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ABSTRACT OF THE DISCLOSURE 
A secondary emission device of the transmission type. 

TRANS: 

10 

which may be used as a photomultiplier, light: amplifier, 
or X-ray image intensifier. The device achieves amplific 
cation of an electron image by causing the electrons to 
impinge upon a thin film of semiconductor material at 
high velocity, thus generating a large number of sec 
ondary electrons for each incident (primary) electron. 
The secondary electrons diffuse through the semicon 
ductive film and are emitted from the opposite surface 
of the film which is coated with a monomolecular layer 
of cesium to reduce the work function at the emitting 
surface. 
The secondary emission semiconductive film consists 

of highly doped P type gallium phosphide. The energy 
levels in the film structure are such that electrons in 
the conduction band can reach the emitting surface with 
a residual energy above that of the vacuum energy level, 
so that electrons are emitted from the cesium-coated 
surface without the necessity of supplying additional 
energy. . . 

Background of the invention 
This invention relates to the field of secondary emission 

transmission type devices, and more particularly to an 
improved secondary emission device utilizing a dynode 
which includes semiconductor material. 
The secondary emission electron tube devices which 

are presently in common use are of the "reflecting" type; 
i.e., they operate in a manner wherein the secondary, elec 
trons are emitted from the same surface as that upon 
which the primary electrons to be "amplified" impinge. 
The transmission type of secondary emission electron 
amplifying structure is well known in the art, but has 
not achieved commercial acceptability due to a number 
of inherent disadvantages of the transmission structure 
in devices heretofore known. 

Basically, the transmission type of secondary emission 
device utilizes a dynode element in the form of a very 
thin (on the order of a few hundred Angstroms in devices 
heretofore known) composite film, such that when inci 
dent primary electrons bombard one major surface of 
the film, secondary electrons are emitted from the op 
posite major surface of the film. Such a device is exempli 
fied, e.g., by U.S. Patent No. 2,898,499. 

Since the secondary emission materials employed in 
such prior art devices rapidly attenuate any movement 
of conduction electrons in the bulk material, it has here 
tofore been necessary to make the dynode films extremely 
thin, and consequently mechanically fragile. When the 
secondary emission layer is made very thin, it does not 
absorb all of the incident (relatively high energy) pri 
mary electrons. As a result, some of the primary electrons 
pass completely through the dynode film and impinge 
upon the phosphor screen or other detection means 

20 

30 

40 

5 5 

60 

65 

70 

utilized in the device so as to greatly reduce the effective 
image contrast obtainable. 

2 
Since the very thin dynode structures previously em 

ployed do not absorb all incident primary electrons, they 
necessarily operate at reduced efficiency. The very thin 
dynode film, being somewhat transparent to visible light, 
permits feedback from the phosphor screen (when the 
device is employed as an image intensifier) to the photo 
sensitive structure at the device input; such feedback 
sometimes causes electrical instabilities to develop. 

In addition to the foregoing disadvantages of con 
ventional transmission type secondary emission devices, 
the materials heretofore available for such devices ex 
hibit relatively low secondary emission yields (less than 
10 secondary electrons for each primary electron) so 
that a great many cascaded stages are required to achieve 
useful values of electron image amplification. 
An object of the present invention is to provide an 

improved secondary emission transmission type device 
having a dynode structure of relatively great thickness 
compared to those heretofore known, and exhibiting a 
secondary, emission yield and signal to noise ratio sub 
stantially greater than that of prior art devices of this 
type. 

Summary 
According to the invention there is provided a trans 

mission type secondary emission device including (i) 
a source of primary electrons which are made to im 
pinge upon one major surface of a secondary emission 
dynode of semiconductive material to produce secondary 
electrons which are emitted from the opposite major 
surface of the dynode, and (ii) means for utilizing the 
emitted secondary electrons, in which the dynode com 
prises a highly-doped film of P type semiconductive ma 
terial and a thin layer of an electropositive work function 
reducing material on the surface of the semiconductor 
from which the secondary electrons are emitted; the 
energy gap of the semiconducting material, the work 
function at the surface of the electropositive layer, and 
the acceptor impurity concentration in the semiconductor 
bulk are such that the bottom of the conduction band 
in the semiconductor bulk lies at an energy level above 
the vacuum energy level at the exposed surface of the 
electropositive layer; the thickness of the semiconductive 
film is chosen sufficiently great so as to absorb the in 
cident primary electrons, but not greater than a value. 
on the order of a few times the diffusion length for 
electrons in the semiconductor bulk, so that the sec 
ondary electrons may diffuse toward and be emitted 
from the exposed surface of the electropositive layer. 

In the drawing 
FIGURE 1 shows an electron photomultiplier device 

employing the invention; 
FIGURE 2 shows a cross sectional view of a dynode 

according to the invention utilized in the device of FIG 
URE 1; and 
FIGURE 3A shows a partial cross sectional view of 

the dynode of FIGURE 2 taken along the cutting plane 
A-A and FIGURE 3B shows an energy level diagram 
useful in explaining various features of the invention. 

Detailed description 
FIGURE 1 shows an electron multiplier device 1 con 

structed according to the invention. The device 1 is in 
the form of a cylinder having an opaque outer insulating 
shell 2 which may comprise a suitable ceramic material. 
At opposite ends of the cylinder are transparent end 
plates 3 and 4 which may comprise a suitable glass. 
The device 1 may be employed as a light image ampli 

fying device, or as a simple photomultiplier. Incident 
radiation, which may comprise visible, infrared or ultra 
violet light or X-rays, passes through the end plate 3 
(which must, of course, be designed to transmit the par 
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ticular type of incident radiation to be detected) and 
through the transparent conductive film 5 to impinge upon 
the photoemissive layer 6. 
Where the incident radiation is a visible light image, 

the conductive layer 5 may comprise a material such as 
stannic oxide, which is substantially transparent to visible 
light. The photoemissive layer 6 may then comprise one 
of the well known materials which emits electrons when 
subjected to irradiation by visible light, such as cesium 
antimony. Electrons are emitted from the exposed sur 
face 7 of the photocathode 6 in accordance with the 
incident radiation, to form an electron image which cor 
responds to the visible light image to be amplified. The 
emitted electrons are accelerated by the voltage V across 
resistor R1 (which is supplied by a voltage divider net 
work consisting of voltage source E1 and resistor R 
through Rs) to impinge upon the surface 8 of the sec 
ondary emission dynode 9. These incident primary elec 
trons, which have a relatively high kinetic energy due 
to the potential difference between the dynode 9 and the 
transparent conductive layer 5, are absorbed by the semi 
conductive film 10 of the dynode 9, so that each incident 
primary electron produces a relatively large number of 
secondary electrons in the bulk of the semiconductive 
film 10. A relatively large proportion of these secondary 
electrons diffuse toward the low work function layer 11 
and are emitted from the exposed surface 12 of the 
layer 11. 
The improved “efficiency', i.e. the ratio of the number 

of secondary electrons emitted from the layer 11 to the 
total number of secondary electrons created in the bulk 
of the film 10, of our dynode structure is attributable to 
the fact that conduction band electrons having thermal 
energies can travel relatively large distances in the bulk 
of the film 10 and be emitted from the exposed surface 
of the layer 11. - 
Due to the improved efficiency and higher gain of our 

dynode structure, random fluctuations of the number of 
emitted secondary electrons (corresponding to an in 
variant stream of incident primary electrons) are mini 
mized, thus resulting in an improved signal to noise ratio. 
The secondary electrons emitted from the surface 12 of 

the dynode 9 are accelerated by the potential difference 
V2 across resistors R2 and R3 to impinge upon the surface 
8' of the next dynode 9', so that the aforementioned 
process is again repeated, leading to the emission of addi 
tional secondary electrons from the exposed surface 12' 
of the low work function layer 11'. The process then pro 
ceeds in similar fashion, with the electrons emitted from 
the surface 12' being accelerated by the potential differ 
ence Vs across resistors R4 and R5 to impinge upon the 
surface 8' of the dynode 9', so as to cause additional 
secondary electrons to be emitted from the exposed Sur 
face 12' of the low work function layer 11'. 
The resultant amplified electron image, in the form of 

secondary electrons leaving the surface 12', is converted 
into visible light by causing the electrons to impinge upon 
a phosphor screen 13 which may comprise an electron 
sensitive light-emitting material such as zinc sulphide. 
The electrons emitted from the surface 12' are accelerated 
toward the phosphor screen 13 by means of a potential 
difference V applied between the dynode 9' and a thin 
electron-permeable aluminum layer 14 applied to the Sur 
face of the phosphor layer 13. 

Typically, the source E may have a voltage on the 
order of 10 kilovolts, while the voltages V1, V2 and Va 
may have values on the order of 2 kilovolts, the phosphor 
screen accelerating voltage V4 being on the order of 4 
kilovolts. These values will, of course, depend upon the 
desired parameters of the specific device to be con 
structed. 

In some cases, it may be desirable to modulate or 
more uniformly control the acceleration of electrons be 
tween the various dynodes by means of grids 15 and 
16. Where necessary or desirable, the electrons traveling 

10 

20 

25 

30 

40 

50 

60 

65 

75 

4. 
through the device 1 may be focused by means of a 
magnetic field directed parallel to the axis of the cylinder 
formed by the insulating shell 2. 
FIGURE 2 shows an enlarged cross sectional view (not 

to scale) of the dynode 9 of FIGURE 1. The dynode 9 
consists of an annular supporting ring 17 of monocrystal 
line gallium arsenide P type semiconductive material of 
relatively low resistivity. Disposed on the supporting ring 
17 is a monocrystalline epitaxially-grown film 10 of a 
wide bandgap semiconductor material such as gallium 
phosphide. The supporting ring 17 may typicalls have a 
thickness x on the order of 5 mils, while the thickness 
of the epitaxial semiconductive film i0 may be on the 
order of 2000 Angstroms. 

Disposed on one surface of the semiconductive layer 
10 is a monomolecular layer 11 of an electropositive work 
function reducing material such as cesium. The layer 11 
need not necessarily be monomolecular, but should pref 
erably have a thickness not exceeding a value on the 
order of a few atomic diameters of the electropositive 
material. 

Disposed on the upper surface of the ring 17 is a 
conductive layer 18 comprising an acceptor material such 
as indium, which forms an ohmic contact with the P 
type semiconductor material 17. The indium layer 18 is 
preferably alloyed to the adjacent gallium arsenide layer 
17. 
While we have shown the supporting ring 17 as com 

prising monocrystalline gallium arsenide, this material is 
employed only for convenience in growing the epitaxial 
film 10, as it is extremely difficult to grow an epitaxial 
layer on a non-crystalline substrate. 

While we prefer to utilize a semiconductive film 10 of 
monocrystalline material, the film 10 may alternatively 
comprise polycrystalline semiconductor material if the 
grain diameter of the polycrystalline material is on the 
same order as the thickness of the semiconductive film. 
Where polycrystalline material is employed, the support 
ing layer 17 may comprise a suitable metal or other con 
ductive material. 

Electrical contact to the dynode 9 may be made by 
soldering or otherwise bonding a terminal lead to the 
indium layer 18; the terminal lead may also serve to 
mechanically support the dynode within the shell 2. 
The semiconductive film 10 should comprise P type 

material which is heavily doped with acceptor impurities 
to provide a hole concentration on the order of 1018 to 
100/cm. We prefer to employ beryllium as the acceptor 
material, although other suitable acceptors such as zinc 
or magnesium could be utilized. 
The manufacture of the dynode 9 is initiated by pro 

viding a monocrystalline wafer of P type gallium arsenide 
of relatively low (on the order of .01 to 1.0 ohm centi 
meters) resistivity. The gallium phosphide monocrystalline 
film 10 is epitaxially grown on the gallium arsenide wafer 
by the vapor phase reaction of gallium subchloride and 
phosphine according to Equation 1. Hydrogen is employed 
as the carrier gas for the reactants. 

GaCl--PH-> GaP--HC1--H (1) 

A small amount of beryllium chloride (BeCl) is mixed 
with the reactant gases to provide acceptor doping of the 
epitaxial film 10. The beryllium chloride concentration is 
chosen so as to provide a net hole concentration in the 
film 10 on the order of 1018 to 1019/cm.3. 
The epitaxial deposition of the film 10 is continued until 

a thickness on the order of 2000 Angstroms is reached, 
at which time the deposition process is terminated. 

After cleaning the exposed surfaces of the gallium 
arsenide-gallium phosphide laminate, a suitable masking 
material is applied to the exposed surface of the gallium 
phosphide film 10 and to an annular peripheral portion 
of the exposed surface of the gallium arsenside wafer, 
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and the laminate is immersed in the following etching 
solution: 
5 parts (by volume) concentrated sulphuric acid 
1 part (by volume) of a 30% volumetric solution of hy 
drogen peroxide in water 

1 part (by volume) water 
This solution rapidly etches the exposed central portion 

of the gallium arsenide wafer. Since the gallium phosphide 
film 10 is relatively insensitive to this etching solution, the 
etching process virtually halts when the central portion 
of the gallium arsenide wafer has been removed. 

After removing the masking material and washing the 
etched laminate, a thin ring 18 of indium is placed upon 
and alloyed to the exposed surface of the remaining gal 
lium arsenide ring 17. 
One surface of the gallium phosphide film 10 is next 

carefully cleaned and heat treated to remove undesired 
contaminants, after which a monomolecular layer 11 of 
cesium is evaporated onto the cleaned and treated Surface. 
The resultant structure is that shown in FIGURE 2. 
We have observed that when the gallium phosphide 

material of the film 10 is bombarded with electrons hav 
ing energies on the order of 200 electron volts, a second 
ary emission ratio on the order of 100:1 can be obtained. 
That is, for each primary electron striking the surface 8 
of the film 10, an average of 100 or more secondary elec 
trons are emitted from the low work function opposite 
surface 12. 

Since the film 10 comprises monocrystalline material 
(or polycrystalline material of proper grain size), elec 
trons in the conduction band of the semiconductor mate 
rial can travel relatively long distances before recombin 
ing with holes in the material. The average distance which 
an electron will travel in the film 10 before recombining 
is given by the diffusion length Lin defined as 

L-VDarn . (2) 
where 
L=diffusion length for electrons 
D=diffusion constant for electrons 
T=electron lifetime. 
The diffusion constant D may be obtained from the 

Einstein relationship, 

(3) 

where 
p=electron mobility 
e=electronic charge 
k=Boltzmann constant 
T=absolute temperature. 
Combining Equations 2 and 3, we have 

n=VuntinkT/e (4) 
The thickness of the epitaxial secondary emission semi 

conductive film 10 should be sufficiently great so as to 
absorb substantially all incident primary electrons, but 
not so great that the secondary electrons produced cannot 
diffuse through the semiconductive film to reach and be 
emitted from the surface of the low work function electro 
positive layer 11. Thus, the thickness of the film 10 should 
not exceed a few times (usually not exceeding three times) 
the above-defined diffusion length L. Preferably, the 
thickness of the film 10 should be on the order of the 
diffusion length provided this does not conflict with the 
requirement that the film be sufficiently thick to absorb 
substantially all incident primary electrons. For the 2000 
Angstrom gallium phosphide film of our example, the 
diffusion length L is on the order of 2000 to 3000 
Angstroms at room temperature. 
The theoretical basis for the electron emitting proper 

ties of the dynode 9 will best be understood by reference 
to FIGURE 3. 
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6 
FIGURE 3A shows a partial cross sectional view of the 

dynode 9 taken along the cutting plane A-A of FIGURE 
2. Vertically aligned with FIGURE 3A, FIGURE 3B 
shows an energy level diagram for the dynode structure. 
It is seen from the diagram that the semiconductive film 
10 has been degeneratively doped with acceptor impurities 
so that the Fermi level in the semiconductive film lies 
slightly below the top of the valence band. In practice, 
practical doping concentrations result in a Fermi level so 
close to the top of the valence band that the difference be 
tween the energy gap (between the top of the valence band 
and the bottom of the conduction band) and the energy 
differential AE (between the Fermi level and the bottom of 
the conduction band) is negligible. 
The electropositive metallic layer 11 constrains the Fer 

mi level to substantially coincide with the bottom of the 
conduction band at the emitting surface 12. Assuming the 
dynode to be in thermal equilibrium, and the effect of any 
externally-applied electric field across the composite con 
sisting of film 10 and layer 11 (due to the potential dif 
ferences V1 through V) to be negligible, the Fermi level 
will be substantially constant throughout the film 10 and 
layer 12. 

Since the energy gap is substantially constant through 
out the structure, the energy bands necessarily bend in the 
immediate vicinity of the emitting surface 12, as is seen in 
FIGURE 3B. The band bending extends a distanced into 
the film 10 which is small compared to the total thickness 
D of the film. The actual value of the distance d depends 
primarily upon the energy gap and the impurity doping 
level within the semiconductive film 10. 
The energy level diagram indicates that within a very 

small distance 8 inward from the electropositive layer 11, 
the Fermi level lies closer to the bottom of the conduc 
tion band than to the top of the valence band, while in the 
bulk of the film 10 the opposite is true. It is therefore evi 
dent that the bulk of the film exhibits P type conductivity, 
while the extremely thin ("inversion') region within a dis 
tance 8 from the electropositive layer 11 behaves as though 
it were of N type conductivity. 

If the electropositive layer 11 on the film 10 has a work 
function less than the energy differential AE (or in our 
example the substantially equivalent energy gap), the vac 
uum energy level at the emitting surface 12 (corresponding 
to the energy at electron must have to escape from the sur 
face) will lie below the bottom of the conduction band in 
the bulk of the semiconductive film 10. 
Due to this height of the conduction band bottom above 

the vacuum energy level, electrons in the conduction band 
of the semiconductive film 10 (secondary electrons in the 
conduction band are produced as a result of collisions with 
incident primary electrons) may diffuse toward the emit 
ting surface 12 while retaining a residual energy at the 
emitting surface which is greater than the vacuum energy 
level. The net result is that electron emission can take place 
from the surface 12 without the necessity for applying any 
external force to overcome the surface work function and 
the dynode behaves as though it had a negative effective 
electron affinity. 
The high doping levels employed in the semiconductive 

film 10 according to our preferred embodiment insure that 
the distanced in which band bending occurs is extremely 
small (on the order of 30 to 100 angstroms), so that ener 
gy loss of electrons diffusing toward the emitting surface 
12 is minimized. 
For the dynode of our preferred embodiment, the gal 

lium phosphide material employed has an energy gap on 
the order of 2.3 electron volts while the work function ex 
hibited by the cesium-coated emitting surface is on the 
order of 1.3 electron volts, resulting in a negative effec 
tive electron affinity of approximately 1.0 electron volt. 
We claim: 
1. A secondary emission device, comprising: 
a source of free electrons; 
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at least one dynode including a film of semiconductor 
material having first and second opposed major sur 
faces, 

said material having spaced valence and conduc 
tion energy bands with a given energy gap there 

between, 
said material having a net excess concentration of 

acceptor impurities such that the Fermi level in 
said material lies relatively proximate to the up 
permost energy level of the valence band and 
relatively remote from the lowermost energy 
level of the conduction band, 

said dynode including a thin layer comprising an elec 
tropositive work function reducing material on said 
second surface, said layer having a thickness not ex 
ceeding a value on the order of a few atomic diame 
ters of said electropositive material, said electroposi 
tive layer reducing the work function of said second 
Surface so that the vacuum energy level at said sec 
ond surface lies below the lowermost energy level of 
the conduction band in the bulk of Said film; 

means for accelerating said free electrons to impinge 
upon said first surface with a kinetic energy sufficient 
to produce secondary electrons in the conduction band 
of said material; 

the thickness of said film being sufficiently great so that 
said impinging electrons are absorbed by the film, said 
film thickness not exceeding a value on the order of a 
few times the diffusion length for electrons in said 
material, 
whereby said secondary electrons may diffuse to 
ward and be emitted from said second surface; 
and 

means for utilizing the secondary electrons emitted 
from said second surface. 

2. A secondary emission device according to claim 1, 
wherein said impurity concentration is sufficient to pro 
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8 
vide a hole concentration on the order of 1018 to 1019/cm.3 
in said material. 

3. A secondary emission device according to claim 1, 
wherein said film is monocrystalline. 

4. A secondary emission device according to claim 1, 
wherein said film is polycrystalline with an average grain 
diameter on the order of the thickness of said film. 

5. A secondary emission device according to claim 1, 
wherein said material comprises gallium phosphide. 

6. A secondary emission device according to claim 5, 
wherein said impurity comprises beryllium. 

7. A secondary emission device according to claim 6, 
wherein said film thickness is on the order of 2000 ang 
Strons. 

8. A secondary emission device according to claim 5, 
further including film supporting means comprising an 
annular ring of monocrystalline gallium arsenide, said 
film being epitaxially grown on said supporting means. 

9. A secondary emission device according to claim 7, 
wherein the kinetic energy of said impinging free electrons 
is on the order of 2000 electron volts. 
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