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FOREWORD

This Final Report describes research performed over a two-year period at
RCA Laboratories in the Materials Research Laboratory, J. J. Tietjen, Director.
The Project Supervisor was H. Kressel. The Technical Staff consisted of Dr.
H. Schade (Principal Investigator), H. Nelson (Consultant), and in the later
portion of the program, Dr. H. F. Lockwood. Dr. M. Ettenberg contributed to
portions of this work under RCA funding. Research concerning EBIT tube oper-
ation during the last quarter of the second contract period was performed in
collaboration with W. W. Siekanowicz of the Microwave Technology Center, F.
Sterzer, Director.

This research was supported by the Advanced Research Projects Agency and
the U. S. Army Electronics Command (ECOM) under Contract No. DAABO7-71-C-0059.
B. Smith was the Army COTR.

The authors wish to thank V. M. Cannulli, D. B. Gilbert, J. F. Otto, and
A. E. White for skillful technical assistance.
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ABSTRACT

This report describes research performed during a two-year period in
order to develop a semiconductor cold-cathode electron emitter with emission
properties suitable for practical applications. Greatly improved cold-cathode
structures based on negative electron affinity surfaces and on GaAs-(AlGa)As
heterojunction structures grown by liquid phase epitaxy have been developed.
The key to the successful development of this device was the ability to obtain
highly doped p-type GaAs with electron-diffusion lengths as high as about 5
to 7 um, and a technique for the confinement of the carrier flow to the de-
sired emitting area.

Emission efficiencies (defined as the ratio of emission current/junction
current) as high as 4.27% have been achieved under pulsed operation (v 10%
duty cycle), which represents an improvement by a factor of 35 since the
start of this research program. Pulsed emission current densities as high as
7 A/cm2 (1.7 mA total emission current) have been observed. These values are
the highest ever reported for III-V compound semiconductor cold-cathodes based
on negative-electron-affinity surfaces. Efficient dc operation has been re-
producibly obtained with efficiencies as high as 1.9% and emission currents
and current densities up to 190 upA and 0.4 A/cmz, respectively.

A key property of the semiconductor cold-cathode, namely the energy dis-
tribution of the emitted electrons, has been measured for the first time. The
half-width of the energy distribution of electrons, emitted from a GaAs-(AlGa)As
structure, was found to be 160 meV which is distinctly narrower than that for
a conventional thermionic cathode. The measured half-width is in fair agreement
with calculations that take into account energy losses suffered by the electrons
in the space charge region below the surface.

Extensive studies on dc operation and cathode life have been conducted
under continuously pumped vacuum conditions as well as in sealed tubes, and
operation was obtained for a period of 360 hr. No significant difference in
cathode performance has been observed for these two ambient conditions. Shelf-
life of cathode efficiency in sealed tubes has been measured to be essentially
constant for a period of up to 5 months.

Some of the reasons for emission efficiency degradation have been deter-
mined. A major source for rapid degradation is electron-stimulated desorption
from the collector electrode. Each of the following methods has been found
to considerably reduce the rate of emission degradation:

1. Operation at sufficiently low collector voltages (4 15 V), at which
essentially no electron-stimulated desorption occurs.

2. Application of a magnetic field which separates the paths of electrons
and ions and eliminates possible sputtering of the emitting surface.

3. Use of GaAs, instead of tungsten, as a clean collector material.
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Finally, optoelectronic cold-cathodes instead of conventional thermionic
cathodes have been incorporated into electron-beam-injected transistor (EBIT)
tubes. It was shown that the activation procedures of the cathode did not
adversely affect the performance of the EBIT targets. Their reverse current-
voltage characteristics did not degrade, and the current gains (~ 1200 at 9 kV)
and threshold beam voltages measured with electron beams from optoelectronic
cathodes were essentially identical to those obtained from conventional oxide
and thoria cathodes.

Compared with conventional thermionic cathodes, the semiconductor cold-
cathodes developed in this program offer the following advantages:

1. Instantaneous operation, since no cathode heating is required.

2. Simplicity in pulsed operation by pulsing the junction current
without the need for an additional modulating grid.

3. Lower noise due to a narrower energy distribution of the emitted
electrons.

4. Lower power requirements to provide electron emission.

However, the problem of cathode life requires further investigationms.
Although there is practically no efficiency degradation during periods of
nonoperation, relatively slow degradation persists, even under optimum
conditions in exploratory test tubes. While the mechanism for this slow
degradation needs to be explored by basic surface research on the emitting
surface, the cathode life in practical tubes, such as the EBIT tube, is ex-
pected to be significantly improved by more elaborate tube engineering involv-
ing improved electron beam optics and possibly ion trapping.
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I. INTRODUCTION

The development of semiconductor cold-cathode emitters suitable for vacuum-
tube applications has been motivated by the need for emitters that have narrower
electron-velocity distributions than present hot-cathodes (for better focusing
of the electron beam), can be readily modulated, are capable fo being fabricated
in array form, have long life, and do not require the heat shielding which com-
plicates tube construction.

The present research program concentrated on GaAs p-n junction structures
which rely on negative-electron-affinity surfaces[1l] to obtain high electron-
emission efficiency (defined as the ratio of emission current/diode current)
at room temperature. This surface allows electron escape probabilities in
excess of 10% at room temperature. The electrons to be emitted can be generated
either by direct injection into the surface region or by first generating light
(electroluminescence) which is absorbed in a p-type surface layer that acts as
a photoemitter. Devices involving the latter characteristic are called opto-
electronic cold-cathodes[2]; they avoid current constriction in the vicinity
of the ohmic contact to the emitting surface, which is frequently a major
problem in cold-cathodes utilizing direct electron injection. Devices of the
direct-injection type, however, do have potential applications as small-area
high-current-density emitters.

The objective of this contract was to determine the feasibility of an
optoelectronic electron emitter operating at a current efficiency of at least
1% and at an emission current density of 7 100 mA/cm?. The program was based
on the previous encouraging performance at RCA Laboratories of a structure that
consisted of a silicon-compensated (AlGa)As electroluminescent diode covered
with an absorbing p-type GaAs:Zn layer having a negative-electron-affinity
surface. An efficiency of 0.11% at an emission current density of 1 mA/cm?
had been achieved[2] under conditions which were known to be far from optimum.
Based on these initial results, the objective of the present contract was
planned to be reached with the following program:

(1) Optimization of the various structural parameters of the device such
as doping, electron-diffusion length, layer thicknesses, contacting,
and surface activation, - all in order to achieve at least the re-
quired efficiencies and emission-current densities.

(2) Life testing under dc conditions at varying anode voltages. In
particular, it is of interest to determine whether cold-cathode
operation is feasible with anode voltages of several thousand volts,
a requirement for some applications, such as the electron-beam-
injected transistor (EBIT).



II. PRINCIPLE OF SEMICONDUCTOR COLD-CATHODE OPERATION

The basic elements of a semiconductor cold-cathode are a p-n junction and
a low-work-function surface on the p-side. The p-n junction is used to inject
electrons into the surface region of the p-side, from where, due to the low
work function, efficient electron emission into the vacuum can occur at room
temperature. Figure 1 illustrates the simplest case of cold-cathode operation
in the band scheme of a device operating with direct electron injection.

Ipn o) Iem
/

| ®
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& — L —

DIFFUSION
LENGTH

Figure 1. Energy-band scheme for a semiconductor cold-cathode
operating by direct electron injection into the re-
gion of a negative-electron-affinity surface. For
negative electron affinity the work function WC
. s
is smaller than the bandgap EG.

The key to any efficient cold-cathode emission is the attainment of a
negative-electron-affinity surface, meaning that the work function is lower
than the bandgap of the material (see Fig. 1). Under such a condition, the
electrons injected into the conduction band of the p-side need no additional
energy in order to be emitted into vacuum. However, they must be injected to
within about one electron-diffusion length from the emitting surface; other-
wise, they recombine before being emitted. Hence, a necessary condition for
efficient electron emission from a direct-injection-type structure is that the
p—n junction must be located less than a diffusion length L from the emitting
surface, i.e., the thickness of the p-layer is required to be

d 2L (1)



With L being on the order of micrometers, the current spreading under the con-
tact to the thin p-layer is rather limited, and, therefore, electron emission
can occur only over relatively small emitting areas ({ 5 x 10-4 cm?) on the
p-layer surface.

A modified scheme of a semiconductor cold-cathode which essentially elim-

inates problems of current constriction under the contact to the emitting sur-
face is shown in Fig. 2. This so-called optoelectronic cold-cathode structure
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e
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Figure 2. Energy-band scheme of an optoelectronic
semiconductor cold-cathode.

consists of an electroluminescent diode of higher bandgap material, (AlGa)As:Si,
covered with a thin top layer of lower bandgap material, GaAs:Ge, whose surface
is activated to a condition of negative electron affinity. Electron emission
from such a structure is obtained as follows.

Under forward bias, electrons are injected into the p-type (AlGa)As region
where they recombine radiatively. The emitted photons (hv = 1.41 - 1.6 eV) are
strongly absorbed in the highly p-type GaAs surface layer (E, = 1.42 eV), thus
creating electron-hole pairs. A substantial number of the electrons that
diffuse to the surface are then emitted into vacuum, provided the surface has
been activated to a condition of negative electron affinity. In this struc-
ture, current constriction is minimized, since current spreading can extend
not only over the thin p-type GaAs layer but also over the much thicker p-type
(AlGa)As layer. Thus, current flow, light generation, and absorption, and
hence also electron emission, are fairly homogeneously distributed over the
p-layers, allowing the fabrication of large-area emitters.

Next, we consider the diode factors which influence the emission effi-
ciency. Theoretically, the optoelectronic structure can be treated as a
back-illuminated Ge-doped GaAs photocathode[3]. For surfaces having a negative
electron affinity, the concentration of electrons available for emission can



be calculated with a diffusion model[4]. The basic equation involving the

electron concentration n as a function of the distance z from the semiconductor
surface is

an
-D—+ =G (2)
2
9z T

=]

where D is the electron diffusion constant, T the electron life time, and G

the generation rate for electrons. For the back-illuminated photocathode,
the generation rate is given by

G = I(1-R'){exp[-a(d-z)] + R exp[-a(d+z)]} (3)

where I is the photon-flux incident from the (AlGa)Ga electroluminescent diode
onto the GaAs layer, o is the absorption constant, d is the thickness of the
GaAs layer, R' is an effective reflectivity which combines the effects of re-
flection at the (AlGa)As-GaAs heterojunction and at the GaAs-vacuum interface,
and R is the reflectivity of the GaAs-vacuum interface.

Combination of Eqs. (2) and (3) and a suitable choice of boundary condi-
tions lead to an expression for the electron-emission efficiency. Assuming no
recombination at the (AlGa)As-GaAs interface (9n/3z = 0 at z = d) and infinite
recombination velocity at the GaAs surface (n = 0 at z = 0), one obtains for
the emission efficiency([3]

n o= niP(l—R) 3 1 - [cosh(d/L)+(0LL)-1 sinh(d/L)] exp(-ad) {

cosh(d/L) [1 - (aL)-z]
(4)

s 2
7. Pl esled) %1_[cosh(d/L) - alL 51nh(d/L)+(;L) exE(—ad)} {
2 cosh(d/L) [1-(aL) “] )

where nj is the internal quantum efficiency of the (AlGa)As electroluminescent
diode, P is the electron escape probability at the GaAs surface, d is the
thickness of the GaAs layer, L is the electron diffusion length, and o is the
absorption constant of GaAs for light generated in the electroluminescent diode.

Thus, having stated the actual theoretical problem we now proceed with
approximations for the main parameters which determine the optoelectronic cold-
cathode performance. The emission efficiency for the structure shown in Fig. 2
depends on the following factors: (1) the internal quantum efficiency of the
(AlGa)As electroluminescent diode; (2) the relationship between the electron-
diffusion length, thickness, and optical absorption constant of the GaAs layer;



and (3) the escape probability of the photoexcited electrons from the GaAs
surface. A necessary condition for optimum use of all available photons is

L d > 2/ (5)

where 2/a is the distance over which about 907% of the photons are absorbed
(e = 1 x 104 ecm™1 is the GaAs absorption constant at hv ¥ 1.5 eV). Provided
Eq. (5) is satisfied the emission efficiency n is roughly determined by nj,

and the electron escape probability P at the GaAs surface:

> P (6)

=
e

The factor 1/2 reflects the fact that only about half of the photons are
available for absorption in the top GaAs layer, the other half being absorbed
in the base region of the diode. The internal quantum efficiency is known to
be at least 50%. The realized value of P is estimated from our previous data[$5]
to be 10 to 15%. Using these numerical estimates, the calculated optoelec-
tronic cold-cathode efficiency is 3 to 47 with no further improvements in sur-
face activation. However, since P can be as high as 30 to 50%[6], the poten-
tial optoelectronic cold-cathode efficiency is approximately 10%.

The direct-injection-type structure shown in Fig. 1 theoretically allows
a higher emission efficiency, since no losses due to photon coupling are in-
volved. Provided that Eq. (1) holds and that no severe current constriction
under the contact to the emitting surface occurs, the emission efficiency may
approach the surface escape probability and thus be a factor 2 to 4 higher as
compared with that of optoelectronic structures. By using a GaAs-(AlGa)As p-n
heterojunction where the GaAs:Ge layer is doped to a level of 5 x 1017 to
1018 cm~3 it is possible to ensure nearly perfect electron injection as well
as an electron diffusion length of at least 5 um. With this type of device,
assuming a surface escape probability of 10 to 15%, the predicted emission
efficiency should therefore reach about 10%, with higher values (v 30%) possible
if the escape probability reaches the maximum possible value.

Although the bulk of our work was concentrated on the optoelectronic de-
vice, a number of the direct-injection devices were also studied. Both types
are fabricated by an identical materials technology.




ITI. DEVICE DESCRIPTION

The devices used here differ from those described previously[2] in that
they were prepared solely by liquid-phase epitaxy. For the optoelectronic
cold-cathode structure as shown in Fig. 3, the electroluminescent diode emis-
sion peaked at 8700 to 8800 R. A thick (10 to 13 um) GaAs:Ge layer was used
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Figure 3. Schematic of optoelectronic cold-cathode structure.

with a hole concentration of about 5 x 1017 cm=3 in place of the previous thin
(about 1 pm) Zn-doped layer with a concentration of about 1 x 1019 cm=3 pre-
pared by vapor-phase epitaxy. GaAs:Ge layers were used because their electron-
diffusion lengths had been previously found by us[5] to be typically between

5 and 7 pym. The thick p-type region is desirable to more fully absorb the
light emitted by the (AlGa)As diode and to minimize current constriction under
the ohmic contact.

A major requirement for practical cold-cathodes are emitting areas of a
desired geometry to obtain small emitting areas for cathode arrays and to pre-
vent the flow of ''wasted" current through the diode. Therefore, a novel cathode
structure in which electron injection and emission is confined to a specific
area controlled with regard to size and locus was used. This structure com-
prises a back-biased junction over part of the device surface confining the
forward current flow to a small emitting area. A cross section of the opto-
electronic version is shown in Fig. 4. The materials, thicknesses, and the
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Figure 4. Optoelectronic cold-cathode structure providing for
confinement of electron emission by a Zn-diffused
partial layer forming an "aperture' in the n-type
substrate.

sequence of the layers are similar to the structure shown in Fig. 3, except
that an additional p-layer is introduced by Zn diffusion into the n-type sub-
strate, forming an n-type "aperture." Thus, by using masking techniques, the
desired sizes and locations of the emitting area can be delineated prior to
epitaxial growth, and electron injection across the p-n junction (and hence
electron emission) is substantially confined to the area above the "aperture."
The direct-injection version of the confinement structure, shown in Fig. 5,
is designed for applications where the emitting area can be smaller. Here the
electrons are injected from the (AlGa)As n-region directly into the GaAs:Ge
p-region. The heterojunction improves the electron-injection efficiency. In
the process of growing the GaAs:Ge p-layer, a gradient is introduced in the
doping concentration such that the hole concentration near the surface is
higher than at the heterojunction interface. Some of the electrons reach the
surface directly, while others recombine radiatively near the junction and
some of the photons are then reabsorbed near the surface to create hole-elec-
tron pairs. Note that the structure shown in Fig. 5 contains an "aperture"
as discussed above, and thus provides for confinement of electron emission.

The optoelectronic cathode emitting areas studied ranged from 2 x 104
to 1 x 10-2 cm?2 with no obvious dependence on the area, while those of direct-
injection cathodes ought not to exceed 5 x 104 cm?2 to assure reasonable cur-
rent spreading.
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Figure 5. Cold-cathode structure providing direct electron

injection from an "aperture" and hence confined
electron emission.

Ohmic contact to the n-side of the junction was made by indium, while a
point contact was applied to the p-side. In both confinement structures, the
contact to the cathode surface can be made remote from the emitting area, and
thus the surface lead connection does not interfere with the emission of elec-
trons into the vacuum. However, it is still important to make the p-type
region as conductive as possible to prevent current constriction in the periph-
ery of the emitting area which would result in nonuniform electron emission.



IV.  DEVICE FABRICATION

Cold-cathode structures as described in ‘Section III are prepared from epi-
taxial material grown by the liquid-phase process using a graphite boat as
shown in the cross section of Fig. 6[7]. An n-type GaAs substrate of <100>
orientation is placed in a recessed area R of a graphite slide S. A melt com-
posed of Ga, Al, Si, and GaAs is placed in bin By, and another melt composed
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Figure 6. Graphite boat used in growth of optoelectronic
cathode material.

of Ga, Ge, and GaAs is placed in bin By of the graphite boat. The boat is in-
serted in a quartz furnace tube and heated in a flow of pure hydrogen to a
maximum temperature of about 875°C. The graphite slide is then pulled into a
position such that the substrate in the recessed area R forms the bottom of
bin Bj. As the furnace is allowed to cool to a temperature of about 810°C, a
Si-doped epitaxial (AlGa)As layer, the first portion of which is n-type and
the final portion p-type, is grown onto the surface of the GaAs substrate[8].
The graphite slide is then pulled into the position where the substrate forms
the bottom of bin By. Upon further cooling to about 750°C, precipitation

from the melt in this bin results in the growth of a Ge-doped, p-type GaAs
surface layer. The processed substrate is then pulled into the empty bin Bj,
and the furnace is allowed to cool to a temperature at which the graphite boat
can be removed from the furnace. A photomicrograph of a cross section of a
portion of a cold-cathode wafer, prepared as described above, is shown in

Fig. 7.

It is not necessary to adjust the growth cycle to exactly control the
layer thickness, since we found that chemically polished surfaces (bromine in
methanol) could be reproducibly activated to photosensitivities in excess of
800 pA/1lm. Thus, the Ge-doped surface layer can be thinned to the desired
value after growth, normally to about 10 um by lapping and polishing. There-
after, cold-cathode structures as shown in Figs. 3 to 5 are fabricated from
the processed wafer by masking and etching techniques.
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Figure 7.
optoelectronic cathode material.

Numerous cold-cathode wafers of the type described above were prepared in
the course of work directed toward the determination of doping concentrations,
doping gradients, and geometrical parameters which lead to optimum cold-cathode

efficiency.
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V. EXPERIMENTAL TECHNIQUES

To obtain cold-cathode emission, the devices were heat-cleaned in vacuum
(base pressure below 1 x 10-9 Torr) by electron bombardment for several minutes
at temperatures close to the decomposition temperature of GaAs. The GaAs sur-
face was then activated with conventional cesium-oxygen treatments to a state
of negative electron affinity. Cesium was provided by heating cesium chromate
in a tantalum channel, and oxygen was leaked into the vacuum changer by heating
an attached silver tube. The activation process was monitored by measuring
the white-light photoemission from the GaAs top surface. Typically, photo-
sensitivities between 700 and 1000 pA/lm were obtained.

n p
I S 1
| | +
| ’ |
e e e e J
Ipn Tem
2 3
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Figure 8. Circuit configuration used to measure
cold-cathode emission. The emission

efficiency is defined as n =1_ /I _ .
em' pn

Upon reaching maximum photosensitivity, cold-cathode emission was measured
using the circuit shown in Fig. 8. Two different modes of operation were
applied:

(1) In the pulsed mode 10- to 100-psec pulses (0.1 to 10% duty cycle)
are applied to the electroluminescent diode, and the emission cur-
rent is collected with anode voltages as high as 2500 V. This
mode of operation avoids heating of the sample as well as space-
charge limitation of the emission current. Thus, the full capa-
bilities of the device structure can be tested.

(2) 1In dc operation, forward currents of about 102 A/cm? can be drawn
through the p-n junction without significant heating of the struc-
ture. At the same time, precautions are taken (see below) in order
to eliminate possible damage to the emitting surface.

11



Because of the flexibility required for systematic studies of the emis-
sion properties, part of the program was conducted in continuously pumped
vacuum tubes. Upon reaching emission properties of practical interest, how-
ever, provisions were also made to prepare sealed tubes, which are required in
potential applications. Initially, glass-sealing the tube from the vacuum
system resulted in a loss of the surface activation of the sample, due to the
release of impurities from the glass constriction. This difficulty was over-
come by using a copper constriction which could be pinched off without causing
a significant loss in surface activation. The experimental tube usually was
pinched off, after the surface activation had remained stable for at least
12 hours under continuous pumping.

12



VI. EXPERIMENTAL RESULTS

Though at the beginning of the contract period, the best performance re-
ported for semiconductor cold-cathodes[2] was an emission efficiency of 0.11%
at an emission-current density of 0.001 A/cm2, the goals of the present con-
tract were set for cold-cathodes to exhibit a minimum efficiency of 17 and a
minimum emission-current density of 0.1 A/cm2. As we will show below, these
goals were substantially exceeded during the course of this work. The emis-
sion data obtained here were the highest values ever reported for any III-V
compound semiconductor cold-cathode.

A. PULSED OPERATION
Figure 9 shows the emitted current as a function of the pulsed diode cur-

rent (7% duty cycle) of a sample yielding an emission efficiency of 4.1% and
a total emission current of 800 pA. This sample had a structure similar to the

Ion[SmA/div]

>

Tem[IOOpA/div]

M= Iem/Ipn = 4%

Figure 9. Emitted current as a function of the pulsed
junction current of a cold-cathode using
direct injection.

one shown in Fig. 5. The emitting area was estimated to be approximately

1.7 x 104 cm2, and accordingly the current density of electron emission reached
nearly 5 A/cm?. TFor a different sample of the optoelectronic type shown in

Fig. 4, emission-current densities as high as 7 A/cm2 (1.7 mA total emission)
were obtained at an efficiency of 1.17%, while at 3.2 A/cm2 the efficiency was
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1.7%. The latter case is shown in Fig. 10. During the course of work directed
toward the determination of optimum surface activation procedures and of opti-
mum structural device properties, such as doping concentrations, doping gradients,

—= Ipy [l0mA/DIV.]

—— Igm [100u A/DIV.]

Figure 10. Emitted current as a function of the pulsed
junction current of an optoelectronic cold-
cathode with an overall efficiency of 1.6%.
Note that because of diode leakage emission
does not start at zero junction current; the
differential efficiency, 1.747%, is therefore
higher than the overall efficiency.

and layer thicknesses, we have tested 18 samples. Of these examples, ten were
of the optoelectronic type and eight of the direct-injection type. The follow-
ing table shows the number of samples yielding emission efficiencies above
certain limits.

TABLE 1

Emission Efficiencies

Type >27 >1% >0.47% >0.1%
Optoelectronic
Structures @ & 5

Direct-injection
Structures

14
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As one might expect from the theoretical discussion (see p. 5), the effi-
ciencies of the direct-injection cold-cathodes were higher. However, in both
cases the highest values obtained are still below the maximum possible effi-
ciencies. Moreover, the total number of samples it too small to draw the con-
clusion from Table I that the efficiencies of optoelectronic cold-cathodes are
generally lower.

The samples accounted for in Table I were all processed in exploratory
vacuum diode tubes. In addition, we have processed several samples in advanced
exploratory tubes, such as electron-beam injected transistor (EBIT) tubes (see
p. 28) or vidicon tubes. The latter were chosen as readily available test
vehicles in order to investigate activation procedures in the presence of a
commonly used electron gun. The maximum efficiencies achieved in these ad-
vanced tubes typically did not exceed 0.27 because adequate in situ heat-
cleaning of all metal parts, such as the electron gun structures, could not be
provided. This is thought to adversely affect the cleanliness of the cold-
cathode surface prior to activation.

B. DC OPERATION, CATHODE-LIFE, AND MECHANISMS OF EFFICIENCY DEGRADATION

1. Operation in Continuously Pumped Tubes

Thus far, we have described the maximum initial emission efficiencies and
currents which were achieved in optimizing structural parameters of the device.
If certain precautions are not taken in operating negative-electron-affinity
cathodes, however, the emission efficiency decreases with time during operation,
as exemplified in Fig. 11.

This efficiency degradation is caused by a change in the surface condi-
tion. In studying such changes it ought to be noted that the activated sur-
face is of a very delicate nature, comprising only a few monolayers of cesium
and oxygen on an atomically clean surface. Thus, it is not surprising that the
loss or addition of monolayer amounts can be harmful.

Several experiments were aimed at determining the conditions for stable
dc emission from cold-cathodes.

The following factors may result in emission efficiency degradation due
to changes in the activation of the emitting surface: (1) adsorption of resid-
ual gases; (2) desorption of cesium and/or oxygen; (3) ion bombardment of the
emitting surface due to impact ionization of residual gas atoms by the emitted
electrons; (4) passage of high emission-current densities through the cesiated
surface; and (5) ion bombardment or sputtering of the emitting surface due to
electron-stimulated desorption of ions or neutrals from the collector electrode.

The first two mechanisms would cause degradation even during periods when
the cathode is not operated. We have found, however, that the activated cathodes
do have an excellent 'shelf life." Thus, the surface activation stays essen-
tially constant over extended periods of time during which the emission effi-
ciency has been checked occasionally. This has been found for samples in

15
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Figure 11. Emission efficiency as a functiop of time during
pulsed operation (0.1% duty cycle).

continuously pumped tubes as well as in sealed tubes. For example, the emis-
sion efficiency of a sample in a sealed tube stayed practically constant (2.0
to 1.9%) over a period of two months. (For continuous cathode operation in
sealed tubes see p. 20.)

We have found that the efficiency degradation occurs only during operation
and hence must be caused by processes involving the emitted electrons. Factors
(3) to (5) listed above constitute operation-induced mechanisms. However, we
can further eliminate the third mechanism (3) since the degradation rates were
not affected by a change in vacuum from 5 x 10710 to 1 x 108 Torr.

With regard to the fourth mechanism (4), there is yet insufficient in-
formation to appraise its contribution to the emission degradation observed.
There is evidence, however, that the passing of electrons through the activated
surface is not a cause of rapid degradation.

Our experiments show that a major source of rapid efficiency degradation
is the fifth mechanism in which impurities are desorbed from the collector
electrode by the impinging electrons ("electron-stimulated desorption'). These
impurities are in part readsorbed on the emitting surface and are thus respon-
sible for a deterioration of the surface activation. In this connection, we
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have demonstrated that efficient, dc cold-cathode operation can be greatly ex-
tended by one of three procedures: (1) collection of the emitted electrons at
sufficiently low anode voltages; (2) application of an additional magnetic
field in order to separate the paths of electrons and ions and to eliminate
possible sputtering of the emitting surface; and (3) use of a clean semicon-
ductor anode.

Electron-stimulated desorption from metals typically occurs only for elec-
tron energies higher than about 20 V[9]. Thus, when a cold-cathode was operated
with a collector voltage of 15 V and an emission current of 30 pA dc for over
50 hours the emission efficiency decreased only from 0.16 to 0.15% (see Fig.
12). A similar structure with an emitting area of % 2 x 10~4 cm?2 operated at
30 V and at a total emission current of 80 uA dc (emission-current density
0.4 A/cm?) for 8 hours (at which point the test was terminated), at a constant
efficiency of 0.43%. From these measurements it can also be concluded that,
at least for current densities studied thus far, the process of emission it-
self, i.e., the transport of electrons across the activated surface, is not a
cause of rapid degradation.
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Figure 12. DC operation of a cold-cathode at an
anode voltage of 15 V.

At higher collector voltages (about 50 V) dc cold-cathode operation tends
to deteriorate markedly, and Fig. 13 clearly illustrates that the rate of de-
crease in emission depends on the state of the collector. Here, the emission
current has been collected in a close-proximity geometry by a planar anode
which could be moved parallel to the emitting surface. Moving of the anode

17
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Figure 13. DC operation of a cold-cathode at anode voltages
of 15 and 500 V. The rise in efficiency shown
after 2 hours is due to the mechanism explained
in Section VI.C.

into a new position exposes a new area of the anode to the electron beam and

as a result, the rate of efficiency degradation is increased. It is thought
that this increase results from a higher desorption rate of the collector

area which has not been '"cleaned'" by impinging electrons. The desorbed species
are readsorbed on the emitting surface in close proximity to the collector,

and thus give rise to a deterioration in surface activation.

The amount of ions and neutrals striking the emitting surface can be
greatly reduced if in addition to the electric field a magnetic field is
applied. Thus, the paths of electrons and ions are different, and the elec-
trons are collected at a larger distance from the emitting surface. Using a
crossed-field geometry[1l0], a magnetic field of 100 G was sufficient as long
as the collector voltage was not more than 300 V. The magnetic field was
produced by Helmholtz coils and applied externally to the vacuum chamber.
Figure 14 clearly demonstrates the effect of a magnetic field on dc operation
of a cold-cathode sample at 300 V. The explanation for the behavior shown is
similar to that in Fig. 13. While in the previous experiment the collector
was moved relative to the electron beam, here the electron beam has been moved
relative to the collector. In both cases, the electrons are collected by an
anode area not previously ''cleaned" by the impinging electrons, and in the
latter case, also moved closer to the emitting surface.

18
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Figure 14. DC operation of a cold-cathode at an anode voltage
of 300 V showing the effect of an additional
magnetic field perpendicular to the electric field.

Another cold-cathode sample was operated at 300 V and, with a magnetic
field applied, no degradation was observed during 4 hours at 85 pA dc total
emission, and during the next 20 hours, the emission efficiency dropped only
from 0.42 to 0.32%. Upon removing the magnetic field, however, the emission
efficiency dropped by a factor of 4 in only 5 minutes.

Since we have clearly established that a major source of cold-cathode
degradation is electron-stimulated desorption from the collector, we investiga-
ted the possibility of using a semiconductor (GaAs) instead of a metal as anode
material. Semiconductor surfaces can be made atomically clean at considerably
lower temperatures as compared with metals used in vacuum technology. Further-
more, the sticking probabilities for readsorption on cleaned semiconductor sur-
faces are 1 to 2 orders of magnitude lower than for clean metal surfaces.
Hence, considerably lower electron-stimulated desorption rates can be antici-
pated for semiconductor surfaces. In fact, we achieved significantly improved
long-term cold-cathode performance at even higher collector voltages than
applied previously and without using an additional magnetic field. Figure 15
shows a life test on a sample operated at 600 V with a close-proximity GaAs
anode for a period of over 40 hours. During this period, the total emission
current dropped from 95 to 60 pA, representing a decrease in emission effi-
ciency from 1.5% to 1.0%4. A similar life test was conducted at even higher
emission efficiency and total emission current. Here, during operation at
600 V for 18 hours, the efficiency decreased from 1.9 to 1.45% and the emission
current from 190 to 145 uA dc.
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Figure 15. Life test of a cold-cathode operated with a semiconductor
anode at a voltage of 600 V. The initial decrease and
rise in efficiency is thought to be related to initial
electron-stimulated desorption from the anode and a bal-

ancing of adsorption and desorption on the cathode sur-
face.

2. Operation in Sealed Tubes

The dc experiments described thus far were conducted in continuously
pumped vacuum tubes. With regard to potential applications, we also investi-
gated extended cathode operation in sealed tubes. Based on our previous re-
sults with dc operation, we constructed a seal-off tube whose main feature was
the incorporation of a GaAs anode to reduce the contaminating effects of
electron-stimulated desorption. In this tube, we activated three different
optoelectronic samples, but mechanical sample problems prevented the long-term
testing of the first two samples. Life-testing of the third sample, however,
was successful. The sealed tube was operated at various emission currents
(5 to 20 pA dc) and collector voltages (5 to 30 V) for a total duration of
360 hours. The operation was interrupted several times (for periods up to
5 months) to determine if the degradation rates depend on periods of nonopera-
tion. No such dependence could be established. Typically, the emission effi-
ciency showed some recovery upon leaving the cathode inoperative. Continuation
of dc operation then resulted in an initially sharp decrease in efficiency to
approximately that value at which the previous period of operation had been
interrupted. The sample then continued to operate at a considerably smaller
degradation rate. Figure 16 shows degradation rates, expressed as the relative
change per hour in emission current, as a function of the collector voltage.
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Figure 16. Efficiency degradation rate as a function of the collector
voltage, measured during dc cathode operation in a sealed
tube. Each data point represents the relative change in
emission current over a period of at least 10 hours.

Each point in the curve represents a period of cathode operation of at least

10 hours. Consistent with the mechanism of electron-stimulated desorption[9],
the degradation rate increases with the collector voltage. This is to be ex-
pected, even for GaAs as collector material, although in this case the degrada-
tion rates are orders of magnitude lower than for metal collectors. Hcwever,
electron-stimulated desorption normally does not take place below a certain
threshold voltage, i.e., typically below 10 V[9]. The slow degradatior which

we found even at collector voltages as low as 5 V, therefore, may be attributable
to the fourth mechanism (4) mentioned before, namely the interaction oi the
electron emission with the activated surface.

It is worth mentioning that the degradation rate for sealed tube condi-
tions is, within the limits of accuracy, the same as that measured during ex-
tended operation in a continuously pumped system. For the latter case. the
degradation rate is derived from Fig. 12 to be 0.1 uA/h at 36 uA and 1 V, or
0.3%/h at 15 V. About the same value has been found during cathode ope¢ration
in the sealed tube (see Fig. 16).

It thus can be concluded that sealing-off the tube from the pump coes not

adversely affect the long-term performance of negative-electron-affinitiy GaAs
cold-cathodes. Furthermore, due to the recovery in emission efficiency during
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nonoperation and due to the excellent shelf-life, these cold-cathodes lend
themselves to applications which require intermittent, but instant operation.

C. EFFECTS OF ELECTRON-STIMULATED DESORPTION

As indicated in Section VI.B.1l, the results on long-term cold-cathode
operation suggest that the decrease in efficiency can be attributed to a change
in surface activation, i.e., to a decrease in negative electron affinity. The
surface activation can change either because cesium and/or oxygen are in some
manner removed from the GaAs surface or because of the adsorption of additional
impurities. These may even include additional oxygen, or cesium which would
disturb the desired balance between the concentrations of these two species.

The experimental evidence so far indicates that the addition of impurities
on the GaAs surface desorbed from the anode is a key factor in the efficiency
loss of the cathode. This conclusion is based on the observation that a
degraded cold-cathode partly recovers its efficiency by simply allowing it to
stand inoperative at room temperature. A recovery occurs even during dc opera-
tion, if the cathode is operated at an elevated temperature (about 150°C).

The recovery in emission efficiency at high temperature cannot be attributed

to the contribution of thermionic emission, since the emitted current for zero
junction current was more than 4 orders of magnitude lower than the emission-
current increase during cold-cathode operation at elevated temperatures.
Neither can the efficiency increase due to heating be explained by a broadening
of the energy distribution of the electrons to be emitted, since the efficiency
continues to rise even after temperature equilibrium has been reached. The
most probable explanation is that heating of the surface prevents or reduces
the physical adsorption of impurities released from the anode, while the
"balanced" Cs-0 layer, which is much more strongly bound to the surface by
chemisorption, is not adversely affected by the 150°C heating.

The following experiment suggests that oxygen is physically adsorbed and
can cause efficiency degradation. Intentional admission of oxygen into the
vacuum chamber caused the initial efficiency to decrease from 0.18 to 0.003%.
Heating of the cold-cathode structure, however, resulted in a nearly complete
recovery to 0.127% during the next 10 hours, as shown in Fig. 17. Consistent
with oxygen contributing to the efficiency degradation is the fact that oxygen
is one of the main adsorbates on tungsten or tantalum. These materials have
been used here for collectors which were described above to give rise to sub-
stantial electron-stimulated desorption and hence efficiency degradation.

D. ENERGY DISTRIBUTION OF ELECTRONS EMITTED FROM A NEGATIVE-ELECTRON-AFFINITY
GaAs-(AlGa)As COLD-CATHODE

Since semiconductor cold-cathodes operate at room temperature, they are
expected to have a narrower energy distribution of the emitted electrons than
conventional thermionic cathodes operating at about 1000 K. This would repre-
sent a major advantage in all beam-focusing and imaging applications and would
result also in reduced beam-discharge lag in camera tubes, for instance. A
second advantage implied by cold-cathode emission is lower noise which may
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Figure 17. DC operation of a cold-cathode at 150°C after admission
of oxygen, showing an efficiency recovery.

lead to higher signal sensitivity of devices incorporating cold-cathodes rather

than thermionic cathodes. Finally, devices incorporating cold-cathodes require

no heat shielding, which greatly simplifies the construction of infrared-sensing
devices.

We have concentrated our efforts on experimentally verifying the narrow
energy distribution of a negative electron affinity cold-cathode which - to
our knowledge - has not been measured before. In order to do this measure-
ment, we have designed and constructed a tube to apply a retarding field tech-
nique. The principle of this technique is shown in Fig. 18, in the uppear
portion in terms of the energy band diagram of the electrodes involved, and in
the lower portion schematically in terms of the actual electrodes in th2 tube.
The cathode is surrounded by a hemispherically shaped grid electrode, bzyond
which a collector electrode is located. The retarding voltage on the grid is
varied in such a way that only electrons above a certain kinetic energy can
reach the grid and subsequently be collected by the collector. The collected
current as a function of the retarding voltage contains the information on
the energy distribution of the emitted electrons. By using lock-in tecaniques
and thus differentiating the collected current with respect to the retarding
voltage, the energy distribution can be readily displayed.

The construction of the retarding field electrode was led by two considera-
tions: (1) The electrode was shaped into a hemispherical shell in order to
preserve the angular distribution of the electrons as they are emitted. (2) The
electrode transmits electrons only through a small hole directly opposite the
emitting surface. Thus, the electrons are selected only from a small solid
angle in which field distortions can be neglected.
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distribution measurement.

In our experiments, we used a GaAs-(AlGa)As heterojunction structure
operating with direct electron injection (see Fig. 5). We used this structure
because it allowed us to obtain a smaller emitting area than with the opto-
electronic structure. A small emitting area, approaching as closely as possible
a true point source, is essential to obtain reliable energy distribution data.
The experimental results equally should hold for an optoelectronic emitter,
since the supply of electrons to be emitted consists, in both cases, of ther-
malized electrons in the Ge-doped p-type GaAs top layer of the structure.

The energy distribution of a sample exhibiting a total emission efficiency
of 27% is shown in Fig. 19. Also shown in the same energy scale is the spatial
dependence of the lower conduction band edge in the surface region. The con-
clusion to be drawn from this figure is that essentially monoenergetic elec-
trons reaching the bent band region become subject to a spread in their energy
upon emission from the surface. The half-width of the measured energy dis-
tribution (solid line) was found to be 160 meV, which equals about 6 kT at
room temperature. This half-width is distinctly smaller than that of a con-
ventional thermionic cathode, which at 1000 K would give rise to a half-width
of 220 meV (§ee Fig. 20).

Thus, we obtained the first experimental proof that the energy distribu-
tion of a GaAs cold-cathode based on negative electron affinity is, indeed,

narrower than in the case of conventional hot-cathodes.

However, the measured width of 6 kT requires some explanation, since it
might seem larger than expected. Based on a model by Bartelink et al.[1l1],
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Figure 20. Energy distribution of electrons emitted from a GaAs cold-cathode
and from a conventional thermionic cathode (Maxwell-Boltzmann
distribution). The curves were matched at their maxima and
normalized to equal total emission.
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we have, therefore, calculated the energy distribution of the electrons being
emitted from the semiconductor. Here one must consider that the electrons
reaching the surface space-charge region are accelerated by the internal elec-
tric field in this region, but at the same time become subject to energy losses
to optical phonons. These interactions are characterized by a mean free elec-
tron path % between two collisions with optical phonons and by an energy loss
AE_ per collision. Besides these collision parameters, the total energy loss
E_~of each electron depends on the number of collisions the electron suffers

on its way to the surface. This number, in turn, is a function of the thick-
ness d of the space charge region which is given by the doping concentration
of the semiconductor material. The effect of doping on the energy distribution
of electrons reaching the surface is illustrated in Fig. 21. The curves shown
here are calculated from a solution of the Boltzmann transport equation which
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Figure 21. Energy distribution of electrons reaching the
surface, but prior to being emitted.

has been given by Bartelink et al.[ll] in general form and has been modified
by us to the conditions of our present problem. If we neglect ionization
losses of the electrons, this modified solution takes the form:

_ g 2
N(Ep) = const. [(V/Ep) (V/Ep)] exp [3/4(d/2p) (AEP/EP)] (7)
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assuming
V-E > (F )2/6AE_ and F = V/d (8)
P P P

where, in addition to the quantities mentioned above, V is the amount of band-
bending and F is the electric field in the bent-band region.

By multiplying Eq. (7) with an energy-dependent surface escape probability
Py, one obtains the energy distribution of electrons being emitted from the
surface, as shown by the dashed curve in Fig. 19. This curve was obtained by
assuming a work function of W = 1.15 eV for the cesiated GaAs surface and a

simple step function potential barrier at the surface. For this barrier, Py
is given by

4/V-E VE -W-E

</V-E + VE -W-E >2
P % P

where E_ is the bandgap of the semiconductor material and W the work function
of the %esiated surface (note that Eg > W for negative electron affinity).

The comparison between the experimental and theoretical energy distribu-
tion indicates that the measured half-width of about 6 kT is consistent with
theoretical expectations. The remaining discrepancies between the two curves
lie well within the limits of the experimental energy resolution.

Finally, in comparing the energy distributions emitted from a cold-cathode
and a thermionic cathode we note, in addition to different half-widths, a
significant difference in the shape of the distribution. This difference is
illustrated in Fig. 20 by showing our measured distribution and a Maxwell-
Boltzmann distribution emitted from a thermionic cathode at 1000 K[12]. While
for thermionic cathodes there is a distinct exponential high energy tail, the
cold-cathode distribution falls off rather sharply toward high electron energies,

which is a considerable advantage in all beam-focusing and beam-landing con-
siderations.
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VII. INCORPORATION OF GaAs-(AlGa)As COLD-CATHODES INTO EBIT STRUCTURES

A. PRINCIPLE OF THE ELECTRON-BEAM-INJECTED TRANSISTOR (EBIT) AMPLIFIER

The underlying principle of the EBIT amplifier is the current multiplica-
tion in a reverse-biased semiconductor element, such as a p-n junction or a
Schottky-barrier diode, bombarded by a high-velocity electron beam (Fig. 22).
If the velocity of the electrons is sufficiently high (5 to 10 keV), the beam
will penetrate the semiconductor material and its energy will be dissipated
in creating electron-hole pairs. For example, in silicon, the energy required
for creation of a pair is 3.6 eV. If penetration losses are neglected, a
primary electron having an energy of 10 keV would create approximately 2800
(= 10%4/3.6) electron hole pairs. Under proper reverse bias, the current gain
would be also 2800. In practice, the penetration losses caused by surface
metallization required for dc and rf contacts, recombination of electrons and
holes, and other effects reduce the current gain. In silicon, the current
gain in a practical p-n junction is approximately 2000 for a 10-keV electron
beam. The high current multiplication in the output together with the low-
power, wide-band modulation capability of the electron applications, such as
linear phase-stable amplifiers having a power capability of 20 to 30 W cw at
S-band, and pulsed amplifiers of over 100 W at L-band. The EBIT amplifier
promises discrete advantages as compared with regular travelling-wave tubes
on the one hand and purely solid-state amplifiers on the other.

This program was designed to assess the feasibility of using an optoelec-
tronic cold-cathode as source of the electron beam instead of a conventional
thermionic electron emitter. In particular, it will be determined, whether the
cathode activation affects the current gain of the semiconductor EBIT target.

EBIT TARGET

ELECTRON GUN <+ HIGH E FIELD—»
SRR
______,B p* ol n~ nt
mm———
s Ml -<© -
l 1*?5;~ o)
©
e Al

ELECTRON HOLE
PAIR GENERATION

. | REGION

1} ﬂ LOAD
BEAM TARGET

VOLTAGE BIAS

Figure 22. Principle of EBIT operation.
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B. DESCRIPTION OF EBIT TARGET AND TEST VEHICLE

The EBIT target used in the test vehicles was a silicon-dioxide and poly-
silicon passivated silicon planar p-n junction. A cross-sectional view of
such a junction is shown in Fig. 23. The purpose of the polysilicon layer
(resistivity ~ 3 x 106 ohm-cm) was to provide the voltage divider (or distri-
buted gate) action for spreading the electric field lines away from the edges
of the junction and thereby achieve a high voltage breakdown. The silicon
dioxide and the aluminum film around the periphery of the junction are used
for protection from stray high-voltage electrons.

At (2o,oo\oﬂ) A1(10004) -
N POLYSILICON
N ) NE (20004)
Ny =y | I | Si0, (10,0008
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Figure 23. Cross section of the EBIT target, consisting of a
planar silicon dioxide and polysilicon passivated
silicon p-n junction.

Figure 24 shows the top view of the junction mounted on a threaded stud.
The external dimensions of the chip were 0.032 in. x 0.113 in., and the active
area was 0.020 in. x 0.095 in. The chip was mounted on a beryllium—-oxide pad
that included metallized patterns for bonding the target and contact wires.
These features are seen clearly in Fig. 24.

Figure 25 shows a simplified cross-sectional view of the elements mounted
in the test vehicle and the circuits used for measurement of current gain and
operation of the optoelectronic cathode. Figure 26 is the photograph of the
complete tube. The oxygen leak, used for cathode activation, can be seen
clearly in the lower center of the photograph. The upper portion shows the
bellows for holding and moving the anode aperture electrode. This electrode
was displaced during activation to permit direct exposure of the cathode to
cesium and oxygen. The diameters of the apertures in these electrodes were
0.010 in. and 0.030 in., and the materials were tantalum and gallium-arsenide,
for the first and second tubes, respectively.
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Figure 24. Top view of the passivated silicon p-n junction
bonded to a threaded stud.
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Figure 25. Test circuit for current gain measurement.

Figure 26.

EBIT test tube, incorporating an optoelectronic cold-cathode. The
cathode is mounted on the right feedthrough assembly; the aperture
anode is held by a bellows mounted on a mini-flange, which can be
seen in the center of the photograph; also visible in this area
are the cesium channel and the attached silver oxygen leak. The
left part of the tube containes the EBIT target, mounted on a
heavy water-cooled heat sink.
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C. STUDY OF REVERSE CHARACTERISTICS OF THE EBIT TARGET DURING
ACTIVATION OF THE COLD-CATHODE

One of the major objectives of the target-evaluation phase of the program
was the study of the effects of cesium-oxygen activations &f the cathode sur-
face on the reverse current-voltage characteristics of the target. For this
purpose, a record of I-V traces was maintained throughout the processing cycle.
These characteristics will now be described in some detail.

Figure 27(a) shows the reverse current-voltage trace of the target before
processing. The theoretical bulk breakdown for the target is 264 V. Inspec-
tion of Fig. 27(a) indicates that the target did not break down up to the vol-
tage of 200 V, or 76% of the theoretical value. The -trace was not extended
above 200 V to prevent catastrophic failure of the target.

Figure 27(b) shows the trace recorded after a 200°C, 20-hour, vacuum
bake-out. Voltage breakdown was not observed up to the maximum tested value
of 180 V; i.e., there was no serious degradation after bake-out. However, the
reverse leakage current doubled. Prior to the surface activations, cesium
was released into the tube at about 200°C for "cleaning" purposes. Subse-
quently, the leakage current reached 1 mA at 155 V, as shown in Fig. 28(a).
This was the highest leakage recorded throughout the whole processing cycle.
After a 235°C, 15-hour vacuum bake-out and conventional cesium-oxygen acti-
vations at room temperature (see Section V) a leakage of 1 mA was obtained at
a voltage of 185 V, as shown in Fig. 28(b). Comparison of this trace with
that shown in Fig. 27(b) indicates that the reverse I-V characteristic after
cathode processing is essentially identical to that obtained before processing.

The I-V traces recorded during processing for the second tube were com—
parable to those described above for the first target.

D. CURRENT GAIN CHARACTERISTICS

The solid curves in Fig. 29 show the current .gain as a functionof beam
voltage for two EBIT tubes employing optoeleatroni saAgerl AkGe @s cathodes.
The dashed curve is the typical charactertstic: oﬁégkﬁédl' hé éllicon diox-
ide and polysilicon passivated silicon p-n Junction by tse of thoria-ahd oxide
cathodes. The first tube provided slightly higher gain and the second tube
slightly lower gain than the typical characteristic.

Thus, we have obtained the relatlvely high current gain of 1180 at a beam
voltage of 9 kV, as compared with a gain of 930 at 9 kV for the second tube.
However, both gain characteristics are sufficiently close to the typical tar-
get performance to conclude that the cesium-oxygen activations of the optoelec-

tronic cathode did not cause the electrical characteristics of the target to
deteriorate.

ThlS increase of leakage after bake-out is typlcal for silicon-dioxide pas-
sivated devices and is caused by release of positive charges from the dioxide.

Aluminum oxide and polycrystalline passivations are now under development to
provide better target stability.
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Figure 27. Reverse current-voltage characteristics of the EBIT target
(a) before processing and
(b) after a 200°C, 10-hour vacuum bake-out.
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(b)

Figure 28. Reverse current-voltage characteristics of the EBIT target
(a) after heavy cesium exposure and
(b) after completion of cathode processing.
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Figure 29. Current gain as a function of the beam voltage for two
EBIT tubes employing optoelectronic cold-cathodes.

The critical voltage for both targets employing the optoelectronic cathode
was approximately 3 kV (Fig. 29), a value identical to that measured for other
types of cathodes. This feature confirms again that the cesium-oxygen activa-
tions did not create lossy layers on the surface of the target that might
reduce the electron energy.

The gain curves shown in Fig. 29 were measured at beam currents ranging
from 0.5 to 3.0 pA and target voltages up to 9 kV at junction currents from
20 to 35 mA and junction voltages between 1.8 and 2.4 V. It must be noted,
however, that the cold-cathode emission during standard test procedures at
collector voltages of 300 V was much higher, namely, up to 30 pA dc at 20-mA
junction current, i.e., 0.15%. No attempts were made to further improve the
emission efficiency since the obtained emission currents were fully sufficient
to conduct the EBIT current gain experiment.

The anode electrode was displaced during measurements of the current gain,

and the beam current was drawn directly from the cold-cathode by the acceler-
ating beam voltage. A magnetic focusing field, produced by Helmholtz coils,

35



was used to bring the beam into focus at the target. The relatively simple
mechanical design of the cathode, anode, and target assemblies did not permit
simultaneous alignment of the beam through all these elements in presence of
the magnetic focusing field. Although excellent (v 100%) beam transmission

was achieved through the anode aperture in the absence of focusing, applica-
tion of the magnetic field deflected the beam to the solid portion of the anode,
and the resulting release of impurities caused a reduction in the cathode emis-
sion efficiency (see Section VI. B). In the second tube, which employed the
larger 0.03-in.-diameter aperture in GaAs, this problem was less severe than

in the first tube. However, since the alignment of the critical element was
not ideal, the gain measured in presence of the anode electrode was only one-
half that obtained when this electrode was displaced. The above difficulties
indicate that additional development is necessary for incorporating the opto-
electronic cold-cathode into a useful electron gun structure, which includes
one of the necessary features discussed in Section VI. B. to avoid contamina-
tion of the cathode surface.

E. TENTATIVE EBIT AMPLIFIER DESIGNS

In this section we will consider briefly the ability of the optoelec-
tronic cold-cathode to meet the requirements for typical EBIT amplifier de-
signs. The type of amplifier to be evaluated is a linear, class-A device
employing cylindrical helix and electron beam in the input circuit, similar
to those used in conventional travelling-wave tubes (type-0), and a single
target mounted in a coaxial output section.

Table II lists the operating parameters for a 20-W cw S-band tube.

TABLE II

Tentative Design and Operating Parameters for
a 20-W CW EBIT S-Band Amplifier

Power output 20 W cw
Frequency range 2-4 GHz
RF power gain 35 dB
Efficiency 27.4%
Beam voltage 12,000 Vv
Beam current 1.25 mA
Effective beam diameter 0.035 1in.
Beam current density 0.2 A/cm?
Target current gain 2000

DC output current 2.5 A
Active target diameter 0.035 in.
Length of input helix 3 in.
Overall tube length 5.+3 il
Maximum dimensions 1 e % 1L df. % 5«9 1.
Weight 6 oz max.
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The important parameters in considering the applicability of the optoelec-
tronic cold-cathode for the above design (Table II) are the beam diameter
(0.035 in.) and the beam current density (0.2 A/cm?). Both quantities are
achievable with these cathodes. The tests described previously indicate that
the beam diameter produced by the optoelectronic cathode was in the range from
0.020 to 0.225 in. The maximum cw current density demonstrated under labora-
tory conditions is about 0.4 A/cmz, a value approximately twice that required
for the tentative design listed in Table II. Therefore, operation of this
design in conjunction with the optoelectronic cold-cathode is, in principle,
feasible.

Another tentative design, shown in Table III, is directed at a 250-W,
pulsed, L-band amplifier. Of particular interest in this design is the rel-
atively short overall length (4 in.) of the amplifier, several times smaller
than the size of comparable state-of-the-art travelling-wave amplifiers. The
effective beam diameter of 0.068 in. and the peak beam current density of
0.140 A/cm? can be provided by the optoelectronic cold-cathode.

Other advantages of the optoelectronic cold-cathode over thermionic cath-
odes are essentially instantaneous "warm-up time'" and the ability to provide
pulsed operation by pulsing the junction current rather than the voltage on a
grid. Absence of the grid results in improvement of beam focusing and elim-
ination of secondary emission and power-dissipation problems.

TABLE III

Tentative Design and Operating Parameters
for a 250-W Pulsed L-Band Amplifier

Peak power output 250 W
Pulse length 5 us
Duty cycle 5%
Frequency range 1-2 GHz
RF power gain 35 dB
Efficiency 35%

Beam voltage 12,000
Beam current 3.23 mA
Target current gain 2000
Effective beam diameter 0.068 in.
Beam current density 0.14 A/cm?2
DC output current 6.45 A
Active target diameter 0.068 in.
Length of input helix 1 Ang
Overall tube length 4 in.
Weight 6 oz

Furthermore, the narrower energy spread of electrons emitted from a semi-
conductor cold-cathode (160 meV as compared with 230 meV for a thermionic
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cathode, see Fig. 20) is expected to lead to a smaller noise figure. In
travelling-wave tubes, for example, the noise figure is given by:

(5-m) (10)

™
o

NF =1 +

oelna

where T, is the cathode temperature, T, is room temperature, and the functions
S, m, and m, depend on the circuit and beam parameters. The noise figure is
determined predominantly by the effective cathode temperature. A state-of-
the-art S-band travelling-wave tube has a typical noise figure of 5 dB. This
indicates that for the thermionic cathode the second term in Eq. (10) is numer-
ically equal to approximately 2. For the cold-cathode this term becomes equal
to 2 x %f%%% =~ 1.4; the noise figure is then 4 dB. Thus, the cold-cathode

reduces the noise figure by 1 dB.

Finally, it is worth noting that the power required to generate a certain
emission current is considerably lower for the optoelectronic cathode than it
is for an oxide cathode. Thus, to obtain a beam current of 1.25 mA, for in-
stance (see Table II), a cold-cathode structure emitting at an efficiency of
2.5% requires a power input of about 150 mW (50 mA at 3 V), whereas a heater
power of 1.6 W (0.25 A at 6.3 V) is needed for an oxide cathode.
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VIII. CONCLUSIONS

It has been shown for the first time that semiconductor cold-cathodes
based on negative electron-effinity surfaces in III-V compounds are capable
of operation at efficiencies and emission-current densities of practical
interest.

A greatly improved cold-cathode emitter structure has been developed
based on the use of liquid-phase epitaxy and GaAs-(AlGa)As heterojunctions.
The key to the successful development of this device was the ability to obtain
GaAs with electron-diffusion lengths as high as about 5 to 7 um, and a tech-
nique for the confinement of the carrier flow to the desired emitting area.

Efficiencies as high as 4.2% have been achieved under pulsed operation
(up to 10% duty cycle) which represents improvement by a factor of about 35
since the start of this program. Pulsed emission-current densities as high
as 7 A/cm?2 have so far been observed. These values should not be considered
as the limiting ones for this type of device, since cathode heat sinking is
a dominating factor in limiting the maximum current density.

Efficient dc operation has been repeatedly obtained. The highest effi-
ciency value was 1.9%, with reproducible values above 1%. The emission cur-
rents drawn have been as high as 190 uA, and current densities have reached
0.4 A/cm2.

A key property of the semiconductor cold-cathode, namely the energy dis-
tribution of the emitted electrons, has been measured for the first time. The
half-width of the energy distribution of electrons, emitted from a GaAs-(AlGa)As
structure, was found to be 160 meV which is distinctly narrower than that for
a conventional thermionic cathode. The measured half-width is in fair agree-
ment with calculations that take into account energy losses suffered by the
electrons in the space charge region below the surface.

Extensive studies on dc operation and cathode life have been conducted
under continuously pumped vacuum conditions as well as in sealed tubes. No
significant difference in cathode performance has been observed for these two
ambient conditions. Shelf-life of cathode efficiency in sealed tubes has been
measured to be essentially constant for a period of up to 5 months. In one
experiment, for example, the emission efficiency changed only from 2.0 to 1.9%
during a period of 2 months, after which the tube had to be delivered to the
Contracting Agency.

During dc operation, the emission efficiency decreases with time. Opera-
tion with a GaAs anode at 600 V for 18 hours, for instance, caused the effi-
ciency to decrease from 1.9 to 1.45% and the emission current from 190 to 145
vA dc. We have determined some of the reasons for emission efficiency degra-
dation during dc operation. A major source for rapid degradation is electron-
stimulated desorption from the collector electrode. In this process, the col-
lected electrons give rise to desorption of impurities from the collector which
then are, in part, readsorbed on the emitting surface and are thus responsible
for a deterioration of the surface activation. Cathode life, therefore, can
be greatly extended by using either of the following three methods.
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1. Operation at sufficiently low collector voltages (5 15 V), at
which essentially no electron-stimulated desorption occurs.

2. Application of a magnetic field which separates the paths of
electrons and ions and eliminates possible sputtering of the
emitting surface.

3. Use of GaAs, instead of tungsten, as a clean collector material.

All these methods have been found to lower the degradation rates by orders
of magnitude as compared with cathode operation in a simple vacuum diode de-
sign. Thus, the smallest relative decreases of the dc emission current, ob-
tained over periods of more than 20 hours in a sealed tube with a GaAs collec-
tor, ranged from 0.07 to 1%/h at collector voltages between 5 and 30 V. With
these degradation rates, this particular sealed tube was operated for several
periods of 20 to 50 hours or a total of 360 hours. The degradation rates did
not change even after shelf-storage for up to 5 months. Moreover, the emission
efficiency remained practically constant during these storage periods.

The residual degradation rate found at collector voltages as low as 5 V
suggests that there is still a cause for slow emission degradation which has
not been accounted for thus far. The excellent shelf-life of the cold-cathodes,
however, offers the possibility to use such cathodes in applications which re-
quire intermittent but instant operation.

Finally, optoelectronic cold-cathodes instead of conventional thermionic
cathodes have been incorporated into electron-beam-injected transistor (EBIT)
tubes. The use of cold-cathodes in these tubes will provide for essentially
instantaneous 'warm-up,'" pulsed operation by pulsing the cathode junction cur-
rent rather than a grid voltage, lower noise, and lower power requirements.
As the specific purpose of this part of the program, it was shown that the
activation procedures did not adversely affect the performance of the EBIT
targets. Their reverse current-voltage characteristics did not degrade, and
the current gains (=~ 1200 at 9 kV) and threshold beam voltages measured with
electron beams from optoelectronic cathodes were essentially identical to
those obtained from conventional oxide and thoria cathodes.

Additional development - directed at improvement of cathode life, gun
design and beam control between the cathode and target - is necessary to oper-
ate EBIT tubes over extended periods of time and at higher power levels. Ten-
tative cw and pulsed amplifier designs indicate that the beam diameters and
current densities required for these designs are in the ranges which have been
already demonstrated for these cathodes. Approximate calculations have shown
that the lower effective temperature of the cold-cathode would reduce the noise
figure of a state-of-the-art S-band travelling-wave tube from 5 to 4 dB.

In summary, compared with conventional thermionic cathodes, the semicon-
ductor cold-cathodes developed in this program offer the following advantages:

1. Instantaneous operation, since no cathode heating is required.

2. Simplicity in pulsed operation by pulsing the junction current
without the need for an additional modulating grid.

3. Lower noise due to a narrower energy distribution of the
emitted electrons.

4. Lower power requirements to provide electron emission.
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However, the problem of cathode life requires further investigations. Al-
though there is practically no efficiency degradation during periods of non-
operation, relatively slow degradation persists, even under optimum conditions
in exploratory test tubes. While the mechanism for this slow degradation needs
to be explored by basic surface research on the emitting surface, the cathode
life in practical tubes, such as the EBIT tube, is expected to be significant-
ly improved by more elaborate tube engineering involving improved electron
beam optics and possibly ion trapping.
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APPENDIX I
SURFACE ESCAPE STUDIES

Our previous photoemission studies on liquid phase grown GaAs:Ge[13] in-
dicated that the electron escape probabilities for our emitting surfaces are
about a factor of 2 lower than the highest values reported for GaAs also grown
by liquid phase epitaxy[l4]. Since the cold-cathode emission efficiency is
directly proportional to the surface escape probability, and since we found
the process of surface activation to depend on the surface treatment prior to
mounting the sample into the vacuum chamber, we performed a series of photo-
emission experiments to investigate various surface preparations which might
lead to an improved surface escape probability. Besides the usual etching in
a mixture of H2S504, and H70,, and H,0, we tried a subsequent etch in H302, and
also a heating in hydrogen prior to mounting the sample into the vacuum system.
All these treatments led to about the same photosensitivities. We also tried
in situ heating of the sample in hydrogen just prior to the activation process.
But thereafter the photosensitivity was lower by a factor of two. We did find,
however, that the original photosensitivity, 800 pA/lm, could be restored after
ion bombardment with cesium or oxygen, followed by a 15-minute annealing step.
At the same time, the photosensitivity after this procedure was considerably
more stable than before.

Furthermore, we studied <111B> GaAs surfaces which reportedly[l4] exhibit
higher escape probabilities than the <100> surfaces used thus far. While our
previous results on <100> surfaces could be reproduced with <111B> surfaces,
an improvement with these surfaces has not yet been found.

In connection with these surface studies, we also checked whether the
usual heat cleaning of the surface in vacuum might produce any facetting.
Heated and unheated <100> surfaces were tested by scanning electron micros-
copy, but no obvious signs of facetting could be detected. The heated sample,
however, did show signs of decomposition, as indicated by small droplets of
possibly Ga, about 1/2 ym in diameter. The results of these studies are shown
in Fig. 30. It is worth mentioning that after heating GaAs to closely below
its decomposition temperature (v 630°C), the surface exhibits a slightly dull
appearance which can be correlated with the formation of Ga droplets. How-
ever, the photosensitivities of such surfaces are not adversely affected.
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(b)

Figure 30. Scanning electron micrographs of a <100> GaAs surface
(a) before and (b) after heating in vacuum to about
600°C.
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APPENDIX II

*
DIFFUSION LENGTH MEASUREMENTS

We have previously determined the diffusion length in p-type GaAs:Ge on
the basis of photoemission measurements[13]. However, since this type of ma-
terial constitutes a major element of the cold-cathode structure, we have now
performed additional measurements using more direct techniques. In particular,
we were interested in determining the diffusion length in highly doped material
(1019 cm‘3). The use of such material is advantageous in reducing the series
resistance of the diode and, moreover, in reducing the width of the energy
distribution of the emitted electrons (see Fig. 21).

The GaAs epitaxial layers were grown in a boat similar to that previously
described[15], from solutions of Ga, As, and Ge. Growth was initiated at
900°C, and, in order to minimize doping gradients in the layers, the solution
was cooled only a total of 10°C at a rate of 0.25°C/min. The layers (20 to
30 um thick) were wiped clean at 890°C by pulling the wafer into a bin adja-
cent to the one containing the Ga solution.

The samples described here were grown from solutions containing Ga/Ge
atomic ratios of 10(#1), 100&#2), and 1000(#3). The substrates were (100)
oriented semi-insulatinﬁ (10 —cm) GaAs:Cr or GaAs:Si wafers with an electron
concentration of 2 x 1018 cm™3. The dislocation density of the latter sub-
strates was <100 cm~2. Hall measurements of the "comparison' samples grown
on the semi-insulating substrates yielded the electron concentrations shown
in Table IV for samples #1 and #2 which are in good agreement with the values
previously reported[16] for material similarly grown. The carrier concentra-
tion of sample #3 was determined from C-V measurements of the abrupt p-n junc-
tion formed between the epitaxial layer and the substrate. Since material
grown from undoped Ga solutions had electron concentrations of about
3 x 1016 cm~3, sample #3 was significantly compensated by background impurities.

The diffusion length was directly measured by using two techniques. The
first method, using the laser beam scan across a beveled p-n junction, is sen-
sitive to surface recombination since the light is strongly absorbed near the
surface. The second technique, using penetrating o-particles, is much less
sensitive to the surface condition but is useful under more restrictive con-
ditions.

A. DIFFUSION LENGTH MEASUREMENT USING LASER SCAN

The samples were prepared for laser beam spot scanning by first cleaving
bars from the epitaxial wafers on which a Sn-Ni-Au ohmic contact had been app-
lied to the n-type substrate side. The cleaved bars, about 0.5 cm wide and
0.7 cm long, were then lapped at an angle of 1° to the junction along their
length. This was followed by a 1% Br-methanol or 5:1:1 sulfuric acid:peroxide:
water etch to remove any mechanical damage which may have been introduced.

*The work described in this section was performed in collaboration with
M. Ettenberg.
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TABLE IV

Major Material Parameters and Diffusion Length Values in GaAs:Ge

Ga/Ge Estimated Diffusion Diffusion Surface
Atomic NA—ND Electron Coefficient D| Length L [Recombination
Sample |[Ratio in -3 Mobility (a) (b) (c) |Velocity leO6
i Solution|(cm 7) (cm2/V-sec) (cmZ/sec) (pm) | (um) (cm/sec)
1 10 |1.1x10?| 1500 40 5,51 5.6 —
2 100 2.0x1018 3500 90 105 | 415 1:1
3 1000 6x1016 6500 165 20.0 | 16.0 0.74
4 10 l.2x1019 - ——— 5.9 | —-—- -
(a) Calculated from estimate of electron mobility.
(b) From laser beam scan measurement.
(c) From a-particle scan measurement.

The angle-lapped bar was then placed on a movable stage, and a point con-
tact was made to the p-type epitaxial layers except for the lowest doped sample,
#3, where ohmic contact was made to the p-layer with a bonded Au-Zn wire. The
connection to the n-side of the junction was made by a mechanical contact be-
tween the stage and the ohmic contact to the substrate. In all cases, the
large-area, angle-lapped p-n junction had good diode I-V characteristics.

The 0.5-mW He-Ne laser beam (A = 6328 &) was collimated with a 20 X mi-
croscope objective and one auxiliary lens. The optical system, using two 10%
mirrors, allowed simultaneous visual examination of the collimated laser spot
and the angle-lapped surface. The smallest attainable spot size was 12 um in
diameter. A filter (Corning #1-56) was used to ensure that no infrared radia-
tion emanating from the laser impinged on the sample. The entire experimental
setup is shown in Fig. 31.

The diffusion lengths were determined by scanning the laser spot along the
angle-lapped specimen and measuring the short-circuit current as a function of
distance from the p-n junction at intervals of 25 uym. The p-n junction posi-
tion was accurately determined by noting a maximum in the short-circuit current
as a function of position. From an extrapolation of absorption data for GaAs[17]
at 6328 K, the laser light is attenuated by (1/e) in 0.25 pym. The estimated
resolution in the diffusion length value is V0.5 um.

The short-circuit current was measured by mechanically chopping the laser

beam and using a PAR lock-in amplifier and digital millivoltmeter to determine
the voltage across the short-circuiting resistor. Resistors of 1 Q, 10 Q, and
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Figure 31. Scanning laser beam method for electron diffusion
length measurement.

100 @ yielded identical results. The 100-Q resistor was used for maximum sig-
nal. The laser beam was also used to determine the angle of the beveled spec-
imen by measuring the angle between the beams reflected from the angle-lapped
surface and a plate parallel to the back of the sample. The error in this
measurement was not more than 5%. Microscopic examination of etched cleaved
edges showed that the p-n junction was parallel to the back of the sample.

The short-circuit current on a relative scale is plotted in Fig. 32 as
a function of the p-layer thickness for the specimens studied. The thickness
was determined from the measured angle of the beveled surface and the lateral
distance from the p-n junction.

The functional relationship between short-circuit current and the p-layer
thickness in photodiodes was previously derived[18]. For incident light which
does not penetrate into the n-side, the short-circuit current Ig; is a function
of the surface recombination velocity S, the minority-carrier diffusion coef-
ficient D, the minority-carrier diffusion length L, and the absorption coeffi-
cient of the incident radiation ('\'105cm"1 in this case). For o x > 1.0, where
x is the p-layer thickness and o > 1/L, Igc is given by

I = L (11)

SC
S, 1) %L _ (S _ 1) %L
(DJ’L>e "<D L)e

or

x/L__ -x/L
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Figure 32. Short-circuit current as a function of the thickness
of the p-layer which is illuminated by the laser beam.

where

R(%-%)/(%+%) (13)

For x > L, the first term in the denominator of Eq. (11) predominates,

and the slope of the &n (Igp) vs. x plot yields the diffusion length L direct-
ly. The L values obtained for four samples studied are shown in Table IV. The
shape of the curve for x < L depends on whether S/D is greater or smaller than
1/L. Having estimated L, we can obtain R by fitting Eq. (12) to the data in
Fig. 32. The value of R varies between 1.0 and 0.8, depending on the doping
level. Values of D may be estimated by assuming that the mobility of electrons
in p-type material is the same as that in n-type of the same carrier density.
From the experimental value of R and L and the estimated value of D, a value

of S ranging from 8 to 11 x 10° cm/sec for the etched GaAs surface was derived
and is listed in Table IV.

In order to check the reproducibility of the material, two similarly
grown 10 Ga:1 Ge samples (#1 and #4) were measured. As shown in Table IV, the
L values (5.5 and 5.9 um) were comparable.
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B. DIFFUSION LENGTH MEASUREMENT USING a-PARTICLES

Since any measurement technique may contain systematic errors, we checked
the diffusion length results with a completely different technique, one devel-
oped by Goldstein[19], in which a cleaved p-n junction is scanned with a col-
limated beam of a-particles 1 um in diameter. The main advantage of this
method is the large depth of o-particle penetration, 15 um in GaAs, compared
with 1.7 pm for 20-keV electrons, and less than 1 um for photons with greater
than bandgap energy. This large a-particle penetration depth eliminates many
of the analysis problems associated with surface recombination.

The diodes employed were made from the same material used for the laser
scan measurements described earlier. The material was cleaved into bars 450 um
wide and then sawed into diodes 120 um wide and soldered onto headers.

The 5.3-MeV o-particles were obtained from a (Po)210 source about 50 mCi
in strength collimated by a l-um hole in a 24-um-thick metal diaphragm. The
distance x from the junction was varied by means of a differential screw thread
having 0.2-um resolution. The charge collected at the junction was measured
with a charge storage amplifier and displayed on an oscilloscope.

The charge q collected by the junction is given by
= e (- E) (14)
q = q exp T

where q is the charge produced by the o-particle at a distance x from the junc-
tion for a minority-carrier diffusion length L. The charge q is deduced from
the maximum height of the envelope of pulses produced by the a-particle beam.
The carrier diffusion length L is obtained from the slope of a semilogarithmic
plot of the collected charge q as a function of the distance x. The L values
thus derived are listed in Table IV and are in very good agreement with those
inferred from the laser beam scan method.
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