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TECHNICAL REPORT SUMMARY

u
The technicai abjective of this program is the development of an efficient
photocathode for the 1.5 micron region of the infrared spectrum. No such
photocathode exists today. The concept‘of the heterojunction photocathode pro-
posed by;us earlierfl), represcnted a Aew approach to the development of an
infraréd cathode. .

Tﬁis approach, exploited on this contract, led to the discovery of the

most efficient (at that time) 1.06 micron photocathode(z). Further improvements

?

in this cathode nave been mode, and even today it remains the most efficient
1.06 mig;on photocathode yet developed. Continned development of infrared
cathode; on this project has led to photocathodes having, for éhe first time,
usable response out to 1.3 microns, see Section 1.0.

£$.Sec£ion 1.0 of this report wo summari%e our results on the long-wave-

;
lenggﬁ photoemission from "heterojunction-type" cathodes. Theoretical implica-
tions of our rusults are also given. In Seétion é.O,‘;he escape probability,
whiéh is the major determining factor in the efficiency of these cathodes is
caigulat?d and compared to the experimental data out to 1.4 microns. It 1is
shoyﬁ that the peak quantum efficiency to be expected at 1.5 micronc is oﬁ'
thé order of 0.01%. Although this way be useful in certain applications, it
is 1»t considered adequate to warrant further development. Thus, we iiave

"beterojunction" cathode approach in favor of an approach

abandoned the simple
which provides for optical absorption in a small bandgap material which is

in contact with a large bandgap materisl known to have a high electron escape

probability.

(1) H. Sonnenberg, Appl. Phys. Letters 14 289 (1969).

(2) Quarterly Management Report #1 (Feb. 10, 1970); H. Sonnenberg,
Appl. Phys. Letters 16, 245 (1970).
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The first step in this approhch is the epitaxial growth of materials.
This work is cdiscussed in Section 3.0. Infrared photocathodes with 1% or

better efficiency at 1.5 microns appcar feasible by this approach.

)
[]
IR S T e——

i
[ ]




7

1.0 LONG-WAVELINGIH PHOTOIMISSION FROM InAs, P
“= ©
(1)

In early 1970 we reported the discovery of the InAs

0.1570.85

photocathode, which at the time was the most efficient 1.06 micron photo-

emitter yet developed. This was the first major step in the development of

. (2)

infrared cathodes on this progtam. Since then, James et al have achieved

even higher quantum yields at 1.06 microns in better quality InAs, P . Compar-

1-x"x
able results were reported by Fisher et él,(B)

.

in Ga, _In_As. In each case,
. 1-x"'x

1

" the phétocathode surface was treated with Cs and 02 to lower the work function

of the cathode material to establish a negative—electron-affinity condition.

Although the experimental results reported by different investigators have been

il ~ : .
roughly comparable, the function of the Cs and 0, in lowering the work function

2

of the photoczthode material has recently beeu the subject of considerable con-

trovegéy. On the one hand is the interpretation in terms of the heterojunction

(4,5)

modei_ which ascribes bulk properties to a Cszo layer assumed to be present

in the low-werk function surface. On the other hand is the interpretation in

terhs of a surface dipole layer of Cs and 02 (6,3). In this section we present

<4

our results on the long-wavelength respouse of InAsl_

P_ photocathodes and re-
X x _

port on indirect measurements of the thickness and composition of the Cs-0 low-

.
]

woik—function surfége.

N The infrared photqresponse of three different InAsl—xPx photocachodes
developed on this proﬁect is shown in Figure 1. Curve 1 is repeated from refer-
ence 1 and curves 2 and 3 represent our more recent results on InASO.25P0.75
and InASO.4P0.6 respectively. Curve 3 is of most interest since it shows

relatively-efficient, bandgap-limited photoemissicn out to 1.4 microns. At

1.3 microns, the quantum yield oi this cathode is 0.016%.
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In the past, we have attempted to explain our results in terms of

(6,3)

the heterojunction model, the validity of which has now been questioned o

The nmajor objection to the heterojunction model was raised by direct-chemical

(6)

analysis of the Cs content of GaAs (Cs) and GaAs (Cs-0) photocathodes. It

was shown that if CSZO is formed at all, peak sensitivity is reached with the U
equivalent of cne monolayer of Cs and one monolayer of CSZO. Clearly the Cs~0
low-work-function-surface properties are difficult to explain with a model

based on the bulk properties of CSZO, when only one monolayer of CSZO is present.

’

We have indirectly measured the thickness of the Cs-0 low-work-

function surface on InAsl_xPx by a different technique and find, in agreement

(6)

with Somuer et al , that the Cs-0 layers may be sufficiently thin to make

the heterojunction interpretation questionable. The thickness was estimated
as follows:. The Cs gencration rate was first stabilized. Next, the InAsl_xPx

crysp%l was cleaved and’thc time taken to optimize the surface with Cs only
.recérdcd. Maintaining this set C:c rate, 02 was then introduced simultancously
agjan exposure level such that the rate of increase in photoemission from the
céghode was maximized. The total 02 exposure was measured with an Ultek Partial
Pressuré Analyzer by integrating over the exposurec period. To determine the
total Cs and O2 e#posure, we assume that the Cs and 02 sticking coefficients

do not change significantly with coverage. |

| Sensitization of electron-affinity photocathodeslby the simultaneous
exposure to Cs and O2 described above, differs from the standard method which

involves the alternate application of Cs and 0 We have been using the simultan-

9
eous—-exposure technique for a number of years now and find that in our work, this

method gives better results, particularly with smaller bandgap materials. The

T —
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pﬁilosophy behind the technique is that for a given rate of Cs exposure, the 02

exposyre should be adjusted to give a maximum rate of increase in photocmission

in order to minimize the thickness of the low-work-function surface. This in

turn would maximize the escape probability, and thereby optiﬁize the photoresponse.
ig seems likely that at least part of the controversy over Cs-0 low-work-

function suréaces is due to differences in the processing technique. In our work

the simultaneous technique was used excluéively.‘

.

fable I summarizes our fiﬁdings for InAs0 25P0 75° The first two columns

1

of data give the ratio of cesium to oxygen assumning that all cesium is converted

(7)

-+ The first column gives the ratio of cesium to oxygen for the case

to oxide
in which the photoresponse is optimized at 63288, and the second column gives the
ratio for the case in which the photcresponse is optimized at 10,0002. If a

stochiometric Cs-0 compound is formed(s), then this ratio should remain constant.
/ 0 .

The ratio does not remain constant. However, the ratio of cesium to oxXygen given
4

in the next two columns, where it is assumed that one monolayer(B) of Cs is not

converted to oxide, remains relatively constant, suggesting that our Cs-0 low-
p
2
work-function surfaces consist of a cesium layer and an oxide layer, the Cs layer

being slightly less than a nmonolayer thick(g). . If we assume that the oxide is

Cs,0, then the thickness of the low-work-function layer can be estimated from the

2

Cs é&gséuré and the relative bulk densities of the Cszo and of the Cs. The

coverage, in terms of monolayers of Cs and Cszo are given in the last two columns.
The photoyield in the visible (6328R) is optimized with a coverage of

only about 1 monolayer of Cs and 0.8 ﬁonolayers of CSZO. This case should cor-

.respond most closely to the coverage required for GaAs and is in excellent agree-

ment with tﬁe findings of Sommer et a1(6) for GaAs. However, when the photoyield

is optimized at 10,0008 the coverage increases to approximately 1 monolayer of

Cs and 1.4 monolayers of C520. Apparently thicker cesium oxide coverage is

necessary to optimize the photoresponse of siialler-bandgap materials. This is

in contrast to the claim made in Ref. 3. é?
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Figure 2 shows the effect of the thicker oxide layer on the photo-
response of sample number 1. The response in the visiﬂle spectrum dccreases,
whereas the threshold reponse increases. Tﬁe decrease in the recponse is likely
the result of increased electron scattering in the thicker oxide layer and the
increase in the infrared yield is probablf associated with a decrease in the work
function of the Cs-0 surface which nore than compensatés for the increased scat-
tering in the thicker layer.

‘Subject to the assumptions implied in this paper, the following con-

’
clusions can be reached:

1) Relatively efficient photoemission with a bandgap-limited-threshold

' ..

/ at 1.4 microns can be achieved in InAsl_xPx.

2) The low-work-function Cs-0 surface probébly consists of a Cs layer
’ slightly léss than a monolayer thick, followed by an oxide layer
/ of monolayer dimenéions.

;. 3) For optimum infrared response, small bandgap materials require thicker

s. oxide coatingé than do larger bandgap materials.

Tﬁe fdct that relatively efficient photoémission was observed with a
bandgap-limited.threshold at 1.4 microns shows that earlier predictions(lo) of
the long-wavelength limit of Cs-0 covered photocathodes have overemphasized the
infiﬁence of the interfacial barrier (if it exists). Furthermore, since the
thickness of the Cs-0 low-work-function surface appears to be of monolayer pro-
portions, the concept of the heterojunction cathode (4,5) based on the bulk
properties of 0520 if used at all, must be used with caution. However, in con-

trast to a previous interpretation of bandgap-limited photoemission out to 1.3

€)]

microns , as shown in Section 2.0(11), bandgap-limifed photoemission out to 1.4

microns can not be taken as evidence for the absence of an interfacial barrier,

nor evidence for an interfacial-barrier height less than 0.89 eV.

' /d
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ESCAPE PROBABILITY OF NIGATIVE FLECTRON- ALFINlTY PHOTOEMITTERS
(3)

Fisher et al recently r:ported bandgap-limited photoemission .
out to 1.3 microns. They, along with Williams and Tietjen(lz), take this

as evidence for either the absence of an interface barrier nr for an in-

ternal barrier considerably smaller than 0.96 eV. They conclude further

e ol gt

that this ic evidence against the hetecrojunction interpretation of photo-

~ ¥

emission from NEA cathodes. 1In this sectibn, we show that the results of

Fisher et al( ) can be adequately interpreted within the frameyork of the

(4,5)

'heteragunctlon photocathode » containing a non-zero interface-barrler.

Settlement of this question is important in establishing confidence limits

’ . R i

in the theoretical predictions of the infrared-yield for cathodﬂs utilizing

:

Cs- 0 1ow—work—quct10n surfaces. -
' The simple energy-band-vs-position di;éram of the heterojunction %
moéel shown in Figure 3 forms the basis for our calculations. One of the

important simplifying assumptions in our calculations is that the structure

and all processes are one dimensional. The NEA‘structure consists of three

regions: the bulk or absorbing material, the low-work—function surface-material,

and vacuum. Both the bulk and surface regions are divided into flat-band and

non-flat-band portions. The interface barrier (at x = a) and the surface
barrier (at x = a + b) are the two features which most strongly influence

photoemission.
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Photons incident upon the structure from the right will experience
Ieflection at the two barriers. We consider no other atteiwation mechanisms
for photons with energies less than the surface-material bandgap. The re-
flection losses arc combined, and the fraction of incident photons which
pcnétrates the bulk material is (1 - R).

Monochromatic light with photons.of sufficient energy will be
absorbed in the bulk rcglon. The process is exponential and charactcrlzcd
by an absorption coc£f1c1cnt o. The absorption coefficients of intercst‘are
sufficiently small that the charactcristic absorption distance, 1/a, is much
larger than the entire region from ghe left of the bulk band-bending region

to the surface-vacuum interface. The distribution of absorbed photons, and

thus generated electrons, if a 1:1 process is assumed, is

. (x- '
/ f(x) = No aed ¥ 2) X < a 1)

; where No is the incidént photon dcnsity; and a is the position of the
,suyface~bu1k interface.

- Some of the elcctfons diffusing aAd drifting toward the interface

will recombine with holes. This loss mechanism is characterized by a re-

combination length, I, and is eponential in nature. The number of electrons

which reach the vacuum interface, if we neglect band structure effects, is

No(l-R)
1+ 1/aL 2)

The electrons generated by the absorbed photons are 'hot"; they

have energies greater than the minivun conduction-band energy. Thus, in

: 1Y




addition to recombination, the electrons undergo collisional energy-loss
N
by electron-phonon interaction. This is a raidom-walk process characterized

by the following cquation:

o
]
[¢)
b
=
p—
1
—
<!
N ]
1 |=
<!
o
=l
P
g
)
~~
(93
~

where AE and Af are the mean energy-loss per collis.on and the mean-free
path respectively, Ei and Eb are the initial and barrier encrgies (F.i > Eb),'
% is the distance to the barrier, and F is the fraction of electrons which

overcomes the barrier. From Eq. (3), a distribution of electrons iu energy

L]
)

vs. distance is derived.

Since the interface barrier is thin, electrons with insufficient

!
energy to surmount it, may tunnel through the barrier. The WKB approxima-

tion for the tunneling probability is

: Xy \JZm(EB(x) - E)

P=exp[-—fkdx], k = — (4)
X . .

where m is the electron mass, Eb(x) is the barrier energy at x, E is the
electron energy,2nh is Planck's constant, and X, and Xy define the tunneling
interval. When the expression for the parabolic potential of the surface-
layer side of the interface barrier of Figure 3 is substituted into Eq. 4,

the tunneling probability becomes:

2
= [2m(Vl-V2> (b-a) E-V,
P = exp l - 77—
B ( Vi'va )
2 (5



All electrons reaching the surface barrier with energies less
than that of the surface barrier are lost. For those with energy greater
than tﬁat of the surface barrier we calculate the quantum mechanical re-
flection coefficient. The non-reflected portion of the sufficiently~-
encfgetic electrons which arrive at.the surface-layer-vacuum interface
escape ;nto vacuuin.

The hot-electron energy-loss, and the curved-band bulk-region
(o ; X < a) cause the electréns to be distributed in energy. To perform
thc‘calculation, distributions must be calculated at « = o, x = a, at the
parabolic edge of the interface bérriex, and at x = a + b. Fach distribution
is dgpcndent upon the preceding one. To simplify the calcu%ation, the

initial electron-distribution may be approximated by the following expres-

sions:
]

N o - (/o -a) < x <a

[ 4
0 otherwvise

: F(x) = f (6)
In addition, numerical integrals are required at several points. Because
of the involved nature of the calculation, a computer program was written
to perform the evéluation. With thig program, it is a straightforward
matter to evaluate photoemission efficiency as a function of any parancter
in the model.

The parameter values used are in accord with accepted values. The
width of the curved-band bulk-region is IOOR; that of the surface layer was

assumed to be 308. Referring to Figure 3, Vo was taken to be -0.3 chs’z)

' f/é

SRRP LW ol aouEemi.

A
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Vl was chosen so that the internal-bariier heigh* as measured from the
: 1 (D o .
Fermi level is 1.17 eV. V2 and Ea ware also cliosen to be in accord with

()

the experimental results. The mean-~free paths were taken to be 508 and
108 in the bulk and surface reglons respectively. The electron energ§~loss
per collision is .05 eV. The absorpkion and reflection coefficients were
calculated from known values for thé binary materials. The recombination
lenéth depends on the quality of the actual materizl, and was chosen accord-
ingly. The reflectjon cocfficient and the recombination length are needed
only to calculate the quantum efficiency, which is the escape probability

multiplied by the factor of Equation 2. Fror escapc-probability calculations,
p Y : PC} 5

these two paramneters are not required.

As previously noted, the problem is constrained to be one dimensional.
No account has been taken of thermal excitation of electrons over the inter-
faée barfier, nor was Schottky-barrier lowering considered. Hot--electron
eﬁergy-loss is neglected in the tunneling region. While the surface region
is at most ten atomic layers thick, it is treated as a bulk semiconductor.
{ The band-bending regions are assumed to be paratolic.
: A comparison of the theoretical and cxperimental wavelength-dependence
of the electron.escape—prébability for negative-elecctron-affinity photoemitters
is shown in Figure4 . Curve (1) is generated from a collection of experi-
mental estimates of the escape prebability, and curves (2) and (3) represent
respectively the theoretical esc .pe-probability when it is assumed that the
interface barrier height is 1.1/ eV dependent of wavelength (Curve 2) or

(Curve 3) varies in the manner shown in reference 2. The experimental point

at 0.9 microns is for GaAs and reflects the spread in escape probability ob~

. . . 3 . . .,
tained by different 1nvest1gatorsﬁ piE) The next five escape probabilities
23
are for Gal_yInxAs and are taken from Fisher et alg“’ The point at 1.4 microns

is an estimate of the expevimental escape probability for our InAsO 4P0 6

discussed in Section 1.0.

' /7
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Quantitatively, the experimental and theoretical curves are within ' \\\\»
a factor of two over the range from 0.9 microns to 1.2 microns. The qualita-
tive agreement is equally encouraging. Consequently, the fact that “bandgap-

(3,12)

limited" photocmission has becn observed out to 1.3 micrond or even l.4
microns (Section 1.0) can not be taken as evidence aéainst the hetercjunction
intcrptgtafion for NFA cathodes. If anything, (as sliown in Figure 4) this could
be taken as evidence in favor of the héterojunction model.

Clearly, the issue involving the interprctation of the Cs-0 low-
work-function surface is not settled. To our knowledge the only evidence which
appears to cont.adict the heterojunction model is the evidence thet the thick-
ness of the low work-function layer way be of monolayer dimensions. It is dif-
“ficult to see how the low-work-function properties oi Cs-0 couiﬂ be explained
in terms.of the bulk propertics of 0320 (as in the heterojunction model) when

) .

only one or two monolayers of the material are present. However, for the thick-

ness determination, it is assumed that the bulk density of Cs and 0520 char-
actérize the low-work-function surface. Although this may be a reasonable as- - !
- [ cg1oq (14) . . :
sumption, it has not been verified . Direct measurementss of the thickness of

optimized Cs-0 low-work-function surfaces could settle this peint.
Because of the good agrecement between experimeunt and theory, we can !

predict that for Ga "InxAs and InAsl__xpx NEA cathodes utilizing Cs-0 low-vork-

1-

function surfaces, the pcak quantum efficiency at 1.5 microns will be at best

on the order of 0.01%. : 3
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3.0 MATERIALS GROVIH

In the last quarter we have successfully grown GaAs on CGe, Spinel
and Gals substrates. Gallium diethyl chloride was used as the Ga source. For

the Arsine source, a 5% min of Arsine in high—purity-uz was used. Gas-phase
etching occurs in the reaction mixture if the substrate temperature is above
750°C.  Growth takes place near 600°C.

The best results so far were obtained in a vertical rf~hea£ed, flow-
type rcactor, constructed of quartz, Teflon aud stainless steel. The tempera-
ture of the pyrolytic graphite rusceptor is monito{ed optically with a Ratek
Infrared Thermoneter, as well as with a thermocouple embedded in the graphite
susceptor in close proximity to the substrate. Before depocit%gn, the sub-
strates.are heated te 750°C for 10 minutes to remove surface cé%tamination.

The température is then lowered to 600°C and GaAs grown for about 90 minutes.

; éﬁAs material grown by this method was comparable to bulk material.
Hoch;r, we have experienced difficulty with reproducibility. Figure 5 shows
a photoluminescence spectruud of one of our GaAs iéyers grown on a Ge substratc.

In the coming period we should be able to eliminate the problems

with reproducibility and get the doping and thickness parameters under control.
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