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FOREWORD

This Semiannual Report describes research performed at RCA Laboratories
in the Semiconductor Device Research Laboratory, L. R. Weisbarg, Director.
The Project Supervisor is H. Kressel. The Technical Staff conslsted of Dr.
H. Schade, Principal Investigator, H. Nelson (Consultant), and Ur. M.
Ettenberg. B. Smith is the Army COTR. This research was supported by the
Advanced Research Projects Agency of the Department of Defense and was
monitored by the U.S. Army Electronics Command (ECOM) under Contract No.

DAABO7-71-C-0059.
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ABSTRACT

An improved optoelectronic cold-cathode emitter structure has been devel-
oped which is grown completely by liquid-phase epitaxy. The combination of an
efficient Alj_xGayAs light-emitting diode and long diffusion length GaAs:Ge
layer has yielded a device emitting as much as 3 A/cm? (pulsed) with an overall
efficiency of 1.67% (vacuum current/diode current). Continuous operation was
obtained at a current density of 0.4 A/cm? with an efficiency of 0.43%, which
was sustained for a period of 8 hr in a dynamic vacuum system.
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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 smaller
electron velocity distributions (for better focusing of the electron beam) than
present hot cathodes, can be readily modulated, are capable of being fabricated
in array form, have long life, and do not require the heat shielding which
complicates tube construction.

The present research program concentrates on GaAs p-n junction structures
which rely on negative electron affinity suriaces[l] to obtain high electron
emission efficiency at room temperature. This allows electron escape probabil-
ities in excess of 10%. The electrons to be emitted can be generated either
by direct injection into the surface region or by first generating light (elec-
troluminescence) which 1s absorbed in a p-type surface layer that acts as a
photoemitter. Devices involving the latter characteristic are called optoelec-
tronic cold cathodes[2]; they avcid current constriction in the vicinity of
the ohmic contact to the emitting surface which is frequently a major problem
in cold cathodes using direct injection.

The objective of this contract is to determ.ne the feasibility of an opto-
electronic electron emitter operating at a minimum current efficiency (defined
as the ratio of emission current/diode current) of 1% and at an emission current
density of { 100 mA/cm2. The present program is based on the previous encourag-
ing performance at RCA Laboratories of a structure which consisted of a silicon-
compensated Alj_xGayAs 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 under condi-
tions 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 fol-
lowing program:

(1) Optimization of the various structural parameters of the device
such as doping, electron diffusion  ength, layer thicknesses,

contacting, and surface activation, -- all in order to achieve
at least the required efficiencies and emission current densi-
ties.

(2) Life testing under pulsed and dc conditions at varying anode
voitages. In particular, it is of interest to determine whether
cold-cathode operation 1s feasible with anode voltages of several
thousand volts, a requirement for some applications (such as
the EBIT).



II. DEVICE DESCRIPTION

The cold-cathode structures consist of All_xGaxAs:Si electroluminescent
diodes covered with a thin top layer of GaAs:Ge whose surface is activated with
cesium and oxyegen. Electron emission from such a structure is obtained as fol-
lows (see Figure 1): Under forward bias, electrons are injected into the p-type
Alj_yGayAs 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 cuitted into vacuum, provided
the surface has been activated to a condition of an effective negative electron
affinity. A major advantage of this device is that current constriction is
minimized, allowing the fabrication of large-area emitters.
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Figure 1. Cold-cathode structure.

In contrast with the previous structure[2]), the devices described here
were prepared solely by liquid-phase epitaxy[3]. The electroluminescent diode
emission peaked at 8700 to 8800 X. A thick (10 to 13 -um) GaAs:Ge layer was used
with a hole concentration of about 5 x 1017cm=3 in place of the previous thin
(about 1 um) 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{4] to measure typically between 5
and 7 um, and can be well controlled by liquid-phase epitaxial growth[5). The



thick p-type region is desirable to more fully absorb the light emitted by the
Al1_xGayAs diode and to minimize current constriction under the ohmic contact.
It was not necessary to adjust the growth cycle to control the layer thickness
exactly, since we had round previocusly[4] that chemically polished surfaces
(bromine in methanol) could be reproducibly activated to photosensitivities in
excess of 800 pA/lm. Thus, the top layer could be thinned to the desired value

after growth.

The emitting region ranged from 2 x 104 cm? to v 10-2 cmz, depending on
the diode. Ohmic contact to the n-side of the junction was made by indium,
while a point contact was applied to the p-side, a technique which works satis-
factorily.



III. DEVICE FABRICATION

Cold-cathode structures as described in Section II are prepared from epi-
taxial material grown by the liquid-phase process using a graphite t »at as
shown in the cross section of Figure 2[6]. 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 the bin Bj and another melt composed
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
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Figure 2. Graphite boat used in growth of optoelectronic
cathode material[6].

position such that the substrate in the recessed area R forms the bottom of

bin Bj. As the furnace is allowed ti ccol to a temperature of about 810°C,

a Si-doped epitaxial (AlGa)As iayer, the first portion of which is n-type and
the final portion p-type, is grown onto the surface of the GaAs substrate[7].
The graphite slide is then pulled into the position where the substrate forms
the bottom of bin B3. 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 B3, and the
furnace is allowed to cool to a temperature at which the graphite boat caa 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 Figure 3. The
Ge-doped surface layer is reduced to a thickness of about 10 um by lapping and
chemical polishing after which cold-cathode structures as shown in Figure 1 are
fabricated from the processed wafer by masking and etching techniques.

Numerous cold-cathode wafers of the type described above have been pre-
pared in the course of work directed toward the determination of doping concen-
trations, doping gradients (and geometrical parameters) which lead to optimum
cold-cathode efficiency.
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Figure 3. Photomicrograph showing cross section
of optoelectronic cathode material.



IV. EXPERIMENTAL TECHNIQUES

After insertion into vacuum (base pressure below 1 x 1079 Torr), the samples
were heat-cleaned by electron bombardment for several minutes at temperatures
close to the decomposition temperature of GaAs. The sample surface was then
activated by conventional cesium-oxygen treatment to a condition of an effective
negative electron affinity. Cesium was provided by heating cesium chromate in
a tantalum channel, and oxygen was leaked into the vacuum chamber by heating
an attached tube. The activation process was monitored by measuring the white
light photoemissior from the GaAs top surface. Typically, photosensitivities
between 700 and 10C0 pA/lm were obtained.

Upon reaching maximum photosensitivity, cold-cathode emission was measured
using the circuit shown in Figure 4. We used two different modes of operation:
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Figure 4. Circuit configuration used to measure
cold-cathode emission.



(1) 1In the pulsed mode 10~ to 100-usec pulses (0.1 to 1% duty cycle)
are applied to the electroluminescent diode, and the emission
current is collected with an anode voltage of about 500 V.

This mode of operation avoids heating of the sample as well
as space charge limitation of the emission current. Thus,
the full capabilities of the device structure can be tested.

(2) In the dc mode, junction currents of about 102 A/cm2 can
be drawn through the electroluminescent diode without signifi-
cant heating of the structure. At the same time, the anode
voltage is kept below about 30 V in order to eliminate pos-
sible sputtering of the emitting surface. This second mode
of cold-cathode operation is used to study continuous opera-
tion of the cold-cathode structures.

All of the work reported here was with devices mounted in a continuously
pumped vacuum system. Cathode operation in a sealed system is, of course, of
practical interest. Such work will be undertaken in the second half of this

program,



V. EXPERIMENTAL RESULTS

Greatly improved performance of optoelectronic cold-cathode emitters
was obtained during the first half of this report period. Our best results
to date are compiled in Table I. Figure 5 shows the emitted current as a func-
tion of the pulsed diode current (1% duty cycle) of a sample with an overall
efficiency of 1.6% at a peak emission current density of 3 A/cm2 for short times

NOT REPRODUC\BLE
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Figure 5. Emitted current as a function of the
pulsed diode current.

at an anode voltage of 800 V. Note that because of leakage, emission does not
start at zero junction current. The differential efficiency, 1.74%, is there-
fore about 10%Z higher than the overall efficiency. These values represent

the highest ever reported for optoelectronic cold-cathode structures; the
previous value with optoelectronic structures was 0.11%7 efficiency at an
emission current density of 0.001 A/cm2.



TABLE I

COLD-CATHODE PROPERTIES OF AN
OPTOELECTRONIC GaAs - Al;_.Ga,As STRUCTURE

Operation J J
em pn n v(anode)
(A/em) (a/cn?) D) W)
de 0.4 100 0.4 30
pulsed* 3.2 200 1.6 800
*10 to 100 usec < 1% duty cycle

It is to be noted that four more samples of similar construction all
yielded emission efficiencies in excess of 0.47%, one of these samples as high
as 1.5%. The efficiency differences are probably due mainly to differences in
light absorption in the GaAs top layer rather than to differences in surface
activation and, thus, surface escape probability. This explanation is sug-
gested by our previous photoemission measurements on similar GaAs surfaces of
several samples which could be activated reproducibly to about the same surface
escape probabilities.

Cold-cathode emission was also measured under dc conditions. We operated
a cold-cathode structure with an emitting area of 2 x 10-4 cm2 for 8 hours at
an emission current of 80 pA dc (emission current density ~ 0.4 A/cm2), while
the output and efficiency at 0.43% remained unchanged. The anode voltage was
30 V. As previously noted, this experiment was performed under dynamic vacuum
conditions; however, the activation of the emitting surface may be expected to
remain reasonably stable if the cold-cathode is operated in a sealed-off tube.



VI. CONCLUSIONS

An optoelectronic cold-cathode structure was operated at pulsed (1% duty
cycle) emission current densities of 3 A/cm2 at an overall efficiency of 1.6%.
Continuous operation for 8 hours at an emission current density of 0.4 A/ cm2
and an efficiency of 0.43% was measured. These results show that devices with
practical operating current densities are possible using the device structure
described here. The initial results on the operating life are encouraging in
that they show that the cathode l1life is not limited by catastrophic processes.

It is significant that stable operation was obtained when low anode vol-
tages were used. This suggests that damage of the cesiated surface at higher
anode voltages was caused by ions released from the anode, an unexpected result.
Practical structures will, therefore, have to be designed to prevent sputtering.

10



VITI. FUTURE PLANS

The highest efficiency observed is still less than half of the calculated
limit for the devices studied, which leaves room for further improvement. More
experiments will be required to adjust structural parameters for optimum de-
vice performance. At the same time, emphasis will be placed on studying long-
term operation. The initial results on life testing under dynamic vacuum con-
ditions justify future measurements in sealed tubes.

11
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