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Thin films of Cs,Te have been produced and analyzed by Auger depth profiling and x-ray
photoemission spectroscopy (XPS), The formation of the photoemissive material passes through
different phases, each of them hos been charactenzed by XP5 and by its total yield in the speciral
region 3.3-3 e%. Copper and molybdenum substrates have been considered. While Mo behaves o
all proctical purposes like an ideal support for Cs.Te, strong diffusion from the substrate material
int the photoemissive film has been observed on photocathodes fabricated on Cu. The ruggedness
of the photocathodes has been tested by exposing them to o few hundred Langmuirs of different
gases, namely O, OOy, OO0, My, and CH,;. The last three have no effect on the photocathode
lifetime, while o substantial reduction of the gquantum efficiency has been observed after the
exposure to oxygen. The main reason for thiz is the formation of a thick cesium oxide layer at the
surface of the photocathode, However, the oxveen pollution can be partially recovered by the
combined effect of heating the photocathode at 2300 °C and illuminating the poisoned matenal with
the 4.9 eV radiation, Mo rejuvenation bas been observed under the effect of the lemperature or the

radiation alone. & 1995 American Instinure of Physics, [SO0Z1-B97998)00517-5]

L INTRODUCTION

For many years, the practical applications of Cs;Te pho-
tecathodes was limited 1o solar blind light detectors' and
reference standards for ultraviclet {uv) light intensity.* Very
recently, the interest in this material bas been renewed due to
the application they could have in high quality electron
sources for particle accelerators™* Their operational lifetime
in the radio frequency cavities 15 20-30 tmes longer than
that of (mulijalkali antimonide photocathodes,”® making
CsqTe the "ideal’” photoemitter for laser-driven photoinjec-
tors. The price we must pay for this, is the relatively high
threshold energy (3.6 eV), which forces us o use oy radia-
tion to produce the electron emission.

The optimization of this kind of electron source requires
expertise that spans over a wide field of interests (accelerator
technology, laser technology, materials science, surface
analysis, and theoretical modeling), which can hardly be
found in a zingle research center, Therefore, we coordinated

Jthe specific competencies of our laboratories in order to face
the complexity of the problem from a general point of view.,
Despite the differences in the experimental systems, we were
able o reproduce the main features of the Cs.Te photocath-
odes (speciral response, lifetime, rejuvenation) in the various
laboratonies, pointing out that the =et of experimental param-
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elers we ook into account, 15 large enough to ensure predict-
able results.

Even though the physical porameters that control the
quantum cfficiency have been known for over fifty vears, the
improventent of a padicular material 15 vsually attained by
changing the fabrication parameters (by a combination of
“intelligent guessing'® and luck) in feadback with the pho-
tocurrent yield alone, Mot much information can actually be
gained about the processes that lead 1o the photoemissive
material. An understanding of these processes may be useful
for improving the reproducibility and the quantum efficiency
of the photocathodes. To this purpose, a Cs,Te preparation
system has been connected, by a ultrahigh vacuum (UHV)
tramsfer system to an analvsis chamber, equipped with stan-
dard surface science facilities [scanning Auger, Ar® depth
profiling, x-ray photoemission spectroscopy (XPS)]. With
thizs experimental setup, the changes in the quantmum yicld
can be direcily comelated o the electronic structure of the
material, which in turn give us much more information than
the phodocurrent alone,

IIl. EXPERIMENTAL TECHMIQUES

Cs,Te thin films (tzns of nanometars thick) were fabri-
cated wnder UHY conditions (base pressure less than
53 107" mbar) onto metal substrates (103101 mm high
pucity Mo and Cu foiuls). Before the introduction in the fab=
rication system, the substrates were mechanically polished
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the Fabrication of the phomcathods. The subsiraie temperatare is held al
130 *C. Thee arraws indicate the fabrication steps ot which XPS experimenls
havie Deem perfarmed.

with 1 pm diamond powder, then rinsed with acetone and
ethanol. Once UHY conditions were obtained, the substrates
were heated at 300 °C for about 30 min to improve the sur-
face cleaning. During this phase, the tofal pressure never
exceeded 2 107" mbar.

Te and Cs sources are Mi boats from SAES-Ceetters,
filled with 99.999 Te powder and a mixture of Cs,Cr0, and
4% Fr—16% ANST 101) nonevaporable getter alloy, re-
spectively. They are resistively heated by a current flow. The
evaporation rate has been monitored by a quartz crystal 1=
crofalance.

The photocurrent was produced by an Oriel 100 W high-
pressure Hg arc lamp. equipped with a condenser lens, a
diaphragm, & dichroic mirmor, a seres of interference band-
pass filters (253.7, 270, 2097, 334, and 333 nm, with 10 om
bandpass) and a fused silica lens. The light intensity at the
substrate position was measured by a calibrated 51 photods-
ode. The photoemitted electrons were collected by a circular
ancde, polarized at -+ 100 W with respect to the photocathode
(grounded). Mo space charge current limitation has been ob-
served,

During the fabrication process, the substrate was held at
120 °C by resistive indirect heating. First, we deposited 10
nm of Te at a rate of 1 nmfmin. Then, the film was illumi-
nated by the 253.7 nm radiation and Cs was deposited at a
rate of | nm/min. The phetocurrent gave us a real time con-
trol of the growth process, as shown in Fig, 1. At the end of
the fabncation, the O source and the substrate heater were
simultanecusly switched oftf. The cooling rate was & “C/min.

o The Auger emission was excited by an electron beam
operating at 3 ke'V, 1 pA, over a 30 pm>30 um area. Auger
spectra have been measured using a single pass cylindncal
mirror analyzer operating at 0.6% relative resolution and in
the first derivative mode (modulation voltage of 15 V peak-
to-peak). The signal intensities have been converted o
atomic fraction using suitable sensitivity factors.” Auger
depth profiles (ADP) were achieved by an Ar' ion gun, op-
erating at 1 keV, 30 pAfem?, rastered over a 2 mmx2 mm
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FI: 2. Wide range XP5S specirum from the complenad phaotocathods [arep
(2} of Fig. 1] at pear-momal calloclion geometry,

area, Mo films (60 nm thick, as measured by Rutherford
backscatiering spectroscopy) evaporated by electron bom-
bardment onto a Si100) wafer have been profiled to estimate
the sputtering rate, namely 3 nmfmin,

XPS spectra have been collected by a Leybold LHS-12
subsystem, equipped with a concentric hemispherical ana-
Iyzer (CHA) and a nonmonochromatized, Mg x-ray source,
tilted by 45° with respect (o the CHA axis. We found a good
compromise among energy resolution, signal-to-noise ratio,
and acquisition time by setting the spectral resolution (en-
ergy analyzer+photon) at 2.1 and 0.93 eV for the wide-range
and high resclution spectra, respectively. We did a few ex-
periments at two different collection angles, namely 22.5°
inear-normal collection) and 707 {grazing collection), to in-
tentionally change the information depth, We calculated the
sensitivity factars for the Cs 3d 32, Te 3d 32, and O 1s
subshells from (i) the atomic photoionization cross section;™
{ii) asymmetry parameters;"” and {iii) the inclastic mean free
path.'' They result in 4.4, 3.8, and 0,62, respectively.

lll. THE FORMATION OF Cs.Te PHOTOCATHODE

Figure 1 shows the gquantum efficiency (QE) at 254 nm
of a iypical photocathode fabricated onto a Mo substrale, oz
a function of the Cs nominal thickness, i.e., the evaporation
time multiplied by the evaporation rate as measured by the
quartz microbalance, The abscizza does not indicate the ac-
teal film thickness, since the sticking coefficient of the Cs
atomns onfe e Glm is presumably less than one. The photo-
cathode formation starts at {a), where the Cz vapor reacts
anto the pure Te film, then proceeds through (b), (c). and (d)
showing several characteristic and reproducible changes in
the slope of the photocurrent curve, and finally in (&) a maxi-
mum in the photocurrent is reached and the fabrication is
terminated. In Fig. 2 is shown a wide-range XPS spectrum of
the completed photocathode; the main peaks cormespond to
s 3d, Te 34, and O 15 photoemission lines and Cs and Te
MMM Avger electrons, The O contamination level is less
than 3%, while that of C (not shown) is balow the detection
limit of the KPS technique (==1%). The lack of signal from
Mo points out that the subsirale is completely covered by the
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FIG. 3. Art Auger depih peefile of the photpcathode Fabeicated coto a Mo
wahalsan:,

photoemissive film, and diffusion of Mo from the substrate
toward the surface of the film can be excluded.

The ADP shown in Fig, 3 rules cut the presence of Mo
up to 20 am from the surface, and establishes the uniformity
of the photoemissive film. The contamination from O is lim-
ited 1o the interface between the substrate and the film, and
probably is due to a residual oxidized layer that survives to
the subsirate cleaning procedure. The width of the filmd
substrate interface is slightly larger than the depth resolution
of the technique, therefore, an interfacial mixed-phase Mo—
Cs—Te, roughly 5-10 nm thick, cannot be excluded, but the
good operation of the photocathode is of no concerned, since
it lays below the escape depth of the photoelectrons,

Photocathodes fabricated ento Cu substrates show a dif-
ferent ADP as shown in Fig. 4. The film composition is far
from being uniform with depth, in that the large part of Cs 15
confined in the first 10 nm. A strong signal from the Cu
substrate is always detectable, even at the very beginning of
the erosion process, pointing out that the substrate material
takes part in the photocathode formation. Alternatively, an

_island growth mechanism can explain the presence of Cu at
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FIG. 4. Art Auger depth profile of the photocathode febricared omie o Cu
et
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TABLE I. Cs-bo-Te ratio al the different fabrication steps of Fig. 1.

CaTe
teommal Grazing
Fig. 1{h} 0G
Fig. 10z iz
Fig. 10d) 19 1.8
Fig. Lig) L5 14

the surface as an artifact of the ADP technique, but, at
present, we qare not able to settle this controversy. We did
“local'® Auger analysis by exploiting the scanning facility of
our spectrometer, and we concluded that, if they exist, the
islands must be less than 200 nm in diameter, ie., the diam-
eter of the primary electron beam. The relatively good QE
(—4% at 266 nm) is a quile surprising value, but we have not
analyzed thoroughly such photocathodes.

Let us return 1o the photocathodes fabricated onto Mo
substrates, From XPS analysis (see Table IJ, the Cs-to-Te
atomic fraction ratio is very similar in both near-normal and
grazing collection, indicating that the film is homogensous
within the escape depth of the x-ray photoexcited electrons
(=2 nm}. The Cs-to-Te mtio 15 25% higher than what we
expected on soichiometric Cs.Te, but this inconsistency
could be due to the large uncenainty in the determination of
the sensitivity factors.'” If we are confident that the fabrica-
tion procedure produces stoichiometric Cs,Te, then we could
use it as a reference standard for the XPS line intensities o
calculate the cormect sensitivity factors for Cs and Te. On the
other hand, we cannot cxclude the presence of an excess of
Cs in the photocathode, We regard the stoichiometry calcu-
lated on the hasis of the sensitivity factors as & rough esti-
mate of their ““true*’ values, nevertheless, they are useful for
semiquantitative considerations.

The *‘stepped'’ behavior of the QE vs the Cs nominal
thickness of Fig. 1 suggests that the formation of the Cs;Te
film takes place through different phases. The Te 3d KPS
features after each fabrication step are shown in Fig. 5. The
spectra {b)=(d) have been synthesized in terms of three spec-
tral components obdained by shifting andfor rescaling the
spectrum of pure Te, curve (a), to minimize the sum of the
squared residuals. The parameters of the peak synthesis are
shown in Table I1.

The synthesis procedure is justified by the charge poten-
tial model [(CPM) for the core-level line shifts in
photoemission.'” The emitting atom is considered o be a
hollow sphere on the surface of which the valence charge
resides, while the neighboring atorns are considered simply
as point charges. It is assumed that the binding energy (BE]
shift of the photoemission lines is determined by the classical
potential inside the sphere, the latter i3 easily expressed in
terms of the valence charge on the emitting atom and a
Madelung potential. CPM predicis equal shifts for all the
core levels of an atom.

After 20 nm of Cs evaporation [Fig. 5(b)], a second Te
component appears at 572.2+572.3 eV, indicating that ap-
proximately a half of the Te reacts with the Cs vapor. The
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FIC. 5. Te 3d 572 line of the phococathode at the different fabaicalion seps,
The labels refer o Fig, 1, Spectum (47 Bas been measaned al grozmg
collection geometry, all the others at near-nommal collection, Specim {hi=le}
bave heen synibesized in terms of the peak {a].

—.6 to —0.7 eV BE shift, also indicates that a charge trans-
fer from the Cs to the Te valence shells occurs. At this
growih stage. the photocathode 5 in a two-phase state:
“pure,”” i.e., covalent, Te and a Cs—Te compound with a
Cs-to-Te patio of 1.2, a5 ¢an be inferred from the data of
Table 1. As the Cs evaporation is carried on, the low BE
component grows at the expense of the covalent Te one [Fig.
S(c)]. A small feature (12%) at +0.8 eV with respect 1o
covalent Te can be observed.

At 60 nm of Cs deposition [Figs. 5(d) and 5{(d") at near-
normal and grazing collection, respectively], the Te 34 line
shape is synthesized by three components that have similar
intensities: covalent Te at 572.9 eV, Cs);Te at 572.2-572.3
eV, and @ new component at 571.0=0.1 eV, which can be
assigned to a Cs, Te compound, with x higher than 1.2. The
determination of the acmal valee of x from the dia in Table
I is difficult, because at this growth stage the film is not
hemogeneous within the escape depth of the Te 3d photo-
electrons (2 and 0.7 nm at near-normal and grazing geom-
etry), as pointed out by comparing the spectra taken in the
two collection geometry. The intensity of Cs,Te component
reduces to 60% of its value when passing from near-norml
to grazing collection, showing that the formation of that
compound takes place approximately 5 nm below the sur-
face.

The photocathode completion occurs after 70 nm of Cs
deposition [Fig. 5(e}]. The quality of the peak synthesis is
poorer with respect to the previons cases, indicating that the
simple CPM mode] fails to explain the actual spectral shape.
Nevertheless, the energy position of the barycenter of the full
34 feature (571.5 ¢V), is intermediate between Cs; ;Te and
Cs,Te. If we assome that phasel(e) corresponds 1o Cs;Te,
then the Cs, Te component, falling at a BE lower than that of
Cs,Te, should correspond to a Cs—Te compound with x>2.

In Fig. 6 are shown the spectral responses corresponding
to the different growth steps: indicated by the amows in Fig.
1. As the Cs-10-Te ratio grows, the QE pets better at all
wavelengths, but the increase is more marked in the low-
energy part of the spectrum. When passing from aid) to 6le),

TABLE IL Resalis of the penk synthesiz of Figs. 5 and % The spectrs of Fig. 5 have been decomposid in ems
of speciral components sbiainsd by shifling andfor resenling e spectnam of Fig. Slal, i, pare Te. For specira
of Fig. % we ustd as ““hasic'” components pare Te and b line shape of the completed photocathode of Fig.

He)
BE [eemsity Tnteraity BE [miensity
(=] o)) L™} (K [=%] (%)
Fig. Ha) Considersd as o singls component at STLY &Y
Fig. 5{b 5730 45 STLE 51 574.5 4
Fig. 5] 5TLE 14 5713 Ly 5737 12
Fig. Sid) STXE £LS Tz 17 5T 45
Fig. S(d") 3TN 47 5T2.3 2 57001 1
Fig. 3lg) 5T1.2 49 5717 43 ST2A b
Fig. ¥n) Same 25 Fig. Se), bot considered & 4 single composent 5715 &V
Fig. #{h 578 19 J1r: 4 5757 iy
Fig. 9lc) &71.58 [ 5733 27 5557 B

mined by the difference between speeira of Fig. S(b) and the twa presious COmpanents.

PThis component ks the spectra of Fig, Sz] withoul any &iergy shifl.
“The energy position of thess two companenis is nol well defined: the: indicated inlensity i acually the sum of

Lk P iEviEmsicies.
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FIG. 6. Spectral resposse of the phosocathade at the differem fabrication
steps. The labels refer 1o Fig. 1.

the QF increases two order of magnitudes at 334 nm (3.7
eV), while it approximately doubles at 254 nm (4.9 &V). In
the frame of the three-step model,'” such a large variation in
the QF for a relatively small change in the photon energy,
can be explained in terms of a reduction of the photoemis-
sion threshold caused by the reaction with Cs, and Fig. 5
indicates that this corresponds to the formation of the Cs.Te
compound. This strong enhancement of the QE at low-
photon energies can be used during the fabrication as a
“warning light'" of the formation of the steichiometric com-
pound.

V. POISONING

The operational lifetime of the Ct;Te photocathode un-
der the non-UHY conditions that normally occur in the of
cavities, has been tested by exposing it 1o few hundred lang-
muirs {1 L= 10"% Torr 5) of different gases, namely, CO, N,
CH,, €0y, and Oy, Their effect on the QE is shown in Fig.
{130 L of CO, N;, and CH, have no consequence on the
lifetime of photocathodes, CO, and . o0 the other hand,
have a poisoning effect that reduces the QE to 1/e with re-
spect 1o its initial value after a 1100 and 15 L exposition,
respectively. As concerns the poisoning with O, the QE
shows a quite fast drop followed by a saturation, rather than
an exponential decay law, indicating that a sort of surface
passivation tikes place. This behavior has been observed un-
der more realistic vacuum conditions, i.e., during the apera-
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tion of the photocathode in the f cavity; the QF decreased
roughly as a sequence of two exponential decays, the former
lasts 30 h with a decay time of 21 h, the later lasts 250 h and
the decay time is 670 h.'*

In Fig. & are shown the wide range XPS spectra of the
photocathode before () and after a 120 L O, exposure [Figs.
&(b) and 8(b")] at near-normal and grazing collection, TEREC=
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FIG. & Wide mnge KPS spectra from (p) the pholocathods just after the
Tabrication; (b) after the 120 L Oy exposition, at near-normal collsction: ')
same &3 (b, but at grazing collection; {c) afier 1 b a1 230 °C and ander e
effect of the 254 nm radiation; and (d) after 1 B oar 230 °C without the 254
nm mdianan,
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FICE, % The Te 34™ phosoemission line () from e pholocathods s after
the fabricaticn; (6} from the phosocathode expased to 120 L Oy, at grovng
gallection geemetry; (c) after 1 b at 230 “C and under the effect of the 254
nen rediatien: s () afler | hoat 230 °C without the 254 nm redintion. The
photoemission lines have been symhesized in leoms of e peak {a) and (&)
of Fig. 5, namely pare Te and the compleied phitacatnode, respectively.

tively, The Cs-to-Te ratio changes from 2.4-2.5 to 24 amd
5.7 after the oxidation at near-normal and grazing collection,
respectively, indicate that the Te content decreases as the
depth increases. On the other hand, the Cs-1o-0 ratio is 1.4
and 1.7 at near-nermal and grazing collection, respectively,
suggesting that the O distributicn is almost unifosm along the
escape depth of the phowelectrons. All these experimental
datn are consistent with the existence of approximately ong
monalayer of Te on the surface of a thick (thicker than the
escape depth of the photoelectrons, =~2 nm) Cs oxide layer.

The Te 34 peak at grazing collection is shown in Fig.
9(b). The low BE feature can be synthesized with two com-
ponents at 5729 and 572.2 eV, which have been identified as
covalent Te and Cs,;Te, respectively. The Cs;Te peak
{571.5 eV is completely suppressed by the oxidation pro-
cess, The high BE peak indicates that approximately one half
of the Te in the surface laver is in an oxidized state. On
inspection of the angular dependence of the O 1s line [Figs.
1a) and 10{a’}], we assign the 5335 and the 330.1 eV
components to the ““bulk™ and “‘surface’” oxygen, respec-
tively.

V. REJUVENATION

Cs,Te photocathodes degraded by exposurc o poor
vacuum condions could be rejuvenated by @ heating

J, Appl Phys,, Vol 80, Moo 5, 1 Sepiember 1836

=
2l e
(%]
%
=
LY,
L 3 1 ey el | sl e v
540 535 B30 525 520

Binding Energy [eV]

FIG, 10, The ¥ 1s photoemission line from the oxidized photocathode (a) ar
nizis noemaal collection and (b at grazing collectan,

process,” We found that the effectiveness of this procedure
depends on the fabrication procedure itself and on the light-
ing conditions during the heating process, In Fig. 11 i%
shown the QE dependence on heating time in three differcnt
situations. Tn each case, the substrate temperature was held to
230 =C. Curve () refers to a photocathode whose fabrication
procedure was brought to the end [step (e) of Fig. 1]. The
254 nm uv radiation used 1o produce the photocurrent was
incident continuously on the sample, After approximately
one hour, the QF became stable at 30% of its value before
oxidation, and a dull grey spot was visible in comespondence
to the area that had been exposed to the uv radiation. Figure
8(c) shows that the photocathode rejuvenated under the ef-
fect of the uv radiation recovers the initial Cs-10-Te value of
2.5 and loses about 60% of the oxygen adsorbed during the
POISONINE Process.

Figure 11ic) refers to the same gxperiment, but the av-
erage uv light power was reduced to 3% by a shutter. Actu-
ally, only the light strictly needed 1o menitor the process was

1"
F = 254 nm
= -]

2 1! T 230 °C
[
=)
]
t 3
Ll '|I,}'I i
g
e

'“_-l"‘ AR | 1 ol

ol e L
+] 10 0 30 a0 50 &
Tirna [rmin]

FIG. 11. Rejuvenntion of the phetocathodes exposed s 120 L Oy, The
heating tesnperabare is 230 *C g the 254 nm radislion was used Lo moniar
the rejuvenation process, (a) completed photucathode: [step (e) af Fig. 17; (k)
partially completed photocathode [step {d} of Fig. 1F and {c] same as {a,
buk the w light intensity wis reduced fo 3%,
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shed onto the photocathode, In this case, no rejuvenation
(and no dull grey spot) was observed after one hour, indicat-
ing that the uv radiation plays a role in the recovering
mechanism. Furthermore, no oxygen was desorbed [Fig,
8(d)] and the correct Cs-10-Te value was not recovered, be-
ing 4.4 instead of 2.5.

The rezult of the combined effect of uv radiation and
temperature on a partially completed photocathode [step (d)
of Fig. 1], which has been subsequently oxidized in the same
way 15 the previous one was, is shown in curve (b) of Fig.
L. The behavior is similar to that of corve (), but the QE
gain is considerably reduced. Rejuvenation is, thus, a prop-
crty that belongs o Cs.Te and ool o its “precursor™ com-
pound, nomely the Cs, . .Te of Figs. 5(d) and 5(d"}.

The Te 34 XPS line of the completed photocathode,
rejuvenated under the effect of the uv radiation is shown in
Fig. 9ic). About T0% of the peak is reprezented by Te in the
CsaTe form (571.5 V), apain indicating the cffectiveness of
the rejuvenation process. Almost all of the remaining 30%
falls ac 573.2 eV BE. Thus, it 15 in a chemical state close o
that of covalent Te. Traces of Te oxidels) are visible in the
=376 eV region, On the contrary, the rejuvenation process
under the effect of the temperature alone, leads to a Te 3d
ling that iz completely synthesized by the Te oxide(s) com-
ponent, as shown in Fig, 90d).

VI, CONCLUSIONS

Thin films of Cs;Te phetocathodes have been fabricated,
transferred. and analyzed by Auger and XPS spectroscopy
under UHY comditions, Cu and Mo substrates have been em-
ploved, giving high QE values (6% and 12%, respectively).
Strang contamination from the subsirate material has been
observed in photocathodes fabricated onto Cu, and the film
structure is far from being uniform. As far as the photocath-
odes fabricated onto Mo are concerned, the Cs,Te formation
gocs on through several steps: (i) a4 two-phases system
Te+Cs; ;Te is observed at the beginning of the reaction of
the Te film with the Cs vapor; (ii) as the Cs deposition is
carried on A new C5, .. Te phase has been detected ~0.5 nm

3080 J. Appl Phys., Vol 80, No. 5, 1 Sepaermber 1596

below the surface; (iii) finally, a homogeneous, single phase
Cs.Te film results.

The lifetime of the photocathodes exposed o different
gases, namely, Oy, OO, OO0, M., and CH,, has been mea-
sured. The oxidation of the photocathode quickly reduces the
QE and the photocathode develops a thick layver of cacsium
oxide at the surface,

The oxygen damages could be partially recovered by
heating the photocathode o 230 °C under the effect of the
254 nm uv rediation. Mo rejuvenation has been observed
under the effect of the emperature alone.
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