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[57] ABSTRACT 

I An electron emitter comprising a body of a wide band 
gap material using double injection space-charge lim 
ited current. By using double injection of carriers to 
establish space-charge limited currents in high resistiv 
ity p-type semiconductors, the number of minority 
carriers can be increased considerably without raising 
the Fermi level above mid band gap. By using such 
double injection space-charge limited current a suffi 
cient amount of large energy minority carriers are 
placed in the conduction band in a p-type semicon 
ductor. A monoatomic layer .of cesium and oxygen is 
positioned on the positively biased contact. This 
places a negative electron af?nity surface layer on the 
device. The electrons in the conduction band then 
have enough energy to impel electrons into a vacuum. 

7 Claims, 2 Drawing Figures 
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l 
ELECTRON EMISSION FROM A COLD CATIIODE 

BACKGROUND OF THE INVENTION 

This invention relates to electron emitters or cath 
odes, and more particularly, to an electron emitter 
which comprises a body of semiconductor material. 

Electron emission into vacuum from a semiconduc 
tor surface with negative electron affinity has been re 
ported several times in recent years. The search for a 
cold cathode as a replacement for the thermionic emit 
ter in vacuum tubes is a long standing one. An efficient 
cold cathode would reduce power dissipation and in 
crease the life of tubes, eliminate the time lag for fila 
ment to warm up, and generate an electron beam with 
narrower velocity distribution with correspondingly im 
proved resolution. 
Cold cathode electrode emission into a vacuum has 

been achieved from cesiated surfaces for forward bi 
ased P-N junctions of silicon, gallium arsenide and 
other III—IV compounds. The principle of operation in 
the present invention for a cold cathode is to get suffi 
cient minority carriers into the conduction band in a 
p-type semiconductor, then .place a negative electron 
affinity surface layer on the device. The electrons in the 
conduction bands have then enough energy to escape 
into vacuum. Up to now negative electron af?nity was 
only obtained by a monoatomic layer of cesium and ox 
ygen. Since the work function of a monomolecular 
layer of cesium and oxygen is about 1.4 eV, the Fermi 
level has to be more than 1 eV below the conduction 
band to make the higher energy electrons escape. Un 
fortunately, silicon is just at the limit to fulfill this con 
dition. The negative electron affinity will increase with 
increasing bandgap. This would lead to a preference of 
wide bandgap material. 

SUMMARY OF THE INVENTION 

An electron emitter is provided which comprises: a 
wide bandgap type semiconductor body which utilizes 
double injection space-charge limited current to emit 
electrons into a vacuum. In the present invention, no 
P-N junction is used; rather, the holes are injected by 
double injection space-charge limited current. By using 
such a technique, wide bandgap material can be used 
and gallium phosphide (GaP) appears to be the best 
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candidate for this purpose. The wide bandgap material - 
maybe activated by an electro-positive monoatomic 
layer of cesium and oxygen. 
Activation of a silicon P-N junction for electron 

emission is very critical and its efficiency marginal. The 50 

activation process has to be performed at extreme high I 
vacuum and it appears that it is impossible to integrate 
this process into tube production where heat treatment 
and outgassing are required. However, by using double 
injection of carriers to establish the space-charge lim 
ited currents in high resistivity P-type conductors, as in 
the present invention, the number of minority carriers 
can be increased considerably without raising the 
Fermi level above the middle of the bandgap. Gallium 
phosphide has a bandgap of 2.2 eV. With double in 
jected spaee-charge-limited currents the Fermi level 
can reach the middle of the bandgap. The electrons 
enter through the area of negative electron affinity with 
at least 1.1 eV above the Fermi level giving the elec 
trons with 0.3 eV kinetic energy a probability to escape 
into vacuum. Since the relation between electron and 
holes shifts to more holes than electrons close to the ee 
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2 
sium layer, the Fermi level will actually be lower.-The 
voltages which have to be applied to reach space 
charge limited currents are large enough to make them 
hot electrons with high kinetic energy, therefore largely 
increasing their escape probability. In this fact lies the 
big advantage over forward biased junctions where 
only small voltages, about one volt or less, can be ap 
plied in order to prevent heating of the device and only 
few electrons have enough energy to escape. 
The features of the present invention which are be 

lieved to be novel are set forth with particularity in the 
attendant claims. The invention, together with further 
objects and advantages thereof, may best be under 
stood by referenee to the following description taken in 
connection with the drawings. In the several ?gures, 
like reference numerals identify like elements. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional view of the electron emit 
ter in accordance with the present invention; and 

FIG. 2 is a cross-sectional view of the active portion 
of the emitter shown in FIG. I with corresponding en 
ergy band and injected carrier concentration diagrams. 

DETAILED DESCRIPTION 

An electron emitting semiconductor l0 utilizing dou 
ble injection space-charge limited current, as shown in 
FIG. 1, comprises a thin layer or substrate _11 of wide 
bandgap p-type' semiconductor material such as gal 
lium phosphide (GaP). Ohmic electrical contact to 
substrate 11 is provided by means of an electrically 
conductive plate 12 such as a thin metal electrode. The 
electrode 12 also may be connected to a heat sink (not 
shown) to keep the device below 60°C during opera 
tion since higher temperatures may destroy the activa 
tion layer 20. The second ohmic electrical contact to 
the substrate 11 is provided by means of electrode layer 
13. Electrode 13 has an aperture 15 for emitting the 

' electrons produced by the wide bandgap material 11. 
Electrode l3 acts as a drain contact for the electrons 
produced within the wide bandgap material. A thin ac 
tivation of electron affinity layer 20 preferably com 
prising a monoatomic layer of cesium and oxygen on 
the exposed surface of the wide bandgap material layer 
1 l in aperture 15. The overabundance of electrons pro 
duced by the double injection space-charge in the wide 
bandgap material 11 may then be emitted from the ex~ 
posed surface of the monoatomic cesium oxide layer 
20. 
The electrons emitted from aperture 15 are created 

by a double injection space-charge limited current in 
troduced across the wide bandgap material 11. This 
current may be developed by a DC voltage source such 
as a battery 20 in series with a resistor 21 which are 
connected in series to electrodes 12 and 13. This volt 
age places a forward bias on the wide bandgap p-type 
material and introduces the holes by double injection 
space-charge limited current. By using double injection 
of carriers to establish space-charge limited currents in 
high resistivity p-type semiconductors, the number of 
minority carriers can be increased considerably with 
out raising the Fermi level. This creates an abundance 
of electrons which propagate to the positively charged 
drain contacts 13 and are emitted through aperture 15. 
These electrons may be attracted or focused by any 
positive potential which is well known in vacuum tube 
technology. 
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A partial cross-sectional view of the active portion of 
the electron emitter shown in FIG. 1 appears in FIG. 2, 
with a corresponding energy band diagram being verti 
cally aligned therewith. As shown, the active portion of 
the emitter 10 comprises a P-ty-pe gallium phosphide 
layer 11 and the cesium surface layer 20. The total 
length, L, of the active region of the gallium phosphide 
layer 11 may typically be on the order of about 2 mils. 
The thickness, d, of the cesium layer 20 may be on the 
order of l to 10 angstroms. 

In FIG. 2, both the energy band diagram for the ac 
tive portion of the emitter l0 and carrier concentra 
tions are vertically aligned with the active portion of 
the emitter 10. As indicated in FIG. 2, the energy gap 
is the distance between the valence and conduction 
bands with an “intrinsic" line drawn midway-between 
the valence and conduction bands. As is well known, 
portions of the semiconductor layer in which the Fermi 
level lies below the intrinsic line exhibit P-type conduc 
tivity or portions of the, layer in which the Fermi level 
is above the intrinsic line exhibit N-type conductivity. 
The Fermi level varies through the material due to the 
double injection spacecharge current present in the P 
type material. 
The electro-positive cesium layer 20 pins the bottom 

of the conduction band to the Fermi level at the emit 
ting surface of the P-type layer 11, as illustrated in FIG. 
2. The pinning of the bottom of the conduction band 
at the Fermi level at the emitting surface necessitates 
a sharp bending of the valence and conduction bands 
in the immediate vicinity of the emitting surface. The 
residual energy imparted to the electrons in the active 
portion of the emitter (due to the height of the conduc 
tion band above vacuum energy level) is sufficient to 
overcome the work function or energy required‘for the 
electrons to be emitted. The electro-positive cesium 
layer 20 introduces electrons into the adjacent portion 
of the galliumphosphide layer 11, so that a thin N-type 
inversion region exists at the emitting surface. 
The carrier concentrations shown in arbitrary units 

are also vertically aligned with the active portion of the 
emitter 10. This diagram shows the amount of electrons 
injected on one side of the gallium phosphide layer as 
well as the holes injected on the opposite side of the 
gallium phosphide layer. As shown, these carrier con 
centrations decrease as they traverse the gallium phos 
phide layer 11; this decrease in carrier concentration is 
due to the loss mechanisms encountered during the tra 
versal of the P-type layer 11, such as recombination. 
The operation of the space-charged semiconductor 

electron emitter is controlled by the double injection of 
carriers. Space-charged limited currents (SCLC) in a 
semiconductor current transport occurs according to 
the transport equations. In additional carriers are in 
jected into the bulk minority carrier, this carrier will 
recombine within the lifetime 1. Majority carriers will 
disappear even faster within the dielectric relaxation 
time: 

(l) 

- where e is the dielectric constant, 6,, is the dielectric 
constant in vacuum and a the conductivity. If in the 
case of majority carriers the ?eld strength is large 
enough to move the carriers faster through the distance 
L, from contact to contact than the dielectricrelax 
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4 
' ation time, an excess of majority carriers will build up, 
such that the transit time 17mm," is less than or equal to 
the relaxation time: 

Trrmuzir S TI'I‘I. 

(2) 

or 

L/ME S €En/U 

(3) 

where p. is the mobility and E is the electric field 
strength. The threshold voltage, V,,,, is therefore for 
this phenomenon: 

(4) 

with n being the thermal carrier density and e being the 
charge of an electron. Above this voltage a space 
charge of majority carriers exists and the current .I is 
limited by the space charge: 

J: (9/8 #6) (V2/L3) 

(5)’ 

Since the current depends now from the square of the 
applied voltage, the space-charge limited current is 
larger than the ohmic current. It is important that no 
warm up effect by ohmic current exists since otherwise 
It in equation (4) would increase exponentially and no 
space-charge limited currents could be observed. In 
order to keep the threshold low enough a small elec 
trode distance (V 0: L2) and a material with low ther 
mal carrier density (wide bandgap) has to be used. In 
this case the field strength has to be relatively large 
since it has to overcome the repulsive action of the 
space charge. If both types of carriers are injected from 
the electrodes (electrons from one electrode, holes 
from the other) the space charges partially compensate 
each other and smaller electrical ?elds can be applied. 
We have now double injected space-charge limited cur 
rents. Now a space charge can be already built up over 
a part of the bulk when 7mm,” is still > 1",, and the cur 
rent is then - 

J: 9/8 e l-Lelp'hn T vz/La 

(6) 

By increasing the applied voltage, eventually the condi 
tion 

Tlrunxi! < TI'PI. 

will be realized. The current voltage relation is now 

It can easily be shown that now the current is consider 
ably larger than is the case of (5) at the same voltage. 
Formula (7) is a theoretical value and practical experi 
ence has shown that the current density is usually two 
orders of magnitude lower than equation (7). This is 
for most materials still large above equation (5). Fur 
thermore, when achieving double injection space 
charge limited currents, a small electrode distance L 
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(J m L“). large mobilities for electron and holes and a 
large lifetime 1- of the minority carriers is required. 
Since a large current density is required, mobilities 

and lifetimes have to be large and the sample lengths 
small. The most useful material appears to be gallium 
phosphide, which has mobilities of lOO for electrons 
and 300 for holes. A lifetime of close to 10"‘ seconds 
or longer and a carrier concentration 1012 to i015v per 
cubic centimeters is required. To achieve the proper 
carrier concentration small amounts of zinc or cad 
mium impurities may be added to the gallium phos 
phide. When a sample of gallium phosphide is thinned 
down to 2 mils, the theoretical current at 80 volts 
would be around 10‘ amps per centimeter2 and experi 
ments have shown a current of only 102 amps per cen 
timeter2 which is adequate. With an emission ef?ciency 
of only l% into vacuum after cesiation lA/cm2 would 
be emitted. An active area of 4 mils2 would emit about 
100 micro A. If the contact area is l millimeter in diam 
eter, the power dissipated in the sample would be about 
l watt. Samples operated under double injection condi 
tions are very rugged and can easily stand the tempera 
ture required for the cleaning process previous to cesia 
tion. To prepare a wafer of gallium phosphide to a 
thickness of 2 mils, standard etching techniques may be 
utilized. By photolithographic methods, a mesa pattern 
may be etched out in the region to be used for emitting 
the electrons. 
The various features and advantages of the invention 

are thought to be clear from the foregoing description. 
Various other features and advantages not speci?cally 
enumerated will undoubtedly occur to those versed in 
the art, as likewise will many variations and modi?ca 
tions of the preferred embodiment illustrated, all of 
which may be achieved without departing from the 
spirit and scope of the invention as defined by the fol 
lowing claims. 
What is claimed is: 
l. A cold cathode electron emitter using double in 

jection space-charge limited current, comprising: 
a single semiconductor body, said single body con 

sisting of a homogeneous P-type wide bandgap ma 
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6 
terial; 

?rst and second conductor plates mounted on oppo 
site sides of said single semiconductor body, said 
second plate being formed with an aperture de?n 
ing an electron emitting surface of said single semi 
conductor body; 

a thin layer of work function reducing material 
coated on said electron emitting surface; 

bias voltage means connected across said plates, said 
voltage at said second plate being more positive 
than said voltage at said first plate; and 

said single semiconductor body having a thickness 
measured between said plates, a lifetime and ,a 
thermal carrier concentration and said bias means 
having a magnitude such that said single semicon 
ductor body and said means produce double injec 
tion space-charge limited current within said single 
semiconductor body in which electrons are in 
jected from said ?rst plate and holes are injected 
from said second plate to excite electrons into the 
conduction band of said single semiconductor 
body. 

2. The emitter de?ned in claim 1, wherein said work 
function reducing material comprises a material se 
lected, from the group consisting of cesium and oxygen. 

3. The emitter de?ned in claim 1 wherein said single 
semiconductor body is gallium phosphide. 

4. The emitter de?ned in claim 1 wherein said bias 
voltage means includes biasing said single semiconduc 
tor body at about 80 volts. 

5. The emitter de?ned in claim 1 wherein said single 
semiconductor body has a lifetime greater than about 
10-4 seconds. 

6. The emitter de?ned in claim 1 wherein said single 
semiconductor body has a sample thickness less than 
about 2 mils. 

7. The emitter de?ned in claim 1 wherein said single 
semiconductor body has a thermal carrier concentra 
tion of between l0m to l01l5 atoms per cubic centime 
ter. 

***** 


