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57 ABSTRACT 

A current controlling device for an electrical circuit 
including a semiconductor element and electrodes in 
low electrical resistance contact therewith, wherein 
said semiconductor element has a threshold voltage 
value and a high electrical resistance to provide a 
blocking condition for substantially blocking current 
therethrough, wherein the high electrical resistance is 
substantially instantaneously decreased to a low resis 
tance in response to a voltage above said threshold 
voltage value to provide a conducting condition for 
substantially conducting current therethrough, 
wherein the semiconductor element comprises high 
electrical resistance refractory powder particles sub 
stantially individually coated with a thin solid coating 
of substantially VO, wherein the high electrical resis 
tance refractory powder particles may comprise SnO, 
SiO, AlO3, ZrO or TiO, or the like, wherein the thin 
substantially VO, coating on the particles is obtained 
from VO, and/or V.O. in the formation thereof by 
several methods described herein, wherein the devices 
may be of the non-memory type or the memory type, 
and wherein the devices may have an intermediate or 
partial conducting condition. 

11 Claims, 12 Drawing Figures 
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METHOD OF MAKING A CURRENT 
CONTROLLING DEVICE INCLUDING VO, 

This application is a division of Gordon R. Fleming 
and Stanford R. Ovshinsky application Ser. No. 
830,581, filed May 27, 1969, now U.S. Pat. No. 
3,588,638 which in turn is a continuation-in-part of 
Gordon R. Fleming and Stanford R. Ovshinsky applica 
tion Ser. No. 809,580, filed Mar. 24, 1969 (now aban 
doned). . . 

The invention of this application is related to and is 
an improvement upon the invention disclosed in Stan 
ford R. Ovshinsky U.S. Pat. No. 3,271,591 issued Sept. 
6, 1966. That patent discloses two basic types of cur 
rent controlling devices, a non-memory type device 
(referred to therein as a “Mechanism' device) and a 
memory type device (referred to therein as "Hi-Lo' 
and "Circuit Breaker" devices). Both the non-memory 
and memory type devices are changed from their 
blocking condition to their conducting condition by ap 
plying a voltage above a voltage threshold value. The 
non-memory type device requires a holding current to 
maintain it in its conducting condition and it immedi 
ately returns to its blocking condition when the current 
decreases below a minimum current holding value. The 
memory type device requires no holding current, it re 
maining in its conducting condition even though the 
current is removed or reversed, and it is returned to its 
blocking condition by a current pulse of at least a 
threshold current value. The invention herein is appli 
cable to both types of current controlling devices. 
A principal object of this invention is to provide an 

improved current controlling device for accomplishing 
the current controlling or switching functions substan 
tially as performed by the current controlling devices 
of the aforementioned U.S. Pat. No. 3,271,591. An 
other object of this invention is to provide a current 
controlling device having an intermediate or partial 
conducting condition. 
Another principal object of this invention is to pro 

vide improved methods for making the semiconductor 
elements of the current controlling devices. 
The current controlling devices of this invention, 

while utilizing substantially VO2 in the semiconductor 
element thereof, are considerably different in construc 
tion, manner of operation and results obtained from the 
Neel effect switching devices of Handelman U.S. Pat. 
No. 3,149,298 wherein the devices of said patent utilize 
pure single crystals of various described vanadium 
oxygen compounds, which are thermally biased close 
to selected temperatures for the various selected crys 
tals, which are thermally cycled above and below said 
selected temperatures for switching purposes, and 
which have relatively small conductivity differences be 
tween their switched conditions. 

Briefly, the semiconductor elements of the current 
controlling devices of this invention which are con 
tacted by the electrodes comprise high electrical resis 
tance refractory powder particles which are substan 
tially individually coated with a thin solid coating of 
substantially VO, Such refractory powder particles 
preferably comprise SnO, SiO, AlO3, ZrO, or TiO, or 
the like, The thin solid coating of substantially VO, 
may be substantially polycrystalline and may contain 
minor amounts of the SnO, SiO, Al2O3, ZrO, or TiO, 
therein. These coated particles may be formed into the 
semiconductor element in various ways, as for exam 
ple, compacting them into pellets, or incorporating 
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2 
them in substantially contacting engagement in a car 
rier such as paint or glass or the like. 
Because of the thin coating of the substantially VO, 

on the high electrical resistance refractory powder par 
ticles, the semiconductor element has a high electrical 
resistance in its blocking condition which is much 
higher than where crystalline VO, itself would be inter 
posed between the electrodes. In this respect, the 
coated particalized structure forms elongated tortuous 
paths through the coatings about the particles between 
the electrodes which are of high resistance. In the in 
homogenious polycrystalline coated particles there are 
no special requirements for purity and stoichiometry as 
would be required in single crystals. The current con 
trolling devices of this invention operate at room tem 
perature and no thermal biasing is necessary. There is 
no problem with structural degeneration as is experi 
enced in cycling single crystals. Resistivity changes be 
tween the blocking condition and the conducting con 
dition are much larger than those in single crystals. 
Field induced electronic excitation without concomi 
tant temperature increase sufficient to reach a transi 
tion point is also possible to obtain switching of the de 
vices of this invention. 
The substantially VO, thinly coated refractory pow 

der particles may be formed in various ways. For exam 
ple, V2O5 powder particles may be mixed with the re 
fractory powder particles within a moler percent range 
of about 5 to 25% of VO, and heated in a reducing at 
mosphere to a temperature between the melting point 
of V.O.s and the melting point of VO, to melt the VOs 
powder particles and form substantially VO, and indi 
vidually coat the refractory powder particles with the 
thin solid coating of substantially VO. As another ex 
ample, VOs powder particles and VOa powder parti 
cles in substantially equal molar percent are mixed with 
the refractory powder particles within a moler percent 
range of about 5% to 25% of said V.O.s and VO and 
heated in a substantially inert atmosphere to a tempera 
ture between the melting points of V.O.s and VO and 
the melting point of VO2 to melt the VOs and VO 
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powder particles and form substantially VO, and indi 
vidually coat the refractory powder particles with the 
thin solid coating of substantially VO. By utilizing the 
aforementioned mole percent range of 5 to 25% the in 
dividual coating of the refractory powder particles with 
the thin coating of substantially VO, is assured so that 
the resultant product is still substantially in powder or 
particalized form rather than in a mass form which 
would require subsequent crushing and, hence, a less 
uniform product. 
As a further example, a VO5 sol having charged 

VO5 particles colloidally suspended therein may be 
formed, and the refractory powder particles may be 
mixed with said VO5 sol for attracting the charged 
V.O., particles from said V.O., sol to the surfaces of the 
refractory powder particles to provide the same with a 
thin coating of V.O. The mixture may then be dried 
and heated in a reducing atmosphere to reduce the 
VO5 to substantially VO, and individually coat the re 
fractory powder particles with said thin coating of sub 
stantially VO, The VO sol may be formed by sus 
pending VO, in water and mixing with HO to form 
a liquid having peroxyvanadates in solution in the wa 
ter, boiling the solution to decompose the peroxyvana 
dates back to V.O. to form the VO sol having the 
charged VO, particles colloidally suspended therein. 
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It has been found that by using as the refractory pow 
der particles SnO, SiO2, Al2O3 or ZrO2 extremely satis 
factory non-memory type current controlling devices 
are obtained. It has also been found that by using TiO, 
as the refractory powder particles extremely satisfac- 5 
tory memory type current controlling devices are ob 
tained. It has been further found that where ZrO2, and 
sometimes. AlO3, are used as the refractory powder 
particles double switching actions may be obtained in 
a non-memory type current controlling device. In this 
latter respect, the device switches from a blocking con 
dition to a partially conducting condition upon the ap 
plication of a voltage above a first threshold voltage 
value, and it switches from the partially conducting 
condition to a substantially fully conducting condition 
upon the application of a voltage above a second 
threshold voltage value. Such a device is extremely use 
ful in computer logic circuits or the like to produce ad 
ditional points of reference. This device can also be re 
turned from the partially conducting condition and the 20 
substantially fully conducting condition directly to the 
blocking condition when the current through the de 
vice decreases below minimum current holding values. 
Other objects and advantages of this invention will 

become apparent to those skilled in the art upon refer- 25 
ence to the accompanying specification, claims and 
drawing in which: 
FIG. 1 is a diagrammatic illustration of the current 

controlling device of this invention connected in series 
in a load circuit; 
FIG. 2 is a voltage current curve illustrating the oper 

ation of the non-memory type current controlling de 
vice of this invention in a D.C. load circuit; 
FIGS. 3 and 4 are voltage current curves illustrating 

the symmetrical operation of the non-memory type 
current controlling device and the operation thereof 
when included in an A.C. load circuit; 
FIG. 5 is a voltage current curve illustrating the oper 

ation of the memory type current controlling device of 
this invention in a D.C. load circuit; 
FIGS. 6 and 7 are voltage current curves illustrating 

the symmetrical operation of the memory type current 
controlling device and the operation thereof when in 
cluded in an A.C. load circuit; 
FIG. 8 is a voltage current curve illustrating the oper 

ation of the non-memory type current controlling de 
vice of this invention in a D.C. load circuit where the 
device switches from a blocking condition to a partially 
conducting condition and from the partially conducting 
condition to a substantially fully conducting condition; 
FIGS. 9 and 10 are voltage current curves illustrating 

the symmetrical operation of the non-memory type 
current controlling device illustrated in FIG. 8 and the 
operation thereof when included in an A.C. load cir 
cuit; 
FIG. 11 is an enlarged diagrammatic view of the cur 

rent controlling device showing the VO, coated refrac 
tory particles arranged between a pair of electrodes; 
and 
FIG. 12 is an enlarged view of the semiconductor ma 

terial illustrated in FIG, 11 illustrating in more detail 
the VO, coated refractory particles. 
Referring first to FIGS. 11 and 12, the current con 

trolling device of this invention is generally designated 
at 10. It includes a semiconductor material 11 at such 
as described above arranged between a pair of elec 
trodes 12 and 13. The semiconductor material 11 is of 

10 

15 

35 

40 

45 

50 

55 

60 

65 

4 
one conductivity type and is of high electrical resis 
tance and the pair of electrodes 12 and 13 in as 11 
contact with the semiconductor material have a low 
electrical resistance of transition therewith. The high 
electrical resistance refractory powder particles which 
may comprise SnO2, SiO2, Al2O3, ZrO2 or TiO2 or the 
like are designated at 40 and the thin solid coating of 
substantially VO, for these refractory powder particles 
is designated at 41. The VO, coating 41 on these re 
fractory particles 40 may be accomplished in the man 
ner described above. These coated particles 40, 41 may 
be formed into the semiconductor element in various 
ways, as for example, compacting them into pellets, or 
incorporating them into substantially contacting en 
gagement in a carrier such as paint or glass or the like. 
The electrodes 12 and 13 may be made to contact the 
semiconductor materials 11 in various ways. They may 
be mechanically pressed in contact therewith, they may 
be hot pressed into the semiconductor material, and 
they may be deposited thereon by vacuum deposition, 
sputtering, or deposition from a solution or the like. Al 
ternatively, the semiconductor material may be depos 
ited on the electrodes by brushing, silk screening, 
painting or the like. The electrodes should be good 
electrical conductors and should not react unfavorably 
with the semiconductor material. As for example, the 
electrodes may comprise refractory metals, such as, 
tungsten, tantalum, molybdenum, columbium or the 
like, or metals, such as, stainless steel, nickel, chro 
mium or the like. The paint or glass type semiconduc 
tor elements have particular utility for use in conjuc 
tion with electroluminescent panels wherein the semi 
conductor elements may be readily applied thereto by 
painting or silk screening or the like for controlling the 
Sa. . 

Referring now to the diagrammatic illustration of 
FIG. 1, the current controlling device 10 of this inven 
tion having the semiconductor material 11 and the 
electrodes 12 and 13 is connected in series in an elec 
trical load circuit having a load 14 and a pair of termi 
nals 15 and 16 for applying power thereto. The power 
supplied may be a D.C. voltage or an A.C. voltage as 
desired. The circuit arrangement illustrated in FIG. 1, 
and as so far described, is applicable for the non 
memory type of current controlling device. If a mem 
ory type of current controlling device is utilized, the 
circuit also includes a source of current 17, a low resis 
tance 18 and a switch 19 connected to the electrodes 
12 and 13 of the current controlling device. The pur 
pose of this auxiliary circuit is to switch the memory 
type device from its conducting condition to its block 
ing condition. The resistance value of the resistance 18 
is considerably less than the resistance value of the load 
14. 
FIG. 2 is an I-V curve illustrating the D.C. operation 

of the non-memory type current controlling device 10 
and in this instance the switch 19 always remains open. 
The device 10 is normally in its high resistance block 
ing condition and as the D.C. voltage is applied to the 
terminals 15 and 16 and increased, the voltage current 
characteristics of the device are illustrated by the curve 
20, the electrical resistance of the device being high 
and substantially blocking the current flow there 
through. When the voltage is increased to a threshold 
voltage value, the high electrical resistance in the semi 
conductor material substantially instantaneously de 
creases in at least one path between the electrodes 12 
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and 13 to a low electrical resistance, the substantially 
instantaneous switching being indicated by the curve 
21. This provides a low electrical resistance or con 
ducting condition for conducting current therethrough. 
The low electrical resistance is many orders of magni 
tude less than the high electrical resistance. The con 
ducting condition is illustrated by the curve 22 and it 
is noted that there is a substantially linear voltage cur 
rent characteristic and a substantially constant voltage 
characteristic which are the same for increase and de 
crease in current. In other words, current is conducted 
at a substantially constant voltage. In the low resistance 
current conducting condition the semiconductor ele 
ment has a voltage drop which is a minor fraction of the 
voltage drop in the high resistance blocking condition 
near the threshold voltage value. 
As the voltage is decreased, the current decreases 

along the curve 22 and when the current decreases 
below a minimum current holding value, the low elec 
trical resistance of said at least one path immediately 
returns to the high electrical resistance as illustrated by 
the curve 23 to re-establish the high resistance blocking 
condition. In other words, a current is required to 
maintain the non-memory type current controlling de 
vice in its conducting condition and when the current 
falls below a minimum current holding value, the low 
electrical resistance immediately returns to the high 
electrical resistance. 
The non-memory current controlling device 10 of 

this invention is symmetrical in its operation, it block 
ing current substantially equally in each direction and 
it conducting current substantially equally in each di 
rection, and the switching between the blocking and 
conducting conditions being extremely rapid. In the 
case of A.C. operation, the voltage current characteris 
tics for the second half cycle of the A.C. curreht would 
be in the opposite quadrant from that illustrated in FIG. 
2. The A.C. operation of the device is illustrated in 
FIGS. 3 and 4. FIG. 3 illustrates the device 10 in its 
blocking condition where the peak voltage of the A.C. 
voltage is below the threshold voltage value of the de 
vice, the blocking condition being illustrated by the 
curve 20 in both half cycles. When, however, the peak 
voltage of the applied A.C. voltage increases above the 
threshold voltage value of the device, the device is sub 
stantially instantaneously switched along the curves 21 
to the conducting condition illustrated by the curves 
22, the device switching during each half cycle of the 
applied A.C. voltage. As the applied A.C. voltage nears 
zero so that the current through the device falls below 
the minimum current holding value, the device 
switches along the curve 23 from the low electrical re 
sistance condition to the high electrical resistance con 
dition illustrated by the curve 20, this switching occur 
ring near the end of each half cycle. 
For a given configuration of the non-memory device 

10, the high electrical resistance may be about 1 meg 
ohm and the low electrical resistance about 10 ohms, 
the threshold voltage value may be about 20 volts and 
the voltage drop across the device in the conducting 
condition may be less than 1 volt, and the switching 
times may be in nanoseconds or less. It has been found 
that by using as the refractory powder particles SnO2, 
SiO, AlOs or ZrO, extremely satisfactory non 
memory type current controlling devices are obtained. 
FIG. 5 is an I-V curve illustrating the D.C. operation 

of the memory type current controlling device 10. The 
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6 
device is normally in its high resistance condition and 
as the D.C. voltage is applied to the terminals 15 and 
16 and increased, the voltage current characteristics of 
the device are illustrated by the curve 30, the electrical 
resistance of the device being high and substantially 
blocking the current flow therethrough. When the volt 
age is increased to a threshold voltage value, the high 
electrical resistance in the semiconductor element 11 
substantially instantaneously decreases in at least one 
path between the electrodes 12 and 13 to a low electri 
cal resistance, the substantially instantaneous switching 
being indicated by the curve 31. The low electrical re 
sistance is many orders of magnitude less than the high 
electrical resistance. The conducting condition is illus 
trated by the curve 32 and it is noted that there is sub 
stantially ohmic voltage current characteristic. In other 
words, current is conducted substantially ohmically as 
illustrated by the curve 32. In the low resistance cur 
reht conducting condition the semiconductor material 
has a voltage drop which is a minor fraction of the volt 
age drop in the high resistance blocking condition near 
the threshold voltage value. 
As the voltage is decreased, the current decreases 

along the curve 32 and due to the ohmic relation the 
current decreases to zero as the voltage decreases to 
zero. The memory type current controlling device has 
memory of its conducting condition and will remain in 
this conducting condition even though the current is 
decreased to zero or reversed until switched to its 
blocking condition as hereafter described. The load 
line of the load circuit is illustrated at 33, it being sub 
stantially parallel to the switching curve 31. When a 
D.C. current pulse is applied independently of the load 
circuit to the memory type device as by the voltage 
source 17, low resistance 18 and switch 19 in FIG. 1, 
the load line for such current is along the line 34 since 
there is very little, if any, resistance in this control cir 
cuit, and as the load line 34 intersects the curve 30, the 
conducting condition of the device is immediately 
realtered and switched to its blocking condition. The 
memory type device will remain in its blocking condi 
tion until switched to its conducting condition by the 
reapplication of a threshold voltage to the device 
through the terminals 15 and 16. 
The memory type current controlling device 10 of 

this invention is also symmetrical in its operation, it 
blocking current substantially equally in each direction 
and it conducting current substantially equally in each 
direction, and the switching between the blocking and 
conducting conditions being extremely rapid. In the 
case of A.C. operation, the voltage current characteris 
tics for the second half cycle of the A.C. current would 
be in the opposite quadrant from that illustrated in FIG. 
5. The A.C. operation of the memory type device is il 
lustrated in FIGS. 6 and 7. FIG. 6 illustrates the device 
10 in its blocking condition where the peak voltage of 
the A.C. voltage is below the threshold voltage value of 
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the device, the blocking condition being illustrated by 
the curve 30 in both half cycles. Thus, the device 
blocks current equally in both half cycles. When, how 
ever, the peak voltage of the applied A.C. voltage in 
creases above the threshold value of the memory type 
device, the device substantially instantaneously 
switches to the conducting condition illustrated by the 
curve 32 and it remaining in this conducting condition 
regardless of the reduction of the current to zero or the 
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reversal of the current. This symmetrical conducting 
condition is illustrated by the curve 32 in FIG. 7. 
When the switch 19 is manipulated to apply a current 

pulse above a threshold current value and the voltage 
applied to the terminals 15 and 16 is below the thresh 
old voltage value, the memory type current controlling 
device is immediately switched to its blocking condi 
tion as illustrated by the curve 30 in FIG. 6. For a given 
configuration of the memory type device, the high elec 
trical resistance may be about 1 megohm and the low 
electrical resistance about 10 ohms, the threshold volt 
age value may be about 20 volts and the switching 
times are extremely, rapid. It has been found that by 
using TiO2 as the refractory powder particles extremely 
satisfactory memory type current controlling devices 
are obtained. 
The foregoing operations of the non-memory device 

and the memory device are like those disclosed in the 
aforementioned patent and, therefore, a further de 
scription thereof is not considered necessary here. 
FIG. 8 is an I-V curve illustrating the D.C. operation 

of the non-memory type current controlling device 10 
wherein double switching actions are obtained. The de 
vice 10 is normally in its high resistance blocking con 
dition and as the D.C. voltage is applied to the termi 
nals 15 and 16 and is increased, the voltage current 
characteristics of the device are illustrated by the curve 
20, the electrical resistance of the device being high 
and substantially blocking the current flow there 
through. When the voltage is increased to a first thresh 
old voltage value, the high electrical resistance in the 
semiconductor material substantially instantaneously 
decreases in at least one path between the electrodes 
12 and 13 to an intermediate electrical resistance 
value, the substantially instantaneous switching being 
indicated by the curve 34. This provides an intermedi 
ate electrical resistance condition for conducting cur 
rent therethrough. This intermediate electrical resis 
tance condition is illustrated by the curve 35. As the 
voltage is decreased, the current decreases along the 
curve 35 and when the current decreases below a mini 
mum current holding value the intermediate electrical 
resistance of said at least one path immediately returns 
to the high electrical resistance as illustrated by the 
curve 36 to re-establish the high resistance blocking 
condition. After the device is switched to its intermedi 
ate conducting condition as illustrated by the curve 35 
as aforesaid and the voltage is increased to a higher 
threshold voltage value, the intermediate electrical re 
sistance in the semiconductor material substantially de 
creases in at least one path between the electrodes 12 
and 13 to a low electrical resistance, the substantially 
instantaneous switching being indicated by the curve 
21. This provides a low electrical resistance or con 
ducting condition for conducting current therethrough. 
The low electrical resistance is many orders of magni 
tude less than the high electrical resistance and the in 
termediate electrical resistance. This latter conducting 
condition is illustrated by the curve 22 and it is noted 
that there is a substantially linear voltage characteristic 
and a substantially constant voltage characteristic 
which are the same for increase and decrease in cur 
rent. In other words, current is conducted at a substan 
tially constant voltage. In the low resistance current 
conducting condition as indicated by the curve 22, the 
semiconductor material has a voltage drop which is a 
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8 
minor fraction of the voltage drop in the high resistance 
blocking condition near the threshold voltage value. 
Here, as in the current controlling device whose volt 

age and current characteristics are illustrated in FIG. 2, 
the current decreases along the curve 22 as the voltage 
is decreased and when the current decreases below a 
minimum current holding value, the low electrical re 
sistance of said at least one path immediately returns to 
the high electrical resistance as illustrated by the curve 
23 to establish the high resistance, blocking condition. 
In other words, as explained above in connection with 
the device whose characteristics are illustrated in FIG. 
2, a current is required to maintain the current control 
ling device in its conducting condition, and when the 
current falls below the minimum current holding value, 
the low electrical resistance immediately returns to the 
high electrical resistance. Accordingly, the current 
controlling device whose voltage current characteris 
tics are illustrated in FIG. 8 has substantially three elec 
trical resistance conditions. The high electrical resis 
tance condition illustrated by the curve 20, the inter 
mediate electrical resistance condition illustrated by 
the curve 35 and the low electrical resistance condition 
illustrated by the curve 22. The device is switched from 
the low resistance condition to the intermediate resis 
tance condition by the application of a voltage of a first 
threshold voltage value and is switched to the low resis 
tance condition by the application of a voltage of a sec 
ond or higher voltage threshold value. In either in 
stance, when the current through the device is de 
creased to a minimum current holding value, the device 
switches from its intermediate electrical resistance con 
dition or its low electrical resistance condition to the 
high resistance blocking condition. 
The current controlling device illustrated in FIG. 8 is 

symmetrical in its operation, it blocking current sub 
stantially equally in each direction and it conducting 
current substantially equally in each direction, and the 
switching between the high resistance, intermediate re 
sistance and low resistance conditions being extremely 
rapid. In the case of A.C. operation, the voltage current 
characteristics for the second half cycle of the A.C. 
current would be in the opposite quadrant from that ill 
lustrated in FIG. 8. The A.C. operation of this device 
is illustrated in FIGS. 3, 9 and 10. FIG. 3 illustrates the 
device in its blocking condition where the peak voltage 
of the A.C. voltage is below the first threshold voltage 
value of the device, the blocking condition being illus 
trated by the curve 20 in both half cycles. When, how 
ever, the peak voltage of the applied A.C. voltage in 
creases above the first threshold voltage value of the 
device, the device is substantially instantaneously 
Switched along the curves 34 to the intermediate elec 
trical resistance condition illustrated by the curves 35, 
the device switching during each half cycle of the ap 
plied A.C. voltage as illustrated in FIG. 9. As the ap 
plied A.C. voltage nears zero so that the current 
through the device falls, below the minimum current 
holding value, the device switches along the curve. 36 
from the intermediate electrical resistance condition to 
the high electrical resistance condition illustrated by 
the curve 20, this switching occurring during the end of 
each half cycle. . . . . . w 
When the peak voltage of the applied A.C. voltage 

increases above the second and higher threshold volt 
age value of the device, as illustrated in FIG. 10, the de 
vice in addition to switching to the intermediate electri 
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cal resistance condition illustrated by the curve 35 is 
substantially instantaneously switched along the curves 
21 to the conducting condition illustrated by the curves 
22, the device switching during each half cycle of the 
applied A.C. voltage. As the applied A.C. voltage nears 
zero so that the current through the device falls below 
the minimum current holding value, the device 
switches along the curve 23 from the low electrical re 
sistance condition to the high electrical resistance con 
dition illustrated by the curve 20, this switching occur 
ring near the end of each half cycle. 
For a given configuration of the device, whose elec 

trical characteristics are illustrated in FIGS. 8 to 10, the 
high electrical resistance may be about 1 megohm, the 
intermediate electrical resistance about 500 K, and the 
low resistance about 10 ohms, the first threshold volt 
age value may be about 15 volts and the second thresh 
old voltage value about 20 volts, and the voltage drop 
across the device in the low resistance conducting con 
dition may be less than 1 volt, and the switching times 
may be in nanoseconds or less. It has been found that 
where ZrO2, and sometimes Al2O3, are used as the re 
fractory powder particles these double switching ac 
tions may be obtained. 
While for purposes of illustration several forms of 

this invention have been disclosed, other forms thereof 
may become apparent to those skilled in the art upon 
reference to this disclosure and, therefore, this inven 
tion is to be limited only by the scope of the appended 
claims. 
We claim: 
1. The method of making a semiconductor element 

of a current controlling device for an electrical circuit 
including a semiconductor element and electrodes in 
low electrical resistance contact therewith, wherein 
said semiconductor element has a threshold voltage 
value and a high electrical resistance to provide a 
blocking condition for substantially blocking current 
therethrough, and wherein said high electrical resis 
tance in response to a voltage above said threshold 
voltage value substantially instantaneously decreases 
between the electrodes to a low electrical resistance 
which is orders of magnitude lower than the high elec 
trical resistance to provide a conducting condition for 
substantially conducting current therethrough, said 
method comprising, substantially individually coating 
high electrical resistance refractory powder particles 
with a thin solid coating of substantially VO2 within a 
moler percent range of about 5 to 25% of substantially 
VO, and forming said semiconductor element from 
said substantially VO, coated refractory powder parti 
cles. 

2. The method as defined in claim 1 further compris 
ing, reducing VOs to substantially VO, while individu 
ally coating the high electrical resistance refractory 
powder particles with the solid coating of substantially 
VO. 
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3. The method as defined in claim 1 further compris 

ing, mixing VO powder particles with high electrical 
resistance refractory powder particles within a moler 
percent range of about 5 to 25% of V.O.s, and heating 
said mixture in a reducing atmosphere to a temperature 
between the melting point of V.O.s and the melting 
point of VO, to melt the VOs powder particles and 
form substantially VO, and individually coat the refrac 
tory powder particles with said thin solid coating of 
substantially VO2. 

4. The method as defined in claim 1 further compris 
ing, mixing V2O5 powder particles and V2O powder 
particles in substantially equal moler percent with high 
electrical resistance refractory powder particles within 
a moler percent range of about 5 to 25% of said VO 
and VO, and heating said mixture in a substantially 
inert atmosphere to a temperature between the melting 
points of V2O5 and V2O3 and the melting point of VO 
to melt the VOs and V2O3 powder particles and form 
substantially VO, and individually coat the refractory 
particles with said thin solid coating of substantially 
VO. 

5. The method as defined in claim 1 further compris 
ing, forming a VO5 sol having charged VO5 particles 
colloidally suspended therein, mixing high electrical 
resistance refractory powder particles with said VOs 
sol for attracting the charged VO5 particles from said 
VO5 sol to the surfaces of said refractory powder parti 
cles to provide the same with a thin coating of V.O.s, 
and drying and heating said mixture in a reducing at 
mosphere to reduce the VOs to substantially VO, and 
individually coat the refractory powder particles with 
said thin solid coating of substantially VO. 

6. The method as defined in claim 5 further compris 
ing, suspending V2O5 in water and mixing with HO to 
form a liquid having peroxyvanadates in solution in the 
water, boiling the solution to decompose the perox 
yvanadates back to V2O5 to form the VO sol having 
the charged VO5 particles colloidally suspended 
therein. 

7. The method as defined in claim 1 wherein said 
high electrical resistance refractory powder particles 
comprise SnO2, SiO2, AlO3, ZrO or TiO. 

8. The method as defined in claim 1 further compris 
ing, compacting said substantially VO, coated refrac 
tory powder particles into a pellet to form said semi 
conductor element. 

9. The method as defined in claim 1 further compris 
ing, mixing said substantially VO, coated refractory 
powder particles in a high electrical resistance carrier 
with said coated particles substantially in contact to 
form said semiconductor element. 

10. The method as defined in claim 9 wherein said 
carrier is a paint. 

11. The method as defined in claim 9 wherein said 
carrier is a glass. 
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