
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by: [University of Chicago]
On: 26 July 2009
Access details: Access Details: [subscription number 906466159]
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Contemporary Physics
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713394025

Photocathodes—past performance and future potential
Peter D. Townsend

Online Publication Date: 01 January 2003

To cite this Article Townsend, Peter D.(2003)'Photocathodes—past performance and future potential',Contemporary Physics,44:1,17
— 34

To link to this Article: DOI: 10.1080/00107510302717

URL: http://dx.doi.org/10.1080/00107510302717

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713394025
http://dx.doi.org/10.1080/00107510302717
http://www.informaworld.com/terms-and-conditions-of-access.pdf


PhotocathodesÐpast performance and future potential

PETER D. TOWNSEND

Light detection and imaging at very low intensities, even down to individual photon

detection, has been made possible by the development of photomultiplier and imaging tubes.

They have two main components: a photocathode detector and an electron multiplication

section, but throughout their long history their performance has been limited by the response

of the photocathodes. Reappraisal of the underlying science of cathode preparation

emphasizes that they are still performing well below their full potential. The reasons for this

are discussed and some indications of how improvements could be made are suggested. Since

many of the potential advances are within the scope of current technology it is certainly

feasible to achieve enhancements in performance by factors of two to ten across the blue to

near-infrared spectral range. Higher improvement factors are implied but will be di�cult to

realize in the normal spectral range for wavelengths below 1 mm. Signi®cant gains in

sensitivity, and perhaps in response speed, will open many new opportunities for low light

level sensors and the prediction is that they will be an enabling technology for developments

in biological and medical applications, among others.

1. Introduction

The concept of making a light detector by using photon

absorption to liberate an electron is scarcely a new idea.

Indeed, the ®rst demonstration of electron emission was by

Hertz in 1885 [1] and the explanation of the photoelectric

e�ect, in terms of quantization of photon energy, was made

by Einstein in 1905 [2], for which he won the 1921 Nobel

prize. Thus even a century ago, using bright optical signals,

it was possible to measure a small current of emitted

electrons. The exciting prospect o�ered by those very

modest ®rst experiments was that, by the same basic

process, the sensitivity could be increased to detect light at

very low intensity, down to the level of individual photons.

In parallel with this power measurement is the opportunity

to record images. Lower intensities required a means of

ampli®cation to turn the single electron into a usefully large

burst of charge. In photomultipliers (PM) this is achieved

via a cascade of secondary electron emission stages, called

dynodes. Discussion of photomultipliers, their uses and

future opportunities can be approached in terms of the

advantages and/or limitations of the initial photocathode

and of the ampli®cation stage. The two aspects are in stark

contrast. The theory and design of the secondary ampli®ca-

tion stages are well understood. There are design variants

according to needs of response speed and ampli®cation

gain but, although these can bene®t from further re®ne-

ments, they do not limit current usage. Cathode develop-

ment is very di�erent. The choice of materials, the methods

of deposition and reasons for variability, as well as the

physics of the process are far from clear, despite a large

literature (as in reviews [3 ± 8] and manufacturers docu-

mentation [9,10]). Consequently, the progress with cathode

performance has been spasmodic and often empirical, with

many con¯icting views on the ideal composition of the

cathode materials and how to implement improvements.

For completeness this review will brie¯y indicate a few of

the many applications of photomultipliers and imaging

detectors and present the current performance in terms of

sensitivity, gain, response speed and wavelength coverage.

This survey will also highlight some of the future uses that

could be considered if the cathode performance can be

increased. Since there are other types of detector, such as

the CCD or semiconductor diode devices, the performance

and advantages, or not, of these alternatives relative to

photocathode detectors need to be considered for each

application. In some situations, for example at high light

levels, or for very long signal integration experiments, as in
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astronomy, semiconductor items may be preferable. How-

ever, photocathode detectors are intrinsically far more

sensitive at very low light levels for high energy photons

(UV and visible light) and in some cases are used as image

intensi®ers before signal handling via CCD systems. Their

inherent gain factor of towards 107, coupled with nanose-

cond response times, good linearity and a very large

dynamic range guarantees that photocathode devices will

be pre-eminent at low light levels for at least the next

decade.

2. Current performance of photocathode detectors

The list of typical applications of commercially available

photomultipliers and photocathode-based imaging detec-

tors given in section 3 will underline the importance of this

technology in an extremely diverse set of scienti®c

disciplines. However, the prerequisite is the performance

of the photocathode, and the key factors which determine

it, both positive and negative, include the following.

Cathode compositions have varied over the years and some

examples of nominal composition are included in table 1,

on which further discussions will be made in later sections.

(1) Spectral coverage within the range 200 to 900 nm is

widely available from many manufacturers. Shorter

wavelengths can be detected directly via UV-

transparent windows to reach wavelengths down to

*110 nm. Alternatively, photon energy conversion

from UV to visible via a surface phosphor can be

*30% e�cient and this o�ers a lower price detector

as a compromise against sensitivity loss.

(2) Sensitivity to light beyond*800 nm is poor. S1 type

cathodes nominally operate to *1100 nm but are

problematic in terms of reproducibility and sensitiv-

ity and need cooling. Very recently some detectors

have been marketed with sensitivity in the near-

infrared to wavelengths as long as *1.6 mm. These

are likely to be improved as at present they have very

low e�ciency of less than one photoelectron per 100

photons, require cooling and are extremely expen-

sive.

(3) A key factor is the quantum e�ciency (QE) at the

cathode. This monitors the photon-to-charge con-

version, and is normally 20 to 30% at say 400nm,

but it falls to a few per cent by *850 nm. The

absolute values claimed from di�erent manufac-

turers may di�er but the broad pattern of behaviour

is consistently as shown in ®gure 1. Note, however,

that research papers indicate that values as high as

70% have been achieved.

It is not totally correct to compare cathode QE of

extracted electrons with the higher QE values for

excitation of electrons of semiconductor CCD type

detectors (the latter values are much higher,

particularly at long wavelengths). Instead it is

necessary to consider total performance (i.e QE

times ampli®cation) and CCD devices su�er from

minimal internal gain, whereas the cathode devices

routinely have ampli®cation from 106 to 107 within

the detector, prior to any external electronic

ampli®cation. As a guideline the cathodes have the

advantage for device output currents below about 1

mA. For a PM tube with a gain of 107 an anode

current of *1076 A represents a cathode output of

*10713 A, hence an input photon ¯ux of *106

photons/s. PM tubes are clearly preferable at lower

¯uxes but either type of detector is useful with higher

light intensity.

(4) Cathode systems have a dynamic intensity range of

almost 106 with only limited deviations from

linearity (i.e. a few per cent). The direct current

responses can operate quite linearly from the lowest

light levels, which are set by the background dark

current at values of nanoamps or less, and extend

upwards for intense light signals, which can generate

100 mA. Continuous operation at the highest values

may be more limited in some detectors. In the pulse

counting mode the lower threshold range is more

impressive since it is at the individual photon level.

At the highest rates there will be limitations set by

pulse pile up in the electronics of the counters, which

require corrections to be applied. In more sophisti-

Figure 1. Examples of quantum e�ciency for various types of
commercially available cathode. Note that these are intended to
show generic performance rather than precise detail. Research
values can be higher but may be accompanied by relatively higher
dark currents. See table I for compositional details.
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cated applications some experience is required to

allow for minor variations in linearity and sensitivity

related to variations in sensitivity depending on

history of exposure to light, changes in temperature

or electrical instability of the power supplies. Long-

term stability of response and tube ageing are also

factors which may need to be considered in

specialized experiments, but in normal practice such

variations tend to be ignored. Indeed the factors

listed here compare extremely well with any compe-

titive type of detector.

(5) In scintillation detectors the phosphor emission

spectral characteristics can be matched by selection

of the photomultiplier type. Standard response

speeds for pulse detection from the 10 to 90% signal

levels have time resolutions of 1 or 2 ns and

specialized devices achieve times as brief as*600 ps.

(6) Imaging detectors o�er all the preceding perfor-

mance but with the bene®t of spatial information.

They are designed to be gated on the nanosecond

time-scale to provide imaging of fast events, as for

streak cameras, or to record spectral data that

change during chemical reactions or explosions.

(7) Modern detectors operate with in-built high voltage

power supplies which now require only a low voltage

power source. Tube sizes and geometries are very

varied and standard catalogue options range from

12 mm (� inch) to 300 mm (12 inch) diameter.

Square or hexagonal designs exist for close packing.

The perception of photomultipliers as large devices

with high voltage power supplies is thus somewhat

dated. Even larger area coverage can be achieved with

an assembly of detectors. An extreme example was

the assembly of the Kamiokande neutrino experiment

with an assembly of 11 000 photomultiplier tubes of

500 mm diameter. At $3000 per tube this is expensive,

and the investment cost was underlined by an

accident in 2001 which destroyed some 7000 tubes.

Nevertheless, the scienti®c importance of such a

detector array is indicated by the continued con-

®dence for a planned Super-Kamiokande detector,

with 20 times the capacity of the original.

(8) Imaging detectors include comparable cathode

materials and sensitivity found in PM tubes but

they retain image information. The ability to gate

the recording gives freeze frames of very fast events

(i.e. ns resolution). The spectral range can be

con®ned to UV visible, near-infrared or broad band,

but the details are lost in the signal processing, so

there are not yet photocathode-based equivalents of

colour CCD cameras. Since neither detector directly

o�ers wavelength information similar ®lter pattern-

ing could be employed. The intensi®ed image can be

directly viewable by a phosphor screen, as in night

vision devices, or processed by electronic or CCD

routes to give quantitative spatial information. In

some uses imaging tubes are used in luminescence

spectroscopy and o�er wavelength multiplexing of

transient signals with high sensitivity by spreading

the spectrum across the face of the input plane. A

further high sensitivity luminescence example is with

X-ray imaging from very low dose irradiation of

patients. The potential uses for cathode-based

imaging tubes far exceed current applications, in

part because they have been overlooked since CCD

systems are so familiar and are produced at low cost,

as well as being compact. However, higher sensitiv-

ities by factors of 50 to 100 are easily obtainable

with current imaging tubes, plus higher speed

response. The negative factors are size and cost

which reduce mass-market usage, but not necessarily

state of the art or specialized applications.

There are also a number of designs which give

limited spatial information. These are not adequate

for picture type imaging, as they may only contain

say 4 to 100 discrete detection areas, but obviously

are bene®cial in many types of photon detection.

3. Current applications of photocathode detectors

The performance descriptions indicate applications that

exploit photocathode characteristics. In addition to aca-

demic research in spectroscopy, radiation physics, particle

and high energy physics, the detectors are embedded in a

host of commercial systems. Related spectroscopy of

¯uorescence o�ers detection of contaminants, including

items as diverse as detection of plankton and water quality,

assays for immunology, enzymes identi®cation, biological

and chemical tracers, isotopic ratios, and signals related to

tagged cells as in cancer detection or biological studies.

Direct emission during chemiluminescence and biolumines-

cence o�er useful data even when the signal levels represent

only a few hundred photons per second. Luminescence

techniques provide powerful methods for archaeological

and geological age determinations, as well as for detection

of fake artefacts. To fully exploit the levels of discrimina-

tion the detectors can o�er spectral and time resolution.

The ability to go down to photon counting levels means the

analyses may even be performed when the impurities or

trace molecules providing the source signals are at the parts

per billion level within a carrier target system. Equally there

are many uses in forensics, chemistry and materials science.

Additional information is even more readily interpreted

when it is combined with imaging techniques and examples

includes robotic, military and high speed photography as

well as variants of the simple power detection from PM

tubes. Less obvious is that by using solar-blind cathodes (i.e

those which respond only to UV light and are insensitive to

PhotocathodesÐpast performance and future potential 19
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sunlight), one can view the world with extreme sensitivity

for UV light sources. Examples here are detection of forest

®res, electrical discharges from high tension power lines

and clear imaging of the exhaust plumes from aircraft.

Radar di�culties in sensing Stealth design aircraft can

become irrelevant with solar blind detection. These

examples demonstrate the value of a further role, which is

the conversion of non-visible signals into visible ones in

which UV, near-infrared or very low light level signals are

intensi®ed for direct observation on a phosphor screen.

More quantitative data processing either from the CCD

read out of the phosphor or, with a larger dynamic range,

from position sensitive encoded detection of the charge

arriving at the anode plane. The images are then displayed

on a computer screen after data processing. In addition to

images, the display can display wavelength multiplexed

spectroscopic signals with inherent sensitive advantages for

weak or transient signals.

Although many PM tubes have been in constant use for

decades this extremely attractive operating life is not

universal and not all PM systems are designed for a long

and useful life. The shortest life expectancy is where they

are incorporated in brie¯y operating missile detection

vehicles. At the hundred hour life expectancy level are

those PM tubes designed for oil well logging. Here the PM

tubes are used as throw-away items. In this case a gamma

ray source is included within the drill head and shielded

from direct interaction with a PM tube and scintillator.

Gamma emission into the surroundings cause backscat-

tered Compton signals providing information on the

surrounding rock and bore hole, which is detected via the

scintillator plus PM tube. The changing signal intensities

are used to monitor variations in geological strata and

assist the directionality of drilling. The PM tube is specially

designed to operate at high temperature (*1508C).
Improvement in the detection technologies will bene®t all

the existing applications with spectroscopic and lumines-

cence uses in physics, chemistry and engineering, but one

suspects the really major expansion will come in the ®elds

of biology and medicine. For example there is a rapidly

increasing literature which demonstrates examples of

cancer detection by di�erences in intensity of emission

from normal and malignant cells. Signals can be excited

optically and measurements made in vivo. Skin and lung

examples are obvious since they are directly accessible, or

via optical ®bres, but even sub-surface signals can be

su�ciently strong to o�er useful information. In vivo

luminescence through the skull is possible at long

wavelengths and di�erences between normal and Parkinson

disease modi®ed cells have been cited. The former examples

imply cancer detection is possible at a very early stage: for

example when it is at the millimetre size scale and when

treatment is most e�ective. The brain luminescence signals

o�er a means of monitoring drug treatments. The weakness

of these techniques at present is that many of the signals

require not just total intensity measurements, but detailed

resolution of emission spectra to highlight the cellular

di�erences. Crucially the signals are often at the long

wavelength end of the detector sensitivity. There is thus a

far more major incentive to improve red and near-infrared

detectors than those in the blue or green region. To place

this in perspective a broad wavelength coverage photo-

cathode will already absorb some 40% of the incident blue

light, but less than 1 or 2% of the longest wavelengths in

the working range. Therefore blue detector absorption can

only be improved by a factor of *2.5, whereas at long

wavelengths the improvements are potentially of a factor of

50. Further gains are feasible in the e�ciency of electron

extraction. It is clear that with such a huge commercial

market available, and a very large room for improvement,

higher performance will follow in the relatively near future.

An alternative optical route for cancer detection is to use

very short laser pulse excitation and pulse delay measure-

ments. If the light is scattered from a buried tumour site

then the time resolution o�ers positional information for

the site, and with increasingly faster detection methods in

the sub-nanosecond range there is the potential to identify

tumours, e.g. in the breast, at a very early stage. Further,

the method should be applicable to younger high density

tissue and so extend the age range of screening methods.

Cathode development is a live activity since the photo-

cathode detection is often the enabling stage for progress

and market expansion. The alternative semiconductor

imaging devices and detectors are attractive for stronger

signals for reasons of cost, size, ease of operation, or

particularly for longer wavelengths, superior performance.

However, the combination of technologies can also be

fruitful and for example there are considerable bene®ts in

preceding a CCD detector with a photocathode intensi®er

stage.

Many of the applications and the design criteria needed

for selection of the optimal PM tubes or imaging systems

are discussed in the various manufacturers catalogues

[9,10]. Indeed some of the literature is excellent and o�ered

in great detail. There is no need to replicate here many of

the discussions of topics such as the choice of materials for

selection of window transparency, or alternative designs of

dynode structure and their in¯uence on pulse length and

gain. Comments on changes in characteristics with vari-

ables such as temperature or light intensity are also

mentioned in most cases. Perhaps, because this is a topic

with a long technological tradition, the catalogues almost

always o�er considerable scienti®c insights while guiding

the choice of detector selection. Of particular note are the

books that were produced by Burle and Philips (the latter is

now available from Photonis) [9]. Some examples of

photomultiplier tubes and an image intensi®er are shown

in ®gure 2(a).

P. D. Townsend20
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4. Methods of electron multiplication

Figure 3 sketches two classic types of photomultiplier

structure. Figure 3(a) is a head-on detector in which the

light arrives through a window and is partially absorbed in

the cathode layer. When photoemission occurs, the

extracted electron is accelerated across to a set of secondary

electron emitters, termed dynodes. The photoelectron gains

*100 V in energy on crossing to the ®rst dynode, at which

point the impact liberates several secondary electrons. In

the sketch shown here the grids are in the so-called `linear

focus' geometry. This is a construction that is ideal for fast

pulse detection or very large detector areas. In other cases

di�erent geometries of `box and grid' or `Venetian blind'

are preferred. With careful geometric design, and some ten

or twelve repeat stages each amplifying by *2 to 10 times

per stage, the charge pulse at the end of the ampli®cation

stage contains around 107 electrons resulting from the

initial single photon event. Figure 3(b) shows a variant of

this system for a re¯ective cathode where the light enters

the vacuum chamber to impinge on a cathode within the

tube. The ampli®cation process is then as before. Advan-

tages in this case can be lower construction cost and thicker

cathodes, which are in a re¯ective mode that boosts long

wavelength performance.

The design of the geometries must include e�cient

secondary electron transport and a tight time resolution of

the output pulse. Transit times within the dynode stack are

normally sub-nanosecond and the pulse width for a single

event is on the order of a nanosecond. Because the gain

arises from repetitive random secondary electron events

there is always a range of pulse heights of the charge pulse

corresponding to a single input event. Statistics of this are

well documented and designs can optimize single electron

events (SER). This is crucial for particle detectors since

di�erent energy particles generate di�erent quantities of

light in the scintillator in front of the cathode. The varying

numbers of simultaneously generated photons thus give

characteristic pulse heights and the method is routinely

used in energy discrimination.

Less obvious features of the design of the dynode stack

are the need to minimise gas desorption which can be

accelerated back to the cathode and give an afterpulse

signal. Particularly with large charge pulses there can be

light generated within the dynode stack and again this must

be blocked from reaching the cathode. Further design

considerations include the use of materials which do not

have radioactive elements that trigger false signals (e.g. no
40K in the glass), and reduction of static charges on the

glass or insulating sections of the tube. Magnetic screening

is equally important since the electron trajectories are

readily distorted. Basically, however these problems are

well recognized and dynode designs have been engineered

to cause minimal problems.

There are equivalent di�culties in detail in microchannel

plates (MCP) in imaging tubes. Imaging tubes, e.g. ®gure

3(c), include replacement of the dynode stack by micro-

channel plates where the inner surface of each micro-

channel is coated with photoemissive material and the

electron cascade emerges from the end of the channel. One

major advantage of this feature is that the electric ®eld

between cathode and microchannel plate is so strong that

any photon image information of the cathode can be

maintained in the electron pathways through the channel

plate. Signals may be extracted either as a viewable image

on a phosphor detector, or as positional information on

patterned, or resistive multi-anode structures. Image

information is obviously valuable in many uses and is

available with highly sensitive imaging performance. To

gain a perspective on this, we need to recognize that light

levels of overcast night are too bright for such detectors and

images are obtainable with input light levels of as few as 104

photons/s. For visible light this is at a power level of

510714 W, (i.e. some 1010 times less than full sunlight).

Figure 3(d) includes a reference scale to o�er some

conception of photon density, power and visual sensitivity.

The scale is a guide for visible light levels.

In the MCP there is a further problem that charge

depletion of an individual tube during a pulse causes a

recovery delay time which decreases the channel response.

In normal imaging this is unimportant but in spectroscopy,

where a spectrum is spread across the image plane, sharp

line features on a weak background may be distorted in

intensity if they saturate individual channels.

Progress with imaging tubes contains several contra-

dictions. Since they are considerably more expensive than

PM tubes they have a more limited range of markets. Also

they were initially developed some time after the advent of

PM cathode devices. Nevertheless, their value in low light

level imaging has obvious military and surveillance

Figure 2. Some examples of photomultiplier tubes and an
image intensi®er. Larger or di�erent shape tubes also exist.
Ability to see into the tubes emphasizes the lack of cathode
absorption.

PhotocathodesÐpast performance and future potential 21
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implications. In about 1965 the value of their sales was

comparable with that of PM tubes and has continued to

rise rapidly to be three or four times greater at £150 to

£200m per year worldwide. The impetus came successively

via ri¯e night sights, tank driver devices and currently with

night goggles for all infantry. Despite this immense market

government research funding mostly stopped in the mid-

1980s. Hence the best commercial imaging tubes currently

available have sensitivities which di�er little from the

research claims of the 1960s. In non-military applications

improvements in sensitivity and wavelength coverage, as

well as response speeds down towards tens of picoseconds,

are being developed. There are also improvements with

tubes now having a longer operational life at high

performance. Such devices have a ®rm niche market which

will probably expand, not least via medical usage.

5. Historical development of photocathodes

Photocathodes bene®t from a 70-year development, but do

so from a research base with only a broad understanding of

the subtleties that de®ne high cathode performance, or

indeed the choice of cathode materials [3 ± 8]. There has

been progress in selection of cathode composition but this

has been stepwise by introduction of new compositions,

followed by re®nements, rather than a continuous steady

progress. In this respect cathode development di�ers

signi®cantly from optical detectors using semiconductor

technology (e.g. CCD cameras) where there is a far greater

understanding of the processes, partly because the semi-

conductor ®eld involves enormously more people, compa-

nies and commercial markets. Semiconductor

developments have recognized, backed by investment, the

essential need for intensive puri®cation of materials,

whereas for cathodes this is less appreciated although

probably equally important. Exceptions are the III-V

cathodes where the literature strongly underlines the

bene®ts of extreme care in materials preparation. Details

of di�erent photocathodes will be mentioned later. In

general there is always a con¯ict between the need to have

cathode material which strongly absorbs light, but is

a

b

c

d

Figure 3. (a) Sketch of a head on, `semi-transparent' photo-
cathode arrangement with a curved cathode and linear focus
geometry for the dynode stack. (b) Sketch of a re¯ective cathode
(side window) photomultiplier (PMT) in which a thick cathode is
deposited on a re¯ective metal backing. (c) Sketch of an imaging
tube system with a ®bre-optic faceplate and microchannel plate
(MCP) current ampli®ers. The method signal detection varies
between direct visual read-out on a phosphor screen, alterna-
tively via a CCD image of the phosphor, or direct electronic
position information which is viewed after computer processing.
(d) Intensity reference scales indicate the operational ranges of
the detectors in terms of photons cm72s71 or illumination in lux.
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su�ciently thin that electrons can be extracted. One factor

which has not often been mentioned is that the skin depth

(i.e. the penetration into a strongly absorbing medium) for

light absorption in the cathode is strongly wavelength

dependent. For short wavelengths, in a multialkali cathode,

this is on the scale of 30nm for wavelengths below 400nm.

Hence, although thicker cathodes may have value in

increasing absorption for longer wavelengths, they auto-

matically decrease the response for UV/blue light since

electrons generated close to the input window may not

reach the vacuum surface. An example of the theoretically

estimated skin depth is given in ®gure 4.

Thin cathode ®lms are inevitably resistive and this poses

a problem for high light intensities over a large dynamic

intensity range since there will be charge depletion and

distortion of the signal intensity. There are similar

problems with imaging tubes and intensi®ers, particularly

in the central region of the detector. Higher electrical

conductivity is often achieved by metallization with a layer

between the window and the cathode. However, the

presence of the metal underlayer is only a partial solution

as it will introduce strong re¯ections, and hence leave less

available light.

The ®nal step of electron emission implies a low work

function, and here guidelines from bulk materials char-

acterized in ultra-high vacuum may be helpful, but

de®nitely do not identify the real situations in detector

systems. The materials which are suitable for photon

absorption and electron excitation may not be ideal for

electron emission. Hence either a compromise or a modi®ed

surface layer is needed. The route to the `choice' of

component materials is intriguing. In a 1993 review [7]

one of the pioneers of cathode design, Alfred Sommer,

wrote that in the ®rst 40 years of cathode development

there were six main cathode types found by persistence,

inspiration and luck and one example based on physical

concepts.

A fundamental monitor of cathode performance is the

quantum e�ciency (QE), which is de®ned as the percentage

of ejected electrons per incoming photons. Pursuit of this

art of cathode preparation has been likened to cookery, in

that the ingredients are known, but variable, and the

processing and ®nal product is highly subjective. Similarly,

mass production techniques may result in consistency but

lack the quality of the best from cordon bleu kitchens.

Initial cathodes started from QE values below 0.01%, but

in *1930 a cathode which included silver, oxygen and

caesium (called S1) could sometimes be processed to yield

the unprecedented QE of *0.5%. Inclusion of caesium is

sensible since it has the lowest work function of the alkali

ions, whereas Ag seems a far less likely candidate since it

has a much higher work function. In hindsight, the silver

and oxygen may well be associated as metallic nanoparti-

cles with an oxygen and/or caesium coating. Even after 70

years the S1 cathode is still interesting as it has an

unusually long wavelength response, but the drawbacks

with it are that processing is still not well understood and

the performance can change dramatically after exposure to

light. The erratic changes in behaviour may be linked to

optically driven combination or disassociation of nanopar-

ticles, in the same manner as silver halide particles respond

in the photographic process. These S1 PM tubes are highly

individual, and random response changes by a factor of 200

have been noted from the same cathode during the course

of one day! It is necessary to cool the tubes towards 77K to

suppress the thermal emission for PM usage. The cathodes

played a crucial role in night sight imaging tubes or

photographic dark rooms where a low level image, or one

in the near-infrared, is intensi®ed onto a phosphor screen.

The items are still available, although no longer manufac-

tured. In terms of understanding, S1 is a disaster, since the

details of the process are still purely at the speculative level

and the overall QE value has scarcely been changed. The

real advances in cathode performance have instead come by

introduction of alternatives.

a

b

Figure 4. A calculation for a multi-alkali cathode on the skin
depth for light absorption in an S20 tri-alkali cathode. (a) and
(b) show di�erent expanded ranges.
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The various manufacturers di�er in detail with their

cathode compositions, the precise methods of deposition,

the sequence of coating steps needed to build up the ®nal

cathode, and the overall thickness of the layer. However,

the net results do not di�er dramatically, i.e. less than 50%

between them for each generic type. Indeed, once a new

cathode composition has been formulated, and proven to

give consistent results with a particular spectral coverage, it

appears to be very di�cult to make signi®cantly large

advances in the e�ciency. Comparisons between the

catalogues of the late 1960s and today show only small

changes for equivalent cathodes. This is not a criticism of

the manufacturers, but instead re¯ects the complexity of

the problem, and the fact that much of the deposition

process is a matter of judgement and experience. With a

multi-parameter process, an acceptable performance is

often preferable to an optimum value (i.e. if it is marketable

and reproducible). The catalogues cite typical and average

photomultiplier sensitivity, with `average' being in the

upper quartile of tube quality. Minimum and typical values

can di�er by a factor of two, but there are always

indications that with better control even higher perfor-

mance cathodes can exist.

The contrast between photocathode advances and those

in computing and information technology are apparent

from the time dependence of the advances. Trends are often

estimated on the basis that there is some inherent law (as

noted by Moore) for a systematic rate of growth of signal

capacity, or computer speed, etc. with time. For PM

cathode QE one can also seek such a trend, albeit with less

well-de®ned data (table 1 and ®gure 5). If one uses the

spread of QE values from various manufacturers, then a

plot of QE versus year visually con®rms the impression of

progress up to the present. However, the data di�er

signi®cantly from those of the semiconductor progress

graphs. For cathodes the advances are by the introduction,

often fortuitous, of new cathode types. For each of these

new generic types there are then only small improvements

over the following years as the processing methods are

honed. Nevertheless, over the last 25 years the performance

of each type has rarely moved above the original spread of

values.

Precise comparisons are di�cult since there may also be

changes in thickness of the cathode layer and small

compositional changes are still described by the same

generic name, or gains have been added by other factors.

Examples include the use of curved cathodes, sand blasted,

roughened or pyramidal cathode surfaces. Each of these

Table 1. Examples of compositions of photocathodes.

Cathode Composition Wavelength

coverage, nm

Comments

S1 Ag-O-Cs 300 ± 1100

300 ± 1200

Low QE, but wide spectral range, noisy unless cooled to 77K, often unstable

S10 Ag-BiO-Cs 300 ± 720

Na-K-Sb* 300 ± 700

140 ± 600

Modest QE peak *15 to 18% but will function to 1758C

S11 Sb-Cs 300 ± 720 An early cathode of modest performance

Bialkali Sb-K-Cs*

Sb-Rb-Cs

300 ± 680

300 ± 700

Low thermionic emission. Peak *26%; 70 mA/lumen

110 mA/lumen

S20 Na-K-Sb-Cs 300 ± 900 Peak *23 to 25% near 400 nm and *0.4 to 1% at 800 nm

S25 Extended S20 300 ± 930 Peak 520% near 400 nm but *1.0 to 3.5% at 800

Solar blind KBr, CsI,

RbTe, CsTe

Various limits

5400 nm

All insensitive to visible light. UV peaks near 12 to 15%

III ±V GaAs, GaP,

etc.

Composition de®ned limit into the near-infrared with alloy compositions,

maximum *1700 nm

*Indicates good scintillation detector compatibility.

Figure 5. Published peak quantum e�ciency values claimed in
catalogues for di�erent types of commercially available PM
tubes as a function of time.
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features can o�er small improvements. Inclusion of these

ideas is helpful as it maintains the overall trend of a steady

growth pattern, but the main conclusion to draw from

®gure 5 is that there is minimal systematic progress due to a

detailed understanding of the technology. Rather, in the

past it has advanced in sudden jumps resulting from

persistent searches for new cathode materials.

Note that the curved cathodes improve electron

collection e�ciency and the non-planar features take

advantage of the higher absorption for light which is

incident at non-normal incidence. Merely introducing the

light at non-normal incidence into a planar window does

not always lead to any improvement, since a higher

fraction of the light is re¯ected which o�sets the

improvements in absorption. The standard normal in-

cidence to the window and a roughened or structured

cathode design does provide greater energy transfer to the

cathode. The methods used so far are certainly not

optimal and the potential bene®ts are displayed in ®gure

6, which details the calculated absorption as a function of

wavelength and cathode thickness for two examples. The

®rst is for 442nm light on a bi-alkali cathode and the

second is for 700nm light on a multi-alkali material. The

details are highly sensitive to polarization and wavelength

[11 ± 13]. The theoretical predictions of improvement have

not always been used to optimize the practical design, as

for example the pyramid structures use an angle near 45

degrees which o�er negligible gains for the bi-alkali

example at 442nm and just a few per cent enhancement

for the 700nm example. Instead, the design aims to bene®t

from re¯ected light which hits the second pyramid face

before being re¯ected back from the cathode. Note that,

except for laser beam signals and examples in high

resolution spectroscopy, most light sources include a wide

angular spread which decreases the structure advantage

discussed here. Nevertheless, the next generation of

cathodes are being designed to exploit the improved

absorption rather better.

Understanding and modelling can de®nitely contribute

to predictive progress, and this is most evident for the

III-V semiconductor cathodes. Cathode composition is

exploited to vary the spectral range, and by careful

deposition growth and composition, to build in internal

®elds which aid electron movement towards the emissive

surface. The methods discussed include alternative

processes. The ®rst is to vary the band gap of the III-

V layers. A second approach is to have high internal

®elds of 106 V/m which lift electrons into higher valley

conduction bands. Such layers are termed transferred

electron (TE) cathodes. An impressive TE example

derived from such deposition control [14] is the move

to the newest family of cathodes [10] which were ®rst

reported some ten years ago [15] that are designed for

operation out towards 1.6 mm.

6. Negative electron a�nity

The ®nal concept is to have band bending resulting from

doping of the surface and this is often referred to as

negative electron a�nity (NEA). Details of NEA designs

have been discussed in detail for 40 years [16, 17]. The

increase in e�ciency for electron escape does not signi®-

cantly alter the form of the QE curve but there is

enhancement and a consequent extension of the long

wavelength response. Examples include silicon, III-V and

multi-alkali cathodes. The normal situation is modelled in

terms of a p type semiconductor and electron attraction at

the vacuum surface. For the silicon and GaAs examples the

internal ®elds may extend a few tens of nanometres. The

key work in development of III-V cathodes is described in

the patent by George Antypas [17]. An example of a

a

b

Figure 6. The absorption, averaged over polarization, as a
function of angle and cathode thickness for (a) 442 nm light on a
bi-alkali cathode and (b) 700 nm light on a multi-alkali layer.
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possible structure is sketched in ®gure 7. Note that in this

example the cathodes are ®rst grown on a high quality

crystalline substrate with variations in composition, and

then bonded on to the cathode window. The choice of a

7056 glass for bonding was fortuitous since it was one of

the ®rst trials and one of the few successful window

substrates. Note removal of the bonded layers from the

growth substrate is required. The technology is thus much

more demanding than the simple evaporation methods of

the alkali layers deposition. Figure 7(b) o�ers one view of

how the changing compositions could cause electron

transport towards the vacuum interface. It should be

further noted that the layers are very thick compared with

the multi-alkali examples and hence there is a need to have

very long electron transport (i.e on the micron scale).

Similarly, suppression of the loss of electrons at the bonded

interface is crucial. Each of these factors places major

demands on the fabrication in terms of grain size and

purity. There is a consequent reduction in response speed

which is a problem in rapid signal detection or gated and

streak cameras, but not for imaging purposes.

The design of the non-commercial examples of modi®ed

cathode geometries, or those with light con®ned by

waveguiding in the windows, will be discussed later. Mostly

they have the objective of increasing the energy transfer to

the cathode, either by multiple interactions or by higher

angles of incidence. As indicated in table 2 the performance

of these research photocathodes, or those enhanced by

waveguiding, is often very impressive and of considerable

value in ®elds such as spectroscopy and luminescence when

the signals fall in the long wavelength end of the cathode

response. Note in particular that the gains from the guiding

are obtained without any increase in the dark current from

the tube. Re-invention of the basic idea seems to have

occurred in bursts from *1960 to the present [18 ± 20] but

has not been included in generally available commercial

detectors.

Returning to the history, real progress came at the end of

the 1930s when cathodes were made with antimony and

caesium, and then with Ag, Bi, O and Cs, or later with a

range of alkali combinations. These various mixtures gave

peak QE values up to 20% or more. Measurement of

temperature dependence of thermal emission and the

position of the long wavelength response limit (®gure 5)

suggest that there was a work function of much more than

1 eV. Thus thermal electron emission is inhibited at room

temperature and the PM tubes are functional without any

special cooling. By contrast, the long wavelength devices

made from multi-alkali mixtures (S20) introduced by the

1970s have a lower escape energy of *1 eV and so must be

cooled below room temperature to minimize the thermal

`dark' current from the tube. A summary was given in table

1 in terms of cathode type. It must be recognized that the

same type name can include a range of variants, both

deliberate and fortuitous. Catalogues may imply two

distinct types of cathode are speci®cally fabricated, but

production is labour intensive, and so post-production

selection is often used to de®ne for example whether a tube

is an S20 red, or an extended red, type. In fact many tubes

fall between the `typical' limits.

7. Quantum e�ciency

The QE values o�er a fundamental insight into the

photoelectric process but for many applications a more

convenient description is termed radiant sensitivity and this

is de®ned as E(l)=l QE/1.24 mA/W, where l is the

a

b

Figure 7. (a) Sketch of layer construction used in the
development of negative electron a�nity cathodes. Growth
substrate is sacri®ced after bonding. (b) Conceptual band picture
for a multi-layer cathode with a thick caesiated layer near the
surface.
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wavelength in nm. Similarly, rather than de®ne the QE

wavelength performance for each tube the convention is to

use signal output sensed for standard light sources and

broadband ®ltering (of primarily visible light). The values

are quoted in amps per lumen and they o�er a useful single

parameter guide to performance. For red sensitive cathodes

additional ®lter information is needed. The performance

numbers are most variable for the red tubes and a supplier

may cite `typical' cathode values as 200 mA/lumen, with

second grade tubes down to 120 mA/lumen, but selected

premium tubes will exist to say 280 mA/lumen. The

immediate challenge is thus not to ®nd new `magic' cathode

compositions, but to quantify and consistently form those

that match the current best at all wavelengths. Re¯ective

mode tubes can provide higher performance from some

manufacturers and values of 350 to 550 are o�ered for S20

or III-V cathodes. Note even these values are still less than

the best research examples with numbers as high as 700 mA/

lumen being mentioned for multi-alkali examples [21].

Detection with III-V cathodes, particularly with NEA

design, as used in both imaging and PM tubes, have

frequently been cited since 1971 with values of 2000 mA/

lumen in research demonstrations. The problem is to

translate these performance ®gures into mass production

commercial detectors. As will be discussed below, there are

several factors which limit the overall performance, so

100% conversion e�ciency from photon energy to emitted

electrons is unrealistic, but research data clearly indicate

improvements of cathodes are feasible. The manufacturing

and economic problems must also be considered for

commercial detectors.

It should also be recognized that many routine applica-

tions prefer room temperature use and this results in a

compromise between QE and dark current since the

cathodes which have high sensitivity generally have a much

higher dark current. So at room temperature the signal to

dark current is worse for the more sensitive cathodes. In

research applications cooled PM tubes are more standard

so availability of higher performance tubes would be

welcomed.

8. Key factors in optimizing cathode e�ciency

To optimize the e�ciency it is necessary to satisfy at least

®ve key conditions. The ®rst, re¯ection loss, is clear cut, but

discussion of the next three factors is more confused as they

are not independent parameters. Hence their objectives will

be listed.

(i) The ®rst problem is to maximize the window

transmission so that incident light should not be

absorbed by the window material and there

should be minimal re¯ectivity either at the outer

window/air interface or at the window/cathode

junction. Transparency limits are set by the band

edge of the window, and at longer wavelengths

by colour centres, or from impurities or defects

created by UV or ionizing irradiation. Refer-

ences [9] indicate transmission characteristics of

amorphous and crystalline materials used in the

detectors. The range of materials is limited by

exclusion of materials which are brittle, hygro-

scopic or reactive, or which cannot withstand

the high vacuum, thermal bonding, or cathode

chemistry of the tube formation, or those

materials containing natural radioactivity (speci-

®cally potassium). For visible light silicate

glasses are economic and well matched for the

tube housings. In the UV silica is preferred and

in principle transmits to *160 nm, but sapphire

is also used. For deeper UV, to about 110 nm,

then MgF2 is chosen. In all cases there is always

Table 2. Examples of peak quantum e�ciency and wavelength limits.

Year Wavelength limit Maximum QE Generic tube type

Pre 1930 UV/Blue 50.01% Metals

*1930 1050 nm *0.1% S1 Ag-O-Cs

*1936 650 nm *5 S11 Sb-Cs

1960s 740 nm *6 S10 Bi-Ag-O-Cs

600 to 750 nm *15 S11, S13 Bi-alkali

850 nm 20 ± 25 S20 Multi-alkali

1980s 920 nm *30 ± 60 III-V materials

late 1990s 1600 nm *1 (at 1600 nm) TE designs, operable only at very low temperature

Non-commercial examples cited in the research or patent literature, or unpublished

1960 onwards Improvement in blue to red from 2 to 10 times, i.e. e�ective QE values

above 50% in the blue

Optical waveguide windows, either existing or

redesigned

1960 onwards Improvements up to 1.5 to 5 times for wavelengths from 400 to 900 nm Modi®ed and structured surfaces

2002 4100% in the UV if several electrons per high energy photon

445% out to 900 nm for idealized novel structures with high grade

S20 cathodes

Theoretical QE performance (i.e. not necessarily

realizable, but indicating there is much room for

improvement)

PhotocathodesÐpast performance and future potential 27
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a re¯ection loss from the dielectric to air

interface de®ned by the refractive index (n).

The re¯ectivity with respect to air for the non-

absorbing region is R=((n71)/(n+1))2 and since

the indices of silica or sapphire are near 1.5 or

1.77 in the visible region they give re¯ection

losses of say 5 to 7% (and greater in the UV).

The surface re¯ectivity problem is worse for

®bre-optic faceplates in imaging tubes since the

®bres are often variants of heavy metal ¯uorides

with higher refractive indices as high as 1.79.

For speci®c and limited applications these values

can be reduced at selected wavelengths by

addition of an anti-re¯ective coating layer.

Broadband anti-re¯ective performance is more

di�cult although in principle it can be predicted

theoretically via sub-wavelength patterning (of-

ten termed moth eye). Realization of the

relevant patterning for short wavelengths is

not, however, an economically simple process.

The internal interfaces are more problematic

as they will either be between the glass and an

absorbing dielectric coating such as the alkali or

semiconductor cathode ®lm, or a metal inter-

mediate layer (added to give rapid response

times, or high brightness linearity). For a

semiconductor example with a real part of the

refractive index between say 2.3 and 3.6 the

re¯ective loss rises to 30% or more. Perfect anti-

re¯ection coatings are no longer an option since

the imaginary part of the dielectric constant

induces a small residual re¯ection. This is a very

small percentage of the incident light and the

more crucial problem is that any anti-re¯ection

design must be made at the window interface

prior to cathode (or metal) deposition. The

materials of the layer must equally be compa-

tible with the tube manufacture. Consequently

this option does not seem to be used, despite the

high signal loss from re¯ection. In the past

re¯ection losses were treated as minor with

solutions which were not cost-e�ective, when

compared to the poor QE of the cathodes. With

better cathode design this is a problem which

will need to be addressed, and will be worth the

e�ort.

(ii) Ideally 100% of the photons should reach the

cathode and be absorbed, and as already men-

tioned, this implies neither re¯ection nor transmis-

sion losses.

(iii) Every excited electron should be promoted to a

high level in the conduction band and move

unhindered through the cathode material to the

vacuum surface.

(iv) All the excited conduction band electrons should

arrive at the surface in energy states above the

vacuum level (i.e. their energies should exceed the

work function for escape from the surface).

(v) Finally, in the absence of light there should be a

negligible number of thermally excited electrons in

levels which can escape from the surface. For

cathodes which only respond to high energy UV/

blue photons this is not a problem, but for

cathodes which operate out to long wavelengths

this is still a serious factor, even when using cooled

cathodes.

The problems of compromise between the requirements

of (ii), (iii) and (iv) are obvious. Pure metals are not

suitable as cathode materials since, while thin metal ®lms

o�er very strong absorption they do so with high

re¯ectivity. Also the presence of many electrons within

the conduction band contributes to multiple scattering,

which reduces the energy of electrons excited by photons

and so minimizes the probability of escape. Even pure

metals with a low work function, such as the alkalis,

have QE values below 0.1%. Insulators are at the other

extreme of possible materials, and as they have few

conduction electrons, scatter is minimized, but absorption

is only possible for energies above the bandgap. For UV

responsive PM cathodes this is not a problem but it is

progressively more di�cult to maintain any useful QE in

the visible or longer wavelength regions. The conclusion

is that cathodes must be made of materials with

semiconducting type properties. Surprisingly the `semi-

conductor' compositions for the semi-transparent (end

on) window cathodes are predominantly alkali metals

and antimony. The con¯ict is that to satisfy condition

(ii), strong absorption at long wavelengths, the cathode

thickness must be increased (not needed for UV/blue

light where the skin depth is small). This is achieved at

the expense of fewer electrons being successfully trans-

ported to the emissive face, condition (iii). For the S20

cathodes, made of a tri-alkali mixture and sensitivity out

to 4800 nm, nearly 90% of the light is transmitted.

Figure 8 shows the calculated absorption and transmis-

sion values determined from the dielectric constants of

S20 photocathodes as a function of cathode thickness. In

practice red sensitivity is bought at the price of lower

blue QE since the UV/blue photons are absorbed at the

window side of the layer and the excited electrons cannot

reach the vacuum surface. The problem is reduced for

re¯ective mode cathodes since the thickness can be

increased and the layer deposited on a re¯ective metallic

substrate. In these cases the S20 QE values at say 800nm

rise from *0.25 to *2.5%, but again the current loss of

response in the UV has been accepted (perhaps

incorrectly) as a necessary compromise.

P. D. Townsend28
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9. Cathode deposition

Having selected the materials of the cathode, and the

thickness, there is no freedom to increase the intrinsic

absorption. By using the III-V semiconductor alloys strong

absorption, high electron mobility and long escape lengths

can in principle all be maintained, even for long wavelength

photons. Figure 9 indicates that, while there are minor

di�erences in shape of the absorption curves as a function

of wavelength, the alkali cathodes may have higher

absolute absorption and possibly a more slowly falling tail

beyond the e�ective band gap than the III-V based

cathodes. Note that derivation of cathode absorption data

is not unequivocal and the ®gure shows values from two

sources for the S20 composition. Despite the higher

absorption values claimed for the alkali cathodes the

reality can be that the QE values for III-V compounds

may still exceed those of the alkalis, and various cathodes

of the same generic type have very di�erent long

wavelength cut-o� values. Thus absorption is only one

important factor.

The di�erences may be resolved by considering item (iii).

Not least because this is a factor over which there is some

control and which shows positive response to careful

cathode production. Long-range electron transport within

the cathode ®lm implies minimal losses in energy from

scattering with other electrons, interfaces or defect and

impurity states. Automatically this means that the greatest

mobility is to be expected within large single crystals of

`perfect' homogeneous composition which are free of

stresses and grain boundaries, etc. Indeed this seems to be

the case and is one reason for the use of the III-V materials.

With careful control of the deposition conditions simple

semiconductor compounds such as GaAs, or related III-V

alloys, can be grown to give high-quality large-grain

regions. These are still normally below the quality

obtainable with molecular beam epitaxy in ultra-high

vacuum, but they clearly demonstrate that for optimum

electron transport this is an essential factor. The III-V

growth control is well advanced and so it is possible to vary

composition during growth and build changing band gaps

which introduce internal ®elds that drive electrons in a

preferred direction towards the vacuum interface. Such

improved performance is gained by taking considerable

care during slower cathode deposition, and major improve-

ments in the quality of the vacuum systems, growth control

and initial purity of the components.

By contrast the alkali/Sb-based compositions have

developed from the simple evaporation techniques of the

1930s. They are rapid and involve several alkali species, as

well as Sb which can be deposited in a wide range of

compositions. Although there are speci®c crystalline

phases, such as Na2KSb, they are unlikely to be homo-

geneous. Indeed composition is actively changed during

a

b

Figure 8. Calculated absorption and transmission values for
S20 cathode material for selected wavelengths as a function of
cathode thickness.

Figure 9. Examples of cited absorption coe�cients for alkali
and III-V type cathodes. Note the values are subject to the
method of determination and are tube dependent. The data
labelled S20 were derived from dielectric constants.
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deposition and some producers commence with extra

Na3Sb at the glass interface. Further, they will tend to

form small grains with alkali contaminants and anti-site

alkali ions etc., all of which contribute to electron scatter.

The discussions are made in terms of semiconductor

properties of the cathodes but, relative to normal semi-

conductor technology, the care taken is extremely low and

the number of resultant lattice defects and electron traps is

high. The weaknesses in performance are therefore not

surprising. While it is conventional to discuss a photo-

cathode layer of total thickness, say 30 nm, this disguises

the fact that the material is built up in many steps of

di�erent alkali and antimony composition. Hence within

the 30nm may be 20 processing steps and so `long-range'

uniformity will be on the scale of perhaps 20 monolayers.

Coupled with this are problems that the source materials

are not of the purity expected in the semiconductor

industry, the vacuum during deposition is de®nitely poor,

and in many cases it is deliberately altered by addition of

oxygen (or other gases). The net result is a set of layers with

many interfaces in the direction normal to the plane of the

cathode. In solid state terms this suggests there will be

considerable electron scattering and potentially a severe

limitation on the density of states causing inhibited electron

movement towards the vacuum interface (i.e. the layer may

behave as a two-dimensional solid). Such inherent design

di�culties are ignored in many of the theoretical discus-

sions of the possible alkali compositions and the simula-

tions of band predictions. Overall, the electron transport in

the multi-alkali cathodes is unlikely to ever match that in

the III-V material.

The scale of the electron mean free path in the S20

cathode is obviously not much greater than the cathode

thickness since increases in the layer thickness beyond

about 30 nm (i.e. to increase red absorption and QE)

reduces blue performance. For the `head on' transmission

mode cathodes the drop in QE for the blue end of the

spectrum is caused because the strong absorption initiates

the photoelectric e�ect close to the input window, rather

than uniformly through the layer. The implication is that

a typical path length for excited electron escape is on a

comparable scale to the cathode thickness. Values

measured for di�erent thickness multi-alkali cathodes as

a function of wavelength [5] indicated variability by

factors of greater than three times between cathodes of

di�erent thickness and short wavelengths and there was

stronger wavelength dependence at long wavelengths. The

thickness variations in¯uence the grain size and might

partly be related to the problem of a limited density of

states for a thin cathode. The observation of lower

escape lengths for long wavelengths is consistent with

higher energy photons promoting electrons to high

conduction band states, hence despite scatter losses the

travel would be greater before the electrons sink to levels

below the escape conditions. The arguments all indicate

that greater cathode uniformity and larger single grain

crystals could improve the transit of electrons within the

cathode. Whilst transmission mode cathodes are essential

for many applications (e.g. from scintillators to imaging

tubes) it is surprising that there has been less interest in

solving the cathode deposition problems of re¯ective

mode cathodes for broadband detectors with long

wavelength response. As already mentioned, the dark

current is a factor of concern and without cooling many

high QE tubes have an unacceptable high level of dark

emission.

At ®rst sight it might appear that the UV/blue

quantum e�ciency is already quite respectable (i.e. values

of 425%). However, there are several measurements

from diode cells [22] or pulse height distributions [23]

which indicate that many photons of high energy

generate not just one, but two or more electrons per

event. Energetically this is likely since, assuming a long

wavelength limit of say 920 nm (1.34 eV), then for

wavelengths less than *460 nm there is su�cient energy

for electron pair generation, and three electrons for

wavelengths below 306nm. Note that in early photo-

electric data for alkali metals the number of electrons

increased signi®cantly with deep UV illumination (e.g.

with QE rising from 50.1% to 410%). If such multiple

electron events form a signi®cant fraction of the total

excitations then there is the potential to have an apparent

QE value well above 100% (i.e potentially 300% in the

UV end of the spectrum). The current complacency that

the cathodes are performing well in the UV may be ill

founded and greater care in reducing electron scatter

could give considerable improvements in performance.

10. Electron emission

The ®nal role of the photocathode is to emit an electron.

How this occurs is far from obvious. Reference to

tabulated values of work functions clearly shows that

alkali ions have the smallest values (all below *2.5 eV),

and inclusion of surfaces such as Pd, Pt, W, Sn, Hg, etc.

would be unfortunate since the values are well above

3.5 eV. The intuitive approach for 70 years has been to

include Cs in the outer surface layers as this has the

lowest work function for electron escape to the vacuum.

There appear to be variations in the cited value. For an

ultra-clean caesium surface it is near 2.4 eV, but is

variously quoted near 2 eV in other determinations. As

seen from the QE curves with wavelength many cathode

types operate out to well beyond 620nm (i.e. 2 eV) and

the S1 and some S20 cathodes perform, albeit poorly, to

*1100 nm (1.12 eV) [21]. The experimental data show

that the surface work function is modi®ed. This can arise

as a surface metal layer, by alloying between the Cs and
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the multi-alkali cathode, and/or by further chemical

interactions, most obviously from the presence of oxygen.

The change in work function is not con®ned to alkali

substrates. Data for clean cleaved GaAs and heavily p

type GaAs with a monolayer of Cs show dramatic

changes in photoemission limits, from *5.5 eV to *1 eV

and the electron yield rose by 4100 times, even at the

high photon energies [14]. The standard model used to

explain this advantageous reduction in the e�ective

surface energy is to assume that because of the various

impurities, and surface monolayers of Cs, plus the

unspeci®ed role of oxygen, the energy bands of the

cathode are lowered at the surface. The net e�ect of the

bent band model is that the di�erence between the top of

the cathode valence band is now nearer the vacuum level.

A typical sketch of the energy scheme is shown in ®gure

10, which suggests that the surface has to be positive

relative to the cathode ®lm and, in band model terms,

the Fermi level position would best ®t this for p type

surfaces. This was a useful model 30 years ago to explain

the low energy threshold for photoemission. It is now

cited as though it has been proved, but in fact there is no

clear evidence for the source of the near surface states

nor even if a band model is truly appropriate. Modern

views include complex thoughts on the role of grain

boundary states. Caesiated GaAs, where a few Cs

monolayers are thought to act as a metal, can result in

speci®c electron emission of a single spin state. Despite

the fact that there is an extensive literature on the role of

caesium and oxygen for NEA, and a reduced work

function on multi-alkali and GaAs substrates, there are

still disagreements and uncertainties as to how the

sensitization is e�ective. It is certain that for GaAs the

emission is strongly crystal face sensitive, with the {111B}

face having an escape probability as high as 50% [24,

25]. A monolayer of Cs is e�ective but e�ciency

decreases with further layers. Adding oxygen bene®cially

lowers the work function and, more surprisingly,

subsequent removal of some Cs, followed by a further

deposition of Cs and O improves the performance. For

III-V materials the band bending is assumed to be

con®ned to a few nanometres near the caesiated surface.

For S20 cathodes such a depth is comparable with the

cathode thickness.

Instead of band bending there are alternative views in

terms of interface potentials, but for monolayers of Cs

this is an equally di�cult concept. Indeed, the depth over

which band bending occurs is unclear since, in compar-

isons between Cs and Cs ±O±Cs mixtures containing just

one or two monolayers the emission limit can be moved

almost 1 eV according to some authors. Similarly, in the

models as shown in ®gure 10 there is still a need for a

dramatic potential change of *0.4 V over say 4 nm.

These examples correspond to ®elds in the range of

*1 V down to 0.1 V/nm (i.e. 109 V/m). Sustaining such

values without causing surface breakdown on a multi-

alkali or III-V surface seems slightly unrealistic. An

alternative energy level scheme is needed that perhaps has

a Cs metal, or one of the caesium oxide compounds, that

is accessible by tunnelling or resonant energy transfer.

Figure 11 contrasts the quantum e�ciency and long

wavelength limits from multi-alkali and III-V examples as

the result of Cs, or Cs plus oxygen, to underline the

e�ectiveness of the Cs addition.

The many literature examples do not appear to

explicitly discuss the unusual property of Cs and oxygen

in that both of them can form negative ions with

relatively small electron a�nity values. Tabulated values

for Cs7, O27 and O7 are 0.472, 0.451 and 1.46 eV

respectively. One may therefore speculate that an electron

could be transported through the alkali system, associate

to the Cs to form a negative surface ion, and then by a

resonance energy process move to the surface bonded

oxygen. The orbital rearrangements of the surface oxygen

may then favour electron extraction into the vacuum.

The possible merit of this type of process is supported by

the observation that, for cathodes which have a few

monolayers of oxygen added to the Cs, the long

wavelength threshold is increased, even for the same

cathode composition and an added Cs layer. Interestingly

the shift can correspond to an energy di�erence of

*0.42 eV [21] which matches the negative ion formation

energies of Cs7 or O27. The spectroscopy literature of

superoxides, and parallel data for nitrogen surface

compounds, all indicate that bond rearrangement occurs

after electron transfer. Although a role for negative ion

formation had not been considered, it could o�er

reductions in the work function for electron emission

and does so on precisely the energy scale that is

observed. It might also help to explain the large

improvements seen between merely using Cs and a few

alternate monolayers of Cs ±O±Cs. If oxygen were only

Figure 10. Early view of a band model for a transferred
electron photocathode in which the energy gap is successively
reduced towards the surface. There is a front face Ag contact
layer and a reduced work function from Cs/O activation [4].
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physically absorbed on the surface then there might be

traces of negative oxygen emission in addition to the

electrons.

11. Alternative routes to enhanced cathode performance

The alkali based cathodes are attractive since they require

a modest technology and can be as easily used on end

window as well as side window tubes. They also have fast

response times and survive ion beam damage from

residual gas (e.g. any positive ions formed that are

accelerated back into the cathode). This latter is not a

trivial problem since it is a limiting factor in photon

imaging tubes which use III-V layers. For example a 1980

review of the third generation tubes is still relevant in

terms of achievable performance [26]. In the imaging tubes

a thin membrane is interposed between cathode and the

end of the microchannel plate to allow passage of

electrons but block the ions. This greatly reduces

performance but o�ers longer operating life. For imaging

tubes an advantage of a transmissive structure is that an

anti-re¯ection layer can be interposed between the window

and the cathode and this has o�ered some 20% more

signal than for re¯ective GaAlAs mode systems. In terms

of performance this can o�er QE values of *55% (or

2000 mA/lumen) and even higher values of 70% are cited

for GaAsP. However the material is virtually impossible

to grow in the imaging tube system. Performance data are

included in a recent perspective of photocathode values

and novel applications [27].

Rather than use thick cathodes or di�cult growth

conditions many experimental designs have been proposed

to attack the problem of poor photon absorption.

Particularly for the alkali cathodes much of the long

wavelength light is transmitted, and if instead this can be

absorbed, then there are large potential gains in perfor-

mance. Numerous examples consider routes to provide

multiple re¯ections at the cathode, either by structuring

the cathode, or by using the window as an optical

waveguide. There are advantages in both cases. For the

structured designs the main bene®t is via an increase in

absorption e�ciency at non-normal incidence, as dis-

cussed earlier, where the most obvious feature is the gain

achieved for the longer wavelengths. The extreme version

of this design is to trap the light in a waveguide adjacent

to the cathode. In principle, it will travel back and forth

across the window until all the power is extracted by

absorption in the cathode. Hence, in the perfect wave-

guide example the theoretical improvements in the

trialkali response are spectacular, as shown in ®gure

12(a). In this example the e�ectiveness is a function of

window thickness and is improved for thinner windows.

In practice, published data have been con®ned to

examples where a standard tube is externally modi®ed,

for example by addition of a surface prism so a window of

*2 mm is appropriate. The reports of one such data set

are given on ®gure 12(b). They show measured gains of a

factor of *2 in the blue and above 10 times in the red.

Hence the e�ective maximum QE of the tube has risen

from *25 to 50%, and in some examples it is claimed to

have reached 460% in the blue. Theoretically, higher

values could be reached. The bene®ts are readily derived

for tightly con®ned optical beams, as for lasers, or (as in

®gure 12(b)) from a high resolution monochromator with

f/10 optics. The most useful feature of the prism addition

is the bene®t seen at long wavelengths, and the fact that

one can upgrade existing systems, for just the price of a

prism, to give a performance which is not yet commer-

cially available.

a

b

Figure 11. (a) Comparison of the QE for pure cleaved GaAs
and material modi®ed by addition of a monolayer of Cs [14]. (b)
Multi-alkali comparison between cathodes with just Cs surfaces
and caesium plus oxygen [21].
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12. Future prospects

As indicated in the discussion of current and future

applications, there are numerous new opportunities for

photocathode-based systems, as well as all the current

examples. A recent addition has been the use of high

intensity picosecond laser pulses on photocathodes to

produce trains of extremely high current, picosecond

duration electron pulses, each containing up to a

microcoulomb of charge [28]. There are therefore a

diverse range of strong commercial interests to exploit

and develop the new markets. Advances via the

introduction of new photocathode materials cannot be

discounted, but realistically these are less likely than

improvements in the usage of existing materials. Quite

crucially the problem of removing signal loss by

re¯ection and transmission and thus increasing absorp-

tion will dramatically raise the QE values. Photo-

cathode detection at longer wavelengths, for example to

1.5 mm, is still in its infancy and so major improve-

ments are likely to ensue. For the near infra red

spectral range (e.g beyond 700 nm) there is so much

room for improvement that signi®cantly higher QE

devices are almost guaranteed in the very near future.

Thus while photocathode detectors have been used for

more than 70 years they have not yet become obsolete,

and indeed have the prospect of remaining a central

enabling technology for a wide variety of ®elds for the

foreseeable future.

The imaging options are certainly far from fully

exploited, not only for the imaging tubes, as brie¯y

discussed here, but in the many variants and low resolution

image acquisition concepts that have been considered [29,

30] but not yet fully commercialized. Finally, the design of

colour imaging at photon counting levels is still at the level

of imagination.
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