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3 Claims. (Cl. 317—235)

This invention relates to photocells and more particu-
larly to photo-conductive cells wherein light causes the
flow of current through the material of the cell under the
influence of an electric field.

This application is a division of my application Serial
No. 79,348, which was filed on March 3, 1949, now U. S.
Patent 2,582,850 issued January 15, 1952.

1t is ‘well known that photocells may be divided into
two classes, one type of photocell being a photo-conduc-
tive cell to which the present invention pertains. The
other type of photocell is provided with a material having
photo-electric emission whereby photo-electrons are liber-
ated by the action of light from the surface of the mate-
rial and may be withdrawn by an electric field through an
evacuated space. It will be quite evident that a photo-
electric cell normally cannot have a current in the absence
of light because in that case no photo-electrons are liber-
ated. On the other hand, the light sensitivity of a photo-
electric cell is generally smaller than that of a photo-
conductive cell. However, photo-conductive cells have
the drawback that usually the “dark” current is compara-
tively high, the dark current being the current present in
the absence of light. Tt is therefore desirable to provide
a photo-conductive cell which combines high sensitivity
with a low dark current.

In some cases it may be desirable to provide a photocell
which will rectify an impressed alternating current. It is
frequently more convenient tc utilize an alternating cur-
rent source in combination with a photocell rather than a
direct current source. Thus, a photocell which inherently
functions as a rectifier will simplify the requirements for
its electric power source.

It is an object of the present invention, therefore, to
provide an improved and compact photo-conductive cell.

Another object of the invention is to provide an im-

proved photo-conductive cell adapted to operate with a :

source of alternating current connected across its elec-
trodes and to provide a rectified output voltage in response
to light falling on the cell.

A further object of the invention is to provide a photo-
conductive cell which may produce a very small dark
current and which has a very high light sensitivity, the
quantum efficiency being appreciably above 100 per cent.

A photo-conductive cell in accordance with the present
invention comprises a body of cadmium sulphide provided
with two metallic electrodes. One of the electrodes has a
large area contact with the cadmium sulphide body while
the other electrode has a contact area with the body
which is small compared to that of the first electrode. A
source of alternating current and a load impedance ele-
ment may be connected serially between the electrodes
of the cell. If no direct potential bias is used a rectified
voltage will be developed across the load impedance ele-
ment in response to light impinging on or near the contact
area between the cadmium sulphide body and the small
area electrode.

Another kind of photo-conductive cell which combines
low dark current with high light sensitivity is disclosed
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herein but is claimed only in my above-mentioned copend-
ing application in which it is also disclosed. It comprises
two or more bodies of cadmium sulphide which contact
each other and two electrodes which respectively contact
these bodies and across which a source of potential and
a load impedance element may be connected in series. In
view of the symmetry of this photo-conductive cell, it will
not rectify when energized only with an alternating volt-
age. 'The bodies of such a photo-conductive cell consist
of the same semi-conducting material containing donor
impurities in their interior and acceptor impurities on
their surfaces. The effect of the donor impurities is to
provide a high volume conductivity while the acceptor
impurities in combination with the donor impurities will
normally make the surfaces electric insulators. Light
falling on the contacting surfaces of the semi-conducting
bodies will break down the insulating potential barrier
between the bodies to permit flow of current in excess of
that due to the liberation of photo-electrons by the light.
This action will be explained in more detail hereinafter.

The novel features that are considered characteristic of
this invention are set forth with particularity in the
appended claims. The invention itself, however, both as
to its organization and method of operation, as well as
additional objects and advantages thereof, will best be
understood from the following description when read in
connection with the accompanying drawings, in which:

Fig. 1 is a schematic circuit diagram of a rectifying
photo-conductive cell in accordance with the present in-
vention;

Fig. 2 is a graph illustrating a family of curves showing
the current-voltage characteristics of the cell of Fig. 1;

Fig. 3 is a graph showing the current variation with
time developed in a load impedance element of the circuit
of Fig. 1 in the presence or absence of light;

Figs. 4 to 6 illustrate potential energy curves showing
the energy levels at a boundary of the photocell of Fig. 1,
Fig. 4 illustrating the thermal equilibrium state, Fig. §
illustrating the conditions existing when a potential is
applied across the electrodes of the cell and Fig. 6 illus-
trating the conditions when the potential is reversed;

Fig. 7 is a schematic circuit diagram of another photo-
conductive cell in accordance with the present invention;

Fig. 8 is a graph showing a family of curves indicating
the voltage-current characteristics of the cell of Fig. 7; and

Figs. 9 and 10 are graphs illustrating potential energy
curves or energy levels at a boundary of the cell of Fig. 7,
Fig. 9 showing the thermal equilibrium state and Fig, 10
showing the conditions when an electric field is applied
across the electrodes of the cell.

Referring now to Fig. 1 of the drawings, there is illus-
trated a photo-conductive cell in accordance with the
present invention including a crystalline body 1 of cad-
mium sulphide which is a suitable semi-conductor, A
large area metallic electrode 2 is in contact with cadmium
sulphide body 1 and a small area or point-contact elec-
trode 3 is also in contact with the cadmium sulphide body
1. A source of potential such as alternating-current
source 4 may be connected in series with load impedance
element 5 which may be a resistor, as shown, between
electrodes 2 and 3. Elecirodes 2 and 3 may consist of
a suitable metal such, for example, as nickel, copper or
tungsten. Electrode 3 preferably consists of a metallic
wire which may have a point having a diameter of a few
mils. An output voltage developed across load resistor
5 may be obtained from output terminals 6.

In the absence of light a dark current will flow through
load resistor 5. Let it be assumed that potential source
4 develops a unidirectional potential.  This unidirec-
tional dark current developed in this case is shown by
curve 7 of Fig. 2 marked Lo and plotted with respect to
the voltage applied to point electrode 3. It will be ob-
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served that the current is comparatively small as long
as electrode 3 is negative but that the current increases
when electrode 3 becomes positive. If light developed by
light source 8 impinges on or mear the contact area be-
tween point electrode 3 and. cadminm sulphide ‘body 1,
the current flowing through load resistor 5 is increased
as shown by curves 10 and 11 of Fig. 2. -Curve 1@
marked Ly corresponds to a small amount of light falling
on cadmiuvm sulphide body 1 while curve 11.marked Le
corresponds to a larger amount of light falling on body I.
The current is not necessarily linear with voltage as indi-
cated by curve 11 of Fig. 2. : .

The photo-conductive cell of Fig. 1 is sensitive within
the visible spectrum, and the light sensitivity is consider-
ably in excess of 100 per cent quantum efficiency.  In
other words, for each pheto-electron liberated by light in
body 1 mere than one electron becomes available to carry
the current. This will be explained more in detail here-
inafter in connection with Figs. 4 to 6.

Fig. 3 illustrates the variation with time of the current
flowing through load resistor 5 when no direct potential
bias is used and .source 4 is an alternating-current source
as shown in Fig. 1. Thus, curve 12 illustrates the dark
current, that is, the current in the absence of light. Curve

4 illustrates the current in the presence of light. It will
be seen that the current is substantially rectified, that is,
current will substantially only flow in one direction.

It may be mentioned that the surface of cadmium sul-
phide body 1 need not be treated. - However, it has been
found that oxidation of .the surface will raise the resist-
ance of body 1 in the forward direction while etching of
the surface will lower the resistance in the forward
direction. :

Figs. 4 to 6 illustrate-the potential energy levels exist-
ing under different conditions near the boundary between
metal electrode 3 and cadmium sulphide body 1 which
is a crystalline semi-conductor.- Fig. 4 illustrates the
energy level for the thermal equilibrium state, that is,
when metal electrode 3 contacts cadmium sulphide body
1, without, however, applying an external electric poten-
tial. Vertical line 1§ represents the boundary line be-
tween metal and semi-conductor. At the same time line
15 is the ordinate indicating potential energy while the
abscissa represents the distance from the boundary line.
Accordingly, the distance to the left and right of line 15
or along an abscissa indicates a certain depth from the
boundary line into either the metal or the semi-conductor
respectively. 'The potential energy increases in the direc-
tion shown by the arrow of line 5. In the metal the
Fermi level or conduction band is indicated by horizontal
%ine 16 in accordance with the accepted theory of metals.
At temperatures approaching absolute zero, the levels be-

low line 16 are filled by electrons. At any finite tem-
perature some electrons are thermally excited above line
16, leaving a corresponding number of vacant levels below
line 16. When an external field is applied (at any tem-
perature) the symmetry of the distribution of electrons
is altered so that a current flows.

The Fermi level is indicated by horizontal lines 16
and 17, line 17 extending into the semi-conductor.. The
Fermi level may be defined to a good approximation as
the highest energy level occupied by electrons at absolute
zero temperature. The Fermi energy Eo corresponding
to the Fermi level may be expressed as the following
function: : .

; 1
f(B)y=———Fm—%~
14e (E Eo>

ET

where E is the energy, k Boltzmann’s constant and T the
absolute temperature. Further-information on the Fermi-
Dirac statistics from which the Fermi level may be de-
rived is contained, for example, in the book by A. H.
Wilson entitled “The Theory of Metals” published in
Cambridge, Great Britain, at the University Press, 1936

-(sée in-particular page 16 and page 255 and seq.).
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The filled band jn the semi-conductor exists below curve
20 while the conduction band is represented above curve
21. Only electrons above curve 21 are free to move.
Such a semi-conductor will normally and at very low tem-
peratures behave like an insulator. The electrons in the
filled band 20 are not free to move and no electrons are
permitted between the filled band 29 and the conduction
band 21. The energy gap between the two bands is nor-
mally tGo high to be bridged by a thermally excited elec-
tron. However, it must be assumed that cadmium sul-
phide body 1 contains donor impurities in its interior
and acceptor impurities on its surface or close to the
surface.

1t is usually assumed that the free electrons which ac-
count for the conduction of current in a semi-conductor
are donated by impurities or lattice imperfections which
may be termed “donors.” A donor may, for example,
have one more valence electron than the atoms which
make up the bulk of the semi-conductor. The excess
valence electron is therefore free to move when thermally
excited into the conduction band. It is also known that
in certain semi-conductors which are of the P type, cur-
rent conduction appears to take place as if the carriers
were positive charges. This is believed to be due to the
presence of another type of impurity which will accept
an electron from an atom of the semi-conductor. Such
an “acceptor” may have one valence electron less than
the atoms of the bulk of the semi-conductor. In this
case, current conduction takes place by a “hole” in the
crystalline structure which might be considered a virtual
positive charge. - Under the influence of an external elec-
trical field a hole will travel in the direction that a positive
charge will travel.

Returning now to Fig. 4 curve 22 indicates the acceptor
impurity levels, the points on the dotted line indicating
electrons of the acceptor. The acceptor levels are above
the filled band. The donor impurity levels are shown by
dotted curve 23 and the points on the curve again indi-
cate electrons. The donor levels are just below the con-
duction band. It will be observed that the donor atoms
above Fermi level 17 have substantially lost their elec-
trons which have been shown with other free electrons
as cloud 24 above conduction band 21. In other words,
thermal excitation will supply the relatively free electrons
of the donor atoms above Fermi level 17 with sufficient
energy to move them into the conduction band. It will
be noticed that conduction band 21 slopes up toward
boundary line 15 to such an extent that normally elec-
trons wiil be unable to penetrate the potential barrier and
to move from the semi-conductor into the metal. Fur-
thermore, the free electrons of the metal will also be
unable to penetrate the steep potential barrier into the
semi-conductor. '

Tt may be pointed-out that it is believed that free cad-
mium is the donor impurity in the bulk of a cadmium
sulphide semi-conductor. It is furthermore believed that
oxygen which may form even at room temperature on
the surface of a cadmium sulphide-crystal will function
as the ‘acceptor impurity shown in the curves of Fig. 4.

Let it now be assumed that such a potential is applied
between voint electrode 3 and cadmium sulphide body 1
so that the metal becomes positive and the semi-conductor
negafive as illustrated in Fig. 5. The conduction band
16 of the pietal remains in the same position. - However,
the slopes of the filled band 28 and of the conduction
band 21 in Fig. 5 are considerably reduced so that the
potential barrier between the interior of the semi-conduc-
tor and the boundary is correspondingly reduced. . The
same applies to the filled acceptor levels 22 and the
donor levels 23, as shown in Fig. 5. ’ .

When light falls on the boundary line between the
semi-conductor and the metal, photoelectrons are lib-
erated. Such a photoelectron, for example, may be lib-
erated from an acceptor atom as indicated by arrow 25.
The electron is lifted above the-level of conduction band
21 sc that the eleciren is now free to join electron cloud



2,736,848

5

24, This will leave a “hole” in the acceptor impurity
from which the electron has been separated. This hole
may have a lifetime of the order of a few milliseconds.
The life of the hole may be terminated by recombination
with an electron. At the same time the electron dipole
moment formed by the dissociated electron and the ac-
ceptor hole counteract to a certain extent the potential
barrier set up by the metal-semi-conductor contact. Ac-
cordingly, after a certain time during which the boundary
has been illuminated the filled band now occupies level
30, the conduction band follows curve 31, the acceptor
levels are shown by curve 32 and the donor levels by curve
33. It will now be seen that a comparatively small ther-
mal energy will be sufficient to lift the electron cloud in-
dicated at 24 across the potential barrier and into the
metal. If the dipole moment represented by a free elec-
tron and a free hole remains unneutralized for a suffi-
cient length of time fo permit more than one electron to
cross the barrier from semi-conductor to metal, an ac-
tual electron -gain or current multiplication is obtained.
This gain may be as high as 1,000 fold or more. In other
words for each photoelectron 1,000 or more electrons are
permitted to cross the potential barrier from the semi-con-
ductor to the metal. This flow of electrons is indicated in
Fig. 5 by arrow 26.

Fig. 6 illustrates the potential energy curves for a re-
versed potential where the metal is negative and the semi-
conductor is positive. Curves 20 to 23 again indicate
the filled band, conduction band, acceptor levels and
donor levels, respectively. The applied external poten-
tial causes the slopes of the energy levels to become
steeper as clearly shown in Fig. 6 so that the potential
barrier between the semi-conductor and the metal in-
creases considerably. The light will again have the same
effect as previously described and accordingly the slopes
of the energy levels are slightly reduced as illustrated by
curves 30 to 33. ‘The free holes will travel into the
metal. Under the influence of the applied electric field
a few electrons will be able to move from the metal to
the semi-conductor as indicated by arrow 27 by over-
coming the rather high potential barrier between the two
materials. The curves of Fig. 6 accordingly explain why
the photo-conductive cell of Fig. 1 also functions as a
rectifier.

The sensitivity of the cell of Fig. 1 is of the order
of one milliampere per lumen. It will be quite obvious
that the photo-conductive cell of Fig. 1 is also responsive
to the application of other kinds of energy to the por-
tion of the body 1 containing acceptor impurities, €. g. its
surface near the electrode 3, for example to electron
bombardment or to X-rays.

Referring now to Fig. 7 there is illustrated another
photo-conductive cell in accordance with the invention
which, however, will not rectify an applied alternating
current. The photo-conductive cell consists of two bodies
40 and 41 of the same semi-conducting material which
are in contact with each other. The semi-conducting
material of bodies 40 and 41 may, for example, consist
of cadmium sulphide although other semi-conducting
materials could be used which will satisfy the conditions
which will be explained in connection with Figs. 9 and 10.
Light developed by light source 42 may be made to fall
on or near the common surfaces of the two bodies 40
and 41. Metallic electrodes 43 and 44 form a large
area contact with cach of the bodies 40 and 41. A
source of power such as battery 45 is connected in series
with load resistor 46 across electrodes 43, 44 and an out-
put voltage developed across resistor 46 may be derived
from output terminals 47.

Bodies 40 and 41 should have donor impurities in their
interior so that the volume conductivity of the bodies
is high. After the donor impurities have been introduced
into the bodies, acceptor impurities are introduced on the
surfaces of the bodies so that the surfaces are normally
electric insulators. Light falling on the contacting sur-
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faces of bodies 40, 41 will then break down the insulat-
ing potential barrier between the bodies and will permit a
flow of current in excess of that due to the liberation of
photoelectrons by the light. As stated hereinabove, if the
bodies consist of cadmium sulphide it is believed that
excess cadmium in the interior of the bodies will func-
tion as the donor impurities while an oxide layer on the
surface will probably function as the acceptor impuri-
ties on the surfaces of the bodies,

Curve 50 of Fig. 8 (marked Lo) illustrates the dark
current through the photo-cenductive cell in dependence
upon the applied voltage. Tt will be observed that the
dark current is extremely small and is symmetrical with
Tespect to the sign of the voltage. Curves 51 and 52 of
Fig. 8 (marked Li and L respectively) indicate the cur-
rent in the presence of a smaller amount and of a larger
amount of light respectively. The light sensitivity is very
high and may be of the order of one milliampere per
lumen.

Figs. 9 and 10 to which reference is now made, illus-
trate the potential energy levels ncar the boundary line
between bodies 40 and 41, the boundary line being indi-
cated at 54. Curve 55 indicates the filled band and curve
56 the conduction band in both semi-conductors. The
acceptor levels are shown at 57 and the donor levels at 58.
It will be observed that the acceptor levels exist only near
the boundary line and that the donor impurities adjacent
the boundary line have lost their electrons which are again
indicated by a dot. Electron clouds indicated at 60, 68
may exist above the conduction band 56,

When a positive potential is applied to the semi-conduc-
tor to the left of boundary 54 and a negative potential
is applied to the semi-conductor to the right of boundary
line 54, filled band 55, conduction band 56, acceptor
levels 57, and donor levels 58 are distorted as illustrated
in Fig. 10. Let it now be assumed that light falls on or
near boundary line 54. In that case, an electron is liber-
ated from an acceptor impurity 57 and lifted above con-
duction band 56. This will again leave a hele in the
acceptor impurity in the manner previously described.
The action of the positive charge represented by the hole
is to reduce the potential hump. Thus, the light again
dissociates an electron and an acceptor hole to set up an
electric dipole moment which reduces the potential barrier
during the lifetime of the dipole. The filled band, the con-
duction band, the acceptor levels and the donor levels are
now illustrated by curves 65, 66, 67 and 68, respectively.
It will be seen that the potential barrier of the conduction
band previously existing near the boundary line 54 has
been reduced to such an extent that electrons such as the
electrons represented by clouds 66 may readily flow under
the influence of the applied electric field across the boun-
dary barrier. Thus, 2 large number of electrons is free to
move when light falis on the boundary between the two
semi-conductors. In the absence of light very few elec-
trons will be able to cross the potential barrier which
explains the low dark current which has been observed.

It will be appreciated that more than two semi-conduc-
tor bodies may be arranged in series or in parallel to form
an extending area photocell.

There has thus been disclosed a photo-conductive cell
which will rectify an applied alternating current. There
has further been disclosed a photo-conductive cell having
a very small dark current and a very high light sensitivity,
the current being of the order of 1,000 times or more of
the primary photo current. A photo-conductive cell of
the latter type may consist of cadmium sulphide or of any
semi-conducting material which behaves as shown by the
curves of Figs. 9 and 10. In particular, the semi-conduct-
ing material should have donor impurities in the interior
of the material and acceptor impurities on its surface.

What is claimed is:

1. A photo-conductive cell comprising a body of cad-
mium sulfide, two metallic electrodes in contact with
said body with one of said electrodes having a point in
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contact therewith, the intetior of said body containing
donor impurities, a surface layer on said body containing
acceptor impurities, and said electrode point being in con-
tact with said surface layer.. - -~ :

2. A current valve comprising a body of cadmium sul-
fide, a-first metallic electrode having a large area contact
with said body, a second metallic electrode having a point
contact with said body. whereby the contact area of said
second electrode is small as compared to that of said first
electrode, said body having an excess of cadmiom in its
interior.and an oxidized surface in contact with said elec-
trode point,

3. A current valve comprising 2 body -of cadmium sul-
fide, a first metallic electrode having a large area contact
with said body, a second metallic electrode having a rec-
tifying contact with said body and of smaller area than
said first electrode, the interior portion of said body con-
taining donor impurities, and a layer of material including
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acceptor impurities on the surface portion of said body
in contact with said rectifying contact for responding to
externally applied energy to develop charge carriers in
said body and thereby increase the conductivity through
the body between said electrodes.
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