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I. INTRODUCTION 

Within the last decade, thin films for optical as well as electri­

cal applications have been receiving much attention. Thin films eco­

nomically yield desired properties that could never be achieved with 

regular plate glass. An ordinary sheet of glass can be transformed 

into an optical filter, a transparent thermal insulator, a solar col­

lector, or into a highly conducting mass with thin films. With the 

growing concern for energy conservation, the glass industry has found 

it feasible to block out solar radiation from buildings to conserve 

electrical energy. resulting in the lower usage of air conditioning. 

At the present time, the films for this purpose are mainly metallic. 

Films of gold and copper exhibit excellent visible through near infra­

red reflection and absorption, but disadvantages such as instability 

to the weather and its elements, plus a high cost, deem it necessary 

to examine the stable, less expensive oxides. 

Solar collectors made from glass, on the other hand, should not 

reflect solar energy but transmit it. However, it is important that 

the solar energy be trapped under the glass. Usually the solar energy 

is absorbed on a dark layer of painted metal. This surface becomes 

hot and emits long wavelength radiation. In this case. it is important 

that the glass transmits short wavelength solar energy, but reflects the 

long wavelength thermal energy being emitted from the heated surface. 

Once the heat has been entrapped between the glass and a black surface, 

then the thermal energy may be carried away to be used at another 

location. 

1 
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The purpose of this thesis is to investigate with single and 

multilayered oxide thin films, those compositions and combinations 

that exhibit high reflectance and absorbance in this critical visible 

through the near infrared region of light wavelength (.3-2.5~). (1) It 

is a major aim of this research to not only determine correct composi-

tions, but to examine the crystal and band structures, in order to gain 

an understanding of the optical behavior of the coatings. 

A prime practical objective of this research is to find an oxide 

which has the optical properties of gold. The following is a brief 

review of why metallic films have such high reflectances at solar wave-

length. According to Fresnels equations, reflection, at least in the 

visible wavelengths, is dependent upon the film's index of refraction. 

The law governs less in the infrared region, since index of refraction 

usually decreases with increasing wavelengths. (2) A more basic ques-

tion is why do metals have a high index of refraction or what do metals 

do to light to slow it down so, since index of refraction, 

N = Velocity Light in the Material 
Velocity Light in a Vacuum 

The key to this phenomenon is involved with the mobility and con centra-

tion of a metal's free electrons which interact with the light as it 

passes through the film. The reasonable oxides to investigate then 

are the transition metal oxides. With their unpaired 3d electrons and 

resulting high index of refraction, they are likely candidates for 

aesthetic coatings similar to the appearance of gold and with optical 

properties that are equally good. In order for an oxide film to have 

a high reflectance, it too must have a high concentration of free 
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electrons. This can be accomplished by heavy doping. For this reason, 

this study includes oxides which contain large amounts of other oxides. 

Oxide thin films with high solar reflectances are not the only 

ones of importance. Films with a high solar absorbance also have 

important practical applications. A thin film exhibiting a high ab­

sorption is a possible alternative for the screening of solar energy. 

This absorption has the disadvantage of heating the glass, thus causing 

it to become a thermal radiator. Stresses could also be induced into 

the glass, if the temperature reached significant levels. It is con­

ceivable though that a system could be devised where there is a layer 

of insulating air between the glass with the absorbing film and another 

plate of glass (see Fig. 1). 

With possible schemes such as this in mind, absorption will also 

be studied in this thesis. 

There are four mechanisms for absorption on the atomic scale. 

They include (1) lattice absorption, (Z) band gap transitions, (3) in­

tra-atom transitions) and (4) charge transfer transitions. Lattice 

absorption arises from the transverse vibrations which occur in the 

lattice due to energy from light radiation. It primarily depends on 

the mean atomic spacing, which is directly related to the materials 

thermal expansion coefficient and temperature. Band gap transitions, 

where electrons obtain the energy to advance into the conductance band 

from the valence band, yield absorption also. This is why insulators 

such as AlZ03' which have a large band gap, are white. Semiconductors, 

on the other hand, have a low energy of activation for electrical con­

duction and usually have many energy levels; therefore, they are often 
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Figure 1. Solar Insulating Window Utilizing an Absorbing 
Thin Film. 
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black. This mechanism for absorption is especially significant in the 

near infrared - visible region of light energy_ Intra-atom trans i-

tions, where electrons "jump" into energy levels vThich are unfilled in 

the same atom or ion, are the primary mechanisms for color in pigments 

and glasses. When an electron drops an energy level, a color is emit-

ted. This selective absorption is especially prevalent in the rare 

earths, where there exists unfilled lower energy levels (the 4f), 

which are screened from the outer environment by filled SP, 68 and Sd 

shells. The transition metal ions tend to produce color because their 

d-electrons are split in energy_ Bloss(2) suggests that color arises 

in the transition metals because their electrons are held loosely in 

their outer shells and that they have the ability to adopt several 

valence states. Coordination is also important in the transition 

2+ 
metal ions for specific colors. Co produces a deep blue color in 

compounds in which it is tetrahedrally coordinated to four oxygen ions, 

but a pink color if octahedrally coordinated to six oxygen ions. (2) 

Atomic number, valence state, site radius, symmetry and coordination 

number all effect the intra~atom absorption bands. Color in the thin 

films studied in this research is of primary interest for commercial 

value. Absorption, due to charge-transfer transition, arises from the 

high energies such as that present in the ultraviolet. This mechanism 

involves the "jumping" of electrons from an anion to a cation or vice 

versa. 

Crystals usually display sharp, sometimes intense absorption 

bands, whereas glasses exhibit broad smooth absorption bands. 
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Polycrystalline thin films are expected to exhibit absorption bands 

somehwere in between, probably more like those in a glass. 

A wide range of optical properties are needed from thin films 

on glass. A considerable amount of information has been found on the 

bulk materials, but the relations of optical properties of oxide thin 

films to their compositions and methods of deposition are still largely 

unknown. It is the purpose of this thesis to relate the optical char­

acteristics of oxide thin films to a number of parameters such as 

composition, method of deposition, sequentially deposited films, the 

composition of the gas used during the deposition process, annealing 

of the films after deposition, and the effect of the gas used. 

With these objectives in mind, generalities relating optical be­

havior to the above parameters will be deduced. 



II. LITERATURE REVIEW 

In the literature, many authors have investigated one or more 

fields of interest concerning the optical and electrical properties 

of various thin films. This section reviews the scientific litera­

ture as it relates to: 

(1) The electrical and optical properties of the bulk 

oxides and thin films of Cobalt, Iron, Titanium, 

Tin and Vanadium, the oxides studied in this 

thesis. 

(2) Pyrolytic film deposition. 

(3) The effects of oxidizing and reducing atmospheres 

on chemical reactions. 

(4) Multilayered oxide films on glass. 

7 
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(1) - (A) Bulk and Thin Film Co
3
0

4 

Very little has been reported concerning the optical and electri­

cal properties of bulk Co 304 • This is probably due to the fact that 

it is not the stable phase of Cobalt. At 900°C, Co304 decomposes to 

CoO, the more connnon oxide (3 ). Takada et a1. ( 3) grew crys ta1s of 

C0304 by a chemical transport reaction. They noticed that C0304 has 

the normal spinel structure and is an antiferromagnetic substance. 

It was determined by Goodenough ( 4 ) that both CoO and C0304 are insu­

lators with approximate resistivities of 10 ncm. 

Kingery ( 5) reported that C0304 is amphoteric which means it can 

behave both as a p-type or n-type semiconductor. C0304 reduced to CoO 

is p-type. C0304 is black and handbook indices of refraction are not 

reported. 

The thin film of C0 304 , on the other hand, has been receiving 

much attention, especially by the Russian scientists. As reported 

by Brekhovskikh and Borisova(6) in their literature review, ordinary 

window glass with a cobalt oxide film becomes heat protecting, since 

this coating does have a high reflectance and a selective transparency. 

Such glass is profitably distinguished from heat absorbing glass, since 

it does not become as heated and consequently is not as great a 

secondary source of radiation ( 7 ) • 

These films were produced by the pyrolytic decomposition of salt 

vapors at temperatures close to the softening-point of the glass. 

The high adhesion of the film to the glass, the mechanical strength 

and chemical resistance all lead to the assumption of a chemical bond 

to the substrate (8 ) • 
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Botvinkin and Borisova (9 ) stated that sun-protective glass 

should possess a low radiation transmission in the spectral distri-

bution range of the sun's radiation (Fig. 2). For health reasons 

the spectral characteristics of the glass should also correspond to 

the spectral distribution of the sensitivity of the eye to light; 

that is, maximum transluency of the yellow-green wavelength portions. 

An outstanding feature of the cobalt-oxide coating is that it has a 

transmission maximum in the yellow-green part of the spectrum(lO). 

Botvinkin and Borisova(9) prepared their films from cobalt 

acetate, Co(C2H302)204H20 - water, water-alcohol solutions. The 

thermal dissociation took place according to the equations: 

at the 
glass 
surface 

+ 2CH3 COOH t 

x-ray analysis showed that with a glass temperature of 550°-750°, the 

films form from colloidal Co304 (9 ) • 

An investigation for the formation of cobalt oxide coatings on 

glass was made by Borisova and Botvinkin(ll). They determined that 

films sprayed with cobalt acetate solutions in the limits 400°-800°C, 

dissociation to form CoO. 

It was determined that water-alcohol solutions used for the ap-

plication of cobalt oxide coatings have considerable drawbacks compared 
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with water solutions, since they reduce the useful consumption of the 

cobalt. 

The structure of cobalt oxide films was studied by Borisova and 

Botvinkin(ll). They compared X-ray and electron microscope studies. 

It occurred to them, that the structure of the coating is different 

than the structure of most colloids. The films are compared of dis­

tinct particles \vhich are crystalline and have a crystalline lattice 

which is no different from the lattice of well formed crystals. 

However, they found that the coating on the whole is not ordered, its 

particles are chaotically arranged and are not always cohesive. 

It was established that one of the peculiarities of C0304 coatings 

is that there is nearly a linear increase in reflectance with increasing 

film thickness up to a given value (0 .. 10 - 0.12 11), where a maximum is 

attained. Following that, there is a sharp drop in reflectance at 

greater film thickness. Rekant & Borisova (12,13) suggest that this 

peculiarity is caused by changes in the film macrostructure. Increase 

in reflectance is associated with the formation of a denser film, 

however, as the film thickness increases, excess of the film forming 

material results in a rougher surface which scatters light. 

It was summarized by Rekant & Borisova(12,13) that the ability 

to reflect near-infrared radiation (0.7 - 2.2 11) in the solar spec­

trum is particularly pronounced in films 0.075 - 0.150 11 thick. Evi­

dently, the film thickness most effectively protects the glass from 

excessive absorption of solar energy (and consequently, from heating) 

while permitting a significant (up to 40%) transmission of visible 

light(12,13). 
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(B) Bulk and Thin Film Fe203 

Bulk iron oxide occurs as three different phases; Wustite (FeO). 

magnetite (Fe203) and Hematite (Fe203). This discussion will be 

limited to a Fe203, since this is the oxide phase that exists when 

FeC1306H20 undergoes pyrolytic decomposition(14). Tannhauser(l5) con-

eluded that the Hematite phase of iron is insulating, that the phase 

is narrow and does not exhibit any significant Fe2+ and F~+ "hopping" 

conduction as does Fe304- Gardner et ala (16) also studied the electri---
cal properties of high purity polycrystalline a Fe203. They did con-

centrate on its high temperature behavior from 200°C to l350°C and 

came to the conclusion that charge carriers were due to deviations 

from stoichiometry and to the electron transfer from an oxygen ion to 

a ferric ion. A value of 109 ncm for the resistivity of a Fe203 was 

reported by Verwey ~ ala (17~ Hackler(l8) found that crystalline iron 

oxide films generally had lower electrical resistivities than amorphous 

films. This agreed well with the theory that impurities in amorphous 

semiconductors (Fe2+ ions, Fe3+ ions, or oxygen vacancies) have no 

effect on the resistivity, while in the crystalline phase the impuri-

ties contribute substantially to electrical conductivity. 

Hematite occurs with an intense red color pointing to the fact 

that it absorbs much in the visible. Bulk a Fe203 has an index of re­

fraction of 3.3(19), which is quite high_ 

The thin films of a Fe203 are of interest primarily because of 

their optical properties. Like the bulk oxide a Fe203 films(15,18) 

are insulators and possess little interest for electrical applications. 
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With this in mind, only the optical properties of a Fe203 thin films 

will be discussed. 

Short-wave radiation from the sun is generally useful since it 

stimulates life. On the other hand, it is known that the ultraviolet 

rays destroy certain materials such as paper and paint. It was shown 

by Vorob'eva and Bessonova(14) that thin layers of iron oxide (Fe203) 

as a rule, have a weak transmission in the short wavelength region. 

Certain types completely hold back ultraviolet rays. 

Iron-oxide films, like cobalt-oxide, have a very high transmission 

in the long wavelengths of the spectrum (0.75 - 2.5)(14). They are 

less transparent than cobalt oxide and hold back 50% or more of the 

radiation from the sun by absorbance. 

The total integral reflection of solar energy by films of iron 

oxide was found to be less than 30% by Vorob'eva & Bessonova(14). Thin 

layers of iron oxide (1 ~) possess selective transmission bands in the 

visible spectrum(14), so when applied to ordinary glass, they can be 

used as light filters. 

Vorob'eva & Bessonova(14) reported optical data for Fe203 -Sn0
2 

mixtures. It is worth noting that preceeding this research little 

has been done with the effects of composition mixtures on optical 

properties. Vorob'eva et a1. (14) found that additions of tin, not 

more than 10%, scarcely changed the spectral characteristics of the 

coatings, but they do increase their thermal, mechanical and chemical 

resistance. More than 10% tin oxide destroyed the optical character. 

Coatings with large tin-oxide additions alter the transmission curves 

of Fe203 radically and they become similar to the curve for SnQ2 ~ilms_ 
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Colors of the film varied from orange to a light green and coatings 

with more than 80% Sn02 were colorless. One great advantage of 

Sn02 - Fe203 films is that they have the power to sustain high-temp­

erature heating in a reducing atmosphere (14) • 
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(C) Bulk and Thin Film Ti02 

Titanium dioxide exists in two tetragonal structures, anatase 

and rutile, plus orthorhombic brookite. Rutile is the thermodynamical-

ly stable form at all temperatures. Anatase and brookite retain 

their structures until heated to fairly high temperatures, at which 

time they transform irreversibly to rutile. Temperatures for signi-

ficant rates of conversion to rutile are 800°C - 1100°C for anatase 

and 700°C - l300°C for brookite. (20,21) 

According to Hollander(22) rutile single crystals exhibit a 

-13 -1 -1 conductivity of about 10 n em • The forbidden gap was reported 

3 b B (23) Th . T· 4+ h dId . as ev y aer • e catlon 1 as no outer -e ectrons an 1S 

located at the center of its anion interstice. With no outer d-elec-

trons, d-band conductivity cannot occur. 

Non-stoichiometric rutile Ti02 is classified as a metal-excess, -x 

n-type semiconductor on the basis of experimental observations of both 

Grant (24) and Frederikse (25). Ti0
2
· . contains only a few anion vacan­
-x 

cies and conductivity takes place via excitation to the antibonding 

s-p bands and a "hopping" of localized electrons (26) . Some other 

investigators(27-29) explain this conduction with a defect model con-

sisting of quaSi-free electrons and titanium interstitials in one or 

more states of ionization. Blumenthal(26) went one step further and 

concluded that the non-stoichiometric effect structure of rutile can 

be rationalized in terms of quasi-free electrons and both triply and 

quadruply ionized titanium interstitials. In addition, they concluded 
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that there is a contribution to electrical conduction due to impurity 

conduction or intrinsic conduction. 

Stoichiometric Ti02 as a thin film is an insulator with a high 

dielectric constant(30). Katsuta, Akahane and Yahagi(30) reported 

conductance as 2 x 10-13 n-1cm-l • The activation energy was esti-

mated as 0.5 ev in the region of high temperature and 0.5 ev in that 

of low temperature. 

Ti0
2 

(anatase) has an index of refraction of 2.565(20), while 

(rutile) has an index of refraction equal to 2.75(31). The single 

crystal of rutile exhibits an absorption edge(32) at 0.41 ~m (3.0 ev). 

Ti02 is commonly utilized as an opacifier in glazes and enamels, 

since it has a high index of refraction enabling it to scatter light. 

It can be seen from the following Table I that the crystal 

structure of Ti02 films is controlled by the deposition process, 

along with this, refractive index and density are altered, thereby 

controlling optical properties. 

Since Ti02 (rutile) possesses a high index of refraction, it is 

surely a candidate for highly reflection coatings. 

Fitzgibbons et ale (33) reported the optical transmission spectrum 

of a Ti02 (anatase) film annealed 350°C in the visible wavelengths of 

light. They attribute maxima and minima above 0.35 ~m to interference 

due to multiple internal reflection and the strong absorption peak 

at 0.32 ~m (3.9 ev) to an electronic transition. Transmission in an 

amorphous Ti02 film was also measured and similar results were ob­

tained, except that the strong absorption peak was much broader, 
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TABLE I 

(32) 
Comparison of Ti02 Films (Yokozawa et al. ) 

Author Method Structure Refractive Density Index 

Haas (20) Thermal oxidation Rutile 2.70 -
of (Electron 0 

Evaporated Ti Metal Diffraction 
Film 300-700o C 

Sakurai Thermal Decomposition Rutile - 4.22 
and of (X-Ray 

Watanabe :i(C3H70)4,Ti(~CH50)4 Diffraction) 
(21) 1.n vacuum >900 

Feursanger Hydrolysis of TiC14 - 2.55 -
(34) >160o C 

Yokozawa, Thermal Decomposition Anatase 2.08- 2.50-
Iwasa, of C:-RaY 

) 
2.13 2.60 

and Ti(C jH30)4 in N2 Diffraction 
Teramoto 410- 5 °c GElectron J 
(32) Diffraction 

Thermal Decomposition "Amorphous" 
of (X-Ray 

Ti(C~H60)4 in N2 + 02 Diffraction) 2.00- 2.40-
320- 4 °c 2.05 2.49 Anatase 

(Electron 
Diffraction) 

Anatase Single Crystal (32) 2.565 3.80-
3.95 

Rutile Single Crys tal (32) 2.75 4.26 
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although still centered at 0.32 ~m. This agreed well with 

MaSerjian(35) who also found an absorption peak at 0.32 ~m with a 

rutile film. In contrast as mentioned before, single crystal rutile 

exhibits an absorption edge(32) at 0.41 ~m (3.0 ev). The cause of 

this discrepancy between bulk single crystal and thin film Ti02 is 

not known. 
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CD) Bulk and Thin Film Sn02 

A pure tin oxide crystal is a broad-band semiconductor (36,37). 

Kohnke determined a value of 0.72 ev for the activation energy of 

conduction while Foex calculated it to be 0.77 ev from his data on 

polycrystalline samples~37) Loch(36) calculated the electron mobility 

~ to be 10.9 to 12 cm2-v-l -sec-l which compared well with Hall mobili­

ties measured on Sn02 films by Ishiguro(36) 17-32 cm2-v-l -sec-l J. 

Kohnke's value for very pure crystals was 50 cm -v-l-sec-l which was 

in reasonable agreement, since one expects higher values of ~ in 

single crystals than in polycrystalline compacts. 

Pure polycrystalline Sn02 is white and is sometimes used as an 

opacifier in glazes. The handbook value of index of refraction is 

2.00.(19) 

Tin dioxide thin films, on the other hand, are fairly conducting. 

They exhibit resistivities in the order of 0.05 O-cm and activation 

energies of 0.0175 ev for electrical conduction(38). Vincent(39) con-

cluded from thermodynamic considerations that this high conductivity 

is probably due to the inclusion of chlorine ions in the lattice. 

Rohatgi(38) et ala argues that conduction may also be due to the 

presence of Sn
2+ which results from the pyrolytic process. 

These films are generally prepared by the pyrolytic decomposition 

of SnC14 "SH20 or SnC1 2 '2H20-alcohol solutions(38), with the reaction 

taking place upon a hot glass substrate near the softening point of 

glass (650-700°C). 
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Sn02 films consistently form with the cassiterite structure 

(38,40) Sn02 is nearly unique among electronic materials in being 

a fairly good conductor when oxygen deficient yet having a high de-

gree of transparency to visible light. A typical tin dioxide film 

displays intense interference colors which may be used for thickness 

determinations. 

It is known(13) that tin dioxide coatings transmit the solar 

spectrum (.3 - 2.2) well, but at the same time reflect the natural 

infrared radiation (5-15 ~). This is important since tin oxide on 

the internal surface (towards a radiation receiver) significantly re-

duces heat losses which would otherwise be absorbed in the surface 

layers of the glass, returned to the receiver thus heating it. This 

heating is harmful for two reasons: (1) It uselessly consumes a 

portion of energy lost by the receiver in the form of radiation and 

(2) The increased temperature of the transparent insulation causes 

reinforcement of convective and radiative losses from the glass into 

the surrounding space •. A coating for this purpose as reported by 

Rekant et al. (13) is 98% Sn02 - 2% F:. where the fluorine is intro-

duced to the solution by means of hydrofluoric acid. These coatings 

are generally 0.2 - 0.4 ~ thick ~ig, 3). 

It is interesting to note that the optical properties of their 

tin oxide films are directly related to their composition. determined 

on the basis of the specific surface resistivity (in ohms) (3) • 

Rekant found that in general the lower the resistivity the greater 

the reflection in the long wavelength region (4 - 20 ~). The optimum 
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value of reflection with relatively high transparency was observed in 

tin oxide films with surface resistivities of IS to 100 ohms. 

Since Sn02 films display low resistivities and are transparent, 

they find application as heated. non-frosting viewing windows, glass 

or ceramic heating elements and transparent thermostats. 

It was determined by Rohatgi ~ ale (38) and others(4l). that a 

2-5% addition of Sb 20S (Group V), to Sn02 films enhances conductance 

an order of magnitude, whereas transmission decreases from 80% to S% 

(at 2 ~m). A 2% addition of indium, on the other hand, (Group III) 

increases sheet resistance four orders of magnitude while transmis-

sion increased slightly from 80% to 83%. It was reasoned that this 

behavior was due to the multivalency (II & IV) of the tin ion where 

the addition of trivalent or pentavalent ions would control the 

+2 +4 . sn ISn ratlO. Thus, changing the electrical and optical 

properties. 

It is realized that electrical properties such as band gap and 

conduction are closely related to optical properties. Vincent (39) 

explained that free electrons are able to absorb energy from electro-

magnetic radiation only when they can interact with a crystal lattice. 

Since absorption is a function of electron-lattice interaction fre­

quency, it is closely connected with the conductance of the crystal (39) • 



23 

(E) Bulk Oxides and Thin Films of Vanadium 

The vanadium-oxygen system is very complex and contains many 

oxide and sub-oxide compounds_ Since this system is complex it is 

difficult to grow films of stoichiometricV203 and V02- For a com­

plete discussion on the methods of growing such films one should 

refer to Fan(42). The difficulties in forming oxide films of 

vanadium could be attributed to the many valence states of vanadium 

which permit it to combine with oxygen in various proportions. The 

ratio of vanadium to oxygen has to be exactly right and very well 

controlled to grow reproducible films. A deposition method far more 

sophisticated than the pyrolytic decomposition process would have to 

be utilized. Generally a vapor transport technique is used which 

yields the correct reactions with controlled atmospheres, i.e. 

VOCl 3 + H20 + l/2H2 --~ V02 + 3HCI or 2 VOCl3 + H20 + 2H2 --+ V0203 + 

6HCI, etc. 

Vanadium oxides of V203 and V02 are of major interest since 

they both display semiconductor-metal transitions(42). These oxides 

though,will not be discussed further, since an oxide of vanadium was 

not produced in this research. 

There are also many hydrates of vanadium(43). This is logical 

since the V-OH system is probably just as complex as the v-o system. 

Phase equilibria concerning the V-OH system has not been reported 

in the literature. These hydrates are not stable and do not have 

interesting optical properties. 
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(2) Pyrolytic Film Deposition 

The pyrolytic decomposition process offers an economical, practi-

cal method for oxide film deposition on glass. This process con-

sists of spraying a salt solution, either a chloride or an organo-

metallic dissolved in water, alcohol or water-alcoholic mixtures, 

onto a heated substrate onto which the solvent evaporates. The salt 

decomposes and its cation combines with atmospheric oxygen to form 

the oxide film on the substrate. When the salt decomposition and 

subsequent oxidation provides a negative free energy change, the 

oxide film is formed (43) • The decomposition process proceeds as 

follows: 

H20, Heat 
ru1em~ -----+ bMexOy + cHpR (gas) 

The ratio x/y and the amount of oxide formed is determined by 

the conditions of thermal dissociation of the film forming solution 

(44 ) Most metal oxide films that develop on the glass surface are 

quite adhesive. This is a result of a chemical reaction between the 

hot glass substrate and the highly reactive dispersal elements form-

ing a strong Si-O-Me bond. 

It was determined by Rohatgi & Slack(44) that by utilizing a con-

ventional sprayer, the optimum spray parameters for an experimental 

set up are as follows: (1) Spray Time 5 - 15 sec 

(2) Spray Rate 1 cc/sec 

(3) Spray Distance 12 inches 

(4) Furnace Temperature 
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With this system it was necessary to use solutions with fairly high 

concentrations, since the glass' surface cooled quickly from the 5-6 

cfm air flow rate of the sprayer. 

Both the conventional and an improved process for pyrolytic film 

deposition is reported by Viverito(45) ~~. which is also included 

in Appendix A. 
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(3) Effect of Oxidizing and Reducing Atmospheres on Chemical Reactions 

As mentioned in the previous section, the pyrolytic process 

obeys the reaction: 

H20, Heat 
aM~~ -----+ bMexOy + cHpR (gas) 

The ratio x/y and the amount of oxide formed is governed by the condi-

tions of thermal dissociation. In a reducing atmosphere x/y is larger 

than in oxidizing conditions(44,14). A specific example concerning 

this, is the reaction: TiC14 + 02 -----+ Ti02 + 2C12 t with an oxygen 

excess atmosphere; Ti02 is formed. Yokozawa ~ &.(32) determined 

that the deposition rate at low temperatures is strikingly increased 

by the addition of oxygen in the reactant gas. They determined that 

the rate of deposition in an ozidizing atmosphere reached the same 

rate as an oxygen-free atmosphere at elevated temperatures. The 

apparent activation energy for film formation in the oxygen-free 

atmosphere was estimated to be about 36 Kcal/mole, whereas, if oxygen 

is present it is about 6.5 Kcal/mole regardless of the oxygen con­

tent within 5-60%(;20). X-Ray diffraction revealed that the film 

deposited in the oxygen-free atmosphere had the anatase structure. 

For the film deposited in the presence of oxygen, X-Ray diffraction 

did not reveal any crystalline phase. 

It is certainly reasonable to predict the reaction TiC14 + N2 + 

02 ---+ Ti02_x+ 2C1 2 t when oxygen is deficient(23). This type of 

oxygen deficiency would occur with most n-type oxides depending on 

the oxygen affinities of the cation forming the oxide. 
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Rohatgi (44) reported the effect of annealing stannic oxide films 

in oxidizing. air and reducing atmospheres. Annealing in air at 

about 50°C below the spraying temperatures for half an hour increased 

the sheet resistance by a factor of almost 2. This increase in sheet 

resistance was accompanied by the diffusion of substrate compounds 

such as silicon and sodium. to the film surface at an estimated level 

2+ 
of 10% of Sn present) using ESCA. Annealing in air at a temperature 

close to or above the spraying temperature produces line fissures in 

the film which reduce its transparency. 

Rohatgi(44) dete.rmined that annealing in a reducing atmosphere 

at 650°C for a half hour removes all interference colors and leaves 

the film completely non-conductive. The glass did acquire a pale 

gray color which Rohatgi suggests may be due to a deposit of tin metal 

resulting from the reduction of stannic oxide. ESCA studies seemed 

to indicate some trace of stannous oxide. Transmission decreased 

with annealing of the film in a reducing atmosphere(44). 

Fitzgibbons ~ al. (33) produced thin films of Ti02 at ISO°C by 

chemical vapor deposition using the hydrolysis of tetraisopropyl 

titanate. The films were amorphous as grown, but annealing in air 

caused the crystallization of anatase beginning at 350QC and 

rutile at 700°C. Density and index of refraction increased sub-

stantially with increasing annealing temperature. 

It was shown by Rozgonyi and Polito(46) that desired oxides of 

vanadium could be achieved with different annealing conditions. These 

are summarized in Table II. 
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TABLE II 

Optimum Conditions for Preparation of Vanadium Oxide Films 

(Rozgongi and Polito (46)). 

~nealing Conditions 
Desired film 

Initial or 
recrystallized film ATM TEMP TIME 

Amorphous v-o 
or Polycrystalline V 

Recrystallized V20S 
amorphous V-O 

Amorphous v-o 
recrystallized V20S 

--- ----.. 

90% N2 - 10% O2 4 

550°C 1 

Water vapor 4 
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There was no effort made by the authors to determine the exact 

partial pressure of their annealling conditions. 

It can be realized from examining other investigators' work 

that with n-type oxides , oxygen should promote stoichiometry while 

a reducing atmosphere such as N2 should produce an oxide which is 

oxygen deficient. Annealing is one way to achieve this. It was also 

determined that crystal structure can be altered with oxidizing and 

reducing atmosphere. 
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(4) Multilayered Oxide Films on Glass 

Interference light filters have been known for some time now. 

These filters selectively reflect and transmit specific wavelength 

regions. One such filter as reported by Gisin and Nesmelov(47) incor­

porated 9 layers with quarter-wave optical thicknesses with high (H) 

and low (L) refractive indexes so that the system DHLHLHLHLH was 

formed. D denotes the index of refraction of the substrate 1.5, 

H = 2.5 and L = 1.4. Sb
2
S

3 
was used for the high index material 

while SrF
2 

was utilized for the low index material. This filter had 

the capabilities of transmitting the short-wave part of the spectrum 

while reflecting the long-wave part, in which the transition point 

lay in the near infrared region. 

Vijayalaxmi and Rao(48) proved the feasibility of thin film 

multilayer systems by evaluating performance with computer simulation. 

The program calculates the reflectance and transmittance of periodic 

multilayer systems under varying conditions, such as refractive index 

of the multilayer components, angle of incidence, film thickness and 

wavelength for any number of layers. It was determined that the 3 

layer stack in the Zr02 (H) - MgF
2 

(L) multilayer system produces a 

reflection of 54.9%, while a 9 layer stack yielded a reflectance of 

95.3%. For a fixed nmnber of layers, the reflectance is higher for 

a system with large differences in refractive indices of the films in 

the basic period. However, if the difference in refractive index is 

small, high reflectances can be achieved by stacking more layers. 

Table III lists the handbook values(19) of the oxides studied in t~s 

thesis. 
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TABLE III 

Handbook Values of Index of Refraction(19) 

Oxide O-Ray E-Ray 

8n02 1.997 2.093 

Co30
4 N/D N/D 

Ti02 (Rutile) 2.616 2.903 

Ti02 (Anatase) 2.56 2.56 

VO H N/D N/D xy 

Fe203 3.22 2.94 
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The dependence of angle of incidence and thickness of the 

multilayered components has also been investigated theoretically. 

The variation of reflectance with angle of incidence is well known(48). 

Reflection decreases as the angle of incidence increases from 1° to 

For desired reflectances in a specified wavelength, thickness 

equal to A/4 provides the optimum for interference reflection. It 

was determined by Vijayalaxmi and Rao(48) that the thickness of the 

higher index film should be controlled more critically than that of 

the lower index film, while fabricating a multilayer system, especial-

ly that with a small number of layers. 

There are many practical problems associated with multilayered 

systems. The first is an economical consideration. Each layer de-

mands its own deposition process. Most workers in multilayer pre-

paration have sometimes found that their otherwise satisfactory coat­

ings become crazed, cloudy, or even detached from the substrate on 

removal from the coating plant. This disturbing experience is now 

known to be associated with the intrinsic stress manifested in some 

degree by virtually all films. Recent studies(49) have shown that a 

number of courses may be taken to alleviate the effects of stress. 

Component materials having balancing tensile and compressive stresses 

may be chosen to produce a multilayer of low overall stress. The 

use of an elevated substrate temperature will often not only reduce 

stress but minimize the chance of it causing dis rupture by improving 

film adhesion(50). The dependence of reflectance on thickness can 

in some cases be so remote from theoretical expectation that the 
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monitoring method is wholly invalidated. These anomalies can often 

be explained in terms of the inhomogeneity that can occur in films, 

that i~ a variation of refractive index through the thickness of 

the film. Such inhomogeneities can be represented as "couches de 

passage" - films occurring at the boundaries of each layer with a 

refractive index dissimilar from that of the bu1k(51,52). These in-

homogeneities are dependent upon the deposition parameters which may 

induce voids or defects in the films' physical structure(SO). Recent 

work has shown that few dielectric films are free from such inhomo-

geneities and their effect on light measurements can be particularly 

severe(S3) • 

Another discrepancy between theory and practice multilayer 

systems is attributable to the effects of optical scattering. Light 

losses by this means can not only cause undesirable glare in image 

forming systems, but may place a limit on the maximum reflectance 

f d " 1 . k(S4) l' f "f f"l o a le ectrlc stac or reso utl0n 0 an lnter erence 1 ter. 

Four major examples of sources of scattering are structural breakdown 

within films due to stress, dust particles, substrate surface rough-

ness (which may be inherited or even amplified by subsequently 

deposited layers), and "spattered" solid particles of evaporant(SO). 

At the present time, most multilayered systems are utilized in 

lasar mirrors or for enhancing reflection and protection of metal 

mirrors. These systems are usually applied by vacuum evaporation 

techniques (SO) • The use of multilayers for the enhancement of 

reflection on architectural glass has not been reported in the 

literature. 



III. EXPERIMENTS AND MEASUREMENTS 

(1) Preparation of Salt Solutions 

Appendix C lists all of the chloride and organo-metallic com-

pounds that were used to prepare solutions. Of the solutions tested, 

* only TiC14' FeC13·6HZO. SnC14·SHZO, VO(CSH70Z)Z and Co(CSH70Z)2 success-

fully deposited pyrolytic films. This fact limited this thesis to the 

study of only these compositions and combinations of them. 

Since the organo-metallics of cobalt and vanadium were insoluble 

in H20, acetone, ether, benzene and only slightly soluble in alcohol, 

.04H alcohol-salt solutions were mixed. The calculated amounts of raw 

** materials were weighed with a Sartorius balance and then were added to 

a premeasured amount of absolute anhydrous alcohol. A magnetic 

stirrer was used to insure a complete solution. Mole fractionlfor the 

combination of two or more compounds were measured accurately with a 

buret. 

It was assumed that the film contained the same ratio of metal 

ions as did th~ starting solutions, since the exact chemical analysis 

of the deposited film could not be determined. This is justified 

because whenever pure solutions are sprayed at the glass temperature, 

the individual oxides form. 

(2) Spray Set-Up and Procedure 

The sprayer used in these experiments is described in Appendix A, 

and a discussion of it will soon appear in the Ceramic Bulletin as an 

Engineering Note (45) The sprayer set-up is shown in Figures 4 and 5. 

*Ventron Corporation, A1fa Products, P.O. Box 159, Beverly, Mass. 

**Preiser Scientific, Inc., Charleston, West Virginia. 
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The conditions used in the spraying of the films are listed as 

follows: Temperature - 360°c, Air Flow Rate - .6 cfm, Solution 

Concentration - 0.4M, Sample Heating Time - 15 min., Spray Time - 15 

min. In order to keep the substrate's surface temperature above the 

reaction temperature for the deposition of these films. the films were 

sprayed at alternate one-minute intervals. Thus t a 15 minute deposi­

tion took a total of 30 minutes. 

A cooling curve for the substrate's top surface is present in 

Figure 6. This curve was drawn with a X-Y recorder* which connected 

to a chrome-alumel thermalcouple that was cemented to the top surface 

of the glass substrate. This procedure was used in the deposition of 

all of the films, with a few exceptions to be mentioned later. 

The solutions were also mixed systematically to produce films in 

the following systems: (1) Fe203-C0304 , (2) Ti02-Co304 , (3) VOxfly -

-Co304 , (4) Fe203-Ti02' (5) Sn02-C0304' (6) Ti02- VOxHy , (7) Fe203Ti02 

-Co304 · 

(3) Experiments with Q2' Air, !2 and Forming. Gas (95% NZ-5% 

!!.zl 
TIle low flow rates of this sprayer enables one to spray with 

gases such as 02' N2 and 95% N2-5% H2 ; substituting for air. This could 

also be done with a conventional sprayer, but its large flow rate of 5 

cfm would render it uneconomical. 

Only the pure films of C0304 , Sn02, Ti02' VOxHy and Fe203 were 

sprayed with 02' air, N2 and 95% N2-S% H2• 

* 520 X-Y Recorder, Honeywell, San Diego. 
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(4) Annealing Experiments 

The pure films of VOxHy' Co304 and FeZ03 were annealed in oxygen 

and forming gas to yield oxidizing and reducing conditions, respectively. 

The annealing set-up is shown in Figure 7. The actual conditions for 

annealing are listed in Table IV • 

(5) Thickness Variati,on E!periment 

The composition 60% Fe203 - 40% Co304' which showed promising 

optical characteristics and displayed a gold appearance, was sprayed 

at various times of 5, 10, 15, ZO, 30, and 60 minutes to obtain a 

variation in thickness. Again, the films were sprayed, alternating one 

minute intervals of spraying and heating. 

(6) Multilayered Experiments 

Iron oxide has the highest refractive index of the five oxides 

studied and tin oxide has the lowest. Alternate layers of these high 

and low refractive index oxides were fabricated. Utilizing .6M solu­

tions of FeC13 ·6HZO and SnCl ·5HZO, alternate layers of FeZ03 and Sn02 

were sprayed for one minute, 45 second and 30 second intervals. These 

were compared to the optical properties of three equivalent layers of 

(7) Thickness Measurements 

The attenuation of X-rays of a film on a glassy substrate was 

chosen as the method for thickness determination. This technique is 

described by Evans and Fisher (55). This method compares the intensity 

of the glassy halo of an uncoated and coated substrate and knowing the 

film's absorption coefficient and density, thickness can be calculated 

using the equation: 
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TABLE IV 

Annealing Conditions 

Oxygen, Air or 95% N2 - 5% H2 

Flow Rate 200 cc/min. 

Temperature 5000 e 

Time 4 hours 

Volume of Reaction Tube 28.3 sq. inches 
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I uncoated surface 
sin 9 In ------------------­I coated 'surface 

2(l-l/p)p 

The mass absorption coefficients of the pure and doped compositions was 

calculated using the equation: 

where Xl' X2 ••. Xu are the weight fractions of each compound. A re-

finement of Evans and Fisher's method was made. Utilizing a low range, 

high time constant and a very slow chart speed, statistics yielding an 

average intensity were accumulated at a constant 2Q on the amorphous 

halo. The area under the intensity curve was determined with a polar 

planimeter. Dividing by the constant 2-inch scan, produced an average 

intensity that was significant to the tenth place. This accuracy was 

necessary to achieve, since a small deviation in intensity yielded a 

gross error in the thickness measurement. 

(8) Determination of Crystal Structure 

X-Ray Diffraction Analysis* was utilized for the purpose of crystal 

structure determination. Scans were made using the following 

conditions: 

Voltage 40 kv 

Current 15 rna 

Range 500 

T.C. 2 cps 

Scan 29 = 10 0 to 29 = 60 0
• 

The ASTM standard files were used for the crystal evaluation. 

* Norelco Diffractometer~ North American Philips, Mount Vernon, N. Y. 
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(9) Scanning Electron Microscopy 

The Scanning Electron Microscope** was also used to examine the 

crystal structure of select films. The actual surface was examined 

closely to see if there was any reaction with the glass substrate. 

(10) Optical Property Measurements 

The Varian Instrument, Cary 14 Spectrophotometer**~ was utilized 

for reflection and absorption vs. wavelength measurements. A scan 

from 2.5~ to .3~ was investigated. 

Air was used as the zero reference for the absorption scans, while 

the reference for the reflection measurements was an aluminum mirror 

which supposedly had 99% reflectance. It should be noted that the ab­

sorption measurements include reflection. therefore 100% - A = %T, the 

transmission. The absorption measurements were straight forward and 

very reproducible. 

The reflection measurements, on the other hand, were dependent on 

the instrument's beam size, shape and intensity. Alignment of the beam, 

which was dependent upon the alignment of the mirrors, phototube and IR 

source, was critical to get reproducible readings. This measurement 

utilized an angle of incidence equal to 80 to determine the specular 

component of reflectance. 

The data could not be interpreted directly from the Cary 14 plots. 

A computer plot routine (Appendix B) was designed to plot simultaneously 

reflection and transmission. Since A + T + R = 1, absorption was 

included. 

** AR 900, Burlington, Mass. 

*** Cary 14, Varian Instrument. New York, New York. 
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(11) ElectricalMeasuremertts 

To obtain orders of magnitude of the film's resistance, a two 

point probe technique was utilized. Of course, this did not eliminate 

contact resistance, but only orders of magnitude were desired. 

For select films that showed possible signs of conductance, a 

four probe technique was utilized(18). To determine activation ener­

gies, resistance was measured as a function of temperature for C0304, 



IV. RESULTS 

A. Appearance 

The samples prepared in this investigation appear in Figures 8 and 9. 

The corresponding identification keys are Tables V and VI. 

B. Thickness 

The apprpximat~ film thicknesses for each film are listed in 

Table VII. 

C. Structure 

Identification of each oxide film as determined by X-ray 

diffraction is also listed in Table VII. These phases were identified 

using the ASTM files and selected references. The X-ray patterns 

for the annealed samples of VOxHy ' Fe203 and Co304 are sketched in 

Figures 10, 11 and 12. 

Selected Scanning Electron Micrographs of VOxHy' Co
3

0
4 

and Sn0
2 

are shown in Figures 14 through 21. 

D. Optical Properties 

Reflection (R), absorption (A), and transmission(T), as a function 

of wavelength (.3~ - 2.5~) for the samples are shown in Appendix A. An 

index for these figures is included in Table VII. Figures 21 through 

27 summarize the findings for the compositional study, where the 

optical properties at representative infrared (2.5~ and .9~) and 

visible (.6~) wavelengths are plotted as a function of composition. 

The shaded area represents the amount of light that is not transmitted. 

45 
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A similar scheme depicting the effect of thicknes; instead of 

composition on the optical properties for the single composition 

60% FeZ03 - 40% C0
3

0
4 

is shown in Figure Z8. Figures Z9 through 34 

progressively show the effects of thickness over the entire .3~ - Z.5~ 

spectrum. 

Those samples that were sprayed and annealed with various gases 

are compared with their equivalent sample sprayed with air in Figures 

49 through 54. The multilayered systems Fe203-SnOz-FeZ03 are compared 

with the multilayered systems FeZ03-FeZ03-FeZ03 in Figures 55 through 57. 

Figures 58 and 59 illustrate the effects of stacking successive layers 

Figures 60, 61, and 6Z present the optical characteristics of 

films on glass which the glass industry is currently using to screen 

solar energy. Figures 60 and 61 show the optical properties of 

-/, 
"ASG Gray" and "ASG Bronze" glasses which contain coloring ions. 

Figure 62 illustrates the properties of vapor deposited gold 

("ASG Gold ") :( 

E. Electrical 

The results of the simple two-point probe measurement for film 

resistance is presented in Table VII. 1 Plots of log resistance vs T for 

selected samples are shown in Appendix E. 

*Samples compliments of ASG Industries, Kingsport, Tennessee. 
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Al A2 A3 A4 AS A6 A7 AI A9 AlO 

11 12 13 IS 16 17 II 

Cl C2 C3 C4 CS C6 C7 CI 

01 03 04 OS 06 07 D9 

El E2 E3 E4 ES E6 £7 EI ElO 

Fl F2 F3 FS F6 " 

Gl 

HI H2 H5 H4 HS 

Figure 8. Samples of the Compositional Systems. 
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TABLE V 

Identification of Oxide Films Shown in Figure 8 

Al 90% Co304 AS 40% Co304 AB 10% Co30
4 

10% Fe203 60% Fe
2
0

3 90% Fe2
Q3, 

A2 70% Co
3

04 A6 30% Co304 A9 5% Co
3

Oa 
30% Fe203 70% Fe203 95% FeZ

Q3 

A3 60% Co30
4 A7 ZO% Co30

4 
A10 100% F~ZQ~ 

40% Fe203 80% FeZ03 

A4 50% Co304 
50% Fe203 

Bl 100% Ti02 B4 50% Ti02 B7 ZO% Ti02 

50% Fe203 80% Fe203 

BZ 90% Ti02 B5 30% TiOZ B8 10% Ti02 

10% Fe203 70% FeZ03 90% FeZ03 

B3 70% TiOZ B6 25io TiOZ 
30% Fe

2
03 75% Fe203 

C1 100% Ti02 C4 40% TiOZ C7 10% Ti02 

60% VOxHy 90% VOxHy 

C2 80% TiOZ C5 30% TiOZ C8 100% VOx"Ry 

20% VOxHy 70% VOxHy 

C3 60% Ti02 C6 20% Ti02 

40% VOx~ 80% VOxHy 

D1 90% VOxHy D4 60% VOxHy D7 30% VOXHy 

10io Co304 40% Co304 70% Co304 

D2 80% VOxHy D5 50io VOxHy DB 20% VOxHy 

ZO% Co304 50% Co304 80% Co304 

D3 70% VOxHy D6 40% VOxHy D9 10% VOXHy 

30% Co304 60% Co30
4 

90% Co304 
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TABLE V (Continued) 

Identification of Oxide Films Shown in Figure 8 

E1 100% FeZ03 E5 65% FeZ03 E8 ZO% FeZ03 
35% Co304 80% Co304 

EZ 90% FeZ03 E6 50% FeZ03 E9 10% FeZ03 
10% Co304 50% Co304 90% Co304 

E3 80% FeZ03 E7 40% FeZ03 E10 100% Co
3

04 
ZO% Co30

4 60% Co304 

E4 60% FeZ03 
40% Co304 

IS min_ FeC13 ·6HZO - Co(C5~)Z)Z 

Fl 100% FeZ03 F4 50% FeZ03 F6 10% FeZ03 
SO% Co304 90% Co304 

FZ 80% Fe203 F5 40% Fe203 F7 100% Co304 
20% Co304 60% Co304 

F3 60% Fe203 
40% Co304 

TiC14 - Co(C5H70Z)Z 

G1 100% Ti02 G3 40% Ti02 G5 ZO% TiOZ 
60% Co304 

80% Co304 

GZ 50% TiOZ G4 30% TiOZ 
G6 100% Co304 

50% Co304 70% Co304 

SnCI4 -SHZO - Co(C5H7OZ)2 

HI 100% SnOZ H3 60% SnOZ H5 100% Co304 
40% co304 

H2 80% Sn02 H4 ZO% SnOZ 

20% Co304 80% Co304 
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TABLE V (Continued) 

Identification of Oxide Films Shown in Figure 8 

11 VAP dep Gold 

12 55io Co
3

0
4 

15% Ti02 

30% Fe203 

Ternary Coatings 

13 58% Co304 
27% Ti02 

15% Fe203 

14 48% Co304 
7% Ti02 

45% Fe
2

0
3 
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J3 JS J6 

Kl K3 Nl N2 N3 N4 

L1 l2 l3 01 02 03 0 4 

"'1 "'2 "'3 PI P2 P3 P4 

T1 T2 01 02 03 0 4 

T3 T4 z .1 . 4 

U2 

TS T6 SI S2 S3 S4 

Figure 9. Samples for Thickness Variation, Annealing, 
Multilayer and Spraying with Gases Experi­
ments. 



Appearance 

J1 

JZ 

J3 

J4 

J5 

J6 

K1 

KZ 

K3 

L1 

LZ 

L3 

M1 

MZ 

M3 

N1 

NZ 

N3 

N4 

01 

02 

03 

04 

VOxHy 

VOxHy 

VOxHy 

Q'FeZ03 
Q'FeZ03 
Q'Fe

Z
0

3 

Co30
4 

Co30
4 

Co30
4 

Sn0
2 

SnO 
2 

SnOZ 

SnOZ 

TiOZ 
Ti02 

TiOZ 

TiOZ 
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TABLE VI 

Key for Figure 9 

60% FeZ03 - 40% Co304 
Thickness Variation 

Spray Time (Min} Thickness (}{) 

5 

10 

15 

ZO 

265 

441 

815 

907 

30 

60 

1759 

5980 

Annealed 4 hrs 500°C in 100% 02 

Before Annealing 

Annealed 4 hrs 500°C in 95% NZ - 5% HZ 

Annealed 4 hrs 500°C in 100% 0z 
Before Annealing 

° Annealed 4 hrs 500 C in 95% N2 - 5% H2 

Annealed 4 hrs 500°C in 100% 02 

Before annealing 

Annealed 4 hrs 500°C in 95% N2 - 5% Hz 

Sprayed with 

N2 
95% N2 - 5% H2 

Sprayed !.!.!h 

N2 

95% N2 - 5% H2 



PI 

P2 

P3 

P4 

Ql 
Q2 

Q3 

Q4 

Rl 

R2 

R3 

R4 

Sl 

S2 

S3 

S4 
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TABLE VI (Continued) 

crFe203 

crFe203 

crFe203 

crFe
2

0
3 

Co
3

0
4 

Co
3

0
4 

Co
3

0
4 

Co
3

0
4 

VOxHy 

VOxHy 

VOxHy 

VOxHy 

VOxHy + H20 

VOxHy + H
2

0 

VOxHy + H20 

VOxHy + Alcohol 

Sprayed ~ 

°2 
Air 

Sprayed with 

°2 
Air 

N2 

95% N2 - 5% H2 

Sprayed with 

°2 
Air 

N2 

95% N2 - 5% H2 

Temp. 

450°C 

360°C 

450°C 

360°C 

Sprayed with 

N2 

Air 

Air 

Air 

Tl Fe
Z

0
3 

3 layers .6 solution 1 min each layer 

T2 Fe203-Sn02-FeZ03 .6 solution 1 min each layer 

T3 Fe
2

0
3 

3 layers .6 solution 45 sec each layer 

T4 FeZ03-SnOZ-Fe203 .6 solution 45 sec each layer 

T5 Fe
Z

0
3 

3 layers .6 solution 30 sec each layer 

T6 FeZ03-Sn02-Fe203.6 solution 30 sec each layer 

Ul C0304-Ti02-Co304-Ti02-Co304 5 min each layer 

U2 C0304-Ti02-Co304 5 min each layer 

Z 60% Fe
2

0
3 

- 40% Co
3

0
4 

sprayed 12 min both sides 



TABLE VII 

Properties of Oxide Thin Films 

Starting Thickness Final Room Temperature Identification and 
Solution (cone.) (A) Phase Resistance Optical Proporties 

100% COClZ (.6M) N/D Amorphous 101Z Al 

70% CoClZ-30% FeC13"6HZO N/D Amorphous 101Z AZ 

60% CoClZ-40% 6H20 N/D Amorphous 1012 A3 

50% CoClZ-50% FeC13' 6HZO N/D Amorphous 1012 A4 

1012 Vt 

40% CoC12-60% FeC13' 6HZO N/D Amorphous AS 
.po. 

30% CoC1Z-70% FeC13 ' 6H20 N/D Amorphous 1012 A6 

20% CoC12-80% FeC1
3

' 6H20 N/D Amorphous 1012 A7 

10% CoC12-90% FeC1
3

' 6H20 N/D Amorphous 1012 A8 

5% CoC12-95% o6HZO N/D Amorphous 1012 A9 

100% FeC13.6H2O N/D Amorphous 10lZ AIO 



TABLE VII (Continued) 

Starting Thickness Final Room Temperature Identification and 
Solution (cone.) (A) Phase Resistance Optical Proporties 

100% TiC14 
400 Amorphous 1012 Bl Fig. D-1 

90% TiC14-lO% FeC13.6H2O 410 Amorphous 1012 B2 Fig. D-2 

70% TiC14 - 30% FeC13 · 6H20 405 Amorphous 1012 B3 Fig. D ... 3 

50% TiC14 -50% FeC13 · 6H20 415 Amorphous 1012 B4 Fig. D-4 
\J1 

1012 \J1 

30% Ti C14 -70% FeC13 · 6H20 400 Amorphous B5 Fig. D-5 

25% TiC14-75% FeC13 · 6H20 405 Amorphous 1012 B6 Fig. D-6 

20% TiC14-80% FeC13·6H20 410 Amorphous 10
12 

B7 Fig. D-7 

10% TiC14-90% FeC13· 6H20 400 Amorphous 1012 B8 Fig. D-8 



TABLE VII (Continued) 

0 Resulting Phase as Room Temperature 
Solution Thickness (A) Determined by X-ray Resistance Appearance 

VO(C 7HSOZ)2 600 vo H 2.0 x 108 C8 Fig. D-17 
xy 

90VO )2-l0TiC14 670 VO H 1.0 x 1010 
C7 Fig. D-16 xy 

80VO(C7HS02)Z-ZOTiC14 668 vo H 4.1 x 1010 C6 Fig. D-1S x y 

70VO(C7HS02)2-30TiC14 679 VO H 2.6 x 1010 Cs Fig. D-14 xy 

60VO(C7HS02)Z-40TiC14 688 Amorphous 2.9 x 1010 C4 Fig. D-13 

2.S x 1011 
U'1 

40VO(C7HSOZ)2-60TiC14 684 Amorphous C3 Fig. D-12 0'\ 

20VO(C7H502)2-80TiC14 658 Amorphous 3.S x 1011 C2 Fig. D-ll 

TiC14 667 Amorphous 1.2 x 1012 C1 Fig. D-IO 



TABLE VII (Continued) 

Thic§:ness Resulting Phase as Room Temperature 
Starting Solution (conc.) (A) Determined by X-ray Resistance Appearance 

VO(C7HS02)2 600 VO H 2.0 x lOS Dl Fig. D-17 
x y 

90VO(C7HSOZ)Z-10Co(C7HS02)2 S9S VO H 1.S x 1010 D2 Fig. D-18 
x y 

SOVO(C7HS02)2-20Co(C7HS02)2 S93 Trace VO H 2.0 x lOll D3 Fig. D-19 
x y 

70VO(C7HS02)2-30Co(C7HS02)2 SSO Amorphous 3.2 x lOll D4 Fig. D-20 

60VO(C7HS02)2-40Co(C7HS02)2 SS4 Amorphous 3.6 x lOll DS Fig. D-21 
VI 

4.6 x lOll " SOVO(C7HS02)2-S0Co(C7HS02)2 SS3 Amorphous D6 Fig. D-22 

40VO(C7HS02)2-60Co(C7HS02)2 S90 Amorphous 1.0 x lOll D7 Fig. D-23 

30Vo(C7HS02)2-70Co(C7HS02)2 SSO Amorphous 2.6 x lOll DS Fig. D ... 24 

20Vo(C7HSOZ)Z-SOCo(C7HS02)2 S85 Trace Co304 1.6 x 1010 D9 Fig. D-25 

10Vo(C7H502)2~90Co(C7HS02)2 590 Co 304 4.9 x 109 DIO Fig. D-26 

Co(C7H502)2 600 Co304 1.0 x lOS Dl1 Fig.D-27 



TABLE VII (Continued) 

Thic\).ness Resulting Phase as Room Temperature 
Starting Solution (conc.) (A) Determined by X-ray Resistance Appearance 

FeC13 ° 6H2O 496 ClFe203 2.5 x lOll E1 Fig. D-2S 

90FeC13°6H20-l0Co(C7H502)2 54S aFe203 2.0 x lOll E2 Fig. D-29 

SOFeC13·6H20-20Co(C7HS02)2 615 Amorphous 1.0 x lOll E3 Fig. D-30 

65FeC13·6H20-35Co(C7H502)2 650 Amorphous 1.5 x lOll E4 Fig. D-31 

60FeC13"6H2O-40Co(C7HS02)2 717 Amorphous 1.0 x lOll ES Fig. 30 

3.1 x lOll 
VI 

SOFeC13·6H2O-SOCo(C7HS02)2 700 Amorphous E6 Fig. D-32 ex> 

40FeC13·6H20-60Co(C7HS02)2 750 Amorphous 3.3 x lOll E7 Fig. D-33 

20FeC13°6H20-S0Co(C7HS02)2 775 Amorphous 2.3 x lOll ES Fig. 

10FeC13° 6H20-90Co (C7HS02)2 770 C0304 1.5 x lOll E9 Fig. D-34 

Co(C7HS02)2 S50 Co304 1.5 x lOS EIO FigoD-35 



TABLE VII (Continued) 

Thickness Resulting Phase as Room Temperature 
Starting Solution (cone.) (A) Determined by X-ray Resistance Appearance 

FeC13-6H2O 537 aFeZ03 .2.8 x 1011 F1 Fig_ 0-36 

80 FeC13-6H20-Z0Co(C7HS02)Z 717 aFeZ03 4.Z x 1011 FZ Fig. 0-37 

60 FeC13·6HZO-40Co(C7HSOZ)Z 815 aFeZ03 4.0 x 1011 F3 Fig. 31 

50 FeC13·6HZO-50Co(C7HSOZ}Z 800 Amorphous 1.4 x 1011 F4 Fig_ 0-38 

40 FeC13-6HZO-60Co(C7HS02)Z 805 aFeZ03 3.7 x 1011 F5 Fig. 0 .. 39 

1.4 x 1011 F6 Fig_ 0-40 
IJt 

10 FeC13-6HZO-90Co(C7HS02)Z 862 C0304 \.0 

Co(C7HSOZ)Z 600 C0304 1.0 x 108 F7 Fig_ 0-46 



TABLE VII (Continued) 

0 
Resulting Phase as Room Temperature 

Starting Solution Thickness (A) Determined by X-ray Resistance Appearance 

TiC14 667 Amorphous 1.2 x 1012 G1 Fig. 0-10 

50TiC14-SOCo(C7HSOZ)2 6S0 Amorphous 6 x 1011 G2 Fig. 0-42 

40TiC14-60Co(C7H502)Z 647 Amorphous 5 x 1011 G3 Fig. 0-43 

30TiC14-70Co(C7HS02)Z 620 Amorphous 7.3 x 1010 G4 Fig. D-44 

20TiC14-80Co(C7HS02)Z 617 C0304 2.0 x 1010 GS Fig. 0-45 

Co(C7HS02)2 600 C0304 1.5 x 108 G6 Fig. 0-46 
0'\ 
0 

------------------------------- --------------

SnC14·SH20 178Z SnOZ 2.6 x 104 HI Fig. 0 ... 47 

80SnC14·SH20-Z0Co(C7HSOZ)Z lS04 SnOZ 3.9 x 105 H2 Fig. D-48 

40SnC14'SHZO-60Co(C7HSOZ)Z 1104 Amorphous 4.9 x 1011 H3 Fig. D-49 

20SnC14· SH20-80Co (C7HSOZ)Z 904 Amorphous 4.0 x lOll H4 Fig. D-SO 

Co(C7HSOZ)2 600 C0304 1.6 x 107 HS Fig. D-46 



TABLE VII (Continued) 

Thickness Resulting Phase as Room Temperature 
Starting Solution (A) Determined by X-ray Resistance Appearance 

Ternary Systems 

60FeC13·6H2O-40%Co(C7HSOZ)2 815 CtFe203 4.0 x 1011 Z Fig. D-S4 

45FeC13° 6H20-48Co (C7HS02)2-7TiC14 780 Amorphous 108 x 1011 14 Fig. D-S1 

30FeC13·6H20-SSCo(C7HS02)2-lSTiC14 77S Amorphous 2.1 x 1011 13 D-S2 

lSFeC13·6H20-62Co(C7HSOZ)2-23TiC14 770 Amorphous 3.2 x 1011 12 Fig. D-S3 
0\ 
I-' 

Vapor Deposited Gold 400 Amorphous ---------- II Fig. 6Z 

---- ----- --- ----------- -----

60FeC13°6HZO-40Co(C7HS02)Z 265 Amorphous 4.0 x 1011 J 1 Fig. 29 

60FeC13·6H20-40Co(C7HSOZ)2 414 Amorphous 1.0 x lOll J 2 Fig. 30 

60FeC13°6H20-40Co(C7HSOZ)2 815 CtFe203 4.0 x lOll J 3 • 31 

60FeC1306H20-40Co(C7H50Z)2 907 aFe203 4.5 x 1011 J 4 o 32 

60FeC13"6H20-40Co(C7H502)2 1759 CtFe203 8 x 1010 J5 Fig. 33 

60FeC13°6H20-40Co(C7HS02)2 S980 aFe203 5 x 1010 J6 Fig. 34 



TABLE VII (Continued) 

Starting Solution 
Thickness Resulting Phase as Room Temperature 

(A) Determined by X-ray Resistance Appearance 

VOxHy Annealed in 02 No Film Amorphous 3 x 1011 Kl Fig. 49 

VOx~ - Air reference 650 VOxliy 8 x 108 K2 Fig. 0-17 

VOxHy Annealed in 9S%N2-S%H2 600 VOxlIy 2.1 x 1010 K3 Fig. 50 

aFe203 Annealed in 02 415 aFe203 5 x lOll 11 Fig. 51 

aFe203 - Air reference 537 Amorphous 4.0 x 1011 12 Fig. D ... 36 0'\ 
N 

aFe203 Annealed in 95%N2-S%H2 300 aFe203 6 x 109 L3 Fig. 52 

-----------------------------------------------
C0304 Annealed in 02 600 C0304 2.5 x 107 Ml Fig. 53 

Co304 Air reference 600 C0304 1.0 x 10 8 M2 Fig. D-46 

C0304 Annealed in 9S%N2-S%H2 600 C0304 5.0 x 1010 M3 Fig. 54 

SnC14"5H20 w/02 717 Amorphous 6.8 x 104 Nl Fig. 46 

SnC14·SH20 w/air 1782 Strong Sn02 2.6 x 104 NZ Fig. 0-47 

SnC14·SH20 w/NZ 948 Weak Sn02 4.0 x 106 N3 Fig. 47 

SnC14·5HZO w/9SNZ-5HZ 935 Amorphous 7.0 x 106 N4 Fig. 48 



TABLE VII (Continued) 

Thickness Resulting Phase as Room Temperature 
0 

Starting Solution (A) Determined by X-ray Resistance Appearance 

TiC14 w/02 500 Amorphous 1011 01 Fig. 35 

TiC14 w/air 667 Amorphous 1011 02 Fig. 0-10 

TiC14 w/N2 900 Amorphous 1011 03 Fig. 36 

TiC14 w/95%N2-5%H2 No Film Amorphous 1011 04 Fig. -

FeC13"6H20 w/02 500 Amorphous 4.0 x lOll PI Fig. 37 0"1 
W 

FeC13·6H20 w/air 537 aFe203 2.8 x 1011 P2 Fig. D-36 

FeC13"6H20 w/N2 774 Amorphous 3.0 x 109 P3 Fig. 38 

FeC13·6H20 w/95%N2-5%H2 300 aFe203 4.0 x 1010 P4 Fig. 39 

------------------------------------------------

Co(C7Hs02)2 w/02 885 C0304 3.0 x 107 Q1 Fig. 43 

Co(C7Hs02)2 w/air 600 C0304 1.5 x 108 Q2 Fig. 0-46 

Co(C7Hs 02)2 w/N2 554 Slight Co304 1.0 x 108 Q3 Fig. 44 

Co(C7Hs 02)2 w/95%N2-s%H2 590 Amorphous 4.0 x 108 Q4 Fig. 45 



TABLE VII (Continued) 

Thickness Resulting Phase as Room Temperature 
0 

Starting Solution (A) Determined by X-ray Resistance Appearance 

VO(C7H50Z)Z w/OZ 300 Amorphous lOll Fig. 40 

VO(C7HSOZ)2 w/air 600 YOxIiy 2.0 x 10° R2 Fig. 0-17 

VO(C7HS02)2 w/N2 615 VOXHy 1.7 x 106 Fig. 41 

VO(C7H50Z)Z w/95%NZ-5%H2 590 VOxHy 1.1 x 107 R4 . 42 

Van. + HZO + NZ 450 0 C 
0'\ 

N/O VOxHy N/O SI Fig. D-55 +:--

Van. + HZO + Air 360 0 C N/D VOxHy N/O 52 Fig. 0-56 

Van. + HZO + Air 450 0 C N/O . VOxHy N/n 53 • 0-57 

Van. + Alcohol + Air 360 0 C N/O VOxHy N/O 54 • 0-58 



TABLE VII (Continued) 

Thickness Resulting Phase as Room Temperature 
0 

Starting Solution (A) Determined by X-ray Resistance Appearance 

FeC13-6H20 - 3 Layers Each 300 N/D N/D TI Fig. 57 

FeCI3-SnCI4-FeC13 Each 300 N/D N/D T2 Fig. 57 

FeC13·6H20 - 3 Layers Each 500 N/D N/n T3 Fig. 56 

FeC13-SnCI4-FeC13 Each 500 N/n N/D T4 Fig. 56 

FeC13"6H20 - 3Layers Each 1000 N/n N/n T5 Fig. 5S 
Q'\ 
\J1 

FeCI3-SnCI4-FeCI3 Each 1000 N/n N/D T6 Fig. S5 

-----------------------------------------------

Co(C7HS02)2-TiC14-Co(C7HS02)2 Each 600 N/n N/n UI Fig_ 58 

Co(C7H502)2-TiC14-Co(C7HS02)2-

TiC14-Co(C7HS02)2 600 N/D N/D U2 Fig. 59 
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Fe~03 Annealed in 
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Figure 11. X-Ray Diffraction of Annealed Fe203. 
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Figure 12. X-Ray Diffraction of Annealed Co304. 
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Figure 13a. SEM VOxRy. Air Reference (4,900X) 

Figure 13b. SEM VOxHy Air Reference (9,8-00X) 



Figure l4a. 

Figure l4b. 
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SEM VOxHy Annealed in Oxygen (190X) 

SEM VO H Annealed in Oxygen (4,900X) xy 
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Figure 15 a. SEM VO xHy Annealed in Oxygen (190X) 

Figure I5h. SEM VO xHy Annealed in Oxygen (4, 900X) 



Figure 16a. 

Figure 16b. 

SEM VO H 
x y 
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Annealed in 95%NZ-5%HZ (4, 900X) 

Annealed in 95%NZ-5%HZ (9,800) 
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Figure 17. SEM VOxHy Annealed in 95%N2-5%H2 (19,800X) 
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o Figure 18a. SEM 60%Fe203-40%Co304 5980A(4,900X) 

o 
Figure 18b. SEM 60%Fe203-40%C0304 5980A Thick(9,800X) 
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o 
Figure 19. SEM C0304 600A Thick (9,800X) 
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o 
Figure 20a. SEM Sn02 1390A Thick(20,OOOX) 

o 
Figure 20b. SEM Sn02 1390A Thick(S,OOOX) 
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Figure 21. Transmission(O), Absorbtion(o) and Ref1ection(A) 
at (a). 2.5 1Jt, (b). O.~ and (c). 0.62 IJ.fcr the 
Ti02 - Fe20) System. 
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Figure 23. Transmission (0), Absorption (c) and Reflection (.) 
at (a) 2.5~, (b) O.9~ and (c) O.62~ for the VOxHy -
C0304 System. 
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V. DISCUSSION OF RESULTS 

A. Relation of Optical Properties and Composition 

Appearance. Most of the compositional systems investigated 

produced blends (continous, predictable variations) of colors. 

These include the Fe203-Ti02 (Fig. 8B), Ti02- VO~~ (Fig. 8C), 

Fe203-Co304 (Fig. 8E & F), Ti02-Co304 (Fig. 8G), Sn02-Co304 (Fig. 8H) 

and a portion of the Fe203-Ti02-Go304 (Fig. 81) systems. All of 

these systems had absorptions at the visible wavelengths that 

varied in a linear fashion. These systems merely acted like solid 

solutions and varied in a predictable manner, as does the lattice 

parameter governed by Vegard's Law. 

The only system that deviated from this generalization was the 

VOx~-C0304 system. As shown in Fig. 8-C8, VOx~, is green and 

C0304 (Fig. 8-D9) is black, but mixtures such as 50% VOxBy-

50% C0304 (Fig. 8-D5) and 60% VOxHy -·40% C0304 (Fig. 8-D4) are 

orange. This color change is possibly due to an altered electronic 

band structure, as mentioned in the introduction. A large change 

in the visible absorption (Fig. 23C) corresponds with this unusual 

color change. There is a 40% decrease in absorption for the 

heavily doped samples, as compared to the end members (Fig. 23). 

There are also corresponding increases in sheet resistance for these 

compositions; lQlln/sq. as compared to 108n/sq . for the pure end 

members. This decrease in absorption along with the increase in 

resistance in the V~fly- ·Co304 system may be due to a resultant 

119 
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structure or thickness change. Thickness though, did not vary 

a 
significantly; the largest deviation was only l7A (Table VII). The 

crystal structure, on the other hanq was altered. Mixtures under 

the 20% dapant level at either end of the composition range were 

crystalline, while those over this 20% limit were amorphous, 

according to X-ray diffraction. This is a phenomenon uncommon in 

bulk ceramics or very thick films. In films as thin as these and 

considering the fact that the entropy for these doped samples is 

high,disorder induced by mixing two oxides makes it difficult for 

the ions to organize into well formed crystalline phases. The 

orange colors of the intermediate films are due to changes in 

band structure which in turn is structure dependent. A comparison 

of the crystalline and amorphous semiconductors profoundly affect 

the band structure(s). 

Interference colors often diminish the pleasing appearance of 

thin films. Preceding this research, it was common to consider 

these interference colors to be caused by Bragg diffraction of 

visible light, which would make these colors thickness dependent. 

From observations obtained in this investigation there also seems 

to be a great dependence on composition. The transparent coatings 

of Sn02 (Fig. 8-HI) and Ti02 (Fig. 8-GI) and a lightly colored 

film Fe203 (Fig. 8) display intense interference colors when viewed 

in specu1arly reflected light, while the composition Co304 does not 

display any interference fringes at any thickness. These interfer-

ence colors could be eliminated with the increase of cobalt oxide. 
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For example, the composition 60% Fe203-40% C0304 (Fig. 8) demon­

strated interference colors at critical thicknesses, whereas 45% 

Fe203-8% Ti02-47% C0304 (Fig. 8I) had no interference colors over 

a broader range of thicknesses. 

These results indicate that interference colors can occur in 

two cases_ Firs~ films that are transparent, as in the case of 

Ti02 and SnO~ or secondly, when the refractive index is high as 

with Fe203- The results also indicate that whenever the films are 

strongly colored or absorbing, as with the addition of C0304 , the 

interference colors could be eliminated. Bragg's law is going to 

be most operative when the refractive index changes at the film's 

interfaces are large. Bragg diffraction can be eliminated if the 

film is highly absorbing. The above observation that the 45% 

composition had no interference colors, 

whereas the binary composition 60% Fe203-40% C0304 had interference 

colors,is due to the fact that the Bragg diffractions phenomenon 

was eliminated by making the film more opague (Fig. 8). This was 

accomplished by tIle addition of C0304-

This is important in production applications, where thickness 

control should not be critical. A film which retains its desired 

optical properties over a broad thickness range has an added 

advantage which should increase production output yields. 

Absorption and Transmission: All of the oxide films in this 

investigation absorbed more in the shorter wavelengths, than in the 

longer wavelengths. This is logical, since the shorter wavelengths 
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provide greater energies to promote electron excitation and 

resulting energy level transitions. 

Systems such as Ti02- VOxliy (Fig. 22 ), Fe203-Co304 (Fig. 25) 

and Ti02-Co304 (Fig. 26) exhibited predictable linear trends for 

absorption and transmission, as did appearance. The representative 

wavelengths of 2.5 , .9 and .62 illustrate this clearly. The 

absorption and transmission for these systems can therefore by 

predicted fairly well knowing the composition. These systems again 

act merely like solid solutions with continuous properties obeying 

a relation such as Vegard I SLaw. 

The other systems Ti02-Fe203 (Fig. 21) and VOxHy-C0304, 

(Fig. 23) did not display such predictable absorption and trans­

mission trends. 

The VOxHy - Co304 system (Fig. 23) has a minimum in absorption 

between the pure end members at all wavelengths studied. This 

decrease in absorptio~ as mentioned previously, was accompanied by 

an increase in resistance and a decrease in crystallinity_ An 

absorption decrease along with a decrease in conductance and 

crystallinity also implies that the band structure was changed. 

These results indicate that in certain binary systems optical 

properties of the intermediate compositions can be considerably dif­

ferent than either of the end members. 

The Ti02-Fe203 system (Fig. 21) conversely displayed a maximum 

absorption of 40% (.~) for the composition 50% Ti02-SO% Fe203' as 

compared to the absorptions of pure Ti02 and Fe203' 5 and 19% 
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respectively. This does not conflict with the earlier discussion 

concerning color, because this maximum is in the infrared, not the 

visible region. All of these films were amorphous insulators. 

The unusual changes in the optical properties, particularly at 

0.9~, is apparently due to changes in the amorphous structure as 

composition is changed. 

Reflection. The oxide thin films studied in this research 

did not display the high visible - near infrared (.3 -2.S~) 

reflectance as exhibited by metals. The reflectance for the oxides 

studied in this compositional investigation were rarely over 20%. 

Unlike absorption and transmission, reflection did not relate to 

composition in such a predictable manner. There were no observed 

structure dependencies. Many of the films, crystalline and amorphous, 

had the same reflectance. The reflection, though, was generally 

higher in the infrared (2.5~), rather than in the visible or near 

infrared. 

Visible reflection depended primarily on refractive index. For 

example, pure Ti02 had the highest reflectance of 10% and Fe203 

and C0304 also having high indices of refraction had reflections 

equal in magnitude. The lower index oxides Sn02 and VOxHy 

displayed the lowest visible reflectance. On the other hand, 

reflectance in the infrared measured at 2.5 did not correlate well 

with refractive index, but was rather related to the phenomena of 

of coloration of the film. For example cobalt oxide, a higher 

colored film had an infrared reflectance of 19%. Fe203 , somewhat 
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less colored, had a reflectance of 12%. VO H , also less colored 
x y 

than cobalt oxide, had a reflectance of 13%. The two transparent 

films Ti02 and Sn02 had negligible reflectances of 2%. 

It can be summarized that visible reflectance obeys the simple 

optic principle that reflection of a surface is directly propor-

tional to the difference in index of refraction between the medium 

in which the light is traveling and the reflecting medium. In the 

infrared, though, it is evident that whatever is causing the films 

to be highly colored and absorbing, is also causing them to be highly 

reflecting. The phenomenon of coloration is related to the optical 

excitation of electrons from energy traps into the conduction band. 

Reflection is also known to be associated with the concentration 

and mobility of electrons in a materials surface. In the extreme 

case metals are highly reflective because their surface is saturated 

with many highly mobile electrons. This reasoning suggests that the 

highly colored oxide films, such as C0304 have a greater number of 

electrons present in the surface to participate in the reflection. 

This concept is reinforced by the electrical measurements. C0304' 

the most reflecting oxide film, had the lowest resistance (107Q/ sq), 

h F ° d VO H h d 1 .. . . 1 10111\/ w ereas e2 3 an x y a ower reslstlvltles equa to a6 sq. 

and l08Q/ sq , respectively. Ti02 with its minimal infrared reflect-

ance was an insulator. 

The exception to this trend was Sn02• Sn02 is known to be 

conducting even though it is not colored. However, Sn02 becomes 
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almost totally reflective in the very far infrared as mentioned in 

the introduction. 
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B. Variation of Pyrolytic Deposition Atmospheres as Related to the 

Film's Opt~cal Properties 

In general the effect of oxidizing and reducing pyrolytic 

deposition atmospheres on the optical properties of oxide thin films 

was very dependent upon the compound formed. The effect of deposi-

tion atmospheres will now be discussed for each individual film; then 

generalities concerning the behavior of the films will be presented. 

The Ti02 films' absorbance was affected greatly when sprayed 

with oxygen and nitrogen. The Ti02 film sprayed with oxygen (Fig. 93) 

displayed a transmittance that was practically like that of plain 

glass and the absorption edge at .4~ was completely eliminated. This 

Ti02 film was also very resistive (lOlZn/sq). These optical and 

electrical results suggest that oxygen promoted the formation of 

stoichiometric Ti02 which is an insulator. 

Conversely, the TiOZ film sprayed with nitrogen had an 

increased absorbance of 40% throughout the visible - near infrared 

spectrum. (Fig. 94) The resistance of this film (lOlOn/sq) was 

less than the TiOZ film sprayed with air (1011n/sq). Therefore, 

it is probable that these spraying conditions promoted the formation 

of TiOZ-x: Bulk TiO
Z
_

x
(Z9) has a blue color just as this thin film 

does (Fig. 9-03). The effect of thickness is relevant in this case. 

o 
The film sprayed with nitrogen was 300A greater than its counterparts 

sprayed with oxygen and air. It is possible that the spraying pres-

sure of the nitrogen was slightly different than the pressure of air. 

A Ti02 film did not deposit when sprayed with the reducing 95% NZ -

5% H2 gas. 
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There may not have been sufficient oxygen at the glass surface to 

form a significant Ti02 film in the time sprayed. All of the Ti02 

films in this experiment were amorphous, therefore no correlation 

could be drawn with the degree of crystallinity. 

The effect of deposition atmospheres on the formation of Fe
Z
0

3 

was not as pronounced when Fe20 3 was deposited with oxygen; the trans­

mission maximum normally at .65 shifted to 1.O~ Many authors have 

reported the transmission maximum at .65(13). The exact cause for 

this shift is uncertain. The resistance of this film was high (lOll 

n/sq) , just as is Fe
Z
0

3 
sprayed with air. There was though, a dif­

ference in the degree of crystallinity. The Fe
Z
0

3 
film deposited with 

air was slightly crystalline, whereas the Fe
Z
0

3 
film deposited with 

oxygen was amorphous. This is a possible explanation for the absorp-

tion decrease in the latter film. Reflection was enhanced slightly 

out in the infrared (1.7-2.5) in the Fe
Z
0

3 
film sprayed with oxygen 

(Fig. 37). 

The Fe
Z
0

3 
film sprayed with nitrogen did display an absorption 

increase; approximately 10% between 1.O~ to Z.5~. The absorption was 

9 11 accompanied by a decrease in resistance; 10 Q/sq as compared to 10 

Q/sq. The FeZ0 3 film sprayed with nitrogen was amorphous, so the 

increased absorption was probably due totally to oxygen deficiency. 

Reflection was enhanced a few percent out in the infrared (2.5~). 

One would now think that Fe203 deposited with 95% N2 - 5% H2 

should drive the Fe
2
0

3 
far from stoichiometry and really increase ab­

sorption. On the contrary, there was a totally different occurrence. 
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The specimen was fairly transmitting, as high as 95% at l.l~. This 

is due to a sharp decrease in thickness. Apparently forming gas is so 

oxygen deficient that it is a detriment for iron oxide film formation. 

Due to the multi valency and reactivity of vanadium, X-ray dif-

fraction did not clearly identify what compounds were formed from 

the pyrolytic reaction of VO(C
5
H

2
0

2
)2 and alcohol. The X-ray pattern 

did not correspond to any vanadium oxide listed in the ASTM files. 

However, several of the peaks did correspond to those of the vanadium 

oxyhydroxides. It appears that the pyrolytic vanadium film has the 

general formula VO H , where most of the films displayed the major 
x y 

(001) peak of H~ggite (H6V40l0). This phase is fibrous in character 

as shown in the SEM (Fig. 13), and as reported by Evans and Mrose 

(47) 

This film was as stable in air and as adhesive as the other 

films studied, so its optical properties were also investigated. 

This oxyhydroxide of vanadium reacted greatly when sprayed with 

different atmospheres. The vanadium film sprayed with oxygen was 

about half the thickness of the oxide films. This is logical, since 

oxygen does not promote the formation of a hydroxide. Its absorp-

tion, which is approximately 40% (Fig. 49), did not vary much from 

the sample sprayed with air. The reflectance decreased to 2%, com-

pared to the sample sprayed with air. X-ray diffraction analysis 

indicated that this film was amorphous. This film had a very high 

11 resistance, greater than 10 n/sq. 
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Spraying this vanadium oxyhydroxide with nitrogen~ on the qther 

hand, enhanced the absorbance and reflectance at most wavelengths. 

Absorbance increased to approximately 60% and the film became a dark 

green. The resistance decreased two orders of magnitude (106Q/ sq as 

opposed to 108n/ sq) and the x-ray crys tal peaks were enhanced,; indica-

ting an increased crystal size. From these results the increase 

in absorption could very well be due to both oxygen deficiency and 

increased crystallinity. Reflection increased 12% out in the infrared 

(2.5~). This may be associated with an increased concentration of 

conduction electrons associated with the oxygen vacancies. 

Once again the film sprayed with forming gas did not follow 

normal expectations. This vanadium oxyhydroxide film had an 

absorbance increase of 5% relative to the sample sprayed with air 

(Fig.42), whereas the absorbance of the film sprayed with nitrogen 

increased 30%. The crystallinity, conductance and absorbance were 

all greater than those of the reference air sample, but were less 

than the vanadium oxyhydroxide film sprayed with nitrogen (Table VII 

and Fig.4l). These effects again are probably associated with the 

thickness, which was 600~ as compared with 650R for the vanadium 

oxyhydroxide sprayed with air. (Table VII) 

Co304 acted in a different manner than Ti02 , Fe203 and VOxHy 

in that it absorbed more when it was sprayed with oxygen (Fig. 40). 

The Co304 film sprayed with air did not have an absorbance in between 

the films sprayed with oxygen and nitrogen, as noted in the other 

oxides. A decrease in absorbance, accompanied with an increase in 
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resistance occurred when the Co30
4 

films were deposited with reducing 

atmospheres. The Co
3
0

4 
film sprayed with oxygen, on the other hand, 

was the most conducting (Table VII). This is completely opposite 

the conductance of the previous oxides. Semiconducting Co
3
0

4 
is 

amphoteric and it is very possible that this thin film is behaving as 

an oxygen excess semiconductor. Ti02' Fe203 and VOxHy were all 

accompanied by a resistance increase when sprayed with oxygen. This 

behavior is typical for n-type semiconductors such as these (5) • 

Stoichiometric insulating compounds form when these n-type oxides are 

exposed to oxidizing conditions. Co
3
0

4
, on the other hand, behaves 

as a p-type semiconductor(5) that conducts more when exposed to oxi-

dizing conditions. This type of semiconductor becomes metal deficient 

or oxygen excess, which has an electron hole associated with each 

defect, promotes conductance and absorbance. 
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c. Annealing in Oxidizing and Reducing Atmospheres as Related to the 

Filmst Optical Properties 

Annealing in oxidizing and reducing atmospheres had some 

pronounced effects on the optical properties of oxide thin films, 

similar to those discussed in the previous section. 

Appearance was especially altered. The green vanadium 

oxyhydroxide film (Fig. 9K) annealed in oxygen became transparent 

(Fig. 9K), whereas it became blue when annealed in forming gas. The 

Fe203 film turned a bright red-orange when it was annealed in oxygen 

(Fig. 9L), but became very dull and mottled when annealed in forming 

gas (Fig. 9L). The Co304 film became darker when annealed in oxygen 

and became slightly hazy when annealed in forming gas (Fig. 9M). 

The nand p-type semiconducting oxides again displayed opposite 

absorption and conduction trends. N-type or insulating Fe203 com-

pletely lost all absorption when annealed in oxygen (Fig.5l). It 

also became very resistive. X-ray analysis determined this film to 

be crystalline Fe203. The Fe203 film annealed in 95% N2-5% H2 

(Fig.52) , on the other hand, absorbed slightly more than the reference 

air sample. This film also displayed a decrease in resistance of 

9~ 11 10 ~u/sq as opposed to 10 S6/sq. This film also proved to be Fe203 by 

x-ray analysis. It can therefore be concluded from this experiment 

that absorption in hematite films is mainly due to electron excitations 

which promote energy level transitions and not to structural changes. 

The VOxHy film annealed in oxygen also lost all its 

absorption. (Fig. 49) Resistance increased to a value greater than 
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lo lZn/sq. Scanning electron microscopy assisted in understanding the 

observed results. As shown in Fig. 14 and the X-ray analysis (Fig.IO), 

oxygen completely destroyed the vo H film. It appears as though the 
x y 

film shrank and rolled up into a Hdonut" morphology. The SEl1 

micrographs 15a and bshow that oxygen also promoted a reaction of the 

film with the microscope glass surface. It is very possible that a 

low melting vanadium silicate formed,although it was not detected by 

X-ray diffraction. 

The vanadium oxyhydroxide film annealed in forming gas on the 

other hand, had an absorption increase at all wavelengths. This film 

though, was not oxygen deficient, as evidenced by a resistance 

increase from 108n/sq to 101ln/sq • The absorption increase can be 

explained by an increase in crystallinity. 

X-ray diffraction revealed that annealing in 95% N2-5% H2 

produced three phases. HHggite (H6V40l0) which was present before 

annealing (Fig. 10), underwent crystal growth as shown in the SEM 

l1icrographs 13a and b and the X-ray diffraction pattern (Fig. 10). 

Two other phases appeared after this annealing, VO(OH)Z and V305(OH)4, 

as shown in Fig. 10. According to Evans al. (48) it is common for 

these oxyhydroxides to exist together. These phases may have been 

present before annealing, but could not be detected with X-ray diffrac-

tion analysis until grown to a significant size. Annealing in 

forming gas definitely promoted crystal growth in all three phases, 

whereas annealing in water vapor only promoted the growth of Haggite. 
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This is further evidence that crystallinity is directly related to 

absorption, at least with this composition. Reflection again was 

enhanced in the far infrared. P-type C0304 , on the other hand, was 

most absorbing when annealed in oxygen (Fig.43). This absorpt,ion was 

expected, since the cobalt oxide film sprayed with oxygen displayed an 

increased absorption. Both of these films were metal deficient having 

enhanced conductances (Table VII). The annealing of C0304 in 95% N2-

5% H2 (Fig.45) produced the desired effect of maximum reflectance 

with minimum absorbance in the near infrared region. This effect 

seems to be only possible with p-type oxides that are exposed to 

reducing conditions. P-type semiconductors become less metal 

deficient (more stoichiometric) when exposed to reducing atmospheres. 

The reduction in positive hole concentration reduces conduction and 

absorption. 

The cobalt oxide film annealed in forming gas was the most 

reflecting of the films in this investigation. The reflection 

reached a maximum of 35% in the near infrared region (Fig.45). This 

film was amorphous (Fig.12), whereas the C0304 films sprayed with 

air and annealed in oxygen were crystalline. 

Reflectivity does not seem to be related directly to 

crystallinity or conduction. Rather, it seems to be a function of the 

composition chosen. For example, cobalt oxide, especially when 

annealed in a reducing atmosphere, has the greatest reflectance. 

This suggests that high reflectance in oxides can be attained by 

using p-type semiconducting oxides, and then perhaps annealing them 

in a reducing atmosphere. 
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D. Effect of Thickness on the Optical Properties of Oxide Films 

Thickness is a parameter that influences the optical properties 

of thin films considerably. Figure 9J displays the effect of thickness 

on the appearance of a film. As a film with the composition 

60% Fe
2

0
3 

- 40% Co
3

0
4 

becomes progressively thicker, it becomes opaque. 

The reflection, absorption and transmission as a function of 

thickness for the single composition 60% Fe
2

0
3 

- 40% Co
3

0
4 

at the 

representative wavelengths 2.5~, .9~ and .62~ is shown in Figure 28. 

It is immediately evident that the exact dependence of thickness 

varies with wavelength. Figures 29 through 34 progressively indicate 

the effect over the entire .3~ - 2.5~ spectrum. The maximums and 

minimums in the transmission curves are possibly due to interference 

fringes. 

In the visible region (Figure 28c) absorption increases as the 

film becomes thicker. This is expected, since there is more material 

available to interact with the light. Reflection did not vary 

significantly. In the near infrared region (Figure 28b) there was 

a sharp increase in absorption with the film that was 907 R thick. 

This deviation may possibly be a result of the interference of light 

at this .9~ wavelength. A maximum in reflection occurred when the 

film was 907 R at 2.5~. It is unknown why this maximum occurred at 

this particular thickness. It has been reported that maximum 

reflectance in a Co
3

0
4 

film occurs when it is approximately 1200 R 
thick. (13) They suggest that it may be due to the amount of film. 
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A film thicker than 1200 R produces an excess that scatters and 

absorbs light, instead of reflecting it. As expected the thickest 

film <5980R) absorbed the most in all wavelength regions (Figure 

34). 

There seemed to be a critical thickness for identification by 

X-ray diffraction. X-ray diffraction identified the 60% Fe203 -

40% Co
3

04 as having the aFe
2
0

3 
structure at a thickness approximately 

equal to 815 R. Utilizing EDAX with scanning electron microscopy, 

both iron and cobalt were identified. This is evidence that cobalt 

oxide is in solid solution with iron oxide, but takes on the aFe203 

lattice structure. The thickness to achieve X-ray diffraction analysis 

may be due to the longer time that the sample has to be heated to 

obtain this thickness. The crystal growth in oxide thin films is 

very dependent on both time and temperature, just as in bulk ceramics. 

The crystalline surface of the thickest 60% Fe203 - 40% C0304 film 

(5980 R) is shown in Figure 18. This can be compared to the micrograph 

of Co304 that was 600R thick (Figure 19). 
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E. The Sequential Stacking of Oxide Layers of Alternating Index 

of Refraction as Related to Optical Properties 

The successive stacking of alternate layers having high and low 

index of refraction, as mentioned in the literature review, 

geometrically enhances reflection. This enhancement was accomplished 

especially in the visible wavelengths. Absorption also increased 

since light does become trapped between the high index layers and 

eventually gets absorbed in the layers. 

The alternate layers of Fe203-Sn02-Fe203Ihaving the refractive 

index sequence H(3.2) L (2.0) H(3.2), increased reflection that 

varied with the thickness of each layer. The thicker layers increased 

reflection out in the far infrared region, while the thinner stacking 

schemes enhanced reflection in the shorter wavelengths. On the average 

layers .~thick enhanced reflection the most at the visible wavelengths. 

Figures 56 and 59 illustrate the effect of stacking more than 

three layers of C0304 and Ti02 " Reflectance again increased in the 

far infrared region, while absorbance increased slightly (5-10%) 

in the visible and near infrared region. 

The major disadvantage with the multilayered oxide film systems 

was that they appeared cloudy and often had interference colors. There 

is also a disadvantage in the production of such a system on large 

scale. It may be a costly operation to deposit these individual 

layers. If these engineering and economic problems could be solved 

then oxide multilayered systems may have a great potential for solar 

reflectance by architectural glass. 



137 

F. Morphology of Oxide Thin Films 

Scanning electron microscopy shows that oxide films have 

morphologies that vary widely. Four different compositions were 

investigated and, as shown in the SEM micrographs (Figures 13 through 

20), all four had a unique crystalline morphology. The C0
3

0
4 

film 

(600 R thick) exhibits a very fine texture (Fig. 19), whereas 60% Fe
2

0
3 

-

40% c030
4 

(5980 R thick) displays a mushroom like structure (Fig. 18). 

The vanadium oxyhydroxide crystals, on the other hand, are elongated 

and are randomly distributed on the glass surface (Fig. 13). Sn0
2 

is unusual in that it has a fine textured matrix with distinct white 

crystallites superimposed on it (Fig. 20). These results indicate 

that the morphologies of these oxides are unique and that they are 

dependent on composition. 
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G. Applications for Reflecting and Absorbing Thin Films 

It was determined in this investigation that oxide thin films 

have many different optical properties. C030
4

, for example, absorbs 

in the visible and near infrared where most of the sun's energy is 

concentrated, but transmitts the far infrared wavelengths (thermal 

energy), Figure 45. In contrast tin oxide, transmits the visible 

and near infrared, and reflects the far infrared radiation (Figure 3). 

Utilizing these films in conjunction with each other produces a 

solar insulating window (Figure 63). As the Co
3

0
4 

film absorbs the 

sun's radiation, it will activate thermal phonons, heat, and then 

will emit thermal energy_ This thermal energy will then be reflected 

by the 8n0
2 

film which is on the front surface of the second window. 

This thermal energy will not become entrapped between the glass and 

the films, since C0
3

0
4 

transmitts the thermal energy_ The air space 

between the two window panes is probably necessary to avoid heating 

by conduction. The 8n0
2 

film acts as an insulator of thermal radiant 

energy. This system should be tested for feasibility by fabricating 

a prototype that utilizes a lamp source which has the same energy 

spectrum as the sun. Theoretically, this system should function ef~ 

ficiently, as shown in the analysis (Fig. 64). 

In the winter, this system could be reversed by simply turning 

the window around (Fig. 63). The Sn0
2 

film, now on the back surface 

of the first window, will transmit the solar radiation that will 

eventually heat up the Co
3

0
4 

film. This C0
3

0
4 

film will eventually 



139 

emit heat into the room. The air space plus the 8n0
2 

film will 

effectively keep the heat in the room. The major advantage of 

the s9lar insulating window is that it employs the inexpensive 

stable oxides. 

An oxide thin film solar collector can be fabricated using Co
3

0
4 

and 8n0
2 

(Figure 65). As the Co30
4 

film heats, it will become 

trapped and heat the air space between the windows. This hot air 

can then be circulated for storage or for energy consumption. 

The thermal reflecting film 8n02 has numerous applications. One 

such application is to coat the fiber burner pad which is under the 

new glass ceramic stove tops. This would reduce thermal losses by 

directing the heat through the stove top. This should result in an 

increase in efficiency. 
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SOLAR RADIATION 
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ROOM 

Glass Air Glass 

(a) Solar-Thermal Insulating Window· 

SOLAR RADIATION 

----~ 

~ ROOM 

Glass Air Glass 

(b) Thermal Emitting Window. 

Figure 63. Applications for Oxide Coatings on Glass. 
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Figure 65. An Oxide Coated Glass Solar 
Collector. 



VI. CONCLUSIONS 

The following can be concluded from observations and results of 

this investigation: 

(1) Most oxide compositional systems produce coatings that display 

predictable color blends. These films have absorbances and resistances 

that vary in a linear fashion. 

(2) Ternary compositions tended to produce more uniform and 

consis~ent optical properties over a broad thickness range. 

(3) Interference color fringes are most evident in transparent 

films in which Bragg diffraction can occur. The interference fringes 

are eliminated by using absorbing films which prevent Bragg diffraction. 

Lightly colored films (Fe
2

0
3

) exhibit interference colors especially if 

they have high indices of refraction which enhance interface reflection 

and encourage Bragg diffraction. 

(4) Scanning electron microscopy revealed that the crystalline 

morphology of oxide films is unique for each composition. 

(5) The pyrolytic decomposition of the vanadium organic (VO(C7HS02)2) 

contrasted with the other salts, in that it formed a oxyhydroxide 

instead of an oxide. This oxyhydroxide was stable and adhesive and 

displayed high visible through infrared absorbances. This suggests 

that there are other materials that could be utilized besides oxides. 

(6) Absorbance in oxide thin films occurs by two basic mechanisms. 

One is an electronic mechanism, such as electron excitation that is 

evidenced by a decrease in resistance. The other is a structural 
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mechanism. For the same composition a film that is highly crystalline 

absorbs more than one that is less crystalline or amorphous. 

(7) Whenever pure pyro1ytic thin films are crystalline, mixtures 

tend to be noncrystalline. This is probably due to the induced 

disorder which is a result of a high entropy of mixing. 

(8) Absorbance is enhanced in n-type semiconducting oxide thin 

films by spraying with or annealing in reducing atmospheres, which 

induce oxygen dificiency. 

(9) Absorbance is enhanced in p-type semiconducting oxide thin 

f~lms by spraying with,or annealing in oxidizing atmospheres. 

Oxidizing conditions cause these oxygen excess semiconductors to become 

more oxygen excess. 

(10) Reflectance in both nand p-type semiconducting oxide thin 

films is enhanced in specific,but not consistent wavelength regions, 

by spraying with or annealing in reducing atmospheres. The far 

infrared reflectance increased for the n-type, while the near infrared 

reflectance increased for the p-type. 

(11) In multilayered systems, alternating high and low indices 

of refraction increases reflection, especially in the visible regions. 

absorption also increased, since the light energy apparently becomes 

entrapped between the high index layers. 

(12) Oxide films do not display high solar reflectances as do 

metals, such as gold. However, judicious configurations of oxide 

coated windows can selectively screen solar and thermal energy_ 



VII. PROPOSED FUTURE RESEARCH 

The research described in this thesis answers a few questions 

and raises more. The following are proposed topics that deserve 

attention: 

(1) To gain a deeper understanding of the optical properties of 

oxide thin films as related to crystal size. This can be 

accomplished by annealing in conducive atmospheres at 

various times and temperatures followed by examination with 

the scanning electron microscope. 

(2) Investigate the rare earth oxides as candidates for oxide 

films exhibiting with solar reflectance, if they could be 

fabricated. The rare earths are noted for their high 

concentration of outer electrons and intense colors. 

(3) Convert the vanadium oxyhydroxide film into a vanadium oxide 

film such as V02 or V203" At the present time a simple 

method of preparation of these films is not available. 

These films have interesting electrical properties and 

optical properties. 

(4) Design a feasibility test for the applications suggested in 

this thesis, utilizing a solar lamp source and temperature 

monitors. 
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(5) Measure optical properties out in the far infrared, greater 

than 2.5~, to gain further insight into the thermal proper­

ties of oxide thin films. 

(6) Continue more research on multilayered systems. It may be 

necessary to stack as many as nine layers to obtain metallic 

reflectances. Problems must be solved with appearance, 

production and cost in these multilayered systems. 
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APPENDIX A 

Oxide Film Deposition by an Improved 
Pyrolytic Decomposition Process 

T. R. Viverito, E. W. Rilee and L. H. Slack 

With the proliferation of oxide thin films for optical and electrical 

applications, the controlled pyrolytic deposition of oxides is of wide 

spread interest, especially in cases where vacuum deposition is impractical 

or uneconomical. The conventional pyrolytic process consists of spraying 

a salt solution onto a heated substrate on which the solvent evaporates, 

the salt decomposes and the salt's cation combines with atmospheric 

oxygen to form the oxide film on the substrate. When the salt decomposition 

and subsequent oxidation provides a negative free energy change, the 

oxide film is formed. 

The conventional pyrolytic deposition of oxide films(l-4) consists 

of spraying a dilute solution of a metal salt from a corrosion resistant 

spray gun onto the heated substrate. The improved method disperses the 

solution into micron sized droplets to form a fog, using the glass apparatus 

shown schematically in Fig. 1. The solution is pumped, using a conventional 

circulating tubing pump, to the sprayer where it flows over a hollow 

glass sphere (A). The sphere has a 0.006 in. wide slit through which air 

is blown. This flow of air causes the thin sheet of solution flowing 

over the sphere to be ruptured and dispersed into a fog(5). Two obstructions, 

a glass impactor (B) and a trap in the tube (C), capture the larger droplets 

and return them to be recycled with the excess solution. The fog is directed 

by a tube to the heated substrate, where pyrolytic decomposition and oxide 

formation occurs. 
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TABLE I 

Comparison of the New and Conventional Processes 
Spraying a 2.85 M SnSl4'5H20 Alcohol Solution to 

Provide a Sn02 Film 

Substrate 
Temp. (oC) 

350 

Air Flow 
Rate (cfm) 

0.60 

Spray 
Time(sec) 

240 

Cooling After 
10 sec, 60 sec. 

Conventional 650 5.00 15 

Thickness 
R 

New 1034 

Conventional 1391 

Resistivity 
(em) 

0.05 

0.05 

Any oxide deposited by conventional spraying can also be deposited 

by this new technique. Thus far, oxides of tin, iron, cobalt, vanadium 

and titanium have been deposited by the new method. A comparison of the 

conventional and new process has been made using a 2.85 M SnC1
4

05H20 

solution to deposit Sn0
2 

films. Some results are summarized in Table I. 

Both films were identified by X-ray diffraction as crystalline 8n02 

with identical diffraction patterns. The electrical sheet resistance of 

the tin oxide films were essentially the same. The optical properties 

were similar except that the film deposited with the fog generator was 

slightly more yellow even though it was thinner. These films had a broad 

weak absorption band between 0.8 and 1.4 ~m not evident in the film formed 

by the conventional method. 
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The most striking difference between the conventional sprayer and 

the fog generator is the difference in the lowest substrate temperature 

used to provide a good quality tin oxide film. The very high flow rate 

required by the conventional sprayer causes considerable substrate surface 

cooling during the first seconds of spraying. Therefore, the substrates 

must be heated ~ 3000 C above the temperature used with the fog generator 

to maintain the substrate above the minimum deposition temperature 

throughout the entire spraying cycle. Spraying times can be varied by 

changing the solution concentration. 

The low air flow rate used with the fog generator leads to other 

advantages. The spray is easily contained and guided to the substrate. 

There is little waste of material and the operator and equipment are not 

exposed to the fog. The film thickness can be precisely controlled by 

presetting the time the solution is circulated. Film uniformity was also 

improved using the fog generator in these laboratory experiments. 

Furthermore, the glass construction facilitates cleanup and eliminates 

corrosion problems sometimes encountered when using metal sprayers. 

This work was supported by the U. S. Army Research Office in Durham, 

Grant No. DA HC04 74G 0081, and ASG Industries, Kingsport, Tennessee. 
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APPENDIX B 

Computer Plot Routine 
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lIe C:'~ T I !' U 
LE GTH=CH:'CK 
X IN=l~ nA(ll-LENGTH 

esc L H: T P LeT S I l. T tJ , P T r S S I 7= 1 Y I E l [) S 
C ,) I (L E PA G E P l C' T X:: 8 L'~ C H Y = 5 J N C H S I l F D IFf E q E NT 
C F ' j" r!'~E Y I E:.L S PLOTS 1 F A Pt~Gr X=5 INCH 

t-" 
lJl 
-...../ 



~ Y = 3.5 INCH 
IF(SIZ=.LQ.l) GU TO 200 
X SCAl E=5. 
YSCALF=3.5 
G~ Tn LC,l 

2' CC,\lTI1'~LJE 

XSCA.lF=8. 
YSCAlE=5. 

2 1 C TI~U 

c s F 1;< X-AX I S 
2·} 4 K 2 = 1 tIN DE X 

Al ,t, (K2)= ({ L A~H)A( K2 )-X I ) ILfhGTH)*XSCALE 
?J4 CCl>iTI~UF 

[ LA~=HlAMOA/IO.**4 

C ~STA LISH G IGIN 
C Ll PL T{3.,3.,-3) 
t>,;UDUNf=Q 
~EAD(5,XJ (AleN), N=l,IND Xl 
READCS,X) (AL(NJ, N=l,INDEXJ 

w R~AU(5,lCO) lAdlt 
IJC F ~AT (20A4) 

irKIT (6,8(~) 

F iJR tv!:\ T (' l' ) 
RIT~{6,lOO) LABLE 

;~ 1 T ':: ( 6 t 10 ) 
1 f i\T (-O',4X,'/'J.{1)',1:?X,'A(Z}',12X,·A(3)',13X,'Rl\ll·,14X,·RS'. 
C12X,fL~ aDA',lOX,'ABS',llx,tT~ANS'J 

k f i\ U (5, X) (1\ 3 ( "I ) , N = 1 , I N 0 X) 
t: A D ( :'" X) (A 13 S ( ), N= 1 ,IN 0 L: x ) 

U ~l J J::= 1 ,I 0 EX 
'-1l ,;.; = (A 1 ( J ) - A 2 ( 4 ) ) 12 • 
SL = leJJ-A3(J)-RMl G 

1-" 
VI 
0:> 



S(J) := 10.** SLOG 
R r/: = 1 J .'~~ '}: t<. rJ! l CG 
TR ~S(JJ=(l .**(2.-AaS(J)})/100. 
f .AC T R= J-l 

RIT (6,2) Al(J),A2(J),A3(J), ,RStJ),LAMQA(J),ABS{J),TRANS(J) 
f AT (. 't 12.5,3X,E12. ,3X,E12.5,3X,F12.5,3X,E12.5,3X,E12.5 1 3X, 

Cf12.S,JX,E12.5) 
}< S( J) =l.OO-eS (J) 

j CUNT I \IUE 
~ SC~l~ VA~IABLE FOg Y-AXIS 

L 31 f<J=l,I!\lDEX 
RS(KJJ RS(KJ)*VSCALE 
TRA (KJ)=YSCALl*TRANS(KJJ 

~l ( Tlt\UE 
C PL TTING RUUTINES 

UR.L\~" AF: INS 
CALL PL T(XSCAlE,O.,2) 
(~lL PLGT(XSCALE,YSCALE,Z) 
CALL CLOT(G.G,YSCALF,Z) 
CAll FLCT(O.J,O.O,2) 

C PlAC TIC MARkS ON X-AXIS A~O SCALE VALUES 
IS T= XSCAL f IIVJUL T 

K S r (jf> = i1Ul T -1. (J 

YL N=YSCALf-J.125 
C~LL NUMBER(AlAMDA(l),-O.S, .1,CUlA ,0. ,+2) 

21C K3=1,KSTCP 
ANJ;~i=K3 

XTIC=t,NU *DI5T 
CALL PlCT(XTIC, .{),3) 

CALL Pl~r{XTlC,-O.125,2) 

XV=XTIC-0.15 
X Vi\ L:: ( X t'/i i 1\ + ( I ~, T R:;t: A l\ U M) j 11 U • ~~ It 

t-' 
V1 
\0 



CALL NU SE (XV,-O.5,O.l,XVAL,O.O,3) 
ALL PLCT(XTIC,YSCALf:,3} 

CALL PLCT(XTI(,Yl~N,2) 

L 1 0 C C ;\~ T I r\, U E 
C 'x\j I = X ,'11 I 1 • ::';. }~4 
CALL ~UMclER(-O.15,-O.5,J.l,CXMI, .0,3) 

C Pl~( TIC ~ARKS AND SC~L S GN V-AXIS 
CALL SY~B L(-G.5,-O.1,C.l,' L',0.0,2) 
YOIST YSCALE/5. 
XlEN=XSCAlE-G.125 
Vli.LY=O 
[)( 220 1<4=1,4 
YI T-=1<4 
V:\Ly~vr""LY+20. 

Y T I C= Y ~1 1ST * Y I 1\; T 
¥=YTIC-O.l 
CALL PLDT(C.O,YTIC,3) 

All PLCT(C.125,YTIC,2) 
CALL N0 ER(- .5,Y,O.1,VAlY, .O,-1) 
CALL PLCT{XSCALE,YTIC,3) 
CALL PlCT(XlcN,YTIC,2) 

22J CC'\JTII\jUE 
Y2=Y CALE-C.l 
CALL SYM l(-G.7,Y2,O.1,'1 ,,O. ,3) 

L AXIS LAhLES, X-AXIS 
CALL SYM el( .O,-1.O,O.2,·WAVf llNGTH (MIC ONS)·,O.O,2l) 

C XIS L BlES. Y-AXIS 

c. 
C-/\LL SY~,~ '-.L(-l.C, .5,0. ,'FRAC. FA. ENERGY·,90.,l8) 
I \'~T I FY PleT 
YUEF YSCAL[+O.5 
CAL L S Y H [l L ( ",) • J , Y I) E F , C;. 1 ,llx L r , ,:'. , 80 } 
PLJT CAT/)' CURVE 

~ 
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CALL f;lCT{ALA Otdl),PS(l),]) 
U jvC KP=l,ILDlX 

CALL DLOT(AlA~OA(KPJfRS(KP)f2) 

:) C C I\~ T I f\ U E 
CALL Pl (ALA~;:lJA(1)tTRANS(11,3) 

61 KSP=l,L~DcX 
CALL ~lLT'ALAMDA(KSP),TR~ S(KSP),2) 

61 C i'.sTll\jUE: 
23 CC>~Tlt\UE 

C INUICATF DATA SCALES ON lATA SHEETS 
IT:~ (6,250)X~AAX 

2~ fOR T('0',5X,'MAXIMUM V~LUE OF X-~XIS=·,FIQ.2) 
RJ T ({, , 2 5 1 ) X l'-iI N 

Z~)l F 1'1/\T(' ',5X,'t'4INlt>tsUM Vt\lU[ OF X-AXIS=·,F10.2) 
RITL(6,252)I TER 

2 ') 2 F j'j l\ T (. '. 5 X , 'Il'l T E R V ALB ~ T FEN X -.A X I S TIC f'1 ARK S = • t F 1 :) • 2 ) 
CALL DLOT(XSCAlE+5., .0,-3) 

JD E = UCNf + 1 
IF( S[15 - NG00NE) 4f4,~ 

.:J GJ TU f: 
4 CUNT .UHJC 

(,ALL PlGT (t., • ,-4) 
S T:JP 
Fl\;D 

t-' 
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APPENDIX C 

Salt Solutions and Organo-Metallics 

Ferric Chloride 

Vanadium Oxyacetylacetonate 

Cobalt Acetylacetonate 

Titanium Tetrachloride 

Stannic Chloride 

Stannous Chloride 

Cobalt(ous) Acetate 

Antimony Trichloride 

Cobalt Chloride 

Vanadium Trichloride 

Manganese Chloride 

Nickelous Chloride 

Praseodymium Chloride 

Cerous Chloride 

Magnesium Chloride 

Lanthanum Chloride 

Phosphorus Pentachloride 

Cupric Chloride 

Zinc Chloride 

Indium Trichloride 

Chromium Chloride 

Bismuth Trichloride 

Barium Chloride 
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(24) Aluminum Chloride 

(25) Copper Oxalate 

*(26) Copper Acetylacetonate 

(27) Barium Acetylacetonate 

(28) Cerous Acetylacetonate 

(29) Chromium Acetylacetonate 

(31) MOlybdenum Pentachloride 

(32) Cadmium Formate 

Ce(C5~02)3 

Cr(CSH702)3 

CoC204·2FeC204·6H20 

MOC13 



APPENDIX D 

Optical Properties as a Function of 

Wavelength for the Oxide Thin Film Compositions 
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Figure D-33. Optical Properties of 60% Co
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Figure D-34. Optical Properties of 90% Co
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Figure D-35. Optical Properties of 100% Co
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Figure n-37. Optical Properties of 80% Fe °3-20% Co
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Figure D-42. Optical Properties of 50% Co
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Figure D-43. Optical Properties of 60% Co
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Figure D-45. Optical Properties of 80% Co
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Figure D-46. Optical Properties of 100% Co
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SOLAR RADIATION CONTROL BY 

PYROLYTIC OXIDE THIN FILMS 

by 

Thomas R. Viverito 

(ABSTRACT) 

The growing concern for energy conservation is placing many new 

demands on materials, especially oxide thin films. A few of these 

new applications include solar collectors, solar reflectors and thermal 

transparent insulation. The engineer must fully understand how oxide 

thin films optically behave and what mechanisms govern this behavior 

before utilizing them for these new applications. Only when oxide thin 

films are fully understood, will they be used to their potential. 

This thesis probes into the basic mechanisms governing the optical 

properties of oxide thin films. Thin films are complex and their 

behaviors do not always correspond to those of bulk oxides. Absorption 

in the oxide films studied is due to electronic excitations and it is 

also found to be dependent upon crystallinity; the more crystalline 

films being more absorbing. It was determined that absorbance is 

related to the semiconducting behavior of the oxides. Absorbance 

increases when conditions are reducing for n-type oxides and when 

conditions are oxidizing for p-type oxides. A maximum solar reflectance 

of 35% was obtained with a Co304 film that was annealed in 95%N2-5%HZ• 

Metals such as gold, exhibit higher solar ref1ectances than both the 

pure oxides and mixtures of Co304' Fe203' 5nOZ' TiOZ and VOxHy • 



However, configurational designs utilizing the oxide films properties 

to their greatest advantage could selectively screen solar and thermal 

energy effectively. 


