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ABSTRACT

Single crystal: rutile TiO2 upon reduction by heating in
an atmosphere of hydrogen becomes a semiconductor, and the
conductivity increases with the time and temperature of reduc-
tion. The reduction process creates oxygen vacancies with
which there are associated two loosely bound electrons. These
electrons may be raised to the conduction band by thermal
excitation. Hence, an oxygen vacancy behaves like an impurity
donor site.

Point contact diodes were made by utilizing reduced single
crystal rutile;:!the laboratory fabrication. techniques are
described. For optimum rectification action, contact place-
ment must be made on a mechanically undisturbed portion of a
crystal formed by parting the crystal (after reduction) along
a distinct, natural cleavage plane.

The volt-ampere averages of four typical diodes were used
for curve fitting to the different theoretical models of diode
operation. A selection of theoretical models for comparison
with the observed phenomena requires that it be determined if
minority carrier injection  is.occurring, and hence, if ‘the
system may or may not be regarded as a single-carrier system.
A test for minority carrier injection was made by exploring the

variation of potential in the neighborhood of a rectifying

point contact. = For.an .injecting.contact; the local resistivity

decreases for increasing forward current flow through the

ke &







rectifying contact. This phenomena was not observed, and
hence, it is concluded that injection is not occurring to an
extent which is experimentally detectable.

Diode Theory and Diffusion Theory equations for non-
injecting contacts were fitted to the experimental data. 1In
the forward direction, the Diode Theory equation fits the

data exceptionally well, and the resultant equation is

].2.39(V s 338-81)_1 (amperes), where

I=1.09% x 10°° [F
V is the external applied voltage in volts.

In the reverse direction, the data was fitted to the
Diode Theory equations and Diffusion Theory equations with
Mott Barriers and Schottky Barriers. Corrections to these
equations were made for the tunnel penetration or the image
force. The resultant fits indicate (for both Diode and Diffu-
sion Theory) that the rectification phenomena is most likely

attributable to a Mott type barrier in which the image forces

reduce the effective barrier height in the reverse direction.
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CHAPTER I

INTRODUCTION

Point contact diodes have been made utilizing the n-type
semiconductor, reduced single crystal rutile TiOz. This report
summarizes the results achieved, the techniques involved, and
the theoretical tack taken to determine the most probable
nature of the rectification phenomena occurring. The theoreti-—
cal analysis is primarily limited to the aforementioned consi-

deration; therefore, no detailed study of the variation of recti-
fier performance with frequency, temperature, etc., has been made.
The rectification process in crystals takes place in the
immediate vicinity of the metal-semiconductor contact. In
this region there exists a potential barrier (VD) or "hump"
of potential energy (eVD). Rectification is believed to be
a result of the asymmetrical distortion of this hump by the
applied voltage.l In general, the higher the value of the
equilibrium potential barrier, the better the rectifier.
For metal-semiconductor contacts, the two most often
conjectured barrier forms are the Schottky type barrier and
the Mott type barrier, For a Schottky barrier, the hump of

potential energy is considered to be the result of differences

between the themmionic work functions of the metal and semi-

lTorrey and Whitmer, Crystal Rectifiers, P. 68.







conductor or to be caused by the presence of charged surface
states at the semiconductor surface. For such type barriers,
the barrier thickness increases with increasing reverse voltage
and decreases with forward voltage. The existence of such a
barrier of voltage dependent thickness was first suggested by
Schottky. The Mott barrier is formed as a result of placing
contacts on semiconductor surfaces which have non-uniform
impurity distributions. The required non-uniformity is that the
impurity density or conductivity should decrease with distance
in going from the bulk of the semiconductor to the surface.

The thickness of such a barrier is determined primarily by the
thickness of the pure region and is only slightly altered for
reverse applied voltages.

In practice, the barrier potential does not maintain its
high value for reverse voltage which the idealized theoretical
equations predict. Por reverse voltages, decreasing values of
Vp imply increasing reverse leakage currents. 1In practical cases,
the idealized reverse direction equations must be corrected by
adjustment of the value of eV,. The resulting effective lowering
of the barrier height is usually attributed to one of two effects:
the electron image force or the electron tunnel penetration of
the barrier.

An electron at a distance x from the metal contact (within
the semiconductor) induces a positive charge on the metal

surface and it is thus attracted to it. This positive charge







is referred to as the image, and the attractive force is
called the image force. This force, which results in an effec-
tive lowering of the barrier height for reverse applied voltages,
is usually neglected in the development of the idealized
equations.

In accordance with classical principles, an electron can
pass a potential barrier of height V only if its kinetic energy

exceeds a definite minimum given by

l/2m.v2 ) ev.

However, a wave-mechanical analysis of the problem shows that an
electron which has insufficient energy to pass over the barrier
has a definite non-zero chance of passing through it. This is
known as the tunnel effect. With the appropriate circumstances,
the tunnel effect lowers the barrier height of a diode for reverse
directions. In the correction factors for this phenomena, it is
usually assumed that the barrier is completely opaque if its
thickness for electrons of a given energy is greater than a
certain eritical. value X and completely transparent if the
thickness is smaller than Xc.3
One of the first considerations in the selection of theo-

retical models of diode operation is the determination of

2 1 : 1 ;
Henisch, H. K., Rectifying Semi-Conductor Contacts.

3Ibid.







whether minority carrier injection is occurring, and hence,
if the system may or may not be regarded as a single-carrier
system. This question is resolved in Chapter III before the
theoretical model development in Chapter IV.

As is characteristic of the whole field of solid-state
engineering, minor changes in the processes involved in making
these diodes can radically change the results. Hence, in the
next chapter, an attempt is made to document the procedures

involved.






CHAPTER II

CRYSTAL THEORY, PREPARATION AND MOUNTING

All of the experimental work has been done on synthetic

single crystals of rutile TiO, supplied by Linde Air Products

2
Company. These crystals, while relatively pure, are far from
the purities presently achievable in germanium and silicon
single crystals. Spectroscopic analyses of Linde crystals (by
the National Bureau of Standards) showed a Ba impurity of 0.0l
percent, minor impurities of Al and Mg present in amounts of
0.001 to 0.01 percent, and traces of Ag, Cu, Ca, Fe, and Pb.
The alkalies, if present, were in amounts less than 0.05 per-
cent.l The results obtained with these crystals might be con-
siderably modified if crystals of higher purity were available.

Linde single crystal rutile TiO, has a resistivity of about

2

2
13 ohm-cm at room temperature. Pure rutile TiO2 can be

10
converted into a semiconductor in numerous ways; however, all
methods fall into two general categories:

a. Creation of oxygen vacancies, and

b. Contamination of the TiO2 with foreign molecules.

The second procedure has not been attempted, but the first

method has been successfully utilized numerous times. Samples

lBreckenridge and Hosler, Phys. Rev. 41, 793 (1953).

2
From measurements made by W.H. Closser at Sandia Corp.

3F. A. Grant, Properties of Rutile TiOz, N.iB.S5" Jan Jiskh, w1 95

2







have been produced with resistivities as low as 0.02 ohm-cm
or more, depending on (and decreasing with) the time and
temperature of reduction. This reduction is a treatment which
will cause a loss of oxygen (or excess of titanium), and is
achieved by heating the rutile sample in a low oxygen pressure
or in an atmosphere of hydrogen. The reduced rutile becomes an
n-type semiconductor with physical properties which depend
on the oxygen loss.4

"Associated with every oxygen vacancy there are two loosely
bound electrons, which may be raised to the conduction band by
thermal excitation at higher temperatures. In effect, therefore,
an oxygen vacancy behaves like an impurity site; the corres-
ponding ionization potentials are believed to be less than one
electron volt, and may even be very much smaller.5 Additionally,
the results of the experiment on injection of minority carriers
indicate that the role of the minority carriers (in this case
holes) may be neglected in the conduction process.

The same crystals were used for both the injection test
and the diode fabrication and were prepared as follows:

1) Circular discs of rutile (about 0.1 inch thick) were

cut by a diamond tipped saw blade from a single crystal

4
Breckenridge, op.cit.

5
Grant, OpP.CLE.







3)

of rutile. The slices were made along planes perpen-
dicular to the central or major axis.

These high resistivity samples were then reduced to a
semiconductor by heating in a hydrogen atmosphere. The
hydrogen used was commercial quality dry hydrogen
supplied by Linde. The samples were then placed in a
Coors Volcanus combustion tube for confinement of the
hydrogen, and the whole assembly was heated in a Has-
kins electric furnace. The temperature was manually
controlled by a Variac with the aid of a chromel-

alumel thermocouple placed in proximity to the sample
within the combustion tube. In order to control the
level of reduction more precisely, Linde commercial
quality dry nitrogen was passed through the combustion
tube during the warm-up and cool-down periods. Hence, a
reduction at 800°C for ten minutes was achieved by cutting
off the nitrogen when the temperature had stabilized

at 800°C and switching on the hydrogen. At the end of
ten minutes, the nitrogen was switched on again and
left on until the samples had cooled.

Ohmic-low resistance base contacts were achieved by
attaching two copper wires to opposite edges of the
samples with thermo setting conductive epoxy glue made
from one part Hysol 3475 Hardemer, four parts Hysol 2038,
and five parts (by weight) of finely ground silver
powder. However, without additional processing, the

contacts have rather high resistances. Apparently,







i)

53

high resistance surface films are present which

have to be broken down in some manner. The

formation of these surface films might be associated
with the imperfect reduction process involving the
commercial quality gasses.

The contacts were made low resistant and ohmic by
passing about 0.2 amperes of current through them
until a pronounced breakdown and reduction of
resistance was noted.

It has been observed experimentally that good point
contact diodes rarely are achieved when a contact is
placed on a rutile surface which was directly exposed
to the reduction environment. This might be a
consequence of the high resistance surface film
described in 3). However, consistently good diodes
are achieved when the crystal contacting region is a
clean cleaved surface (cleaved after the reduction is
accomplished). There are several distinct natural
cleavage planes in single crystal rutile, and in
general, the crystals may be readily parted. For the
samples in question, the semiconductor discs were
merely given a sharp blow with a knife edge and a
smooth cleaved surface resulted.

The half disc-shaped samples, with an ohmic lead
attached, were then glued to rectangular aluminum base
mounts suitable for attaching to the microscope and
micro-manipulator assembly described in Chapter III.
The crystal mounting was made at an angle such that
the cleaved surface was suitably positioned for contact

placement.







If the initially clean cleaved crystal surface is contaminated

by touching with the fingers or otherwise, its rectifying
ability can be restored by washing in HCl1l followed by about a
twelve-hour rinse in distilled water. After pulling the moisture

out of the crystal by placing it in a vacuum, the sample may be

re-used with no apparent degradation of its characteristics.







CHAPTER III

TEST FOR CONTACT INJECTION

This chapter describes the experimental tests performed
to ascertain if the rectifying contacts analyzed were injecting
minority carriers into the bulk material. An assessment of this
type is limited by the sensitivity of the experimental
technique, since the surface purity or surface minority carrier
recombination center density and minority carrier mobility affect
the detection of the injection process. These contacts which
are now classified as non-injecting as a result of this
experiment may, in fact, be injecting to an extent beyond the
limits of experimental detection. When "single crystal"
rutile TiO2 of high purity becomes available, injection might
occur and be experimentally detectable.

The experimental technique used was one originally employ-
ed by Brattain and Bardeen.l The presence of injected minority
charge carriers is detected by measuring the decrease in the
semiconductor resistivity in the immediate vicinity of a recti-
fying point contact which is injecting. This is accomplished
by determining the variation of potential (V) in the neighbor-
hood of a rectifying point contact carrying a forward current (I)

by measuring the open circuit voltage (V) between a second non-

1Brattain, W. H. and Bardeen, J. Phys. Rev. 74,231 (1948)

10







rectifying potential probe and the common base. For a material
of constant resistivity, the ratio —E%EYL-should be independent
of I and r and should be equal in magnitude to the bulk resis-
tivity. The derivation of this expression follows from the
definition of resistivity and the assumption of a constant
resistivity and a hemispherically constant radial current flow.

Resistivity is the ratio of voltage gradient to current density.

The voltage gradient is, hence, under the stated assumptions

equal to —%—. The current density, j, is given by the total
current divided by the area of a hemisphere of radius r. Thus,
I '
21Tr2

The resulting expression for resistivity is
pz V/r i 2mxeV.
I/277r2 %
21V

For an injecting contact, the ratio st PR is found to

decrease for increasing values of I. This change is due to

an increase in the concentration of carriers in the vicinity

of the rectifying point contact for increasing forward bias.
In Brattain and Bardeen's original experiment, the value

of L2TENY also decreased with decreasing separation distances

I
(r) between the rectifying and nonrectifying contacts. This
variation was attributed to different impurity c¢oncentrations
in the bulk material and the semiconductor surface. As will be
presently shown, this same form of variation of —Z%EY— with r
was present in the injection test on TiOz. This decrease in
resistivity with decreasing values of r is most likely due
to the presence of a surface layer or film which has a higher

value of resistivity than the bulk resistivity of the semi-

conductor. This explanatidn is plausible, considering the

11
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charge transport mechanism involving oxygen vacancy centers
with associated free donor electrons. Hence, oxygen vacancy
centers near the surface of the material may be slowly
refilled by room temperature oxidation which would result in

a higher surface resistivity.

2TV
L P

directly relevant to the test for injection. The important

Fortunately, however, variations of with r are not
critericn for injection to be present is the occurrence of a
statistically significant decrease of 27mrV with increasing
values of I (with r being held constant)% As will be shown,
this type of variation was not present.

The tests for injection of minority carriers were made on
the same semiconductor surfaces that were used to make the
diodes whose V-I characteristics were used in the analysis and
curve fitting process. The mounted crystals were rigidly
attached to the observation platform of an 80 power microscope
in a position such that the crystal surface could be brought
into focus and observed. Mechanical stages or micromanipulators
were used for the positioning of the point contacts on the
crystal surface. Independent three-dimensional positioning
was achievable for each point contact.

Copper wire and tungsten wire were used, respectively, for
the rectifying and non-rectifying contacts. Both contacts
were relatively blunt with a necked down wire diameter of
approximately 0.008 cm at the tips or contact points. To rid
the contacts of any foreign contamination, they were cleaned
in an HCl solution before mounting and then rinsed in distilled
water. This processing is, in general, essential to the achiev-

ing of a good diode.

14







The V-I characteristics of the contacts, with a 500 cps
AC voltage applied, were displayed on an oscilloscope during the
positioning of the contacts. For a rectifying contact, the
pressure and lateral positioning were adjusted until a favorable
rectifying characteristic was observed. For the non-rectify-
ing contact, the required point position was usually predeter-
mined by the position of the rectifying contact. In general,
the characteristic of the tungsten wire when first placed on
the semiconductor surface was non-rectifying, symmetrical
about the zero axis, but non-linear, i.e., the characteristic
was not a straight line function. The required linear, ohmic
contact characteristic (a straight line oscilloscope display),
was achieved by capacitor discharge forming. Usually, one or
two discharges of a 0.0l yf capacitor charged to between 50 to
100 volts would change the characteristic from non-linear to
linear.

Figure I shows an electrical schematic of the test circuit
used. The complexity of the test necessitated the use of a
switching circuit for the various required functions. The
general procedure followed was:

1) The switch was put in position 4 (see Figure I) and

the rectifying point contact was adjusted to achieve
good rectification action.

?) The ohmic probe was adjusted to the desired position
above the surface by visual observation through the
microscope and by the indication of the index head
graduation on the micromanipulator.

3) The ohmic probe was lowered to the surface of the

crystal. If the ohmic and rectifying probe were in

very close proximity, switching to position 1 would

15
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detect a short occurring between the two probes, if it

occurred. If shorting occurred, the ohmic probe was
moved slightly. When the ohmic probe had been

properly positioned without shorting occurring, the
switch was put in position 3 where a check was made of
the linearity of the ohmic contact. If it was not
linear, the switch was placed in position 2 where a
momentary contact switch could be pushed to apply a
forming voltage pulse. The success of the forming
action could be immediately determined by observing the
contact V-I display (i.e., Position 3).

4) When the contact had been formed to a low enough linear
resistance, the voltage and current readings were taken
by switching to position 5. The different required
levels of current through the rectifying contact were
developed by varying the applied low voltage DC to the
rectifier.

5) If readings at different distances from the rectifying
contacts were desired, the ohmic contact was
repositioned to the desired spot and the procedure out-
lined above starting at Step 3 was repeated.

In Tables I and II are tabulated the experimental data taken
2TV
R e

sets of data were taken, Test A with variable I and r, and

and the associated calculations of f@ = Two

Test B with variable I and constant r. The data for the A test

2meV
1 4

decreasing probe separation distances r, in the same manner as

was taken primarily to see if the value of decreased with
was experienced by Brattain and Bardeen. The A-Test data is
tabulated in Table I. Note the consistent decrease of/O with

decreasing r except for the test at the 0.0002 ampere and

16







r = 0.009 cm level. At this low level, the values of V could
not be accurately determined because of the equipment
limitations, which should account for this one observed
inconsistency. Note also that above the 0.0002 ampere level,
the calculated values of/ﬂ are (within equipment error
limitations) constant for constant r and increasing values

of I. Hence, the A-Test data is consistent in regard to the
hypothesis that injection is not occurring.

The data for the more complete and conclusive test for
injection is presented in Table II. If injection were occurring,
the effects would be most pronounced at small values of
separation distances, r. For this reason, the nine
independent checks of Test B were made with the minimum
separation distances which could be achieved without the ohmic
probe shorting to the rectifying probe. The procedure followed
was to first position the ohmic and rectifying probes in
such close proximity that shorting occurred. The ohmic probe
was then shifted away from the rectifying probe the minimum
distance required for shorting to cease. This required shift
(as indicated by the micro-manipulator) was between 0.001 and
0.002 em. Note that none of the indicated values of r in the
tables are this small. The reason for this is that the
precise value of r cannot be determined because of the finite
diameter of the probes. Hence, as a first approximation,
0.005 cm (i.e., about one-half of a point diameter) has been
added to the position distances indicated by the micro-
manipulator. Fortunately, errors in the values of r cannot
affect the conclusion because r is held constant while I is

varied. The important result to be noted is that for each of

17






the nine checks made, V/I is relatively constant for fixed r.

Analysis of the calculated values of/ﬂ indicates that no

statistically significant deviation of’9 is present. Hence,

it is concluded that injection is not taking place to an

extent which is experimentally detectable.







CHAPTER IV
DIODE THEORY AND DIFFUSION THEORY¥*

As a result of the contact injection experiment (see
Chapter III) which yielded no indication of the presence of
injected minority carriers (holes in this case), the
theoretical models developed can be restricted to those
associated with single carrier systems. The equations are
developed for the electron single carrier system, but with only
minor modifications, these equations would apply to hole single
carrier systems.

Metal to semiconductor diode rectification involves the
activation of charge carriers over the rectification barrier.
Two different assumptions can be made as to the manner in
which this is done, and two different theories result. One,
the Diode Theory, involves the assumption that collisions
within the barrier may be neglected. The other, the Diffusion
Theory, is based on the assumption that the barrier thickness
is large compared with the electron mean free path and hence
that the electrons experience numerous collisions within the
barrier.

A - Diode Theory

From Henisch, the probability of finding an electron which

has velocity components between b and (vx + dvx), vy and

(vy + dvy), v, and (vz + dvz) is given by

* 3/2 =~ vX * vy2 4 vz
dn —-(’ m \ exp dvx.dvy dvz, where

2TKT 2K

J

*The derivations of this appendix are modified and abbreviated
forms of those appearing in Chapter 7 of Rectifying Semi-
Contacts by H. K. Henisch.
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total concentration of electrons
electron effective mass
K Boltzmann's constant
T absolute temperature
v, electron velocity components
It has been shown1 that the velocity distributions are
independent in the different directions and, hence, that the
right side of equation(l) can be regarded as the product of
three probabilities. For a planor diode with positive x
distances defined as being along the perpendicular going into
the semiconductor, the only velocity of interest is

Hence,

the incremental concentration ) : /2 e Vo 2
i ' m*
of electrons moving in ) =-n TTRT exp 3—§55- dvx
the x direction )

and

the incremental number of

! {2 -m*v 2
electrons which cross unit ) b m¥* X i
) x\ 27KT xp 2 KT "

area of cross-section in

unit time )

In the bulk of the semiconductor, for no voltages applied
(because of equilibrium considerations) there are zero net
electrons crossing any given cross-sectional area. However,
for a barrier of thickness A\ with a voltage applied, there is
a non-zero net passage of electrons. Under the assumption
that collisions within the barrier may be neglected, any

electron which crosses the plane x = A with a sufficient

: ¥
J. Jeans, An Introduction to the Kinetic Theory
of Gases, Cambridge Univ. Press, 1940.







velocity in the negative x direction will reach the metal.
This required minimum velocity is given Dby,

? i s
1/20méve e e(v. + V),

D
where Vj is the diffusion voltage developed by the
rectification barrier, and V is the potential difference
across the barrier layer of a rectifier resulting from the
application of an external voltage (Vv does not include the
IR drop).

As each electron carries a charge e, the current density

jl due to electrons which have velocities above the required

minimum is,

- 00
- ) A2
jl = ne (iéﬁ%ﬁi> V., eXp ( -m*vx2/2KT> dvx,
“Vxo

. Using the relation

The net flow of electrons across the barrier in the opposite

direction when V = O or equilibrium prevails is given by,

v dh eV

; ST KT D . The total current
D ek ne(—27rm*> o KT

density jd is given by the sum of jl and j2. Thus







/ 1/2 :
& KT il -ev
g, TReN ok R TR mane RuTemy.

or converting to total current j, by multiplying jd by the

i
l

barrier area, a,

1/2 o
j= ane(KT > exp( “'p Exp (ﬁ\% " 1] (1)
2 mm* KT KT

Equation(1l) is the general uncorrected Diode Theory equation.

Note that positive values of V correspond to the reverse
direction of current flow and negative values to the forward
direction. Note also that for large reverse direction applied
voltages, the current magnitude approaches a saturation value

A, where

e o @)
w KT D . Thus equation may be
A = an > Tm® exp ®T

rewritten as,

j = A [}aq:(;§¥> -1 . (2)

In practical cases the forward direction current is better

described by

I =Adexp ( o((V—IRﬂ - ]} , where (3)
I = positive forward current flowing

V = total external positive applied voltage

R = total diode linear or spreading resistance

<X = a fitted parameter.
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Equation (3) is used in the forward direction curve fitting in
Chapter V. Equation (2), with appropriate modifications, is
the form used for the Diode Theory reverse direction analysis
and curve fitting.

In practice, Equation (2) will not describe the observed
phenomena without modification, as the observed current does
not saturate to A but rather continues to increase for
increasing reverse voltages. Corrections for the image force
and tunnel penetration improve the accuracy of the fit. The
image force and tunnel penetration result in a lowering of
the effective barrier height, VD’ with increasing reverse
voltage. Hence as an approximate correction, the term eVD in
Equation (2) can be replaced by eVD - A@, where AP is the
diminuation of barrier height.

For a Schottky barrier, A@ is found from Equations 734.5

and 74%.1 of Henisch for the image force and tunnel effect

corrections respectively.

They are:
7 N 1/4
AP = [Q’D + \Qe S, for the image force, and
2k
o
8mNe” Vg V)
AP = " ", for the tunnel effect,

where N is the total concentration of electrons, and X,
is the critical thickness below which a barrier can be
considered as being completely transparent to electrons.
These corrections are now applied to Equation (2) and
for convenience the sign of j is kept positive. The term

[%xp (i%%) - {) is not included as its value is effectively

&2







-1 for reverse voltages greater than about 0.5 volts.
Hence, in the reverse direction for an image force corrected

Schottky barrier, the Diode Theory predicts:

oy 1/4
j=Aexp{L(VD+V)eTTr2]I:3) ; -K,—%— ‘ (4)

And, in the reverse direction for a tunnel effect corrected

Schottky barrier, the Diode Theory predicts:

o 1/2 X
j = A exp L(VD+\9 8e37r112J x Tc_%_(S)

For a Mottbarrier, the corrections are essentially the

same as above. For this type barrier, the electric field in
VD +V
the barrier is simply F = - 5
o
xo being a constant for reverse voltages. From Henisch

;),the barrier thickness
(equation 722.6),

AD = (—F)l/2 k—l/2 eB/2 for the image force correction,

and thus,

. v+v) J |

From Henisch (equation T43.3),

X
A = e (VD + V) 72— for the tunnel effect correction.
o

These corrections are now applied to Equation(2) in like

manner as for the Schottky barrier.
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Hence, in the reverse direction for an image force

corrected Mott barrier, the Diode Theory predicts:

< 1/2
j=AeXp{(e3(vD+v)ﬁ _K%_ (6)
(o]

And, in the reverse direction for a tunnel effect corrected

Mott barrier, the Diode Theory predicts:

j = A exp {E(VD+V) };—c-]_llqr_ (7)

Ecquations (4), (5), (6), and(7) are the Diode Theory relations
used in the reverse direction curve fitting in Chapter VI.

B - Diffusion Theory.

The simple Diffusion Theory equations suitable for
prediction of the forward direction characteristics did not
fit the experimental data satisfactorily, while the Diode
Theory equations yielded an exceptionally good fit (see
Chapter V). Hence, the simple Diffusion Theory equations will
be presented without proof and then modified for the reverse
direction in the same manner as the Diode Theory.

The following Diffusion Theory equations are, respectively,
Equations 763%.1 and 763%.2 from Henisch modified for total
currents rather than current densities:

The simple diffusion characteristic of a Mott Barrier is:

NN V.
j = al __]3_7\__. exp (—’—%T—D- 1 - exp (}i‘;)} ; (8)

o

and the simple diffusion characteristic of a Schottky Barrier

is:
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)J 9)

The above equations will now be modified for the image

1/2 —eV
j =adr (VD+V 87refJ exp< )[—exp(

where U is the semiconductor bulk conductivity.

force and tunnel effect corrections. As before, equations (8)
and (9) for reverse voltages greater than about 0.5 volts are

closely approximated by,

VD Av N —eVD
i = AN e i aXD for a Mott Barrier, and (10)
Mo

aJ" (v +v> 87re——l/2exp<_> (11) -

for a Schottky Barrier, where the sign of j has been

i
Il

arbitrarily made positive.
-eV

As for the Diode Theory, the term exp ( KTD) is the factor

most affected by the diminution of the barrier height due to
the image force and tunnel penetration. Thus, eV, will now

be replaced by eV, - A@, where the A@'s are the same

D
correction factors used for the Diode Theory. Equations (10)
and (11), when thus corrected, yield:

For a Mott Barrier with tunnel effect correction,

Vi %X ;eV ex (V + %5]
D D D
= a) 8 Y exp (r c (12)
o

= exp -
KT T

For a Schottky Barrier with tunnel effect correction,

26







j:

1/2 : +]3/2
ao.n V Vg 87rNe\a 'eVD> exp([(vDﬂi) 8mNe” W 0O §
KT KT

For a Mott Barrier with image force correction,

A A, S vy 2 N = N :
Jo L TS expjl/————) l gl T
J o KT

For a Schottky Barrier with image force correction,

| y
ol [ J Jl/
V. +V -eV vV _+V]e'1N/2k
j = aU'[( o 8”{{ exp< D> exp e o (15)

k i34k KT

Equations (12), (13), (14), and (15) are the Diffusion Theory
relations used in the reverse direction curve fitting in

Chapter VI.
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CHAPTER V

DIODE FORWARD DIRECTION CURVE FITTING

In this chapter, the experimental diode forward direction
volt ampere characteristcs are fitted to the theoretical
(forward direction) functional form, I = A[;X(V-IR) -é]. The
resultant fit of the assumed functional form to the
experimental data indicates with high confidence that the
rectification characteristic is accurately described by the
fitted relation which results:

I=1.09 x 10_8 (_6312'39(V - 3%8.81) A i].

The diode empirical volt ampere characteristics were
taken from diodes which were made from the same material and
in the same manner as the diodes used in the test for injection
of minority carrier into the bulk material (see Chapters II and
III). This should give assurance that the injection test results
may be applied to the diodes under analysis.

Diode empirical volt ampere characteristics are listed in
Table I. All of the analysis and curve fitting is based on the
first four characteristics tabulated, which are typical for
reduced TiO2 point contact diodes. The high degree of
consistency of the characteristics for the four diodes was
achieved by using the same point contact and restricted contact
placement region on one cleaved surface crystal for all of the
diodes. Additionally, the diode V-I characteristics were
displayed on an oscilloscope while contact adjustment was being
made. In this fashion, it was possible to make contact
adjustments which resulted in very consistent diode

characteristics. Because of this, and the goodness of fit
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which resulted, it was felt that the numerical constants
determined by the curve fitting have considerable accuracy

and are unique.
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To smooth out what small variations existed among the
four diodes, a diode average is presented in the last column
of Table I. This dicde average is the simple arithmetic mean
voltage for each of the common current levels. These diode
averages, [Ii' Vi), are the statistics used in the curve
fitting process.

The technique used for fitting the data to the theoretical
model was that the sum of the squares of the voltage error
between the fitted curve and that observed be minimized. For
this type of fit, an explicit representation of one variable as
a function of the other variable is required. The algebraic

/
manipulation of I = A[}? (V-IR) - E] to the form

vV = IR.+-é% 1n I—%—é' satisfies this requirement.

In the following analysis, the symbols defined below will
be used:

V = The theoretical applied voltage:;

Vi= The observed average value of applied voltage when

current Ii is flowing;

I = The theoretical current flowing when the applied
voltage is V;

I.= The observed current flowing when the applied
voltage is Vi;

€;= The error between the theoretical applied voltage

and the observed voltage when current I. is flowing;
L = The error function which is to be minimized.

(., 1 XL i+A
1 vkt s ) S S
Using the above definitions, 4 RIl = In A Vl

Hence, as described in the text, the function to be minimized

is L = —Z_ Qi, where the summation is carried out over all







the positive values of I, and Vi tabulated in Table I.

Hence, L may be written as

LBt
L= <r"('. o L v T A 2
= { RIi + — 1n A —Vi &
I

vValues of R, X, and A must now be found which yield the
minimum value for L. This is accomplished by setting the
partial derivatives of L with respect to R,Oﬂ, and A equal to
zero and solving the resulting equations simultaneously. The
solution of these equations yields values (RO,C{o, and AO) for
R,2%, and A which result in a minimum value for L. Trivial
solutions which result in maximization of L are discarded.

The simultaneous equations to be solved are:

= 0, where XN =%, A, R.

Q€ _

i
= o 4
a A D(A Ii A







13

2L = 2 ng €.1 These partial derivatives are now
) < . g g
5

s}

set equal to zero and the constant non-zero multiplying

factors divided out:

13
QL— — I.+A R
a1 1 ¥ - =
oL Z,- (RI, + e o vi) 1n £ 0,
5
i
Wi 1 e T o PR
TOR. > (1 + Pt bl e o R
5
LD
AL ' AT W
IR Z(R1+q.1n s -Vi)Ii—O.
5

Rewriting to a more convenient form yields,

i S

oA . " 2 I, + A
:EE(Vi - RIi) 1n =% = i EL (}n——ijr—- B (2)
5 5

13 "4 A FaR R
v mro Ykt ol i ' sy B (3)
25 (\1 1) W - Z Fga A
and
13 13 1% el B
VLAY ¥ i
R 25, Ii = 25 Ii Vi— —a— Z Iiln B e (LI-)

The values(?%, Ao, and Ro which satisfy equations (2), (3)
and (4) result in a minimum value for L. Direct simultaneous
sclution of these equations by trial and error is possible but
impractical. Hence, an iterative process type of solution
using trial and error is made which leads fairly directly to the

required solutions. This is done as follows: Simultaneous
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solution of (2) and (3) is determined by trial and error
with a value for R assumed. The values of ¢X and A which
result are then used in (4) where a direct computation of R
may be made. This value of R is then used in the
simultaneous solution of (2) and (3) once more. Again, the
computed values of ¢X and A are used to compute a value of R.
This iterative process is continued until convergence to the
desired degree of accuracy is achieved.

simultaneous solution of (1) and (2) is achieved by the
elimination of &X . The resulting equation to be solved for

A is:

3 A RS, - ok

: p ¥
(Vl o RIl) 1n —T——

3

13

13
Xi I, +A
v & b %
Z(Vi - RI,) I, *a E (ln A
5

5

This value of A (for an assumed value for R) is then used in
equations (2) or (3) to calculate the value of & . R is then
calculated from equation (4) using the previous solutions to

(2) and'(B), ey

13 13 T
R . g ZI.lnl——
G s o LY ok o5 ke s (6)
13
0
X
5

34







Cyclic use of the solutions to equations (5), (2) or (3),

and (6) result in the parameter values (accurate to the
indicated places):
o B, e = e
R e 338.8 ohms, bl 12.39 volts ', and A =
1.096 x 10_8 amperes.

Hence, the diode forward direction fit is given by:

I =.11096:% 10—8 [76512'39 (v - 538.81)_1 (amperes). (7)

Visual indication of the accuracy of this fit is
presented in Figure I. 1In this figure, the observed and
calculated values of voltage are plotted for the fixed
observed current levels. Additionally, the <§i.associated
with each data point is indicated.

Also indicative of the goodness of the fit are the
E il ARG 1 g =i 25

calculated values are L = 0.001744 and max. )fi J = 4.0%52.

small values of the statistics L and max.
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FIGURE I

DIODE FORWARD DIRECTION CHARACTERISTIC
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CHAPTER VI

DIODE REVERSE DIRECTION CURVE FITTING

The diode reverse direction equations which were
partially derived in Chapter IV are fitted to the empirical
data in this chapter. In all cases, the criterion for fitting
is that the sum of the squares of the errors between the
calculated current and the observed current be minimized.

The details involved in the fitting have been omitted, as
the forward direction fit of Chapter V is given in detail as
an illustration of the method.

All of the equations for the Diode Theory and the
Diffusion Theory are analyzed for the assumption of both
Schottky and Mott Barriers and with correction for both the
image force and the tunnel effect. Additonally, certain
special functional forms of interest (as described later) are
fitted.

In general, the theoretical equations are of the form
3 = £ (V) where j is the theoretical absolute value of the
negative reverse current which flows when reverse voltage V
is applied. Note that V is also a positive quantity for the
equations derived. Hence, the ordered pairs of data
[jvi' Ii] in the reverse direction must also be taken as
positive quantities, i.e., the absclute values. Therefore,
the [Yi' Ii] used are the magnitudes of the diode averages
in Table I of Chapter V for i =/1,.2, 3, 4, (atter

conversion to statvolts and statamperes).
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The general nomenclature and approach used is as

follows:

I
L = E Qi is the error function which is to be
i=1l

minimized,

where in = f s 0T
i o

V=V.

i

The partial derivatives of L with respect to the adjusting
parameters are set equal to zero and the resulting equations
solved.

One general type of fit which was made several times
will now be derived. This fit is the determination of the
magnitude multiplying factor, X’, which will minimize L for some
function j = X'f(v). If the computed value of A/ is close to
one, then the function £ (V) does not need a 5/ correction

multiplier. The value of K,is computed as follows:

Let § = b/ £(v) = 2( j, where j = £(V).

Then e;i= in-xiandL= Z(in-li)2

Bl 2 . |
R A T
L

Hence, a "Check a/" is the 5/ calculated for some function
which has already been fitted with respect to parameters other
than the magnitude coefficient. Repeating, if the X,thus
computed is close to unity, little decrease in the value of L

is achievable by adjusting the magnitude coefficient.
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The values of the numerical constants involved in the
calculations are tabulated in Appendix I.

A. - General Diode Theory Fit

In general, all of the Diode Theory equations are of
the functional form, j = A exp[j)’(VD + V)%l. Before
beginning the fitting for each Diode Theory equation, it would
be useful to know the best fit of the Diode Theory functional
form to the data which is possible. This is accomplished by
fitting the parameters ¥ and u, in j= A exp[’f(VD + V)ﬂ,
as follows:

Make the transformations,

I
x=1nT , ¥ &= 1In (Inj), and z, = ln[ln —Al—-]

n
. 2
Then E = E [x+uln<v +v.) —z] Wi ek g HREL = T,
D i d DX
i
9E _ . . ;
and 20 = 0, yields the two simultaneous equations to
be solved:
4 ] L4
Z l: X + u ln (VD - Vb] = 2 Z,, and (1)
1 1 :
! ; L
z [x + uln (\ID + Vi}] 1n (VD + Vi) =Z Zi 1n(JD+Vi) (2)
1 1

The solutions to (1) and (2) are

u = 0.42146 and T = 27.894. The fit which results yields

L = 0.9845 x lO6 and check a/; 0.98056.
Since 6’ is so close to unity, L = 0.9845 x 106 is very
close to the absolute minimum L which could be achieved using

the Diode Theory.
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In the Diode Theory fitting which follows, the
different particular equation fitting is achieved using the
general equation (1).

B - Diode Theory Equation for a Schottky Barrier with Image

Force Correction

j= A exp {[(V +V>Q NJ 1(4_1(%_ or

j = A exp /'A Vo + QE/_]where Y =A=6.846 and u = 0.25.

L = féi Gi = 243 x 1O6 for no corrections at all.
1

. 1 g
Check 2{==i‘ 1 1 ¢ 1.83. Hence, a magnitude

correg}ion would be helpful and
L-é 14.85 x lO6 for a 5,= 1.83 correction.

It is desirable to know how much the fit can be improved
by an adjustment of the coefficient in the exponential term.
Thus, let j = A exp [¥/<Vb + V)l/%J and determine the value
of V¥ which will minimize L, where” 2 6.846 v. Using

equation (1), the equation to be solved is:

4 Y
Cln(6.8}46v) + 0.25 ln(vD + Vi)J = 2 Z,. The
1 1

solution is, v = 2.07. Using this value,

6

L = 8.892 x 10° and check ¢ = 1.14.

C Diode Theory Equation for a Schottky Barrier With Tunnel

Effect Correction

MW /25%
j = A exp {[(VD+V) 8e3v——}1\%)1. _K_clz‘_
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j = A expLAxc <VD s V) 1/2}, where

1/2
(e r -

KT

10

u=0.5and P = X 2 .4.05 .. 10 X, .

Using equation (1), the value of X for minimum L is found

from the solution of:
4 4
Z ( 1n(4.05 . 1olox> ¥ 1048 ln(VD + v;ﬂ - z '
1 1

-10

X RGP R0 (em) is the solution and for this fit,

6
L £ %.105 x 10 and check § = 1.0097.

D - Diode Theory Equation for a Mott Barrier With Image Force

Correction

1/2 :
il 37 1’ 1
ik eXp“{:[} CVD ; Y) k?‘o " KT e

j = A exp [Axo_l/z (VD + \dl/ﬂ , where

2 1/2

a = 0.5 and Pk o R Syt A TMCR I e a0 G

Using equation (1), the value of %O for minimum L is found

from the solution of:
n ' n
i . ki —1/2) i
Z [1n (2.332 x 10 As S @ oh iin \(\VD + Vi)] —2 Zi'
i 1

Ay 2B.9% 10" cm is the solution, and for this fit,

L & 3.105 x 10° and eheck Xé 1.0097.
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E - Diode Theory Equation for a Mott Barrier With Tunnel

Effect Correction

X
u=1.0, r=——38 -*1.174::10” B, and B = —S

Using equation (1), the value of B for minimum L is found

from the solution of:

4 4 4
E‘ [ln(l.175 x 10%8) # 1.0 1n (Vy + vi)J = sl
) 1
i =2
B = xc = 2 x 10 is the solution and for this fit,

o

L & 34,06 5% 10°% i haes Y a4 ox,

F - Diffusion Theory Equation for a Schottky Barrier With

Image Force Correction

Because of the possible inaccuracy of the values of U
and a, all of the Diffusion Theory equations will be fitted
with respect to the outside magnitude factor using the symbol

5( for the correction.

In the first equation considered, a Schottky Barrier

with image force corrections, no fitting is required other

/
than the J magnitude factor:

= / L ™\ . : i
j = aa{(vnw)k%ef‘] Y &‘—);:D exp (€59 irmﬂkj w}. .
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Cls
]

slvy + v) M2 explm(y, + V)Y ﬂ, where

-e V

1/2
A=Ay &]IET) exp T—D & 1527 % 103, and

: 1/4
Y 3
M = (e ;S/Zk) = 6.846. Upon calculation,

114.9 x 106 for no correction, i.e., 4 ='1.

ﬁ— 1134

1

. 2
Pl
4

I
10

&2 773, The Nee jof thisdin J =

X:

43 vields an L = 7.65 x 106,

G - Diffusion Theory Equation for a Schottky Barrier With

Tunnel Effect Correction

v._+v) 8mve] /2 -ev V_+V 172
§ eyae 2:( D k) ] e] exp( KTD)exp{[( D k)BTrNe] 3

or 4§ e XA (,VD + V)l/z exp [DXC(VD it V)} , where

>
Il

\L/? - -eV
aO"(—&-]Z-EI—e-)1 exp T’fé) Bl RS VAT « 103, and

o
|

_ / 8mef/? g 9
<k £ = 4.05 x 10”.

P 1
%,
n

yA > (vD+vi\) 3/2 { exp [ Dxc(vD+v J) 1/ f] }2 *

1

= 0, yields one equation:

ex
fivd 1,220
KT}







O i

—Zygr = 0, yields another equation:

Y : 5
g8 IZ (v + vs) {exp [y s e) /E]}
Zl: (V +v> l/zexp[DX (v +v>l/2j

2{ may be eliminated between the two equations to yield one

equatlon to be solved for one unknown, X,

(v ¥ v) 3/2 {exp [DX (V ; V) 1/2}}
%(VD ru){om [oe@ vy 2]}

r\q.t

12

i I(V +v exp(Dx (v +v> J
e X 1/2
%1.(v +v> xp[D v+v) ]

The solutions to the above equations are
M o 1079 (cm) and B/é 1.5445 and the resulting fit
yields L = O0.4474 x 106.

H - Diffusion Theory Equation for a Mott Barrier With Image

Force Corrections

[ ) 1/2
1 N gl NV -eV 3 AV
j = [aa‘(———-—ao ) exp( % D exp [ D A ]
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or






& (}’ A (VD - V) ; exp (M ko—l/z[VD + V) l/j, where
, o
-eV
a<d exp 4.43 x 10 -5, and

M= o212 (Krr)'1 2%k 1074,

e
l

>
Il

-%?XE_ = 0, yields one equation:
o
m

ZI_<VD+Vg 2[51__ )\ol/2+<vD+vi> 1/2’} { il M 7\0—1/2('\,D+V)lﬁj 2

>’l‘h<
(0]
>

- /2 /2 |
Pl (VD+Vi) [TZ;‘ xol i (VD+Vi)1 ] g b 7\0_1/2 ki "i)l/zj X

= 0, yields another equation:

K
Z( +v) zexpfmx 1/2(v +v\l/2]}

I~

—

g 1o B0 1/2
Ii(VD + Vi>exp M A (VD + Vi) J

Hrwq.t

K,may be eliminated between the two equations to yield one

equation to be solved for one unknown, xo:

Ly






4 2
= (9 [ () “2] (oo ) T}
g

bt i 2
Zl (VD+V1> 2%‘9@ M7\° v +vl W ZJJ

n

3 5 (n) enlos () 7]
|

; (V +V)[ M o T (vp*; 1) 1/2J exp|MA l/z(v +vi)l/_é]
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The solutions to the above equations are Ko £ 2.865/x 107

by

cm)

and { = 26.22 and the resulting fit yields L = 0.36075 x 10°.

I - Diffusion Theory Equation for a Mott Barrier With Tunnel

Effect Correction

[’ e V.- e VD(ko - xJ e

" 1
j = ag VD+V> —7; exp |

§ NI
~ (o]
_ s e x {v +v)
oV a + T i D (5 D
3 = a7 (vtV) Ay exP< KT )GXP[ R KT ;
e T e 4
Let B = R Sl Mg e e Y O TR s 1O and
%O o Y KT

-e o
A = ag¥ exp G . g A 4.4% % 10 ~. . Then

j = A(VD+V) -};& exp[M,B (VD+V/\J is to be fitted to the data
o

by optimizing the values of the parameters B and X, The
association of B to the exponential makes B a constant as far
as the outside magnitude factors are concerned. Thus, to be
able to make the appropriate magnitude adjustment, the relation

g: was introduced.

aIJ i &
= 0, ields one equation:
OB ' qu

L R
>A<o§ Zl (VD+VJ.>2(M—B—l + VD+Vi)‘{’exp LM (VD + Vi) g} 2 ___

4
E o (VD+ Vi)[M_%—+ Vi viJ exp[M(VD+ Vi) BJ ;
1

JL

— = 0, yields another equation:

-~
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! 4
e = (o) {eefutav)d } = = n e vy o]
X : 5 % .

X, may be eliminated between the two equations to yield one

equation to be solved for one unknown, B:

+V +vi> {eXP[Mﬁ(V +vi)] }2
; (VD*'ViY {exp [MB (Vp+v 1)} }2

% <VD+Vi) : (

1

n

2 I, ( Vv 1) exp [Mﬁ (VD-%-VJ.)]

1

M
. Ii<vD+v’.)Eﬁé— B A vi] exp[Mﬁ(VD+V1)]
1

i
-

The solutions to the above equations are B = 4.275 x 10-3 and

x, 2 1.45 x 10710,

Hence,

x
= K'xo &£ 1.45 x 30740 { (em) and A ‘Xﬁo = 3 39 x10—8(cm),

where any value deemed appropriate may be assigned to { . The

fit which results yields L = 127.2 x 106.
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CHAPTER VII

SUMMARY AND INTERPRETATION OF THE CURVE FITTING RESULTS

The evaluation of the fit of an observed phenomena to a
fitted mathematical model involves two basic considerations:

1) How small is the value of the computed error function,

L = ;Z:ei , and

2) How reasonable are the values of the fitted parameters
in light of the association of these parameters to
the physical situation.

Additionally, if no Xmagnitude correction parameter (see

Chapter VI) has been fitted in the model, a "check.X'" calculation

indicates that the error in the fit is not due to the
magnitude coefficient if the check a’is close to unity.

The forward direction fit of Chapter V was excellent and
with the exception of the computed value of & , no deviations
from the theoretical expectations occurred. The theory assigns
a value to & of %T_ or about 40 (volts)-1 at room temperature
as compared to the fitted value of 12.39 (volts)-l. However,
this value is not disturbing in light of the fact that
analysis of a large number of the characteristics of both
silicon and germanium diodes gave values of & ranging in
value from 5 to 35 (volts)—ll. The value of A computed was

1.096 x lO_8 amperes. Using this value and the theoretical

relationship,

i
Torrey and Whitmer, Crystal Rectifiers.







KT 1/2 '-eVD)
A =ane (77??_9 exp(\ 7] from Chapter IV, a value

N

for the equilibrium barrier diffusion potential, Vy, was
calculated. The value computed, Vj = 0.5884 volts =
1.96). % 1O~3 statvolts, was the value used for the reverse
direction curve fitting.

The Diode Theory reverse direction fitting will now be
discussed.

For the Schottky barrier with image force correction, the
fit was poor for all adjustments made. L was 24D ‘% 106 for no

6

adjustments, 19.85 x 10~ for ad = 1.8% correction, and
8.89 x lO6 for a correction of the exponential coefficient.
The equations for the Schottky barrier with tunnel effect
correction and the equation for the Mott barrier with image
force correction are equivalent functional forms. Hence, for
both fits, L = 3.105 x 10° ‘and check § = 1.0097. The value
of check X'indicates little improvement can be made by
adjustment of the magnitude coefficient. The differences in
the two fits lie in the computed values of the parameters:
X ®IGL 10749 (cm) and Wi b x 1077 (cm). The value of
X is considered unreasonably small and, hence, the tunnel
effect corrected Schottky barrier is not considered appropriate.
The value for the Mott barrier thickness, A = 4 x 1071 (cm),
is considered reasonable.
For the tunnel effect corrected Mott barrier, the

X
computed L was 34.06 x 10° for B = xc & o AeTT g

o
resulting fit yielded a check 3/ = 1.04. It is concluded

that this modeldoes not fit the observed phenomena.

L9







In summary, for the Diode Theory, the image force

corrected Mott barrier equation most reasonably fits the
experimental data. Further support of this conclusion is
given by the value of u computed (u = 0.42) for the general
Diode Theory Fit which is close to the theoretically required
value of u = 0.5 for the image force corrected Mott barrier.

The Diffusion Theory reverse direction fitting will now
be discussed.

For the image force corrected Schottky barrier, the fit

6

was poor, L being 115 x 106 for no correction and 7.65 x 10

for a.g'é 2.77% correction.

The fit of the tunnel effect corrected Schottky barrier

6

yielded better results, L being O0.44T4 x 10 - for a dual fit

5.35 x 10_9 (cm) and § = 1.545. However, the value

ofix
o]

of X, is considered to be too small to be reasonable.

The image force corrected Mott barrier equation yielded

the best fit of all those considered. L was 0.3%6075 x 106

2.55 x 10-6(cm) and X’é 26.22. The

for a dual fit of ko
value of %o is considered very reasonable and the value of 2{
is not considered unreasonably high in view of the possible
errors in the values of the multiplying physical constants.

For the tunnel effect corrected Mott barrier, the
resulting fit is outstandingly bad. For a dual fit of X,
and A\ (which explicitly included a ¥ correction factor),
the resulting L was 127.2 x 106.

In summary, in the reverse direction for both the Diode
Theory and the Diffusion Theory, the image force corrected
Mott barrier equations most reasonably describe the experimental

data. The joint results indicate a Mott barrier thickness of
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(cm) and a barrier height of V
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0.58 volts.






CHAPTER VIII

SUMMARY AND CONCLUSIONS

By exercising suitable precautions in the fabrication
process, point contact diodes can be made utilizing reduced
single crystal rutile Tio2. The resulting diodes have
characteristics which are sufficiently good for possible
consideration as a future development® item.

The development of a point contact transistor, using
rutile, is not considered possible as no evidence of minority
carrier injection was observed.

In the forward direction, the uncorrected Diode Theory
functional form fits the data exceedingly well. In the
reverse direction, the fitting process indicates (for both
Diode and Diffusion Theory) that the rectification phenomenon
is most likely attributable to a Mott type barrier in which
the image forces reduce the effective barrier height in the
reverse direction. The associated Mott barrier voltage and

A -6

thickness which results is Vj = 0.58 volts and A = 10 (cm).

Additional evidence which supports the existence of a Mott
barrier as the rectification phenomena are:

1) In the test for contact injection (Chapter III), the

2TV
i

distances (r) between the rectifying and non-

value of decreased with decreasing separation
rectifying contacts. This decrease in resistivity,
with decreasing values of r, is most likely due to
the presence of a surface layer or film which has a
higher value of resistivity than the bulk resistivity

of the semiconductor. This is the type of non-uniform
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impurity distribution required for a Mott barrier.
?2) The existence of high resistivity surface films is
plausible, considering the charge transport
mechanism involving oxygen vacancy centers with
associated free donor electrons. Hence, oxygen
vacancy centers near the surface of the semiconductor
may be slowly refilled by room temperature oxidation
which would result in a higher surface resistivity.
The above considerations add weight to the conclusions

of the theoretical-empirical analysis.
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APPENDIX

Az

NUMERICAL CONSTANTS

In this appendix the various numerical constants which

appear in the theoretical diode volt-ampere equations are

tabulated for convenient reference.

Additionally,

the sources

of the numbers are given along with comments on the type of

averaging made to minimize the errors in the physical parameters

not precisely known.

All values are given in terms of

Electrostatic Cgs Units. These units are sometimes given the

prefix stat (such as statvolts) and are the result of using

centimeters,

grams,

and seconds,

and the assumption of unity

capacity between two one-centimeter square plates with one

centimeter of separation.

Definition |Numerical Information
Symbol | of Unit’ Value Source Comments
m Electronic |9.03%8 x 10_28 REELTX, Tpe2CH
(rest)
mass in
grams
m¥* Effective 50 m or -26 Table T of m¥*
electron 4.519 x 10 Ref. 2 = ranges in
e S value from 30
an— to’ 100.  To
minimize the
error, an
inverse square
root average
was taken.
Electronic -10
e charge in [4.767 x 10 p. 274 of
stat- Ref . X

coulombs
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Symbol

Definition
of Unit

Numerical
Value

Information
Source

Comments

Concent-
ration of
free elect-
ro%s per
cm” _at T =
294°K

3 7 YO

Fig. 8 and
Eq. (5) of
Ref.?

n is calculated
using Eq. (5)
for R =.0.2
from inter-
polation in
Pig. B

Tempera -
ture at
which meas-
urements
were made
in degrees
Kelvin

294°K

Approxi-
mation to
the area of
the blunt
point con-
tact of
radius, r =
0.004 cm.

=X

5.02655%10™ 2

No
symbol

Factor to
convert
amperes to
statam-
peres

o B, < lO9

pidh of
Ref. 1)

No
symbol

Factor to
convert

volts to
statvolts

. e
300

B 2508
Ref. 1)

Boltzmann's
constant_in

erg,(oK‘l)

1.38 x 10716

p. 3405 of
Ref. 3)

Dielectric
constant

5 %

p.-7T94 of
Ref. 2)

For single
crystals of rutile,
the dielectric con-
gtant is 17% in.the
c direction and 89
in the a direction.
To minimize the
error, an inverse
square root average
was taken.
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Symbol

Definition
of ikt

Numerical
Value

Information
Source

Comments

Bulk con-
ductivsty
at 294K
for Linde
single
crystal
rutile
reduced 10
mingtes at
800°C.

B iR % 10t

rig. T af
Ref. 2)

Interpolation
in Fig. 7 was
required.

Donor
impurity
concen-
tragion at
294K iq
elections
per cm® for
Linde single
crystal
rutile reduc-
ed 10 minutes
at 800°cC.

a2 lO21

Table I of
Ref. 2)

Interpolation
in Table I was
required.

Barrier dif-
fusion volt-
age for the
diodes under
analysis as
calculated in
the text.

0.5884 volts
or A
1.961 x 1072
statvolts

Thickness of
the barrier
layer under
equilibrium
conditions

See text

Total satu-
ration cur-
rent as per
the Diode
Theory

1.096 x 10_8

or
%2 .88 statam-
peres

A is the
forward
direction
coefficient
calculated
in Chapter V

e ——

e

— -

Critical
thickness
below which
a barrier can
be consider-
ed as trans-

See text

parent to
charge

carriers 1

—_—
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1)
2)
3)

References for Appendix I

Radio Engineers Handbook, by F. E. Terman, 1943%.

Breckenridge and Hosler, Phys. Rev. 41, 793 (1953).

Handbook of Chemistry and Physics, 1960.
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