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NEGATIVE EFFECTIVE ELECTRON AFFINITY 
EMITTERS WITH DRIFT FIELDS USING DEEP 

ACCEPTOR DOPING 
This application is a continuation of Ser. No. 

751,862, ?led 8/12/68, now abandoned. 

BACKGROUND ‘OF THE INVENTION 
This invention relates to electron emitters or 

cathodes, and more particularly to an electron emitter 
which comprises a body of semiconductor material. 
A particular type of “cold cathode” semiconductor 

electron emitter has recently been discovered in which 
electron emission is obtained by manufacturing a 
semiconductor structure such that the bottom of the 
conduction band in the semiconductor bulk lies at an 
energy level above the vacuum energy level at the 
emitting surface. Thus, conduction band electrons may 
drift to the emitting surface with a residual energy 
above that of the vacuum energy level, so that these 
electrons may be emitted from the surface without the 
necessity of supplying additional energy. Such a struc 
ture is known as a negative electron affinity emitter, 
and is described in the following U. S. Patent Applica~ 
tions: 

i. Ser. No. 668,130; ?led Sept. 15, 1967; Entitled: “ 
Semiconductor Electron Emitter” now issued as US 
Pat. No. 3,478,213 

ii. Ser. No. 665,511; ?led Sept. 5, 1967; Entitled: “ 
Transmission Type Secondary Emission Device with 
Semiconductor Dynode”. 

SUMMARY OF THE INVENTION 

An electron emitter is provided which comprises a P 
type semiconductor body including a deep acceptor 
impurity. An electropositive work function reducing 
layer is disposed on a given surface of the semiconduc 
tor body. The ionization energy of the deep acceptor 
does not exceed the difference between the energy gap 
of the semiconductor body and the work function of 
the electropositive layer on the semiconductor surface. 

DRAWINGS 

FIG. 1 shows a cross-sectional view of a secondary 
emission dynode according to a preferred embodiment 
of the invention; 

FIG. 2 shows a cross-sectional view of an injection 
type electron emitter according to an alternative em 
bodiment of the invention; 

FIG. 3a shows a partial cross~sectional view of the 
active portion of the dynode shown in FIG. 1; 

FIG. 3b shows an energy band diagram correspond 
ing to the partial cross-sectional view of FIG. 30; 

FIG. 4a shows a partial cross-sectional view of the 
active portion of the injection emitter shown in FIG. 2; 
and ‘ - 

FIG. 4b shows an energy band diagram correspond 
ing to the partial cross-sectional view of FIG. 4a. 

DETAILED DESCRIPTION 
A secondary emission dynode l utilizing the negative 

electron affinity principle, as shown in FIG. 1, com 
prises an alumina substrate 2 upon which is disposed a 
thin layer 3 comprising an (shallow) acceptor impurity 
material such as beryllium. A gallium phosphide P type 
semiconductor layer 4 is disposed on the beryllium 
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2 
layer 3. A thin cesium layer 5, which may have a 
thickness on the order of a few atomic diameters, is 
disposed on the gallium phosphide layer 4. 
The gallium phosphide layer 4 is doped with a deep 

acceptor impurity material such as iron, chromium or 
copper. Interaction between the electropositive cesium 
layer 5 and the gallium phosphide P type layer 4 results 
in ionization of the deep acceptors near the interface 
between these layers. 
As a result, the surface of the ‘gallium phosphide 

layer 4 adjacent the cesium layer 5 behaves as highly 
doped (i.e., degenerate or nearly degenerate) P type 
semiconductor material. The energy band structure of 
the dynode 1 is such that electrons in the conduction 
band of the semiconductor material comprising the 
layer 4 can reach the exposed surface 6 of the cesium 
layer 5 with sufficient residual energy to surmount the 
potential barrier at this surface and be emitted 
therefrom. ‘ 

The dynode 1 may be employed as a secondary emis 
sion type electron multiplier by bombarding the ex 
posed surface 6 of the cesium layer 5 with primary elec 
trons in a direction such as that indicated by the arrow 
7. Secondary electrons which are emitted from the sur 
face 6 may be drawn off by a suitable electric ?eld in 
the direction indicated by the arrow 8. Typically, the 
primary electrons may have energies in the range of 
300 to 10,000 electron volts. 
By reducing the thickness of the alumina substrate 2 

to a value on the order of 500 Angstroms, the dynode I 
may be employed as a transmission type secondary 
emission electron multiplier. In this structure, primary 
electrons are directed at the exposed surface of the alu 
mina layer 2; the primary electrons penetrate the alu 
mina layer 2 and the beryllium layer 3 to reach the gal~ 
lium phosphide layer 4, where secondary electrons are 
produced and emitted from the exposed surface 6 of 
the cesium layer 5. Since approximately 40 percent of 
the energy of the incident primary electrons is lost in 
passing through the alumina and beryllium layers, rela 
tively high primary electron energies, on the order of 
3,000 to 5,000 electron volts or more, are desirable 
when the dynode l is operated as such a transmission 
type electron multiplier. 

Typically, the beryllium layer 3 may have a thickness 
on the order of a few atomic diameters, and the gallium 
phosphide layer 4, which may be monocrystalline or 
polycrystalline, may have a thickness on the order of 
0.2 to 1 micron. During fabrication of the dynode 1, 
heat treatment causes beryllium from the layer 3 to dif 
fuse a short distance (on the order of 10 to I00 Ang~ 
stroms) into the gallium phosphide layer 4 to form a 
thin highly doped P’r type surface region. 
The use of a deep acceptor impurity in the gallium 

phosphide layer 4 results, as will hereafter be explained 
in detail, in an internal electric ?eld (drift ?eld) within 
the layer 4 which impels electrons toward the cesium 
layer 5, thus increasing the external quantum efficiency 
of the dynode I. 

In the structure shown in FIG. 1, electrons are in 
troduced into the conduction band of the gallium phos 
phide layer 4 by bombarding this layer with primary 
electrons. 

Alternatively, electrons may be introduced into the 
conduction band of the gallium phosphide layer 4 by 
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injection, utilizing a forward biased P~N junction. Such 
a structure is exempli?ed by the injection type negative 
affinity electron emitter 10, as shown in FIG. 2. 

The‘injection type electron emitter 10 comprises a 
highly doped N+ type gallium phosphide substrate 11, 
which may be doped with a suitabledonor impurity 
such as tellurium. Ohmic electrical contact to the sub 
strate 1 l is provided by means of a tin electrode 12. An 
insulating layer 13 comprising, e.g., pyrolytically 
deposited silicon dioxide is deposited upon the upper 
surface of the gallium phosphide substrate 11. The in 
sulating layer 13 has an aperture 14 exposing a portion 
,of the gallium phosphide surface. 
A P type gallium phosphide layer 15 is disposed on 

the insulating layer 13 and in the aperture 15 so that 
the P type layer 15 forms a P-N junction 16. with the un 
derlying portion of the N’r type gallium phosphide sub 
strate 11. A nickel electrode layer 17 provides ohmic 
electrical contact to the P type gallium phosphide layer 
15. The layer 15 includes a deep acceptor impurity 
such as iron, chromium or copper. 
A thin cesium layer 18 is disposed on the exposed 

surface of the P type layer 15, the layers 18 and 15 
cooperating to form a negative affinity electron 
emitting structure which operates in similar fashion to 
that provided by the layers 5 and 4 of the dynode l. 
Electrons are introduced into the conduction band of 
the P type gallium phosphide layer 15 by injection from 
the N+ type substrate 1 1 across the forward biased P-N 
junction 16. Injection biasing is provided for the P-N 
junction 16 by means of a battery 19 and a series re 
sistor 20 connected between the electrodes 12 and 17. 
The injected electrons diffuse or drift through the P 

type layer 15 and are emitted from the exposed surface 
of the cesium layer 18. 

The operation of the dynode 1 will be better un 
derstood by reference to FIGS. 3a and 3b. 
As shown inpartial cross-sectional view in FIG. 3a, 

the active portion of the dynode 1 comprises the P type 
gallium phosphide layer 4 and the cesium surface layer 
5. A thin P+ region 21 is provided by the diffusion of 
beryllium into the gallium phosphide layer 4 from the 
metallic beryllium layer 3. The total thickness 11 of the 
gallium phosphide layer 4 may typically be on the order 
of 0.2 to 1 micron, while the thickness a of the P’“ re— 
gion 21 may be on the order of 10 to 100 Angstroms, 
i.e. substantially less than the total thickness of the 
semiconductor layer 4. The thickness c of the cesium 
layer 6 may be on the order of l to 10 Angstroms. 
The energy. band diagram for the active portion of 

the dynode 1 is shown in FIG. 3b, which is vertically 
aligned with FIG. 3a. The energy vgap between the 
valence and conduction bands has a value E,, while the 
ionization energy of the deep acceptor (iron, chromi 
um or copper) impurity in the gallium phosphide layer 
4 has a value EaAn "intrinsic” line is drawn on the dia 
gram 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 conductivity, while portions of the 
layer in which the Fermi level is above the “intrinsic” 
line exhibit N type conductivity. 
By the ionization energy I5ll of the deep acceptor im 

purity is meant the energy which must be imparted to 
each impurity site to generate a hole thereat. 
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4 
By the term “deep acceptor” impurity is meant an 

acceptor impurity which is not normally ionized at the 
operating temperature of the semiconductor body. 
Since a thermal energy of kT electron volts is available 
at any particular absolute temperature T (k being the 
Boltzmann constant), the ionization energy of a deep 
acceptor impurity must be greater than this value. We 
prefer to employ deep acceptor impurities having 
ionization energies on the order of 4 kT or more. Since 
the value of kT at room temperature (300° C.) is 0.026 
electron volt, deep acceptors used in conjunction with 
the structure described herein should preferably have 
room temperature ionization energies on the order of 
at least 0.1 electron volt. ‘ . ' - ' 

The electropositive cesium layer 5 pins the bottom of 
the .conduction band to the Fermi level at the emitting 
surface of the P type layer 4, as illustrated in FIG. 3b. 
The work function "I! at the emitting surface 6 may be 
de?ned as the difference between the vacuum energy 
level and the Fermi level at this surface. 
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 
electropositive cesium layer 5 introduces electrons into 
the adjacent portion of the gallium phosphide layer 4, 
so that a thin N type inversion region exists at the 
emitting surface. This “inversion layer” has a thickness 
8, and terminates at the point where the Fermi level 
crosses the “intrinsic” line. 

In the region where the Fermi level and the deep ac 
ceptor level cross, the deep acceptors are ionized. 
These deep acceptors are ionized with an energy 
spread of a few times kT from the Fermi level. The 
ionization of these deep acceptors contributes to the 
sharp band bending at the emitting surface.‘ 

Typically, for gallium phosphide containing iron as 
the deep acceptor, with an iron concentration on the 
order of 10" to 10‘8 atoms/emf‘, the deep acceptors are 
ionized for a distance of approximately 75 Angstroms 
from the interface with the cesium layer 5. 
The proportion of the deep acceptor impurities 

which are ionized decreases with distance away from 
the emitting surface, resulting in a varying distance 
between the deep acceptor level and the Fermi level. 
Since the valence and conduction bands are necessarily 
parallel to the deep acceptor level, these bands are 
therefore sloped, resulting in an internal potential 
gradient, i.e. an electric ?eld oriented in a direction 
which impels electrons toward the emitting surface. 

Electrons in the conduction band of the semiconduc 
tor layer 4 (having been introduced into the conduc 
tion band by secondary or avalanche generation, 
photon generation of hole-electron pairs, injection, 
tunneling, or any other suitable means) are prevented 
from diffusing toward the surface opposite the emitting 
surface (where the electrons may recombine and cease 
to act as charge carriers) by the presence of the P“ 
layer 21, which as previously mentioned is doped (with a 
high concentration of a shallow acceptor such as beryl 
lium. Other shallow acceptors, such as zinc or cadmi 
um, may also be employed, The ionization energy of 
the beryllium acceptor impurity is less than 0.020 elec 
tron volt, so that the beryllium acceptors are virtually 
completely ionized at room temperature (kT being 
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0.026 electron volt at room temperature). The highly 
doped P+ layer 21 therefore pins the Fermi level near 
the top of the valence band, as shown in FIG. 3b. The 
resultant potential barrier 22 prevents electrons from 
reaching the P” layer 21. 

Instead of employing a highly doped P+ type layer to 
provide the requisite potential barrier, a suitable high 
work function metal (substituting for the layer 3) may 
be disposed adjacent the surface of the gallium phos 
phide layer 4 which is opposite the emitting surface, so 
as to provide a Schottky barrier which likewise 
prevents electrons from diffusing away from the 
emitting surface. A suitable metal for provision of such 
a Schottky barrier is platinum. 

In order for the dynode l to exhibit a negative elec 
tron affinity, it is necessary that the bottom of the con 
duction band within the semiconductor layer 4, at the 
point where sharp band bending» commences, be 
‘disposed at an energylevel above the vacuum energy 
level. In order to meet this condition, the ionization 
energy E, of the deep acceptor impurity should not ex 
ceed the difference between the energy gap value E, 
and the work function ‘I’. Since it has already been 
stated that the ionization energy E,I should preferably 
be at least equal to a value on the order of 4 kT, the 
deep acceptor impurity, the semiconductor material, 
and the electropositive surface layer should be chosen 
such that 

Preferably, the parameters of the dynode 1 should be 
chosen so that the distance d from the emitting surface 
at which the bottom of the conduction band crosses the 
vacuum energy level does not exceed a value cor_ 
responding to a few times the mean free path for 
excited conduction band electrons within the semicon~ 
ductor material. 
When the structure described is employed, the 

distance A from the emitting surface within which 
sharp band bending takes place is less than a value on 
the order of a few times the mean free path for excited 
electrons, so that electrons in the conduction band may 
diffuse to the‘ electropositive layer 5 with a residual 
energy above the vacuum energy level, and be emitted 
from the surface 6; no additional energy need be sup 
plied to enable these electrons to surmount the poten 
tial barrier at the emitting surface. The resultant effec~ 
tive electron affinity, corresponding to the difference 
between the vacuum energy level and the height of the 
conduction band bottom above the Fermi level, is 
therefore negative, as indicated in FIG. 3b. 

Iron, the preferred deep acceptor impurity, has a 
room temperature ionization energy on the order of 0.8 
electron volt. The work function ‘I’ of cesium on the P 
type gallium phosphide layer 4 is approximately 1.3 
electron volts, while the energy gap E, for gallium 
phosphide is 2.3 electron volts. The ionization energy 
for the iron acceptors is therefore substantially greater 
than 4 kT (0.1 electron volt) and less than the dif 
ference between E, and ‘I’ (1.0 electron volt). 
With the aforementioned parameters, a beryllium 

impurity concentration on the order of l0"/cm.a in the 
p” layer 21, and a'thickness of 0.5 micron for the layer 
4, the energy bands are sloped so that a potential dif 
ference of approximately 0.2 volt exists across the por 
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6 
tion of the layer 4 denoted by the dimension e in FIG. 
3a. The resultant electric field within the bulk of the 
layer 4 has a relatively high value on the order of 6 X 
103 volt/cm., since the bulk of the P type layer 4 (i.e. 
the portion where the energy bands are. essentially 
straight lines) is essentially insulating, having only on 
the order of 107 charge carriers per cm."'. 

Although we have shown cesium as the material 
comprising the electropositive work function reducing 
layer 5, a cesium-oxygen composite layer may also be 
employed. Such a cesium-oxygen layer is known in the 
art as a work function reducing material ‘and is 
described, e.g., in the following reference: 

A. A. Turnbull and G. B. Evans, “Photoemission 
from GaAs-Cs-O,” BRITISH JOURNAL OF APPLIED 
PHYSICS, Series 2, Volume I, Pages 155-160, Feb. 
1968. ‘ . 

A partial cross-sectional view of the active portion of 
the injection emitter shown in FIG. 2 appears in FIG. 
4a, with a corresponding energy band diagram shown 
in FIG. 4b, FIGS. 4a and 4b being vertically aligned. 
As in the structure of the dynode l, the deep accep 

tor (iron) doped P type layer 15 interacts with the thin 
electropositive work function reducing cesium layer 18 
to provide a negative effective electron affinity at the 
exposed'surface of the cesium layer, and to establish a 
potential gradient (drift field) within the bulk of the 
layer 15 which impels electrons toward the emitting 
surface. ‘ ‘ 

Electrons are injected from the heavily doped N+ 
type region 11 into the P type layer 15 across the for 
ward biased P-N junction 16. Since a shallow donor 
such as 'tellurium is employed as the doping material for 
the N+ region 11, the donor impurities are essentially 
completely ionized at room temperature. 
The deep acceptors in the portion of the P layer 15 

adjacent the P-N junction 16, however, are only very 
slightly (l07 ionized acceptors per cm“) ionized at 
room temperature. As a result, current ?ow across the 
forward biased P-N junction 16 is carried mostly by 
electrons (as opposed to holes), so that the P-N junc 
tion 16 serves as an efficient injector of conduction 
band electrons into the layer 15. 

Electrons so injected into the layer 15 are impelled 
toward the emitting surface by the internal electric 
field indicated by the sloping energy bands, so that high 
efficiency of electron emission from the exposed sur 
face of the cesium layer 18 is realized. 
The various symbols in FIG. 4b correspond to similar 

symbols in FIG. 3b. 
The dynode l, as shown in FIG. 1, may be fabricated 

by first evaporating the beryllium layer 3 onto the alu 
mina substrate 2. The optical transmission charac 
teristics of the beryllium layer 3 may be monitored 
while the evaporation progresses, so that the evapora 
tion may be terminated when an optical transmissibility 
corresponding to the desired layer thickness is ob 
served. 
The iron doped gallium phosphide semiconductor 

layer 4, which in this example is: polycrystalline (a 
monocrystalline layer may be employed), is deposited 
onto the beryllium layer 3 by, e.g., vapor phase reac 
tion of gallium chloride (Ga€l,)|, ferrous chloride 
(FeCIZ) and phosphine (H5), at a temperature on the 
order of 800° C. The deposition is continued for several 
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minutes to deposit the polycrystalline gallium phos 
phide layer 4 to the desired thickness. Under some con 
ditions, the gallium phosphide layer 4 may be essen 
tially monocrystalline, even though grown onto the 
crystallographically incompatible beryllium layer 3. 

, During the growth of the gallium phosphide layer 4, 
beryllium diffuses from the layer 3 a short distance (10 
to 100 Angstroms) into the gallium phosphide layer 4 
to form the P* region 21 (see FIG. 3a). 
The iron concentration in the gallium phosphide 

layer 4 may typically be on the order of 10" to 1018 
atoms/cm“, as previously mentioned. However, high 

' iron or other deep acceptor impurity concentrations 
are desirable, provided that they do not introduce ex 
cessive crystallographic strains into the gallium phos 
phide layer 4. 

After cleaning the exposed surface of the gallium 
phosphide layer 4, a thin layer 5 of cesium or cesium 
oxygen is evaporated onto the gallium phosphide sur 
face. The thickness of the layer 5 is monitored during 
the evaporation process by observing the photoemis 
sion current from the layer 5 resulting from the illu 
mination of the layer with light. The evaporation of the 
layer 5 is terminated when the photoemission current 
reaches a peak value. The resulting layer thickness, as 
previously mentioned, is typically on the order of l to 
10 Angstroms. 
Where it is desired to employ the dynode 1 as a trans 

mission type secondary emission structure, the alumina 
substrate may have a thickness on the order of 500 
Angstroms, so that primary electrons incident on the 
exposed substrate surface may penetrate to the gallium 
phosphide layer 5. Techniques for manufacturing self 
supporting alumina'layers of this type are well known in 
the art, and generally involve anodizing an aluminum 

- ?lm to provide an alumina layer of the desired 
thickness, and subsequently dissolving the aluminum 
?lm in a liquid, so that the alumina layer remains ?oat 
ing on the liquid surface. 
The injection type electron emitter 10 shown in FIG. 

2 may be manufactured by providing a monocrystalline 
N+ type gallium phosphide substrate 11, masking one 
surface of the substrate with an insulating layer 13 
comprising a material such as, e.g., silicon dioxide and 
depositing a deep acceptor doped gallium phosphide 
layer 15 from the vapor phase onto the masked surface, 
so that the layer 15 grows epitaxially on the exposed 
gallium phosphide substrate surface and forms the P-N 
junction 16 at the interface between the layer 15 and 
the substrate 11. The electrodes 12 and 17 may be 
evaporated ,onto the substrate 10 and layer 15, respec 
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tively, a suitable mask being employed for evaporation 
of the electrode layer 17. 
The electropositive cesium or cesium-oxygen layer 

18 may then be evaporated onto the exposed surface of 
the P type gallium phosphide layer 15, in the manner 
previously described. The battery 19 and resistor 20 
are connected to the electrodes 12 and 17 by wires sol 
dered or otherwise bonded thereto. 

I claim: ' 

l. A negative effective electron af?nity electron 
emitter having an internal drift ?eld, comprising: 

a P type semiconductor body; 
a deep acceptor impurity at least in a region of said 
body att'lijacent a given electron emitter surface of 
said bo , said impurity being present in a substan 
tially uniform concentration of at- least 1017 atoms 
per cubic centimeter, 

a thin layer of ' work function reducing material 
coated on said electron emitter surface, said layer 
having a thickness on the order of from one to ten 
Angstroms, and 

means for exciting electrons into the conduction 
band of said P type semiconductor body, 

said semiconductor body, said acceptor impurity, 
and said work function reducing material being 
chosen so that the ionization energy of said accep 
tor impurity in said semiconductor body is greater 
than one-tenth electron volt, but does not exceed 
the difference between the energy gap of the 
semiconductor body and the work function of the 
work function reducing material. 

2. The emitter de?ned in claim 1 wherein said work 
function reducing material comprises a material 
selected from the group consisting of cesium and ox 
ygen. ‘ 

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

4. The emitter de?ned in claim 3 wherein said accep 
tor impurity comprises iron and said concentration is 
on the order of 1017 to 10m atoms per cubic centimeter. 

5. The emitter de?ned in claim 1 comprising a poten 
tial barrier region adjacent a surface of said body op 
posite said emitter surface, for preventing diffusion of 
electrons away from said emitter surface toward said 
opposite surface. 

6. The emitter de?ned in claim 1 wherein said barrier 
region comprises a P’r region having a thickness sub 
stantially less than the thickness of said semiconductor 
body between said emitter surface and said opposite 
surface. 

it! it * i I 


