
May'?, 1969 E. MOOSER ET AL 3,443,141 
‘ - ELECTROLUMINESCENT FROM COOLED, HOMOGENEOUS 

GALLIUM SULFIDE CRYSTAL 
Filed Aug. 4, 1966 

10 

*~ #:5- - 3 
COLLE 70R 

6 : 
____ Vc 

\\_§\:\ \3 
v.......... .........,.. INVENTORS. 

7 ‘ E UEL MOOSE’ 84$ 4 MAN I? 
Y JOHN LOW BREBNER 

Elk-é 
Arromvsr 



United States Patent 
1 

3,443,141 
ELECTROLUMINESCENT FROM COOLED, HOMO 

GENEOUS GALLIUM SULFIDE CRYSTAL 
Emanuel Mooser and John Low Brebner, Geneva, Switzer 

land, assignors to American Cyanamid Company, Stam 
ford, Conn., a corporation of Maine 

Filed Aug. 4, 1966, Ser. No. 570,309 
Int. Cl. H01j 1/63, 63/04 

US. Cl. 313-108 5 Claims 

ABSTRACT OF THE DISCLOSURE 
Theiinvention relates to devices and processes in which 

an extraordinary property of gallium sul?de is employed 
advantageously. The devices and processes utilize the new 
ly discovered property of gallium sul?de, namely that 
electroluminescence once started in the gallium sul?de 
will continue under conditions less extreme than those re 
quired for the electroluminescence. 

This invention relates to devices and processes utiliz 
ing electroluminescence of gallium sul?de and in a more 
particular aspect the invention includes electrolumines 
cence which is photon induced. 
Many substances are capable of electroluminescence 

under the in?uence of voltage alone, and some substances 
will electroluminesce if subjected to irradiation with pho 
tons of suitable energies and in suitable amounts at volt 
ages at which electroluminescence would not be initiated 
by voltage alone in the dark. With the electrolumines 
cent materials which have been used hitherto, electro 
luminescence ceases if the conditions which initiate electro 
luminescence are reduced. For many purposes it would 
be desirable for the electroluminescence to continue when 
the conditions for initiation are changed, either by reduc 
ing the voltage or eliminating the external irradiation in 
the case of photon induced electroluminescence. Such 
an action, which is somewhat analogous to a thyratron 
tube, which will maintain conduction at voltages below 
that required for ?ring, or some gaseous discharge tubes, 
such as ?uorescent lighting tubes, has not, however, been 
practical in the case of electroluminescent materials which 
have been available hitherto. 
The present invention depends on an extraordinary 

property of gallium sul?de which has been discovered, 
namely that electroluminescence, once started, will con 
tinue under conditions less extreme than those required 
for initiating the electroluminescence. The invention may 
be considered both from the standpoint of devices which 
utilize the newly discovered property of gallium sul?de 
or, in another aspect, of processes for such utilization. 
Both aspects are included in the present invention. 

Gallium sul?de under suitable conditions, preferably 
at low temperatures, such as the boiling point of liquid 
nitrogen or the boiling points of other elemental gases 
which boil at low temperatures, exhibits the new char 
acteristics brie?y referred to above. For example, if the 
gallium sul?de is submitted to a sufficiently high potential 
in the dark, electroluminescence starts, and then the poten 
tial may be reduced very substantially and electrolumi 
nescence will continue until the voltage is reduced to a 
much lower value, which will be referred to in the re 
mainder of the speci?cation as threshold voltage, ab 
breviated Vt. 

It is another property of gallium sul?de that at volt 
ages above Vt but below the voltages for initiating elec 
troluminescence in the dark, which will be designated in 
the speci?cation as Vd, electroluminescence can be ini 
tiated by suitable irradiation of su?icient intensity and 
with su?iciently energetic photons. This includes ultra— 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

70 

3,443,141 
Patented May 6, 1969 

2 
violet, and especially visible and shorter wavelength in 
frared radiation. Once electroluminescence is initiated at 
the voltage between V, and Vd electroluminescence con 
tinues even though the actuating irradiation is stopped. 
This is quite ditferent from the behavior of other mate 
rials. For example, if zinc sul?de activated with man 
ganese and chlorine is subjected to voltage slightly be 
low the voltage at which it electroluminesces in the dark 
and'is then irradiated with ultraviolet radiation, electro 
luminescence starts, but when the irradiation is stopped 
the electroluminescence ceases. These investigations were 
notably described in the book on electroluminescence 
by Henisch, pages 275-277, and in a letter to the editor 
by Dr. Cusano in the Phys. Rev., volume 106 (1957), 
pages 604—606. Thin layers or ?akes of the above referred 
to compounds are sometimes called Cusano cells. The 
cell can be used for radiation ampli?cation and the same 
holds true for gallium sul?de crystals of the present in 
vention. However, the newly discovered characteristic of 
gallium sul?de referred to above permits maintenance 
of electroluminescence even after irradiation is stopped. 
This" permits devices and processes for performing func 
tions which cannot be performed with the Cusano cell or 
with‘ other electroluminescent material which requires a 
higher voltage to initiate electroluminescence. It has not 
been determined exactly what the mechanism underlying 
the ‘present invention is and therefore the invention is not 
intended to be limited to any particular theory of action. 
A factor which is not fully understood at present is the 

behavior of gallium sul?de cells with different electrode 
contacts. Common evaporated electrode contacts, such as 
evaporated gold, zinc and the like, do not permit satis 
factory operation. On the other hand, silver paste or 
paint, ?nely divided graphite, solders of indium or suit 
able low melting gallium related alloys such as those of 
indium, thallium, gallium, mercury, and the like. 
A single layer or ?ake of gallium sul?de forms a satis 

factory cell, or a stack of layers with intermediate conduc 
tors'may be used. Of course if the cell is to be used for 
photon triggering, contacts and conductors between layers 
must permit photons of the irradiation to strike the gal 
lium sul?de. For example, the contacts may be transparent 
or partially transparent or they may cover only portions 
of the gallium sul?de, such as contacts in the form of a 
grid or other pattern. When the gallium sul?de is to be 
used for the effect in which conduction and electrolumi 
nescence is started by a higher voltage which then drops to 
a value between V, and Vd, the requirements of trans 
parency of electrodes or of transparent areas are not essen 
tial. In such a case, the electroluminescence of the gallium 
sul?de continues to permit operationsat the lower voltages 
regardless of whether any radiation from the exterior 
strikes the gallium sul?de. It should be noted that in the 
modi?cation of the invention in which photon actuation 
is used to start electroluminescence at a voltage between 
V, and Vd, it is not necessary that the radiation strike the 
gallium sul?de at a point in contact with an electrode con 
tact. For example, a stack of gallium sul?de crystals can 
be irradiated from the side or edge, and once electro 
luminescence has started it continues. 
The present invention is useful for a number of pur 

poses, such as optical switching, in which a pulse of radia 
tion of suitable intensity and photon energy starts electro 
luminescence and conduction continues until the voltage 
is reduced below Vt. Thyratron like operations can be 
effected by applying pulses of higher voltage, for example, 
above Vd, with steady maintenance of voltages between 
V, and Vd. A gallium sul?de cell of the present invention 
in such a use would then conduct until the voltages drop 
below Vt, which could be effected by a suitable pulse of 
the opposite polarity. Optical ampli?cation can also be 
effected because the electroluminescence can be con 
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siderably more intense than a triggering radiation. A 
transistor-like con?guration is also possible, which permits 
voltage ampli?cation but not power ampli?cation. Two 
important applications are image retention and image con 
version. For example, an ultraviolet image can be con 
verted to visible and the visible image can be retained even 
if the ultraviolet image is transient. Other uses will be ap 
parent to those skilled in the art, the ones enumerated 
above being merely typical examples. 
The invention will be described in greater detail in con 

junction with the drawings, in which: 
FIG. 1 is a curve of voltage vs. current, with a com 

pressed ordinate scale; 
FIG. 2 is a diagrammatic illustration of potential drops 

across a nonelectroluminescing gallium sul?de cell; 
FIG. 3 is a similar diagrammatic representation of volt 

age drops under electroluminescing conditions, and . 
FIG. 4 is a diagrammatic illustration of a cell with three 

electrodes, analogous to a transistor. 
Turning to FIG. 1, the abscissa represents applied volt 

age and the ordinate current, the voltages for V, and Vd 
appearing on the curve and the dark current curve beyond 
V, is shown in dashed lines, with a solid line curve show 
ing the corresponding currents after electroluminescence 
has been started. At any voltage lying between V, and Vd, 
electroluminescence can be photon actuated; V,n is an 
illustration of such a voltage. The dashed lines may be 
considered as a metastable branch of the curves. The num 
bers representing voltages, namely about 20 volts fol-‘Vt 
and 30 volts for Vd are only illustrative as the exact volt 
ages depend on the nature of the gallium sul?de cell and 
other factors. 

It will be apparent from FIG. 1 that in the dark if the 
applied voltage is gradually increased, the current in 
creases slowly along the metastable (dashed) branch 
until a voltage Vd is reached. Then electroluminescence 
starts, and the current increases to a very high value; 
thereafter, a relatively high current can be maintained 
with continuing electroluminescence at voltages below Vd, 
as is illustrated by the solid curve. The gallium sul?de cell 
is useful in this mode as a thyratron-like device. When de 
sired a protective series resistor may be used. Once elec 
troluminescence has started, it will continue until and un 
less the voltage drops below Vt. This shut-off can be 
effected in various ways, for example by a pulse of opposite 
polarity. The present invention is directed to processes 
and devices utilizing the newly discovered characteristics 
of gallium sul?de and is not intended to be limited to any 
particular circuit characteristics in which the devices or the 
process of the present invention is used. 

If photon actuation is desired, the gallium sul?de cell 
may be subjected to voltage anywhere between V; and Vd, 
and in the dark no electroluminescence will start. Then 
suitable irradiation, such as a ?ash of light or continued 
light, starts electroluminescence, and this will continue re 
gardless of whether the external illumination continues and 
will also continue until the voltage is dropped below Vt. 

FIG. 2 shows the potential drop across a gallium sul?de 
cell under conditions in which electroluminescence is not 
occurring. The two side areas, 1 and 2, are areas at the 
contacts, enormously exaggerated in width for clarity. 
The gallium sul?de itself appears at 3. It will be apparent 
that there is a small drop of potential at each contact and 
a relatively larger drop through the gallium sul?de itself. 
Applied voltage is shwon symbolically by the signs + 
and — on the drawing. 
FIG. 3 shows the same cell with the same parts bearing 

the same reference numerals after electroluminescence 
has been started, either ‘by a su?iciently high voltage or 
voltage pulse or by photon actuation from suitable irradia 
tion. Now the conductivity of the gallium sul?de itself 
becomes high, and therefore there is a relatively smaller 
drop of potential across the gallium sul?de itself, most of 
the potential drops occurring in the contact areas, Total 
current of course is very much greater, as can be deter 
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4 
mined from a consideration of the curves in FIG. 1. FIGS. 
2 and 3 are idealized and exaggerated diagrammatic rep 
resentations to make the electrical conditions more clear 
and are not intended to represent any particular voltage 
or current scale. 
FIG. 4 is a diagrammatic showing of a gallium sul?de 

cell in the form of a thin layer, greatly exaggerated for 
clarity, with a contact con?guration analogous to that of 
a transistor. The gallium sul?de layer is shown at 3 using 
the same numeral as in the preceding ?gures. One elec 
trode 4, which is analogous to a base in a transistor, is 
shown with two other electrodes 5 and 6 analogous to 
emitter and collector in a transistor. The con?guration 
resembles somewhat that of a ?eld effect transistor. The 
voltage supplies for emitter and collector and the cur 
rents are represented by Ve, Vc, IB and 16, respectively, 
in usual transistor nomenclature. The voltage V9 is always 
greater than V6, and, in the case of an operation analogous 
to that of a transistor, V0 is less than the threshold voltage 
represented by Vt on FIG. 1. For operation analogous 
to a thyratron, Vc must lie between Vt and Vd. 

Considering FIG. 4 when operating as a transistor-like 
device, the electrodes may be of silver paste or paint and 
the applied emitter voltage Ve between emitter and base 
is large enough to make the crystal electroluminesce, or 
maintain the condition, once started. In other words, it is 
greater than Vd or Vt as the case may be. When a voltage 
signal is applied between 4 and 5, the collector current 
Ic will be modulated by the electroluminescent light 
emitted from the region between emitter and base. There 
is no power gain, but there is a voltage gain; in other 
words, the transistor con?guration of the present invention 
is useful for voltage ampli?cation. 
When the collector voltage V6 is between Vt and Vd 

in FIG. 1, a voltage pulse which brings Ve above Vd on 
FIG. 1 will result in igniting the area between the base 
and the emitter, and this will cause current to flow also 
from the collector. The collector current will then be of 
the order of about a few microamps. By comparison in 
the unlit condition, the collector current is of the order 
of 10*“) to 10-13 amps. The action is analogous to a 
thyratron tube, and I0 is only turned olf if V8 and V0 are 
brought temporarily below Vt. The thyratron-like opera 
tion may be used for applications for which this type of 
device is suitable, such as memory cores, high impedance 
switches, and the like. 
When a cell such as is shown in FIG. 4, or in fact any 

gallium sul?de cell according to the present invention is 
used, care should be taken to connect the cell into cir 
cuits such that excessive currents will not be maintained. 
The precautions required in the circuits are the same as 
with ordinary thyratron tubes, transistors and the like, 
and as such form no part of the present invention. There 
fore, no circuits are shown, since the con?gurations are 
conventional. 
We claim: 
1. A process for obtaining electroluminescence in a 

homogeneous gallium sul?de crystal which comprises cool 
ing said crystal to low temperatures such as the boiling 
point of liquid nitrogen or the boiling points of other ele 
mental gases which boil at low temperatures, applying 
an electrical voltage across the gallium sul?de greater than 
that at which electroluminescence, once started continues, 
and initiating the electroluminescence by applying a volt 
age su?lcient to initiate the electroluminescence in the 
dark, the voltage source electrically contacting the gal 
lium sul?de by means of a member selected from the 
group consisting of silver paste, silver paint, ?nely divided 
graphite, and solders of indium or suitable low melting 
gallium related alloys, said voltages being applied to the 
gallium sul?de either prior to or after said cooling of the 
gallium sul?de, said electroluminescence being obtained 
from said crystal in said cooled state. 

2‘. A process according to claim 1 for producing an 
action analogous to that of a thyratron in which the con~ 
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dition initiating electroluminescence is a transient applica 
tion of voltage su?icient to initiate electroluminescence in 
the dark. 

3. A process for obtaining electroluminescence in a 
homogeneous gallium sul?de crystal which comprises cool 
ing the crystal to low temperatures such as the boiling 
point of liquid nitrogen or the boiling points of other 
elemental gases which boil at low temperatures, applying 
an electrical voltage across said gallium sul?de, greater 
than that at which electroluminescence, once started con 
tinues, but less than that required to initiate electrolu 
minescence in the dark, and initiating electroluminescence 
by irradiating said gallium sul?de with photons gt su?‘icient 
energy to initiate electroluminescence at the voltage ap 
plied across the gallium sul?de, the voltage source elec 
trically contacting said gallium sul?de by means” of a 
member selected from the group consisting of silverpaste, 
silver paint, ?nely divided graphite, and solders of indium 
or suitable low-melting gallium related alloys, said volt 
age and said-irradiation being applied to the gallium sul 
?de either prior to or after said cooling of said gallium 
sul?de, whereby said electroluminescence is obtained from 
said crystal in said cooled state. 

4. A process according to claim 3 for light ampli?ca 
tion which comprises external irradiation with photons of 
su?icient energy to initiate electrolurninescence, the initi 

5 

10 

20 

25 

6 
ated electroluminescence being greater than the external 
radiation. 

5. A process of image retention according to claim 3 in 
which the external radiation is in the form of an image, 
and is stopped after electroluminescence has been initiated. 
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