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I. INTRODUCTION 

Application of oxide coatings on glass is a very promising 

way of controlling electrical and optical properties of glass. 

Conductive coatings on glass have found extensive use in technology. 

Coated glass can be used to reduce the sun's heat and glare con-

siderably and thereby save the electrical energy used in air con-

ditioning gigantic structures built of glass. Conductive coatings 

on glass are often used in air and ground vehicles, for observa-

tion stations and as heat reflecting filters. In such use, they 

are often electrically heated to prevent fogging and frosting. 

Such transparent electroconductive films are commonly deposits of 

tin oxide films in combination with other metals, or other oxides 

such as cadmium oxide, indium oxide and zinc oxide or any combi-

nation of these(l). 

Vacuum and non-vacuum techniques can both be used to produce 

metal oxide films on glass. One of the most widely used non-vacuum 

techniques involves a spray process in which an organic solvent of 

metal halogen compound is sprayed directly on the heated glass sur-

face. In this research, attention is focused on stannic oxide 

films and it will be described further in the literature that tin 

chloride solution sprayed on hot glass decomposes and forms tin 

oxide. According to the literature review, the physical properties 

of films formed by this technique are difficult to control. This 

study was undertaken in order to gain a basic understanding of 

1 
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films formed by the spraying technique so that the films can be 

deposited in a knowledgeable and controlled manner, Some electri-

cal properties of the films are studied in order to gain an in-

sight into the band structure and thereby understand the optical 

behaviour of the coatings. 

This study consists of four major tasks: (1) to relate the 

filmts physical properties to each of the individual technique vari-

ables, such as spray time, spray rate, distance between substrate 

and spray gun, substrate temperature and solution concentration; 

(2) to determine the composition of the deposited films; (3) to 

observe the compositional and property changes caused by annealing; 

and (4) to gain a basic understanding of the dopants' effects on 

the films' optical and electrical properties. Antimony, phosphorous, 

tellurium, indium, thallium, zinc and manganese are used as the 

dapants. 



II, LITERATURE REVIEW 

This section reviews the scientific literature as it relates 

to (1) different methods of film formation on glass, (2) solutions 

used in the spray method and the compositions of the resulting films, 

and (3) the control of the films' properties, 

(1) Methods of Film Formation 

There are two commonly used methods of producing transparent 

electroconductive films on glass. One method involves evaporation 

of the material onto a glass surface as a thin film( 2), The thick-

ness of the film is monitored such that the layer is thin enough 

to be transparent and thick enough to give adequate conductivity. 

The other method(J) involves the spraying of a salt solution 

onto the heated glass substrate which causes the salt to decompose 

on the glass and form an oxide film. The decomposition process pro-

ceeds as follows: 

aMe R m n bMe 0 + cH R(gas) x y p 

The ratio x/y is determined by the conditions of thermal dissocia-

tion of the film forming solution. In the reducing atmosphere, x/y is 

larger than in the oxidizing conditions. At the moment of fjlm for-

mation, the hot glass surface reacts chemically with the highly re-

active dispersed substances and a Si-0-Me bond results. The metal 

oxide film developed on the glass surface is quite adhesive. 

3 
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(2) Solutions and Film Compositions 

i. Stannic Oxide Film. Stannic oxide has been well-known 

since long ago as cassiterite. Electrical and optical properties 

of natural stannic oxide have been studied(4) and it has been shown 

that stannic oxide is a broad band semiconductor (Eg > 3.54 ev). 

The superior electrical properties of tin oxide film enable it to 

be used as resistors, transparent conductive films and for water 

1 . f . 1 (5-8) vapor repu sion rom insu ators . 

Transparent and electrically conductive films are produced by 

exposing the glass surface, while at its softening point, to the 

action of stannic chloride in fluid form(g,lO). Surface hydrolysis 

proceeds rapidly as follows: 

Sn02 + 4HC1 

This is often modified by mixing the tin halide with an organic 

solvent such as ethanol or glacial acetic acid(ll-l4). Considerable 

heat is evolved in this process and complex intermediate compounds 

are formed. 

Conductivity of the stannic oxide film can be substantially 

increased by adding antimony as an impurity. This is normally 

done by mixing Sbc1
3 

with tin halide in the ratio of l:lOO(l5-l9). 

Antimony is the most common dopant and it also increases the elec-

trical stability of the films by permitting low temperature co-

efficients of resistance(Zl) (TCR's). RecentlY, negative magneto-

resistance has been observed in tin oxide films doped with antimony(ZO). 
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Acceptors tend to raise the resistivity of the film and make 

the TCR even more negative( 2l). Indium is a very common p-type 

dopant for stannic oxide films. The concentration of defect centers 

in the stannic oxide films is very large as the addition of 5% 

indium oxide increases the resistivity remarkably( 6). 

Tin oxide films have been used for discrete resistors as well 

as for integrated thin film circuits. 

ii. Cobalt Oxide Film. Cobalt oxide coatings on glass are 

used for selected spectral transparency and for blocking the heat 

from the sun, however the latter requirement is not met satisfactor-

ily by these films. An outstanding feature of cobalt oxide film 

is that it shows the transmission maximum in the yellow green part 

(23 24) of the spectrum ' • Cobalt oxide films are formed by spraying 

10-15% cobalt acetate at a rate of 0.5-3.0 ml/sec over a heated 

glass surface in the temperature range of 550°-750°C. 

iii. Iron Oxide Film. Iron oxide films< 25 ), like cobalt oxide 

films have a very high transmission in the long wavelength part of 

the spectrum but in the near infrared (0.7-2.5 µ) they are less 

transparent than cobalt oxide films. They hold back 50% or more 

radiation from sun. These films are formed by spraying salt solu-

chloride is most commonly used. Water is the usual solvent but in 

some cases, when it is necessary to create special film forming con-

ditions, it is possible to use organic solvents and acids. The 
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addition of about 10% tin scarcely changes the spectral character-

istics of the coatings, but increases their thermal, mechanical and 

chemical resistance. With large tin oxide concentrations the nature 

of the transmission curve is altered radically and becomes similar 

to the tin oxide film curve. The color of the film varies from 

light orange to weak green. 

iv. Sulphide and Selenide Films. Sulphide and selenide films 

are formed by spraying 0.001-0.05 M aqueous solution of cadmium 

chloride and thiourea at a temperature of at least 400°c< 26). 

Formulas of the film solutions for the spraying process are 

listed in Table I. 

(3) Control of Film Properties 

Parameters such as substrate temperature, spray rate, spray 

time and distance between the spray head and the substrate are ad-

. (26 27) justed to get adherent films with desired properties ' . 

i. Uniformity. Uneven heating of the thin glass sheets results 

in non-uniformity of the thickness, electrical resistance, and the 

adherence of the coating. If the spray rate is too fast, or tempera-

ture is too low, the substrate becomes wet and a uniform deposit will 

not be obtained( 26). 

ii. TransparencY-· Transparent films can be made by using more 
. (27) dilute solutions and slower spray rates • It is possible to de-

posit films which range from glass-like to frosty in appearance. Op-

tical clarity increases with the fineness of atomization and the sub-

(26) strate temperature • 



Solution in gms 
per 100 ml solvent 

10-100 SbC13 
20SnC14 ·5H2o+l00SbC13 

7 

Table I 

FILM FORMING SOLUTIONS 

Solvent 

Ethyl alcohol 

Distilled water 

Ethyl alcohol 

Ethyl alcohol -
Distilled water 

Ethyl alcohol -
Distilled water 

Ethyl alcohol -
Distilled water 

Notes 

Add drops of HCl until 
residue dissolves 

Add drops of HCl until 
residue dissolves 

Add drops of HCl until 
residue dissolves 
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iii, Crystallinity, The films' atomic arrangement depends 

on the substrate and the starting material. Generally the films 

tend to assume the same crystal structure as the substrate, however, 

in some cases, like the deposition of the film by cadmium halide-thio 
(27) compound solution , the converse is true. Heat treating the 

films formed by the spray technique in an inert atmosphere shows an 

increase in the crystallinity without much change in size and orien-
. (27) tation of the crystallites • 



III. EXPERIMENTS AND MEASUREMENTS 

(1) Spray Set-Up and Procedure 

The set-up for the film preparation essentially consists of a 

spray gun with a control to vary spray rate and a compressor to 

atomize the solution. A furnace with a temperature controller is 

used to maintain a constant temperature for the desired length of 

time. The whole set-up is shown in Figure 1. 

Powdered stannic chloride was weighed accurately on a micro 

balance, mixed and stirred with the solvent to get a homogeneous solu-

tion. The concentration of the starting solution for most of the 

experiments was 2.85 M stannic chloride or 100 gms of SnC14 ·5H20 in 

100 c.c. of ethyl alcohol. The composition of the glass substrates 

is given in Appendix A. The glass pieces were inside the furnace on 

a quartz plate or 1/4 in. thick ceramic plate at the desired temper-

ature for ten minutes to assure uniform heating. The substrate 

size used for ESCA studies was 1 x 1/2 x 1/5 cm. and for the Hall 

effect and conductivity measurements, 1 1/4 x 1 1/4 x 1/4 in.· The 

spray gun was kept at an adequate distance from the substrate while 

the air pressure was maintained at 40 psi. Spraying commenced ex-

actly ten seconds after the substrate was taken out of the furnace. 

The substrate temperature at the time of spraying was approximately 

50°C below the furnace temperature. 

Film quality and sheet resistance was correlated with the vari-

ous spray parameters, which are spray time, spray rate, distance 

9 
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Figure 1 Experimental Set-up for Spraying 
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between the spray gun and the glass substrate, spray temperature and 

concentration of the spraying solution. One parameter was varied 

systematically at a time keeping the others constant. 

(2) Annealing Experiments 

The effect of annealing the film in oxidizing and reducing at-

mospheres was observed. The films were kept at 650°C for half an 

hour in the annealing atmosphere. 

(3) Electron Spectroscopy for Chemical Analysis (ESCA) 

The ESCA equipment is described in Appendix B. The surface 

(top 50A0
) composition of the film was studied by this technique. 

First the electronic structuresof powdered stannic oxide and a mix-

ture of stannic and stannous oxide were determined. The following 

films were studied by the ESCA. 

i. Films formed by spraying alcoholic stannic and stannous 

chloride solutions 

ii. Films formed by spraying aqueous stannic chloride 

solutions 

iii. Stannic oxide films annealed in oxidizing and reducing 

atmospheres. 

(4) Doping Experiment 

The stannic oxide film was doped with antimony, phosphorous, 

tellurium, indium, thallium, zinc and manganese. Antimony trichloride, 
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phosphorous pentachloride, tellurium tetrachloride and indium 

trichloride were added in powdered form and dissolved in the alco-

holic stannic chloride solution before spraying. Phosphorous penta-

chloride reacts vigorously with the stannic chloride solution and 

both fumes and heat evolved. Zinc chloride and manganous chloride 

were added in the form of solutions. In order to dope with thallium, 

a solution was prepared by dissolving a known quantity of thallium 

in cone. nitric acid. The effects of the dopants' concentration on 

the physical properties of the stannic oxide films were recorded by 

progressively adding a known quantity of salt or salt solution of 

the impurity to the known volume of the stannic chloride solution, 

and then spraying. The electrical and optical properties of these 

films were measured and plotted, 

(5) Thickness Measurement 

If a transparent or slightly absorbing film is deposited on a 

transparent substrate, the optical reflectance and transmittance of 

the film-substrate combination show an oscillatory behavior with 

increasing film thickness. This is due to interference effects. 

The reflectance is reduced or enhanced depending on the relative 

values of the refractive indices of the film and substrate. The 

film thickness is determined from the maxima and minima of the re-

flectance which occur at intervals given by: 

= 
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where nf film refractive index 

t thickness of the film 

A = wavelength of light 

m = order of diffraction 

In the present work, films were found to be essentially composed 

of stannic oxide which has a refractive index of approximately 

2.0< 6 , 28). Visual inspection of the film formed using the optimum 

conditions shows a first-order reflecting light-green color indi-

eating m = 1 and A= 5600 A0
• Therefore the thickness of this 

film is 

t 

= 1400 A0 

For doped films the spray parameters were kept the same so the 

same thickness was assumed. 

(6) Measurement of Sheet Resistance 

The sheet resistance was measured by the four-point probe 

technique< 29> as shown in Figure 2. For large sheets, the sheet 

resistance (R ) of a conducting film on a non-conducting substrate s 

by (21) •• is given 

R = 4.532 x V/I s 

Knowing the film thickness (t), the resistivity (p) can be cal-

culated as follows: 

p = R • t s 



R I 

THIN FILM 

Figure 2 Four-Point Probe Schematic for Sheet 
Resistance Measurements 

GLASS PLATE 
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(7) Hall Effect Measurement 

The direct current method was used for the Hall coefficient 

and charge carrier concentration measurements of the film, The de-

posited film was kept in a plexiglass frame and four point contacts 

were made by tungston wires. Direct current was passed between the 

two contacts and the contacts normal to the directj_on of current 

were used to measure the Hall voltage. A transverse magnetic field 

was applied in the direction of thickness. The following formulae 

were used to calculate the Hall coefficient and charge carrier con-

centration. 

where: v y 
B z 
I x 

t 

ii. n 

v ·t 
- ....:t._ B ·I z x 

= Hall electromotive force 

.. Applied magnetic field 

= Applied current density 

... Thickness of the film 

1 - ~(±e) 

where n is the carrier concentration and e is the electronic charge, 

(8) Quality Index Determination 

Indices A, B and C on Figures 3 through 7 indicate the col-

lective effect of transparency uniformity, and adhesivity of the 

film, Index A refers to the best film while C is undesirable. 



(9) 
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Extrinsic Gap Energy (E ) Measurement act .. 

This was done by keeping the four-point probe apparatus inside 

a chamber which maintains a temperature within .± 0.5°C. The temper-

ature was varied systematically in the range of 0-100°C and sheet 

resistance was measured each time. Resistivity is related to the 

extrinsic gap energy as follows: 

p 

where: 

C exp(+E /kT) act .. 

p = resistivity 

E extrinsic gap energy act 
k = Boltzman constant 

T absolute temperature 

C = constant 

1 c• + 1 
or oglO p = 2.303 

E act. 
kT 

substituting p Rs•t for a particular thickness: 

= 1 C" +---2.303 

E 
act~ 

kT 

The extrinsic gap energy was calculated from the slope of the R s 

vs; l/T plot. 

(10) Hot Probe Method for the Determination 

of n or p Type Carriers 

This experiment consists of locally heating a small spot on 

the semiconducting film by pressing a small soldering iron at it. 

For n-type semiconductor, electrons under the hot point move away 
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to cooler regions in an attempt to conduct heat. Thus the charge 

unbalance causes a voltage to develop between the hot and a cold 

point on the film. For a p-type conduction, holes move away from 

the hot tip and the polarity of the voltage is reversed. A sensi-

tive galvanometer was used to detect the polarity of the voltage 

between the hot and the cold contacts. 

(11) Measurement of Infrared Transmittance 

Near infrared transmittance was measured on a Cary 14 Recording 

Spectrometer. The spectrometer automatically records the absorption 

spectra in the wavelength region 1860 A0 -26,000A0
• The transmittance 

(T) was calculated from the absorption (A) as follows: 

A = 2- log (%T) 



IV. RESULTS AND DISCUSSION 

(1) Spraying Technique Variables 

The film's appearance and physical properties were found to be 

very sensitive to each of the spray technique variables. Each vari-

able was systematically changed while holding the others constant, 

which are indicated on Figures 3 through 7. The effects are re-

ported here for one particular experimental set-up but these obser-

vations are indicative of the trends and the sensitivity of the 

variables to be expected in any similar spray system. 

i. Spray time. Sheet resistance of the film decreases with 

an increase in spray time (Fig. 3). Conductance (l/R ) increases s 

quite linearly initially with the time (up to 10 secs) which indi-

cates that this increase is due to an increase in the film thick-

ness. The conductance tends to level down at larger spray times 

(~ 10 secs). The bulk resistivity of the film apparently increases 

in this region, compensating for the increased thickness. These 

results suggest that concentration of oxygen ion vacancies (dis-

cussed in a later section) and the associated conductivity of the 

upper layers of the film decreases as the substrate cools during 

spraying. The recommended spray time is between 2-7 seconds. 

Below 2 seconds it is difficult to control the reproducibility; 

above 10 seconds the films become slightly foggy. This fogginess 

may be due to temporary wetting of the cooled substrate surface 

prior to complete evaporation. 

18 
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FURNACE TEMP = 750°C 
3.8 DISTANCE= 12 11 

RATE = I cc/sec 
SOLN. = 2.85 M SnCl4. 5 H20 

3.6 

3.2 

2.8 

2.4 

2.0 ._____ ____ __.___ ____ ___._ ____ _.. 
0 10 20 

SPRAY TIME {sec) 

Figure 3 Sheet Resistance as a Function of 
Spray Time 

30 
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ii. Spray rate, Spray rate has very little effect on the 

sheet resistance in the range of 0.5-2.0 cc/sec (Fig. 4). Appar-

ently resistivity of the film increases with increasing spray rate 

to compensate for the increase in film thickness in this range. 

Higher spray rates cause faster cooling which results in fewer 

oxygen ion vacancies or more resistive film (discussed in the 

model). This range of spray rate also shows the best quality index. 

The films become foggy above 5 cc/sec which is again due to incom-

plete droplet evaporation. 

iii. Distance between Spray Gun and Substrate. No appreciable 

change in the sheet resistance is obs~rved in the distance range of 

10-20 inches (Fig. 5).This is also the recommended range as it 

yields films of highest quality index. If the distance is too 

small (below 5 inches) a non-uniform film results due to uneven 

cooling caused by the wetting of the hot substrate. 

iv. Spray temperature. Sheet resistance stays nearly con-

stant in the temperature range of 550°-750°C (Fig. 6). This is 

the recommended range showing the best quality index. No film is 

formed below 300°C; above 900°C the glass substrates soften. 

v. Solution concentration. Sheet resistance decreases quite 

sharply with the increasing solution concentration (Fig. 7). This 

decrease in sheet resistance is primarily due to the increase in 

the film thickness. 
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4.0 FURNACE TEMP= 750°C 
SPRAY Tl ME= 5 sec 

DISTANCE= 12 11 
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It can be concluded from the above set of experiments that 

the principle of film formation involves complete evaporation of 

the droplets prior to touching the hot substrate surface. A vapor 

dome is formed adjacent to the hot surface where stannic chloride 

decomposes into stannic oxide, The basic process of film forma-

tion dictates the following optimum spray parameters with the ex-

perimental set-up used in this study. 

a, spray time 5.0 secs 

b. spray rate = 1 cc/sec 

c. spray distance = 12 inches 

d, furnace temperature = 750°C 

The solution concentration was chosen to be 2.85M, however 

films can be made about five times more conductive if 5M solution 

is used and other variables are kept the same. 

(2) ESCA Determination of Film Composition 

Effects of annealing and using different solutions on the film 

composition was studied by Electron Spectroscopy for Chemical Analy-

sis (ESCA). Figure 8 shows the 3d312 and 3d512 tin peaks for standard 

stannic oxide which occur at electron binding energies of 499 ev and 

490 ev respectively. +2 In order to trace the presence of Sn ions 
+4 among Sn ions a combination of stannous and stannic oxide was 

run (Fig. 9). The 3d312 peak is a doublet indicating that the 

two electron binding energies for 3d312 stannous and stannic are 

1 ev apart, The 3d512 peak for the mixture is broader than the 
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3d512 peak of pure stannic oxide but occurs at the same binding 

energy of 490 ev. 

Peaks of tin, oxygen and silicon for the film formed from the 

alcoholic stannic chloride solution are shown in Fjgures 10, 11 and 

12, Comparison of tin peaks (Fig. 10) with the standard stannic 

oxide tin peak (Fig. 8) indicates that tin ions exist in the Sn+4 

state so it can be concluded that the top surface (including about 

the top 50 A0
) of the film formed by the alcoholic stannic chloride 

solutions essentially consists of stannic oxide, The silicon 2p112 
peak with a binding energy of 100 ev could not be detected (Fig. 12), 

indicating that no silicon is present. Other elements such as Na, 

Al, S, Fe and Ca were tested the same way and no trace of any glass 

substrate component was found at or near the film's top surface. 

Films formed by an aqueous stannic chloride solution (Fig. 13,14) 

and an alcoholic stannous chloride solution (Fig. 15, 16) also es-

sentially consist of stannic oxide at the top surface. The sheet 

resistance of the films formed by the same concentration of alcoholic 

and aqueous solutions of stannic chloride was nearly the same; how-

ever, the quality index of the latter was quite low, Apparently 

the aqueous droplets actually wet the substrate surf ace prior to 

total evaporation, resulting in a spotty thin film. 

The effects of annealing the stannic oxide film in oxidizing 

and reducing atmospheres are summarized in Table II. Annealing in 

air at about 50°C below the spraying temperature for half an hour 
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in Ohms/Square 
Before Annealing 

(1) 3xl02 

(2) 6x104 

(3) lxl03 
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Table II 

EFFECT OF ANNEALING 

Sheet Resistance After 
Annealing at 650°C for 
Half Hour in an 
Oxidizing Atmosphere 

3 2.2xl0 

Sheet Resistance After 
Annealing at 650°C for 
Half Hour in a Hydrogen 
Atmosphere 

In all the cases sheet 
resistance becomes 
infinite, interference 
colors disappear, and 
films become pale gray. 
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shows an increase in the sheet resistance by a factor of almost 2; 

however, the film still consists of Sn+4 and no Sn+2 (Fjg, 17). 

This increase in the sheet resistance is accompanied by the diffusion 

of substrate components, such as silicon and sodium, to the film 

surface at an estimated level of 10% of Sn present (Fig. 18, 19). 

Annealjng in air at a temperature close to or above spraying tern-

perature produces line fissures in the film which reduce its trans-

parency. 

Annealing in a reducing atmosphere at 650°C for a half hour 

removes all the interference colors and leaves the film completely 

non-conductive, however, the glass acquires a pale grey color which 

may be due to a deposit of tin metal resulting from the reduction 

of stannic oxide. There is an indication of some trace of stannous 

oxide as the 3d312 tin peak at 500 ev shows a very small shoulder 

~ig, 20). Silicon and other glass components diffuse significantly 

to the film surface (Fig. 22). The oxygen peak is a doublet (Fig. 

21) indicating that a part of oxygen is associated with the tin 

ions, and the remainder with the other ions. 

(3) Electrical Properties of Doped Stannic Oxide Films 

The hot probe method and Hall effect experiments show that the 
3 undoped stannic oxide film, with a sheet resistance of 10 n/sq, is 

18 3 an n-type semiconductor with a carrier concentration of 9 x 10 /cm 

(Appendix C). Addition of antimony, phosphorous and tellurium show 

minima in the sheet resistance curves (Fig. 23, 24, 25). The tern-

perature dependence of the sheet resistance of the films labeled 
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on Figures 23 and 24 are plotted on Figures 26 and 27 respectively. 

The effect of tellurium on sheet resistance is not so profound be-

cause it belongs to the 6th group of the periodic table which is 

two groups removed from tin and is less soluble in the stannic 

chloride solution. 

The initial decrease in the sheet resistance is associated 

with a decrease in the extrinsic gap energy (Fig. 26, 27) and an 

increase in charge carrier concentration which rjses to a range of 

20 21 3 10 -10 /cm for Sb and P (Fig. 23, 24). This indicates that at 

lower concentrations, Sb, P and Te are donors and furnish electrons 

to make the film more n-type. The minima in the sheet resistance 

curve occurs at 2-3 mole percent of Sb and at 7-8 mole percent of P. 

This indicates that impurities do not act like dopants at higher 

concentrations, instead they become the bulk part of the film. As 

more and more of the impurity is introduced, the sheet resistance 

and extrinsic activation energy goes up (Fig. 26, 27). This in-

crease is related to the relatively high resistivities of Sb2o5 , 

Extremely large carrier concentrations of undoped stannic oxide 

film results in drastic changes in the position of the fermj level and 

the sharpness of donor level. The donor atoms are so close to-

gether that the wave function of electrons on these atoms begin to 

overlap and the donor level broadens into a band( 30). The fermi 

level actually moves above the donor level and gives rise to the 

impurity band. When the donors (Sb, P or Te) are introduced in the 
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stannic oxide film, the further increase in the carrier concentra-

tion causes the impurity band to extend which results in a decrease 

in the extrinsic activation energy (Fig. 26, 27), 

Trivalent elements like indium and thallium' are p-type dopants 

and compensate the n-type stannic oxide film thereby reducing the 

concentration of conductive electrons. This results in an increase 

in the sheet resistance (Fig. 28, 29). The temperature dependence 

of the sheet resistance of the films labeled on Figures 28 and 29 

are plotted on Figures 30 and 31 respectively. The reduction of the 

carrier concentration causes the impurity band of the stannic oxide 

film to shrink and thereby show an increase in the films' extrinsic 

activation energy (Fig. 30, 31). Film C" on the Figure 31 does not 

show an increase in E • This could be due to the experimental act 
7 error because at such a high sheet resistance of the film (-10 n/sq), 

current and voltages could not be read with reliable accuracy on the 

instruments used. About 5 mole percent of indium neutralizes almost 

all then-type carriers (Fig. 28). Nop-type conduction was ob-

served, This could be due to the reason that before all the n-type 

carriers are neutralized the impurities became the bulk part of the 

film and a high resistive film results due to the relatively high 

resistivities of the impurity oxides. 

Addition of divalent elements like zinc and manganese raise 

the sheet resistance very sharply. A few drops of ZnC1 2 or 2-3 cc 

of aqueous manganous chloride solution in 25 cc of alcoholic stannic 

chloride was sufficient to increase the sheet resistance from 103 n/sq 

7 to 10 n/sq. 
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(4) Proposed Model for the Conduction Mechanism 

Stoichiometric stannic oxide has a very high specific resis-

tivity(5) 8 
(~10 n/cm) (this was confirmed in this study for a tin 

oxide film formed by vacuum evaporation). The number of oxygen ion 

vacancies increases exponentially with increasing temperature(3l) 

so the stannic oxide film formed on the 700°C substrate is expected 

to be oxygen deficient. For each missing oxygen ion, two electrons 

are present to maintain charge neutrality. These electrons become 

associated with tetravalent tin ions and reduce them to the trivalent 

state. +4 The strong preference of the tin ion to exist in Sn state 

causes most of the trivalent tin ions to loose their extra electron 

at the room temperature. This results in excess electrons making 

the semiconducting film n-type. 

When the donor impurities such as antimony and phosphorous are 

added in the oxygen deficient stannic oxide film the antimony or 

phosphorous ions enter the film structure in the tetravalent state 

d b i f h S +4 . in or er to su st tute or t e n ions. The strong preference 

of antimony and phosphorous ion to exist in pentavalent state causes 

P+4 or ion to loose one electron which goes to the neigh-

+4 boring Sn ion to reduce it to the trivalent state. The in-

creased density of trivalent tin ions causes the carrier concentra-

tion to go up further and a more conducting n-type semiconductor 

results. 
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The p~type impurities such as indium and thallium also enter 

the film in their tetravalent ionic state in order to substitute 
+4 for the Sn ions. The trivalent ionic state of indium or thallium 

is strongly preferred over the tetravalent state which causes the 

trivalent tin ions, already present in the film, to give their 
+4 loosely bound electrons to the In ions. The conversion 

of trivalent tin ions to the tetravalent state diminishes the con-

centration of trivalent tin ions and an increase in the sheet re-

sistance is observed. 

The present model satisfactorily explains the reason why un-

doped stannic oxide films are n-type semiconductors, and it accounts 

for the effects of n and p type dopants on the conductivity of the 

stannic oxide films. 

(5) Optical Behaviour of the Doped Films 

Optical behaviour of the films can be understood with the 

help of band structure insight gained from the film's electrical 

properties. The addition of antimony, which is the most effective 

donor, tends to make the color of the film blue (Fig, 34). This 

color is darkest at about 40-50 mole percent of Sb. When the film 

is totally antimony oxide, it is colorless, transparent and has a 

sheet resistance of 107 Q/sq (Fig. 32), The undoped stannic oxide 

film transmits about 80-90% of near infrared but the addition of 

about 5 mole percent Sb reduces the transmittance to 5-10% (Fig. 

33). This effect is less profound for other less effective donors 
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Figure 34 
Photograph of the Doped Tin Oxide Films 
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like phosphorous and tellurium, Acceptors, or p-type dopants such 

as indium and thallium show an increase in the near infrared (2µ) 

transmittance (Fig. 28, 29). The pattern of the transmittance 

curves in the near infrared (2µ) is the inverse of carrier concen-

tration curves or parallel to the sheet resistance curves (Fig. 23, 

24, 28, 29). The minima of the transmittance curves and the maxima 

of the carrier concentration curves fall at the same concentration 

of the donor impurities. This indicates that more conductive films 

always show less transmittance in the near infrared. 

The conductive film has more carriers, a smaller extrinsic gap 

energy and a larger number of energy states in the impurity band due 

to the increased broadening of the impurity band. The concentration 

+3 of energy states is a measure of the number of Sn ions, which can 

absorb the infrared radiation. The difference in the energy of the 

infrared radiation at 2µ(-0.66 ev) and the extrinsic gap energy 

(-0.01 ev) is so large that the number of energy states in the im-

purity band becomes the prime factor which governs the amount of the 

near infrared absorption and, therefore, the more conductive films 

show less transmittance. When the film becomes more resistive, or 

doped with p-type impurities, the number of Sn+3 ions, the sites 

which absorb near infrared radiation decrease; and an increase in 

the near infrared (2µ) transmittance results. 



V,. CONCLUSIONS 

The principle of film formation by the spray technique involves 

total evaporation of the droplets prior to contacting the hot sub-

strate. Films formed by spraying alcoholic stannic chloride, aque-

ous stannic chloride and alcoholic stannous chloride solutions es-

sentially consist of stannic oxide at the surface with no trace of 

the glass substrate componQnts. 

Annealing the stannic oxide film in air or a hydrogen atmos-

phere results in diffusion of glass components through the film. 

This is accompanied by an increase in the sheet resistance which is 

much greater in the hydrogen atmosphere. 

Stoichiometric stannic oxide is an insulator (p ~ 108 n cm) 

but the stannic oxide film formed by the spray technique is an n-

type semiconductor (p ~ 10-2 n cm). Using the chosen spray param-
3 eters the sheet resistance was 10 n/sq and the charge carrier con-

18 3 centration was 9 x 10 /cm . 

Antimony is the most effective donor for the stannic oxide 

film which raises the carrier concentration to a range of 1020 -

lo21 /cm3 • Phosphorous is also a good donor. The donors cause a 

minima in the sheet resistance because at higher concentrations 

impurities do not act like dopants; instead they become the bulk 

part of the film. At such high carrier concentrations in stannic 

oxide films, the donor atoms come so close together that the wave 

function of electrons on these atoms begin to overlap and the donor 

level broadens into an impurity band. With the further increase in 
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carrier concentration on doping, this impurity band extends to 

show a decrease in the extrinsic activation energy. 

Trivalent elements like indium and thallium act as acceptors 

and raise the sheet resistance and extrinsic gap energy by neutral-

izing the conduction electrons, 

Energy of the near infrared (-0.66 ev) is very large compared 

to the measured extrinsic activation energy (-0.01 ev). Therefore 

the number of conduction electrons become the main factor causing 

infrared absorption. The donors raise the carrier concentration 

of the stannic oxide film and thereby increase the infrared absorp-

tion while acceptors show the opposite effect. 



VI. PROPOSED FUTURE RESEARCH 

The following topics are proposed for future research. 

1. ESCA studies of doped tin oxide films can give somewhat 

better insight into the film structure and their electrical pro-

perties. 

2. Measurement of infrared transmission beyond two microns 

may be helpful in giving better understanding of the optical be-

haviour of the films. 

3. Some more neighbouring elements like Boron, Arsenic and 

Aluminum can be tried for doping the tin oxide film. 

4. Reflectance measurements on the films in the near infrared 

can be more useful in blocking the sun's heat and glare. 

5. Recently, magneto resistance has been observed in the 

antimony doped tin oxide films. The study of such magnetic pro-

perties can make these films even more versatile. 
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APPENDIX A 

Composition of the Glass Substrates 

Si02 71. 25% 

Fe203 0.08% 

Al203 1.25% 

CaO 10.40% 

MgO 3.00% 

Na20 13.34% 

K20 0.25% 

803 0.19% 
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APPENDIX B 

Electron Spectroscopy for Chemical Analysis (ESCA) 

The films composition in this work was studied by ESlOO Elec-

tron Spectrometer. This equipment can be used to study conducting 

or insulating solid, liquid or vapor samples. The sample is born-

barded in the source chamber with a monochromatic x-radiation of 

known energy. Electrons whose energies are characteristic of the 

atoms in the sample and their chemical environment are ejected and 

pass through the source slit into a lens system where they are re-

tarded. These electrons are separated according to their energies 

into a double focusing hemispherical analyzer. Depending on the 

lens potentials and the analyzer, electrons of discrete energies 

are re-focused at the collector slit prior to collection by the 

electron multiplier. The output pulses from the multiplier are 

amplified and fed into a rate meter. The resulting signal is fed 

to the Y axis of the x-y recorder. The complete energy spectrum 

of the electrons leaving the sample is directly recorded by scan-

ning the lens and analyzer potentials at the same time as X-axis 

potential. 

The electron spectrum of an element can be recorded separately 

or in combination with other elements. The spectrum of the element 

shifts with the change in valencies of the ion, the coordination 

number, and the nature of the bonding. This shift can be inter-

preted with the help of atomic structure, valencies and bonding con-

f . . f d d . 1 (3Z) 1gurat1on o stan ar mater1a s • 
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APPENDIX C 

Hall Coefficient and Charge Carrier Determination 

of Undoped Stannic Oxide Film 

Sheet resistance Rs 3 = 2 x 10 s-2/sq 

Magnetic field Bz = 5200 gauss = 0.52 weber/m 

Hall voltage Vy = 0.005 volts 

Direct Current Ix -3 = 2 x 10 amps 

Film thickness -6 t = 0.14 x 10 meters 

Hall coefficient R__ = Vy t 
-1i I B x z 

0.005 x 0.14 x lo-6 = ~~~~~~~--"'""""-~~ 
2 x 10-3 x 5200 x 10-4 

= 6.725 x 10-7 

Carrier concentration 1 107 
n = -- = 

~e 6.725 x 1.6 x lo-19 

This indicates that undoped stannic oxide film has a very large 

charge carrier concentration. 
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ABSTRACT 

Stannic oxide films on glass, deposited by the·spray technique, 

are found to be n-type semiconductors. The large carrier concen-

19 3 tration (-10 /cm ) of these films causes the donor level to blend 

into an impurity band. Annealing the stannic oxide film results in 

a diffusion of glass components on the film surf ace which is also 

accompanied by the increase in the sheet resistance. Donors such 

as antimony, phosphorous and tellurium raise the infrared absorption 

and carrier concentration and lower the sheet resistance and ex-

trinsic activation energy. At higher concentrations (~ 5-10 mole%) 

the impurities do not act like dopants, instead they become the 

bulk part of the film which causes an increase in the sheet resis-

tance, infrared transmittance and the extrinsic gap energy. Ad-

dition of acceptors like indium and thallium shows an increase in 

the sheet resistance resulting from the neutralization of the con-

duction electrons. This also causes the impurity band to shrink 

and show an increase in the extrinsic activation energy and near 

infrared transmission. 
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