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ABSTRACT OF THE DISCLOSURE 

A method for making a negative effective-electron 
at?nity silicon electron emitter includes the steps of pre 
paring the silicon by ?rst heating for a short time to near 
the melting point of the silicon, sensitizing by applying a 
layer of work-function-reducing material, heating again 
for a short time to a lower temperature than the ?rst, and 
again sensitizing by applying a layer of work-function-re 
ducing material. 

BACKGROUND OF THE INVENTION 

The invention relates to silicon negative effective-elec 
tron-affinity electron emitters. 
A P type silicon crystal which is sensitized by applica 

tion of work-function-reducing material, such as cesium 
and oxygen, to its surface can function as an ef?cient elec 
tron emitter. Sensitized silicon cathodes may be used, for 
instance, as long wavelength-sensitive photocathodes, sec 
ondary emitters, and electron gun cold cathodes. 
One problem with silicon cathodes is the di?iculty of 

removing contaminants from, and otherwise preparing, 
the surface region of the crystal before the cesium and 
oxygen are applied. Such preparation is essential to ob 
taining a negative etfective-electron-a?inity characteris 
tic in the cathode. If the negative effective-electron-a?inity 
is not attained, the cathode is not acceptable for commer 
cial use. ~ 

It is presently generally accepted in the art of process 
ing silicon cathodes that adequate preparation of the sili 
con prior to application of the cesium and oxygen must 
include removal of several monolayers of silicon by sput 
tering, followed by an annealing at high temperature. The 
sputtering is by bombardment with non-reactive gas ions. 
The following references are given to illustrate sputtering 
and annealing processes and to evidence their general use 
for silicon cathodes: 

Martinelli, R. U ., “Re?ection and Transmission Secondary 
Emission From Silicon,” Applied Physics Letters, 17 
(8): pp. 313-314, Oct. 15, 1970. 

Iona, F., “Observations of ‘Clean’ Surfaces of Si, Ge, and 
GaAS by Low~Energy Electron Diffraction,” IBM 
Journal, pp. 375-387, September-November 1965. 

Lander, J. J. and Morrison, J ., “Structures of Clean Sur 
faces of Germanium and Silicon I,” Journal of Applied 
Physics, 34 (5): pp. 1403-1410, May 1963. 

Farnsworth, H. E. et al., “Application of the Ion Bom 
bardment Cleaning Method to Titanium, Germanium, 
Silicon, and Nickel as Determined by Low-Energy Elec 
tron Diifraction,” Journal of Applied Physics, 29 (8): 
pp. 1150-1161, August 1958. 

US. Pat. No. 3,591,424, issued to Ward July 6, 1971. 
Sputtering is a rather lengthy process which requires 

relatively complex internal tube structures, such as a spe 
cial gun. Also, the annealing required after sputtering is 
likely to degrade the junction characteristic of junction 
devices, such as PN junction cold cathodes by impurity 
diffusion. For these reasons, silicon has as yet no signi? 
cant use commercially for cathodes in electron tubes. Prac 
tical considerations require that cathodes for electron 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

1 3,806,372 
Patented Apr. 23, 1974 CC 

2 
tubes be cleaned after they have been mounted in the tube 
envelope. Sputtering and annealing would require appro 
priate tube structures therefor to be located inside the 
tube envelope, which is not presently commercially feas 
ible for electron tubes which might include silicon cath 
odes. 

SUMMARY OF THE INVENTION 

The novel method of making a silicon cathode com 
prises heating the silicon in vacuum to near its melting 
point for a brief time, sensitizing the emitting surface by 
applying a layer of work function reducing material, heat 
ing again for a brief time to a temperature lower than 
the ?rst heating temperature, and again sensitizing. 
By performing the speci?ed heating and sensitizing steps, 

the necessity for sputtering and annealing is avoided com 
pletely. The heating steps are readily performed with the 
type of equipment already used commercially for electron 
emissive tubes. Thus, the novel method makes it feasible to 
use a negative effective-electron-a?inity cathode in exist 
ing electron tube types. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a ?ow chart of the preferred embodiment of 
the novel method. 
FIG. 2 is a partially sectional, partially schematic view 

of a phototube including a silicon cathode processed in 
accordance with the preferred embodiment of the novel 
method. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

‘FIG. 1 shows a ?ow chart of a preferred embodiment 
of the novel method for processing a silicon re?ecting 
photocathode for a phototube 10 shown in FIG. 2. Re 
ferring now to FIG. 2, the phototube 10 has a transparent 
envelope 12, inside of which is mounted a silicon photo 
cathode 14 and an anode ring electrode 16 spaced from 
the photocathode 12. The cathode 12 is a round P type 
monocrystalline silicon disc about 2 cm. (centimeters) in 
diameter and about 200 am. (micrometers) thick, having 
an emitting surface 18 oriented in the (100) Miller index 
plane of the crystal. The emitting surface 18 is provided 
with a work function reducing layer 20 of cesium and 
oxygen. Electrical leads 21 are clamped to opposite edges 
of the cathode 12 for ohmic heating of the cathode 12. 
The envelope is continuously evacuated through exhaust 
tabulation 22 by a vacuum pump 24. Two appendages 26, 
28 on the exhaust tabulation 22 contain compounds which 
release cesium and oxygen, respectively, when heated. 
The pump 24 is operated continuously during the entire 
process to maintain a vacuum of on the order of 10-6 to 
10-7 torr in the envelope, except during sensitizing, as 
measured by an ionization gauge. 

After a preliminary degassing bake-out of the entire 
phototube 10, the cathode 12 is ?rst heated to a tempera 
ture of about 1300° C. (Celsius) for about 3 seconds by 
ohmic heating resulting from passing electric current 
through the leads. 21. During the heating, the tempera 
ture is monitored by measuring the light radiation output 
of the silicon with a pyrometer. The cathode 12 is then 
allowed to cool. After the silicon reaches approximately 
100° C., cesium is released ‘from the cesium appendage 
26 by heating thereof until the photoemission of the cath 
ode 12 has passed a maximum. Thereafter, at near room 
temperature, oxygen is released from the oxygen append 
age 28 by heating thereof until the photoemission is maxi 
mized. If the photosensitivity is less than about 2 micro 
amperes per lumen, the ?rst heating and sensitizing is re 
peated once. This generally raises the photosensitivity to 
above that value. The cesium and oxygen together form a 
portion of the ?nal thickness of the work-function-reduc 
ing layer 20. 
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The cathode 12 is now again heated, this time to a 
temperature of 1000” C. for about 3 seconds, and allowed 
to cool to about 100° C. The emitting surface 18 is again 
sensitized by release of cesium and oxygen from the 
appendages 26, 28. This last, lower temperature, heating 
followed by sensitizing, is repeated to the extent neces 
sary to obtain peak photosensitivity from the emitting 
surface 18. 
The novel method of preparing and sensitizing the 

silicon results in negative ei‘I’ective-electron-a?inity with 
out the necessity of additional structures inside the enve 
lope for sputtering and without a lengthy annealing step. 
Thus, the novel method is readily adapted for processing 
a silicon cathode in existing commercially-available elec 
tron emissive tube types, with only minor modi?cations 
in presently used processing. Such a silicon cathode may 
‘be used, for example as a photocathode, a secondary emis 
sive dynode, or as a cold cathode in an electron gun. 

GENERAL CONSIDERATIONS 

The ?rst, higher temperature heating should be within 
about 100 degrees of the melting point of silicon, gener 
ally given as 1420° C. However, the temperature may be 
lower ‘where a longer time at that temperature can be 
tolerated by the associated cathode structure. For in 
stance, the ?rst heating temperature may be anywhere 
from about 1100° C. to as near the melting temperature 
as is practical without resulting in damage to the silicon 
crystal due to non-uniform heating. For a silicon cathode 
structure having a PN junction, such as for a forward 
biased PN junction cold cathode, it is desirable to keep 
the time to a minimum in order to prevent undesired dif 
fusion of the P type impurities at the thin junction region 
of the cathode. In such a case, it is desirable to use a 
high temperature, near the melting temperature, and to 
keep the time to about 5 seconds or less. Where, how 
ever, the silicon has no junction, it may be acceptable to 
use a temperature on the order of 1100° C. for as long 
as on the order of one-half minute. 
The second heating should be on the order of 300° C. 

lower than the ?rst heating, or in the range of between 
about 800 and about 1000° C. Again, the heating should 
be brief, as for the ?rst heating, and should be minimized 
for a junction device. However, the time is not as critical 
for the second heating with regard to the diffusion prob 
lem in a junction device since the temperature is lower. 
The sensitizing may be by application of cesium and oxy 
gen or rubidium and oxygen to obtain negative e?ective 
electron-a?inity. Other work-function-reducing layer ma 
terials do not appear to reduce the work function su?i 
ciently to result in negative eifective-electron-a?inity. 

If, after the ?rst heating, the photosensitivity of the 
cathode is below about 2 microamperes per lumen, it is 
advisable to repeat the ?rst heating, as such a low sensi 
tivity is a sign that the heating was not entirely adequate 
to prepare the crystal. Also, if the ?nal sensitivity is 
below about 150 microamperes per lumen, it may be 
advantageous to repeat the entire heating and sensitizing 
procedure, since it may be expected that the ?nal sensi 
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4 
tivity can be made higher. While these repeating steps 
are generally necessary, they are not considered at pres 
ent to be essential. 

In the preferred embodiment, the temperature of the 
silicon was measured with a pyrometer. Other means, such 
as a thermocouple, may also be used. While there is no 
assurance that any of the various temperature measure 
ment means will give the absolute temperature of the 
silicon, the temperature as measured herein is believed 
to be within about 10° C. of the absolute temperature of 
the silicon. The optimum temperature varies somewhat 
with the time which the silicon was held at that tempera 
ture. Lower temperatures generally require a longer time. 
What is claimed is: 
1. A method for making a silicon negative effective 

electron-ai?nity electron emitter, comprising the steps of: 
(a) heating a silicon cathode having a surface oriented 

in the (100) Miller index plane in vacuum to be 
tween about 1100° C. and about 14'20° C.; then 

(b) sensitizing said (100) oriented surface of said sili 
con cathode by application of a work function-reduc 
ing-material thereto; then 

(c) heating said silicon cathode again in vacuum to a 
temperature lower than said temperature of said ?rst 
heating; and 

(d) sensitizing said (100) surface by application of a 
layer of work-function-reducing material. 

2. The process de?ned in claim 1 wherein said ?rst 
heating is to about 1300° C. 

3. The method de?ned in claim 2 wherein said second 
heating is to a temperature of about 1000° C. 

4. The method de?ned in claim 1 wherein said work~ 
function-reducing material is chosen from the group con 
sisting of cesium plus oxygen and rubidium plus oxygen. 

5. The method de?ned in claim 1 comprising repeating 
steps (c) and (d), in sequence, until electron emission 
from the silicon is maximized. 

6. The method de?ned in claim 1 comprising repeating, 
in sequence, steps (a), (b), (c) and (d) at least once. 
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