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[57] ABSTRACT 

A zinc sul?de body is treated to form an ohmic 
contact by applying a Group 11 metal or alloy thereof 
to a surface region of the body in the presence of a 
source of donor precursor such as a Group Illa metal 
or a halogen and heating the region to a temperature 
above the melting temperature of the metal or alloy. 

12 Claims, No Drawings 
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OIIMIC CONTACT TO ZINC SULFIDE DEVICES 

CROSS-REFERENCE TO RELATED APPLICATION 

The present application is ‘a division of Ser. No. 
824,898, ?led April 25, i969, now U. S. Pat. No. 
3,614,551. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to electroding zinc sul 

tide, and more particularly, the present invention re 
lates to processing zinc sul?de devices to form elec 
tron-injecting contact regions exhibiting ohmic charac 
teristics at room temperature. 

2. Description of the Prior Art 
Currently available gaseous light emitting devices op 

erate at relatively high voltages and therefore are in~ 
compatible with conventional integrated circuits. This 
increases the cost of construction and operation of 
electronic instruments utilizing these devices‘. A sub 
stantial effort is in progress to develop solid state, elec 
troluminescent devices that emit light at wave lengths 
at which the eye is most efficient and which are com 
patible with standard transistor or integrated circuit 
voltages. 
Light emission in solid state electroluminescent de 

vices occurs by radiative recombination of injected 
electrons and holes which combine at recombination 
centers in a manner favoring the emission of a photon. 
The maximum available energy of the photon is limited 
by the band-gap of the material utilized to fabricate the 
device. The currently available low-power devices that 
have reasonable levels of light emission at room tem 
perature have been fabricated from materials having a 
narrow band-gap, of the order of about 2.5 electron 
volts or less, and emit radiation in the red region at 
wavelengths longer than 6,500 Angstroms. The eye is 
30 times less ef?cient in the red region of the spectrum 
than in the green. 
Devices capable of emitting light at a variety of wave 

lengths would permit communication of an enormous 
quantity of information by the color variation in a mul 
ticolor display. 7 

Zinc sul?de (ZnS) is known to be a very ef?cient 
phosphor and has a wide band-gap of 3.6 electron volts. 
It would appear that light at the desired shorter wave 
lengths would be emitted by the radiation resulting 
from the recombination of electrons and holes injected 
into a body of zinc sul?de. 
Although it is possible to prepare crystals of ZnS with 

relatively high n-type conductivity, one of the major 
problems in the developement of zinc sul?de electrolu 
minescent devices has been the difficulty in forming 
ohmic contact regions without simultaneously intro 
ducing large concentrations of defects which interfere 
with desired injection. Another major problem in elec 
troding zinc sul?de stems mainly from its very low elec 
tron af?nity and the very large energy barrier that ex 
ists between the zinc sul?de surface and metal contact 
interface. 
The barrier energy behavior of a covalent semicon 

ductor metal interface such as silicon, or germanium 
differs considerably compared with the more ionic 
wide band-gap semiconductors such as zinc sul?de. 
With the covalent semiconductors, the barrier energy 
does not depend very strongly on the metal which is in 
contact with the semiconductor surface and is largely 
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2 
a property of the semiconductor surface. In contrast 
the barrier energy between a more ionic semiconductor 
and a metal is a function of both the electronegativity 
of the metal and of the semiconductor. 
With a few semiconductors, an ohmic contact can be 

made by decreasing the barrier energy of the metal 
semiconductor junction such that the thermal current 
which ?ows in the reverse direction is large enough for 
the particular device application. However with zinc 
sul?de, metals with an electronegativity small enough 
to reduce the barrier energy sufficiently for device pur 
poses do not exist. Metals that can be effectively elec 
troded to zinc sul?de exhibit a barrier energy of about 
i to 2 electron volts from the conduction band edge. 
Thermal current however, is not the only current 

which can flow in a metal-semiconductor system. It is 
known that as the net ionized impurity concentration 
in the semiconductor depletion region beneath the 
metal contact is increased, the width of the depletion 
layer is decreased. At very high carrier concentrations, 
the depletion layer becomes suf?ciently thin that quan 
tum mechanical tunneling can take place. This tunnel 
ing results from the fact that the electron probability 
distribution in the forbidden region decreases exponen 
tially with distance and hence an electron can pene 
trate a barrier if it is suf?ciently thin. 
A tunneling contact requires a net ionized impurity 

density in the region of the semiconductor body under 
the metal contact preferably above about l0"H9 
carrier cm‘a. It is very difficult to introduce such a high 
density of atoms into a wide band-gap material such as 
zinc sul?de without concomitantly introducing com 
pensating defects which negate the effect of the desired 
impurities. If a donor precursor such as indium is 
placed on a clean, cleaved surface of n-type conducting 
zinc sul?de crystal and the surface is heated until the 
indium melts and is then cooled, the indium wets and 
otherwise reacts with the surface. However, the current 
voltage characteristics of the contact indicates that the 
indium has not been introduced into this surface and 
the electrode presents essentially the same barrier as 
before the processing. The contact will rectify and can 
not be used to supply electrons to the n-type crystal, 
the polarity necessary for an ohmic contact. 
The most satisfactory prior art technique for forming 

contacts has been reported by Aven and Mead in Vol 
ume 7, No. l of Applied Physics Letters. This tech 
nique relies on the combination of very powerful chem 
ical gettering agents and a chemically etched zinc sul 
?de surface. Contacts with the best overall perform 
ance are obtained according to this technique by etch 
ing the zinc sul?de crystal in pyrophosphoric acid at 
250°C and immediately scribing the indium contacts 
onto the phosphate phase with a liquid indium-mercury 
amalgam and ?ring at 350°C in a hydrogen atmo 
sphere. It is believed that the zinc atoms are extracted 
and held in the phosphate phase and the much larger 
amount of indium passes through this phase and enters 
the lattice in numbers suf?cient to form a net ionized 
donor density of at least lOlscm‘a. 
However, even under these corrosive conditions, the 

?nal contact is not always ohmic at room temperature. 
Furthermore, the technique will not work on a cleaved 
or mechanically prepared surface and the known photo 
resists are not capable of protecting the edges and back 
of the body of zinc sul?de during the treatment with py 
rophosphoric acid. 
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OBJECTS AND SUMMARY OF THE INVENTION 

It is therefore an object of the invention to provide 
an ohmic contact on a body of conducting n-type zinc 
sul?de. 
A further object of the invention is to provide a tech 

nique for electroding zinc sul?de under a wider variety 
of conditions which are compatible with available 
photo resist processing. 
Yet another object of the invention is the provision 

of an electron-injecting contact on zinc sul?de surfaces 
that can be provided on unprepared, or mechanically 
prepared surfaces that can be effected in inert, reduc 
ing or oxidizing atmospheres; or vacuum. _ 

These and other objects and many attendant advan 
tages of the invention will become apparent as the de 
scription proceeds. 
Zinc sul?de is treated to form an ohmic electrode ac 

cording to the invention by applying to a surface region 
of a body of n-type zinc sul?de in the presence of a 
source of a donor precursor, a Group II metal or alloy 
containing Group II metal, and heating said region to 
above the melting temperature of the metal or alloy. 
The donor precursor is preferably a Group Illa metal 
such as aluminum, gallium or indium or halogen such 
as Cl, Br, I, and must be present in the surface region 
in a density of at least l0'7cm'3 before treatment or 
may be substitutionally introduced into the surface re 
gion during the treatment by being present on the sur 
face alloyed with the Group II metal. 

Best results have been achieved by referring to the 
temperature-composition phase diagram for the partic 
ular Group II and Group Illa elements considered and 
selecting an alloy on the Group II rich side of the eutec 
tic composition. The ?nal contacts have been found to 
exhibit a resistivity at room temperature of less than 25 
ohm-cm2 and in preferred embodiments of less than 1 
ohm-cm? Lower resistivity contacts have been formed 
with cadmium as compared to zinc. 
The ?nal device is in the form of a body of n-type 

zinc sul?de provided with an ohmic electrode. The 
electrode comprises a Group II metal or Group llla 
metal alloy thereof in a firm and stable metalurgical 
contact with the thin surface region of the body which 
has a net donor density of greater than lol’cm‘a. It is 
to be understood that zinc sul?de devices according to 
the invention are intended to include electroded bodies 
containing a mixture of zinc sul?de and other wide 
band gap materials such as cadmium sul?de. 

In one procedure, according to the invention the 
Group II metal or Group Illa alloy thereof is brought 
into intimate contact with the surface region of a zinc 
sul?de body. This may be accomplished by evaporating 
the metal on the surface of the region or by pressing a 
preform of the metal on the surface. The condition of 
the surface is not critical and it may be sawed, abraded, 
cleaved or chemically etched. The treatment is facili 
tated by initially wetting the surface with a liquid metal 
such as mercury-indium amalgam or gallium. 
The region in intimate contact with the metal is then 

heated to above the melting temperature of the metal. 
suitably for a short period which can be as short as a 
few seconds. The temperature is suf?ciently high to en 
able zinc atoms to become disrupted from the lattice of 
the crystal. The temperature typically ranges from 
about 350° to 450°C. 
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4 
The processing can be carried out in an inert atmosh 

pere such as argon, in vacuum or even in an oxidizing 
atmosphere such as sulphur vapor. The processing 
chemicals utilized in the pretreatment of the surface 
are compatible with available photo resists which may 
be present to protect the non-treated surfaces of the 
crystal body. 
Though the manner in which the contact is formed 

and operates has not been de?nitely determined, it is 
believed that the Group II metal and especially cad 
mium is introduced into the surface region. Cadium 
sul?de tends to become metal-rich when heated while 
zinc sul?de tends to become metal poor when heated. 
During the brief period of heating the surface region, 
cadium atoms enter the crystal and occupy the metal 
vacancies which are present compensating the donor 
atoms. Thus, a thin layer of very high net impurity den 
sity is produced just under the contact which allows the 
aformentioned electron. tunneling to take place. Thus 
an effective ohmic contact results. 
The following examples are offered only by way of 

illustration, it being understood that many substitu 
tions, alterations and modi?cations can readily be 
made without departing from the scope of the inven 
tion. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

EXAMPLE I 

A slice of low-resistivity n-type zinc sul?de crystal 
was mechanically cleaved from a zinc sul?de material 
doped with =10‘9 aluminum donor atoms per cm“. The 
net donor density of this crystal was about 1017 donor 
atoms per cubic centimeter. A surface region of the 
slice was chemically etched in HCl at 50°C for 5 min 
utes. ' 

The etched surface was then scrubbed with an indi 
um-mercury amalgam to wet the surface. A preformed 
slug of a slightly cadmium-rich indium-cadmium alloy 
was pressed onto the surface and the slice was heated 
on a platinum strip heater for one minute at 
350°—450°C. The heating was conducted in an argon 
atmosphere. The slice was cooled to room tempera 
ture. The contact resistance of the electrode was mea 
sured and was found to exhibit a resistance of about 1 
ohm-cmz. The slug was in ?rm metallurgical contact 
with the surface. 
The procedure was successfully repeated on a 

cleaved zinc sul?de surface and on an abraded surface. 
When the procedure was repeated with a 90 percent 
cadmium 10 percent indium alloy slug, the resistance 
of the contact was only slightly higher. 

EXAMPLE II 

The procedure of Example I was repeated by substi 
tuting a cadmium-gallium alloy having a weight ratio of 
l3:l:Cd:Ga, somewhat on the Cd rich side of the 
Cd-Ga eutectic preform and an electrode having a 
contact resistance of about 20 ohm-cm2 resulted. 

EXAMPLE Ill 

The procedure of Example I was repeated utilizing a 
slightly zinc-rich slug of a zinc-indium alloy, and an 
electrode having a contact resistance of about 100 
ohm-cm2 was formed. 
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EXAMPLE IV 

A slice of n-type zinc sul?de was mechanically 
cleaved from a zinc sul?de material doped with alumi 
num to a level of about 1019 atoms cm‘? The net donor 
density was about 1017 cm‘3 indicating that a large pre~ 
centage of the aluminum atoms were not in a donor 
state but were complexed with Zn vacancies. 
A preformed slug of cadmium was pressed onto the 

surface of the slice wetted with a Cd-Hg amalgorn and 
the slice was heated on a platinum strip heater for 
about 5 seconds at 350° to 450°C in an argon atmo 
sphere. The slice was cooled to room temperature and 
the contact resistance of the electrode was measured 
and was found to exhibit a resistance of about 10 ohm 
cmz. It is evident that a substantial percentage of the 
aluminum atoms in the thin surface region under the 
cadmium slug have been converted to donor atoms to 
form a net ionized donor density in the thin region of 
at least l0‘8cm‘3. 

It is to be realized that only preferred embodiments 
of the invention have been disclosed and that numerous 
substitutions, alterations and modi?cations are permis 
sible without departing from the scope of the invention 
as de?ned in the following claims. 
What is claimed is: 
1. A method of electroding zinc sul?de comprising 

the steps of: 
applying to a surface region of a body of n~type zinc 
sul?de both a Group II metal and a donor precur 
sor; and . 

heating said surface region to a temperature above 
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6 
the melting temperature of said metal to form a 
contact ohmic at room temperature. 

2. A method according to claim 1 in which said body 
is heated to a temperature of at least 350°C. 

3. A method according to claim 2 in which said metal 
is brought into intimate contact with the surface of said 
region. 

4. A method according to claim 1 in which said 
Group II metal is cadmium. 

5. A method according to claim 1 in which said donor 
precursor is a Group Illa metal. 

6. A method according to claim 5 in which said 
Group Illa metal is indium, aluminum or gallium. 

7. A method according to claim 1 in which said donor 
precursor is a halogen selected from the group consist 
ing of chlorine, bromine or iodine. 

8. A method according to claim 5 in which said donor 
precursor is present in the surface region of said zinc 
sul?de body. 

9. A method according to claim 8 in which said donor 
precursor is present in said region in a density of at 
least l0‘7cm'3. 

10. A method according to claim 9 in which the net 
donor precursor density in said region after the heating 
step is at least l0‘8cm'3. 

11. A method according to claim 5 in which said 
Group Illa metal source is alloyed with said Group II 
metal prior to its being applied to said body. 

12. A method as recited in claim 1 wherein the sur 
face region of said body of n-type zinc sul?de is first 
wetted with an amalgam including mercury. 

* * * * * 


