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required the quantitative transfer of a known quantity of a given

material from solution to a substrate. Three methods of achieving

this end were evaluated. The most promising appears to be the 1
application of a drop of solution of known size to the substrate;

evaporation of the solvent appears to leave a residue of reasonably

uniform distribution.

The results emphasize the difficulty of preparing standard
solutions of the necessary concentrations, which are free of
unwanted contamination and the necessity of internal standards for
the quantitative analysis of multi-component specimens.

1.7 A System for Studying Complex Photocathodes

A system for studying the commercial processing of photo-
cathodes (e.g., the S20-NajKSb[Cs]) was evaluated. The system
contained facilities for film formation using commercial techniques
(i.e., alkali channels and antimony evaporator). Use of sputtering
techniques enable many films to be studied without the lengthy
vacuumn processing time normally necessary. The films can bz
evaluated by monitoring the spectral yield and the photoelectron
en2rgy distributions. The film formation process can bz followed
with Auger electron spectroscopy. This system was employed on
another contract (Ref. 23) to study the NayKSb[Cs] photocathode.
The present study will be a continuation of this work whare the
data from thin films will be compared with data obtained from
single crystal material.

(L11)

1.8 Photoemission Studies of the Alkali Covered Germanliu

The understanding of mechanisms involved in work function lowering
of a substrate is important i1 the design of practical photoemittercs
becauase a dacrease in work funciion is acconpanied 2y an axtension
of the low eneryy limit of the spectral response and by aa iacrease
in the overall photosensitivity of ths emitter. Onz common method
used to decrease the wock function of a substrate is ths adsorption
of monolayer amouats of alkali matals., This technique has beea
extensively studied for anetal substrates by those interested in
theruionic energy coaverters. However, studies iavolving s2aaiconiuctor
substrates, until recently, have been less namerous. Since semi-
conductors generally provide better photoelectric sensitivities than
matals, the understandiig of the effects caas:d by adsorpition of an
alkali on a seniconductor is needad and recently efforts ia this
dic=2eilio. hare Laoa iagcreasiag.






The details of the Ge(lll) study have already been reported
(Ref. 3) and thus only the summary of the results will be presented
here. The band bending at the surface was found to vary with
sesium coverage as shown in Fig. 38. The figure is a plot of the
energy difference between the Fermi level and the valence band
edge at the surface (Eg-E,g). The fact that the surface becomes
dagenerate p-type at saturation coverage is in direcit coatradiction
to the behavior commonly assumed for a semiconductor surfaze covzered
with ¢s (Ref. 26,30,31) The second main feature of the investigation
was the rather clear evidence (in the photoeleciron eneryy distri-
butions) for emission from occupied surface states in the bandgap
and for the change in distribution and possible number of these
states as a function of coverage.

1.9 Photoemission Studies of Clean and Cesiated Silicon aud
Germanium (100)

This study was an extension of the work of Riach (Sec. 1.8)
to the (100) faces of silicon and germanium. Since this work has
also been reported in an interim report (Ref. 16) only a brief
summary will be presented here.

The sputter-annealed (100) surfaces of germanium and silicon
were studied using LEED, AES, work function measureaments and
photoelactric technigaes. The effect of submoiolay=2r quaatities
of mesiom were also noted. The clean Ge(l)0) surface was degenerately
p-type with a work Ffunztion of 4.75 eV. The sarface remained
degenerately p-type with cesiation (Fig. 39). Sputter-annealed
Si(100) had a work function of 4.6 eV and the valence band was
300 neV below the Fermi level at the surface. With cesiation the
sucface became more n-type until at a coveraze of 12% moaolayer
the valence band was 550 meV below the Fermi lavel., No further
chaage in band beading was observed (Fig. 40). With the Si(100)-Cs
system eaission from surface states lying in the band gap could
be clearly observed at all coverages (Fig. 41). The effect: of th=
observed band bending was discussed in relationship to the attainneat
of optimun sensitivity from the negative electroa affinity
photocathoda,

1.10 Aa Observakion of Surface State Emissisn _in the Eaecjy

1d Emitted from Gemaaniun (109)

In the interpretation of processes which take place on “he
sarface of a semiconductor, such a3 the detailed nature of the
interastion bYetween alkalis and the sarface of Ge and Si, it is of
interest to estahblish the clectronic structure of the surface.

In particalar a more exact knowledge of the energy distribation
and density of surface electronic states is desirable.
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Since field-emitted =lectrons tuanel through the surface
poteatial barrier, they retain information about the electroaic
energy states from which they originate. Therefore energy dis-
tribution measurements of field-emitted electrons should produce
a1 means of determining the position and, possibly, the density of
surfa~e states, if the contribution from the bulk states can be
identified and separated from “he surface state emission. From
tha theoretically predicted density of sucface states we expect
that field ~mission from them will be of the same order of magnitude
as bulk state emission, because the localization of the surface
state electrons compensa“es for the larger density of the bulk
states whose electrons are dispersed through the bulk. Moreover,
Aittenaation of the bulk state wave functions may occar in the
surface space charge region due to sharp band beanding caused Dy
the high field. Attenuation of the bulk wave functions would give
preference to surface state electrons in the field emission
prozess. Since the samples used in field enission have a radius
of curvature from 1 to 10 microas there is some gquestion whather
surfa~e states on the emitter can be identified with states of th=
planar surface. However, the major characteristics of electroaic
states are datermined by nearest-neighbor and next-nearest-
neighbor interactions. Since the surface of a field emission
point can be considered flat, on an atomic scale, we should 10t
expect a stroag perturbation of the surface states due to th2
small radius of curvature. This is particularly tru=s of aanealed
Ge emitters which develop broad, low indexz Eacets. Tne effect
of th2 applied field on the surface states may, however, be
considerable and this provides the greatest source of concera
in attemp*ting to compare field-emission resalts to those obtained
from “he field-free, planar surface.

Arthur (Ref. 32) has measured the energy distribution of
electrons field emitted from (100) and (111l) oriented Se
emitters. Although the measurements were mad=s in a retarding
potential analyzer which viewed a relatively large portion of
the emitter, and may have suffered from trajectory problems,
he did observe electroas which apparently originated in the
baad gap. His results suggest the possibility that a field-
emission measuremant would be fruitful in attempting to detect
sarface states directly.

This study has been reported in an interim report; (Ref. 33 a)
only a summary is presented here.
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a work function change of > 4.0 volts from the clean surface to
the optimum photocathode (Fig. 17). If the clean surface has a
work function of 4.6 eV (Ref. 16) then the work function of the
cathode should be 0.6 eV. Both the observation of the thermalized
photoelectrons and the low work function confirm that we have
indeed a negative electron affinity photocathode.

It was also of prime interest in this study to determine the
amount of cesium necessary for the optimum photocathode. Previous
studies (Ref. 12,13,14) had used molecular cesium sources. The
optimum photocathode was produced with an ion current of
2.2 x 10=7 amps (sample area was 0,4 cmz) for 300 secs. A
caleulation assuming uniform deposition and a sticking probability
of 1.0 suggests that the optimum coverage is 1.3 monolayers.

[One monolayer here is defined with respect to the number of
atoms in the unreconstructed Si(100) plane.] Activation of a
surface with less cesium than one monolayer resulted in much
inferior yields. The upper limit ic somewhat uncertain, since
oxygen contamination increased with increasing cesium coverage
and this effect could be related to the observed decrease in
sensitivity.

The stability of the activated cathode was good (studied
over periods up to 60 hours) as long as care was taken in the
initial activation. If the cesiated surface was activated with
oxygen to the peak sensitivity (white light response) and then
left for one hour the sensitivity would decrease. However, the
photocathode could be reactivated to its original sensitivity with
108 Torr secs oxygen exposure [Typical initial oxygen exposures
were .. 1 x 10=7 Torr secs.] This photocathode would again decay
in sensitivity but with a much longer time constant than previously
and could be reactivated with oxygen. After three such cycles
the photocathode was very stable with time. 'It was also of interest
that if the photocathode was overexposed to oxygen (up to 3 x 10-7
Torr secs) during activation the resulting poor photocathode
would recover with time. The recovery time was proportional to
the degree of overexposure.

2.3.4 Discussion
In a state of negative electron affinity the vacuum level at
the surface is below the bulk conduction band minimum. The electron

emission process can be characterized as a diffusion process in
which electrons produced in the conduction band quickly thermalize
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TABLE 7

Rb and Rb+ Transition Energies

T —- |

Rubidium Atomic RbI
Transitions (calculated) (observed)
(ev) (ev)
MIIMIVNII 122 108
MIIIMIVNII 113 100
MIIMIVNI 107
MIIIMIVNI -
MIVNIINII 82 72
MIVNINII 67 54
MIVNINI 52

2.5.3.8 1Iodine

The Auger transitions observed for the I  ion in both KI
and RbI consist of two low energy peaks due to the ionization of
the N1y level and a series of weaker peaks at higher energies from
the ionization of the split My y level. No peaks due to ionization
of the deeper My, Myy, Or Mryy fevels were observed. Although the
use of higher primary electron beam energies would have most likely
increased the ionization efficiency (Ref. 22) of the Mpy,y level
(approximately 520 eV below the Fermi level) and resulted in larger
high energy peaks, a primary energy of 1000 =V was used along with a
beam defocussed to 2 mm to minimize dissociation. The M1v,VN1iNyy
and Mpy, yNiNpy doublets were sufficiently weak that their splitting
could not be resolved. The observed energies of the I~ Auger peaks,
taking into account the work function of the retarding grids, are
compared in Table 8 to energies calculated from X-ray data (Ref. 21)
for atomic iodine.
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a) CLEAN Ge(100), 4eV

b) CLEAN Ge(100), 2lev

Figure 5 LEED pattern from clean Ge(l00) at a) 4 eV and b)
21 eV incident electron energy
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a) Ge(l00)-Cs, I16eV

b) Ge(100)-Cs-0, 16eV

Figure 11 LEED patterns from Cs-saturated and optimized surfaces of
Ge(100) at 16 eV incident electron energy
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