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SUMMARY

It is the general purpose of this work to significantly im-
prove the state-of-the-art in 1l.06-micron photocathode devices
for use in active laser communications and imaging systems. The
overall goal of the program is to develop a high sensitivity
III-V semiconductor 1l.06-micron photocathode utilizing field-
assisted, transferred-electron (TE) photoemission. The cathode
structure should be capable of 20% guantum efficiency, large
active area, and sealed-off tube operation.

The most sensitive l1.06-micron photocathodes available today
are the negative electron affinity (NEA) III-V semiconductor
cathodes. Yields of 0.5 to 3.0% at 1.06 microns are commercially
available in a photomultiplier tube from Varian Associates, Inc.
Achieving a high quantum efficiency from a single-crystal III-V
photoemitter is largely a question of electron surface escape
probability since the processes of photon absorption and electron
diffusion to the surface can be quite efficient. Work function
and surface barrier effects at the vacuum-semiconductor interface
limit the successful transport of photoexcited electrons into
vacuum. In order to overcome the surface barrier effects, various
externally-biased cathodes have been studied over the years. A
number of p-n junction, MOS, field-emission, and heterojunction
bias-assisted photocathodes have been proposed and experimentally
studied but none has shown reasonably efficient photoemission

combined with low dark current emission to be of practical interest.

In 1974 however, Bell, James, and Moon of this laboratory
demonstrated a bias-assisted p-InP cathode using for the first
time the mechanism of TE photoemission. TE photoemission is
based on the fact that for certain III-V semiconductors such as
InP, InGaAsP alloys, and GaAs, electrons can be promoted to the
upper conduction band valleys with reasonable efficiency by apply-
ing modest electric fields. Photogenerated electrons with success-
fully transfer to the upper valleys have a good probability of




being emitted over the work function and surface energy barriers
into vacuum. Encouraged by this initial result, work at Varian
on TE photocathodes has progressed steadily over the past three
years with a major emphasis being made on both 1-2 micron pas-
sive night vision detectors and this work on high performance
1.06-micron detectors.

There are three TE photocathode designs under current eval-
uation for high efficiency 1l.06-micron detection. The first
of these is a p-InGaAsP direct emitter cathode in which the pro-
cesses of photogeneration and electron emission are confined
(as in a NEA cathode) to a single active layer. This is the
simplest of designs and from a materials standpoint the most
straightforward and highly developed. Vacuum photoemission
experiments from direct emitter cathodes have demonstrated 1.06-
micron yields up to 2.7% under full bias conditions. This repre-
sents a factor of 10 to 20 improvement over a conventional S-1
cathode and is comparable to a good NEA cathode. The second
approach is that of a hybrid p-InP/p-InGaAsP TE heterojunction
cathode. The heterojunction cathode separates the functions of
photoelectron generation (p-InGaAsP) and electron emission (p-InP)
into distinct layers. In principle, the heterojunction approach
should achieve a higher efficiency device since each function
can in principle be separately optimized. 2.8% reflection-mode
yield at 1.06 microns has been achieved from a hybrid hetero-

junction cathode during this reporting period.

The third cathode design, which offers the highest potential
1.06-micron sensitivity, is a p-InGaP/p-InGaAs heterojunction TE
cathode. The electron emitting layer (p-InGaP) has a higher
bandgap than that of p-InP, 1.7 eV vs 1.35 eV. Therefore it is
anticipated (based on experimental NEA work) that the surface
escape probability from a p-InGaP emitter would be superior to
that of p-InP, and hence offer improved performance over that of

either the p-InGaAsP direct emitter cathode or the p-InP/p-InGaAsP

X1




heterojunction cathode. An all vapor phase epitaxy system has
been designed, debugged, and made operational to grow the InGaP/
InGaAs structure. Details of this system are discussed, along
with some initial photoemission experiments from p-InGaP emitter
cathodes. Feasibility of p-InGaP as a TE emitter cathode was
established along with some encouraging photoemission results
from the first p-InGaP/p-InGaAs cathode.

Excellent progress has been achieved during this first year
toward developing the necessary materials and vacuum processing
technologies to reach the program goals. A continuing effort is
clearly needed however to further improve the direct emitter and
hybrid heterojunction TE cathodes. A more detailed analysis of
the surface escape probability for a TE cathode is needed. More
materials work is needed on the p-InGaP/p-InGaAs heterojunction
cathode. Progress in this area should be rapid however since

most of the initial growth system problems have been solved.
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1. INTRODUCTION

It is the general purpose of this work to significantly
improve the state-of-the-art in 1.06-micron photoemission de-
vices for use in active laser imaging and communications
systems. The overall goal of the program is to develop high
sensitivity III-V semiconductor 1l.06-micron photocathodes utili-
zing field-assisted, TE photoemission. The cathode structure
should be capable of 20% quantum efficiency, large active area,

and sealed-off tube operation.

In order to put the present field-assisted photocathode pro-
gram in better perspective, it is worthwhile to briefly review
some of the prior field-assisted work. The following section
discusses three photocathode designs, based on the TE effect,

which form the basis of the work described in this report.

As 1s well known, work function and surface barrier effects
at the interface with the activating layerl make it necessary to
consider biasing photocathodes in order to achieve useful photo-
emission beyond about 1l.l-micron wavelength. In order to overcome
the surface barrier effects, various externally-biased cathodes
have been studied over the past 18 years beginning with the work
of Simon and Spicer at RCA.Z’3 Historically, the bulk of the
field-assisted photocathode work up to 1968 had been on reverse-
biased p-n junction devices activated with Cs or Cs and oxygen
to reduce the work function at the surface. The external guantum

efficiencies achieved into vacuum however were limited to < 10-4

(electrons/incident photon) in all cases.4-6 With the advent of
the negative electron affinity (NEA) cathode development in the
late 1960's,7 there was relatively little work done on externally-
biased cathodes. However it soon became clear that the limit to
high yield (> 0.10% guantum efficiency) NEA photoemission was

around 1.1 micron.




A number of field-assisted projects were initiated under ARPA
support in the early 1970's aimed at the 1-2 micron range. A
passive night vision device taking advantage of the strong air-
glow radiation beyond 1 micron is the primary application of the
1-2 micron program, althougn other applications would certainly
emerge if such a device could be demonstrated. Some of these
approaches involved the reverse-biased p-n junction for either
area or edge emission utilizing the improved device and vacuum
technology of the day. Groups at RCA8 and UCLA9 pursued this
approach most recently. Difficulties with junction breakdown
during vacuum heat cleaning and fabrication of ultrathin plane
parallel junctions were the most serious problems. Approximately
10—4 quantum efficiency at 1.06 microns into vacuum was achieved
at UCLA from a silicon device. Another approach has been the
reverse-biased Schottky-barrier device based on the work of White
and Logan.lo A thin metal film is evaporated onto a p-type semi-
conductor and reverse-biased. Experimental yields from these
devices have been limited to less than 10—4 quantum efficiency.ll_13
A slight modification of the Schottky-barrier approach is an MOS

S i3 quantum

structure reported by Foss at CBS Laboratories.
efficiency at 1.06 microns was achieved into vacuum from an Al-
SiOz-Si device activated with Cs and oxygen. The dark current 3
from the MOS device under bias conditions was on the order of 10

A/cm2 -- much too high for practical applications.

A similar approach to the MOS cathode is the tunnel emitter.
This work, first carried out at the University of Minnesota, then
at RCA Laboratories, and more recently at the Night Vision Lab-
oratory, Ft. Belvoir, VA, is based on an ultrathin insulator
sandwiched between either two semiconductors or a semiconductor
and a thin metal film. A1203 grown by chemical vapor deposition
was the major insulator studied. Field-assisted photoemission
has been achieved from a Si~Al,0,-Ag structure activated with Cs

23
and oxygen. High dark current and poor frequency response seem




to be the major difficulties with the Si tunnel emitter device.

Similar structures fabricated from Ge have not shown photoemission

into vacuum.

An entirely new approach to a field-assisted cathode was
brought forward in the early 1970's by various groups employing
the idea of a double heterojunction structure. The complete
cathode consists of a low bandgap photon absorbing layer fol-
lowed by a high bandgap hole barrier, necessary for external
biasing, and an electron emitting layer capable of high effi-
ciency NEA photoemission (e.g. GaAs). Ideally, under reverse-
bias conditions, the conduction bands of the device should allow
thermalized photoexcited electrons to diffuse and/or drift ef-
ficiently from the photon absorbing layer across the hole barrier
layer into the electron emitting layer and finally into vacuum.
Groups at Carnegie-Mellon University15 and Rockwell International16
have pursued this approach most recently. No vacuum photoemission
results have come forward to date however. The Carnegie-Mellon
cathode was a Ge-Zn-Se-GaAs:Cs-0 device. Satisfactory fabrica-
tion of the complete structure was not achieved. Efficient
electron transfer from the Ge into the ZnSe hole barrier could
not be demonstrated. The cathode structure most extensively
investigated by the Rockwell group for 1.06 microns was a GaAsSb-
GaAlAs-GaAs structure grown on GaAs. This liquid phase epitaxial
grown structure is not a completely lattice-matched system. The
composition of the GaAlAs hole barrier was such that the entire
lattice mismatch was accommcdated at the GaAsSb-GaAlAs interface.
Although no vacuum photoemission results have been obtained,
on-the-bench internal photoemission results indicate poor elec-
tron transport across the GaAsSb-GaAlAs interface. It would
also be expected that junction deterioration problems might be
encountered with this or similar devices during the vacuum heat

cleaning procedure commonly used to clean the semiconductor-

vacuum surface.




Another interesting field-assisted cathode approach is the

field emission photocathode based on earlier work on single field
i point emitters. Arrays of Si-based field emitters have been
§ successfully fabricated by groups at Westinghouse Research Lab-
| oratories17 and at SRI.18 7.5% quantum efficiency into vacuum
has been achieved at 300°K. The major problems are a room temp-
erature dark current on the order of 10-6 A/cm2 under bias con-
ditions and a limited MTF. Arrays of Ge-based field emitters,
for > 1 micron response, have not been successfully fabricated

to date.

The work at Hughes on thin Ag films on Si19 is particularly
relevant to the present program. The initial idea of their
"Studies of Silver Interlayer Photocathodes at 1.06 Microns"
was to demonstrate improved 1l.06-micron semitransparent yield
from a thinned Si:Cs-O photocathode through the introduction of
a thin Ag interlayer at the Si:Cs-0O interface. An enhancement in
1.06-micron semitransparent quantum efficiency of approximately
50% would arise simply from the increased optical reflection of
near bandgap radiation back into the Si. Furthermore, it was
felt that since the work function of Cs-0 activated Ag could be

20

processed to < 1.0 eV and that electron losses through a thin

Ag film should not be a serious loss for low energy electrons21
the transport of photogenerated electrons into vacuum should be
good. The feeling was that the work function on the Ag film
could be made lower than the interface Cs-0 barrier height
(~1.1 to 1.2 eV) found on semiconductor:Cs-0 interfaces.22 In
principle the device could operate with an applied reverse bias
to the Ag film to give an additional "effective" negative elec-
tron affinity between the conduction band in the bulk and the
vacuum potential. In practice, the Si:Ag:Cs-0O yields were low.
Sputter-Auger depth chemical profiling and Rutherford back-
scattering of 280 keV nett analysis indicated a significant re-

gion of mixed semiconductor-metal. The depth of the intermixing




was difficult to measure directly since it was felt that the
thinnest films (100-200 R) may well have microscopic thickness
variations on the same order as the film thickness. SEM micro-
graphs at 120,000x supported the thickness variation or surface
roughness contention. The net effect of the intermixing was to
reduce the surface escape probability either through (1) Ag acting
as a compensating impurity leading to a relatively deep band-
bending region or (2) increased photoelectron scattering in the
mixed region. A final experimental observation made by the
Hughes group was that the photoelectric threshold on Si:Ag:Cs-0
surfaces was found to be thickness-dependent for films less than
about 300 & thick. The thinnest Ag films were found to have a
photoelectric threshold 0.10 to 0.15 eV higher than the thickest

films.

Several conclusions can be drawn from the above brief history
of field-assisted photocathode work (which has excluded recent
work here at Varian). First, significant difficulties have been
encountered with junction deterioration during vacuum heat-
cleaning procedures. Junctions which are exposed should be pas-
sivated such that they can be cycled to around 6C0°C in vacuum.
Second, all heterojunctions that photoexcited electrons cross
must be nearly "ideal" heterojunctions--i.e. low recombination
interfaces. In practice this means the heterojunction pair must
be very closely lattice-matched. The GaAs-GaAlAs combination
is the most well-known pair but InGaAsP alloys lattice-matched to
InP are another example. Third, another major difficulty with
reverse-biased p-n junction devices, apart from junction breakdown,
is the fact that part of the transport is by hot electron trans-
port across an ultrathin n-type region. Efficient electron
transfer across such a region (without going to avalanching) is
extremely difficult because of the short mean-free path for hot
electrons. Internal p-n junctions therefore should not be con-
sidered as strong candidates for high efficiency field-assisted
cathodes. Finally, the ability to fabricate reasonably large-
area devices with good MTF and operate with stability at or near

room temperature must be considered.
o




2. THE TRANSFERRED-ELECTRON PHOTOCATHODE

2.1 Previous Work on the TE Cathode

The work at Varian on field-assisted devices began in 1974
with the successful demonstration of TE photoemission from p-type
InP.23 Figure 1 shows an energy band diagram for bias and no
bias conditions for a p-InP TE cathode. Since the active (photon
absorbing and electron generating) layer should contain few free
electrons in the absence of illumination, it should be a p-type
semiconductor. In order to apply a bias voltage, a "hole barrier"
is needed. A simple metal/semiconductor Schottky barrier is used.
The Schottky barrier to hole flow for metallic contacts on p-InP
(2 0.75 eV) are sufficiently high for a satisfactorily low value
of hole current, easily sustained by the biasing contact. A
~ 150 & thick Ag film is evaporated, in situ, for this biasing
contact. Transmission of energetic electrons through a thin Ag
film can be reasonably efficient. Hot electrons in transit lose
energy to phonons, impurities, and electron-electron collisions.
In addition, they suffer phonon back-scattering (in our case from
the Cs-0 layer) and quantum mechanical reflections at the layer
interfaces. These losses can be substantial unless the electrons
arrive at the surface with more than 0.1 eV excess energy. A
single scattering by any of the mechanisms listed can result in
loss of the electron. The ballistic mean-free path is therefore
of interest. Experimental values for l1-eV electrons are reported
to be 265 & in Ag.Zl Typical overall experimental transmissions
for ~ 100 R Au films are in the region of 15 to 35% depending on
the exact values of the excess kinetic energy at the surface.
Similar values for Ag would be expected. The surface of the
Schottky barrier is treated with Cs and oxygen in a manner similar
to NEA activations7 in order to reduce the work function and
maximize the photoemission process.

In operation, a positive (reverse) bias on the metallic con-

tact depletes the p-InP emitter and establishes an electric field
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region which is a maximum at the surface and extends back into
the bulk of the cathode.- For fields on the order of 104 V/cm,

it is known that conduction electrons in InP are prcmoted (trans-
ferred) into upper satellite valleys (e.g. from the I' into the

L in Fig. 1). The L valley lies about 0.5 eV above the lowest
central conduction band valley in InP24 and is about 1.15 eV above
the Fermi level of the metal contact on the surface. The vacuum
level for a Cs-0 activated clean surface of Ag however is about
1.0 eV above the Fermi level of the metal.20 Therefore there is
an effective NEA condition created at the emitting surface with
respect to the upper satellite valleys of Cs-O activated Ag/p-InP
under bias conditions. Since promotion to the upper valleys in
InP is known from microwave and photoemission work to be an ef-
ficient process for fields greater than 104 V/cm, this configu-
ration makes for efficient transfer of photogenerated electrons
in the T valley to the upper valleys where they can be emitted

over the surface vacuum barrier (process "1" in Fig. 1).

The first experimental demonstration of TE photoemission is
shown in Fig. 2. The yield is for photons incident on the emit-
ting surface (i.e. reflection-mode yield). The no-bias yield is
primarily from photoexcited electrons generated in the Cs-0
coated Ag Schottky-barrier metal. A Fowler plot (i.e. yieldl/2
vs photon energy)25 would indicate a work function of about 1.0 eV
from the data in Fig. 2. The p-InP cathode is rela-
tively low p-type, ~ lOls/cm3. Therefore even though the p-InP
surface is clean and has Cs+0 on it, the photoemission from the
p-InP surface itself is quite low. If the p-InP had been doped
to 1017/cm3

surface would be much higher than that from the activated Ag
3

or higher, then the zero bias yield from the p-InP

surface. For 1018/cm
26

or higher doping p-InP becomes an NEA
cathode. The reason for the significant difference in photo-
emission (at zero bias) for p -InP vs p+-InP is the difference

in depth of the surface space charge region. For effective NEA

photoemission, high p-type doping is necessary in order to
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Fig. 2. Reflection-mode quantum yield from
the first successful p-InP TE cathode.




minimize the space charge distance (i.e. the band-bending dis-
tance W in Fig. l1). The thermalized electrons (.lectrons in

the T valley) which diffuse toward the surface in an NEA cathode
quickly pass through the space charge region (which is only on the
order of 100 A wide) through the Cs-0 activation layer and then
into vacuum.22 As the doping is decreased, the space charge
region becomes longer and longer and most of the thermalized

T electrons slide downhill and recombine at the emitting surface.
Under bias conditions however initially thermalized electrons
which diffuse or drift toward the emitting surface can be trans-
ferred into the L valley (and/or heat up in the T valley), trans-
port to the surface, and be emitted into vacuum. Since the photo-
generation of electrons is determined by the optical absorption

of InP, the threshold for NEA or TE photoemission is essentially
the bandgap of InP, 1.35 eV at 300°K. As can be seen in Fig. 2,
the field-assisted yield is over four orders of magnitude higher,
near threshold, than the no-bias yield. The 0.5% quantum effi-
ciency measured from this first cathode has been improved since
then to a peak 11.9% quantum efficiency in the reflection mode,

at l.4-evV photon energy, with 20 V bias, and 300°K operation from a
bulk-grown 2 x lOls/cm3 p-InP cathode. Typical TE yield from p-InP
however is 1 to 3% quantum efficiency at 3-5 V bias. Additional
improvement in TE yield should come with refinements in growth,
processing, handling, Schottky-barrier fabrication, and activation
of the cathode.

The next significant development in TE cathode technology was
the demonstration of TE photoemission from the III-V InGaAsP qua-
ternary alloys LPE-grown lattice-matched to InP substrates.
Development of the InGaAsP alloys for NEA 1.06-micron cathodes

began in early 1972.27

The InGaAsP guafernary system with the
InP lattice constant can generate bandgaps spanning the region
from 1.35 eV (InP) to 0.75 eV (InGaAs)--see Fig. 3. References
28 and 29 provide the most recent materials developments and

additional references on earlier work.

10




(Atom fraction of Ga in the III sublattice)

y

0.0

| | 1 11"
0.3 0.4 0.5 0.6 0.7
InP X  (Atom fraction of As in the X sublattice)

Fig. 3. Calculated bandgap and lattice constant
for the InGaAsP quaternary system.
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TE photoemission from p-InGaAsP was first experimentally
demonstrated in late 1974. An energy band diagram for this case
is shown in Fig. 4. The physics of emission is the same as that
for a p-InP emitter, however the I' to L separation is larger
making transfer more difficult than in InP and the L band edge
at the surface is closer to the vacuum level which results in a
lower overall surface escape probability (see Fig. 5). For these
reasons, one would expect the yield from p-InGaAsP emitter cathodes
to be less than InP for the lower bandgap quaternary cathodes.
Experimental TE photoemission yields from p-InGaAsP emitters have,
on the average, been lower than from p-InP. Figure 6 shows TE
yield from one of the first p-InGaAsP emitter cathodes, which had
a 1.04-eV bandgap at 300°K. The 1.06-micron reflection-mode yield
from this cathode is about 0.l15%--comparable to a good S-1 photo-
cathode. For a first-time result, this was an encouraging 1.06-
micron yield and suggested that a direct p-InGaAsP emitter cathode
should be looked at in more detail for 1.06-micron applications.
Section 3.5 discusses the direct emitter experiments performed
under this contract. More than a factor of 10 improvement in

1.06-micron yield has recently been achieved from such a cathode.

The next significant development in TE cathode technology
came in 1975 with the first successful fabrication and vacuum
photoemission results from a heterojunction TE cathode. The
direct emitter p-InGaAsP alloy cathodes suffer from the fact that
the function of photogeneration and electron emission are per-
formed by the same active cathode layer. A high efficiency 1.06-
micron cathode is possible, in principle, by separating these
functions into distinct photon absorbing and electron emitting
layers. Figure 7 is an energy band diagram for one such p-p
heterojunction cathode utilizing the lattice-matched pair InP
(emitter)/InGaAsP (absorber). The bandgap of the InGaAsP is such
as to be optimal for 1.06-micron detection, =~ 1.15 eV at 300°K.
Under zero bias conditions there is therefore a = 0.20-eV con-

duction band barrier to thermalized electron transport between

12
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Fig. 6. Reflection-mode quantum yield from one of

the first InGaAsP direct emitter TE cathodes.
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the absorber and emitter. Under bias conditions, the depletion
field from the reverse-biased Schottky barrier can essentially
eliminate the conduction band barrier. At least three conditions
must be satisfied for there to be efficient photoelectron transfer
from the absorber into the emitter. First, the emitter doping
level and thickness must be such that the depletion field can
reach the interface at modest applied biases. Second, the inter-
face must be compositionally graded and third, the interface must
have no significant recombination centers. Section 2.2 discusses

the first two points in some detail.

Figure 8 shows the first experimental demonstration of a

heterojunction TE cathode.30

The zero bias yield is again primar-
ily from the Cs-0 activated Ag/InP surface. For biases of about

1 V or more, the InP emitter becomes a TE photocathode. Bandgap-
limited photoemission from the InP is clearly seen in Fig. 8 for
the 3.5-V bias yield. For photon energies less than 1.35 eV the
InP becomes optically transparent and photoelectrons are generated
in the ~ 1.23-eV bandgap InGaAsP absorber. A small fraction of
these are able to transfer into the InP and are emitted into vacuum
at 3.5-V bias. As the bias is increased, the InP yield increases
somewhat but the transfer of electrons from the InGaAsP into the InP
increases significantly. Under full bias conditions the yield into
vacuum from the InGaAsP is quite high-- about 2.0% at 1.00 micron,

300°K operation.

The ratio of the yield from the InGaAsP to that from the InP
is an approximate measure of the heterojunction transfer efficiency
for electron transport from the absorber into the emitter.
Figure 9 shows these data vs applied bias for the cathode shown
in Fig. 8. Again these results were extremely encouraging and
provided a basis for further work on the heterojunction TE
cathode for 1-2 micron detection which is continuing at this

time.31

The absorber bandgap of the cathode shown in Figs. 8
and 9 was not low enough for 1l.06-micron detection. However,
optimization of the cathode for 1l.06-micron detection is rela-

tively straightforward. Section 3.6 describes the most recent
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InP/InGaAsP heterojunction TE cathode results at 1.06 microns.

2.2 Proposed TE Cathode Designs for High 1.06-Micron Detection

There are three TE cathode designs which are viable candidates
for achieving the program goals. The first two designs, the direct
p-InGaAsP emitter cathode and the heterojunction p-InP/p-InGaAsP
cathode, have demonstrated 1.06-micron detector feasibility as dis-
cussed above. The third design is a heterojunction TE cathode
employing a wide bandgap p-InGaP emitter lattice-matched to a
narrow bandgap p-InGaAs optical absorber. The direct emitter cathode
and the InP/InGaAsP cathode have been developed especially for 1.06-
micron detection under this program. A number of cathodes of each
type have been fabricated and successfully vacuum-tested to date.
Current photoemission results and further details on the operation
of each cathode can be found in Secs. 3.5 and 3.6. The remainder of
this section is devoted to a detailed description of the InGaP/
InGaAs heterojunction TE cathode. It is this third cathode design
which is felt to offer the highest potential 1.06-micron sensi-
tivity and is the cathode (InGaP, in particular) which has received

the most attention from a materials standpoint.

Of the several requirements of the present photocathode devel-
opment program, the principal difficulty lies with achieving a
20% quantum efficiency at 1.06 microns. At the present time
there are two photocathodes commercially available with 1.06-
micron sensitivity. The first is the standard S-1 photoemitter.
Typical quantum efficiencies from an S-1 are in the range of
0.05 to 0.20% at 1.06 microns with 1.2% at 1.06 having been
achieved using the multiple internal reflection effect.32 The
second is a (cooled) NEA p+—InGaAsP cathode with a quantum effi-
ciency of 0.5 to 3.0% at 1.06 microns.33 In the laboratory, the
highest performance NEA cathode has been a 9.0% result in the
reflection mode at 300°K. This represents, approximately, a 90%
probability of absorbing a 1.06 photon, 50% probability of

20




successful electron diffusion to the emitting surface, and a 20%
probability of escape into vacuum over the interfacial barrier
between the semiconductor and the Cs-0 activator layer. The
basic processes of optical absorption of the incoming photon

and generation of an electron-hole pair are very efficient pro-
cesses. The main losses occur in the transport of the photo-
generated electron to the surface, and in the emission of this
electron into vacuum. For the semitransparent mode of operation
(light incident on the opposite side of the cathode from that
which electrons are emitted), the probability that a photogen-
erated electron will reach the surface can be even greater than
the 50% figure for a reflection-mode cathode. The net conclusion
is that the problem of achieving very high quantum efficiency
from a III-V photoemitter is largely a question of electron
escape probability.

The highest TE escape probability observed to date from a
p-InP cathode is 18% with 3-10% being more typical. Therefore
one might expect a heterojunction p-InP/p-InGaAsP TE cathode to
be capable of approximately 1-10% quantum efficiency at 1.06
microns. A direct p~-InGaAsP emitter cathode would be expected
to perform below that of an ideal InP/InGaAsP heterojunction
cathode--primarily because of the lower surface escape prob-
ability from a p-InGaAsP emitter (l1.15 eV) relative to a p-InP
emitter (1.35 eV). A higher TE escape probability than that from
p-InP would be anticipated if a larger bandgap emitter, such as
p-InGaP, were used, thereby promoting the photoelectrons higher
in energy at the surface relative to the vacuum level. A similar
idea has recently been experimentally demonstrated in the case
of NEA GaAsP alloy cathodes.35 The third TE cathode design for
achieving high 1.06-micron yield is based on a p-InGaP/p~-InGaAs
heterojunction cathode. The effectiveness of the TE emitter
layer is increased by substituting InGaP of a specific composi-

tion for an InP emitter previously discussed. InGaP has a
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greater bandgap at the gamma point and the upper band edges are
higher in InGaP than in InP, thereby increasing the electron
escape probability into vacuum.

Figure 10 is an energy band diagram for a possible InGaP/
InGaAs cathode for no bias and biased operation. The InGaAs is
the optical absorbing layer which dictates that it have a 1.15-eV
or lower bandgap at 300°K. Figure 11 indicates that the InGaAs
composition should be approximately 16% In--i.e. In.lGGa.84AS'
InGaAs layers are grown routinely in this and other laboratories
el i The InGaAs-GaAs

(substrate) interface is lattice mismatched; however this is not

by vapor phase epitaxy on GaAs substrates.

an active part of the photocathode and careful compositional
grading procedures have been worked out for this system. The
InGaP/InGaAs (emitter-absorber) interface is lattice matched to
reduce the number of potential recombination centers. Figures 12
and 13 show that the proper InGaP composition to lattice match to
In.16Ga.84As (aO = 5,71 R) is approximately 63% In, i.e. In.63Ga-37P.
An In.49Ga.51P composition is approximately correct for growing

on GaAs substrates. (Most of the initial InGaP growth experiments
described in Sec. 3.3 were made on GaAs substrates.) Figure 14

shows the approximate band edge energies (relative to the valence
band maximum) vs InGaP composition. Note that for the In.63Ga.37P
emitter proposed, that the gamma minimum is at approximately

1.7 eV and the L and X minima at approximately 2.15 eV. Two im-
portant points can be made. First, the height of the L,X minima

are approximately 0.25 eV higher than that in InP. Therefore
photoexcited electrons which are able to transfer into these

valleys should have a higher probability of escape into vacuum

than from InP. Second, the EL-EF
P than it is for InP. This would suggest that

separation is about 0.15 eV
less for In.63Ga.37
InGaP should have a higher population of electrons in the upper
valleys than InP under the same internal field conditions.
(This assumes that InP and InGaP would have similar phonon

scattering processes, etc.) A deliberately grown InGaAsP
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quaternary grading region shown in Fig. 10 between the InGaAs and
the InGaP may not be necessary. Recent experience with both VPE-
LPE and LPE-LPE InP/InGaAsP heterojunctions (not deliberately
graded during growth) has demonstrated tua deliberate grading

is not necessary for good heterojunction transfer efficiency.

Further discussion of this point can be found in Sec. 3.4.

The Schottky-barrier height for holes (i.e. to the valence
band) on InGaP is expected to be about 0.75 eV for all composi-
tions. McCaldin et al.38 have shown that this particular barrier
height depends only on the anion species (P in this case) and
not on the cation. Mead39 has given the values for both InP and
GaP as about 0.75 eV and the InP value has been confirmed by
measurements in this laboratory.4O The value of 0.75 eV is an
entirely adequate barrier height to reduce hole injection into
the InGaP emitter from the Schottky barrier to low values for

modest 3-10 V bias potentials at room temperature.

It is difficult to predict the exact improvement in TE sur-
face escape probability of a 1l.7-eV InGaP emitter. However,
work done in this laboratory on NEA GaAsP alloy cathodes gives
some indication.35 Figure 15 shows the NEA surface escape prob-
ability vs GaAsP bandgap. The upper mass valleys of the InGaP
emitter are estimated to be approximately 0.25 eV higher than
thos of InP. Therefore if the behavior of escape probability vs
bandgap shown in Fig. 15 is approximately valid, one would expect
a factor of two improvement in escape probability. The actual
improvement could be even better however because of a potentially
higher population of photoexcited electrons in the upper mass
valleys of InGaP relative to InP. Therefore the InGaP/InGaAs
design offers the highest potential 1.06-micron yield of the
three cathode designs proposed. It seems reasonable to postulate
a TE surface escape probability from an InGaP emitter of 30-50%
with development. The photon absorption process in the InGaAs

and transfer of the photoelectrons into the InGaP emitter can,
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in principle, be very efficient with a 75% probability feasible.
Thus the final quantum efficiency for the InGaP/InGaAs hetero-
junction cathode should lie in the 20 to 30% range.
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3. INVESTIGATION

3.1 LPE Growth of InGaAsP Direct Emitter TE Cathodes

The direct emitter TE cathode is the simplest of the three
cathode designs in that it involves only a single epitaxial growth.
The processes of photogeneration (optical absorption) and electron
emission are carried out in the single grown layer. For direct
bandgap III-V alloys, optimal 1.06-micron detection is achieved
for a 1.15 eV + 0.02 eV bandgap (300°K). A slightly higher band-
gap alloy would not have sufficient optical absorption at 1.06
microns and a lower bandgap would have a lower surface escape
probability and Schottky-barrier height. Early TE photoemission
results from p-InGaAsP cathodes, e.g. Fig. 6, indicated that a
direct emitter cathode may be capable of > 1% quantum efficiency
at 1.06 microns with only modest development.

Details on the LPE growth of InGaAsP alloys lattice-matched
to InP substrates can be found in the literature and will not
be repeated here. See Refs. 28 and 29, for example. Initially,
growth of InGaAsP alloys was restricted to (lll)-oriented InP
substrates. However, more recent work has established the melt
compositions and growth temperatures for high quality quaternary
growth on (100)-InP substrates. There are some differences in
the distribution coefficient of Ga for example, depending on (111)
or (100) growth. The distribution coefficients of Ga, As, and P
during growth have been measured and their temperature dependence
fit to a simple model.41

The growth of InGaAsP for a direct emitter TE cathode is
similar to that previously developed in this laboratory for NEA
InGaAsP cathodes. The biggest difference is that lightly p-type
InGaAsP layers are required instead of high p-type. The reason
for this doping requirement is two-fold. First, the Schottky-
barrier leakage on p+—InGaAsP would be very high due to tunneling
and little external bias could be applied to the cathode. Second,
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the depletion width or space charge region is extremely narrow

(on the order of 100 &) for p+—InGaAsP. Even if an external bias
of several volts could be applied, the depth of the high field
region would not be sufficient for there to be efficient TE photo-
emission. 1000 & or more of the high field region are needed

for efficient electron transfer. This imples that a p-type doping
of 1015— 1016/cm3
LPE InGaAsP can be grown with a background level of Np-N, =

1 x lOls/cm3 at 300°K. Therefore p-type layers in the proper

is needed. With proper care and melt preparation,

range of doping can be achieved.

Figure 16 shows a typical photoluminescence (PL) spectra
from a lightly doped p-InGaAsP direct emitter TE cathode.
P-type doping is achieved with Zn added to the melt. The pri-
mary peak at 1.21 eV is near bandgap radiation42 and the smaller
intensity side peak at lower photon energy is associated with
the Zn acceptor level. Van der Pauw measurements on the sample
shown in Fig. 16 showed NA-ND = 4 x lOls/cm3 and a mobility of
360 cmz/Vsec at 300°K and a mobility of 630 cm2/Vsec at 77°K.
Photoemission results from direct emitter cathodes are presented

in Sec, 3.5

3.2 LPE-VPE Growth of the Hybrid Heterojunction
p-InP/p-InGaAsP Cathode

Growth of InP/InGaAsP heterojunction TE photocathodes was
accomplished using a hybrid LPE and VPE technique. This hybrid
growth procedure was adopted because of the need to grow low-
doped active InP emitter layers, which is possible by VPE growth
on (100)-oriented InP substrates. The 1.15 eV InGaAsP absorber
layer doped p-type to = 1016 cm-3 was grown by LPE on (100)-InP
substrates. The InP emitter layer was then grown on the InGaAsP
by VPE and Zn-doped to low 101% em™3. The PCl,-In-H, system
used for VPE growth of InP is shown schematically in Fig. 17.

A high purity Spectrosil boat with 6-9's pure In was placed in

a Spectrosil reactor which was heated by a two-zone furnace lined
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ﬂ p - InGaAsP/InP
Sample 22-8
T-77°K

PL Intensity (Arbitrary Units)

4

i .¢.\L |
1.2

0.9 1.0 LI 1.3 1.4
Photon Energy (eV)

Fig. 16. Photoluminescence spectra from a p-InGaAsP
direct emitter cathode at 77°K.
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with sodium-filled heat pipes. The indium source was initially
saturated with P by passing PCl3 over the source at 750°C with
purified hydrogen as a carrier gas. A H, dilution line and a

HZ bypass line also enters the reactor allowing adjustments to
the PCl3 mole fraction over the source and over the substrate
respectively. Substrate etch conditions were obtained by divert-
ing the PC13/HC1 flow ahead of the source through the etch line.
A zinc furnace attached to the reactor provided the p-type doping.
InP was deposited on the InGaAsP/InP wafer kept at 650°C in the
region of the temperature profile where the temperature variation
was less than 0.5°C per inch. The temperature profile at the

In source was essentially flat, which eliminated source insta-

bility and yielded low background doping levels.

To avoid excessive etching of the InGaAsP absorber layer
(which was typically 2-4 microns thick) during source resatu-
ration, the substrates were enclosed in the recess of a spec-
ially designed Spectrosil slider boat holder shown in Fig. 18.
The polished, flat, slider plate covering the substrates could
be actuated by a push rod allowing controlled etch and subse-
quent growth while the substrates are held at 650°C throughout
the growth process. A PCl3 flow of 2070 moles/min was used over

the source yielding growth rates of the order of 0.2 micron/min.

3.3 Growth of p-InGaP Emitter Cathodes

Growth of epitaxial InGaP layers has been achieved by both
LPE43 and VPE44
new VPE InGaP-InGaAs reactor was constructed, debugged, and

techniques in this and other laboratories. A

generally made operational during this reporting period. VPE
homoepitaxy of InP/InP was first achieved, then VPE InGaP/GaAs,
and finally at the end of the period VPE InGaP/VPE InGaAs was
achieved. During the initial construction phase of the VPE
reactor a modest effort was made to grow LPE InGaP for the
purpose of quickly demonstrating TE photoemission from InGaP.
The LPE experiments are described first, followed by the VPE

InGaP experiments.
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1 slider boat holder and plate used
to cover the substrate prior to growth.

Fig. 18. Spectrosi
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3.3.1 LPE Growth of InGaP

InGaP was grown at 800°C by LPE from an In-rich melt. A
Ga/In ratio of 0.014 in the melt was found to give specularly
reflective, near lattice-matched growth surfaces on (111)B GaAs
substrates. The In-Ga melt was saturated about 10°C above growth
temperature with PH3. After homogenizing, the melt was cooled
down to 800°C at a cooling rate of 0.4°C/min. The melt was then
pushed over the substrate and cooled further. Melt wipe-off
was invariably good. Although the melt was resaturated before
each growth to compensate for the loss of P, good growths were
difficult to reproduce. The surface quality was found to dete-
riorate and the density of growth hillocks increased sharply
within two to three growths from the same melt. Low doping
levels and better surface quality were observed when the epi-
layers were less than 0.5 micron thick. Thicker layers showed
high doping levels and deterioration in surface quality. Use
of graphite boats lined with pyrolitic boron nitride did not
significantly improve the background doping level. Figure 19 (a)
shows the surface micrography of a 0.4 micron thick InGaP epilayer
grown on (111)B GaAs that showed a background doping level of

1.4 x 101° cm-3, whereas Fig. 19(b) is the micrograph of a
4-micron thick layer grown from the same melt which showed a
doping level of 2.5 x 10l7 cm_3. This indicates a change in
the melt composition during the growth which leads to lattice
mismatch and strain with a consequent increase in carrier con-
centration. Several LPE InGaP/GaAs samples were vacuum tested
for TE photoemission with negative results. In all cases the
effective acceptor density was quite high, resulting in extremely
leaky Schottky barriers and relatively high zero bias yields
from the p-InGaP surface.

From this point of view, VPE--although more complicated--
has the advantage of yielding fixed compositions, the capability

of varying the composition at which to lattice-match a substrate,
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Fig. 19(a). Surface micrograph of a 0.4 micron
‘ thick InGaP layer grown by LPE.

Fig. 19(b). Surface micrograph of a 4.0 micron
thick InGaP layer grown from the
same melt as that used in Fig. 19(a).




and the ability to grade for composition. Background doping
levels in VPE material are dictated, in principle, by the purity
of the sources of the gases used.

3.3.2 VPE Growth of Inxgil_xg

A schematic diagram of the reactor used for vapor phase epi-
taxial (VPE) growth of InGaP is shown in Fig. 20 and a picture
of the system itself in Fig. 21. (This includes all the modifi-
cations to the initial setup to date.) The growth system can
be divided into three zones. In the first zone, In and Ga metal
sources are placed in two separate chambers and a mixture of HC1
and H2 is passed over each. The HCl reacts with the metal sources
to form volatile metal chlorides which are swept downstream.
The system has a provision for using either electronic grade
HCl/H2 gas mixture or higher purity HCl from cracking AsCl3 at
high temperatures. Since under typical growth conditions the
HC1l flow over the Ga source is much smaller than that over the
In source, a H2 mixer is added to the HCl(Ga) so that equal total
flow of gases over both the sources can be maintained. This
ensures equal residence time of gases on the sources. A baffle
is placed in each of the source chambers to enhance mixing and
residence time and to avoid back-diffusion of gases toward the

sources.

In the central zone various gases are introduced. Bypass
Hy and HC1l for etching the deposits on the reactor walls and
the substrate are also brought in. For p-type doping, a H2
stream passing over a heated Zn pellet is used. Electronic
3 Although the

experiments during this period have concentrated primarily on

grade gas mixtures are used for PH, and AsH
InGaP growth lattice-matched to GaAs, an AsH, system has been

incorporated for InGaAs growth. Two baffles in tandem are used

in this zone to ensure proper mixing of gases.
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In the third zone deposition takes place. A slider boat
(Figs. 22 and 23) is used for InGaP growth. This design pro-
tects the substrates during equilibration of gases until stable
growth conditions are reached, allows controlled HCl etching
of the substrates, and makes it possible to attain abrupt changes

in the grown layers.

The basic equations governing the growth of InGaP can be
written as follows:
yM + HCl = yMCl + (l-y)HCl + 321 H,

19 1
MC1l + 3 PH3 + > P2 +

'H

o
5 P4 ¢ MP + HCl

—

where M represents either of the In and Ga metals and P P4 are the

2 45

products formed by the decomposition of PH3 at high temperatures.
The growth of InGaP ternary alloys is complicated by the need

for precise control of a number of parameters. Due to the large

difference in their free energy of formation, the GaP cor .onent is

45

much more readily deposited than InP. This makes it necessary

to have large HC1 (In)/HCl (Ga) ratio for growing InGaP lattice-
matched to GaAs.44-46 For a fixed set of other conditions the
In/Ga ratio needed for growing a particular composition increases
with the deposition temperature. With increasing deposition
temperature larger changes in the In/Ga ratio are therefore needed
to affect small changes in the composition. Thus it is preferable
to grow at relatively low temperatures (= 700°C) for reasonable
control over the composition. It is essential that a steady
temperature be maintained because the composition is a strong
function of the deposition temperature. The change in the compo-
sition is of the order of 0.3 mole % per degree centigrade.47
The growth of InGaP can be accomplished with either stoichio-
metric (i.e. IMC1l = XP) or off stoichiometric conditions. A

surplus of P tends to promote InP deposition while a surplus
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of HC1l lowers the InP content.48 At higher source temperatures

the conversion of HCl to MCl is more efficient, and this affects
the composition as the total HC1l present in the deposition zone
changes. The decomposition of PH3 also increases with temperature.

The extent of PH3

is more favorable through a reaction of InCl with PH3 rather than
with P2 or P4.48 It is also important to ensure adequate mixing

of gases for good homogeneity of composition. Finally, it is
g g g v y

dissociation is important since InP deposition

imperative that a clean, leak-free system be maintained to avoid
excessive wall deposits that reduce the growth rate and indirectly

affect the composition by nonuniform depletion of the gas stream.

Although thermodynamic calculations for InGaP growth have

A ES the results cannot be directly used for

been performed,
growing desired compositions since it has been found that the
experimental conditions deviate from equilibrium. Also, the
growth parameters used in other studies usually are not directly
applicable because of the differences in reactor design, furnace
profile, etc. Hence for each new reactor system it is necessary
to go through an initial stage of experimentation to determine

the optimum conditions for the desired growth.

The reactor assembly was complete and ready for operation by
the end of June 1977. The single-zone furnace was profiled to
obtain a flat source zone at ~ 800°C and a flat deposition zone
at 720-730°C. Even after numerous attempts, a flat zone at 700°C
could not be obtained with this furnace. Since a primary require-
ment was low background doping material, HCl from cracked AsCl3
was used in the beginning. From the measurement of As deposited
in the cracking furnace it was determined that the AsCl3 cracking
efficiency was almost 100%. However, the cracking furnace for
AsCl3

after about five hours of run time. Also, because of the large

would get clogged with too much As and had to be changed
HC1 flow, the In source would deplete quite rapidly and had to

be replenished to ensure complete conversion of HCl1l to MC1l and

maintain reproducible growth. Hence the initial experiments
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were necessarily slow and were further slowed down due to temp-
erature drifts in the furnace. As mentioned earlier, the compo-
sition is strongly influenced by the deposition temperature.
Any drift during a run leads to compositional grading of the
growth layer. The furnace problems also caused the temperature
to vary from one run to another.

Most of the effort initially concentrated upon making design
changes to incorporate desired features into the system. The
position of the dilution H, line was changed to prevent back-
diffusion of PH, to the sources. The In source could be easily
baked out and most dissolved gases removed, however the Ga source,
once contaminated, had to be changed because of P saturation.

The baffle system was also modified to achieve the same end
result., A Ga/H2 mixer was installed to ensure equal residence

time of gases on the sources.

The first objective was to establish conditions for growth
of InGaP lattice-matched to GaAs (which occurs for about 50%
InP49) and then go on to VPE growth of InGaAs/GaAs and InGaP/
InGaAs/GaAs. The initial experiments confirmed the ease with
which GaP deposits compared to InP. In spite of judicious choice
of parameters based upon a careful literature survey,44-48 the
first layers grown were too high in GaP content. The surface
appearance was also poor, the growth nonuniform, and a slight
orange appearance indicated a high GaP content. After incorpor-
ating the changes mentioned above both the visual appearance
and photoluminescence of the InGaP growth improved. Apart from
continuing furnace problems it was now possible to effect
changes in the grown layer by changing parameters. To estab-
lish appropriate conditions for growing InGaP lattice-matched
to GaAs, two experimental approaches were used. First, the ratio
of In(HCl)/Ga (HCl) was changed and, second, the PH3 flow com-
pared to MCl was changed. Excess PH3 compared to MC1l tended
to produce a poor quality surface. Although the growth rate

did increase with PH3 flow as expected,48 the composition was
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still too high in GaP content. For good surface quality (e.g.
fewer hillocks, specularly reflective, uniform area coverage,

3 < MC1.
By changing the In(HC1l)/Ga(HCl) ratio with fixed Ga (HCl) and

etc.) it was decided to grow InGaP under conditions of PH

PH3 flows modest success was achieved toward this end. Since
the use of HCl from cracking AsCl3 was limiting the total number
of growth runs before having to clean the system, commercial
electronic grade HCl is now used until the growth conditions

are well established and very high purity HCl becomes necessary.

It was found beneficial to have a gentle temperature grad-
ient from the PH3 entry point to the substrate position to reduce
excessive wall deposits. Too high a gradient slows down the
growth rate and affects the composition by nonuniform depletion
of the gas stream. The total bypass H2 flow was alsc increased
to reduce wall deposits and obtain maximum deposits at the sub-

strate position.

With these charges to optimize conditions for InGaP growth
lattice-matched to GaAs, reasonably good growth of nearly lattice-
matched InGaP to GaAs has been achieved. InGaP growths were
characterized using x-ray diffraction for lattice constant deter-
mination, 77°K photoluminescence (PL) measurements, and vacuum
photoemission studies. The composition values determined from
these techniques are in reasonable agreement with each other.
Although hillocks are often present, a cross-hatch pattern char-
acteristic of close lattice—matchingso can be clearly seen in

Figs. 24 and 25.

To more quickly establish the feasibility of the proposed
InGaP/InGaAs heterojunction photocathode, InGaP growth on already
available InGaAs (grown in another VPE reactor) was successfully
pursued. The PL spectrum and surface micrograph for InGaP/InGaAs
sample #2-18 are shown in Figs. 26 and 27, respectively. The PL

49,51

spectrum is sharp with clearly resolved side bands and the

surface shows the characteristic cross-hatch pattern.
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InGaAs/GaAs sample #2-18 taken at 77°K.
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The furnace instabilities were found to be due to a manu-
facturing defect in the furnace itself. An improved three-zone
furnace was then purchased for the InGaP system. 5-9's pure
cylinder HCl was also included for quick experimentation until
the growth conditions were well established and higher purity
HCl became necessary. After installation of the new furnace,
some time was spent in adjusting shunts and set-points to obtain
the desired temperature profile. Steady temperatures and repro-
ducible growths are now possible. InGaP layers lattice-matched
to GaAs have been grown with the new furnace. The PL spectrum
from sample #3-2 is shown in Fig. 28. The spectrum has two

49,51

clearly resolved side bands. The surface is shiny but with

a few hillocks. The acceptor doping level in the grown layer

16/cm3) because of Zn incorporation

has been relatively high (> 10
from the p+-GaAs(Zn) substrates used. InGaP growth on semi-
insulating Cr-doped GaAs substrates is suitable for Van der Pauw
studies but not for TE photoemission work because of the dif-
ficulties in making electrical contact to the substrate. Undoped
GaAs substrates (n-type) would not have the Zn diffusion problem
but may be the source of high dark current emission for the TE
cathode under bias conditions. Lighter doped p-type GaAs sub-

R

strate material in the 10 10 /cm3 range would be ideal, and

material of this type is being acquired.

Outside of the substrate problem and some improvements needed
in reducing hillocks, etc., the current status of the VPE InGaP
reactor is good. Sufficient growth experience has been achieved
so that it is reasonable to go ahead on growth of the complete
InGaP/InGaAs heterostructure. TE photoemission results from
the p-InGaP emitters grown during this period are encouraging.

These experiments are discussed in Sec. 3.7.

J&




r InGaP/GaAs
Sample 3-2
T = 770K

PL Intensity (Arbitrary Units)

| 1 ! | 1

1.7 1.8 1.9 2.0
hv (eV)

Fig. 28. Photoluminescence spectrum from InGaP/
GaAs sample #3-2 taken at 77°K.
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3.4 Model Calculations of tue p-InGaP/p-InGaAs Heterojunction
Cathode

In this section a relatively simple model calculation for
the conduction band profile of a p-InGaP/p-InGaAs heterojunction
cathode is presented. The main purpose of the model is to give
a feeling for what emitter thickness, doping, compositional
grading distance, and applied bias are necessary in order to
achieve a good heterojunction transfer efficiency for photo-

electrons crossing the absorber-emitter interface.

Under zero applied bias conditions, there is an approximately
1.70 - 1.15 = 0.55 eV conduction band barrier to minority carrier
electron transport from the InGaAs into the InGaP. Assuming that
electron transport across this heterojunction is to be by thermal-
ized diffusion, the 0.55-eV barrier must be reduced to essentially
zero by means of the depletion field from the reverse-biased
Schottky-barrier contact. Therefore the applied bias field serves
the dual function of permitting efficient minority carrier electron
transport across the p-p heterojunction and promoting efficient

electron transfer into the upper valleys within the emitter.

A comment should be made at this point in regard to exactly
how to line up the band edges at the interface. By far the most
commonly discussed model for how the energy bands at a hetero-
o an 1962,
 § Aﬁg, AEC, and AEV represent bandgap, conduction band, and

junction should be drawn is that proposed by Anderson

valence band differences between two semiconductors, the Anderson
model assumes AEC+ AEV = AEq and AEC = AX, where AX is the dif-
ference in electron affinities. An extensive literature has

evolved over the years based on this model.53’54

For the hetero-
junction TE cathode, AEC is of considerable importance since, in
principle, it represents an additional potential barrier to
electron heterojunction transfer. In virtually all practical
cases however the type of band discontinuity predicted by the
Anderson model or any of the other more current models55 can

be ignored. The reason for this is that under typical VPE or




LPE growth conditions, there is a finite region over which the
composition is graded. The interface is not an abrupt trans-
ition step but rather a compositionally graded region on the
order of 1000 R or more. The net effect of this grading region
is to essentially smooth out the predicted AEC discontinuity at
the heterojunction interface. The work of Oldham and Milnes56
and Cheung et al.57 discusses this point in more detail. The
predicted heterojunction discontinuity barriers may only be
observable experimentally in extremely abrupt heterojunctions
such as those produced by molecular beam epitaxy58 or by special
LPE or VPE growth techniques.59
The first part of the model to be discussed is the grading
function, G(X). The grading function is taken to be a simple
mathematical function describing the bandgap variation over the
heterojunction transition region. The simplest function would
be linear grading function of the form G(X) ~ Eg(L—x)/L. However,
a physically more attractive function is the hyperbolic tangent

56,57

which has been employed by others for this purpose. The

grading function is then given by60

AE
G(X) = E_(InGaAs) + <——‘i> [l-tanh <X"T(I“Gap)'1‘/2>]

2 L

where T (InGaP) is the p-InGaP emitter thickness, L is an effective
bandgap grading distance, and X the distance from the emitter-
vacuum interface. ©Note that L in this case is approximately

half the distance over which the bands vary from 10-12% to

90-88% of maximum change, AEg

To complete the model, a Schottky-barrier surface contact
is assumed on the p-InGaP surface, i.e. X = 0. The spatial

potential variation, V(X), due to an applied bias, Vbias' is
given by
gN
ol a R e
VX)) = < (W(Vbias)-x 5 X ) QB+ Vbias

3




where g is the electronic charge, € the relative dielectric con-
stant of the emitter, Qb the p-Schottky-barrier height, and Na

the acceptor doping concentration. W(V ) is the depletion

bias
width which is given by

oy e 88 o S e SR
bias qNa bi bias q

where K, is the Boltzmann constant, T the absolute temperature,

B
and V is the amount of band bending at the surface. V.. is QB

minusbihe Fermi level height, F, above the valence band ggximum

in the bulk. As the depletion field sweeps back from the emitting
surface into the absorber, the initial 0.55 eV conduction band
barrier is pulled down. The bands in the InGaAs alsc begin to

be pulled down. The model calculates V(X) in the InGaAs using

the same formula as that shown above but using materials param-
eters appropriate for InGaAs and an effective Schottky-barrier
height based on how much the InGaAs bands are pulled down at the
InGaP/InGaAs interface due to the depletion field from the surface

Schottky-barrier contact.

The complete model for the conduction band variation (relative
to the bulk Fermi level) vs X is simply G(X) + V(X). Several
sample calculations for the p-InGaP/p-InGaAs heterojunction cath-
ode have been performed and are shown in Figs. 29-34. It is clear
in Figs. 29, 30, and even 31 that thermalized electron transport
from the InGaAs into the InGaP would be poor. As the hetero-
junction grading distance, L, becomes longer and longer the
initially rather sharp band discontinuity begins to smooth out
and essentially vanishes for the case of Fig. 28 and Vbias >
3 volts. Note that the emitter thickness and doping level are
kept constant in this series. Figure 33 indicates that increas-

3

ing the doping in the InGaAs absorber to 1 x lOls/cm would not

cause heterojunction problems, however Fig. 30 shows that
1 X 1017/cm3 would be a problem. Additional calculations indi-

cate that the emitter should be 0.5 to 1.0 micron thick for an
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emitter doping of 1-5 x 1015/0m3. A much thinner emitter is

needed if the emitter doping rises much above 1 x 1016/cm3.
A compositional grading distance on the order of 1000 X or more
is essential for thermalized electron transport across the p-p

heterojunction.

Another feature of the model is that it takes the derivative
of the potential, V(X), thereby generating the local electric
field, E(X). These results show that even in the cases where
there is rather abrupt bandgap grading, e.g. Figs. 29 and 30,
that there can be a moderately high electric field (~ 104 V/cm)
extending well into the absorber layer. Therefore there exists
the possibility that even if there is less compositional grading
at the heterojunction interface than is ideal, there may be enough
field to cause partial or complete electron transfer across the
heterojunction via the TE effect. At the moment this is only
conjecture, and experimental confirmation of this point has not

been established.6l

3.5 Direct Emitter Photoemission Results from p-InGaAsP

Before discussing the vacuum photoemission results a few com-
ments should be made in regard to cathode preparation, vacuum
processing, Schottky-barrier evaporation, and Cs-0 activation
procedure. It is well known that surface carbon contamination
is a serious obstacle to achieving high performance NEA (and
presumably TE) cathodes. Once the cathode is removed from the
growth system the emitting surface is exposed to various atmos-
pheric gases and pollutants until the time comes for it to be
vacuum processed. The ideal situation is for the cathode to be
grown and immediately transferred into the vacuum system without
delay. The hybrid cathode discussed in detail in Sec. 3.6 was
handled in this fashion. The next best interim procedure would
probably be storage in UHV. For longer-term storage, a week
or more, a nitrogen dry box is used. Just prior to transfer

into vacuum the catho”e is given a chemical cleaning procedure
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consisting of hot solvent baths, and 4:1:1 (sulfuric acid,
hydrogen peroxide, and water), and dilute bromine methanol
etches. The chemical cleaning procedure helps remove the sur-
face contaminants built up during storage in the dry box. The
above cleaning procedure is certainly not unique and many others
would probably be just as satisfactory. The direct emitter
cathodes discussed in this section and several of the InGaP
emitter cathodes were stored in a N2 dry box from a few days to

several weeks prior to chemical cleaning and vacuum testing.

After chemical cleaning and immediate transfer into the
vacuum system the cathode surface is further cleaned. The pro-
cedure used for all the cathodes discussed in this report consisted

of heat cleaning in vacuum to near the cathode surface decomposi-

tion temperature and then cooling to room temperature. No
sputtering techniques were used. Ion sputtering is a common
technique for surface cleaning, especially for carbon contami-
nated surfaces. However it has not been demonstrated to be a
superior technique to simple vacuum heat cleaning for the NEA
I11-V photocathodes, provided that the cathode was not badly
contaminated prior to the vacuum cleaning procedure. An Auger
electron spectrometer was found to be essential in setting up
and monitoring from time to time the entire cathode surface

cleaning procedure.

So far the procedure discussed above is identical to that
for handling and surface cleaning a NEA photocathode. At this
point, after vacuum heat cleaning, the TE cathode requires a
Schottky-barrier contact to be evaporated onto the active
emitter surface. A simple tungsten filament source with 5-9's
pure Ag wire wrapped about the filament is used for this purpose.
A Slocan digital film thickness monitor is employed to monitor
the evaporation process. The Sloan monitor is calibrated by
evaporating a relatively thick Ag film and measuring its

thickness using a Varian model 980-4000-4 scope interferometer.
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An evaporation rate of approximately 1 to 3 &/sec is used and
the Ag film thickness is on the order of 100 to 300 A. The
Cs-0 activation procedure is essentially that used for NEA
cathodes, i.e. Cs-only and then Cs+0 to a photoemission peak.
Sometimes TE photoemission can be detected at the Cs-only point
in which case the Cs+0 activation procedure is monitored with

a bias potential on the cathode. However whether the activation
is monitored with no bias on the cathode (i.e. just a white-
light monitor) or with a bias seems to give about equally good
TE photoemission results. The bias is physically applied in

the vacuum system by means of a point contact probe that is
allowed to just touch the evaporated Ag film. The cathode
holder, which is electrically isolated from the vacuum system
walls, provides the other side of the biasing circuit contact.

A battery-operated, regulated voltage supply is used for the
external biasing source. The electron current leaving the
cathode or the collector current is used for photoemission

and dark current measurements. A mirror at the back of the
vacuum system is positioned such that light from a monochromator
source can be focussed onto the back of the cathode for semi-
transparent (i.e. transmission-mode) photoemission measurements.
Photoemission results from three direct emitter cathodes are

presented below.

Since feasibility of the general approach had already been
demonstrated (e.g. Fig. 6), the primary new task was one of
optimizing the direct emitter cathode for 1.06-micron detection.
From a materials standpoint this implies growing high quality
p-InGaAsP on InP of the correct composition (=~ 1.15 eV bandgap)
and doping concentration (~ lOls/cm3). From a device processing
standpoint this implies careful cathode surface cleaning pro-
cedures, Schottky-barrier evaporation, and Cs-0 activation.
Figure 35 shows reflection-mode yield from a direct emitter
cathode (#PQ22-2) which has nearly an optimal bandgap and

achieved approximately 1.0% yield at 1.06 microns. Figure 36
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Reflection Quantum Yield (EP|P)
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Fig. 35. Reflection-mode quantum yield from =
direct emitter p-InGaAsP/InP TE cathode.
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shows the field-assisted 1.06-micron yield vs applied bias.

Note the Ag film and optical beam sizes. The cathode itself is
150 x 400 mils. The yield vs bias voltage curve shown in

Fig. 36 is quite similar to that from a TE p-InP emitter.

| Dark current vs applied bias is shown in Fig. 37. The gen-

; eral shape of the dark current vs bias curve shown here is

| typical of those observed from p-InP emitters. However the
magnitude of the dark current characteristics can be quite
variable from cathode to cathode and even from the same cathode.
As an example of this point consider the TE photoemission results
from direct emitter cathode #PQ22-5 shown in Fig. 38. The field-
assisted yield at 1.06 micron is above 1.0%, yet the dark cur-
rent is considerably less than that from cathode #PQ22-2.
Sufficient dark current data have not been taken to date to

give a satisfactory answer as to the reason for the difference.
The general bias dependence of the dark current is consistent
with an impact ionization mechanism. It is felt that, under
strong reverse bias conditions, hot holes (process "2" in Fig. 1)
could cause impact ionization within high field surface deple-
tion region (process "3" in Fig. 1) resulting in further TE
electron emission into vacuum. Since impact ionization phenomena
requires fields on the order of 105 V/cm, it is most likely that
localized hot spots, due to surface blemishes, scratches, hil-
locks, etc., or regions near the edge of the Ag film would be

the primary sources of dark current emission. An impact ioni-
zation analysis of TE dark current from a 0.9 eV direct emitter
cathode is given in the paper by Escher and Sankaran.62 Another
source of dark current emission is from free electrons in the
substrate. Using an n-type substrate is particularly bad in that
reverse biasing the surface Schottky-barrier forward-biases the
internal p-n junction (substrate-emitter) thereby injecting
electrons from the substrate into the emitter and hence into
vacuum.23 The role of semi-insulating or p-type InP substrates

in terms of dark current has not been experimentally established.
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Fig. 37. Dark current emission vs applied bias from a

p-InGaAsP direct emitter cathode at 300°K.
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A high quality, low p-type substrate would most likely be the

substrate of choice.

Feasibility of semitransparent operation from a direct emit-
ter cathode is shown in Fig. 39. The transmission-mode response
is lower than the reflection yield due to the fact the back of
the cathode was neither polished nor had an antireflection coating.
If the cathode had been optimized for transmission response, the
semitransparent yield @t 1.06 microns could well have been 20%
or so higher than the front-surface yield. The short wavelength
cut-off at approximately 9300 A is due to the optical absorption
edge of the InP substrate (1.35 eV bandgap = 9185 3). Bias
dependence of the reflection and transmission yield at 1.06

microns is shown in Fig. 40.

Figures 41 and 42 show Cs-only and Cs+0 activation reflection-
mode yield curves from the best direct emitter cathode tested to
date (#PQ22-8). The bias dependence of the 1.06-micron yield is
shown in Fig. 43. Note *hat under full bias conditions the Cs+0
yield is 2.7% at 1.06 microns. This is an excellent yield
representing a factor of 20 to 30 improvement over a conventional
S-1 cathode. Dark current emission vs bias is shown in Fig. 44.
For a dark current density of < 10~ A/cmz, the operating bias
potential would be about 5-6 V which corresponds to a 1.06-micron
photoemission yield of about 75% of maximum, i.e. approximately
2.0%. There exists therefore a bias potential at which the dark
current emission is satisfactory and the 1.06-micron photo-
emission sensitivity is a c¢cod fraction of the peak (full bias)

yield.

Figure 45 is a rather crude spatial photoemission curve de-
rived from scanning a small diameter spot vertically across the
face of the sample. The peak yield is seen to occur through

the Ag film with a modest yield apparently coming from off the

Ag film--i.,e. from the p-InGaAsP surface itself. This is not
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Fig. 41. Reflection-mode quantum yield, Cs-only,

from a p-InGaAsP direct emitter cathode.
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an unusual phenomena. The Cs-0 coating has enough conductivity

to partially act as a broad area biasing contact as well as a

work function lowering layer. The effect is particularly clear

if the activation is deliberately made on the Cs-rich side.

In this case one often sees the peak TE yield from areas adjacent

to the Ag film's edges. Figure 46 shows an extreme example of
this behavior for the case of a p-InP emitter cathode with a

rather thick (600 &) Ag film. An interesting related phenomena

often observed in those cases where there is significant TE

yield from off the Ag film is a pronounced nonlinear behavior

in the photoemission signal vs light intensity. Typical incident

photon irradiance power densities on the order of 1 x 10—4 W/cm

are employed for most yield curve data taking.63 However a

linear photoemission signal vs light intensity behavior often

does not occur for power densities a factor of 30-100 times

lower. Presumably the reason for this is that the Cs-0 activa-

tion layer is less effective as a biasing contact at the higher
intensity levels. The nonlinear behavior is certainly not a

problem under these circumstances and may be an advantage in

that the photosignal would be self-limiting at the higher light

input intensities.

3.6 Hybrid Heterojunction Photoemission Results
from p-InGaAsP/p-InP

2.8% quantum efficiency at 1.06 microns in the reflection

mode has been achieved during this reporting period from a hybrid

heterojunction TE cathode. This represents the highest 1.06
micron TE photoemission results obtained to date. The earlier
progress on the hybrid cathode is outlined in Sec. 2.1 and
discussed in some detail in the paper by Escher et a1.30. The

materials growth of the cathode is discussed in Sec. 3.2.

Figure 47 shows the reflection-mode quantum yield from
hybrid cathode #2-21B. At first glance the yield shown here
seems to be almost a textbook example on how a heterojunction
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cathode should behave. In many ways this is true. For the 3-V
applied bias the TE yield is primarily from the p-InP emitter
with only a small yield from the p-InGaAsP absorber. Figures

48 and 49 show how the heterojunction transfer efficiency be-

haves with applied bias. Note that the photoemission data used
to calculate the curves in Figs. 47 and 49 were taken from the
same area of the cathode. The data for Fig. 48 were taken from
an area closer to the edge or the cathode. Dark current emission

is shown in Fig. 50.

Analysis of the photoemission data from cathode #2-21B began
with removing the cathode from the vacuum system and performing
a photoluminescence measurement on the emitter surface. The PL
spectra showed that the surface is indeed InP. The cathode was
then cleaved, stained, and the layer thicknesses measured under
a high-powered microscope. See Fig. 51. The emitter thickness
(InP) is about 0.7 micron and the absorber (InGaAsP) thickness J
is about 1.2 microns. The question that immediately comes to
mind is why it should take almost 10 V to achieve good hetero-
junction transfer efficiency if the emitter thickness is only
0.7 micron. The explanation lies in the fact that the p-type
doping concentration in the emitter is on the order of
3-5 x 10 /cm>.
that VPE InP growth on Zn-doped InGaAsP results in consider- |

Further hybrid growth experiments revegled i

able Zn inclusion within the VPE InP layer from the InGaAsP.
Figure 52 further demonstrates this point.

Figure 53 demonstrates another interesting feature of this
cathode. The Fowler plots shown in Fig. 53 give an approximate
measure of the photoelectric work function on the emitting
surface. The Cs-only threshold of about 1.63 eV is reasonable
and typical of other Cs-only data. The Cs-0O threshold of 1.34 eV
however is quite high. A more typical threshold (see, for example,
Fig. 35) is 1.0 to 1.2 eV. The reason for the higher threshold

is due to a rather low vacuum heat cleaning temperature, 500°C
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vs 610°C normally used. Presumably a slight oxide remained on
the surface of this cathode which upset the normal Cs-0 activa- :
tion layer effectiveness. The lower heat cleaning temperature J
was a deliberate attempt to overcome another phenomenon dis-
cussed below.

It was often observed on Auger analysis that a significant
Auger In signal could be seen when looking at the Ag film sur-
face. Figure 54 shows an example of this for a relatively thick
Ag film on InP. It was further found that the photoelectric
threshold on the Cs-0 activated Ag film surface was a function
of the Ag film thickness. Figure 55 shows this phenomenon in
terms of photoelectric threshold vs In/Ag Auger peak height
ratio. Auger depth profile analysis through a thin film Ag/InP
interface further demonstrates the In outdiffusion process.

See Fig. 56.64

cathode #2-21B was an attempt to leave a slight surface oxide

The lower heat cleaning temperature used for

layer in order to prevent the In diffusion phenomenon. In
practice, the oxide was not successful in lowering the photo-
electric work function on the Ag surface. Further work is in
progress on different Schottky-barrier metals and activation

procedures in order to improve this situation.

Despite a few unusual features, the results from the hybrid
heterojunction cathode are extremely important in clearly demon-
strating the feasibility and potential of a heterojunction TE
cathode. Certainly much of the experience in materials growth
and device testing gained from the InP/InGaAsP can be carried
over to the InGaP/InGaAs cathode.

3.7 Photoemission Studies on p-InGaP Emitter Cathodes

TE photoemission was successfully achieved from p-InGaP
emitter cathodes during this reporting period. A peak reflec-
tion mode TE yield of 1% was measured at 300°K.
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A total of 18 p-InGaP cathodes have been vacuum tested
since the VPE reactor became fully operational. Four of those
cathodes demonstrated some field-assisted photoemission thereby
firmly establishing the feasibility of InGaP as a TE emitter.
The InGaP emitters tested had direct bandgaps between 1.6 and
1.8 eV and were Zn-doped p-type. Most cathodes tested were
grown on (100)-oriented p+ GaAs substrates. Figures 57 and 58
show field-assisted photoemission from p-InGaP sample #2-17 for
Cs-only and Cs+0 activation states. A bandgap of approximately
1.7 eV is clearly seen from the yields under bias conditions.
The Cs+0 yield under bias conditions is somewhat unusual in that
the 10~V yield shows a slight bandgap shift to lower energy and
the yield for photon energies less than 1.7 eV is field-assisting.
The apparent bandgap shift could be due to slight compositional
variations within the cathode bulk which become apparent under
bias conditions. It is also possible that, inadvertently, the
monochromator beam spot had moved to a different position for
the no-bias and with-bias yields. The same thing could have

happened between taking the 5-V and 10-V yield curves in Fig. 58.

Figures 59 and 60 are reflection-mode yield curves from a
p-InGaP emitter cathode for Cs-only and Cs+0 activations. These
data are quite interesting in that this particular InGaP emitter
was grown on a Cr-doped InGaAs layer previously grown in another
VPE reactor. The reason for growing on an InGaAs (=~ 1.15 eV)
layer was two-fold. The main reason was that it was becoming
clear from both the photoemission results and surface Schottky-
barrier measurements that InGaP layers grown on the p+ GaAs
substrate material were often coming out much too high p-type
for satisfactory TE photoemission experiments. Apparently 2Zn
from the substrate was diffusing rapidly into the InGaP layer
during growth. By growing on a thick (10-15 microns) InGaAs/
GaAs "substrate" the Zn diffusion problem is much reduced.
(Recall that n-type substrates are not a good choice for TE
photoemission experiments due to the cold-cathode effect
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discussed earlier in Sec. 3.5. Chromium-doped, semi-insulating
GaAs substrate material is not satisfactory either since making
electrical contact to the back of the cathode is extremely diffi-
cult.) The other reason for trying this structure is to see if
TE photoemission could be demonstrated for the complete InGaP/
InGaAs heterojunction structure. Note that even though the pre-
viously grown InGaAs layer was Cr-doped and semi-insulating, it
is possible that up to a micron of the top InGaAs would be con-
verted p-type from the Zn vapor present during vapor etching of
the "substrate" prior to starting the InGaP growth. The Cs-only
yield from this cathode is quite different from that of the InGaP/
GaAs cathode shown in Fig. 57. There is no clear bandgap thres-
hold apparent in the field-assisted yield. The peaking of the
yield near 1.70 eV is suggestive of the nonlinear photoemission
vs intensity effect mentioned in Sec. 3.5. A spatial photoemis-
sion scan across the surface of this cathode showed that a signifi-
cant fraction of the TE yield was from photoelectrons originating
off the Ag film surface, i.e. primarily edge emission. The Cs+0
yield in Fig. 60 strongly suggests that true heterojunction oper-
ation is achieved. Note the zero bias yield shows a rather clear
photoemission threshold of approximately 1.7 eV--the bandgap of
the p-InGaP emitter. Under bias conditions however the TE yield
extends well beyond 1.7 eV with reasonable TE yield out to at
least 1.4 eV. It is very probable that there is true hetero-
junction operation here and that the reason for the rapidly
falling yield from the InGaAs is due to the fact that p-InGaAs
region is extremely thin or nonexistent. No other cathodes of
this type were tested during the period and additional yield

data from this cathode did not clearly establish this interpre-
tation.

Although relatively few InGaP samples have been vacuum tested
to date, the early results are encouraging. There is no doubt

that significant improvements will come in the yield from InGaP
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emitters with further materials work and optimization of the
complete InGaP/InGaAs heterojunction cathode.

3.8 Photoemission from a p-InGaP/p-InGaAs Heterojunction Cathode

In this final section very recent results (January 1978) are
presented on a p-InGaP/p-InGaAs TE heterojunction cathode which
clearly establishes the feasibility of this cathode design.
These post report deadline results are included because of their
importance in demonstrating the operation and potential of the
InGaP/InGaAs cathode.

The most recent materials work has progressed to growing
the complete InGaP/InGaAs/GaAs structure in the same VPE system.
Growth of InGaAs/GaAs is a relatively mature technology in this
and other laboratories. Therefore once InGaP/GaAs was under
reasonable control the final step to growing the complete
heterojunction cathode was not too difficult. (The VPE system
itself had been designed from the beginning to grow InGaAs as well
as InGaP.) A number of complete cathodes have been fabricated
and two of these vacuum tested. Both demonstrated TE photo-
emission and heterojunction operation in that yield from the
InGaAs was significant. Results on one of these cathodes

(#6-7B) 1is discussed below.

Figure 61 shows the experimental reflection-mode yield from
the second complete p-InGaP/p-InGaAs cathode tested to date.
The yield is taken at 300°K and with an O.D. = 1,0 filter in the
monochromator due to a nonlinear intensity vs photosignal behavior
discussed in Sec. 3.5. There are several features of the yield
in Fig. 61 that should be pointed out. First, the most important
fact is that for modest bias voltages (i.e. 3-5 V) the hetero-
junction transfer efficiency for electrons to cross from the
InGaAs (absorber) into the InGaP (emitter) is excellent. There-

fore, as already seen with the InP/InGaAs heterojunction cathode,

99




-1
10 o T ] T ] £l | ' T I T l Ll T S :
E Ag/InGaP/InGaAs/GaAs :
- No. 6-78 3
- Cs+0 3
10-2 3 0.D. | Neutral Density Filter Used s d
- =5,0
g e
- ]
&
= 10 | 3
= : Vg =0.0 3
= # i
= q ]
[ ==
S - :
3 o4
& " F) :
10 :
<
[ d
L A
10-6 X l . 1 A l 1 I 1 | L] L

1 1.3 1.5 1.7 1.9 5.1 2.3 &5
Photon Energy (eV)

Fig. 61. Recent reflection-mode yield from a p-InGaP/
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the heterojunction operation of the cathode is established.
Second, the lower bias yield (not shown in Fig. 61) does not
show a clear break at the InGaP bandgap suggesting that even
for these lower bias yields the InGaP is fully depleted.

(That there is InGaP on the surface has been established both
by Auger analysis and subsequent cleaving of the sample.)

Third, it is clear that the bandgap of the InGaAs absorber
layer is slightly too high for 1.06-micron detection. This is
not a problem and can easily be adjusted. Finally, the 1.0% '
yield from this cathode is quite encouraging. The VPE growth
of the complete cathode is coming along well but certainly is
not fully optimized yet. As more growth experience is achieved
and the cathode optimized in terms of emitter thickness, doping,
etc., the overall yield will undoubtedly improve.
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4. CONCLUSIONS AND RECOMMENDATIONS

During the first year cf effort on this program three dif-
ferent types of TE 1.06-micron photocathodes have been investi-
gated. With a relatively small materials effort, both the
p-InGaAsP direct emitter TE cathode and the hybrid p-InP/
p-InGaAsP heterojunction TE cathode have demonstrated 2 2.0%
yield in the reflection mode at 1.06 micron in an experimental
ultrahigh vacuum system. It is apparent however that in order
to achieve even higher 1.06-micron yields, the surface escape
probability from the electron emitting surface must be improved.
Future work in this area should probably focus on the Schottky-
barrier / semiconductor interface. Different Schottky-barrier
metals, geometries, etc. should be investigated in addition to
trying different crystallographic orientations for the emitting
face. Various vacuum heat cleaning procedures, e.g. sputtering

vs high temperature heating only, should be evaluated.

Another significant accomplishment during this period is the
clear demonstration of the operation of the p-InP/p-InGaAsP TE
heterojunction cathode. This combination offers, in principle,
a higher performance cathode in that the functions of photo-
generation and electron emission are accomplished in two sepa-
rately grown layers. Engineering the cathode especially for

l1l.06-micron detection is now a much more realistic concept.

By far the bulk of the materials effort this period has been
on the construction and employment of a vapor phase epitaxy
InGaP-InGaAs system. Reasonably good-looking InGaP/GaAs struc-

tures have been grown in addition to a InGaP/InGaAs/GaAs structure.

Vacuum photoemission experiments have clearly demonstrated the
feasibility of InGaP as a TE emitter and the only InGaP/InGaAs
heterojunction cathode vacuum tested suggested that yield from
the InGaAs was being observed. Essentially, the VPE reactor is
ready to go on to growth of the complete InGaP/InGaAs hetero-
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junction cathode. A fair test of InGaP as a TE emitter is only
now becoming possible as the various growth system refinements
yield higher and higher quality p-InGaP. A clear demonstration
of the InGaP/InGaAs heterojunction cathode, with 1.06-micron
response, is very close. (See Sec. 3.8.)

The progress achieved to date is encouraging and a continued
research effort concentrating on the p-InGaP/p-InGaAs hetero-
junction cathode should be pursued.
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