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Abstract

We present recent results of the study of surface properties and quantum efficiency (QE) of Csl photocathodes prepared on
various substrates. Microanalysis methods provide laterally resolved surface morphology and chemical composition of the
photoemissive film. Integral measurements of the QE of CsI were done with a monochromator system and a RICH device. It
was shown that Csl films deposited on large area Ni- or Ni-Au-coated printed circuit electrodes have a uniform crystalline
structure and an average QE close to that reached on polished stainless steel. The films have a good stability in air over
periods of 1h. On a microscopic scale of 3-30 wm, the films exhibit nonuniform emission properties correlated with

variations in the chemical composition.

1. Introduction

Csl photocathodes have been proven to be reliable and
efficient UV convertors in gaseous photon imaging detec-
tors. Considerable experience has been gained with such
devices in small- and medium-size detector prototypes [1],
including RICH devices [2—4]. In view of the growing
interest in large-area UV-photon imaging devices of this
kind for the fast readout of scintillators and of Cherenkov
light, it is important to find reliable technologies for the
production of large Csl surfaces with uniform and stable
high quantum efficiency (QE). The scaling up in size is not
trivial as it often involves a change of important parame-
ters such as the photocathode substrate material, method of
production and handling, and the conditions under which
the photocathode is operated (detector construction materi-
als, gas purity, etc.) Each of these could affect the surface
quality of the photocathode and its quantum efficiency.

We report here on the results of our recent systematic
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studies of the QE and the surface structure of CsI films
prepared by vacuum evaporation. The experimental tech-
niques used include laterally resolved methods such as
SEM and AFM (scanning electronic and atomic force
microscopy), XSEM (X-ray secondary electron micro-
scopy), ESCA (electron spectroscopy for chemical analy-
sis, with secondary and primary electron detection) and
PEEM (photoemission electron emission microscopy) with
a deuterium UV source and synchrotron radiation. Integral
methods were also used, as for example X-ray diffraction
and QE measurements in current mode in vacuum, using a
UV-monochromator (140-220 nm) and irradiating sample
surfaces of =~3cm’. RICH devices, incorporating UV
detectors with photocathodes having an area of 30X
30cm’ were also used to deduce the absolute QE of Csl
[5] under gas multiplication in gaseous detectors environ-
ment.

Many samples were characterized, vacuum deposited on
substrates of polished stainless steel (SS), copper, alu-
minium, silicon, and printed circuit boards (PCB). Some of
the substrates were coated with additional thin intermediate
films (carbon, aluminium) under the Csl.

The following is a short summary of the results of our
study. More detailed information may be found in Refs.
[4,6,7] and in other articles in these Proceedings.
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2. Film topology and chemical structure

Using SEM and AFM the structure of evaporated Csl
layers (typically 200-500 nm thick) was studied. It was
found that when smooth substrates such as Si or polished
metal (Al, SS) are used, the layer exhibits a uniform
polycrystalline structure. The average grain size varies
between 0.3 and 3 wm, and it depends mainly on the nature
of the surface on which the layer is deposited. Fig. 1
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Fig. 1. AFM images of CslI layers (500 nm thick) evaporated on
C-coated Si substrates: (a) Si, (b) 100 A C on Si, (c) 800 A C on
Si. The layers exhibit a regular granular structure; the grain size
decreases with increasing C thickness due to the increase of the
substrate roughness.

displays a typical aspect of a Csl layer, evaporated on
C-coated Si. The grain size decreases with increasing C
thickness, probably due to the increased roughness of the
surface. Similar results were obtained with Al-coated Si.
Each grain seems to contain Csl in a crystalline cubic
structure. Fig. 2 shows the AFM image of CsI on C-coated
Si on an atomic scale, together with a Fourier transform of
the image. The regular pattern reflects the crystalline
structure. From X-ray diffraction studies of CsI on Al [6],
the lattice parameter value was extracted, in good agree-
ment with the literature.

A completely different structure was found [5] when Csl
was evaporated on a standard PCB, in which the copper
readout pads were covered with a chemically deposited Au
layer (standard industrial process). In this case the evapo-
rated layer exhibits a very rough face, with an irregular
layout of grains of various shapes and sizes (Fig. 3a);
cracks on the surface probably indicate differences in
thermal expansion coefficient; an X-ray diffraction study
of this sample, particularly after its short exposure to
ambient air, showed that the layer contains Cul, I, and Cs
components, but no Csl [6]. We conclude that the Csl
chemically reacts with the Cu substrate, and the inter-
mediate Au layer is ineffective in preventing this inter-
action.

We found that PCBs, polished and then covered with Ni
or with Ni-Au (industrial chemical deposition process),
however, provide inert substrates, and allow for the
production of uniform polycrystalline CsI films (Fig. 3b)
with the typical regular granular structure observed on Al
or SS. It was checked, that the gross structure of about
3 wm period (delimited by the dark areas in the figure) and
the roughness of about 250 nm are due to the primary
surface structure of the substrate. AFM imaging on an
atomic scale shows a regular pattern of atoms, being
identical to that of Fig. 2.

It is interesting to note that the Ni and Ni-Au coated
substrates not only provide a more homogeneous morphol-
ogy, but the Csl layers are more stable with exposure to
air. The examined samples were sometimes exposed for a
few hours to air, without any notable change in topology.
The granular aspect of the Csl films could explain some
angular photon incidence dependence of the quantum
efficiency recently observed [8]. It could also affect the
surface resistivity, which is important for stable photo-
cathode operation under gas multiplication at high photon
flux.

3. Emission inhomogeneity and correlated chemical
analysis

High resolution laterally resolved secondary emission
analysis was carried out by several methods, using incident
radiation ranging from UV to X-rays. A detailed descrip-
tion of the methods and results is given elsewhere [6,7].
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Fig. 2. An atomic resolution AFM image, of CsI on C-coated Si, raw data (left) and its Fourier transform (right). A regular pattern of atoms

is evident, reflecting the crystalline structure of Csl.

Fig. 3. Microscopic images of 500 nm thick Csl films, evaporated
on different substrates: (a) SEM images on a standard PCB. (b)
AFM image on a Ni-Au-coated PCB.

We will summarize here the main experimental observa-
tions.

All methods of analysis indicate that on a microscopic
scale of 3—-30 wm the emission from the CsI layer is highly
inhomogeneous. Fig. 4 shows ESCA secondary electron
spectra taken at different positions on a heat-enhanced (see
Section 4) Al-Csl photocathode. The area irradiated by the
X-ray beam is of the order of 20X 20 wm’. Intensity
differences up to a factor 3 are observed. An interesting
observation is given in Fig. 5, showing a PEEM image
with 3 wm lateral resolution, taken with a synchrotron
radiation source. The secondary electron emission image
(40 X 40 wm®) on the top shows an inhomogeneous sec-
ondary electron emission (SEE) yield distribution, with
bright and dark regions, representing high and low emis-
sion regions, respectively. On the bottom, on an enlarged
scale, the secondary emission is presented together with
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Fig. 4. Normalized secondary clectron spectra obtained by an
ESCA system from several locations on the sample, 40 um apart.
Large variations-in secondary electron yield are evident.
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Fig. 5. Position resolved PEEM images of the secondary electron yield distribution from an annealed CsI layer on polished Al substrate
(top). An enlarged image (bottom) presents the 2D position resolved distributions of secondary electrons and I 4d and Cs 4d photoelectrons,
showing a clear correlation between the secondary emission and the presence of an excess of I.

the digitally subtracted images of the primary electron
emission, corresponding to I 4d and Cs 4d levels, respec-
tively. The enhanced secondary electron yield is correlated
to regions with an excess of L

The same conclusion was also obtained by a similar
analysis made with the ESCA [7], and with the PEEM [7]
methods.

4. Temperature enhancement of the QE

The temperature enhancement of the QE of CslI films on
Ni- and Ni-Au-coated PCBs was studied in the UV with a
monochromator and with Cherenkov photons. The films
exhibit the same heat enhancement features in vacuum,
reported for CsI on SS [9] and reach similar final QE
values. This is shown in Fig. 6. The nature of the
enhancement process, previously observed in other con-
ditions [10,11] is not yet understood, but we suppose that it
is related to annealing of structural defects (dislocations)
produced during the evaporation. The enhancement pro-
cess under high vacuum (1077 Torr) takes several hours, as
shown in Fig. 6. The temperature-enhanced QE was
confirmed with a RICH device, which incorporated a large
Csl photocathode on a PCB-Ni-Au electrode, annealed as
discussed above. The QE values, extracted from the
average number of Cherenkov photons on a ring, are very
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Fig. 6. The results of heat enhancement of the QE of CsI on
Ni-coated PCB. The annealing process at 60°C under vacuum for
several hours increases the QE to values which are close to those
obtained with the best CsI layers deposited on polished SS
substrates.

close to the best values obtained in the laboratory on SS
substrates [2]. The procedure is described in detail else-
where [2,5].

5. Air stability

The QE stability under exposure to ambient air was
investigated by a sequence of exposures followed by
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Fig. 7. The decay of the QE of Csl films evaporated on Ni-Au-

coated PCB under exposure to air, at a relative humidity of 35%.
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pumping and measuring the QE, in high vacuum, with the
UV-monochromator system. In addition, the response of
large area photocathodes of a RICH device was studied
before and after exposure to air.

Fig. 7 presents the QE drop of an air-exposed (35%
relative humidity) CsI film, evaporated on a Ni-Au coated
PCB. It is obvious from this figure that short term (15—
30 min) exposures do not deteriorate the QE, and if there is
any effect it is rapidly recovered by the pumping process.

This was not the case for CsI on standard Cu-Au PCBs.
As discussed above, the dissociation of Csl leads to a
permanent drop of the QE. With such photocathodes, the
photon detection efficiency of the RICH was considerably
inferior (X2) to that obtained in the laboratory with the
monochromator system and with SS substrates. Recent
RICH results with Ni-Au-coated PCBs are close to the best
SS Csl laboratory results [2]. A 30 min air exposure of the
large Ni-Au-coated PCB of the RICH counter did not
affect the operation stability of the UV-detector either nor
its QE.

6. Conclusions

A systematic study of Csl evaporated films was carried
out, involving laterally resolved surface properties as well
as the average quantum response. It was shown that
uniform deposition of polycrystalline films can be achieved
by a proper choice of the substrate material. The size of
crystalline grains depends on the nature of the substrate.
On a microscopic scale of 3—-30 wm, the photoemission is
highly inhomogeneous, and the secondary electron yield
reflects not only the granular structure but also some
chemical variations. A better control of the secondary

emission properties of the CsI layer requires further
investigation of these properties in correlation with rel-
evant preparation parameters. In particular, the role of heat
enhancement should be further investigated and possibly
correlated with the chemical composition of the layer.

The (laterally averaged) QE and air stability of such
layers, measured both in laboratory conditions and in a
RICH device, were shown to be compatible with the
demands imposed by the application to large-surface UV-
sensitive gaseous detectors.
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