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in and by the following statement:—

This invention relates to electroluminescent
materials, particularly gallium phosphide
crystals.

. While crystalline gallium phosphlde inchud-
ing zinc and oxygen impurities has hereto-
fore been used to produce red electrolumines-
cence, the measured external quantum efficiency
has generally been too low for practical apphi-
cations. The prior art results that are repro-
ducible have yielded efficiencies of the order
of 0.01 per cent. In those reported cases in
which more practical efficiencies have been

. obtained, it has been difficult to reproduce
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the results. Although not certain whether the
difficulty lies in material preparation or de-
vice fabrication, applicants have recognized
that improvements in the material may make
other difficulties easier to eliminate or tolerate.

Accordingly, it is an object of this inven-
tion to provide an improved material for use
in electroluminescent devices.

A further object of this invention is to pro-
vide a material from which electroluminescent
devices can be fabricated.

According to one aspect of the present in-
vention, there is provided an electrolumines-
cent gallium phophide crystal comprising a

- significant amount of oxygen, an impurity

40

selected from the group consisting of zinc
and cadmium, and.an impurity selected from

[Price 45.6d.)

thus. forlﬂélﬂ;réld?nﬁleb%}ﬁmneriﬂﬁ
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contact or
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Begting| 8i0 miPre to its melting
point; and cooling said mixture to grow a
crystal therefrom.

The applicants have discovered that the ad-
dition of an appropfiate amount of tellurium
to a gallium phosphide crystal including oxy-
gen and zinc or cadmium tends to increase sig-
nificantly the efficiency of electroluminescence
obtainable in response to injection of charge
carrier. Moreover, it appears that the addition
of appropriate amounts of donors, such as
sulphur or selenium, also are effective, to
a lesser extent, for this purpose. Further, by
the addition ‘of tellurium or similar donor,
useful electroluminescence appears to be
realizable over a wider range of zinc and
oxygen concentrations than had previously
been the case.

The embodiments to be discussed in detail
will include tellurium as the added donor,
inasmuch as it has been found to be the pre-
ferred dopant. However, statements involving
tellurium are generally applicable to situations
in which sulphur or selenium. replace or supple-
ment tellurium,

Gallium phosphide crystals including zinc, -

oxygen and a donor taken from the group of
selenium, sulphur, - tellurium as the dopants
can be utilized in two main classes of devices.
The first employs a p-n junction in the
crystal: the second employs a surface barrier
layer. The materials prepared in accordance
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the el ectrode 3 through the n-type region 2. been successfully fornmed by
evaporating the I n one enbodi nent of this kind, the crystal
_outdiffuse ' LLs thick by 30
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Wi th somewhat irregular shape. The 6 m| generally over the surface. The
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paraffin or wax, the 125 The el ectrode 3 was replaced w th silver
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exanpl es, aII_Myth successful resul'fs. Ineach  sitooth surface at room
tenperature:to form .. exanpl e t'he el ect r olleuB. Wa's applied with . .

el ectrode 13. The quantum efficiency.of red 65 suff|C|entIy e}

tenperatures and pre §ﬂ&ﬁﬁethat Nﬁkectroluqkagscence Ml V’““&@%ﬁiﬁg mas
130 - 6 e A Zn(Cd) % Te L : % ,be _mctfbﬁﬁ!mcscence _

measured with a silice
tellurium sul phur
sel enium has a concentraglon t hatg, dgs
devi ce and about- 3.4
its electrodes

volts across
active oxygen 5

devi ce conpri sing
crystal

el ectrode 14 i s not crltPcaI

upon
pair

75 crystal,

10

15

accordi ng to claim1 or

of el ectrodes are at-
tached to the crystal;

4. A device accordi.ng to cla|n13
ultrasonically wetted to the.

l.ess’ £94

eafter.: écreased mnt
i ngrease | m.@urrent’.
2, mhereln

theoq,érystal

erein

o 005 _oo1
1z "_.0.-05' B
CoBeooes 00
e e
6 .15 02
EERR Se5 0.1
IR U X 0,005
P a(» 0.1

0.3 per. ceM%uhen t"h'e" Bhitery 19-%upplied Bed o

0. 0033

h&?zan |nheﬁﬂﬂt barrlegdlayer

and can be -either-an - ohy e cont actomal nmost g.gt's surfag@ and a
10 . ‘any non-ohm c contact.
“full y%®pl aced i 0¥Eri ous &®nples wi Red
; paste, :
one “of -the. el ectrodes-i-s superinposed upon
-or - met al10 poi nts d)f05var| ous Ormerl als. 0Q2he bal’Ylelleddayer

0005 <
S.0.01

- m |igagiper es t hggugh'. the

t-han the: 2|nc concentration and nore than the

The 0aasured @8hcentrat %M of el ecRedi cally.
efficiepcy incr ed. as cu

few m|lianperes and: the? gﬁﬁ 2

t was qﬁreased a tons.

- 0.01 - Red "a.

‘The nature

sitver

Qthlum

Yellow—Red ?
-Orang_e o

0.05"
C0.07

-_Deep"Red'
. Deep Red

0.01
-~ 0.01 -

It should be noted that the foregong. results
mdzcate that the partially compensating effect
of the tellurium allows the zinc concentration
to be increased beyond the limits heretofore
utilized without quenching - electrolumines-
cence. The prior art limits upon the zinc
concentration favourable to the uction of
electroluminescence are indicated in the article
“Injection  Electroluminescence 4t P-N

- Junctions in Zinc-Doped Gallium Phosphxde”

by J. Starkiewicz and ‘J. W. Allen, in -the
Journal of Physics and Chemistry of Solids,
Vol. 23, 1962, pp. 881—884.

In the -present embodnnenns, the parnally
compensating effect of the added donor, such
as' tellurium, appears to allow the zinc con-

centration - to."be increased ' to hxgher levels,
apparently to its solubility limit in'the presence

of oxygen and the added donor -without

quenching -electrolurninescence, provided that
the ‘number of acceptor atoms exceeds the
number of donor atoms ‘so that the material
remains - p-type. It further ‘appears that the
added  donor tends ‘to increase the solubility
of zinc in thegallium phosphide crystal. At
the lower limits of concentration favourable
to ‘the . production of ‘electroluminescence, it
appears sufficient that the zinc and tellurium
have " ‘concentrations just great enough
measurably -to affect the conductivity of the
gallium’ phosphide crystal. :

Moreover, the added donor, such as tellurx—

:the

3 Kn electrolunlnescent

It .has been success-
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It is not necessary that it penetrate the barrier 5. An

el ectrol um nescent device conpris- 15 layer, since it merely provides a
path for cur- ing a crystal according to claimil or 2, wherein rent
flow. ' the crystal has an inherent
-insulating fil mupon The el ectrode 13 has been replaced suc- 'its
surface, and a pair of electrodes, one of 80 cessfully with silver
paste, gallium or a nmetal - the electrodes formng an ohmc contact “to
‘poing, in each case applied wighirqsgffici ently t he” cryst al, the other of
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All of the crystals grown from the mixture
described in examples 2—20 were fabricated

into_electroluminescent diodes. using charge:

carrier injection through a surface barrier

layer, as described heremafter In addition, '
crystals. grown -accerding- to- examples 15- and*

16 were also made into an electroluminescent
p-n junction.

-For examples. 2—38, the diodes had éxternal
quantum . efficiencies - megsured- by a silicon
solar cell- to be between 0:1 per cent and 0:4
per cent. The efficiencies tend to increase with
forward-bias current up to a current of a
few. milliamperes and then decrease.

. For examples 9—15, the diodes had extern~
-al quantum: eﬂicxencxes mieasured- by a' silicon
solar cell- to-be less-than 0 1 per cent but more
than 0.01 percent. -

- For examples- 16—18, the cxtemal eﬁim-
encies - were : not dn-ectly measured . but were
visually ]udged equal to those examples s
15,

" For examples 19 and 205 the diodes: fiad
external quantum eﬂiczencm measured: by, a
silicon solar cell to be about 0.15 per cent.

tetnperature below 900° C was rediched. The
cooling rate was not critical. Rates at least as
“low as 5° C per hour and as high as 80° C
per hour apparently can be used.
7. The tube was then removed from the
furnace, and- the crystals were recovered by
dissolving in hydrochloric acid.

The crystals obtained were observed to have
a smooth: face” (the 1-1-1 face) and a rough
face,

‘The various parameters of tlie steps dis-

cussed;- sich; as: temiperatures and times,: were
fourid: -riot to- be critical. Moreover, crystals
having the impurities desired can be made
by -other known: processes so long as appro-
priate amounts of the desired: n'npurmes are
conﬂnned -

Other donors. of the group consisting. of
tellurium, sulphut or selenium: could be added
as-part of step.3-above.

A particularly noteworthy - charactenstlc of

the crystals-obtained was: found to be an: inlier-
- ent.-surface bartier layer that could: not be
eliminated -with any. of the standard etchants:
While the exact composition of this surface
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7 and makes an area contact on the smooth
face to an n-type region 2, which is formed as
described hereinafter. A battery 5 is connected
serially with a switch 6 between the electrodes
3 and 4 in a polarity to inject electrons from
the electrode 3 through the n-type region 2.
In one embodiment of this kind, the crystal
was 6 mils thick by 30 mils wide by 250 mils
long with somewhat irregular shape. The 6 mil
dimension was placed between the electrodes.
The electrode 3 was gold film 10* ‘A thick,
evaporated onto the crystal at 600°C, and the
contact 4 was gold-beryllium alloyed into the
bulk p-type material 1 at 600°C to make a
low resistance contact thereto, Tests indicated
that the device had the characteristics of a

. pn Junctxon diode with rectification occurring

in the vicinity of the gold film electrode 3.
The quantum efficiency of red electrolumines-
cence of this device was measured with a
silicon solar cell to be near 0.3 per cent when

_ the battery 5 supplied two milliamperes

through the - device and 1.7 volts across the
electrodes. The measured efficiency increased
with bias current up to a few milliamperes and
thereafter decreased as bias current was in-

. creased further,

The electrode 4 was replaced in various
examples with silver paste, gallium ultrasonic-

‘ally wetted to the crystal, or metal points of

various materials, all with successful results.

- It appears not to be necessary that electrode
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4 form an ohmic or low resistance contact to
the bulk p-type. region 1, although an ohmic
contact can readily be made by employing
sufficient temperature or pressure that the
electrode material penetrates the barrier layer
7 and any n-type layer that may have been
formed before its placement, as will be ex-
plained hereinafter.

The electrode 3 was replaced with silver
paste, gallium, or a metal point in various
examples, all with successful results. In each.
example the electrode 3 was applied with
suﬁicnently low temperatures and pressures that

nl %lh be ox}l')gﬂen
B il gzﬁexn e
ofd e§te Gith ttﬁe Qeﬂlymﬁn Qn &5

t he oxygemerhaaesathc darcien? read |cmcmfthe ediffuspd s leaves a rehh@lytheavciﬁﬂtipyd

e-Iﬁzefn-type region Z in spgctgc examplesehas

been formed by gettering zinc in a gold or .

tin film 3 at 600° C whereby the n-type region
is Jocalized as indicated in FIG. 1. It appears
that other materials could be used as getters
of the outdiffused zinc. The region 2 has also
been successfully formed by evaporating the
outdiffused zinc into a vacuum at 600° C,
whereby the n-type region has been formed
generally over the surface, The electrode 4
then preferably penetrates the n-type layer on
the rough face, as discussed above.

As previously discussed, the crystals grown
in the manner described can also be utilized to
make surface barriér diodes of the kind shown
in FIG. 2.

The diode shown in FIG. 2 comprises a
gallium phosphide crystal preparcd in the
manner described previously so that it includes
the bulk p-type material 11 and, thereover, the
thin surface film or barrier layer 17 of the
kind described as inherently present. An elect-
rode 14 penetrates the barrier 17 and contacts
the rough face of the bulk p-type material 11.
An electrode 13 overlies an area of the barrier
17 on the smooth face of the-crystal. A battery
15 is connected serially with a switch 16

between the electrodes 13 and 14 with a

polarity to inject electrons from the electrode
13 through the surface barrier 17 into the bulk
p-type material 11.

In one typical diode of this kind, the crystal
measured 7 mils thick by 300 mils wide by
300 mils jong, with somewhat irregular shape.
The 7 mil dimension was placed between the
electrodes. The contact 14 was gold-beryllium
alloyed into the rough face of the bulk p-type
material 11 at 600° C to make a low resistance
connection thereto. The crystal was then cooled
to room temperature, the contact 14 was pro-
tected with a coating of paraffin or wax, the
crystal was chemically etched and turned over,

and a gold film was evaporated onte the

smooth surface at room temperature to form
electrode 13. The quantum efficiency of red
electroluminescence of this device was
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across a high field region near the surface,
into the p-type crystal 11, thereby producing
electroluminescence assoclated with electron-
hole recombination.

By “tunnelling”, applicants refer to the
physxcal phenomenon in- which "an electron
coming very near-to a very thin energy barrier,
such as barrier layer 17, has some probablhty
of appearing on the other side of the barrier
regardless of the velocity or thermal energy of
the electron

It -is particularly noted that the surface
barrier layer 7 or 17:-inherently formed on
a gallium phosphide crystal doped with zinc,
oxygen and a donor such as tellurium is
thinner and more uniform than the- msulatmg
films deposited by evaporation in making prior
art galhum phosphlde devices.

WHATWECLAIM IS —

*. 1. 'An’ electroluminescent galhum phospl:ude

crystal. compnsmg a significant amount of
oxygen, an impurity. selected from the group
consisting of zinc and cadmium, and an ' im-
purity selected from the group consisting of
tellurium, sulphur and selenium.

2. A crystal according to claim 1, wherein
the .zinc or cadmium has a concentration
sufficient to affect the conductivity of the
crystal, the oxygen has a concentration of

electrically active atoms that is less than the

combining gallium, galhum phosphlde, ~zing;

oxygen and a member of the group consist--
ing of tellunum, sulphur and ‘selenium; heat~

ing said mixture to its melting point; and

cooling said mlxture 1o grow 4 crystal there-5

from

to form a p-n junction therein and a pair of
electrodes -are attached to regions of oppostte_
conductmty type.

8. A method according to claim 7, wherem
zin¢ is outdiffused locally from the crystal
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9. A method according to claim 8, wherein’ |

the outdiffusing of zinc comprises heatmg the

crystal ata temperature and for a time that

permits the zinc to move to the surface while.

the oxygen and the donor element aré relanve-
Iy immobile.

10. A method according to claim 9, wherein .

110

the outdlifusmg of zinc comprises gettering - .

the zmc in a liquid metal scmlconductor
phase '

115

“11. A method accordmg to clalm 7, wherem T
a surface barrier is formed on the crystal,’a
first electrode is attached to the crystal, and'

a second electrode is attached to' the crystal-

at temperatures and pressures permitting the -

second electrode to overlie the surface barfier. .

12. A method of manufacturing an elecro-

luminescent crystal substantially as hereinbe-

fore described ‘with reference to any one of the
examples.
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By “tunnelling”, applicants refer to the
physical phenomenon in which -an electron
coming very near to a very thin energy barrier,

such as barrier layer 17, has some probability -

of appearing on the othet side of the barrier
regardless of the velocity or thermal energy of
the electron.

It is particularly noted that the surface
barrier layer 7 or 17 inherently formed on
a galliom phosphide crystal doped with zinc,
oxygen and a donor such as tellurium is
thinner and more uniform than the 1nsu1atmg
films deposited by evaporation in making prior
art gallium phosphide devices.

' WHAT WE CLAIM IS: —

1. An electroluminescent gallium phosphide
crystal comprising 2 significant amount of
Oxygen, an nnpunty “selected from the group
cons1st1ng of zinc and cadmium, and an im-
purity selected from the group consisting of
tellurium, sulphur and selenium.

2. A crystal according to claim 1, wherein
the zinc or cadmium has a concentration
sufficient to affect the conductivity of the
crystal, the oxygen has a concentration of

electrically active atoms that is less than the

1
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cooling said mixture to grow a crystal there-
from.

8. A method according to claim 7, wherein
zinc is outdiffused locally from the crystal
to form a p-n junction therein and a pair of
electrodes are attached to regions of opposite
conductivity type-

9. A method according to claim 8, wherein
the outdiffusing of zinc comprises heating the
crystal at a temperature and for a time that
permits the zinc to move to the surface while
the oxygen and the donor element are relative-
ly immobile.

_ 10. A method aocordmg to claim 9, wherein

the outdiffusing of zinc comprises gettering
the zinc in a liquid metal semiconductor
phase.

11. A method according to claim 7, wherein
a surface barrier is formed on the crystal, a
first electrode is attached to the crystal, and
a second electrode is attached to the crystal
at temperatures and pressures permitting the
second electrode to overlie the surface barrier.

12. A method of manufacturing an elecro-
luminescent crystal substantially as hereinbe-
fore described with reference to any one of the
examples,

13. An electroluminescent device prepared
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purity selected fromthe group consisting of at tenperatures and pressures

permtting the tellurium sul phur and sel eni um second

el ectrode toeauerlie the.curiace bacrior 2.-A crystal according to
claiml1, wherein 12. A method of manufacturing an el ecro- the zinc
or cadm um has a concentration [umnescent crystal substantially as

her ei nbe- sufficient to affect the conductivity of the ‘fore'described
with reference to any one of the 125 - crystal, the oxygen has a
concentration of -exanpl es. . electricallyiastdege atons that is |less 7
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