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ABSTRACT

This study was‘focused on the absorption spectra of tin dioxide
thin films on optical quartz substrates., The films were doped with
antimony from zero to ten percent, indium from zero to ten percent,
and intrinsically, by heating undoped samples in vacuum and air. The
surface resistances were also measured.

The results for antimony doping show that the energy required
for electron transitions from valence to conduction bands, the associ-
ated phonon energies, and the optical absorption by free carriers zall
increase while resistance decreases with increased dqping. These

results are consistant with antimony acting as a donor in Sn0, and

2
elevating the Fermi level, which is in the conduction band for the
undoped material, to a higher level, thus increasing the free carriler
concentration, The results possibly also indicate a strain on the
lattice caused by doping.

The results for indium doping show a similar increase in
energles along with a decrease in optical absorption by free carriers
and an increase in resistance with increased doping. The indium acts
as an acceptor and, in so doing, causes the Fermi level to drop into
the valence band, at the doping levels used in this study. This is
probably due to the formation of an acceptor bvand above or overlapping

the valence band and resulting in a reduction of the free carrier con-

centration. The increase in phonon energy indicates that the doping
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imposes a strain on the lattice.

Heating undoped films in vacuum appears to drive off oxygen
resulting in reduced resistance and therefore higher free carrier
concentration due to latitice defect doping, and reducéd valence to
conduction band transition energy possibly due to the formation of a
.conduction band in the forbidden band-gap., The changes were reversible

by re-heating in air,
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CHAPTER 1

INTRODUCTION

Tin dloxide is an unusual material in that it is generally
speaking, a conductor that is transparent over the visable spectrum,

(1)

In its purest form, Sn02 is insulating, but under usual prep-
aration conditions, the defect structure of the material results
in an n-type intrinsic semlconductor, With proper doping, SnO2
properties can approch those of either a metal or a good insulator,
as will be discussed later in this report., The transparency and
conduction exhibited by SnO2 results in practical applications as
a conductive coating on such things as lenses and optical cells.
Also, films of this material are very robust and do not oxidlze
making thenm idéal as conductors for resistive and héating elements,

The possibility exists that Sn0, may be useful as a high temperature

2
semiconductor for electronics applications,

Serious studies of the properties of tin dioxide started
in 1954 with a report published by R. Aitchison(z) in which the
optical and electrical properties of doped and pure SnO2 were
observed, Since that time many others(z'u’s’é’B'ii’iz) have looked
at these properties under different conditions. Others_have
observed the physical characteristics of the films.(B) A theoret-

ical band-scheme for 5n0, has been developed by T. Arai(i) and

2




mathematics relating absorption to theoretical structure have been
formulated.(9’1o) A comprehensive review of the whole tin oxide
field has recently been prep&red.(h) The theoretical band-gap dia=-
gram for SnO2 as developed by T. Arai is shown in Figure 1.(1)
There is some variation in the values of the band-gap
energy obtained from absorption spectra. T. Aral has found values

for Eg ranging from 3.?1:f

.03 eV to 3.82 ¥ .03 eV for non-conduct-
ing and conducting SnO2 respectively, the difference being due to
the filling up of the conduction band by free carriers, W. Spence
has obtained values of approximately 3.7 eV for the same absorption
edge with direct band-gap transitions indicated at 4.3 eV and in-
direct transitions indicated at 2.7 eV.(7) (These last two values
were calculated using the sguares and square roots of the absorp-
tion coefficients respectively,) Also observed was an impurity peak
at 3.36 eV which was attributed to either an impurity or an
exeliton,

This report looks at the theoretical and experimental
response of thin films of SnO2 to impurity doping with antimony and
indimm which are group V end group 111 respectively in the periodic
table, on either side of tin; and at the theoretical andvexperimental
response to intrinsic doping which was achieved by driving off
oxygen in a vacuum furnace and by oxidizing the sample.'The surface
resistivity of the samples was also examined, | |

The samples were prepared by sprayiﬁg a mixture of chlorides
of tin and proportioned amounts of antimony or indium: up to ten

per cent, along wlth hydrochloriec acid and water onto quartz sub-
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strates at high temperatures where the reaction of the chlorides
and water produced the desired oxide, The samples were then studied
by measuring the optical transmission and reflection covering the
visible spectrum (2600 - 220 nm, ) as well as measuring the resis—
tivity per square of surface, The intrinsic doping samples were
then heat-treated in either air or vacuum and re-measured, From the
transmission and reflection spectra absorption coefficlents were

used to determine the band-gap energies of the samples,



CHAPTER 2

THEORY OF Sn0, THIN FILMS

2.1 General properties

The thin films of SnO2 used in this study were prepared
from the reaction
SnCl, + 20 » San + hHca (2.1)
which proceeds quickly at temperatures above 500 degrees centigradegz)
At temperatures significantly below this, these compounds may also

react according to the formula
SnCl, + 5H,0 @ Sn014'5(}{20) (2.2)

The hydrated stannic chloride forms a precipitate in water. This
preéludes the vapour method of film formation normaily used where
the stannic chloride and water react on the‘substrate surface at
high temperature, Adding a large proportion of hydrochloric acid
t0 this reaction mixture prevents the formation of any significant
amount of hydrated stannie chloride at low temperatures, and at
high temperatures probably has the effect of slowing down the
reaction rate, thus resuliing in a more uniform film Structure.

It may, however, have the effect of increasing the defect level

in the film composition by adding oxygen lon deficlencies and

chlorine ions, These impurities will be discussed later.
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The upper temperature boundéﬁes for both the formation and
use of tin dioxide fllms are partially dependant on the substrate
used. On ordinary glass the films show irrveversible changes above
approximately 550 degrees C.(B) These changes are malnly a result
of the formation of larger, irreguiar crystals on the film surface,
which causes a higher resistance in the film, This 1s probably
caused by reactions with sodium or potassium sillcates in the glass,
which softens at about thls temperature, On quartz substrates some
structural changes are seen above 650 to 700 degrees C, or higher.(3)‘
These changes are generally speaking an increase in grain size of
the film without breaking the cohesion of the particles; As no
chemical reaction takes place, there is no large change in resistance;
When heated above 850 to 900 degrees C. the films on quartz tend
to break up. On ceramic substrates there is $Ome evidence that
stable films can be formed at temperatures of 1050 degrees C.'or
above,

Tin dioxide films are usually poly-crystalline in structure,
although epitaxial thin films can be grown on appropriate substrates,
The crystals have a tetragonal rutile structure with a unit cell
containing two tin and four oxygen atoms in a 6 : 3 structural
coordination. Each tin atom is placed at the center of éix oxygen
atoms, the sites of which approximately form the corners of a
regular octahadron, while three tin atoms are more or less equl-
distant from each other around each oxygen atom.(4>

The properties of bulk tin dioxide in thin films differ

from those of the surface layer, Typically, the bulk resistance may



be of thé order of one Ohm-cm, whlle the surface resistivity may be
104 to 105 Ohn-cm,, the high resistivity possibly being due to iron
or aluminun doping of the surface by ceramics or other materials
being used. Adherent, uniform layers are generally transparent, while
thicker films usually have a white, scattering appearance due to the
formation of microscoplc tin dioxlide particles on the surface.(z)
These particles may also contribute {0 higher surface resistance by
providing a non-continuous surface contact,

The resistivity of tin dioxide is largely determined by the
concentration and scattering of free carriers. The majority carriers
are electrons, causing the material to act as an n-type semiconductor
under most circumstances, The free carriers are largely scattered by
jonized centers, Thus, impurity scattering of free carxriers is the
predominant process in the conduction mechanism. The properties of
the free carrlers strongly influence the optical properties in the
near infra-red spectrum.(5) The major native ionized defect in tin
dioxide appears to be a doubly 1ionizable oxygen vacancy. Deposited
Sn02 films generally depart appreciably from stoichiometric proportions
with resistance measurements showing én excess of tin. There are a
number of possible types of defect structure, due to the‘rutile
configuration of the crystals, The relatively low concentration of

18 -3 (1)

free carriers, about 7 to 17 x 107" cm. in conducting SnOz,
results in a plasma frequency which lies in the near infra-red region.
The higher carrier concentration of metals places their plasma

frequencies in the ultra-violet region. Thus, in spite of its metalic

conduction, snoz is transparent in the visible spectrum with the



position of the absorption threshold due to free carriers in the
infra-red portion of the spectrum.(é)
The free carrier concentration has an additional effect
attributed to it, This is the elevation of the absorption edge,rep-
resenting the band-gap energy by an activation energy of approximately
0.1 electron volts for conducting Sn02 over that for non-conducting
Sn02 as shown in figure 1,(1) The theoretical explanation for this
effect is that the free carriers fill up the bottom of the conduction
band and thus new carriers elevated to the conduction band must have
an energy that is increased by the excitation energy of this filled
up region. This combination of conduction band and excitation energy
is caused by overlapping with impurity levels, SnO2 thin films are
generally conductive upon fabrication, however they can be made non-
conductive by heating in air (annealing). This is probably due to
the removal of oxygen defects by oxidation of the film, Alr annealing
causes the film to.become a highly n-type semiconductor, Vacuum
annealing, on the other hand, causes the film 1o be reduced, If the
- film is sufficiently reduced, both n-type and p-type semliconductor
behavior is observed.(7) The reduced film has the stoichiometric

chemical formula (2) :

CLsa, st L 02 - x0™ ] (2.3)

Upon fabrication, some oxygen vacancies may be occupied by chlorine

ions. This will be discussed further in section 2.3.



2.2 Absorption Hdge Properties

The optical absorption spectrum of Sn02 contains much inform-
ation about the material. The properties of the infra-red and visible
spectra have been mentioned briefly in.the previous section and this
section will deal mainly with the absorption edge of Sn02 which
occurs in the far visible to near ultra-violet region of the spectrum.
Below this edge, Sn02 is basically transmitting except for a few
absorbing bands in the infra-red spectrum mainly attributable to

impurity structures, Above this edge, Sn0, 1s almost totally absorbing.

2
The absorption edge begins at the polnt where the photon

energy equals the band-gap energy,

=8 _, 2.4
hy mg | ‘ ( )

At thils energy, photons excite electrons from the valence band to
the conduction band, Direct band—gab‘transitions.result in intense
absorption, while indirect transitions, requiring phonon assistance,.
are less intense, |

The absorption coefficient ¥, for direct itransitions, has the

theoretical value

[

K=A(h»;g ) (2.5)‘

g
where h and Eg are the photon and band-gap energies respectively
and A has the value(a) V! 1

- . - 2
A=3,32x10"n" (fg) (_E:ﬁ). (2.6)
hy

m
0

However, A varies slowly and can be thought of as constant over a
narrow range. This formula for K over-simplifies the case for direct

transitions in that it predicts that K will fall off to zero for
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ny < Eg‘ This does not happen in general because of the impurity and
defect structure of the material in question, This will be discussed
further in section 2.3. Also, electron-hole Colomb interactions tend
to square off the edge and give larger absorption,vbut this effect
is screened by high free carrier concentrations or defect and
impurity levels.(8>
The discussion of tin dioxide is more complicated than that
given above, however, because SnO2 undergoes an indirect (phonon

assisted) transition. For indirect transitions assisted by a single

phonon, the formula for the absorption coefflcient takes the form

K0<(h>)+ED-Eg)2+(h1)-EP—Eg)2 (2.7)
exp( Eﬁ?kT ) -1 1 - exp( -EP/kT') -
(8) |

where Ep is the phonon energy. For forbidden transitions,

Ko< ( hy T Ep - Eg )3 . ' ‘ (2.8)

Thus, for a single phonon assisted indirect transition, a graph of
N

K¢ versus hy should have two linear reglons extrapolating to Eg + Ep
and Eg ~ E_, Unfortunately, this is also an over-simplification in

b
the case of tin dioxide, Sn02 has altogether not one but eleven
optical phonon modes and possibly manyacoustic nodes which may partic-
ipate in indirect transitions, thus complicating the picture further,(7)
However, it is generally accepted that the single phonon formulation, _
as represented in equatlon 2.7 1s a good approximation of the actual

case,

Absorption by free carriers in general follows the formula



11
Ko< AP | (2.9)

where p is a factor dependant on the charge scattering process, Common
values of p are p = 2 for acoustic mode scattering, p = 2.5 for optical

phonon scattering, and p > 3 for ionized defect or impurity scat< .

()

tering. The major scattering in tin dioxide is performed by opfical
phonons, An additional complication affecting this edze measurement is
the poly-crystalline nature of the films which reduces the sharpness of
the edge.

The generally (but not universally) accepted metﬁod for analys-
ing the absorption edge is to plot X and/br K% versﬁs hp which results
(hopefully) in two linear regions which are extrapolated to find the
values of E_ + E and B, - E_at K = 0. The highest value of E,, for
pure SnO2 is 0,08 eV or less, which represents the highest optical
lattice mode.(n)

The absorption coefficient is found experimentally from the

transmission and reflection spectra of the sample. The formula relating

these values is

T=(1-1") exp( L (2.10)
exp( 2Kd ) - r* -

where T is transmission, r is reflection, X is the absorption

coeffielent, and d is the film thickness, all at a single value of

incident photon energy.(g) For cases where r is negligible, equation

2.10 can be easlily simplified to

Kd = ~log (T ). (2.11)

However, for the case where thils simplification cannot be made, A.

Kahan(io) has re-arranged the equation into a solvable form as follows:
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+ - 2 2 %
Kd=-1oge+[A+(A + 477 )2 (2.12)
2T

where
A=T - (r-1)°,  (2.13)

The same paper also defines an extinction coefficient k as being

k= A K , (2.14)

2.3 Dovping, Impurity, and Defect Properties

This section deals with the theoretical aspects of introducing
foreign lons or defects into the structure of tin dloxlde. Four sep-
arate effects are of importance in this study. They are the introduc-

tion of defects into the structure in the form of oxygen deficlencies,
inmpurity doping predominately by chlorine, intentlional doping with
antimony, and intentional doping with indium,

Of the above effects, oxygen deficiencies, antimony ions, and
chlorine ions are all reducing agents which increase the carrier con-
centration, and indlum ions tend to oxidize SﬁOz reducing the carrier
concentration, To this point in the literature on the subject, much
more theoretical interest has been shown in the introduction of
reducing agents into Sn02 films than has been shown in doping with
oxidizing agents, whilch have been practically ignored, Thus the effect
of doping with materials such as indium has not been satisfactorily
explained to date.

The mechanism and effects of oxygen deficiencies have been

partially explained in section 2,1, Baslically, the tin ion prefers to
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have a M* charge and the oxygen lon prefers a 2  charge. A missing
oxyzen ion means that the tin ion may only have a net 2t charge and

the two loosely hound electrons of the tin lon are added to the con-
duction band., As already explained, this results in reduced reéistivity
and an increased band-gap energy due to the filling up of the con-
duction band, The degree of oXygen deficliency has an effect on the
stability of the film properties, This results from the oxidation of
vartially reduced films in air, which proceeds very slowly at room
temperature but more quickly at temperatures above 500 OC.

Nagasawa and Shionoya(lz) have shown in their studies that
oxidation and reduction of SnO2 results in large changes in the
lower (infra-red) absorption edge of the transparent band, Their
results showed the lower edge occuring at greater than seven microns
wavelength for the oxlidized material, while the lower edge occurred
at under two microns for the reduced material,

Chlorine atoms are generally the éain impurlity centers in
undoped SnO2 films prepared by the reaction of tin chloride, These
atoms may be included either interstitially or substitutionally.(u)
In the substitutional case, the chlorine atom replaces an oxygen
atom, In terms of valence, this is like a deflciency of half an
oxygen ion, and a corresponding increase in conductivity is seen
similar to that with the oxygen deficlency. This is not the total
story, however, as the broperties of the chlorine substitution are
not identical to the properties of an oxygen vacancy. Replacing the-
oXxygen lon with a chlorine ion leads to the formation of donor levels

close to the conduction band, If the impurities are present in
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sufficient concentration (greater than 1019 per cubic centimeter),
the impurity and conduction bands |will blend together, This results

in one conduction band, as with pure Sn0_, but at a higher level (due.

o
- to the filling up effect).(il) Chlorine ions may affect the stability
of the film., Yhen heated, chlorine lons may.be replaced with oxygen
ions resulting in irreversible changes in the film properties, Trace
doping (contamination) with such materials as iron and aluminum and
sometimes silicon during preparation has no noticeabtls effect on the
bulk properties of the material but, as already noted, affects the

surface resistivity. | |
Antimony, when included in the n~type semiconducting Sn02,
‘acts as a donor, The addition of the Sb5+ ion is like reducing a

3+ and may do just that,(z) Antimony increases the

Sn4+ ion to Sn
number of defect centers., The antimony lons substitute for tin ions

in the crystal structure which then has the chemical structure

[ Sn?fZX sp+ st L o277 . (2.15)

The occurrence of defect-related absorption is noticed as the nunmber
of defect centers reaches about ten percent, at which point the
effective dlameters of the impurity centers are twice the normal

(2)

lattice spacing. Antimony doped fllms show considerable absorption
in the infra-red spectrum resulting in a blueish color.(ii)

A. Tohatal, et al. ?3) have looked at the bulk resistivity and
optical transmission at two microns wavelength of SnO2 films doped

with antimony and other materials. Thelr results showed strong minima

in both these properties occurred with antlimony doping of about three
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percent by molar content,
Indium, when included in the n-type semiconducting SnOZ,
3

acts as an acceptor. The addition of In + ions neutralizes defect

(2)

center 02' deficiencies, The indium atoms, like antimony, substitute
for tin atoms in the crystal structure, giving it the empirical

formula of
b 2. 22
[ Sny oy I“g: L ogm -x0" 7 . (2.16)

(13)

Studies by A, Rohatgl, et al,, show that | between one and four
molar percent indium doping,the bulk resistivity and transmission at
two um. wavelength was increased by several orders of magnitude, while
above this percentage there was little change. This suggests that the
additional indium present, when basically all the oxygen defects have
been neutralized, has no large effect on the properties of the SnO2
film,

In general, the addition of impurities of the types mentioned
act as donors or acceptors in the Sn02 which 1s an n-type semiéonductor in-
trinsically., The impurities act by increasing or decreasing the number
of conduction electrons in the material, This means that the impurities
apparently donot increase the band-gap but rather shift the point of
the band-gap transition by filling up the conduction band and thus
changihg the Fermi level, There are three levels of effect by impurities
on the energy band structure. | At low densities, discrete local-
ized energy levels are formed in the forbidden band, At medium concen-
trations, these dlscrete levels overlap to form a conducting impurity

band, still within the forbidden band-gap. At higher concentrations,

this lmpurity band overlaps with the conduction band.(s) In this
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study, only the last case is of interest as the lower concentration
effects are not readily observable, The overlapping impurity band
creates a denslty-of-states and absorption edge tall which extends

into the forbidden gap. Talls may also be formed by deformations

and phonons, but all tails are uswally masked by the shift of the
absorption edge to higher energies due to the filling of the conduction

band with electrons,



CHAPTER 3

EXPERTMENTAL PROCEDURE

3.1 Sample Preparation

The tin dloxide iin films were prepared by spraying‘a tin
chloride solution on one side of heated, optical quality quartz sub-
strates, The substrates, approximately one inch square by one eighth
inch thick, were heated to between 800 oC. and 850 OC. over a Bunsen
burner, |

The basic tin chloride solution consisted of tin éhloride,
hydrochloric acid, and water with the proportions: 350 ml, of Sn014

to 250 ml., concentrated HCl to 108 ml, of .0, This solution was

2
sprayed on the heated substrates by itself for the undoped samples
and with antimony or indium chlorides added for the doped samples,
A ten percent doplng level was achieved with antimony by adding 5& ml.
of SbCl5 per liter of the basic solution, and with indium by adding |
Sk g, of InCl3 per liter. Doping levels of five, two and one half, and
one percent were achieved by mixing proportional amounts of the basic
solution and the appropriate ten percent doped solution.

The solutions, as formulated above, were applied with a spray
atomizer in an alr atmosphere, until a cloudy layer, free of viéible

interference phenomena, was built up on the surface. The films were

approximately ten microns thick, but often were of uneven thickness

17
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and appearance due to the inherent problems of this type of application.
| After measurement, an undoped sample was selected for further
study, This further study conslisted of three stages, after each of
which the sample was re-tested, The first stage consisted of ageing for
52 days, The other two stages consisted of re-heating the sample to
between 650 °C. and 700 °C., first in a vacuum (10'5 Torr, ), and in

the final stage, in air, These two treatments each lasted about four

hours,

3.2 Reslstance Heasurements

The resistivities of the thin film surfaces were neasured

using a non-destructive contacting probe, The prove consisted of two
parallel strips of copper, each one centimeter long and separated by

one centimeter, Thus the probed area was one centimeter sgquare with
contacts along two sides, The width of each strip which was in contact
with the surface was about two miltlimeters, To complete the measurement
the two contacts were connected to either a V,0.M. or a digital V,T.V.H.,
both being set to measure resistance. There was no observed difference

between the results with the V,0.H., and those with the V.T.V.H,

3.3 Optical Feasurements

All the samples were observed optically within a week of being
made, Optical measurements were made with a Beckman DK - 2 split heam .
spectrophotometer equipped with an Fg0 coated integrating sphere. For

transmission measurements the Sn0O, sample and an uncoated substrate

2

were placed in the sample and reference beans respectively.
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For reflection measurements, the SnO2 sample, with a black
backing material, and an Mg0O plate were placed so as to reflect the
sample and reference beams respectively into the integratiﬁg sphere
where light scattered over all angles was collected, Then, the procedure
was repeated with the sample removed to measure the reflectance cont-
ribution of the backing material.

Over the wavelength range of 0.5 to 2.6 micrometers, a tungsten
source and a PbS detector were used, Over the range of 0.2 to 0.6
micrometers, a hydrogen discharge light source and‘a photo-multiplier
tube detector were used. The signal from the detector was integrated
with a time constant of four seconds before recording, which limited
the resolution of wavelength to approximately 0,013 um, above 0,36 pm.,
and to approximately 0,0013 um, below 0.36 um, The transmittance and
reflectance were recorded as percentages, and the accuraclies of these
readings were taken as % 0.5 % for transmittance and Y1.0% for
reflectance, The accuracies of thé wavelength measurementsrwere taken

8

as 107" m, above 0,36 um., and 107 n. below 0.36 um,



CHAPTER &

RESULTS

4,1 Preparation Effects

The effects of the preparation method can be divided into
two broad areas, chemical effects (impurities) and physical effects
(film thickness, surface condition). The major impurity contributions
are chlorine lons and oxygen deficiencies, the theory of which has
been discussed in the preceeding chapter. The dependance of these
impurity concentrations on such parameters as the temperature and
rate of application of the film as well as the film environment have
not been satisfactorily investigated to this point and remain an
unknown, As these parameters vary slightly from sample to sample, an
element of uncertainty is introduced into the investigation, It has
been suggested in some studies that films formed at a higher temper-
ature (around 950 OC.) may be more stable in their properties,
indicating lower defect concentrations; however, this is not conclusive,
Another type of impurity comes not from the reaction solution but from
the reaction environment. On occasion, contamination was found both
from the gas feeding the Bunsen burner and from the support and pro-
tection set up for the substrate, This was mainly constructed of
ceramic and firebrick, which tended to crumble under the combination

of heat and chemicals., Possible contaminants include small amounts

20
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of hydrocarbons and carbon, iron,nickel,and siiiccn. The possibility
of other contaminants in the air cannot be discounted,

The temperature, rate, and conditions of application with
which the films were formed also had a definite‘effect on the ?hysical
properties of the films, such as grain sigze, surface cohtinuity: and
bulk continuity (as indicated by the cloudiness of the film) and uni-
formity of film thickness, The grain size and film cbntinuityvaffect
the resistance measurements while the thickness and cloudiness of the
film mainly affect the optical measurements.

A good example of the effects of the environment on sample char-
;_acteiistics was found in samples 21 aﬁd 22, These samples were
prepared with a ten percent indium doped solution and using a differ-
ent support system from the other samples. The main difference in the
support system was that it allowed more cross alr-circulation to the
sides of the substrate during firing, The effect of this increased
cross-current activity was large enough that these samples could not
be comparatively studied with reference to the other samples. (The
effect on these samples can be seen in figure 9.)

Except for the above mentioned two samples, ﬁowever, all the_
other samples compared quite well with each other, with literature
values, and with theoretical expectations. and showed definite re=.-
1a£ionships with the parameters being measured, Thus it can be assumed
that the data and the relationships formed from this data are repre-
sentative of the actual case with tin dioxide films of this type.

Figure 2 shows the spectral response of a typlcal undoped

tin dioxide film, The major factor in this response is the area of
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almost total transmission from 0.5 eV, td 3.5 eV, The lower absorption
edge at about 0.5 eV, was found to vary quite dramatically with doping
level, The upper absorption edge at about 3.5 eV, was found to vary
less dramatically but uniformly irith doping.‘This edge occurs at the
band-gap energy as described in chapter: 2, The exéct position of
this edge was found by plotting the absorption coefficient, as is
shown for one film in Figure 3., and extrapolating to zero, The film
thickness, being unknown, appears as a constant which has no effect
on the wero crossing of the absorption coefficient curve and its
extrapolations, This curve can also provide information about the
phonon energies involved in the band-gap transition.This is why two
extrapolations , representing Eg and Eg + Ep, are shown in Figure 3,
(A third, Eg - EP' is also possible,) An additional factor in the
spectral response on SnO2 is a slight dip in the absorption at: 5.2 evV,,
as seen in Figure 2. The exact cause of this dip is unknown, but it
was found to be invariant under all doping and treatment conditions,
The band-gap energies obtained from the absorption coefficient
curves ranged from 3,67 eV, to 3.70 eV, for pure Sn0,, which is in
good. agreement with the values obtained by other researchers.(1’7)

The value for the phonon energy for the Snd, band-gap transition was

2
0.06 to 0,07 eV, which agrees well with the maximum theoretical value

(&) |

of 0,08 eV, for pure Sn02. However, no evidence was found to
support the measurements of W. Spence(7) for direct transition
(4.3 eV,), indirect transition (2.7 eV.), and impurity (3.36 eV.)

peaks.
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L,2 Antimony Doping

Antimony doped Sn02 samples similar to the undoped samples
were produced with antimony doping levels of 10 %, 5%, 2.5 %, and
1 < by molar concentration., All samples had the same cloudy white
appearance of the undoped samples; however, the more heavily doped
samples displayed a blueish tint, due to absorption in the near infra—
red spectrum, This facfor is apparent in Pigure 4., which compares
the spectral response of an antimony doped sample (10 %) with that
of an undoped sample., The blueish tint is caused by the large absorp- -
tion peak at 0.6 eV. which in turn is caused by a large free carrier
concentration, As discussed in chapter 2, it is the fact that this
free carrier plasma frequency occurs in the near infra-red in con-
Junction with the high band-gap energy that gives SnO2 transparency
in the visible spectrun.

It can be seen in Figure 4 that the major absorption edge,
above 3.7 eV, has been shifted to a higher energy in the antimony
doped sample than in the undoped sample, The position of this absorp-
tion edge as a function of doping level shifts according to a posi-
tively increasing, non-linear function; as plotted in Figure 5, The
absorption edge positions were computed both from extrapolations of
the absorption coefficient graphs, and by graphing the first deriv-
atives of the absorbance curves to find the point of maximum slope,
Of the two methods, the former is the more widely accepted, By this
method, the absorption edge for 10 % antimony doped Sn02 is found
to occur at 3,79 eV. as compared with undoped SnO2 for which the

edge is found to occur at 3.68 eV, This higher energy level is made
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up of the band-gap energy for Snd, plus an activation energy (as shown

2
in Figure 1.) which also increases as the doping level inecreases, The
higher activation energy is a result of the raising of the Fermi

level of the material introducing more free carriers to the coﬁduction
band. Thus, as the lqwer energy levels of the conduction band become
more filled up, electrons from the valence band must be excited to a
higher energy to reach an unoccupied conduction band level, The in-
crease in energy with doping is not linear, it increases more slowly at
higher doping levels. This might tend to suggest a saturation effect,
whereby as the doping concentration is increased, the proportionate
probability of additional antimony adding to the conduction band is
reduced,

The effect of antimony doping on the surface resistivity is
to reduce it, as shown in Figure 6 , from 4000 ohms for undoped samples
to about 40 ohms for samples with a doping level of ten percent. The
curve of reslistivity versus doping can be divided into two sections,

a steeply curving section below the one percent doping level, and a
roughly exponential sectlon at higher doping levels. This suggests
that possibly there are two mechanisms involved in free carrier gen-
eration, depending on the doping level, It is also suggestive of the
saturation effect mentioned in the preceding. paragraph,

Associated with the increase in photon energy needed for
transition to the conduction band due to doping, there is an increase
in phonon energy needed as well, This energy increases linearly with
increased doping level and is plotted for antimony in Figure 7. The pho-

“non  gives the electron involved the energy for the positional change
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necessary for an indirect transition. There are two possiblé explan-
ations for this increase in the phonon energy needed, First, as more
and more energy levels in the conduction band are filled, the point
'of transition in k-space is pushed further away from the minima in
the upper limit of the valence band (see Figure 1) requiring a .
greater phonon energy. The second possible cause is the effect of
antimony on the crystal lattice of tin dioxide, A large doping level
could be expected to produce a strain in the lattice, which in turn
would require the transition electrons to have a higher phonon energy.
It is probable that both these causes contribute to the increase in
phonbn energy., This energy increases fron below 0.08 eV, for undoped '
S5n0,, (as required by theory) to approximately 0.3 eV, for the 10 %
antimony doped samples,

A study by A. Rohatgl, et al.,(13) reports definite minima in
the curves of transmission at two microns wavelength and resistance
versus antimony doping. These minima occur at 3 % antimony doping,
after which transmission and resistance increase, These curves and
their minima are in almost total disagreement with the results of the
investigations for this report and are not explained by the theory

presented herein,

4,3 Indium Doping

Indium doped Sn02 samples similar to the undoped and antimony
doped samples were produced with indium doping levels of 5 %, 2.5 %,
and 1 % by molar concentration, All samples had the cloudy white ap-

pearance common to Sn02 samples in this study. Samples were also
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produced with indium doping of ten percent; however, as diséussed in
section U.1, these samples were atypical, Their appearance was much
the same as the other samples except that the film surfaces were more
broken up and non-uniform,

The spectral response of an indium doped (5 %) thin film, as

shown in Figure 8 compared with an undoped Sn0O, film, shows an absorp-

2
tion peak at 0,6 eV, but at a very low absorption level, Absorption at
this point is due to free carriers in the material, and a low absorp-
tion level indicates a low free carrier density.

As with antimony doping, the absorption edge above 3.7 eV. has
been shifted to a higher énergy in the indium doped sample than in the
undoped sample, as can be seen in Figure 8. This increase in absorption
edge energy 1s a function of doplng level, as shown in Figure 9, and
is very similar to the increase found with antimony doping, although
the theoretical explanations for the two effécts are widely different.
The methods used to compute the absorption edge energies for indium
are the same as those used for antimony. Using the absorption coeffi-

cients, the absorption edge for 5 % indium doped SnO., was located at

2
3.77 to 3.80 eV,, almost identical with the edge location for 10 %

antimony doped SnOZ, and above the edge location for undoped Sn0, at

2
3.68 eV, It is not likely that the actual band-gap of SnO2 is altered
appreciably by indium doping. It is more probable that the increased
forbidden gap transition energy results from depression of the Fermil
level below the upper limit of the valence band, causing the top energy

levels of the ﬁalence band to be vacant., Thus, excitéd electrons from

the top levels of the valence band that are occupled must possess an
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energy equal to the energy of the forbidden gap plus the energy requir-
ed to reach the top of the valence band from their starting levels, |
The curve of the energy increase with doping (Figure 9) suggests that
as doping level increases, the efficiency of the indium in depressing
the Ferml level 1s decreased, Indium would deﬁress the Fermi level by
tying up electrons and thus removing them from the valence and conduc~
tion bands of the material,

The effect of indium doplng on the surface resistivity of tin
dioxide 1s to increase it, as shown in Figure 10, from 4000 ohms for
undoped samples up to 4 x 106 ohms for 5 % indium doped samples and
to over 20 x 106 ohms per square for 10 % doping levels, As with anti-
mony doping, the curve of resistivity versus doping can be divided
into two regions, a steeply curving section below one percent doping,
and an exponential section at higher doping levels. This suggests the
involvement of two mechanlisms in the free carrlier generation as mention-
ed in section 4,2,

Associated with the increase in band transition energy indicated
by the absorption edge is an increase in phonon energy. This phonon
energy increases linearly with increased doping level, and is plotted
for indium doping, along with antimony doping, in Figure 7. The most
probable cause for this increase is the strain introduced into the lat-
tice by the high level of doping, as discussed in section 4.2, As the
phonon energy behaves similarly for antimony and for indium, it is
probable that the strain is the major cause of the phonon energy in-
crease for antimony as well as for indium. The ﬁhonon energy lncreases

to 0,13 eV, for 5 % indium doped 5n0, from a level of 0,06 to 0,07 eV,
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for undoped samples, This is compared with 0.19 to 0,20 eV. for 5 %
antimony doped samples,

A, Hohatgi, et a1.$13) indicate that curves of transmission
at two microns wavelength and resistance versus doping flatten out at
a doping level of approximately 3 % for indium doped SnO,. As with
antimony doping in section 4,2, the Rohatgi study and this report

do not agree on these points,

L4 Self-Doping

To study the self-doping effects of tin dioxlide, a representa-
tive sample of undoped SnO2 was treated in three ways. First it was
aged for 52 days. Second, it was heaﬁed to about 660 °C. for two hours
in a vacuunm (10"5 Torr.) and then allowed to cool over two hours. The
third treatment was to heat the sample, as with the second treatment,
except that this treatment took place at room pressure, At each stage
in the treatment series, the same measurements were made on this sample
as were made on the doped samples, The observed absorption spectra for
the four stages are shown in Figure 11. The absorption edge energies
computed from these specira are given in Figure 12, and the surface
resistivities for the film under the four situations are plotted in
Figure 13,

The main change that took place in the film as it aged was a
reduction in the absorbance in the visible window of the SnOz spectrum
by about 20 percent as seen in Figure 11, If the entire spectrum of the
new sample were shifted down by this factor, it would super-impose,

within error, over the spectrun of the aged sample, except where both
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curves go above 80 percent, The absorption edge of the new film was
slightly lower than that of the film after aging (3.67 eV, new; 3.70
eV, after aging) but this could be accounted for by shiftiﬁg’the spec~
trum down by the 20 % difference and by errors in measurement, The
unshifted spectra also seem to indicate a higher free carrier concen~
tration in the new film, but almost equal surface resistivities (3800
ohms .per square for the new film; 4500 ohms after aging) argue against
this, The most satisfactory explanation of the differences after aging
is that the film had lost some of its cloudiness with time resulting
in less loss due to scattering during transmission measurements, There
are two possible causes of this, One cause could be the wearing off of
a powdery outer layer of the film, leaving a more solid film below.
The other possible cause would have been a natural cohesive'reaction
in the film resulting in an annealing effeect, The first cause is the
more probable one,

Heating the film in vacuum had a defiﬁite effect on both the
absorption edge and the resistance as can be seen in Figures 12 and 13',
The absorption edge dropped from 3,70 eV. to 3.63 eV. and the resis-
tance dropped from 4500 ohms to 360 ohms per square. Heating in vacuum
should drive off oxygen atoms from the film, These oxygen deflcliencies
in the Sn02 structure would result in larger free electron concentra-
tions and therefore higher conduction, The lowering of the absorption
edge position could indicate the formation of a defect conduction band
within the forbidden band-gap.

Heating the sample in air caused‘the absorption edge energy

to return to 3.68 eV, which can be considered as essentially the value
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it had before either heat treatment, As can be seen from Figﬁre 11,
the spectra before and after the two treatments are almost identical;
however, the surface resistivity of 20,000 ohms was about four times
that of the untreated film, Also, the surface of the film had a dif-
ferent appearance, due mainly to a self-cleaning effect which had
oxidized away surface dirt, The increased resistance of the surface
probably resulted not from a change in free carrler concentration but
from a change 1n surface condition so that the probe did not make as
good contact as previously, Or, alternatively, the heat treatment may
have introduced cracks into the film., In terms of oxygen deficiehcies,
the heating in air seems to have completely erased the effects of the

vacuun heat treatment.



CHAPTER 5
CONCLUSIONS

The effects of non-uniform film conditions and the possible
inclusion of trace contaminants on this study appear to be minimal
in spite of the large potential for variation in thevmethod of crea-
tion of the tin dioxide thin films. While better preparation conditions
would have rendered these results more accurate, the results them-
selves would not be significantly different.

The antimony doped samples exhibited increased absorption at
0.6 eV, representing increased free carrier absorption. As antimony is -
expected to act as a donor in SnOz, this greater free carrier concentra-
tion is consistant with the theoretical picture of the doping condition.
Reduced resistivity also confirms the increased free carrier concéntra-
tion.

Observations of the energles of photons absorbed to elevate
eiectrons from the valence band to the conduction band showed an in-
crease in both the photon energy and the phonon energy needed for this
transition. The higher photon energy confirms the theoretical predic-
tion that the increased carrier concentration intréduced by the anti-
mony raises the Fermi level, thus filling up the lower conduction band
levels and resulting in a higher activation eneigy. The increased

phonon energy is predicted in theory, as the filling up of the lower

b3
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conduction band levels should result in a shift in the point'of tran-~-
sition, Also, strains on the lattice structure, such as those intro-
duced by antimony, generally result in a shifted phonon energy,.

The indium doped samples exhibited reduced absorption at 0.6
eV, indicating reduced free carrier cohcentration, As indium is expec-
ted to act as an acceptor in tin dioxide, this is also consistent
with the theoretical description of this situation, The increased
resistance exhibited by the samples is another indication of reduced
free carrier concentration.

As with antimony doping, so with indium dopling, observations
of photon energies absorbed by electrons in the transition from
valence band to conduction band showed increaseé in both the photon
and phonon energies used for this transition. A probable thearetical
scheme resulting in the higher photon energies is the formation of
an acceptor band by the indium on top of and perhaps overlapping
the valence band, This acceptor band would socak up electrons from
the conduction band and then from the upper valence levels, This would
depress the Ferml level from the conduction band to below the top of
the valence band, The measured energy jump would then be from the
Fermi level to the conduction band., The increase in phonon energy is
probably a consequence of strain on the lattice which would be caused
by the large number of doping lons,

The main effect of aging SnO2 thin films appears to be a
reduction in the scattering losses from the film, Whether this effect
is dve to a change within the film itself or to an external effect on

the surfiace has not been determined,
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Heating an undoped sample in a vacuum should theoretically
reduce the film by driving off oxygen ions which would increase the
free carrier concentration, This increase was observed along with a
reduction in the absorption edge energy which could indicate that the
oxygen ’‘deficiencies act to create a conduction- type impurity band
within the forbidden gap, thus reducing the band-gap energy.

Heating the previously vacuum heated sample in air eliminated
the effects of the wvacuum heating on the absorption spectra and re-
sulted. in a higher surface resistance. The higher resistance was
probably due to physical changes in the film surface, Heating in.air

also resulted in a cleaning action on the film surface.



,/,9 L]

REFERENCES

T. Arai, "The Study of the Optical Properties of Conducting
Tin Oxide Films and their Interpretation in Terms of a Tentative

Band Scheme”, J. of Phys. Soc. of Japan 15, 916 (1960).

R, E. Aitchison, "Transparent Semiconducting Oxide Films",

Australian J. of Appl. Sc. 5, 10 (1954),

I. P, Tigane, "Hlectron-Hicroscope Investigation of Conducting

Sn0, Films", Soviet Physics - Solid State 7, 212 (1965).

7. Jarzebski and J, Marton, "Physical Properties of‘SnO2

Materials", J. Electrochem, Soc. 123, 119¢, 299¢, 333c (1976).

XK, Ishiguro, T. Saski, T, Arai, and I. Imai, "Optical and
Electrical Properties of Tin Dioxide Films", J. of Phys., Soc.

of Japan 13, 296 (1958).

B, Kanai, Report of Asahi Glass Co, V no, 1, 60 (1955), (in

Japanese),

¥, Spence, "The uv Absorption Edge of Tin Oxide Thin Films",

J. of Appl.Phys. 38, 3767 (1967).

Foss, Burrel, and Ellis, "Semiconductor Opto-Electronics”,

Wiley and Sons, New York, 1973,

H, Y. Fan, Reots, Prog. Phys. 19, 107 (1956).



10'

11,

iz,

13.

by

A, Kahan, "On Determination of Absofption and Reflection

Coefficients", Appl. Opt. 3, 31k (1964).

V. K. Filoslavskil, "Infrared Absorption of Thin Films of

Tin Dioxide", Opt, Spectrose. 7, 154 (1959).

M. Nagasawa and 3, Shionya; "Slectrical and Optical Properties
of Reduced SnO2 Crystals”, ph72, and "Electrical and Optical

Properties of Oxidized Sn0, Crystals”, p727, Jap. J. of Appl,

2
Phys. 10, (1971).

A, Rohatgi, T, Viverito, and L. Slack, J. Am, Ceramic Soc. 57,

no, 6, 278 (1974),



	Structure Bookmarks



