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TECHHICAL REPORY SURMARY

The technical objeetive of this program is the development of an efficient
photocathode for the 1.5 mieror region of the infrared cpectrum. No such
photocathode exists today. The concept of the heterojunction photoecathode pro-
posed by us earlicr( ), represented a new approach to the development of an
infrared cathodc.

This approach, e: <ploited on this contract, led to the.discovery of the
most efficient (at that time) 1.06 micron photoeathodc( ). Turther iwprovements
in this cathode have been made, and even today it remains the wost efficlent
1.06 micron photocathode yet developed. Continued development of infrared
cathodes on this project has led to photoecathodes having, for the first time,
usable response out to 1.3 microns, see Yigure 3.

In Section 1.0 of this report we show that the "optimum thickness' of
Cs-0 low-work-funetion surfaces used in processing heterojuncuvion-type cathodes
is wavelength dependent. A simple empirical relationship describing this de-
pendence is derived. It is shown that the optimum thickness iucreases ex-
ponentially with wavelength. In Section 2 the effect of thick Cs-0 layegs
on photoemission from GaAs and InASO.4PO.6 cathodes is given. Simple empirical
relationships between the yield and thickness and between the escape
probability and thickness are derived. It is shown that the increased Cs-0
thickness required to optimize the infrared response of lower bandgdp materials
is in large part responsible for their lower photoresponsc.

We have abandoned the simple "heterojunction' cathode approach in favor

of an approach which provides for optical absorption in a small bandgap material

which is fn contact with a large bandgap material known to have a high electron

‘e

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

(2) Quarterly Management Report #1 (Feb. 10, 1970); H. Sonnenberg,
Applied Physics Letters 16, 245 (1970).
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Section 1

WAVELENGTI! DEPENDENCE OF OPTIL:N THICKNESS OF Cs-0
LOW-WORK~FUNCTION SURFACKS

In the Cs~0 processing of a negative-electron-affinity-type infrared- |
photocathode one comnmonly finds that the photoresponsc in the visible spectrum
peaks earlier than the infrared response. Continued processing, beyond that g
required to optimize the visible response generally leads to continued improve-
ment in the infrared response but at the expense of the respouse in the visiblegl) {
Thus for a given infrared cathode, different thicknesses of Cs-0 low-work-function
material are required to optimize the photoresponse at different wavelengths.
We have investigated tlis behavior in detail for InAsO.APO'G-(Cs—O) and report
here a very simple empirical relationship between optimum thickness and wave-
length.

InAs with a bandgap less than 1 eV was choosen since its useful

0.4%0.6
photoresponse extends over a broal spectral range to 1.3 microns. The yield
curves for different levels of Cs and 02 exposure were directly recorded with
a phase~sensitive-detection apparatus and a Perkin-Elmer E~1 scanning mono-
chromator. A complete scan from 0.45 microns to 1.4 microns takes about 15
minutes.
The photoresponse of the InASO.4PO.6 cathode with one monolayer of

Cs(z) on the surface was first recorded. The simultaneous-exposure technique(l)

was then used to process the cathode with (s and 02 in approximately one-

monolayer-of-Cs steps. The photoresponse at the end of each step was recorded.




“
To avoid Cs loss from the cathode between processing steps, the Cs channel,
rather than being turned off completely, was turned down so that the arrival
rate of Cs atoms at the cathode surface was in equilibrium with the loss rate.
Stability in the photoresponsé at each exposute level could easily be maintained
this way.

To investigate the effect of increasing Cs-0 coverage on the photo-
response of the cathode, the yield was plotted as a function of Cs exposure
for different wavelengths as shown in Figure l. Each vertical set of points
represents the photoresponse of the cathode at that particular level of Cs and
0., exposure. The first set of points (at 1.0 monolayers) is for Cs only, and

2
subsequent sets of points are for incrcasing Cs-0 exposure, measured in terms

of Cs monolayers.

Figure 1 clearly shows that different thicknesses of Cs-0 layers are required
to optimize the photoresponse at different wavelengths. For example, the -
photoresponse at 45003 is optimized by a coverage of oﬂly about 2.2 monolayers
of Cs whereas the photorespcnse at 10,5008 is not optimized until the coverage
has grown to approximately 4.2 monolayers of Cs.(3)

The thickness corresponding to the maximum photoresponse (optimum
thickness) at the different wavelengths is plotted in Figure 2 as a functiop
of wavelength. The data points from 0.45 microns to 1.1 microns are taken from
the position of the maxima of the parametric curves of Figure 1, whereas the

points at 1.3 microns are taken from a number of different experiments where

"the processing was not interrupted until the response at 1.3 microns was

optimized. .




Figure 1 Quautum efficiency as a function of Cs-0 Jow-work-function-sw tace
thickness measured in monolayers of Cs, with wavelength s a parameter.
~

103

4500 A
5000 A
5500 A°

6000 A°
6500 £
7000 A°

7500 A°

8000 A°

8500 A"

9000 A°

PCRCENT QUANTUM EFFICIENCY  (ELECT [ INC. PHOTON)

o000} . . . . 1 . y L
1.0 2,0 3.0 4,0 5.0
THICKNESS (MONOLAYERS Cs)

BNy -



S

]

Figure 2 Thickness of Cs-0 low-work~function surface required to maximize
the photoresponse of .L‘nAsO 41’0 g 88 @ function of wavelength.
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It is apparent from Figure 2 that the amount, t, of Cs~0 (measured

b}
. monolayers of Cs) required to optlmize the photoresponse is exponentially

ondent on the wavelength, A (micrometers) i.e.,

t=T eﬁk (1)

For this particular exp riment, T = 1.4 monolayers of Cs(4) and 8 = 1.02 nicro-

meters~l. We have verified the exponential dependence for continuously processed

cathodes as well. We find in general, however, that thinner Cs-0 coverage is
required to optimize the photbresponse of continuously processed cathodes, as
demonstrated in Figure 2, and that the overall photoresponse of these cathodes
is much better than that of cathodes for wvhich the processing is interrupted.
To underscore this, compare the yield curve shown in Figure 3 to the data at
4.8 monolayers shown in Figure 1. Figure 3 shows the spectral response(s) of
* the cathode represented by the point in Figure 2 at 1.5 microns and 4.9 mono-
layers of Cs(é).

One may well ask if the exponential relationship given by equation (1)

is applicable only to InAs0 4PO 6 °F i{f it is more universally applicable. Al- |

though we have not specifically attempted to determine the wavelength dependence

of the optimum thickness for InAsO.25P0.75, the data that we do have are in
agreement with equation (1). We have also attempted to verify equation (1)

for GaAs. The parametric curves (comparable to those of Figure 1) exhibit a
very broad maximum which makes interpretation difficult. If the optimum thick-
ness for GaAs is exponentially dependent on the wavelength, then B is very
small. It may be however, that equation (1), and this is purely conjecture, is
applicable only to cathodes in which the top of the interfacial barrier is abové

the bottom of the conduction band.



Figdre 3 Quantum yield of tontinuously-processed Inds, WPo.6” (Cs-0)
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Saction 2

EFFECT OF THICK Cs-0 LAYLRS ON PHOTOE&ISSION
FROM NEGATIVE-ELECTRON-AFFINITY CATLODED

The efficiency of small-bandgap-KEA cathodes ncar threshold is much

less than the efficiency near threshold of larger-bandgap matericls. For

example, the yield of InASO.APO.G at 1.3 microns is only about 10”7 that of

Gahs at 0.85 microns. The major cause for this differeace has been correctly

(7,8)

indentified as due to interfacial-barrier effects However since thicker

cesium-oxide coverage is required to optimize the photoresponse of smallex-

(1).

bandgap materials part of the differcncc in threshold yield should be due
to this difference in thickness. Ve have investigated the effect of thick
Cs~0 layers on photoemission from NEA cathodes and show that a substantial
decrease in yield may be expected on the basis of the difference in thickness
alone. A simple empirical relation giving the effect of thick Cs~0 layers on '
photoemission is derived. .
The yield data were directly cecerded with an analog recording system
which included a phase—sensitive—1etection apparatus and a scanning monochromator.
The Oé exposure was recorded with a partial pressure analyzer, and was used as
a check on the Cs coverage(g) which was estimated by timing the exposufc periods
as describted in reference l. Photoemission measurcments were made on GalAs and

InAso APO 6* sensitized with Cs and 02 by the simultaneous-exposure tcchnique(l).



The sgﬁctrnl respouse with the infrared yield optimi;cd was first

recorded. Additional yield curves were then recorded‘éor increasing Cs ond
02 coverage. To avold Cs loss from the cathode betveen processing steps, the

Cs chamnel was turncd down so that the arrival rate of Cs atoms at the cathode

was in quilibrium with the loss rate. The point of equilibrium was estimated
: ) from the stability of the photoresponse and remained essentially the same at

all exposure levels.

The quantum efficiency of GaAs at 75008 is shown in Figure 4 as a function

of thickness wecasured in monolayers(2> of Cs. The points represent the experi-

1 mental values and the solid curve represents the equation

n o= n (- MYy, @)

-where 1 is the quantum efficicncy (clcctrons/incidcnt photon) a5 a function of
thickness t (monolayers of Cs); n, is the peak quantum efficiency (0.213 electrons/
incident photon for the curve shown) and & (0.65 monolayers of Cs for the curve
shown) is 3efined as the attenuation length. The thickness t, does not rcprcécnt
the total coverage but rather the coverage beyond that required to optimize the
infrared photoresponse. The total coverage is given by t‘ =(t + to), where
to is the coverage required to optinize the infrared responsc.

Near threshold the yield of III-V NEA cathodes is given by(lo)

n = PQ-R) F/[1+ /)], - (3)

where the symbols used have the usual meaning. The factor F/[1 + (1/0L)] which

accounts for the generation and transport of the photoclectrons in the I11I-V

semiconductor, clearly does not change with surface treatment. For the Cs-0

Y

!
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laver thicknesces considered here, we can probably safely assume that the

reflectivity R of the surface remains thdL of. clean GaAs. This lcaves cnly

1

l s
. | ]
tﬂc_escapc probability P, dependcnt on suxface treatment; which must therefore
: mirror tlic tﬁickness dependence of 'n, 1.e.,

I

N - P o= P (- ey, | W

> -

where P is the escape probability at t = 0. A similar argument will quickly
show Llat equation (4) should .be valxd not only near threshold, but over the

entire spectral range of response of the 1II-V NEA cathode. |
b, i | ’
To verify equation (%) experimentally we have made a least-squares-fit

anal&sis of.equatioﬁ (3), and our yield data at each.exﬂ?sure level to detérmine

\ .,‘P(t). The points given in Figure 5 represeat the escape proBabilities at 73003
- obtained irom the 1east-$quareg-fit analysis and the solid curve represents

; equation (4) with the escape probébility(ll)Po = 0.63 and an atteniation 1e$g§h

\ g = 0.65 monolayers of Cs. As expectedx the same attcngation length used to'fit

the data in Flguxe 4 \de cribes the data in Figure 5. _Equatifw14 with P = 0.57

and L = 10 "layers of Cs - 0" is also in reasouable agrecment with the estimated

x~e1ectrpn—escape probability given in Figure ? of Reference 12.

‘ :
The attenuation length %, is not constant however, and Figure 6 shows its

wavelength dependen&e. For the T' electrons, % is approximately comstant at
\

0.65 monolayers of Cs. We would expect a constant arLcnuation 1enbLh for this

case since most of the photoelectrons arriving at the surface havc Lhermallzed

P TSRS

.4n the TI'-conduction-band minimum. At shorter wavelengths, % increases and appears

| .
to saturate at about 1.0 monolayer of Cs.
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We haye also verified equation (2) for InAso QPO 6 Figare 7 shows
the thickness dependence of the yield fyow InAsO GP _vat 0.63 microns (upper

0.6
curve) and 0.7 microns (lower curve). The points on the curves arc the actual
data points, and the solid line represents eguation (2) with Mgy ™ 0.062 and
2 = 0.6 for the upper curve,and ng 0.0335 and & = 0.5 for the lower cuxve.
1f, as in reference 1, we assume that the sticking coefficient of
s . b . el ot mend £ ] 11 L (13)
C_. on InAsO 4PO 6 and on Gehs does not change significant.y with ccveragey
- . L]
then the Cs-0 jow-work-function suriace fu an infrared-optimized InAsO 4P0 6
cathode is approximately 2.3 monolayers of Co thicker thanm that of optimized
GaAs. Trom equation 2, with & = 0.65 monolayers, we find that an additional
2.3 monolayers of Cs would reduce the infrared photoresponse of Gals by a
factor of about 4. We do not have sufficicnt data on Indsg 4P0 ¢ o allow us
<

to determine its attenuation length near threshold, however from Figure 7, we

wpect that it will be smaller than 0.65 monolayers. Conscquently alone on

the basis of the increased thickness required to optimize the infrared response

p 1 ex the thres response OL X
of InASO.410.6’ we would expect the threshold respon of In‘/“ao.‘,‘PO.6 to be

14
Jower than that of GaAs by a factor of 5 ox moxc( ?

14
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]
The fact that the setting of the Cs channel at the point of equilibrium

(Cs loss = Cs gain) remains essentially the same at all exposure levels,
seems to confirm that the assumption is valid.
Since the thickness of the low-work-function surface has such a profound

effect on photoemission, it is not surprisiang that a great deal of

progress in the processing of infrared cathodes has recencly been made.



