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Ultraviolet photoelectron spectra of Cs evaporated onto Ag and oxidized under ultra-
high-vacuum conditions have been measured. Time variation of the spectra indicates
the formation of Cs suboxides (e.g., Cs;0, Csy;O3. The high infrared photoelectric yield
of Ag/0/Cs cathodes can be explained as due to the excitattion of surface plasmons in

these compounds.

The infrared sensitivity of Ag/O/Cs photocath-
odes has been interpreted in terms of different
mechanisms, such as defects in the lattice of
Cs,0 formed during the production process of
Ag/0/Cs cathodes,? as well as photoemission
from silver.** All of these interpretations gen-
erally link the photoemission in the infrared re-
gion to the low work function of one of the cesium
oxides.5 Cathodes with an excess of cesium (com-
pared to Cs,0) show the highest infrared yield.
Composition and thickness of the Ag/O/Cs lay-
ers as well as the electron emission process are
still a matter of dispute. Bulk samples of metal-
rich cesium oxides (suboxides, e.g., Cs,0,
Cs,,0,) have recently been investigated by ultra-
violet photoelectron spectroscopy (UPS).® It has
been shown that the spectra reflect compositions
and crystal structures of the bulk compounds.®

We report here UPS measurements of thin
films of cesium deposited on a silver substrate
and oxidized under ultrahigh-vacuum (UHV) con-
ditions, simulating the active layers in Ag/O/Cs
(S-1) photocathodes. The spectral response of
films prepared in this way is similar to S-1 cath-
odes according to Heimann et al.” The UPS data
of these films are almost identical to those of the
bulk cesium suboxides.® A comparison with bulk
data yields information about the composition of
the films, the layer thickness, and the low-ener-
gy photoelectron emission process.

The measurements were performed at room
temperature in a Leybold-Heraeus LHS 10 ESCA
system equipped with a preparation chamber and
a differentially pumped cold-cathode gas-dis-
charge lamp using the Hel resonance line (kv
=21.2 eV). The residual gas pressure in the
analyzer chamber was 2x 107!° Torr. Evaporat-
ed silver served as a substrate and was etched
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by argon-ion bombardment. The photoelectron
energy distribution curve of this sample is shown
in Fig. 1(a). The energy scale is relative to the
Fermi edge; the resolution is 0.1 eV. The photo-
electron spectrum of Cs evaporated for 3 min at
390 K onto the Ag substrate at room temperature
is shown in Fig. 1(b). Oxygen was leaked into the
analyzer chamber (basic pressure p =2x 1071°
Torr) at a partial pressure of 5x10°7 Torr for
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FIG. 1. Photoelectron energy distribution curves for
silver, a cesium layer on silver, and reaction products
with oxygen.
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FIG. 2. Photoelectron spectra from Cs and the cesium
suboxides Cs;O and Cs;;O; (see also Ref. 11). The in-
set shows a Cs;;Os cluster.

20 sec, corresponding to an oxygen exposure of
10 L (1 L=10"° Torr sec). The spectrum record-
ed immediately after this procedure is given in
Fig. 1(c). When the sample was left in the ana-
lyzer chamber (p .~ 1X 10°7 Torr during mea-
surements; 99.999 +% purity of He), the mea-
sured spectrum changed continuously and reached
a final form after 50 min [ Figs. 1(d), 1(e)].

Structure due to photoemission from the 4d
bands of the Ag substrate®® (in the energy range
4 to 7.5 eV) is observed in all of the spectra.
This fact indicates a film thickness of less than
10 A, as deduced from the short mean free path
of electrons in Cs.!° In the oxidized samples,
photoemission from the 4d bands of the substrate
increases with time, suggesting either a reduc-
tion of the layer thickness, island formation with-
in the oxide layer, or both.

The spectrum 1(b), recorded from the evapor-
ated Cs film, is equivalent to that of pure bulk®
Cs in Fig. 2.'' The structures of the two spectra
show the filled conduction band (CB) of Cs fol-
lowed by an energy loss (iw,,), an Auger transi-
tion (O VV) and the spin-orbit split Cs5p levels
(B,B'). The addition of oxygen leads to three

new peaks (O 2p, A,A’). These significant chang-
es correspond definitely to cesium suboxide for-
mation. Peaks A and A’ strongly increase with
time, accompanied by a decrease of the inten-
sities of B and B’.

Cesium suboxides contain characteristic ion
clusters of composition Cs,;0, shown in the in-
set of Fig. 2.** In the stoichiometric compound
Cs,,0,,"® which is stable at room temperature,
these clusters are close-packed.'* The compound
Cs,0=[Cs,,0,]Cs,, consists of Cs,,0, clusters
intercalated with a stoichiometric amount of ce-
sium.'® If a melt of Cs,O is kept in vacuum at
room temperature, Cs evaporates, leading to
crystallization of Cs,;0,.® Cs,O contains Cs
atoms in two different bonding states.!? Those
in the clusters are partly ionic; the others are
purely metallic. Consequently, two pairs of Cs
5 levels appear in the UPS spectra. Peaks A
and A’ in Fig. 2 correspond to the 5p levels of
Cs incorporated in the Cs,,0, cluster, where B
and B’ refer to the intercalated cesium. In the
spectrum of the compound Cs,,0,, only the peaks
A and A’ are observed. The very sharp struc-
ture at 2.7 eV is due to photoemission from the
nonbonding O 2p levels.® This characteristic
peak was already observed by Gregory et al.®
who interpreted it in terms of “oxygen atoms dis-
solved in the cesium metal” without considering
the formation of metallic suboxides.

The appearance of the structures O 2p, A and
A’ in Fig. 1(c) (Ag/Cs/0) indicates that the oxy-
gen exposure is followed by the formation of
some Cs,,0, clusters in the films. From the rel-
ative intensities of peaks A and B it can be con-
cluded that Cs is still present in large excess to
the clusters. The photoelectron spectrum taken
after 20 min indicates a composition of the film
which corresponds approximately to the stoichi-
ometry of Cs,O [Fig. 1(d)]. This change is due
to the continuous loss of cesium. Further loss
of Cs causes peaks B and B’ to disappear. The
remaining Cs 5p levels A and A’ indicate that the
film is composed mainly of Cs,,0, clusters. The
filled conduction band (CB) as well as the very
sharp O 2p peak, characteristic of all compounds
containing the Cs,,0, clusters, definitely exclude
the formation of (semiconducting) Cs,O which
shows only one broad valence band.'®'” The ob-
servation of the characteristic O 2p peak in the
photoelectron spectrum of an Ag-Cs,0-Cs photo-
cathode by Neil and Mee'® is further evidence for
suboxide formation in S-1 photocathodes.

All Cs suboxides are metallic. Plasma frequen-
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FIG. 3. Quantum yield of Mg and Al, normalized to
their surface-plasmon energies, and comparison to the

S-1 quantum yield, which is normalized to the surface-

plasmon energy of Csy;03 (fw =1.55 eV). The data
were taken from Ref. 21 (Mg, Al) and Refs. 22-25 (S-1).

cies can easily be deduced from the energy-loss
structures in the UPS spectra. With Hel radiation
(hv=21.2 eV) as an excitation source, we observe
surface-plasmon losses (see 7w, in Fig. 2). With
He I radiation (hv=40.8 eV), both surface- and
volume-plasmon energy losses could be separat-
ed. The decrease of the surface-plasmon energy
of the Cs suboxides with respect to bulk Cs is
caused by a lower electron concentration as dis-
cussed in detail in Ref. 6. The observed plasmon
energies are 2.0, 1.75, and 1.55 eV for Cs, Cs,0,
and Cs,,0,, respectively.

Surface-plasmon decay'® has been used to ex-
plain photoemission from free-electron-like met-
als, e.g., Li and Na,*® Mg, and Al, as well as
from (Cs/O)-activated Ag.?* If the photoelectric-
yield curves?! of Mg and Al are plotted versus ex-
citation energy normalized to 7w, (7.7 eV for
Mg and 10.5 eV for Al), the yield maxima are
found near unity in the reduced energy scale (Fig.
3). Similarly, the spectral responses of some
commercial S-1 cathodes??~ 2% are plotted (curves
a—d in Fig. 3). The energy scale is reduced to
the fw, of Cs;;0, (1.55 €V), since Cs,,0, clus-
ters have here been proved to be the main con-
stituent in the active layers of such cathodes.
From the positions of the maxima in Fig. 3 we
conclude that surface-plasmon-induced photo-
emission from metallic cesium-suboxide layers
(especially Cs,,0,) is the origin of the infrared
sensitivity of S-1 photocathodes.

The present results are confined to Ag/Cs/O
layers. Further investigations on all bulk cesi-
um oxides and their chemical reaction with the
substrate materials are necessary to understand
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the completely different UPS spectra of oxidized
cesium layers on III-V (e.g., GaAs) substrates.'™

We thank Professor H. J. Queisser and Profes-
sor M. Cardona for helpful discussions.
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ERRATA

SPIN-FLIP RAMAN ECHO IN »-TYPE CdS.
P. Hu, S. Geschwind, and T. M. Jedju | Phys. Rev.
Lett. 37, 1357 (1976)].

The wavelength w, on Fig. 1(b) should read “w,
~4905.26 A.” On page 1358, column 1, the seven-

teenth line from the bottom should read “. ..two
longitudinal modes w, and wy, where (w, — wg)/
27 =32 GHz.”

EXACT SOLUTION FOR THE INFLUENCE OF
LASER TEMPORAL FLUCTUATIONS ON RESO-
NANCE FLUORESCENCE. G. S. Agarwal [Phys.
Rev. Lett. 37, 1383 (1976)].

In the process of printing Ref. 6 was changed.
This reference should read as follows: J. H.
Eberly, in Proceedings of the Symposium on
Resonant Light Scattering, Massachusetts Insti-
tute of Technology, Cambridge, Massachusetts,
April 1976 (to be published).
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