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ABSTRACT

The spectral transmission and electron emissivitsponses, measured for a series of typical phétodes, are
presented and analysed. Specifically, samples of D, S25, Bialkali and two types of solar-blinelluride

photocathodes were investigated in both transmisai reflection modes of operation. The transmissiode is more
convenient for imaging, night vision and for sdilation counting applications such as CT scannerd B more
commonly used than the reflection mode. Howevemenmecent work has focussed on the reflection plathmde as a
source of electrons with low energy spread usectlieetron guns for microscopy and lithographic fedectron lasers
[1]. Our analysis provides a determination of te#lectivity of the substrate/cathode and cathodmiuen interface,
enabling the refractive index to be deduced. Thgh happarent quantum efficiency (QE) of some corwaat

photocathodes is shown to be due to the conveddieach photon to two or more electrons.
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1. INTRODUCTION

There are a number of papers that describe th@ghositivity of the various standard photocathddesther: reflection
mode (electrons emitted backwards from the illun@dgphotoemissive surface) or transmission modeillithmination
passes through a transparent window into a photsivei layer and the electrons emitted from the sip@curface).
The photocathode could also be deposited on actieflemetal surface, enabling very high instantaisgoulse currents
and light not absorbed on the first pass was rfteback from the reflecting substrate for a secpask effectively
doubling the optical absorption and quantum efficie[2].

Photek participated in a European project to imprphotocathodes for medical diagnosis. During dudiss it was
useful to build experimental test cells so thathbwibdes of operation could be compared. This naldtbows many
more measurements compared to a conventional phb&and therefore enables further analysis optiwocathode
characteristics. Further, we needed to produceitsenseflecting UV photocathodes for an EBCCD depenent in
collaboration with Rutgers University. That projeftinded through NASA, aimed to provide solar-blimgh-QE UV
detectors for space science missions.

2. EXPERIMENTAL MEASUREMENTS

The general design of an experimental test cal@wvn in Figure 1A.

The biplanar diode has a window at each end. Aqaabhode is deposited on the inside of one windod/ @an ITO
coating on the other to collect and provide a catide path for photoelectrons. The spectral respaas be measured
with the light input in either transmission modbr{tugh the photocathode window) — or reflection endtthrough the
ITO window), with light incident on the vacuum side



External mirrors can be placed near the windowetiect light back through the device for a secpads. The optical
transmission can also be measured directly.

(A)

Figure 1: (A) Experimental test cell with photoaadle window and rear window with ITO coating (orketmesh for UV
cathodes) on inside surface for photo-electrorectihn. (B) Schematic test set up for transmissioaenesting showing
the reflection interfaces, Rs, RQ, and RV. (C) SamB,dsut for reflection measurements. The 200 V béaground is
used to measure the photocurrent signals, S.

The cathodes are made in a remote process vacausfdr system — two or more photocathodes fabdaat¢he same
process have almost identical photo response, wdliotvs useful studies of different substrate mater Glass is used
for visible response cathodes and fused silicaapphire for UV cathodes: with a short wavelengttafts of 170 nm
and 150 nm respectively. Magnesium fluoride (Mgwindows allow measurement down to 110nm for thegBrs
EBCCD project.

Concurrently with these projects, we were also mgkneasurements to study the spatial resolutiqprafimity focus
tubes with different photocathodes as a functiowadelength as part of the UVIT project for theitmdSpace Research
Organisation’s ASTROSAT mission. We reported os thi[3].

3. ANALYSIS

3.1 Transmission mode

A schematic diagram of a transmission mode photbock is shown in fig 1B. The optical reflection YR the air /

fused silica interface is about 4% from the refracindex of 1.5.

The widely used S-20 photocathode is known to fakefractive index in the range to 2.5 to 4.5 [46]5 with stronger

reflectivity at the fused silica to photocathodéeiface (RQ) and an even stronger reflection atpthetocathode to
vacuum interface (Rv). Consequently, the well-knowterference colours can be seen on S-20 photodesh of

different thicknesses during S-20 photocathodeidation.

The measured sensitivity (QE) of a transmissiontgdathode is, therefore, reduced by the initiderion losses at the
air-window interface, and at the window / cathodieiface (Rs and RQ). If the proportion of incidighht absorbed in

the photocathode is small, then the reflected figin the vacuum interface (Rv) can boost the mesmbseensitivity. If

the fraction of light not absorbed in the first pésrough the cathode is “f” we have:

Srmeas = SAI-KR)+SR
If an external mirror is used to get 100% of theaeing photons for a second pass, we have:

Srmeas +fS (1 - 4R 2R)

Sr mirror



The difference between these two measurementsemBiv to be deduced unambiguously at longer wagtisr(where
absorption is poor), such that we can assume &b S meas, for example:

Sy mirror - S;meas =fS (1 - 4R- R)

S, mirror - S, meas
fS

=1-4R-R,

S;mirror - S;meas
fS

1

R= 4R, -

Knowledge of R allows the refractive index to be determined. Tafeactive index of air/vacuum = 1 therefore

- 1R
- VR

3.2 Reflection Mode

A schematic diagram of the photocathode operatingeflection mode is shown in figure 1C. In thiseathe initial
reflectivity Rv at the photocathode/vacuum inteef@an be rather high e.g., 25% if the refractiveeinof the cathode is
3. Light not absorbed by the photocathode is ldsdyl to be returned for a second pass, as theatifity at the
cathode/fused silica interface (Rq) is not large.

The corresponding formulae fog $eas are:

Ssmeas =S (1-2RR)+fSR,
And with an external mirror:
Sk mirror =S meas + S (1 -4R 2R)

A similar analysis to the transmission mode enaBgs$o be determined and of course a second deteiornat the
photocathode refractive index to be made.

Sk mirror — & meas = fS(1-4R 2R)

S, mirror -S; meas _ L
S;meas

R = S;mirror - S, meas

1
a fS

4. EXPERIMENTAL RESULTS

The spectral response for each different photodgthwias obtained; figure (2) shows the S20 respassen example.
The key data are tabulated in (Tablel) and areistens with the high photocathode refractive indiexgeneral, the
reflection sensitivity is much lower than the tramission sensitivity due to the high optical refledy of the



vacuum/photocathode interface. Our results stamstark contrast with those for short-wavelength phbtocathodes
such as Csl or KBr, where the strong absorptiorffictents favour opaque, reflective cathodes ovemiransparent
ones. In addition, the QE of CsTe at 11 eV (~150 cam be above 60% [7] and even higher shortward.

In the present study an external mirror was alwased to return light to the photocathode for a sdquass and had a
relatively large impact on QE. Image intensifietsltowith proximity focus to a microchannel platdCP) automatically
benefit from this effect with the MCP reflectingaat 40% of the light transmitted by the cathode dosecond pass.
While enhancing the photo-response this light is omtimally focussed, degrading somewhat the MTRhef image
intensifier.

It is also interesting to note that the use of aanigives a greater enhancement in the refleatiogle. In the present
studies, the reflectivity, Rof the cathode/vacuum interface is relativelyhhighereas R the reflectivity of the cathode
to fused silica interface is relatively small.

Obviously, there can be more than one reflectiark arough the optical system when using a mirfévese reflections
will become smaller in magnitude as the light @nsmitted out of and absorbed by the system so aventually
become negligible. This will happen rapidly in tsamission mode as significant light is lost at thecuwum to
photocathode interface. In the reflection mode hmrgethis same interface works to reflect the ligatk through the
photocathode towards the mirror. There are diffeesnn the refractive index measured in transmisaiad reflection
mode. We attribute this partly to the above effpetrtly to the non-zero absorption of the photoodéhitself and also
due to experimental error in each of the spectr@hsurements. This could be 5% on each of the fmasaorements
made at each wavelength.
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Figure 2: Spectral response of S20 photocathod@alsEC81030225) in transmission and reflection mothe poor response of the
reflection mode in the UV is due to transmissiossks in the rear window. The calculations for rtiva index are based on long
wavelengths where the transmission losses anddamtiosorption are low.



Photocathode S20 S25 KCsShb KcsTe RbCsTe S1
Serial Number 8103| 8203 8103 1305 1305 7104
0225 0926 0411 0512 0823 0116
(Sr Mirror - StMeas) / | 0.33 0.11 0.5 0.27 0.6 0.125
S Meas
Rv 0.26 0.37 0.17 0.29 0.24 0.36
n 3.1 4.1 2.4 3.3 2.92 4.0
(S Mirror - xMeas) /| 0.75 0.64 0.17 0.29 0.62 0.75
Sk Meas
Rq 0.13 0.18 0.42 0.36 0.19 0.4
n 2.1 2.5 4.7 4 2.5 4.4

Table 1:Reflection and refractive index measuremfeats a variety of different types of photocathadéransmission and reflection
mode

5. SPECIFIC RESULTS OF THE VARIOUS PHOTOCATHODES
5.1 The S20/S25 Photocathodes

The S20 photocathode is one of the newest, aceilpiscovered by Sommer in 1956 [8]. Thicker lesyef the same
materials have higher IR response, lower blue respand are designated S25. The S25 photocathedeba made in
huge quantities — probably some millions of indiatitubes for military night vision applications.

As the Sodium — Potassium — Antimony layers arekdmed — up during deposition, the colour of théha@de changes
like any other interference filter from nothing, litue, to green etc. This is illustrated in ourUfey 82030926/S20 and
81030225/S20 as rather thicker versions of S20nbtiyet with S25 characteristics. Both cathodestdear peaks in
transmission mode at 450 nm and 260 nm. It caneke ¢hat for wavelengths beyond 400 nm, the regpoas be
increased by a factor of 1.25 to 1.5 by placingiaanbehind the cathode to return light for a set@ass through the
cathode. It is clear, that these cathode samples eféicient absorbers at wavelengths below 400 nm.

In reflection mode, the sensitivity is typicallylhaf that in transmission mode, due to the higticg reflectivity at the
vacuum/photocathode interface. The transmissionenqgtbtocathode gains an almost equal amount asetleetion
cathode loses, as the light not absorbed durinditstepass is partially reflected at the cathodetwm interface. An
external mirror increases the reflection sensititdt close to the transmission mode case in thed@@0nm region.

In the UV, the sensitivity of the reflection modagtocathode peaks at over 30% at 270 nm. Takinguatoof the
photon losses at the vacuum/cathode interfaces20ecathode converts 45-60% of photons into phisciens.

Our reflectivity measurements show the refractiwdex of our S20 photocathodes averaged about 4. can be
compared with previously published values of 2]oajdd 3.7 [5]. At wavelengths below 400 nm, the $athode is very
absorptive, as shown in our experiments with mérdwut the QE falls to a valley, before rising teegondary peak in
the UV at circa 250 nm. Below 400 nm, there isrameasing probability that a photon can genenate dlectrons. At
400 nm (3 eV) these electron pairs could average¥, only slightly above the threshold/work fulcti Such electrons
have low escape probability, explaining the QEasakt about 350 nm. At 250 nm, the photon energyagrhes 5 eV,
producing pairs of electrons, each with high exessrgy compared to the work function of c.1.4 €kfis explains the



high QE in the UV as well as the minimum around 800 (two low-energy electrons). This hypothesiads new; our
work reinforces earlier work published by [7,9]

The radial electron energy distribution as deteadirby spatial resolution/point spread function abarates this
evidence. This should be simply a function of phetwergy less work function and one would expect ghatial
resolution to degrade continuously with increaspigpton energy. In fact, spatial resolution improueshe region
between 300nm and 250 nm, before it starts to degagain as photon energy approaches 6 eV. This iwalescribed
in [3].

5.2 Bialkali Photocathodes

The term — “bialkali photocathode” is rather impsecand is commonly used to describe Sodium — Biotas—
Antimony — closely related to the S20 describe#.ih Rubidium — Caesium — Antimony [10] and Potassi- Caesium
— Antimony [11]. Our test cell indicates that thengple was rather thin, with incomplete optical apton at
wavelength longer than 350 nm and a high refradgtidex. There is also some indication of two el@t$rgenerated per
photon at wavelengths below 250 nm as reportedotweSki [12].

5.3 Solar Blind (Telluride) Photocathodes

The earliest reference to Telluride photocathodds A Taft & L Apker [13]. Tellurium is closely rafed to Antimony
in the Periodic Table, so the mono-alkalis, Cs&RK Te are all viable. Sodium could be anotherralégive.

We have investigated the bialkali compounds — CsRlaiid KCsTe. The latter is frequently discussetthénliterature
[14] for applications as an electron source focwt®ography etc. Bialkali types have better QEnttiee mono-alkali
telluride photocathodes.

Photo tubes remain important at short wavelengthth® UV spectrum, because they have higher seitgitihan
semiconductor devices and behave as efficient alfiiliters, rejecting longer wavelength photons mgkthem “solar-
blind”.

There is a strong incentive to improve the UV phatbode. Fig (3) shows the spectral response dfihiIA tube on
STIS, and the spectral curve of an experimentad with reflective photocathode, made for Rutgera/ensity.
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Figure (3) Comparison of detective quantum efficienf the Photek EBCCD tube built for Rutgers Univigrsiith the STIS MAMA
detector. A variant of the Photek tube using a phosscreen instead of an EBCCD is also shown.




Transmission curves shown here in Figure (4) ateompensated for the transmission loss of the @Vigiut window,
indicating the internal QE of the photocathode 0s39% at 120 nm. Initially, we had anticipated ttiz¢ solar blind
cathode would be very transparent down to wavelengs short as 300 or 350 nm. Our data, howevewsskthat in

fact, the absorption starts to rise at wavelengtiwter than 450 nm and tends to peak around 28figune (4), which
is where the sensitivity also peaks.
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Figure (4) Transmission results as a function ofelength for telluride photocathodes on a test wéh a sapphire rear
window. The entrance window was MgHubes 13050823 and 13060223 were RbCsTe, thetothavere KCsTe.

This may well be followed by a second rise in aption at shorter wavelengths, but strong absorptiothe window

materials makes this speculative. The sharp cuirofthe spectral response curves at wavelengthgeaBO0 nm

therefore is not purely driven by optical absomtio

The bandgap appears to be in the range 2.7 — 2.8nd\these photoelectrons have a poor chance apiescover a
higher work function barrier. It seems that at wamgths below 200 nm, the photons have sufficieergy to generate
two electrons, both of which have a low probabitifyescaping over the 3.5 eV barrier. The QE comsetly drops to a
minimum at about 160 nm (7.6 eV). At shorter wamgld than this, both photoelectrons have sufficemergy to

escape easily, and the QE starts to rise. The,MgRdow short wavelength cut-off masks its extemtl anagnitude.

Powell [7] reports that the QE of CsTe can be ab@@¥% @11eV. They also deduce a bandgap of 3eVe ¢to®ur
figure for the RbCsTe bialkali.

Our optical data shows that the refractive indeKGfTe is between 4 and 4.5, very similar to &8, while RbGTe has
a lower refractive index of approximately 2.5. Cemqgently, the QE of this type of cathode is bettelhanced than
alternatives by the mirror to providing a secondaaption pass. The optical absorption is quite wddde absence of

any colour or visible interference colour suppotite view that both optical absorption and refldatfivat the
cathode/vacuum interface are low.



Spectral Response: photon energy vs quantum
efficiency
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Figure (5) shows the spectral response of two 888stand a solar blind tube plotted as quanturmiefity as a function of photon
energy. The responses tend to peak at around 4.8eV.

5.4 The S1 Photocathode
The S1 photocathode was developed in 1929. Theeenmss of literature about it, but data on itdeotivity and

refractive index is difficult to find. Our data (ke 1) shows that it is highly reflective, with afractive index of

between 4 and 4.4. It could be argued that theseansignificant proportion of metallic silver iretiphotocathodes.
The optical transmission of the cathode was alsasmed, figure (5). This is quite remarkable andanes unable to

suggest a model for its behaviour.
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Figure (6) Transmission of S-1 photocathode asation of wavelength

6. SUMMARY

The present study permits a separation of key peters associated with the fabrication of importaimbtocathodes,
especially those used for wavelengths longward @ ©m. Our results enable better optimisation oanqum
efficiencies in these photoemissive systems.
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