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ELECTRON EMiSSION FROM A THIN FILM IV — VI COMPOIN[) SEMICONDUCTOR

INT RODUCT ! ON

Since 1960 there has not been an extensive amount of research in tb
development of new cold cathodes. Present day military requi rements exist
for long life , reliable radar and comunication systems which are vastly
superior to those present ly available. The devices needed to meet theme
requirements,such as low power microwave tubes and solid-state vacu~~ ampli-
fiers (Electron Beam Semiconductors (EBS)), require emitters which have a
unique capabilit y well beyond the present day state-of—the—art. The feasi-
bility ~f meeting these emitter requirements is directly related to the life
and reliability of the electron sources which are the key components of
these devices .

Most ot the present vacuum tube devices incorporate a thermionic
cathode as the electron emitter. Thermionic cathodes have undesirable
characteristics such as slow warm— up , unwanted heating of contiguous parts
of the tube , unwanted by—products from the hot cathode that coat tube com-
ponents and lead to premature device failure , sensitivity to failure from
vibration , and a broad electron velocity distribution . Use of a cold
cathode could alleviate all of these unwanted properties in addition to
imp rovin7 overall device life .

In recent years , research effort has been expended on three basic cold
cathode primary emission sources . These are: a) field emitters,”2
b) active surface cold cathodes ,3 and c) a new cold electron source (tin
oxide)4 which does not require an active metal coating to achieve appreciable
emission .

The major limiting factor to the utilization of the field emitter as a
cold cathode source has been the vacuum requirement , and the extremely high
voltages which have been required to obtain emission . The high voltage

1. C. A. Spindt , “Novel Field Emission Devices,” Conference on Electron
Devices, Mar 1973.

2. R. F. Feeney , A. J. Chapman , and B.A. Keener, “High Field Electron
Emission From Oxide—Metal Composite Materials ,” Journal of Applied
Physics, Vol. 46, No. 4, Aor 1975.

3. H. Shade , H. Kressel , “Optoelectronic Electron Emitter,” Contract No.
DAABO7—71—C—0059, 1971.

4. M. I. Elinson , A. C. Zhdan , C. A. Kudintseva , and M. E. Chugunova,
“The Emission of Hot Electrons and the Field Emission of Electrons from
Tin Oxide,” Rad . Eng Elec Phys. 10, pp . 1290, 1965. 
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requirements of these emitters pres ’u: sur e problems in beam .odulation
control required for amp l i t l r  !9plic .it~ uns . Activ e surf.~~ cold cathodes
(cesiated surfaces) have never been .Ible t o  demonst rate prolonged stable
operation in pr .~~tica1 t ube environments. Earlie1 rt-~.t’ .~rch on tin oxide(Sn07) cold cathodes by ElilIson . and by Seeliner ’ et al , indicated that tt,e
problems which l imit the .et lication of tu ld c,ithod’s reported in relerenceb
I and 2 were not present In tin oxide emitter. Bet.~u-.e of tt~ act r.eetx vt~
emission oft iciencies reported by ~linson .iitd Soellne r . ItUM funded two
limited programs6’7 to do a t e~aslbility study on Sn02 cold cathodes for
applicat ion in microwave devices ‘-‘hich ucre under development at ECOM. This
report discusses the work done or Sn02 cold .i’~hodes which ~‘as carried out
at ECOM .

EXPERIMENTAL PR OCEDURE

‘the colci cathode structures were tested and fabricated for EGOM
under the contracts cited in references 6 and 7. Some of the emitters
tested were fabricated by vapor phase deposition on a quartz substrate a*
follows : a liquid suspension of tin chloride solution SnCl4~ 511 0 was
deposited on a hot substrate by utilization of a nitrogen caçrier2 gas to .~thickness of 0.1 to 1.5u and h I m  resistan t from io2 to 10’ ohms. The re-
sistances obtained were a function of doping (in most cases antimony) and
the film cross—sectional area. Aft er deposition, the films were supplied to
ECOM for metalizing and emission analysis to determine their potential for
becoming a viable cold cathode for microwave tube applications . During the
program cited in reference 7,deposition of these f i l m s  was made by hydroly-
sis of tin chloride (doped and undoped) on a hot substrate. The devices
which were fabricated consisted of single, multielement , and
interdigitated emitters fabricated on a planar quartz substrate.The emitters
tested during the program were mostly fabricated phot~ lithographica lly . The
coverage region of the SnO2 film ,where the emitt r was formed during
act ivation,was approximately 3 x 9 mils for a single element emitter. A few
were fabr icated by handscribing the film with a stylus to pro—determine
where the emission region would be formed during a c t i v a t i o n . Act iva t ion  of
the Sn0 2 cold cathode entailed the appllcat~ on of a dc voltage across the

5. A. M. Soellner , J. F. Sprouse , 1. A. Raju, “Electron Emission from
Region of High Resistance in Tin Oxide Films ,” Journal of Applied
Physics , Vol. 39, No. 3, pp. 1911—1913, Feb. 1968.

6. J. Mize , “Research and Fabrication of Solid State Emitter Arrays ,”
Contract No. DAABO7—72—C—0195 , 1972.

7. J. Mize , “Research and Development of Non—Active Surface NEA Emitter ,”
Contract No. DAABO7—75—1295—1 , 1975.
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film until a sharp decline in the film current occurred . This decline usually
was accompanied by the onset of emission . Two methods of activation were
used . These were designated as being “slow and “fast ” activation processes.
The slow procedure consisted of applying the voltage to the film incrementally
until activation was indicated by a sharp reduction in film current and the
onset of emission . In the fast activation procedure , voltage was applied in-
crementally in one minute on—of t periods until activat ion occurred as in-
dicated by the previousl y mentioned decline in film current . During the
fast activation procedure when tIR’ r ilm currents were above 10 milliamperes ,
a p r o b l em o f ont.lc t burnout would occur. This did not happen in the slow
activation method which entai led inc rementally increasing the film voltage
periudi ’.illv until .tctiv ,,t ion took plac e . Figure 1 Is a plot of a typical
activation curve tor .tn emitt er that was activated by the slow procedure
which was primaril y utilized throughout this program. The basic test cir-
cuit used for activating and testing the emitters was as shown in Figure 2.
After activation , the emitte rs were allowed to age un til the emission
stabilized at which time I—V data was recorded. During activation visual
observation ot the emitter was made and the following phenomena was
observed. Just prior to activation a region of scintillating white light
appeared in the junction r&’~ ion . It was observed that the appearance and
intensity of this l ight was pressure dependent, and after activation occurred
the intensity of the light in the junction region was significantly reduced.
It is believed that this luminescence was eithe r (1) recombination phenomena,
or (2) an ionization of gases generated by extreme localized heating in the
junction regions or some combination of both. During activation the magni-

tude of the film current was usually in the order of milliamperes . After
activation the film current ranged from tens of microamperes to several
milliamperes. The emission current for each individual emission region was
in the microampered range . The area of the single element emitting region
was estimated to be 60 x io—6 cm2.

EXPERIMENTAL RESIJLTS

Figure 3 is an I—V p lot of a single element emitter taken at a film
voltage of 270 volts. Figures 4 and S are I—V plots of a multielement
emitter and aninterdigitated structure respectively. Figure 6 is a sketch
which gives a visual picture of the basic difference in geometry of the
emitters cited in Figures 3 through 5. Examining Figures 3 through 5, it
can be seen that the emitters have a tendency to saturate as one would
normally expect , then increase towards a second saturation level. This
second saturation level was not reached in Figures 3 through 5 because I—V
data was not continued until the emission saturated. If increases in applied
voltage had been continued the emission would have reached the second satura-
tion plateau. This could be indicative of the fact that the total emission
from these cathodes is derived from two sources , i.e.. thermionic and field
emission . This aspect will he discussed in more detail in the next section.
Figure 7 is a plot of a multielement emitter which also exhibits the same
emission characteristics. Figure 8 is a plot of this same emitter taken
at zero film voltage . Upon comparison of Figures 7 and 8, it is observed
that the emission in Figure 8 starts at approximately the same point the
second emission plateau occurs in Figure 7. This aspect was not observed

3



in al l  e m i tt e r  tests to date as pointed ~~~~t by }Ianasaka 8~ t al , in t he i r
paper. It is not clear at this point w~~. this phenomena di ’l not o~ ur In
all. c~ sos or t i t  is st r i c t l v  a f i e l d  de~ en hnt occurranc e . Rut  pa r t  of
the reason this was not observed on a ll emit ter s may ho due to the wide
varia tion in fabric atio n p arunete rs whi ch was used throughout this study .
Hanasaka et al, intimated ‘iat t I .  sour~~ of this emissi~~n m .iv be due to
secondary emissions . This .111 be reviewed in the tollowtng ‘e~ t t on in
addition to the field dependence aspect. Fi gure 9 i s a pl~~t of the life
test characteristic ~f what was cons i de red the host emitters (i.e., those
doped a t 10 17 to lOl0 atoms/cm3. and a thickness range of O.OS~ to fl .lflu).Tht
fluc tuation in emission leve l as indica ted  in F i g u r e  9 are quite severe
Initially, and have a tendency t e  become more stable during operation . It
is believed that the initial severe fluc t uations an’ surtaco related and
as the surface ages in these, fluctuation becomes less severe . Table 1 is
a list of significant operating characteristics of a representative cross—
section of the various emitters studied. As can he seen , t h e r e  is a wide
range of currents which were achieved from th,”c emitt ers . In most cases ,
this could be attributed to the differences in configura t ions of the
emitter types , and the variation In the amount ot antimony (Sb) doping of
the emitter studied.

DISCUSSION
The objective of this study ~~.ts to investigate the emission properties

of Sn02 cold cathodes in order to understand its operation , and determine
its feasibility as a viable cold cathode . In the research tha t has been
done on this emitter to date , severa l pr e l im in ary theo ries h ave been
generated empirically as to its possible emission mechanism. Elinson9

et al. bel ieved it may be that the conduction mechanism is the result of
field emission between discrete isolated semiconductor sites which is the
source of the emission . M1ze10’11 , has devel oped a curvilinear
junction tiie’orv which he believes to be the basis for the emission t rom
the SnO , cold cathode . More recently Spicer and Powell ’2 have proposed a
tentative emission model that is field dependent as well as thickness

8. T. Hanasaka, et al, “Electron Emission from V’i uum Evaporated Tin—
Oxide Films ,” Japan Jo urnal App l i ed  Physi cs , Supplement 2, 1 , 1974.

9. M. I. Elinson, et al — ibid — (#4)

10. J. Mize — Ibid (#6)

11. J. Mize — Ibid (#7)

12. R. A. Powell , W. F. Spicer , “Tin—Oxide and Relatec1 Oxides with Regard
to Cold Cathodes ,” Contract No. DAA}104-74—0022 , 1974.



depende nt for achlevomt tu ot a viable cold cathode. Hartwell and
Fon stad ’3  I n t i m . i t i d  t h at  the  emiss ion  mechanism could  be by e i z t n - r field
ernission,or ther ni onic emi~~.it’n. Ralu and Harrelll4 have reported that
t hey  achiev ed ~~‘i . t  i i  ‘~.d ~ ,d arv ol~~~t ton .‘mtsston from S i t U 2 f i lms  which
lead them t o  suspe t that i i ’ ~*Issjon mech anism may be at t r ibu ted  to
s~’conda rv e n i s s  Ion .

Base d on the  e~miss ion dat a and e ~ j e  r Imen t  a 1 observation of t i e r
em i t t e r  t e s t e d  at FICUM , i t  Is b e l i e v ed  th.,t the e~ ij ~t SjO f l  mechanism for
Sn02 cold cathodes is n e i t h e r  .t r i c t l y  teld emiss i on , the rmionic emission
nor secondary emiss ion . M~~ieI~’nba l1 15 repor ted  tha t  the maximu m seconda ry
omissi on rat Io ( ~ ) !‘r SnO~ on a glass subs t r a t e  was 1.11 at hUll volts
of p r i m a r y  ene rgy . Ho a l s o  stated that the ‘ ~ ta only s l i g h t l y  above one
for pr ima ry electrons above 300 volts and less than 1600 volts of energy .
For this reason it is believed that the secondary emission contribut ion is
minima l and we’ will disregard it in our discussion of what we believe may
be the possible emission mechanism.

Figures lOa and bare ’ electron micrographa of activated Sn02 cold
cathodes at magnifi cations of 470X and I000X respectively . It is observed
that in each of these emitters there is an irregular channe l across th~
film that is the emission region which was determined by viewing the
ca thode emission on a phosphor coated collector. The width of t~~is channel
is on the orde r of 1 to 3 microns. Resistance probe measurements have
defin itely established that the high resistance region which is formed
after activation is comp letely inclosed in the channel region . These
measurements have shown that the resist am e in this channel can vary from

— ~~~ ohms . If one calculates the power density which would be dissi-
pated in tH is narrow region it is apparent that the source of some of the
visible light which has been observed 1w investigators to date would indeed
be internal heating in the junction or channel region which converts the
SnO 2 to an Sn,O,,, compound which has a much lower conductivity than the SnO,
doped compound ~ p~~ior to heating. In an effort to study this transition
on a m i c r o s c o p i c  scale , Auger analysis was made of a large area samp le to
s t u d y  t h e  e f f e c t s  of h e a t i n g  on Sn0 2 cold cathode surface . Figures 11
and 12 are  Auger spectrums of these e m i t t e r s  pr ior  to h e a t i n g  and after
h e a t i n g  to 900 °C. Comparison of the relative change in magnitude of t i n
t oxygen peaks p r i or  to  hea ting , and a f t ~~r hea t i ng  i t  is seen that  they are
r e la~~~ve lv  cons t an t  at least  on the  su r face . The samp le which was analyzed
was supposed to  have been doped w i t h  Sb hu t  as indicated in the spectrum
shown in F i g u r e s 11 and 12 there  is no Sb peak . It is bel ieved that this

13. M. H a r t w el l , c. c. Fonstad , “Strong Electronic Emission from
P a t t e r ne d  T i n — I n d i u m  Oxide Thin Films , ” Pr oceedings of In te rna t iona l
Elec t ron  Devices Me e t ing ,  Wash ing ton , D . C . ,  1975.

14. 1. A. Raj u , B . J .  Harre l l , “Mani fe ’itat ion of Substained Secondary
Electron Emission from Tin—Oxide Films ,” Journal of Applied Physics ,
Vol . 40, No . 10, pp. 4213—4214, Sep 1964.

15. H. E. Mendenhall, “Secondary Emission f rom Conduc t ing Films of Tin—
Oxide ,” American Physical Society, Vol. 532 , No. 62, 1949.
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is he t i t se’ I c e ,  qUZLnt I t .  of Sb In i i .  e m t t t ~~r Was li ’ s t han it w h i t  Ii

i i i  d he dote t e d by c\u ge ’ r tie d V s  Is . I to  S t , ’ i i  i i a n t  C l i i  i r n i e t  ion sheewe ’ d
the ~~f f , c t  he at ing In the  v s  ‘ e ~~ h at ’ on t Il e ~~l t  la at bode sun a c e

End ica t  tons We ’ re~ t b e t  it  t h e  maximum otit at nab 1~’ t t rIpe’ ! a ler t ’  e I  900°C t lie
change in rel~et ~~.e ’ eomposit i an  ~ sit u I. ‘jtiis wou l d  Indicat t~a t  t h i s
t emperature was not h i g h  e te ec t i g l i  t o eu’., t he t empos i t  ion cI eii ~” ’” which
t ook place is a r e .s u lt  U t  internal heat in g  0! So02 t I Em by p a ’s , n g  e r r t ’ n t
through the j cc i t t ion In i va cuum . !t.is ’d on the u t ensi tv of t he’ glow
which occurred ju~~t pri r to activation . it appeared th ~~t the t emperature
in th~ lunction in a necked down emitter we’ . much higher. Because of the
re lat i v e ’ly  s m e l l  areas at th~’ junction r~~~’ I  

~‘
(, x lO0 c~ ) e urate

L~iea sune ’m en t  ot t he  c hanne l temperature ’ was very d i t  u i c u l t  by conventiona l
means . A f t e r  ~ it t u g ,  i t  was found l e t  he r.’se tance .1 the t u r n
examined in  the Auge r s ’. t e rn  had Inc  rt ’ i ’ .~~d • h u t  i t  t i e r  t terre to  six
orders ot  magnit title that had h~~eu obs’rved when ac t iva t i ng the’ e m i t t e r s
by passing cu r r e n t  th rough  t h ’  no ked down region of r Is’ SnO , I I n .

Figures 3 t h r eg h S are t y p ical  c u r v e ’s  of the  I - ’.’ h ar a ct e r ist i c s  01
the emitters tudied t o  date. It Is observed that the c urve does n e t  give

a good fit t o  any 01 the .iiurementiont’d theori es . I t  i s  be l ieved  t h a t  the
double maximum is voltage dependent and is the result of a ~ombtnation of
emission mechanism. As intimated by Hartwe ll and Fomstad~’° we be l ieve
that bc prima ry mechanism b r  t h i s  cathod e based cm empirica l analysis
is 1 ornhinatlon of field e m i s s i o n , and tht’rmionic emission with a vor
small contribution generated by secondaries. For the sake of our ‘~iscus~~1on ,
and since we b e l i e ve’ the secondary contribution is m in im a l t 7 we w ill dis-
regard th is ‘ ntributio n to the total emission at pressures of ]0~~ 

Pascal

(Pa) or better. FI gure 13 is a model ot the Sn02 cold cathode which is a
wide—band gap semiconductor where F2 — 3.2 e”. ~igure 13a is the banddiagram before app 1i~ at ion  of an electric field and Figure l3b shows the
surface barrier bending which occurs after appli it i n  c i  an e lec t r ic  f ie ld
high enough to i n i t i a t e  field e ’n i s s i o n  (i.e., > 10 ‘c ,’ (m ).

16. M. H a rtw e l1 , C. C. Fonstad — Ibid (# 13)

17. H.  E.  Mendenhal], — Ibid (# 15)
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The Fowler— Nordheilfl equation
18 

for field emission from metals is given as:

6 E2 r6.83x 107# 3 s’2 F(Yf l
J~~I .54X IO  -~ - eX P

[ j  (1)

J — current density (A/cm2)

E field strength (V/cm)

• — su r face  work func t ion  (eV)

T — temperature °K

F(y) is given as a dimensionless elliptic function . Fowler found
that at fields of 1O 7 V/cm , emission occurs as a result of electron t~amel—
ing through the barrier. While Equation 1 is quite satisfactory for metals,emission from Sn0 2 cold cathodes do not adhere to the Fowler—Nordheim
theory because of (1) field penetration , (2) internal heating which occurs
as a result of 12R dissipation , (3) SnO~ is a semiconductor not a metal)9

Straton2° reported that emission from a semiconductor without a surface
ba rr ier for the condition that emission by tunnelling is much more important
than thermionic emission is given by:

eX P ’[~~ #
3
~’2] (2)

18. R. H.  Fowler , L. N. No rdheim “Proceeding.. Royal Society, Vol. 173,
pp. 119 , 1928.

19. K. Ishiguri , T. Sasaki, et al., Journa1 Phys. Soc., Japan , Vol. 2C’6,
pp. 13, 1958.

20. R. Straton , “Field Emission from Semiconductors ,” Proceedings Phys.
Soc., Vol. 868, pp. 746, 1955.
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I
where e — electron charge

k Roltzmann ’s constant

I — t empera ture  degrees Kelvin

m = mass at  charg e

E applied f i e l d  in V/cm

~‘= work function (eV)

n = concentration of electrons

~k 
(h

2 ) ‘/ ~

h Planck ’s const ant

When Straton included image forces,the emission equation was given by:

j :ne (2
k T ) ”2 

exp 

~~ 
#

3/2 (3)

where

U- ~ ~~~ \
l/ 2  eJ~~

\ E +I  1

where c = permittivity

For the case where we have both image force and surface field
penetration states the equation for the emission density becomes:

~~~8ir h 
E2 

exp_ (
~~~~ 

/2~~~ 

)) 
~~~~~~~~~~~ 

2 K u # ”2 _

(4)

8 

(I+
2
~~uf2~

2
~~~



_ _ _ _ _ _ _ _ _ _ _  
-- ~~~~

where

E<<+R# 3/2
~~~(u)

_ _ _ _ _  

/ x ~~4/5
I kIt

\, 16 / \ E k T

where

x = / ckT
° 1 2

\l 6w N  e
0

e electron charge

N0 = impurity concentration at thermal equilibrium

The equation derived by Straton for the case where he considered image
f or ce and su r face states was given by :

J ...J0 e~p kT expEiI# 312 
~~

(U)1
(5)

n E
J0= V

kT , V— volts

Using these equations, and taking typical values of the constants he plotted
the emission as a function of the applied field. All of the . plots for
Equations 2, 3, 4, and S are shown in Figure 14. Figures 15 and 16 are
modified field plots of Sn02 cold cathodes tested at ECOM. In comparing
Figures 15 and 16 with curve No. 4 in Figure 14, one can see that the two
curves are quite similar. This would indicate that the emission from the
curves in Figures 15 and 16 seem to obey the curve plotted from Equation 4,
which is the equation for temperature dependent field emission from a
semiconductorwhich has both image force and surface states available.

Curves 2 and 3 of Figure 14 are very similar to those for a metal ;
the factor E2 in both of these cases, and in the metal case is relatively
unimportant . In the case of semiconductors , currents are strongly9
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t empera tu re  dependent ~’’ due to t h e  f a c t o r  n , g iven  b y :

- N exp ~~~~~c 

~~~~~~where N = et ’ te ’ct ive density of states in conduction band

i = bottom of conduction hand

I = Fermi eicergv level an d  is  d e f i n e d  as the  d e n s it y  of
I roe e l e ct  rons

n = co n te nt rat ion of e’lOct rons

In Equations 2 and 3 it should be poin ted  out t ha t  n e it h e r  curve 2
nor 3 can apply to a real semiconductor since variations in the lower
edge of the conduction band near the surface must he considered. When
there is a sufficiently high density of surface states , the internal
barrier produced will cause a drop in current with respect to Equation 3
for low fields. As the field increases, the barrier is lowered and the
current begins to increase much more rapidly until curve 5 in Figure 14
intersects curve 3 at D which corresponds to the complete breakdown of
the barrier , i.e., V = 0, when E0 = 2.5  x io~ V/cm. For fields higher
than E0, field penetrat ion will occur which is the case governed by
Equation 4 for an applied field E > E0. When E—E0 is sufficiently large
we get the region bounded by AB in Figure 14. Straton has shown a dashed
line to sugges t the connection between the two regions on Figure 14.
In comparing Figure 15 and 16 with curve 5 in Figure 14, similari ties
in the three curves are evident, especially in the region bounded by C—E
in Fi gure 14. Similarities in Figures 14, 15 , and 16 tends to support
our contention that the emission mechanism is temperature—enhanced field
emission.

CONCLUSIONS

A number of cathode samples which have been fabricated by chemical and
vapor phase deposition have been studied. During this study several param-
eters were varied in~.n effort to determine their effect on the emission
characteristics of Sn02 cold cathodes. During the initial stages of
operation of these cathodes emission stability was very poor. In most
cases after several hours of aging, the emission ins tab ili ty ini tially
observed , disappeared or significantly decreased. All of the emitters
tested which gave respectable emission , were opera ted a t f i l m  vol tages
ranging from 60 volts to 425 volts. Emitter efficiency as high as SO
percen t has been observed , bu t only for a very short duration. Sustained

21. S. M. Sze, Physics of Semiconductor Devices, S. Wiley & Sons,
1958.
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emitter efficiency ranging from 0.1 percent to 15.8 percent has been record-
ed. As shown in Table 1 the best efficiencies have been exhibited by the
emitters which h~id dopings of 1017 to 1018 Sb atoms/cm3 and a film thickness
of 0.O5b.~ to O.1~j. These are the best emission values that have been reported
to date for  vapo r deposited Sn0 2 wit h Sb doping. During the course of this
p rogram th e emission cha racte ristics of these emitters operating in a low
voltage bias mode has also been studied. Though success in this area has
been minima l to date , it is believed that through optimization of the doping ,
and volume parameter of the Sn02 cold cathode , significant reduction in the
operating bias voltage below its present value can be achieved. It has been
observed that this cathode has a tendency to deactivate while sitting
dormant in a good vacuum. In all cases when this has occurred the emitter
has been capable of being re—activated. This phenomena is not fully under-
stood , but  it is believed to be surface related. If this emitter is to
become a viable cold cathode source , this abnormality must be studied and
the cause eradicated.

Based on the expe r iment al results on Sb doped Sn02 cold cathodes to
date , it is believed that this cathode may have the potential to be a
viable cold cathode, but before this can be achieved, at least several
years of research and development must be performed to resolve the complex
problems which still remain, before reliable, reproducible low voltage,
high ef f i c iency  cold cathode can be practical. Because of the substantial
amount of e f fo rt and resources which must be expended to optimize this
emitter, and in view of the more advanced state—of—the—art of other primary
emission sources, effort on this cold cathode was discontinued.
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TABLE 1

SIGNIFICANT OPERATING CHARACTERISTICS OF A RFPRESENTAT IVE CROSS—SECTION OF TilE VARIOUS

EMITTERS STUDIED

ARRAY DOPING FILM NO. OF FILM % EFFICIENCY FILM COLLECTOR
NO. ATOMSI THICKNESS ELEMENTS VOLTAGE , ~ 

CURRENT CURRENT
cm 3 (MICRONS) (Volts , dc) ( 

~~ ~ 100 
(mA, dc) (~iA, dc)

/

______ 
O .1O~ 10 160 3.7 0.3 11

170 5.7 0.5 27
180 3.5 0.4 15
200 6.3 0.3 17

2 2x1021 O.l0~ 5 110 1.1 4.1 46
130 1.0 4.2 41
150 0.6 6 .3  41
180 0.9 5.5 49

3 2x 10
22 O . l O u 5 75 0 .2  1.5 2 . 3

100 0.2 1.5 2.7
120 0.1 8.6 9.5
140 0.1 25 31
160 0.1 81 90
170 0.1 99 120
180 0.1 100 145

1x10~~ 0 . 1 0 .  5 150 6 .4  0.1 3.2
1 75 3.7 0.2 7.0
200 7.6 0.3 26
225 2 . 3  0.8 10
250 0.9 1.5 14

~xIO
’8 0.12:. 5 60 0.1 100 48

F! -‘~}~‘TS 
75 0.1 82 75

INII’ R !)IGITATE!) 70
95 0.1 75 100

100 0.2 61 132
110 0.5 51 248
120 0.8 45 370
130 0.9 53 500
135 1.0 45 430
140 0.9 43 385
150 1.0 39 405
160 1.0 33 330

6 0.10 :- 5 150 0.1 13 12
ELEMENTS 170 0.2 17 36

INTERDIGITATE D
230 2 .0  22 450
250 3.8 15 570
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TABLE 1 (Coned)

ARRAY DOPING FILM NO. OF FILM Z EFFICIE.~4CY FILM COLLECTOR
NO. ATOM$ / TH I CKNESS ELEMEN TS VOLTAGE ‘\ CURRENT CU RRENT

cm 3 (MICRONS) (Volta , d~ ) x 100
) 

(mi , dc) (UA , dc)

7 UN DOPED O . l O p  5 175 1.1 0.3 3.6 t
200 0.2 0.4 0.9
225 0.2 0.7 1.6
250 3.6 1.1 40

8 5x1016 O . O S o  1 325 0.4 6.0 25 1 -
350 0.8 3.2 26
375 0.7 5.9 41
400 0.8 5.3 43

9 UN DOPED 0 . lOi i  1 150 0.1 2.9  3.5
175 0.1 3.6 3.5
200 0.6 6.1 36
225 0.3 6.5 22
250 0.5 6.7 32
275 0.4 6.5 25
300 14 0.1 11

10 5x1017 0.050 1 300 4.1 2.8 115
325 4.8 2.9 140
350 5.2 2.2 115

11 5x1018 0.100 1 225 12 0.2 23
250 7 . 7  0.3 20
275 1.8 0.4 7.0
300 1.8 0.4 7.0
325 2.5 0.4 10
350 2.1 0.8 17
400 1.8 0.9 16
425 1.0 1.0 10

12 1 340 16 73 (VA) 12

e
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