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(57} ABSTRACT

Voltage-dependent resistor comprising a one-grain-
thick layer provided with electrode layers which are in
contact with the grains and which are arranged in a
pattern of islands partly overlapping each other and
located on either side of the layer, so that mutually in-

sulated parts of the grain layer can be connected in se-
ries.

9 Claims, 5 Drawing Figures
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VOLTAGE-DEPENDENT RESISTOR

This is a continuation of application Ser. No. 6,203,
filed Jan. 27, 1970, and now abandoned.

The invention relates to a voltage-dependent resistor
comprising a one-grain-thick layer comprising grains,
preferably semiconductive grains, embedded in an
electrically insulating binder and projecting on either
side from the binder, an electrode layer being applied
to either side of said grain layer, said electrode layers
being completely separated from each other by the
grain layer and establishing contacts with the project-
ing parts of the grains.

Voltage-dependent resistors of the kind set forth are

known, for example, from U.S. Pat. No. 3,210,831.
This Specification discloses a voltage-dependent re-
sistor comprising a one-grain-thick layer of silicon car-
bide grains embedded in a synthetic resin and project-
ing on either side therefrom. This grain layer is covered
on either side with a coherent electrode layer. In opera-
tion a voltage difference is applied between these two
electrode layers.

Such a known voltage-dependent resistor exhibits
within a given voltage range a very strong, non-linear
current increase with an increasing voltage. With volt-
age-dependent resistors having a one-grain-thick layer
of the kind set forth this voltage range is restricted for a
given grain layer to comparatively low voltage values,
for example, of the order of a few volts.

The invention has for its object inter alia to provide a
construction of a voltage-dependent resistor in which
by using a one-grain-thick layer the operational voltage
at which the resistor exhibits very useful, non-linear
properties is considerably higher than in the known
devices described above.

The invention is based inter alia on the recognition of
the fact that by using electrode layers of particular
structure on a voltage-dependent resistor having a one-
grain-thick layer of grains embedded in insulating
material the operational voltage of the resistor can be
materially raised in dependence upon the fastening
area of the connecting conductors as compared with
the value obtained in the known devices, whilst in addi-
tion tappings can be provxded on the voltage-depen-
dent resistor.

Therefore, according to the invention a voltage-de-
pendent resistor of the kind set forth is characterized in
that each of the electrode layers comprises a number of
island-shaped regions arranged in one or more rows, at
least one island of each row partially overlapping two
consecutive islands belonging to a second row and
located on the opposite side of the grain layer, whilst at
least two islands belonging to said rows are provided
with a connecting conductor so that between these
connecting conductors all parts of the grain layer
located - between -the overlapping parts of the islands
located between the connecting conductors are con-
nected in series with each other.

The present invention provides inter alia the impor-
tant advantage that the satisfactory, reproducible, non-
linear properties obtained in a one-grain-thick layer at
a comparatively low voltage can be utilized for obtain-
ing. a very satisfactory, ' non-linear current-voltage
characteristic curve at higher voltages. By connecting
in series, in accordance with the invention, a plurality
of one-grain-thick regions electrically insulated from
each other in the direction of the layer a considerably

30

35

40

45

50

2

better characteristic curve can be obtained than by
using a layer more than one grain thick because in a
voltage-dependent resistor in accordance with the in-
vention junctions between grains having poorly
reproducible and undesirable electric properties do not
occur.

A further important advantage is that tappings can
be provided on a voltage-dependent resistor in ac-
cordance with the invention, which is in general not
possible with the known voltage-dependent resistors
described above. For this purpose one or more of the
further islands located between said connecting con-
ductors may be provided with a further connecting
conductor. The connecting conductors may have the
form of metal tracks applied to the grain layer, which
may be connected, if desired, to an electrode system
provided on the grain layer. In this way composite cir-
cuit arrangements can be provided on a single grain
layer.

It should be noted that said rows of islands need not
be rectilinear; they may form sequences of consecutive
islands along curved or lines consisting of consecutive
linear segments in different directions. If an electrode
layer is formed by more than one row of islands, the se-
ries combination of grain layer portions in one row may
be combined with the parallel connection of rows or of
parts of rows with each other.

The grains may be made of silicon carbide or other
suitable materials, preferably semiconductor materials,
which together with the electrode - layers applied
thereto from voltage-dependent resistors having
satisfactory characteristic curves. Very satlsfactory,
non-linear characteristic curves are obtained by using
grains consisting, for example, of zinc-doped gallium
phosphide or n-type silicon. The grains may be
homogenous, in which case the non-linear current-volt-
age characteristic curve is obtained by the metal-
semiconductor junctions between grains and electrode
layers. In a further preferred embodiment semiconduc-
tor grains having a pnp- or npn-structure are ad-
vantageously used, the two regions of the same conduc-
tivity type of which establish a contact with an elec-
trode layer on opposite sides of the grain layer.
Between electrode layers located on either side of the
grain layer a breakdown voltage appears in both senses,
the value of which is determined by the pn-]unctlons of
the grains.

In a further preferred embodiment an even number
of grain layer portions located between overlapping
islands of a voltage-dependent resistor in accordance
with the invention are connected in series between two
connecting conductors. This embodiment is particu-
larly advantageous when the current-voltage charac-
teristic curve measured between the two electrode
layers located opposite each other on either side of the
grain layer is asymmetrical, which will be explained
more fully hereinafter.

The invention will now be described more fully with
reference to the examples and the drawing, in which

FIG. 1 is a schematic plan view of a device having a
voltage-dependent resistor in accordance with the in-
vention,

FIG. 2 is a schematic cross sectional view of the
device of FIG. 1 taken on the line II—II,

FIG. 3 is a schematic cross sectional view of a detail
of the sectional view of FIG. 2,
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FIG. 4 .illustrates current-voltage characteristics
measured on the device shown in FIGS. 1 to 3 and

FIG. 5 is a schematic cross sectional view of a detail
of a voltage-dependent resistor in accordance with the
invention, comprising grains having a pnp-structure. -

The Figures are schematic views and are not to scale
and for the sake of clarity particularly the dimensions
in the direction of thickness are strongly exaggerated.
Corresponding parts are designated .in the Figures by
the same reference numerals. : :

The device shown in FIGS. 1 to 3 comprises a one-
grain-thick layer 1 comprisirig grains 2 of a thickness of
40 to 60 u (see FIG. 3), consisting of gallium phos-
phide doped with 5.10~ percent by weight of zinc. The
grains 2  are embedded in an electrically insulating
birider 3. of polyurethane, the grains projecting on
either side of the grain layer from the binder (see FIG.
3). The grain layer may be made for instance by one of
the methods disclosed in French Pat. specification No.
1,519,072.

The grain layer 1 has applied to it on one side an alu-
minum electrode layer 4 of a thickness of about 1 . On
the opposite side a similar electrode layer 5 is applied.
The electrode layers 4 and 5 are completely separated
from.each other by the grain layer 1 and are in contact
with the portions of the grains 2 projecting from the
binder3. . ‘ ‘ -

The electrode layers 4 and 5 (see FIG. 1) comprise
each two rows.of island-shaped regions 4A, B etc. and
5A, B, etc. tespectively. The dimensions of the square
islands are about 4.5 X 4.5 mms. In FIG. 1 the outlines
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-of the metal layers 4 applied to the grain layer 1 are in- .

dicated by solid lines and those of the metal layers 5
located beneath the grain layer are indicated by broken
lines. : ' : '

-FIG. 2 is a sectional view of two.rows of islands 4A to
F and 5A to F located on opposite sides of the grain
layer. Each one of the islands 4B to 4F overlaps par-
tially two consecutive islands 5A to F belonging to the
second row on the opposite side of the grain layer. Con-
versely each one of the islands 5A to E overlaps par-
tially two of the opposite islands 4A to F..

. The islands 4A and 5F are provided with connecting
conductors 6 and 7 (see FIG. 1). These connecting
conductors are formed in this embodiment by alu-
minum layers located on the grain layer and connected
to the islands. The connecting conductors may, as an
alternative, be formed by connecting wires connected
to an island and not located on the grain layer. It will be
apparent from the Figures that (see FIG. 2) between

" the connecting conductors 6 and 7 all parts 8 of the
grain layer 1 (in total 11) located between the over-
lapping parts of the islands 4A to SF situated between
the connecting conductors 6 and 7 are connected in se-
ries with each other. : :

‘On each side of the grain layer the two rows of
islands have one island (4A and SF respectively) in
common. Between the connecting conductors 6 and 7
two sequences of series-connected regions 8 are thus
connected in parallel with each other. When a voltage
difference is applied between the connecting conduc-
tors 6 and 7, the voltage difference across each of the
regions 8 is therefore approximately-one eleventh of
the total voltage difference between the connecting
conductors6and 7. - : R
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FIG. 4 shows by way of comparison the current-volt-
age characteristic curve (a), measured between the
connecting conductors 6 and 7, and the current-voltage
characteristic curve (b), measured across a single re-
gion 8 (FIG. 2) between opposite islands. It will be ap-
parent that the operational voltage may be any multiple
of that obtained by a voltage-dependent resistor com-
prising only one region 8, in accordance with the
number of islands located between the conductors 6
and 7. : .

The non-linear resistance characteristics shown in
FIG. 4 are obtained owing to.the non-linear contact
junctions between the electrode layers and the, gallium
phosphide grains. An important advantage of the volt-
age-dependent resistor according to the invention is
that even when a plurality of one-grain-thick regions 8
are connected in series the over-all resistance is deter-
mined substantially only by the metal-semiconductor

‘junctions, whilst junctions between the grains them-

selves are avoided, which might adversely affect the
reproducibility. , ,

In the embodiment shown in FIGS. 1 to 3 (see FIG.
1) one of the islands 4 located between the conductors
6 and 7 is provided with a further connecting conduc-
tor 9, formed by a metal track. This conductor 9 con-
stitutes a tapping of the voltage-dependent resistor
between the conductors 6 and 7 and is connected to a
metal layer 10 associated with a further -electrode
system provided on the grain layer. This electrode
system is formed in this example by a further voltage-
dependent resistor formed by the metal layer 10,.a
metal layer 11 on the other side and the portion of the
grain layer 1 located between the layers 10 and 11. In
this way a composite circuitry, part of which is shown
in FIGS. 1 to 3, is obtained on the same grain layer 1.

Not only gallium phosphide, but also (preferably n-
type conductive) silicon may advantageously be used
for the grains, in which case also metal- semiconductor
junctions of very satisfactory current-voltage charac-
teristic curves can be obtained. , : :

‘The device described may be manufactured by sub-
jecting a one-grain-thick layer having grains projecting
on either side from the binder to an ion or electron

‘bombardment, after which the aluminum layers 4 and §

are vapor-deposited through a mask to form the various
islands and metal tracks. After the formation of the
contact between the grains and the aluminum layer by
means of a short current pulse across the grain layer
between the aluminum layers 4 and 5, the desired cur-
rent-voltage characteristic curve is obtained. This is
described in U.S. Pat. No. 3,670,214 issued June 13,
1972. Then input.and output wires are connected with
the suitable places, after which the assembly may be ar-
ranged in an appropriate envelope.

FIG. 5 is a schematic cross sectional view of a detail
of a further embodiment of a voltage-dependent re-
sistor according to.the invention. The non-linear cur-
rent-voltage characteristic curve is obtained by means. -
of pn-junctions in the grains. In this example the grains
consist of silicon and have a highly doped p-type core
22, partly surrounded by an n-type layer 26 and a p-
type layer 27. The aluminum electrode layer 24 con-
stitutes a practically. ohmic contact with the core 22
and the aluminum layer 25 establishes a practically .
ohmic contact with the outermost p-type layer 27. The
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voltage-dependent resistor is otherwise analogous to
that shown in FIG. 2. FIG. § only shows part of one of
the grain layer regions 8 located between overlapping
islands (see FIG. 2). '

In this embodiment the grains have each a pn-junc-
tion 28, located between the regions 22 and 26 and a
pn-junction 29 between the regions 26 and 27. Where
these pn-junctions intersect the surface of the grains,
they are covered by parts 30 of the binder 23.

Since in general the pn-junctions 28 and 29 will not
have the same breakdown voltage, the use of a single
coherent electrode layer on either side of the grain
layer would provide a voltage-dependent resistor hav-
ing an assymmetric current-voltage characteristic
curve. An important advantage of the invention in this
embodiment is therefore that when grains are used
which comprise each an asymmetric npn- or pnp-struc-
ture respectively a voltage-dependent resistor having a
symmetric current-voltage characteristic curve can be
obtained provided this voltage-dependent resistor com-
prises a series combination of an even number of re-
gions 8 (see FIG. 2). This advantage also applies to
homogeneous grains with metal-grain junctions
(Schottky junctions), having different current-voltage
characteristic curves on either side of the layer.

The granular layer structure of FIG. 5 may be ob-
tained on the basis of p-type silicon grains, in which by
methods generally used in semiconductor technology
an n-type layer 26 and a p-type layer 27 are diffused.

Then in known manner a one-grain-thick layer is
made from these grains, which project on either side
from the binder 33, after which on one side of the layer
the cores 22 of the grains are exposed by etching for
establishing contacts with the electrode layers applied
subsequently.

It will be obvious that the present invention is not
restricted to the embodiments described above and
that within the scope of the invention many variants are
possible to those skilled in the art. For example, other
grain materials and other materials for the electrode
layers may be used.

What is claimed is:

1. A voltage-dependent resistor comprising a one-
grain-thick layer of semiconductor grains, embedded in
an electrically insulating binder and. projecting on
either side from the binder, an electrode layer being ap-
plied to either side of this grain layer in contact with
projecting grain parts, said electrode layers being
completely separated from each other by the grain
layer and exhibiting between them a non-linear volt-
age-current characteristic, each of the electrode layers
comprising a plurality of island-shaped regions ar-
ranged in at least one row, at least one island of each
row overlapping partially two consecutive islands be-

20

25

30

35

6

longing to a second row on the opposite side of the
grain layer, while at least two islands belonging to said
rows are provided with a connecting conductor so that
between these connecting conductors all parts of the
grain layer located between the overlapping parts of
the islands located between the connecting conductors
are connected in series with each other.

2. A voltage-dependent resistor as claimed in claim
1, wherein the grains have a pnp-structure, the two re-
gions of the same conductivity type of said grains being
in contact with an electrode layer on opposite sides of

the grain layer. . .
A voltage-dependent resistor comprising a one-

grain-thick layer of semiconductor grains, embedded in
an electrically insulating binder and projecting on
either side from the binder, an electrode layer being ap-
plied to either side of this grain layer in contact with
projecting grain parts, said electrode layers being
completely. separated from each other by the grain
layer and exhibiting between them a non-linear volt-
age-current characteristic, each of the electrode layers
comprising a plurality of island-shaped regions ar-
ranged in at least one row, at least one island of each
row overlapping partially two consecutive islands be-
longing to a second row on the opposite side of the
grain layer, while at least two islands belonging to said
rows are provided with a connecting conductor so that
between these connecting conductors all parts of the
grain layer located between the overlapping parts of
the islands located between the connecting conductors
are connected in series with each other, while between
two connecting conductors-an even number of parts of
the grain layer located between overlapping islands are
connected in series.

4. A voltage-dependent resistor as claimed in claim
1, wherein the grains have a npn structure, the two re-

_ gions of the same conductivity type of said grains being
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in contact with an electrode layer on opposite sides of
the grain layer.

5. A voltage-dependent resistor of claim 1 wherein at
least one of the islands located between said connect-
ing conductors is provided with a further connecting
conductor. :

6. A voltage dependent resistor of claim 5 wherein at
least one of the connecting conductors is formed by a
metal track applied to the grain layer.

7. A voltage-dependent resistor of claim 6 wherein
said metal track is connected to an electrode system
provided on the grain layer.

8. A voltage-dependent resictor of claim 1 wherein
the grains consist of gallium phosphide.

9. A voltage-dependent resistor of claim 1 wherein
the grains are made of silicon, preferably n-type con-

. ductive silicon.
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