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Titanium Dioxide Rectifiers
R. G. Breckenridge and W. R. Hosier

A new type of metal rectifier is described which utilizes a film of semiconducting titanium
dioxide produced on titanium metal. These rectifiers, which have been prepared either by
a two-step process involving a heating of the metal in oxygen followed by a reduction of the
oxide in hydrogen or by a single heating of the metal in water vapor, are shown to have
properties comparing favorably with existing types, particularly for high temperature appli-
cations. The properties of the units in regard to the nature of the counter electrode, and
relation to theories of rectification are discussed.

1. Introduction*
The phenomenon of rectification at a metal-semi-

conductor contact has been of commercial as well as
scientific importance since the first announcement
of the cuprous oxide rectifier by Grondahl in 1926
[l].f Since this first practical rectifier was produced,
a number of other somewhat similar types have ap-
peared, the magnesium copper sulfide [2] and the
selenium [2] rectifiers being widely used commer-
cially. While the point contact types, such as the
silicon and germanium rectifiers [3], are similar in
principle, they are designed for handling, small
amounts of radiofrequency power instead of rather
large amounts of low-frequency power.

There have been a great number of theories pro-
posed to explain rectification, the most widely used
probably being those of Mott [4] and Schottky [5].
Although these theories differ considerably in their
details, both discuss a model consisting of an asym-
metrical potential barrier such that charge carriers
are transferred readily across the barrier in one di-
rection and with difficulty in the other. It is in the
nature of this barrier, e. g., chemical, physical, or
both, and in the mathematical details describing the
charge flow in the various possible situations that
the differences arise. Unfortunately, the multiplicity
of theories has not materially aided the search for
new or improved rectifiers, and their discovery still
seems almost fortuitous. The properties of the
Cu-Cu2O system are, however, at least suggestive
of the properties needed for a practical rectifier of the
oxide type. It is evident that the oxide must be
readily produced as a thin, tightly adhering layer on
the metal surface, the oxide composition must be
controllable so that it may be made a semiconductor
with a relatively high conductivity, and finally,
there must be some means of producing an asym-
metrical potential barrier in the system. In the
Cu2O rectifier there is some evidence [6] that the
barrier is a layer of nearly stoichiometric Cu2O at
the Cu2O-Cu interface.

Even a brief consideration of the first two rather
obvious requirements serves to eliminate the great
majority of the metal-oxide combinations, since there
are very few oxides that are readily produced with
conductivities great enough to be of interest (about

•The results of this work were first presented at the National Research Coun-
cil's Conference on Electrical Insulation meeting in Washington, D. C, Oct.
29-31, 1951.

fFigures in brackets indicate the literature references at the end of this paper.

1 to 10Q"1 cm"'1 at room temperature), let alone in
the form of a thin adherent film.

Some observations on the oxidation of titanium
metal [7] have shown, however, that a thin film satis-
fying the mechanical requirements is readily pro-
duced on the metal surface. Similarly, there have
been a number of studies of the electrical properties
of titanium dioxide semiconductors [8 to 12] snowing
that the oxide can be made an 7i-type semiconductor
with a conductivity in the desired range by heating
the oxide in hydrogen. It is then apparent that at
least the possibility exists for a feasible rectifier unit,
providing that in some way the asymmetrical poten-
tial barrier may be produced. The formation of
this barrier seems not unlikely, since a concentration
gradient similar to that in the Cu2O rectifier might
be formed at the metal-oxide interface or possibly
at the oxide surface. A number of experiments on
this system have been carried out, and two methods
of producing such a rectifier have been developed.
Although the unit is still in an early stage of develop-
ment, the observed characteristics are comparable to
those reported for commercially available types. It
should be mentioned that, in common with other
rectifier developments, it has proved difficult to
obtain entirely consistent results, so the numerical
values quoted later in the paper should be regarded
as representative and not necessarily final values.

2. Titanium Oxide Films

The titanium metal used in these studies was
obtained through the courtesy of the Allegheny-
Ludlum Steel Co., Watervliet, N. Y. The sample
was in the form of a sheet 0.015 in. thick of standard
commercial grade Ti 75A, reported by the company
to be about 99.5 percent pure, with 0.1 percent of
Fe, 0.02 percent of N, a trace of O, C<0.04 percent,
and variable amounts of W present as inclusions
ranging from 0.05 to 0.5 percent. This metal was cut
into %-in. squares and ground with No. 400 alundum.
A few trials were also made with the unpolished
sheet, and no pronounced differences in the elec-
trical results were noted. In the first series of
studies, these squares, contained in a small porcelain
boat, were placed in the furnace without protection.
More consistent results were obtained if they were
imbedded in A12O3 powder, and this procedure was
followed in most of the studies. The samples were
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TABLE 1. Properties of titanium oxide films

Time

25min

Smooth, thin, light-grey,
tightly adhering coat.*
Breakdown voltage:
V+, 60 to 90; V- , 150.

Smooth, even, blue-grey,
tightly adhering coat.*
Breakdown voltage:
V+, 60; V- , 70 to 90.

Yellow-grey, tightly
bound coat. Break-
down voltage: V+,
>320; V- , >320.

Yellow, loosely bound
coat. Breakdown volt-
age: V+, >320; V- ,
>320.

l h r

Smooth, even, blue-grey,
partially chipped coat.*
Breakdown voltage:
V+, 60 to 90; V- , 120
to 150. Thickness
<0.0001 in.

Greenish-yellow rough
but tightly bound coat.
Breakdown voltage:
V+, >320; V- , >320.

Yellow, badly chipped coat.
Breakdown voltage:
V-f, 450; V- , >500.
Thickness 0.0008 in.

l}i hr

Smooth, blue-grey, tight-
ly adhering coat.*
Breakdown voltage:
V+, 120 to 150; V- ,
150.

Grey-yellow, partially
loose from surface coat. *
Breakdown voltage:
V+, 120; V- , 150.
Thickness ~0.0001 in.

Yellow, tightly bound
coat. Breakdown volt-
age: V+, >320; V- ,
>320.

White-yellow coat,
chipped at edges.
Breakdown voltage:
V+, >500; V- , >500.
Thickness 0.002 in.

2hr

Smooth, tightly adher-
ing, grey-yellow coat.
Breakdown voltage:
V+, 125, V- , 185.

Grey, almost completely
chipped off coat.*
Breakdown voltage:
V+, 120 to 150; V- ,
150. Thickness ~0.0001
in.

Yellow, partially chipped
coat. Breakdown volt-
age: V+, >320; V- ,
>320.

2^hr

Grey-yellow, badly
chipped coat.*
Breakdown volt-
age: V+, 120 to
150; V- , 140 to
150. Thickness
—0.0003 in.

9hr

B l u e - g r e y ,
thick, tightly
adhering coat.

then heated to the desired temperature in a tube
furnace regulated to ± 5 °C, while a stream of inert
gas, in this case helium, was flowing through the
tube. When the system was stabilized, the helium
was swept out by oxygen dried by a liquid air trap
and the samples kept in 1 atmosphere of oxygen for
the desired time. At the end of this time, the
oxygen was swept out with helium and the furnace
allowed to cool to room temperature.

The physical and electrical properties of these
samples were then examined in a number of ways.
Because the oxide film must be thick enough to
withstand appreciable voltages before breakdown,
the breakdown strength was first explored. The
oxide was ground off on one corner of the square so
that electrical contact could be made to the titanium
metal. Then a small metal point of copper, about
0.1 mm in diameter, was placed on the surface and
the voltage raised to breakdown. This was done
for both directions of current flow on about 10 spots
on the surface.

The thickness of some of these films was deter-
mined with a simple optical system. The oxide
was chipped off the metal at one point. Then,
using a small tripod on which a mirror was mounted,
the displacement of a light beam was measured when
one of the tripod points rested on metal or oxide.
The sensitivity of the setup was 3.5/>t/mm of deflec-
tion on the scale.

The studies of the oxide films are reported in table
1, where the physical appearance, measured thickness
and typical breakdown voltages are given for the
various samples. The polarity of the point contact
is indicated for V. The samples oxidized without
the A12O3 covering are indicated with an asterisk.
In some of the higher temperature samples, the
oxide film was so loosely adherent or flaky that no
further studies were made. It is apparent, however,
that samples produced at about 800° C for a variety
of times, ranging from % to 9 hours, have very satis-
factory electrical properties. An undesirable feature
noted in the higher temperature samples was an
embrittlement of the metal produced by a solution

of the oxygen in the metal, as has been previously
reported [13]. This embrittlement, while present,
was not excessive in the 800° samples.

The kinetics of the oxidation of Ti metal has been
studied by several authors [14, 15, 16] with conflicting
results. It has not been clearly established whether
the growth follows a parabolic, logarithmic, or linear
law with time, and all authors find considerable
deviations for times as short as those used in this
investigation. The work reported here cannot re-
solve this difficulty because a wide scatter of the
data was found. This scatter arises from the fact
that precise measurements of thickness were not
attempted, the difficulty of controlling the short-
time treatments, and the possibility of oxygen dis-
solving in the metal rather than forming a surface
oxide.

3. Reduced TiO2 Rectifiers
The reduction of titanium dioxide by hydrogen has

been studied in detail by Nasu [17], who concludes
that the reaction product is Ti2O3. For the purposes
of rendering the rutile semiconducting with a con-
ductivity in the desired range, only a partial reduc-
tion is needed, corresponding to a formula of about
TiOi.95 [11], that is, with a 2.5-percent excess of
titanium, which is presumably present as the triy-
alent ion. This amount of reduction was achieved in
solid ceramic samples of rutile by treatment with
hydrogen for 10 minutes at l,350°C [11]. As it was
anticipated that the speed of reduction would be
much greater in the thin films, a series of trial runs
was made, following a procedure similar to that for
the oxidation process, at temperatures of 450° to
800° C and for times ranging from 5 to 60 minutes,
using oxide films formed at 800° C for 9 hours. The
samples were not imbedded in A12O3 for the reduction
in hydrogen. The most satisfactory properties re-
sulted from a treatment at 500° C for 15 minutes,
although this was not critical. For long reductions at
temperatures much above 500° C, however, the oxide
film was found to flake off, and for lower temperatures
the process was very slow.
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After reduction, the units were tested for rectifi-
cation, using a small spot of metallic indium for the
counter electrode. This electrode material was
chosen because other studies have shown [11, 12] that
no anomalous electrical effects arise at the interface
of this metal and titania semiconductors. This pre-
liminary testing was done with a simple circuit to
display the current-voltage curve on a cathode-ray
oscilloscope [2]. If a reasonable evidence of rectifi-
cation was found, a counter electrode was applied for
more detailed measurements. This counter electrode
was conveniently applied by plating with a-c for
about 30 seconds so that the sensitive areas would be
preferentially coated. Electrodes of a variety of
metals have been used with effects to be discussed in
detail later in this paper. However, silver was used
for the major portion of the work because it is readily
plated and the metal does not oxidize easily under
heat treatment. The properties of the rectifiers
formed in this fashion were then studied, using con-
ventional voltmeter-ammeter measurements, both
with point contacts to individual sensitive spots and
with an 0.08—cm2 copper plate pressed to the electro-
plated surface to make a large area contact.

In the rectifier tests some nonlinearity was observ-
ed in almost all cases, but in a number of samples
good rectifying properties were found. The sense of
the rectification is such that the direction of easy
flow of electrons is from the n-tjpe semiconductor to
the counter electrode; that is, the counter electrode
is positive. A typical measurement of such a point-
contact rectifier formed by heating for 9 hours in O2
at 800° C followed by 15 minutes in H2 at 500° C is
shown in figure 1, where the current in milliamperes
is plotted as a function of voltage. A more revealing
method of plotting these data is shown in figure 2,
where the log of the current in milliamperes is plotted
as a function of the voltage. The forward current as
a function of voltage is described by an equation of
the form

If=AJe*f<r-W-l] (1)

so that af, Af, and r, the spreading resistance, may
be determined from the data of figure 2. For this
sample the values found are Af=0.001 ma, <xf=9A
volts"1, and r=21O. This value of r indicates a con-
ductivity at room temperature of about 7AQ~1cm~1

and thus is in the desired range. As is typical for
such measurements [2] the value of af is considerably
smaller than the theoretical value of 40 volts"1 but is
similar to those found for commercial units.

The reverse current for applied voltages greater
than 0.5 may be described by an equation of the form

h=Ab ( e ^ - l )

with values of A&=0.38 ma and ab=0.S5 volt"1.
These results are also similar to those found for other
rectifier types. A similar study of a plated sample,
using an 0.08-cm2 contact area, is shown in figures
3 and 4. The forward and reverse currents are
described by the same equations with constants
a,= 8.6 volts"1, ^,=0.0033 ma, and r=12S2 in the

forward direction, and a&=0.39 volt"1 and Ab=
0.29 ma for the reverse current.

While no highly specific conditional requirements
were found for either the oxidation or reduction
treatments, the general trend of the observations
suggests an oxygen treatment of about 2 hours at

FIGURE 1. Direct-current rectifier characteristics from silver
point contact on titanium dioxide rectifier made by two-step
process.
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Analysis of direct-current characteristics of point
contact titanium dioxide rectifier.
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FIGURE 3. Direct-current characteristics from large area
silver counter electrode on titanium dioxide rectifier made
by two-step process.
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FIGURE 4. Analysis of direct-current characteristics of large
contact area titanium dioxide rectifier.

800° C, followed by a reduction in hydrogen for
about 15 minutes at 500° C for the production of a
satisfactory rectifier.

However, some undesirable features of the units
formed in this way were apparent. The results
in general were rather erratic, indicating that in
spite of the efforts made to control the conditions
of reduction, the precautions were still insufficient.
Similarly, a considerable lack of uniformity of the
surface on a single sample was frequently noted.
Finally, hydrogen is known to be rather soluble
in titanium metal [15] and a great embrittlement
of the metal results. This made the physical
characteristics of the rectifiers rather undesirable
for the fabrication of a practical device.

4. Steam Treated Rectifiers
The difficulties encountered in the control of the

two-step process, coupled with the highly unde-
sirable embrittlement of the titanium metal by both
hydrogen and oxygen, led to a search for other
possible reactions to produce the oxide layer. A
thermodynamic calculation showed that a reaction
of Ti metal with water vapor was possible and
that either TiO2 or Ti2O3 were possible products.
A series of exploratory studies was made to investi-
gate the feasibility of this procedure. The results
are presented in table 2. Coats described as very
thin were less than 0.0001 in., very thick, greater
than 0.005 in.

From the results of these explorations it was
evident that the rather low temperature reactions
were producing in one step an oxide layer whose
physical properties were satisfactory and which was
already a semiconductor with a conductivity in the
desired range. Similarly, tests for rectification
showed that quite satisfactory rectifiers were ob-
tained from these units. A second series of samples
was made at 600° and 650° C for times ranging from
10 to 240 minutes. These samples were weighed
before and after treatment to study the oxygen
gain. While considerable scattering was found
in the results for these rather short times, just as
in the oxidation treatment, it seems that the results
correspond roughly to a linear increase in AW/TF
with time up to about 3% hours, the constants
being 7X10"3/hr for 600° C and 1X 10"2/hr for 650° C.
The film thickness was also found to increase more
or less linearly with time up to about 12/x, beyond
which no reliable measurements could be made,
probably because of flaking and chipping off of the
oxide.

Studies were made of the rectification in these
samples, using a silver-plated counter electrode and
with an 0.08-cm2 copper backing plate. Consider-
able rectification was found in all cases, although
the reverse resistance was low in the short-time
samples. Because it was apparent that the ability
to withstand voltage in the reverse direction was the
dominant factor, the breakdown voltage in the
reverse direction was investigated, using the 0.08
cm2 electrode area.

The breakdown voltages measured were quite
erratic but show a rough dependence on the square
root of the forming time up to a maximum of about
25 volts at 600° C and 16 volts at 650° C. The
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TABLE 2. Properties of titanium oxide film on steamed samp les

Time

10 min

Light brownish
grey layer, very
thick, loosely
bound to surface.
Very low conduc-
tivity. Sample
slightly warped.

15 min

i

Light brownish
grey layer, very
thick, loosely
bound to metal.
Very low con-
ductivity. Sam-
ple warped.

20 min

Light-grey, thin
coat, t i gh t ly
b o u n d . Fa i r
conductivity.

Very thick layer
resembling that
of pure ceramic,
loosely bound to
metal. Good in-
sulator. Sample
warped.

40 min

Light-grey, thick,
g l a s sy c o a t ,
tightly bound to
metal. Low con-
ductivity. Sam-
ple s l i g h t l y
warped.

l h r

Dark-grey, very
th in , t igh t ly
b o u n d c o a t .
Good conductiv-
ity.

Grey, medium
t h i n c o a t ,
chipped from the
surface in sec-
tions. Fair con-
ductivity. Sam-
p 1 e b a d l y
warped.

Light-grey layer,
v e r y t h i c k ,
glassy, tightly
bound to metal.
Low conductiv-
i t y . Sample
badly warped.

2hr

Dark-blue grey
coat, fairly thin,
tightly bound to
meta l . Good
conductivity.

Blue-grey, me-
dium thin coat,
chipped in spots.
Fair conductiv-
i t y . Sample
warped.

3 h r

Dark-grey, me-
dium thin coat,
tightly bound to
m e t a l . Good
conductivity.

Grey, medium thin
coat, t i gh t ly
bound. Fair
conductivity.

constant A in an expression V= A-y/t has the value
of 1.2 volts/minH for the 600° C run and 1.1 volts/
minH for the 650° C series, with V in volts and t in
minutes.

These measurements indicate that a forming treat-
ment of about 3 hours in steam at 1 atmosphere
and a temperature of 600° C produces a satisfactory
rectifier.

The d-c properties of such a unit are shown in
figures 5 and 6. The solid lines in figure 6 are drawn
for the equations If=0.018 (V-08V— 1) and Ib=0.?2
(eOA7V—l) for / i n milliamperes and F i n volts. An
analysis of the results, as done for figure 2, shows a
spreading resistance of 1012, indicating that the
oxide layer produced in this way is almost identical
with that formed in the two-step process.

A feature of great practical importance is the
behavior of the rectifiers at elevated temperatures.
The d-c characteristics at various temperatures were
studied on a sample steam-treated for 3 hours at
600° C with silver counter electrodes. The results

5 4 3 2 1 0 1 2 3
VOLTAGE

FIGURE 5. Direct-current rectifier characteristics from large
area silver counter electrode on titanium dioxide rectifier made
by one-step process.

Steam treated 3 hr, 20 min at 600° C, 0.08 cm2 contact area, Ag plated electrode.

are shown in figure 7. It will be observed that the
performance is actually improved by operation at
temperatures up to about 140° C, since the forward
current is increased while the reverse current is
somewhat reduced. Rectification is still observed at
200° C, but the unit is damaged irreversibly by this
treatment, the forward current being considerably
reduced. An analysis of the data of figure 7 shows

2 4 6 8
VOLTAGE

FIGURE 6. Analysis of direct-current characteristics of large
contact area titanium dioxide rectifier from one-step process.

Steam treated 3 hr, 20 min at 600° C, 0.08 cm2 contact area, Ag plated electrode
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FIGURE 7. Direct-current titanium dioxide rectifier character-
istics at elevated temperature.

Steam treated at 600° C for 3 hr, "20 min, 0.08-cm2 contact area, Ag plated
electrode.

that A, r, and a in eq 1 and 2 are a function of
temperature for both forward and reverse currents.
The values for these constants (for voltages >0.5 v)
at the various temperatures are given in table 3.
The effect of the thermal treatment on the barrier
is clearly illustrated by the behavior of r. For
temperatures up to 136° C, r in general is reduced
presumably by the increase in number of charge
carriers in the semiconducting layer. There is a
sudden increase in r by an order of magnitude near
160° C and a further increase at 200° C probably
brought about by a partial reoxidation of the semi-
conductor layer.

Detailed life studies have not yet been performed
on the rectifiers, but one unit was maintained at
85° C with 10 volts applied in the reverse direction
for a period of 28 days with an increase in current
only from 1.65 to 3.1 ma.

TABLE 3. Direct-current characteristics of samples measured
at various temperatures

If=Af(eaf jT —1); lb=Ab(eabV—1)

Temperature

°C
25
48
84

136
160
200

af

v-i

6.42
7.71
8.82

12.0
7.12
9.05

Af

ma
0.001
.0003
.00037
.00012
.0031
.0016

r

Ohms
11.8
13.3
11.7
9.0

95.0
115.0

ab

V~l

0.793
.286
.90
.144
.300
.254

Ab

ma
0.009
.019
.03
.69

1.22
.707

5. Counter Electrode Effects

While the current theories of rectification [4 and 5]
suggest that the constant Af in eq 1 is related to
e {e/kT^o, where 0O is the work function of the con-
tact metal, this is not clearly observed in practice,
although Af does depend on the nature of the counter
electrode. Such a dependance has also been ob-
served in the titanium dioxide rectifiers. A series
of measurements has been made on a duplicate set
of samples treated in steam for 3 hours at 600° C.
The counter electrodes were electrodeposited for 30
seconds using a-c deposition, and the samples were

100

1.5 2.0
VOLTAGE

FIGURE 8. Direct<-current titanium dioxide rectifier character-
istics for zinc counter electrode.

Forward O; reverse #

then measured with 0.08-cm2 copper contact plate.
The counter electrode metals were Ag, Au, Sb, Cu,
Ni, Zn, and Cd. Rectification is observed in all
cases, but some rather striking differences are noted
in the characteristics. The metals fall naturally
into three groups: those metals low on the electro-
motive series and hence not readily oxidizable, for
example, Ag, Au, and Sb; those forming w-type
semiconducting oxides fairly readily, for example,
Zn and Cd; and those metals forming p-tjpe semi-
conducting oxides fairly readily, for example, Cu
and Ni. The observed rectifier characteristics also
fall into three groups. The inert metals give recti-
fiers with reasonably similar properties, although
the Sb gives a somewhat smaller reverse current
than the- Au or Ag. Some hysteresis effects were
noticed with these electrodes, but they are not
conspicuous.

For a zinc counter electrode a striking change in
properties was observed. The d-c forward current
shown in figure 8 increases rather slowly with in-
creasing voltage, although reaching normal values at
about 3.0 volts. With decreasing voltages the for-
ward current is noticeably greater than with increas-
ing voltages, and for very low voltages is appre-
ciably greater than that observed for the inert elec-
trodes. The behavior of the d-c reverse current
shown for low voltages in figure 8 and for higher
voltages in figure 9 is even more striking. For
voltages less than 1.5, the reverse current is consider-
ably larger than the forward current for the same
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16

FIGURE 9. Direct-current titanium dioxide rectifier character-
istics for zinc counter electrode for large reverse voltages.

voltage. The reverse current reaches a maximum
near 2 volts and then remains relatively constant
to about 10 volts, when it commences to increase
slowly. As the voltage is lowered, the current at
first is somewhat greater than with increasing volt-
ages, but for voltages below about 10, the current is
very much less than observed for increasing volt-
age. If a 60 c/s a-c test is made, and the character-
istics are displayed on an oscilloscope, as described
in the reference in footnote 2, the current-voltage
characteristics show nonlinearity but very poor
rectification. It is apparent that the blocking layer
found in the d-c measurements is a polarization
effect and, from some observations of the time of
formation of the layer, which is of the order of sec-
onds, can only be due to an ionic process.

With a Cd counter electrode an .unusually large
forward current was observed, the constants being
Ar=0.049 ma and af=l5.3 volts"1; a somewhat
larger than normal reverse current Ab=Q.3 ma and
<*6—0.19 volts"1, but the hysteresis effects were
small.

For the metals forming p-type oxides a somewhat
different situation was observed. With copper a
better than normal forward current was found, par-
ticularly at low voltages, and a small reverse current
was also obtained. The effects were even more
striking with a nickel counter electrode. Again, an
increased forward current at low voltages was found
and the reverse current was notably small. These
d-c measurements show rather pronounced hyster-
esis effects, particularly in the reverse direction.
When the rectification was observed on 60 c/s a-c
test, the forward current behaves in a normal manner,
but the reverse current is small only for low voltages
and increases suddenly at about 4 volts reverse.
This again indicates that the d-c properties are influ-
enced by a slow polarization process.

TABLE 4. Direct-current rectifier characteristics for various
counter electrodes

Metal

Au
Ag
Sb

Ni

Ni

Cu

Cu
Cd
Zn

Ti

00

ev
4.78
4.6
4.6
5.0

5.0

4.1

4.1
3.3

4.18

At

ma
0.20

.38

.40

.042

. 0059

.31

.049
2.0

«f

fl-i
3.8
2.7
3.2
5.1

13.8

3.9

15.3
1.3

Ab

ma
20
5.9
0.04
.032

.035

.22

.31

6.3

ab

p-i
0.05

.10

.40

.49

.84

.50

.28

.19

Increasing
voltage.

Decreasing
voltage.

Increasing
voltage.

Decreasing
voltage.

Increasing
voltage.

It should be mentioned that no permanent "elec-
troforming" effects have thus far been noted, al-
though they would be anticipated in view of these
counter electrode effects. The data for these d-c
characteristics are summarized in table 4. The
photoelectric work functions of the various metals
are included [18]. The value for Ti is that given by
Rentschler and Henry [19.]

It is apparent that the constant A is not directly
related to exp(e#0/&T), but that the counter electrode
influences the properties of the unit in some other
fashion. It should be stressed that too great reli-
ance should not be placed on the individual values
of A and a in table 4 because a considerable varia-
tion between samples has been noticed. Compare,
for example, the data for a silver counter electrode
in tables 3 and 4 and figure 4. The general proper-
ties mentioned have, however, been observed in all
specimens tested.

6. Discussion
It seems evident that the rectifier described here

has considerable possibilities, even though it has not
yet been investigated in great detail. The ease of
preparation of the units, particularly by the steam
process, and the quality of their performance at such
an early stage in their development are very encour-
aging, although a great deal of study will be needed
to assess their practicality. Similarly, a much more
intensive study of many of the properties will be
needed to obtain a clear picture of the nature of the
rectification process. The information obtained
thus far does, however, give some grounds for
preliminary speculation.

The nature and location of the asymmetric
potential barrier is of great interest in any inter-
pretation of the rectification mechanism. In all
rectifier types thus far discovered the direction of
easy flow of charge carriers over the barrier is from
the semiconductor to the metal electrode. Because
TiO2 is an w-type semiconductor, the charge carriers
are electrons; and since we have observed the
forward direction to be that with the counter
electrode positive, we must conclude that the barrier
layer is located between the counter electrode and
the semiconductor. This is suggested also by the
observation of the counter electrode effects; if

71



the barrier were located between the oxide and
the titanium base, the counter electrode would
not be expected to have much influence on the
rectifier characteristics.

It is possible that the barrier is a "physical"
barrier of the Schottky type, but extensive measure-
ments, particularly of the a-c characteristics, will
be required to establish agreement with the predic-
tions of the Schottky theory [2, 5, 6]. Such measure-
ments are in progress. A "chemical" barrier of the
Mott type [4] seems less likely to be present.
Although it might be assumed that a film of nearly
stoichiometric TiO2 exists on the free surface during
the steam treatment, the opposite situation would
be normally expected in the reduction of the oxide
film by hydrogen, and the free surface presumably
would be the most strongly reduced. Another
mechanism of rectification considered by Fan [20]
may be possible in this situation. Fan showed that
rectification was possible if a semiconducting film
separates two metals with different work functions.
This is supported by the striking behavior noted
with the Zn counter electrode, since Zn was the
only metal investigated whose work function is
clearly lower than that reported for Ti. On the
other hand, no direct dependence on the value of the
work function for metals with <£0>4.2 is indicated
in the values of the constants in table 4.

Possibly even more suggestive is the fact that
unusual properties were noted with counter electrodes
that might be rather reactive chemically. The
observed excellent d-c characteristics for the metals
forming p-type oxides might imply that the formation
of a p-n junction layer was aiding the rectification;
conversely, a Zn counter electrode which forms an
w-type oxide impaired the rectification. These
effects, of course, would not explain the good rectifi-
cation observed with supposedly inert counter
electrodes unless it was postulated that compound
formation took place in the surface layer in all cases.
Even this assumption would, however, not explain
the "normal" behavior of the Cd counter electrode
which is known to form an n-type oxide [21]. It
seems likely, in fact, that several mechanisms for
rectification are operating in the combination, and
evidently a great deal of study will be needed to
assess the relative importance of the various pro-
cesses.

It would seem, in view of these counter electrode
effects in which a transient barrier is formed in each

half-cycle, that it should be possible to improve the
existing units by the formation of a similar barrier
of a permanent type. This possibility is being
investigated, with some indications of success.

The particular feature of these rectifiers of greatest
practical interest is probably the behavior at high
temperatures. The difficulties encountered in most
units currently available [22] have stressed the
utility, particularly for military applications, of a
power unit that could be operated at a temperature
of about 150° C. The titania rectifiers apparently
are quite effective in this range of temperature, and
so merit serious consideration as power rectifiers.
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