn Pilns t=

@ It has been pointed out in section 2.5.1 that the
thermal activation energy for electronic conduction in semicon=-
ductors and in insulators is traditionally interpreted in three
possible ways, i.e., half the band gap when the material is intr-
insic; some trap depth when the material is extrinsic or half the
trap depth when the material is highly doped. Even in these simple
cases the analysis of thermal activation energy becomes difficult
when the material is polycrystalline and degenerate in nature. In
these situations the grain boundary trapping model is very conve-
nient and is frequently used. The dec conductivity characteristics
of various polycrystalline materials can be successfully explained
with the help of this model as have been done by many authors in

O
the past(15-22)

. Before going detail into the analysis of our
present experimental results it is necessary to sunmarize the

important features of the model.

Tt is assuned that the polycrystalline material is
conposed of a linear chain of identical crystallites having a

grain size L separated by a narrow boundary region that contains

a concentration Ny (per unit area) of traps located at an energy
level in the forbidden gape. The traps are assumed to be initially
neutral and become charged by trapping a carrier vwhich leads to

a potential barrier at the boundary. According to the theory of



trap levels the properties of the film change markedly depending

on the combination of two conditions; one is the degree of deple=

tion of the grains and the other is the degree of trap occupancye.

Two cases may then arise

Cace I

If the density of trap states is high and is compara=-
ble with the carrier concentration in the grains, a severe deplet=-
ion of the grains exist throughout the bulk of the crystallites.
This situation may also be created if the grain size is less than
or comparable to the Debye screening length LD’ Under this circum=
stances the carrier concentration may practically be temperature

independent while the mobility is thermally activated(za).

Case 11 ¢

At the other extreme when the carrier concentration
is quite high coupared to the trap density, the depletion region
exists only adjacent to the grain boundaries, the carrier distri-
bution is inhomogeneous and carrier transport occurs by thermionic
enission over the grain boundaries. This situation may also exist
when the grain size is greater than the Debye screening lengthe.
However in this case the free carrier concentration and the Hall

mobility both are thermally activated(23’2k).

For degenerate semiconductor where the case II applies,

the effective mobilitylf&eff is given by(25) (equation 4.2),

-
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/ueff = A/L{o/ T_% pr(' /A/kBT) es e so0 (502)

uhere/ué iz a function of grain size L and effective mass m;)given
by

1.
/u; = oL/(81tm® k;)* . § wi (5.3)

Equation 5.2 is strictly valid when the effective mobility is limi=
ted mainly by the grain boundary scattering. Otherwise the case
would be an approximate onec. EV; is the effective barrier height
known as the mobility activation energy. FfL is usually temperature
independent for purely thermionic emission case but it may show a
slight temperature dependence if thermionic field emission exists.
At low temperatures tunnelling may be the predominant mechanism

and at high temperature thermionic emission dominates. The carrier

concentration n for such a material can be expressed by
n = no GXP("Ln/kBT) ooe eoe soo (5.1")

where En = (Ec-Ed)/E is the activation energy for the carrier
concentration. En depends on the relative carrier concentration
(26)

of the grains n, and of the barrier regions n,e. Petritz has

given the relation between %ﬂ-' n, and n, as

E/A_ = kBT 111(111/!12) soe eoe eoo | (5.5)
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The thermally activated conductivity can be expressed similarly

by

6-’ = Golc exp(-EG’/kBT ) see s eee (5.6)

where Eg/2 = Ea is the conductivity activation energy and 6:0 is
the value of G at 1/T =0. The relation between E_, Eu and E, can

be casily established(aa) as -

E ~ ]Ea- %“) Iy - cee (5.7)

In the absence of grain boundaries or in the absence of any ther=
mal activation of mobility, E/u_ —> O and at that time En% Ea' On
the other hand if the material is in the exhaustion range then

En s O and Ea% E}u_ for a polycrystalline material.

When partial depletion of the grains exists in the
material then there must have a critical concentration of donors
1‘~I]‘J below which this partially depleted region may extend to a
fully depleted region. The quantity N;‘j is related to the interfaf

cial trap density Nt by an approximate relation N]‘)w Nt/I"
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TABLE -« 5.2

Deterzined by using partially compensated nodel.

for In203 filn

L - N - 3 L - .
7 me..0.1m and for Inaos.bn film of = 0:17m &

‘ Regions II and III are temperature regions mentioned in the text.

It was also ascuved that no appreciable change of static dielectric

constant and optical band gap of the material occured in these tenp=-

erature ranges.
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5.4.1.5 The grain boundary paraneters $-

In the light of the description given in the previous
section (5.4.1.4), the values of sone of the grain boundary parac=
eters of our polycrystalline In203 and 15203zSn films are calcula=-
ted and tabulated in table 5.2 and 5.3. Our samples are supposed
to correspond to the case II of the trapping model {page 167), and

we have considered for simplicity n::ND at room tenperature.

A plot of 1n9uT%) vs.1000/T for the set of samples
ave shown in figure 5.7(a) and (b). It iz clear that mobility is
thermally activated in the investigated range of temperature. The
validity of eguation 5.7 may be checked. The estimated values of

N, appear to be slightly over-estimated but still the validity

t
of the case II can be justified. On the other hand the estimated
values of the grain size L appear to be slightly under-estimated
because the values of/uafp at room tenmperature are ﬁnt strictly

limited by the grain boundary scattering alone. Hovever the values

are of expected order and the condition LD<K.L holds good.

Assuming B, to be the carrier concentration corresp-

onding to the ameasured Hall coefficient, the values of nz(carrier

concentration in the boundary region) were calculated. It is obser=
ved that vhen n, of undoped film increases about 13% it is accome
panied by ~ 14 % decrease of the n, values; whereas for Sn-doped

f£iins about 11 % increase in n, is accompanied by almost 50% incr-

ease in the n, values. This may lead to a gualitative inference
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that when dopants are added to increase n, then the barrier

becone increasingly populated by new charge carriers.

TARLE « 5.3
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S.t.2  Heat Trentment in Vacuum =

Some of the Inao3 and In203=Sn £ilms were heat treated
5

at a constant temperature of 250°C in vacuum of the order of ~ 10"

torr for 1 hour. The effect of the heat treatment is shown in table

5.4, It is observed that vacuum heat treatment substantially increases
g the Hal} mobility values. The rate of the increment is found to dep=-
end inversely on the doping level., Liobility increases~72 % for
undoped filrs,~ 61% for 2 mole% Sn-doped films and 38% for 9 mole %
Sn-doved filus respectively. This implies that a vacuum heat treat-
pent is more efficient to increase the Mall mobility values at lower
doping levels. This is obvious because the carrier concentration of
the as-deposited filus increases with the increase of doping concen=
tration and produce a greater fraction of carrier-carrier scattering
in the filus. Heat treatment could not eliuinate this effect due to
excess free cavriers in the materia1(27). On the other hand undoped
?ilms have relatively lower concentrations of free carriers,and in’
this case ~ 72 % increase of pobility in a vacuum heat treatment is
painly due to the reduction of grain boundary barrier heights. 1t

has alrcady been wentioned that grain boundary barrier heights are
preatly reduced due to a heat treatment in vacuun for the films

with lower carrier concentrations. At the time of lowering the
barrier heights, sone carriers are made free from the traps lying
thorein in addition to the usual jonization of domors of other

| coentres causing a simultaneous increase of carrier concentrations.
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The drastic £all of resistivity of the as~deposited films due to
the heat treatuent is thus attributed to the cumulative effect

of the increase of mobility as well as carrier concentration.
Like the Sn0, filus here also the values of 04 My and n attained
after a vacuum heat treatuent do not change subsequently so long

as the sample is kept at normal temperature and pressure.

TABLE = S.b

1] L [ ] [ ?
. t ' ' '
Doping 5 Sample EResisti- E Carrier gHall mobi-epercentage
Level . E Ev:.ty 2 }concentrati-lity AL | increase
-7 1 2.t '
H Y10 %en) on, n (cm B)Kcnnzfv.sec): of U
: : : : )
? a ]
' As-deposited 291 1.5%10°° 1649 1
1 '
Undoped  ; v 72 %
Vac. Heat 19
¢ 1 '
' treated - 20.59 1.06X10 28k ;
' 20 :
» v As-deposited 0.662 2.1X107 3h43 d
2 mole 7 ' 1
Sn-doped L P 61 %
A=aep Vac. Heat 20
' * ° 29 X1 .t'6 '
' grented 0.49 2.29X10 555 '
* 20 ]
~ ' As-deposited 0446  3.98X10 35.1 !
9 mole % ' 38 %
Sn-doped ! " , *
=Eos . Vac. Heat 0.271 2.1 X102 48.67 !
" 1

treated
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5.5 THERUIOEIECTRIC POLER

The thermoelectric power (TEP) of several doped and
undoped samples of indium oxide having different carrier concen=
trations were measured with reference to pure metallic lead (Pb).
During measurement the cold junction of the experinental sample
was kept at 0°C and the temperature of the hot junction was
varied upto 175°C. The detail experimental technique has been
described in chapter- 3. The experirent was carried out with a
view to deteruining the position of Fermi level and the approx=

imate values of the carrier effective mass in the conduction

band.

The neasured values of TEP as a function of tenmpe=-
rature is shown in figure 5.8 for 4 typical sanmples of different
carrier concentrations. The gemeral patiern of variation of TEP
with temperature is alwost sinmilar for all the samples. From
30° upto ~ 100°C the TEP increases nonlinearly, but above 100°¢

it rises very slovly but linearly with temperature.

The sign of the thermo-enf was found negative which
indicates electrons to be the majority carriers. The n-type cha-
racter of these samples was also indicatéd by the -ve sign of
the Hall coefficients. From figure 5.9 it is clearly observed
that with the increase'of free carrier concentration of the

samples the TEP values decrease very rapidly. We have gtudied
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sample 5
ples of carrier concentration ranging from 1018 5 1027

-3
cm and ob
served that the TEP values run from 200 to 16 /MV/OK,

in 3
this carrier concentration range at room temperature.

5.5.1 The Position of Fermi Level t -

From the measured values of the thermoelectric power
the position of Fermi levels were determined for the samples
following the same procedure as have used for the Sn0, filmse
Fermi levels in spray deposited Inao3 and In203=5n are found
to lie in the conduction band and the samples are thus degene-
rate in nature. The variation of the positions of the Fermi

level EF as a function of carrier concentration n is shown in

figure 5.9(a). The three curves ropresent variations of EF at

three different temperatures. It is noticed that the value of

s with the increase of carrier concentration

E. gradually increase

F
upto about 51!1020 cm"'3 and then it decreases a little. At decr-

easing carrier concentrations the Fermi levels tend to becone

which indicates a gradual pinning

28

rmi levels at lower carrier concentrations »

almost temperature independent

mode of the Fe

The carrier concentration n, corresponding to EF= 0 can be

the extrapolated part of the curve at rocm tempe=-
8 c

obtained from

rature. n = 1 X‘K)’i m’3 is thus obtained. This may be taken

as the carrier concentration at which the Fermi level coincides

with the conduction band edge Ec and may approximately be taken



B e e
-
~J
[oaY
o)

B (b)

__o____/

I Wt 1 1 i | |

0 | L PRSI W TN S5 U TN B . | [N oy s |
1010 10’19 1080 ) a0
n (cm—j)

21

s a function of carrier concentration, n, of the indium
mple the variation of (a) the Fermi energy B, at

fferent temperatures and (b) the effective mass

Figure 5.9 P A
oxide s&
three di

of electrons m; at room temperature.




- 177 -

as th _ "
€ upper linit of n for nondegenerate indium oxide £ilm.

5.5.2 The Lffective lass of Tlectrons t-

The effective mass of electrons are also found to
vary with the carrier concentration. Figure 5.9(b) shows the
variation of electron effective mass m; with carrier concentra-
tion of the sample at room temperature. The values of mg vary

18

from O.1m to 0.56m in the carrier concentration range ~ 10
to ?}{1020 cm-B. In the higher concentration side the change of
mg is more pronounced and may be due to a rapid change of the
curvature of the bands. Similar values of m; were obtained by

Clanget(k) and also by Vainshtein and Fistul(zg)for indium oxide

films depesited by different wethods.

5.6 THE OPTICAL BAND GAP Eg AND ITS VARIATION WITH THE

CARRIER CONCENTRATION

Optical band gap Eg of the samples were deternmined

from the absorption coofficient data at short wavelength limit.

For this purpose sanples of different carrier concentrations

were selected and their optical transnission coefficients vere

determined at different wavelengths. Figure 5.10 shows some of

these \ vs T curues. We have studied both the possibilities of
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direct and indirect transitions,

For the direct allowed tramsition (@hY)? vs.hy curves
are plotted for a set of typical samples of indium oxide with diff-
erent carrier concentrations, as shown in figure 5.11. Similarly
a set of (dhﬁ)% ve.hY curves are plotted for the same set of
filus for indirect allowed transition in figure 5.12. The nature
of the curves of these two figures are such that it is very diffi-
cult to deteruine whether a direct or indirect transition is pre-
dorinant in these filus. But it seens that direct transition may
te more probable. In the carrier concentration range AJ1018 to
72X1020 cm-3 the value of Eg for direct tramsition varies from
3.53 to 3.73 eV, whereas for indirect transition Eg lies between
2,27 and 3.56 eV. Indirect transition always leads to lower value
of Eg' Figure 5.13 shows an approxiuate linear variation of Eg with
the carrier concentration for direct allowed transition. The obser=-
ved values of Eg and its gradual increase with the increasing carr=
jer concentration are in good agreenment with the observation of
Ohﬁata et al(Bo) and Swati et a1(31) for sputtered ITO films. For
the indirect transition however,they obtained slightly lower values

of Eg counpared to those of the present vwork ,

Like our Sn02 films here also the shift of Eg with

the carrier concentration can be attributed to the lioss-Burstein

effect, as has been explained in chapter-2 and L, The value of

18 _ =3 N
Eg corresponding to B = 1%x10'° em ” for direct transition is

found to be 3.353 eV ( from figure 5,13), and this may be considered
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as the position of the conduction band edge E, if zero of the
energy lies on the top of the valence band. In the above analysis

it has been assuwmed that Eg corresponding to n, has not suffered

any appreciable shift. The values of Eg were determined at room

tenperature for all the samples.

5.6.1 The Plasma Tdpe t=

The very onset of infra-red (IR) reflection in 1‘.:('120_.‘5
and InaOB:Sn films can be obtained from the direct measurenent
of IR reflection coefficients. Theoretically it can be calculated

fron the screened plasma frequency given by

_ 2, . V2
cop = ( krne /eoeLme)

The plasma edge th is therefore obtained by using the calculated

values of €, and mg in the above equation, noting that

= [ )
)\p ZRC/ P'

¢ being the free space velocity of light. The plasna edge )P of
our sauple corresponding to the different carrier concentrations

are shown in table 5.5. From this table it is clear that the

lasmpa edge shifts towards the shorter wavelength with the incr-
p
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ease of carrier concentration. This observation and the values

of )}’ given in table 5.5 are of expected order and follow our
experinentally observed values. Thus it appears that the optically
transparent region is almost constant for the samples and the
whole transmission spectrum shifts to the shorter or longer wave=-

length according as the free carrier concentration of the sample

increaszes or decreaces.

QMm)

TABIE - °

: : : :

Sample ! In,05 s In,0; §In2°3’sn E In,0;:5n
: : : :

. : i 28 19 | 19

Carrier concs } g 43x10'01 5.85%10'° 18.8X10°° | 9.81X10
"3 ] [] 1 !
n (cu ) i ! ! ‘
: % i :

Plasma edge : 9.23 E 8.73 ! 3k 3 3.35

] 1 t

5.6.2 The Refractive Index =

The refractive index of these samples, Ngy Were
lculated using the method pointed out in chapter - 2. The values
ca
vary - :Sn films
of n, were found to vary from ~»1.69 to 1.8 for the In203
b4

the visible wavelength rangee. The thickness of the sauples
in e

were about O.1/Am-
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Figure 5.1 . Variation of optical band gap Eg with the carrier concentration

n of indium oxide thin films.
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Figure 5.1k : Fermi level LF plotted as a functi n of m of Sn-doped InZO3
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5.7 THE EFFECTIVE EASS OF HOLLS

Figure 5.14 ghows a plot of EF as a function of n§
£ .
o In203=.‘3n filmse The curve is almost a straight line in the

range of carrier concentrations from 1 }MO“9 to 5.25 J(‘IO20 o::m"3

From the slope of the straight line the value of the reduced
effective mass m; has been obtained as 0.618 m and is in exce=-

llent agreerment with the reported value(30’31). Now using the

knoun values of m;, the value of m;‘l can be calculated. The cal=-
culated values of these parameters are shown in table 5.6. The
negative sign of mi"l (wvhich was also obtained for the Sn02 sanyples)
implies that the valence band is curved in the same direction

as the conduction band and probably the conduction and valence
bond extrema donot lie at the same wave vector k = 0»(3 2). The

holes in In203:5n film appear to be heavier than the electrons.

TABLE - 5.6

2

1 ] [}
=3 Y H
Sample g Carrier conc. (cm 2) i m; E e
t : H
: 19 : :
5 H 2X10 ! 0.12m ! =0.15m
InEOszn ' : i
; 20 ! '
. L
In.0-35n ! 3,35 X10 i 0.35m : 0.79m
2°5 H ' i
E - ; b : 1.2
# ' [] e E
In. 0,50 E 5.25 X10 : O.i2m E 7 m

273




5.8 IIE _CARRIER SCATTERING LECHANISH

The dowinant scattering mechanism in indium oxide
thin film can be determined from the thermo-pover data. Ve may
analyse our thermo-power results in terms of a well known ther-

moelectric power theory for degenerate n-type crystalline P

condUCtOr, which giv(’s(b’s )

2
Q= = ([Cky/e )k T/E) (1/2=2/3) .ue eee  (5.8)
Here r is the charge carrier scattering index and the Fermi
level EF is with respect to the conduction band edge. Then
selecting a reference thermo-enmf V1 at a reference tempera-
ture T1(in some temperature region where r is almost constant),
integration of the above equation gives
Vv —V1 =-(ﬂ_2kg/2eEF)(‘I/2-r/3)( Ta- Ti ) soe ese (5-9)
Rearrangement of this equation yields
- (v -v1)/(T +T1) = A (T-T1) LA 2 J oo (5010)

where, A is a thermo-power parameter given by

A= (n.zk]Z}/ZCEF) (1/2 - r/3) 00.‘ see (5.11)
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Our ds
ata above room temperature is reploted in terms of
-(Vav
1)/(T+T1) vs. ( T-T,) with T = 303°K in figure 5.15.
W
e see that the polycrystalline experimental results are in

excellent agreement with the erystalline theory. Therefore

u
sing the values of EF and Q at room temperature in equation

5.8 the value of r can be determined. In table 5.7 some of the
calculated values of r are given corresponding to their carrier

concentration. Since the value of r=~% corresponds to optical

ing ind-
ex, T

TALLE = 5.
[} 1 [] [] 1 []
Carrier ! : ; oh ' i 7.8
conc. 11.3%x10'3 3x10' 1 2 g1 2x1020} 0 P
) 0-30 ' %) :3 1 X“OQ: 0 =X1OO=X1OO
{em™) § ' : ] i 1
1 ? ¢ L} 1 1
. : : ; ; :
Soatter Lo ug 140,26 =041 | =0.k6 1 =045 § =047
: H : ' : i
H : H : H

node seattering(z'h'), we may infer that in spray deposited InEOB:Sn
¢ilps having carrier concentration n = 1012 cn~? optical mode
scattering is predominant; on the other hand for undoped 111203
¢ilns having carrier .concentr.ation n £ 10"8 (:x:l'3 acoustic mode
scattering (r = 2) may be predominant at room temperature. It
may be noted here that the value of r= -} also corresponds to

barrier scattering, put then the process should be a temperature
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Figure 5.715 . Thermopower plotted in terms of -(V-Vq)/(T—Tq) vs.(T—T1)
& for indium oxide films. The carrier concentrations n

of the gamples are indicated in the diagraim.
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independ
pendent one,and is contrary to our present observation;
moreove
r from table 5.3 we see that the mean free paths of the
carri
iers are very suall in comparison to the estimated grain

si i
ze, B0 that the contribution of barrier scattering may not be
dorninant here,

5.9 TEE NATURE OF CRYSTAL BINDING

According to Pauling's empirical relation the percentage
of ionic character of the bonds between In and O (oxygen) is cal=

culated out to be 63.64 % . Therefore, In,0; crystal binding is

largely ionic in nature.

5,10 TIE ELECTRONGGATIVITY AND ELBCTRON AFFINITY

-

The electronegativity EN of In203 polycrystalline
bulk material has been caleulated by using the Mulliken's assump=
tion, and Sanderson's concept of georgtric mean. This is given

by (Sﬁl‘ction 4115)5

B (1n,05) = (# [Ax(I) B (1m)]2  (1/6)[Ag(0) + 5 (012 317

5.57 eV

1l

i ¢ affinit is there=
For pure Inao3 semiconductor the electron y X

fore obtained as 3,81 eV corresponding to an optical band gap



- 105 -

of 3.53 eV. As the carrier concentration increases the electron
affinity decreases accordingly. This value of X is lower to
that obtained experimentally by Wang et 31(35)- The experimen-
tal value is 4.45 eV for a sample of Eg = 2.62 eV. Our sample

is of wider band gap and thus the electron affinity is low.
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CONCLUSIONS ALD FUTURE WORK

It is mentioned in chapter-1 that the work presented
in this thesis has been carried out with two major aims. One of
theu was to design an apparatus for the easy deposition of thin
filus by a spraying method and the other was to study the electri-
cal and optical properties of some transparent conducting thin
£ilm samples of Sn0

2 and InZO3 deposited by the designed apparatuse.

The following conclusions have been drawn from this work.

6.1 CONCLUSIONS

Undeped and doped Sno2 and In203 thin filus were
prepared on glass substrates by a medified technique in the pyrosol
processe. The dopants in Sno2 fiime were Sb and F vhile it was Sn
for Inao3 f£ilus. The deposited £ilps are found to show better
electrical and optical properties and higher figure of merit in
conparison to those of films prepared earlier by the spray pyroly-
sis method elsevhere. Horeover the present technique is found to

pe economic end very easy to control amd operate.

poped f£ilns of both Sn0, and 1n203 are more conducting



than the u ‘
ndoped- fill;ls. F—ﬂgped £ilns of snoa with IF acid as

doping apgent
& are preferable to Sh-doped Sn02 films for uce as

trans
rarent conducting layer on class substrates.
Spray deposited Sn0, and In203 thin £ilms are poly-
c¢rystalline semiconductors and show alvays n-type conductivity.
T . .
hese samples are norually degenerate in nature. The lower liuit of

h ier .
the carrier concentration above which the samples remain as degene-

rate is 1-53{1018 o™ for 500, f£ilms and about 1%10'° ™ for
In203 films. The lower linit of the optical band gap Eg is about
3.4t5 eV for Sn0, and about 3.53 eV for Iny,0, filus when direct
allowed transitions are considered. The band gaps are undoubtedly
very wide. The high conductivity and at the same time the high
optical transparency of these filus are due to the deviation from
stoichionetry end also due to the presence of foreign impurities

producing shallow donoxr levels just below the conduction bande.

The valence band and the conduction band of these
naterials are probably curved in the sape direction and are con-
sidered parabolic. Fermi levels are normally positioned inside
she conduction band and they show a gradual pinning wode near the
band edge with the decrease of carrier concentrations. loss=Burstein
chift is present with the fundazental absorption edges of both the

3 : < ap widen to
InQOW and Sn02 f£ilms and thus the optical band gap widens up

3
2,06 eV for SnoasSb £ilus and upto 3.73 eV for In203:bn films at

carrior concontrations ™ 10%0ca=3, The magnitude of the effective
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mass of
electrons in the conduction band is leos than that of

holes ,
in the valence band for both Inao3 and Sno0, films and are

found to increase with the increase of carrier concentrations of
the specimen. Since the holes are relatively heavier than the
electrons, the conduction bend curvature is probably greater than
the curvature of the valence band and also that the extrema of the

bands do not lie at the pame wave vector k ™ o.

The refractive indices of these films in the visible
range of wavelengths lie between 1.69 and 1.8 for InEOB:Sn £ilm

and between 1.75 and 2.18 for the Sno2 filus.

The Hall mobility in thin film samples of Sn0, and
In203 is substantially lower than that of the single crystal
pemples at the same carrier concentration limit. This may be due
to the increased scattering of the cﬁarge carriers in the films.
For thin film samples of spray deposited Sno2 two distinct scatte=-
ring processes are found to predominate in the two different
ranges of carrior concentrations. From comentra{::l.oms--~'‘IO‘]8 to
~ 1020 cm‘"3 the grain boundary scattering and from~ 1020 to
~ 1021 cm'3 the ionized impurity scattering mechanisms are found

to predominate at room temperature. In the In263 f£ilms however

the lattice scattering is predoninant.

The resistivity of the as-deposited films of polycry-

gtalline Sn0, and Inao3 changes due to post-deposition heat treat-

sent and is brought about by the oxygen chemisorption/desorption
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wechanicn at the grain boundaries, and the new values of resisti-
vity and mobility remain aluost unaltered for a long time if the
sanple is kept at normal temperature and pressure. Hall mobility
in 5nO, thin £ilm having carrier concentration = 109 cu™> is
thermally activated in the temperature range 279 to 250°C while
the Hall coefficient romains almost temperature independent. In
In203 £ilm on the other hand mobility is thermally activated but
the Hall coefficient is found to depend on temperature. It is
believed that oxygen diffusion process in these f£ilms only nodulates
the inter-grain boundary barrier height and controls the carrier
transport process. lieat treatment upto a temperature of 250°C in
normal atmosphere could neither bring any fundamental structural
change nor any gross change in the optical transmission of these
£ilas but it could only aid equilibrium of those oxygen states
lying at the grain boundaries with oxyger present in the ambienty

of the film.

The empirical approach followed in this work for the
determination of electron affinity and work function of Sno2 and
Inaos,'films(and the way of representing them as a function of
the carrier concentration of the sample)is only an approximate

one. Although the estimated values of electron affinity and work

function, a8 obtained for the Sn0, thin films, are reasonably in

1ine with the experimental values but still they can only be taken

as a guide line for use. It is rather difficult to estinate here



the actual values because of the inherent structural defects in
the extrinsic material that deviate the internal atomic distri-
bution from ideality and produce uncertainties in the values of
the electronegativity and in the position of intrinsic Fermi

level.

It ic observed that these materials (Sn02 and In203)

are fairly ionic in nature.

From all of the above calculated and experiuental
va}ues of the encrpy band parameters of these two naterialsc a
tentative cnergy band picture of the samples can be obtained;

but to have a detail encrgy band diagram more studies are required.

6.2 FUDTIRE VCIK

We have situdied the electrical and optical properties
of 5n02 and 1n203 thin films with special emphasis on their carrier
concentration dependent behaviours. An important side of thin £ilm
poscarch is to study the thicknese dependent behaviour of the
sample. As the prasent technique of film deposition is very much
convernient to prepare £ilme of various thicknesses ffom several
angstrou to several thousand angstron, the size effect studics

could be made in detail for these sanples.

To gain ideas about the true energy band picture of
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the materiale their characteristics only in the region of room

tomperature are not sufficient, their properties at low tempera=-

ture linit down to the liquid nitrogen are also necessarye As

regards the various electrical and optical properties of these

materials we have studied here only some characteristics in the
region of room temperature and above, therefore, a further

study in this line at low temperature region would be interesting.
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