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EDITORIAL

The first paper in this journal describes the design of a compact sealed

waveguide CO laser which has a specific output power almost a factor of two

larger than previously reported . The design of these lasers depends partly on the

dielectric properties of the waveguide material and whereas such data are available

on single crystal material, there is little information on the polycrystalline

material from which dielectric waveguides are made. The authors of the second

paper have shown experimentally that the predicted power loss in hollow waveguides

is material dependent and inversely proportional to the cube of the waveguide bore ,

and they attribute further losses to the longitudinal curvature of the waveguide

and to contaminant particles in it.

The third paper is a joint one with authors from Oxford and describes work on

gallium phosphide. The correlation between dark spots observed in cathodo—

luminescence micrographs obtained with a scanning electron microscope , and

dislocations observed in transmission electron micrographs is discussed . The

authors show that the non—radiative recombination producing the dark spots is

centred at dislocations and each type of dislocation has a similar effect. They

suggest that the non—radiative recombination is due to the core structure of the

dislocations rather than a concentration of dopant atoms or method of growth etc .

The work thus gives further insight into factors affecting the efficiency of lig ht

emitting diodes.

Gallium arsenide photocathodes are the subject of the fourth paper , and here

the authors discuss the reasons for the high mean transverse emission energy (MTEE)

of electrons emitted from the photocathode surfaces they have developed . Lower

values of MTEE would give better resolution in proximity, focused devices. The

authors show that the high values of MTEE can be accounted for by surface

irregularities tens of nanometres in size. Further , they make an interesting

comment on the use of a LEED grid assembly to analyse the angular distribution of

these very low energy electrons.

There is a surfeit of published work on electron penetration into matter and

the many scientists needing to know the spatial distribution of energy deposition

of a bombarding beam of electrons are faced with the problem of selecting

pertinent data from some scores of papers. The last paper offers a simple theory

for accurately predicting ‘dose—depth ’ curves in any medium for electron beams with

kilovolt energies and above.

A. Calverley

Editor
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A COMPACT SEALED WAVEGU IDE CO2 LASER

D. R. Hall , R. M. Jenkins, E. K. Gorton and P. H. Cross

ABSTRACT

The design, construction and preliminary performance data are reported for
a compact waveguide CO~ laser which produces a high output power per unit length .

The laser, of overall length 150 nun, produces 3.85 W from only 94 nun of discharge.
This f igure corresponds to an output power per unit length of 41 mW per nun, which

is a factor of two higher than previously reported measurements. It is shown that

this value is consis tent with theoretical predictions based on the gain and
saturation intensity measurements in the literature .
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A COMPACT SEALED WAVEGU IDE CO2 LASER

D. R. Hall , R. H. Jenkins , E. K. Gortor and P. II. Crnss

1. INTRODUCTION

There have been significant advances in recent years in the development of cv

waveguide CO2 lasers1’2’3’
t’~ Such lasers offer advantages over conventional CO2

lasers, both in terms of their much larger frequency tuning range and also because

of the overall reduction in size which they make possible. Suitably designed ,

high—pressure vaveguide lasers may be used both as frequency tracking local

oscillators with applications in heterodyne receivers in optical radar and

communication systemS, and as wide—band tunable oscillators for infra—red

spectroscopy . A second class of applications , in which the laser acts as a

compact source of single frequency infra—red radiation , demand s a somewhat

different design leading to devices which have applications as simple thermal

sources (milliwatts to perhaps 10 watts), or as stable master oscillators in

Doppler or F.M. ranging systems.

In this paper we describe the design , construction and preliminary perfor-

mance characteristics of a waveguide CO2 laser which has a high output power per

unit length and which is suitable for use as a basic oscillator in Doppler radar

systems or to provide the stable frequency input to an external amplitude or

frequency modulator.

2. DESIGN AND CONSTRUCTION

In order to maximise the power output from any laser system it is necessary

to minimise the so—called dissipative cavity losses which do not contribute to

output coupling and the extraction of power. One such source of loss of particular

importance in vaveguide lasers is that associated with the propagation of the

optical field within the vaveguiding structure itself. Marcatili and Schzneltzer 5

have predicted that at a given wavelength , the attenuation coefficient of the

fundamental EN11 mode which is of interest here , depends on the complex refractive

index of the waveguide material and on the inverse cube of its diameter. Experi-

mental confirmation of the general structure of this theory has recently been

obtained6, but at the time when the laser described here was constructed such
experimental results were not available. However, calculations 1 based on the

theory of Marcatili and Schmeltzer5 suggested that 10 urn radiation propagation

losses in straight beryllia vaveguides were almost a factor of ten less than in

the other candidate materials , alumina and Pyrex . On this basis and because of
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the higher thermal conductivity of beryllia (which results in better discharge
cooli ng and hence higher optical gain), it was decided to fabricate the laser from
beryllia. Subsequent measurements6 indicated that from the standpoint of guiding
losses alone, in waveguides with diameters larger than about 1.5 mm, both Pyrex and

alumina tubes are equally acceptable in practice (assuming they are straight) since

the losses are very small in all cases. However , the higher thermal conductivity
of beryl l ia, and the effect this has on gas temperature is a factor which must be

carefully assessed for optimum performance.

COOLANT IN VAR GAS
PORT ENVELOPE PORT

OUTPUT MIRROR
(R.~~~)

ANODE CATHOOES ANODE PIEZOELECTRIC

DIAPHRAGM HIGH REFLECTIVITY BIMORPH DRIVE
/ MIRROR (R.ao )

MIRROR BeO COOLANT
ADJUSTMENT WAVEGUIDE 10mm PORT

FIGURE I. Sect i ona l view of the seated waveguide l aser.
(Ove r-all length - 250 mm ) .

The overall laser design is shown in Figure 1. The tube used for the con-

struction of the laser was fabricated from a 99.5 per cent pure beryllia rod

129 mm in length and has a drilled bore of 2.25 nun. A four—electrode geometry is

employed with holes drilled into the bore providing a total of 94 nun discharge

length, the electrical connections to the laser being made through the end
flanges. The cavity mirrors are separated from each other by the Invar cylinder

so that the precise passive resonator length is effectively decoupled from any

thermally induced waveguide length changes. The laser is cooled by flowing an

insulating fluorocarbon fluid through the region between the vaveguide and the

Invar envelope. (The measured attenuation coefficient for this vaveguide tube
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The mirror at the rear (non—output) end of the laser is mounted on a piezo—

electric bimorph bender 7. This device consists of two 0.25 mm thick discs of lead

zirconate titanate which are oppositely poled and bonded together. A more detailed

view of a bimorph bender in its mount is shown in Figure 2. The 10 mm diameter disc

is constrained around an annulus by a pair of knife edges and when a voltage is

applied between its two faces , a slight buckling effect is translated into linear

axial motion at right angles to the disc face. To assess the dependence of mirror

translation on applied voltage we placed a bimorph mount similar to that shown in

F:gure 2 in one arm of a Michelson interferometer and measured the disp lacement

obtained as a function of applied voltage, diameter of the bimorph and the torque

applied between the knife edges .

28r 18mm
HIGI-4 PEFLECTMTY BIMORPH DRIVE
MRRORCR.~~~) VOLTAGE 26

24

22 TORQUE 35mN. m
(5ozI in )

20

\ 
lie

~~~ 
16

0 14
HOLES~~~

~ 12
\\ \ ~ i~ 

10mm

P O E ~~CTR~~ 
~ 
~ 

/ 
:

~ M0RPH /
BE~~ ER / ~

‘

~~~
“ 2

ADJUSTMENTKNIFE EDGES 0 40 80 120 160 200
p I VOLTS

10mm

FIGURE 2. Bimorph bender mirror FIGURE 3. Dependence of bimorp h
mount , bender translation on

vo ltage and d iameter.

The displacement produced increases fairly linearly with voltage as shown by

the results in Figure 3, which were obtained using a standard 25 mm mount (18 mm

bimorph) and the mount shown in Figure 2 (10 mm bimorph). The effect of increasing

the torque on the retaining rings, so as to clamp the bimorph more tightly between

the knife edges , is to cause a reduction in the displacement produced by a given

applied voltage . We have observed this fall—off over the range 35 mN .m (5 ozf.in)

(which is near the minimum required for a stable mounting) to 283 mN.m (40 ozf.in) .
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In add tion to its muc h smaller size , a bimorp h bender of f e r s  a major  advan tag e

over the more generall y used crystal stacks because of its greatl y increased dis-

p lacement per volt. With the smaller disc we can obtain disp lacement over a full

fr ee spectral range of the laser cavity (5.3 jim) with the app licatio o of onl y

150 V. This compares very favo urabl y with the app li ed vol t ages of a few kilovolts

necessary with piezoelectric crystal stacks.

____________ .‘

—

FIGURE 4. Exploded view of sealed waveguide laser.

In the mount shown in Figure 2, angular disp lacement of the mirror of plus or

minus several tens of milliradians about each of the perpendicular axes may be

achieved using the four tuning screws which bear on machined flats , us ing  the
s l ig ht flexibility of the mount. We have used a number of different mirrors as

described la ter. In each case the mirror is epoxy—bonded to the centre of the

piezoelec tric disc . The output mirror is positioned in a somewhat similar mount

as shown in Figure 1 and an exploded view of the whole laser is shown in the

photograph in Fi gure 4.

3. LASER PERFORMANCE CHARACTERISTICS AND DISCUSSION

Measurements have been made of the output power of the laser under a

variety of conditions of gas mixture , gas pressure , discharge current and choice

1.6



40 -

20t COOLANT f~~:N2 :CO2 ;Xe

3 5  tC :4~ 2 : 1

AVERAGE DISCHARGE CURRENT (mA )

FIGURE 5. Variat i on of laser output power with
discharge current and pressure .

of mirror reflectj vi t ies.  Most of our measurements have been made with a four—

component mixture of He , CO2 . N 2 and Xe in the ratio 16:4:2:1. Figure 5 shows the

variation of output power (measured with a Coherent Radiation Inc Model 210 power

meter) with current for total gas pressure in the range of optimum output of

5.3 to 16 kPa (40—120 Torr) . The optics used in this case were a 5 mm diameter

microinachined copper mirror which had been thorium fluoride coated , mounted at the

centre of the bimorph bender , and a zinc selenide outpu t mirror wi th a nomina l

95 per cent ref lect ivi ty. In earlier experiments we obtained very good results

from the use of freshly micromachined copper surface mirrors but have observed in

this state two disadvantages. First, following seal—off , the reflectivity is at

its highest , but in a matter  of hours , surface oxidation and the resulting tar—

ni~hing effect  causes a significant reduction in ref lec t iv i ty .  Second , a fu r the r

deleterious e f fec t  caused by the oxidation process , is the removal of oxygen from

the discharge gases. This causes the CO2 dissociation equilibrium to be set far  to

the right and consequently seriously reduces the sealed lifetime of the laser . A

thin coating of thorium fluoride appears to prevent the onset of these two e f fec t s

while not materially affecting the reflectivity. The zinc selenide mirror used in

these experiments had a measured 2.5 per cent absorption loss due largely to the
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use of far more than the usual number of dielectric layers, in an attempt to produce

a highly dispersive mirror . When operated with standard ‘wide—band ’ coatings on a

gallium arsenide mirror of the same nominal reflectivity , substantiall y more power

was extracted from the laser as shown by the curve in Figure 6. In this experiment

the power output at optimum current was measured over a range of pressures between

5.3 kPa and 19 kPa. The results indicate that the highest output of 3.85 W was

obtained at 12 kPa (90 Torr), with discharge parameters of 2.7 kV and 8 mA in each

leg of the discharge . This corresponds to an extraction efficiency of some

41 mW mm~~ of plasma and an electrical to optical energy conversion efficiency of

9 per cent. This output power per unit length is a number which is significantl y

larger than the figure of 22 mW nun~~reported by other authors
1 ’8.

d.225mm He 16
L.94mm C02 : 4
R~~ Q•95 N2 : 2

GAS PRESSURE

FIGURE 6. VarIation of laser output power at optimum
discharge current wI th  pressure .

If we assume that all dissipative cavity losses are completely negligible so

that the only loss of circulating power is by output coupling , then the maximum

power per unit length extractable from a laser medium is obtained from Rigrod ’s

power equations9 as

— .18A90 (1)
max

where is the saturation intensity , g0 is the small signal gain, and A is the

af fec t ive  mode area. We have not as yet made direct measurements of either gain or
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saturation intensity but an estimate of the maximum power available per unit length

for our laser can be obtained from values of and g reported in the literature .

Klein and Abrams10 , have measured saturation intensity as a function of pressure

and current for a gas mixture similar to ours. By extrapolation of their data at

12 kPa to our operating current of 8 mA we obtain a value of I
~ 

— 57 .5 W rtm 2

This is in good agreement with the data obtained by Degnan et a13 who quote a rise

in saturation intensity of approximately 375 mW mm 2 Pa~~ (50 W cm
2 Torr ) when

operating at a current of 8 mA. The question of gain is somewhat more of a

problem, in that direct gain measurements are not available for the 2.25 nun bore

tube which we used . however , if we assume that the similar discharge sealing laws

are applicable over this range we can use the results of Abrarns and Bridges1 for a

1.5 mm bore amplifier. In this fashion we arrive at a value of g
0 

of 0.01 cm ’
~” as

the most optimistic estimate for a 4:1 mixture where we are assuming the ‘best ’

situation where the gain actually peaks at our operating pressure. If we write

A i~w
2 , where w is the e~~ intensity radius of the Gaussian beam which matches best

the EH11 waveguide mode , and is given~~ by w = O.46a where a is the guide radius , we
obtain on substitution of the values of I , g and A in equation (1) a value for

maximum PIL of about 46 mW per mm . This value is consistent with our experimental

power measurements.

4. CONCLUSION

We have designed , constructed and operated a cw CO2 waveguide laser which is

capable of producing a specific output power (watts per mm of gain medium) which is

almost a factor of two larger than previously reported and which is consistent with

the power extraction per unit length calculated on the basis of zero cavity

dissipative losses.
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1 0—MICRON PROPAGATION LOSSES IN HOLLOW DIELECTRIC WAVFCUIDES

F). R. Hall , E. K. Corton and R. M. Jenkins

ABSTRACT

Measurements have been made of the propagation losses of lOt~m radIi tion in

hollow dielectric tubes of the type common ly used in the fabrication of waveguide

CO lasers. The dependence of such losses on the waveguide diameter and material

were investigated and are compared with values calculated from theory. The

attenuation coefficient of the fundamental hybrid EH 11 mode is seen to vary

inversely as the diameter cubed and to be very sensitive to tube camber and to the

pr esence of impurities adhering to the wall surface.
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10 MICRON PROPAGATION LOSSES IN HOLLOW DIELECTRIC WAVEGUIDES

D. R. Hall , E. K. Gorton and R. M. Jenkins

INTRODUCTION

There has been considerable activity in recent years in the development of cv

carbon dioxide lasers at gas pressures in the range 6.7 x to 46.7 x lO~ Pa

( 50—350 Torr)~~~ . Much of this work stems from the desire to increase the range of

continuous frequency tunability which is possible in this pressure region , where

molecular collisions provide the dominant broadening mechanisms . Wideband 10-micron

sources of this type have potential applica tions in both optical radar and

communications 5 besides providing a powerful spectroscopic tool. Experience has

shown that the stable operation of continuous discharges in suitable C02—con taining

gas mixtures at these pressures can only be achieved under conditions where the

plasma is confined in a small bore dielectric tube . For the pressure range of

interest the bore sizes are in the range 0.75—3.0 nun. The use of ‘conventional’

laser resonators and free—space Gaussian mode propagation with discharge tubes of

this size results in diffraction losses which are so high as to preclude laser

oscillation. This has led to the application of the waveguiding techniques first

proposed by Marcatili and Scbmeltzer6. Tolerably low losses may only be achieved

in these circumstances if the electromagnetic field propagates in a mode of the

dielectric vaveguide tube (which also serves to confine the discharge) and if the

resonator is appropriately designed to minimise coupling losses7~~°. As a

consequence , the design of efficient waveguide lasers requires data on the

propagation losses in the modes of interest. In addition one need s to know the

dependence of such losses on the internal diameter of the tube and on the material

from which it is constructed .

In this paper we present the results of a series of experiments of propagation

losses sustained by 10-micron radiation when coupled into hollow dielectric wave—

guides. Measurements have been performed on the dependence of these losses on tube

bore for a range of materials which are commonly considered for the construction of

waveguide lasers.

THEORY

The electric field configurations and propagation constants of low order

modes of the straight dielectric waveguide have been comprehensively treated by

Marcatili and Schmeltzer6. For convenience, and in order to facilitate comparison

2.3 ( PRECEDflG PAGg BL*.NIC_NOT F~U~~D



with the experiments, the relevant results from their work are reproduced and

briefl y discussed here.

There are three fund amental types of mode which are supported by a hollow

dielectric tube of the type we are considering ; first , transverse circular electric

modes which have their electric field tangential to the guide surface; second ,

transverse circular magnetic modes whose magnetic field is tangential to the guide ;

and finall y, hybrid modes which have both radial and tangential electric field

components. If one makes the physically appropriate assumption that the wavelength

of the optical field is very much smaller than the guide radius , a, the expressions

for the electric field distribution are considerably simplified . In fact , Marcatili

and Schmeltzer embody this assumption in the approx imation

2itaka = —~-->>~v Iu~ (1)

where v is the refractive index of the wall material , U ~S the m
th roo t of the

equation J~...1
(u~~) = 0, n and m are integers which characterize the propagating

waveguide mode.

Of these three classes of modes , we are only concerned in this paper with the

hybrid group , because of the conditions of our experiment and because of the

importance of the lower order hybrid modes , which are in general much less lossy in

vaveguide laser technology. The radial and angular components of the electric

field of the hybrid EH,~ class of modes may be written as

E J~~1(u~~r/a)sinnOexp(i(~ z—wt)]
(2)

E
0~~ 

J~~1
(u~~r/a)cosnOexp[i(yz—Wt)]

where it is assumed that propagation is in the z direction and y is the complex

propagation constant given by

r A 2 iv xfl
y k L1

~ 
[—
~~ 

{l_ ~~~

where v~ is a function of the waveguide wall material and also depends on the class

of waveguide mode. For ER , v,~ may be wr i t ten  as

v 2+ 1
V — (4)
fl 2(v 2_l)1~½

2.4



Taking the real and imaginary parts of ‘y we obtain the phase constant ~~~ and the
attenuation coeff icient  ~ as follows :nm

u A 2 V A ~~~tB — k [l_~ 2i~a 
l+Im[_ ~_J

JJ 
(5)

= [_.~~)i_ Re v2+l 

1 
(6)

a 2(v 2_l)1i’2)

Equation (6) describes the dependence of the waveguide propagation loss f or hybrid
modes on the order Of mode, the wavelength , and the bore and refractive index of

the tube. This represents the most important result from the standpoint of the

experiments to be deScribed in this paper . Abrams and Bridges2 have calculated

Re( v ) as a function of wavenumber for the materials of most interest for vaveguide
laser applications , deriving their refractive index data from single crystal

measurements made in various crystal orientations . However , in practice ~oly

crystalline , compressedforms of both alumina and cf beryllia areused in laser fabri-

cation. As an approximation to the real situation we have used in our calculations

a value of Re(v ) averaged over the different crystal orientations.

In the experiment to be described later the objective was to excite the

fundamental hybrid mode in a dielectric waveguide and measure the attenuation as the

optical signal propagated in the guide. To ensure that the relevant mode was

excited , the intensity distribution at the limit of the guide was monitored . The

expected field distribution at some distance away frets the guide , assuming that a

perfect ER
11 mode is propagating 

in the guide , may be obtained using the diffraction

theory and applying the Fresnel approximation. The intensity distribution in a

plane at a distance 1 from the guide is given 11 by

I(r ,O ,l) = IE(r ,8 ,l)12 — [.~~~~
2
~~2+S2] (7)

where

C —I 1dw

(8)

S ‘f 1dw sin(
~~?)J

(ull /w)Jo(
!
~~

1/w)

These expressions were evaluated for a distance 1 — 40 cm, equal to that used
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experimentally, and are plotted as the solid curve in Figure 5. The integrations

were performed in a trapezoidal approximation and converged a f t e r  some twenty terms .

EXPERIMFNT

The basic experimental arrangement is shown in Figure 1. The linearly

polarised output from a stable , conventional carbon dioxide laser , oscillating on

the P(20) line of the 001—100 transition in a fundamental TEM00q mode and

attenuated to about 1.5 W using a pair of rotatable germanium plates is incident on

POWER (a) 
~~ 

INFRA-R EDMETER VIEWING:~D—~~~J SCREEN

________  

(b) ~~~
f
~R
R 

______

fSTABLE CO
2J~~~~~~~~~~~~~~~~~

1
________ 

D.V.M. J

/
/ DEGREES OF

ANTt-REFLECTION FREEDOM
COATED
Ge LENS

APERTURE
SC A N N ING

PYROELECTRIC
DETECTOR

FIGURE I. Basic experimental  arrangement

an anti—reflection—coated germanium lens. The lens of focal length 
~L 

is used to

focus the incoming signal to a spot size, 2 w , at the entrance to the waveguide

whose transmission it is desired to measure. The task here is to couple a

fund amental mode Gaussian beam into the waveguide in such a manner as to excite

most efficiently the fundamental hybrid waveguide mode , ER
11. This problem has

been addressed by Abrams7 who used the technique of expanding the fundamental

waveguide field amplitude distribution as a complete set of free space Gaussian

normal modes i~ such a way as to maximise the coefficient of the lowest order mode.

it is found that the value of W0/a which maximises this coefficient , and hence
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which produces an optimum coupling situation , is 0.6435. Under this condition,

982 of the fundamental Gaussian signal at the input is coupled to the desired ER11
mode, while in excess of 992 is coupled into the guide overall. We therefore chose

our lens focal length to satisfy the condition 12

0.6435iraD
Vt 

(9)

where D is the beam diameter at the lie2 intensity points incident on the lens.

The coupling efficiency is therefore clear ly very dependent on the exact

separation d between the lens and the guide. This is illustrated by the curves in

Figure 2 which show the dependence of the percentage transmission of the fundamental

mode as a function of dffL
. On the graph the calculated variation of spot size (2w)

FIGURE 2. Dependence of transmitted spot size on
lens—to—waveguide separation for a .5 mm
bore alum i na tube

at the guide entrance is plot ted and the calculated ‘optimum ’ spot size 2w

indicated . Optimum coup ling is obtained near d/fL = I where the condition of

equation (9) is most closel y sa t i s f ied .
Even under favourable coupling conditions there is still a finite and unknown

coupling loss, the exact magnitude of which is not known, and which must be taken

into account if accurate measurements of the propagation loss constant are to be

made. If we write the total fractional transmission T through a waveguide tube of

length L as

T — ( 10)
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0
0< t~ 20 
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O~3 
-
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- a g~36 x ic5 3
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o:
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20 

r - 0~89

TUBE LENGTH (cm)

FIGURE 3. Varia tion of power transm i ssion
with length for 0.75 rnni bore Pyrex
and alum i na tubes.
(r = correlation coefficient ).

6 is related to the coupling loss p~ by the equation

p
~~

w l — e
6 (11)

In order to separate coupling from propagation losses, an experiment was designed so

that a Series of transmission measurements were made on a waveguide whose whole

length was progressively shor tened by carefully breaking lengths off. The complete

waveguide was mounted in such a way as to provide three t ranslat ional  and two

rotational degrees of freedom. Careful adjustments were made to provide optimum
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transmission and then a check was made of the mode pattern either with a thermal

infra—red screen or by scanning a detector across the beam to ensure that  no higher

order modes had been excited . Then the waveguide was shortened and the procedure

repeated . In this manner data were obtained for Pyrex and alumina tubes of 0.75 nun

bore from which a plot of — m T  versus waveguide length could be drawn as shown in
Fi gure 3. From the graphs we can obtain both the coupling loss in each case an~
also the propagation loss coefficient  cz f rom the calculated best f i t  straight line .

A series of such transmission experiments was performed on selected Pyrex and

alumina tubes with bores from 0.75 to 2.5 smi which is the range of most interest

for vaveguide CO
2 

laser fabrication .

— THEORY

I • PYREX
X ALUMINA

A BERYLLIA (Extruded )

1 A BERYLLIA (DrIlled )

2
z x

C

I ::H~ BERYLLIA ALUMINA

10 1 _______ I I
0 0 5  1•0 ~.5 2•O 2 5  3~O

INTERNAL DIA. d (mm)

FIGURE 4. Variation of attenuation constant with i nterna l

diameter of wavegu ide for Pyrex , alum i na and

bery l l i e  tubes

The results of these experiments are shown in Figure 4. The solid curves

are plots of the theoretically predicted variation of propagation loss with

diameter from equation (6)vith the constants used as described above, whil e each

point is the result  of a slope determinat ion from a p lot similar to those in

Figure 3.

In order t check that the mode of the guide which has been excited was in

fact  the ER11 mod e, measuremen ts were made of the bears prof i le  at a distance 1

f rom the exit of the guide. A pyroelectric detector was scanned across the beam
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and a plot obtained of the variation of intensity with radial distance. These points

are plotted in the graph in Figure 5. The solid line is the theoretical curve

obtained from a calculation of the transverse intensity distribution in the plane

a~distance 400mm from the end of the guide , with the assumption that a perfect ER11
mode as described by equation (7), is launched from its end . The very good fit is

interpreted as assurance that it is in fact transmission of the fundamental hybrid

mode whose propagation has been measured . The attainment of single mode patterns

— THEORY

~ 

i.o Ts_. .f.... 
f

EXPERiMENTAL = S
O~8~~

: : : : : : ::::
th - WAVEGUIDE SLIGHTLY

0 4  
MISALIGNED

02 -
Iii

~ 
0 

1•0 20 ~~O 4 0
DISTANCE FROM BEAM CENTRE (mm)

FIGURE 5. Intensit y p r o f i l e  of ER
1 I mode f rom a 2 mm bore

waveguide at a d is tance 1 = 400mm

such as that shown in Figure 5 requires very careful alignment of the waveguide.

Even a slight misalignment will result in the excitation of combinations of modes ,

as is illustrated by the scan pattern shown in the inset which was obtained

following a deliberate tube misalignment of a few milliradians .

DISCUSSION

~In general , our experimental results for the variation of attenuation

coefficient with waveguide diameter in Pyrex and alumina tubes are in good agree-

ment with theory in that they exhibit the predicted a
3
dependence. Rowever, the

Pyrex and alumina losses are larger than the calculated values by about a factor
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of three . While recognizing that the precise relevance of the calculated curves

depend s on the accuracy of the values of Re( v~) which are estimated for the poly—
crystalline material from single crystal measurements , we suggest that the loss

discrepanc y may he explained in terms of two additional sources of propagation loss

over and above that described by equation (6). The first is the result of any

departure from straightness of the waveguide bore. This question has been discussed

by Marcatili and Schmeltzer 6 who have treated the case of a uniform bend of curva-

ture R. They have shown that in such a case there is in addition to a a further

loss term a
R 

given for the ER mode by the expression

2r 2 a3
a ~

— ReV (v ) (12)
R U (A R) 2 ~

where ReV (v) is a function of the complex refractive index and the ang le between
11

the plane of the guide curvature and the direction of po1aris~ tion of the propa-

gating radiation . Substitution of the appropriate value into equation (12) indi-

cates that the differenc e between observed lossand calculated r~tra ’~~it guide loss may

be explained in terms ~f a uniform bend in the waveguide of 75 metres radius of

curvature. In a tube 300mm in length this corresponds to a tube camber of about

1 par t in ~~~ which is certainly less than the camber expected for the tubes used .

The Pyrex and alumina waveguides were selec ted by visual inspec tion for strai ght-

ness but a camber of I par t in lO~ is rather difficult to detect in tubes of the

length used . It also represents a degree of straightness which is close to the

limit of that attainable in drilled holes ’3 . The second possible source of

additiona l transmission loss is scattering due to either lack of inner wall

smoothness or t- ’ m inute contaminant particles on the inside of the tube . Tn

selected cases we have polished the inner wall of alumina and Pyrex tubes using

diamond paste and a suitable mandrel. In general , we have found that while

polishing extruded tubes does improve transmission somewhat , the transmission loss

was far more sensitive to any slight traces of foreign matter on the inner walls ,

so that rigourous cleaning is essential for tubes destined for use as lasers.

In interpreting the observed data for beryllia tubes , it must be realised

that one is faced with the problem that the accuracy with which one can determine

the difference between entrance and exit intensity effectively restricts measure-

mentS to tubes with overall losses above a certain limit. In practice , because of

the extreme difficulty in maintaining straightness over long tube lengths , the

limited tube lengths available set a lower limit to the measurable attenuation

coefficient. We estimate that the stability of the laser and the accuracy of our

power measurements put this lower limit at about l0~~mm~~, as indicated by the

dashed line in Figure 4.
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In contrast to the methods used to determine a for alumina and Pyrex , the
11

data plotted for beryllia are the result of a single transmission measurement on a

given tube. This procedure was followed because of our reluctance to cut off pieces

of bery llia owing to the health hazard associated with powdered bery llium oxide. we

used values of coup ling loss which had been obtained from measurements on Pyrex and

alumina tubes of the sane bore.

From the practical standpoint of assembling waveguide CO lasers , w~
2

adopted the practice in our laboratory of making transrn.ssion measurements on every

tube before assembly. We measure transmission before and after electrode holes

(us ua l ly  four) are drilled radiall y into the guide , and a l so  af ter assembl y befo r e

the optics are added . We have found that guiding losses of less than 17 can be

achieved and measured and that 1 nun diameter electrode holes make a negli g i b l e

difference to transmission. With a 2.25 mm bore beryllia waveguide we have

achieved 3.85 watts power output from a discharge 95 mm long~~~.

CONCLUSIONS

A series of experiments has been performed to measure the optical trans-

mission loss of hollow dielec tric tubes typical of those used in the fabrication of

waveguide carbon dioxide lasers. Comparison of experimental results with

theoretical calculations confirms the expected a 3 dependence but indicates that

the measured losses are somewhat larger than predicted . The discrepancy is

explained in terms of additional losses introduced by the guide curvature. Lasers

fabrica ted from tubes with measured gu iding losses of less than 1% have been

demonstrated to operate with hi gh output powers per unit discharge length

(“400 mW/cm) indicating very low overall losses~~~.
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CARRIER RECOM BINAT I ON AT DISLOCATIONS IN

CALLI U ~ P ITPS P HI T W EPITAXTAL LAYFP S

J .  M .  T i tchmarsh* , C. R .  Booker *,

W . Harding and D. R . Wight

ABSTRACT

The nature of dark spots observed in cathodoluminescence micrograp hs of

gal l ium phosp hide epi taxial layers has been examined using the transmission

elec tron microscope and etching studies. Each dark spot is shown to be located

at the intersection of a dislocation with the layer surface. Moreover screw ,

edge and mixed dislocations all give rise to spots of similar size and intensity .

It is suggested that enhanced non—radiative recombination which gives rise to the

dark spots is due to the core structure , rather than a concentration of dopant

atoms, method of layer growth etc. and that different core structures are equall y

effective .

* Department of Metallurgy and Science of Materials ,

University of Oxford , Oxford .
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CARRIER RECOMBINATION AT DISLOCATIONS IN

GALLIUM PHOSPHIDE EPITAXIAL LAYERS

3. M . Titchmarsh , C. R. Booker ,

W. Harding and D. R. Wight

1. INTRODUCTION

There i s interest at present in increasing the efficienc y of GaP green lig ht—

emi tt ing d i odes (LED ’s). Such diodes are generall y made using either vapour phase

ep i taxy (VPE) or l i qu id  phase ep i t a x y  (LPE) GaP layers  grown on pul led  s i n g l e —

crystal GaP substrates , the layers containing suitable dopants and nitrogen . The

nitrogen provides efficient isoelectronic radiative recombination centres which

have to compete with the non-~radiative recombination centres present in the

material. Recent work has shown that poor diode efficiencies are often associated

with high densi ties of grown—in dislocations 1 ’2 .

For good diode efficienciec , the ep i taxia l  l ayers should possess good

luminescence properties before the diodes are fabricated , as indicated by ei ther

hig h bu lk photoluminescence (PL) efficiency 3 or hi gh bulk cathodolumine scence (CL)

efficiency . Both of these luminescence efficiencies n are proportional to the

min ority carrier lifetime r for the particular material 3 ’5. The life time t in

turn depends on the density p of grown—in dislocations when p is sufficientl y

l a rge 6’7’8 . This occurs because as p increases , the mean distance d between dis-

locations decreases , and when d becomes comparable with the minority carrier

diffusion length L for the corresponding low dislocation density materia l , the

dislocations then control both L and i , i.e. the dislocations become the dominant

non—radiative recombination centre. Consequently, as p increases , T decreases , and

this causes p to decrease , and hence also the diod e efficiency. In one investi-

gation T was also shown to be proportional to the concentration of a trap located

0.75 eV above the valence band 5, and it is tempting to associate this trap with

the grown—in dislocations . Work on materials other than CaP has also shown that i

decreases as p increases e.g. on Ge5’10 , Si’0’1’ and GaAs ’2 .

Direct evidence for non—radiative recombination occurring at individual

dislocations in GaP has been obtained by recording micrograp hs using either

electroluminescence (EL)1 , CL2’13 or PL16 signals to give the images. Tn such

micrograp hs , the individual dislocations appear as dark spots. Similar micro—

graphs were also obtained from GaP by using the electron beam induced conductivity

signal 1 . For all of these microscop ic techni ques , the dark spots were correlated

with grown—in dislocations either from the general appearance of the dark spot
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dis tributions , or more rigorously by comparing the dark spots with etch pi ts in

micrograp hs ob tained from the sam e specimen areas . Work on m a t e r i a l s  o the r  than GaP

has revealed dark spots in micrographs using similar techniques , e.g. on Si~~~,

CaAs ’5’16’17’~~ and GaAs p 19
x l— x

Al though the factors controlling the efficiencies of green LED ’s are now better

understood , some poin ts still need resolving if comp lete quantitative assessments

are to be made. It is especiall y impor tant to establish whether all types of

disloca tions , e.g. screw , 300 , 600, edge , etc., are eq ua l l y effec tive in acting as

non—radia tive recombination centres2 . This is still uncertain because althoug h

there is a definite correlation between dark spots and etch p its , there is still

doubt as to whether etching reveals all of the dislocations present 2 . Furthermore ,

etching does not enable one to distinguish between the different types of dis-

location.

In order to obtain further information on this point , a combined CL , trans-

mission electron microscope (TEM) and etch pit study has been made of several  GaP

ep itaxial layer specimens . The main result of the investigation was that many

differen t types of dislocation were present , and that all were extremel y e f f e c t ive

in acting as non—radiative recombination centres.

2. CATHODOLUMINESCENCE STUDIES

A ra nge of ep itaxial material was selected for investi ga t ion , incl uding LPE

layers grown in a horizon tal furnace onto (111) or (100) oriented pulled—crystal

substrates; sample d imensions were typically 2 to 4 nun . P—type layers were doped

w i t h  Zn (N A 
— ND ‘~5 x 1017 cm 3) ,  and n—type layers were undoped or doped wi th 5,

Te or Si (1 x lO 1
~ cm 3 < N

D 
— NA < I x 1018 cin 3). Some samples had been nitrogen

doped (concentration 1018 cm 3) by adding gaseous NH to the hydrogen a tmosp here

in the furnace. A number of sulphur—doped , n— type , VPE layers* wi th and without

ni trogen doping were also studied .

CL micrographs were obtained using a scanning electron microscope (Cambridge

Stereoscan Mark hA )  with a specially’ developed CL mode detection system . A beam

voltage of 30kV was employed with probe currents in the range iO~~ to l0
6A and

probe size O.Spm diameter . The beam was incident normally on the sample ’s surface

and the luminescence output was collected by a mirror system and detected with a

photomulti p lier tube (EMI 9658B S2O cathode), green luminescence being selected

with an interference filter .

* Kind ly supplied by Dr P Hart , Allen Clark Research Laboratories ,
plessey Co., Ltd., Towcester , England .
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A typ i cal CL micrograph exhibi ting dark spots is shown in Figure 1. Al l of the

materials studied showed these features , al thoug h in a few inst ances some dark lines

a n d / o r  more random shapes were present . In samp les showing c l e a r l y d e f i n e d ,

approximatel y ci rcu la r  spo ts , the densities of the features were in general variable

acr oss the sur f a c e  of the ep itaxial layer , al tho ugh many sam p les show ed a more or

less  u n i f o r m  d i s t r i b u t i o n . The dark spots were typ icall y 5 to 7pm in diameter , and

th e density ranged from 5 x 10 to lO~ cm

. .

FIGURE I. A typ ica l CL microgr aph of a GaP ep i~~~:i a I

Iay~~r with a dar k spot density ~ f

approx i rn~~tHy 5 x l0~ cm
2.

Two samp les with hi gh luminescence efficiencies were selected for detailed

stud y. (a) A (100) orien ted , Si—doped , n— type (n = 1.0 x l018 cm 3) ,  LPE samp le

wi th a layer thickness of 7Opm , and (b) a (111)A orien ted , Te—d oped (N~ — NA =
1.3 x 1018 cm 3) LPE sample with a layer of thickness SSpm . The first samp le was

used to correlate the dark spots present in CL micrograp hs with disloca tions

observed using the TEM. The second samp le was used to cor r e l a te the dark spo ts

w i t h  e t ch  p i t s .

3. TRANSMISSION ELECTRON MICROSCOPE STUDIES

To obtain an exact correlation of the dark spots with dislocations , i t was

necessary firs t to record CL micrographs of a specific area of the samp le , and

t hen to prepare a TEN specimen by thinning the sample in that same area , from the
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F IGU RE 2. A CL r~ic rog raph of a (IOU ) e ri en ~~~ Si—doped 1 I ~~ y~ r .

The dashed line r’~~rks tho position of a hol~ ~r :~ ced
dur ing the T[~ 1 ~pecimen pr p irat ion ef this ~ are.~.
T he f e a t u re marked  ~ i s  a p inhole in the ~p i~ ~i a ?  Hy’
and those mark e d  Y are small particles t d i r t . T~ c’
r nrei ninq I e t t e r ~ refer to dark spots.

#1 t ~ 10pm

FIGURE 3. A le w— m a gnif i c i t i o n  TE~ micrograph mon t jQ of pdrt ot
the same j r  j ~t ie wr in F i gu r . I t t r • I ci rc I
rn~jr k t~ pos itions of di s locat n in t~~u thin f 0j I
t he c e  can be compared w i t h  th p e l t  ion 1 I In
I t  t f r ed da rk  ~~po t S  in F i g u r e  ~~~.
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substrate side onl y ,  to a thickness of abou t 1 pm. Secondary electron emissive mode

micr ograp hs were r ecorded , corresp onding  to each CL m icr ogr aph , and the surface

features in these micrograp hs reg istered with surface features observed in optical

micrograp hs. The samp le was then th i n n ed by chemical jet polishing , using a

solution of chlorine gas dissolved in methanol , until small holi s appeared . More

emissive mode and optical micrographs were recorded , and these enabled the positions

of the holes to be drawn accurately on the CL micrograp hs.

Fi gure  2 shows a CL mic rog rap h w i t h  the  p o s i t i o n  of a subsequen t ly formed h o l e

ind ica ted  by the dashed line . The bright feature X corresponds to a pinhole in the

ep i taxi a l layer , and the dark feature Y to a small par ticle of dirt subsequentl y

removed during the TEM specimen preparation . The area surrounding the hole and

cont a i n i ng a number of dark  spo ts was exam ined in an AEI EM7 e l e c t r o n  microscope

operating at 500kv.

Q,5i m
~~~~~~~~~~~~~~~~~

g = 2 2 0

FIGURE 4. A h ighe r  m a g r i f  cat ion TI M micrograph of two dislocations
w hich s h w  t yp ica l o s c i l l a t i n g  contrast but no obvious
prec i p i tat ion.

The onl y structural features observed using the lEN were dislocations which

thread ed the foil. A l ow—magnification montage of transmission electron micro—

gr ip hs (F i gure 3) was constructed so that the positions of a number of dislocations

cou ld  be reg i st red with respect to the position of the hole in the specimen and

th e p i nhole X (Figure 2). Additional dislocations which had been o’~t of con tras t

r :n~Ier the diffr .i tion conditions used t record Fi gure  3 , were observed when the

toil was re—examined using different diffracting conditions. Some of the dis-

locations were seen ~t tcr when the foil was tilted throug h large ang les  (>3 0 0 ) ,

these d i s l o c a t i o n s  had been p rev ious l y viewed end— on in Fi gure  3 and were less

readily visibl e . Figure 4 shows two of the dislocations at a higher magnification.
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Dislocation . . t1- Dislocation Dislocationletter in Burgers Vector
Axis TypeFigure 3.

a ~4 lTO ) [001) 900

b -~[OlT] *[lf2 ]+ [ofl] 0÷300

c .~[olT] *[lT2]-~.[oTlJ 0÷30°

d ~ [lOfl *[Tl2].[lofl 0-*30°

~-[oiT~ E lT2) 30°

f .
~
.[OlT] [0111 00

g ~- [ll0] [ooi] 900

h ~[lOfl *[lofl-*[Tl2] 0÷30°

j ~ [oifl b iT) 00

k .
~[0lT) [0111 00

1 ~[llo] [ow.] 90°

~[llo] [owl 90°

p ~[lOl] [001) 45°

q ~[ioTJ *(1l2]-i.[1OT] 0÷300

~[l10] [0Th 600

~[olT] *[oll]+[lT2] 0÷30°

t .
~.[lol] (101) 00

A r i ght—h anded axis  system is used wi th  the f o i l  norma l [001]

* These d i s loca t ions  do not lie exactly along low— index crys ta l lographic
direct ions, but between the two direct ions ind icated and on the (111)
slip planes containing these directions.

TABLE I

BURGERS VECTOR ANALYSES OF DISLOCATIONS
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There was no evidence of precipitation on the dislocations , althoug h an impurity

atmosphere surrounding the dislocations could have been present without being

detected by the TEN examination .

In every case it was found that a dislocation corresponded to a dark spot , and

vice versa. A number of dark spots in Figure 2 have been circled and lettered for

comparison with Figure 3. Each of the extended dark spots ab and cd in Figure 2

correspond to two dislocations about 3pm apart , whilst fgh in Figure 3 correspond s

to three dislocations with similar separations . The spot lettered pq (Figure 2) is

much darker than the others , and two dislocations less than 2pm apart were observed

at that  po in t .

Slight disp lacements of 1 or 2pm were sometimes observed between the two

corresponding positions in the CL and TEM micrographs , and this can be at least

partly explained in the following manner. Contrast in the CL mode depend s upon the

depth of penetration of the incident electron beam , which is several microns for

the beam potential of 30 kV used in these experiments. Thus , the centre  of the

dark spots probably correspond s to the position of the dislocation typ ically to

2pm below the epitaxial layer surface. For a dislocation inclined at 450 to the

p lane of the foil , this would give a disp lacemen t of 1 to 2pm r e l a t ive  to the poin t

of te rminat ion  of the dislocation in the specimen surface.

The nature of the seventeen dislocations lettered in Figure 3 were analysed

in detail and the results are given in Table 1. All were perfect dislocations with

Burgers vectors. Among the seventeen , five of the possible six different

types of fzllO> Burgers vectors were present (+b and —b were not distinguished).

The crystallographic directions of the dislocations ’ lines were deduced from

stereomicrographs and careful tilting experiments , and it was found that screw ,

edge and mixed dislocations were all present. Dislocations were observed at

positions corresponding to the unlettered dark spots in Figure 2, but Burgers

vec tors were not determined for these dislocations.

4. ETCH PIT STUDIES

A CL micrograph (Figure 5a) of the (Ill) A oriented sample selected for this

study showed a typ ical array of dark spots. The secondary electron emissive mode

micrograph indicated that the specimen surface in this area was featureless.

The specimen was etched for 16 seconds in an .~ ueous solution of KOH

(l2Og/litre) and K3
Fe(CN)

6 
(80g/litre) heated to its boiling point , and the area

shown in Figure 5a re—examined . The emissive mode niicrograph (Figure Sb) showed

clearly defined triangular etch pits which correlated with the positions of the

dark spots in Figure 5a. A few less veil defined , shallower etch features were

present which do not correlate with dark spots. The triangular pits are typical
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of d i sl o c a ti o n s , and the one— to —on e correspondence between dark spots and dis-

l ocations obtained in Section 3 is thus conf i rmed by these e t c h i n g  s t u d i e s .  The

two sets arc in reg ister to wi thin 2pm , and the s l i gh t d i s p lacemen ts (<2pm) can

pr obabl y be caused ei ther by the removal of material during etching or by the

& t t c c t  d ue to the penetration of the electron beam described above.

r
~~~.

—. #.~., 
..

~~~ 
.. p

I —S e

25pm1

O t— .- I

~~~ 
~~~ ~~~~~~

(a) (b)

FIGURE 5. (a )  A CL micrograph of the ( I l l  )A ( r  I n t :  Te— doped
layer and

(b)  the same area a f t e r  etch ing to revea l d i s l o c a t i o n
5 ’  tes  imaged in the secondary c I c t ro n i  mode of
an F M

5. DISCUSSION

The combined CL and TEN examination of the same area of the GaP specimen has

d emonstrated conclusivel y there is a one—to—one correspondence between the CL dark
spots and the dislocations emerg ing at the spec imen surface. Each dark spot

contained a dislocation , and each dislocation gave a dark spot . The only

exceptions were when the dislocations were too close together (
~ 5pm) for the dark

spots to be resolved . The dark spots then either ran together to give elongated

spots or became superimposed to give darker spots. A dark spot occurred regard-

less of the type of dislocation , i.e. whether screw , 300, 600 or edge.
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Two possible mechanisms may explain the effect of dislocations as non—

radiative recombination centres. The recombination may be due either to some inter-

action between the dislocations and impurities or to point defects , or to a property

of the dislocations themselves. The experimental results show that grown—in

dislocations act as recombination centres in ep itaxial material regardless of the

method and t empera tu re  of growth , the type and concentration of dopant , or the

crys ta l logr aphic orientation. This suggests that neither impurity nor native

defec t (e.g. interstitial Ga or P atoms, or vacancies) interactions are the main

reason for recombination behaviour . The results of Heinke and Queisser 18 in GaAs

do not contradict this view , their investigation showing that interactions with

impurities or poin t defects decrease the effectiveness of dislocations as non—

radiative recombination centres.

If the  e f f e c t  is due mainl y to the core or elastic strain field of the dis-

loca t ions , then it might be expected to depend on the type of dislocation. The

experimental results provide no evidence for this. A possible exp lana t ion may be

that the different types of dislocations have different capture radii , d i f f e r e n t

life t imes in the captured state etc., bu t never theless  a l l  the types compe te

e f f e c t ivel y with the recombination processes in the bulk of the crystal and hence

appear similar in the present studies. The present work does not enable the

dominant mechanism to be determined , but the overall results tend to suggest that

it is an inherent property of the dislocation rather than a mechanism involving

the interaction of impurities or point defects with the dislocation.
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THE TRANSVERSE ENERGY OF ELECTRONS EMITTED FROM

GALLIUM ARSENIDE

D. J. Bradley, M. B. Allenson and B. R. Holeman

ABSTRACT

The mean transverse emission energy (MTEE) of electrons from GaAs photo—

cathodes has been derived from limiting resolution measurements on proximit y

focused image intensifiers. The value of 107 ±18 meV obtained for the (lll)B

emi tting surface of CaAs/Ga
X

A 1 (l X)
As/GaP photocathodes is approximately two

orders higher than that calculated by other workers , and does no t depend on the

app lied electric field in the range 1000—4000 V mm 1 . In contrast to previous

work a comparable value has also been measured at 2V mm ’ using a LEED optic

assembly with correction for the distortion of the trajectories of these very

low energy electrons . The rough emitting surface of practical photocathodes may

be responsible for the high transverse emission energies and a model is considered

in which electrons are emitted ft~om a sinusoidal surface. It is shown that the

observed field independent MTF.E is obtained with a period to amplitude ratio of

about four , and that the period lies betveen 2.5 and 100 mm . An initial study of

photocathode surfaces by scanning electron microscopy has shown that a surface

structure is produced by the heat—cleaning process on a scale which is within

thia range .
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THE TRANSVERSE ENERGY OF ELECTRONS EMITTED FROM

GALLIUM ARSENIDE

D. 3. Bradley, M. B. Allenson and B. R. Holeman

I .  INTRODUCTION

Negat ive Electron Affinity (NEA) photoemitters such as gallium arsenide ,

Ga
x

In i x As and silicon have potential as photocathodes in image intensifiers.

They require semiconductor material with minority carrier diffusion 1en~ ths

greater than about one micrometre and this can only be obtained in single crystal

ep itaxial layers of high perfection , which , with current growth technology , are

necessar i l y fla t. This largely precludes their use in inverter imager intensifiers ,

and limi ts their app lication to proximity focused diodes or triodes (if a channe l

plate is included).

The resolution of a proximity focused device is particularl y sensi tive to

degradation by the component of the electron emission velocity para l le l  to the

photocathode plane . However Burt1 , Pollard 2 and Bell 3 have all shown theore t i c a l l y
tha t mean transverse emission energies (MTEE) of 1—2 meV can be expected from NEA

gallium arsenide. In addi tion Pollard 2 has reported MTEE of this order from

gallium arsenide when using a LEED—Auger apparatus as an emission ang le anal yser ,

and Piaget et a1 ’
~ have measured 8 meV for  Ga In

1 
As in a proximi ty foc used

structure. These values are approximately two orders lower than those for multi—

alkali photocathodes and suggest that NEA photocathodes may allow high resolution

to be achieved at lower voltages and wider photocathod e—to—p hosphor gaps than are

current in proximity focused image intensifiers incorporating multialka li photo—

cathodes. Unfortunatel y, measured data on devices containing gallium arsenide

photocathodes5’6 fail to support these predictions and give values  of about

100 meV .

In this paper the discrepancy is examined using the following approach.

Firstly, in Section 2, the resolution as a function of applied voltage and of

phosphor—to—photocathode gap is calculated . Second ly, in Section 3, the influence

of a rough photocathode surface on the measured MTEE is examined . Two limiting

cases can apply. The first , which we have termed the field distortion effect is

that considered by Martinelli7 and by James 8. This can produce a high effec tive

MTEE which is proportional to the applied field. The second , which we have called

the slope effect , is the result of the initial velocity , near normal to the local

surface , contributing to the mean velocity parallel to the overall photocathode

plane. This can also produce a high MTEE which i s  now independent of the applied

field.

The transverse energy measurements on proximity focused tubes are presented

in Section 4. It is apparent that over the limited range of field stremgths for
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which measurements are practical , the MTEE is high , (about 100 meV) and also

independent of applied electric field , suggesting that the field distortion effect

does not app ly. In Section 5 it is shown that severe errors can arise when using a

LEED g r id  assembl y for  very l ow energy electrons . By correcting f or these e f f e c t s ,
an MTEE has been measured which is in agreement with that observed in proxim i ty

tubes , and which extends the range of field independence to as low as 2 V mm~~

An examination of the pho toca thode sur f a c e s  by scanni ng e l e c t r o n  microscopy  is

described in Section 6.

SOURCE SOURCE

PLANE PLANE

(a) (b)

FIGURE I. (a) Electron point spread function
(b) Electron lin e  spread function .

2. THE MODULATION TRANSFER FUNCTION AND LIMITING RESOLUTION

OF PROXIMITY FOCUSED TUBES

I n a proxi m i ty focused image tube the lateral motion of the photo—electrons in

the photocathode—to—p hosp hor gap w i l l  res ul t i n degrada t i on of the image. This

degradation is best described by the modulation transfer func’ion (MTF ) and this

can readil y he derived if the electron emission properties are known . The first

step in this derivation is to compute the point spread function , i.e. the elec tron

densi ty dis tribution on the phosphor produced by a point source of electrons

(S in Figure la). If an elec tron leaves the photocathode with a transverse

veloci ty com ponen t V
T~ 

it strikes t h e phosphor at a point distance r from the

geometric image where , i f  is the transit time ,

r V
T
T

4.4



If the electron transverse energy dis tr ibu t ion is such tha t i t can be

described by a dis tribution function , 1 , wi th circular symmetry and with the form

n ( v T) = N ( v ?,/v T )d vT

then  the cor responding  po in t  spread f u n c t i o n  has the form

=

Here n ( V 7,) is the  number of e l e c t r o n s  w i t h  t r a n s v e r s e  v e l o c i ty  “T 
and V

T 
the

r.m .s. veloc i ty. j is the current density at radius r f rom the geometric image ,

is a normalising coefficient and R is a dimensionless radius given by

R = P/
~~T

1• This expression for j assumes that the initial velocity of the

electron perpendicular to the photocathode is sufficientl y small compared with

the effec t of the applied field , tha t the transit t ime can be taken as constant

for all the elect ons.

The equivalent line spread function of a line source S’ shown in Figure lb

is  then

= T ~~~~ +z~)(JZ = C
L

L(X )

where is the current density at distance .r from the line , is dista nce along

the line , CL 
is a normalisin g coefficient , X and 2 are dimensionless and are

given by X and 2 =

The MTF is given by the normalised Fourier transform of i.e.

MTF = c~~J 
2 cos (2iiFX) L(X 2 )dX = M(F )

where C
M 

is a normalising coefficient , F is a dimensionless spatial frequency

g iven by F fvT
T snd f’ is the spatial frequency.

The limiting resolution , 
~L

’ of a device , giv en a sui ta b l e  d i s p lay an! when

not noise limited , vari es over a limited range from observer to observer , but is

now general l y taken as the point where the MTF has fallen to 5%. Hence if

is given by M ( F L) 0.05 then

1L

Since 12 = 2~!r1/F~-’ where i is Lhe cathode-to— anode gap,

m and e are the electron mass and charge and F’ is the electric fi e ld ,

and 
~
‘T — 2 (F

T)~~
/r
~
7 where E

T is the mean energy of the

emitted electrons parallel to the photocathode (MTEE)

then 
‘~L 

K (EIE ~d)~~.

The value of the constant K , is de termined only by the form of the distribution
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t unction and is insensitive to choice of this function. Needhani~ has shown that

for a number of specific transverse velocity distributions , K 8 when is in

line pairs per mm , d is in mm , F’ is in kV mm ’ and F
T 

is i n eV.

In particular it can readily he shown that if the  t r a n s v e r s e  v e l o c i t y

dis tribution is Gaussian , i.e. N has the form

V
N = exp

0 L{ v T
th en K = 8.7 so that

= 8.7(E/E
74)

2 (1)

E q u a t i o n  (1) can be app l i ed  in  t he  case of a p lane NEA ph o t o c a t h o d e  s u r f a c e

since the transverse velocity distribution has been calculated ’’2 to have the form

V
n(v

T
) = N VT exp [- ~~ ~~~ 

dv
T

Here r~* is the electron effective mass in the semiconductor , k is Boltzmann ’s

constant and T is the absolute temperature. This expression is valid for small

ang les of e m i s s i o n  (
~~

n
~T

2 << where EA is the NEA) and the corresponding angular

d i s t r i b u t i o n  is

F O 2~
17(e) = ° ~~~ 

~~~~~~~~~ 

k T J ~~ 
(2 )

where 0 is measured from the normal to the emitting surface. The MTEE is then

given by

E =~~~ i k T
T m

For GaA s at room t e m p e r a t u r e , 1.5 meV .

3. THE EFFECT OF SURFACE TOPOGRAPHY ON THE TRANSVERSE ENERGY

Practical Ill—V pho toca thode surf ace s are un l i k e l y  to be comp le tel y plane.
Al l  the transmiss ion  photocathode structures using these materials are grown by

ep it axy onto lattice matched or near lattice matched substrates , and this results

i n a characteristic topography lO
~
H w h i c h  may be modified by subsequent chemical

etching .

~Fur thermore , the heat—cleaning , which is a necessary part of the activation

proce dure , may prod uce both facetting 12 and thermal etch p its 13 . This uneven

surface has been considered as a possible cause of the effective high transverse

energy by Mar t in e l l i 7 and by James 8. They shoved that surface structure on a
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microlnetre scale in combination with the high app lied elec tric field in a

proximity tube results in a distorted field near the cathode in which the

electrons can gain transverse energy . We call this the field distortion effect.

A rough surface can also produce a field independent increase in transverse energy

which we term the slope effect. The electrons are emitted with a velocity componen t

p a r a l l e l  to the local sur face , corresponding to an MTEE of 1—2 meV but with a local

normal velocity giving an energy of 100—200 meV . The components of these normal

veloci ties in the mean plane of the rough surface produce a contribution to the

MTEE which does not depend on the electric field.

vx

v V,~ V~ 

( ton e cost - sin I)

L.7
.~~~

e 

\~~~~

FIGURE 2. Ve l ocit y components of elcctrons emi tted frcm ~
sinusoidal photocathode surTace

In this section the real photocathode surface is approximated by a surface

wi th sinusoidal corrugations and the mean transverse energy of the emitted

elec trons is calculated . Both the field distortion effect and the slope effect are

taken into account and the dependance of the limiting resolution on the field and

spacing is obtained . The effect upon this dependance when one or other of the

effec ts dominates , is examined .

The potential distribution between a flat p late and a sinusoidal surface has

been derived by Klopfenstein and Wehner 1 ’ who showed that for sufficientl y small

deformations of the form y = a cos(px) , only the first Fourier component need be

considered , in which case the potential is given by

- E y — F0aexp (—py)co s (px)

where F is the applied electric field when a is zero.

This leads to the following expression for the x and y components of the

electric field:
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E apexp(—py )sin(px )

F’ = F + E ap exp(—py )cos(px )

If the electron trajectory as a function of time is given by x(t), y(t) then

the transverse velocity as a function of time for the surface shown in Figure 2 is

given by

v
~~

(t )  = VN
(cosTtan0 - sinT) +~~~J 

F’ apsin [px(t)]e xp [-py(t)]dt (3)

If the product ap is much less than unity, varia tions of the electric field in

the y direc tion can be neglected and if it is assumed that the x—displacement of the

elec tron within the distorted field region is small compared with the period , then

x (t ) x
1 (4 )

y ( t )  = v N
( t a nO sin T  + cosT)t + eEt 2/ Zm

where x is the point of emission of the electron , V
N
(tanosinT + cosT) is the

ini tial velocity in the y—direction and V
N 

is the v e l o c i t y  of the e l ec t rons

emi tted normally to the local surface. The exponential term in the integrand of

equation (3) means that it has only a significan t contribution for values of no

greater than about a period of the surface , and for this condition , x(t) can be

taken as constant. Then since (Gradshteyn et a1 15 )

r
~exp (-ct bt 2 ) = exp 

~~
-
~
-

the effective transverse velocity is

E~~e PFA 

—

~y
e 

— v (=) = op -

~

———— sin(Px )exP
L~

-__ (tan t s inT + cosT)
2J

pE 2E
x Lerfc {[~

_
~
.] ( tan0s inT+cosT4~

f 

+ {_._
~
] (cosTtan0-sinT) (5)

The mean transverse energy is then:

2
~ /p i~/2  27T /p ~ / 2  — l

- 

~ -j2 ET (0 ,x ) N ( O) d o d x  [ 
~ ~~~~ 

N ( 0) d 0 d x

]  

(6)

where E( 0 ,x) — np~~2/~ and an intrinsically narrow distribution is assumed by

usi ng N(0) given by equation (2).

Since the limiting resolution is insensitive to the form of the angular

distribution and a function of only the mean transverse energy , equation (1) was

used to calculate the limiting resolution as a function of electric field ,

spacing and MTEE , calculated from equations (5) and (6) for various sinusoidal
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surfaces. The results are shown in Figure 3, where lines of constant transverse

energy , determined from equation (1) are also plotted .

When the slope effect , i.e. the first term of equation (3), is dominant the

approximation x(t) = is irrelevant . However, if the field distortion effect

dominates , i.e. the second term , then for period to amplitude ratios less than

abou t ten , the transverse disp lacement of electrons is such that the approximation

x(t) .r
1 

within the distorted field region is no longer valid , and for this

region (field distortion effect greater than 10% of the total mean transverse

energy) the curves in Figure 3 are shown as dotted lines.

1000 .~ ,PER~0D AMPLITUDE
m— CORRUGATED SURFACE y c~~

’ 0 8 0 01WITH 0 2eV NEA / __ >—
——-CONSTANT 

~~~~~~ 8 0 01

:1
100 

~~~~~~~~~~~~~~~~~~~~~~~

J
/
/
/ 

/
/ , — I

10-1 1 10
Eo r/~~~ )~

FIGURE 3. The calcula ted dependence of fL
(d)

~ 
on F

0
2 for photocathodes

w ith Gaussian emission distributions about the local norma l
i n p r o x i m i ty tubes .

Two l imi ting case reg ions are apparen t :

(a) At low fields the slope effect dominates and the transverse energy is i

constant . Here the term due to the initial velocity in equation (3) dominates

and V
a 

= V
N
(cosTtane — sinT). Thus the MTEE depends only on the ratio of period

to amplitude for the corrugated surface and not on its scale. In addition ,

a ( F ) 1 for a particular surface.

(b) At high electric fields the field effect dominates and the MTEE increases

with field , so that f,(d)~ is constant for a given surface. In equation (5) the
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term due to the initial velocity becomes small and both the exponential and the

error function are independent of E giving :

V = apsin(px )(~ieF /2pm)1

Thus the MTEE depends on both the period—to—amplitude ratio and the period of

the corrugations , and is proportional to F .

4. RESOLUTIONS MEASUREMENTS ON PROXIMITY TUBES

A measurement of the MTF of a proximity focused image intensifier as a

function of both the applied voltage and the photocathode—to—phosphor gap , d,
a l lows  in forma t ion  to be obtained about the electron emission p roper t i es .  The

alternative is to determine the limiting resolution of the device. While the

latter technique is not as accurate as the former and is subject to a degree of

systematic error between observers , it is relatively quick and results have been

published by a number of authors 5’6.

Conventionally, for a proximity focused intensifier , the logarithm of the

limiting resolution , 
~L’ 

is plotted against the logarithm of (E Id)1 . If the

electron emission properties are independent of applied field , then this yields a

straight line with a slope of unity. The position of this line determines the

MTEE . However, if the electron emission properties are field dependent , as would

be the case for the field distortion effect , then the points will not lie on a

single line for a variety of gaps and applied voltages. It is then better to plot

log (f.d 1) against log (F 5) as described in the previous section (Figure 3).

This plot yields a straight line with a slope of unity if the electron emission is

characterised by a constant MTEE (e.g. the slope effect) and a straight line with

zero slope if field distortion limits the attainable resolution.

Measurements of limiting resolution reported by previous authors are plotted

in Fi gure 4. The RCA data are from Fisher et al6 and were obtained on a

GaAs/Ga As P/GaP photocathode structure. The data from this laboratory 5 are on
x 1-x

(111)8 GaAs/Ga Al As/GaP samples.
x l-x

It is apparent that for the range of gaps and applied voltages used , the

dependence of limi ting resolution on these parameters does not fit the field

distortion model. Instead the data fit a constant MTEE, ET, with this energy
equal to 148 ~l5 meV for the RCA data, and 107 ±18 meV for our data. This implies
that these high values of E~, should also apply at much lower electric fields , and
in particular should be observed using LEED equipment.

5. MEASUREMENTS OF TRANSVERSE ENERGY AT LOW FIELDS

.5.1 Introduction
The hemispherical grid and phosphor assembly of a commercially available
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LEED sys tem o f fe r s  a convenient method of displaying the angular distribution of
electrons with energies of about 100 eV emitted or reflected from a source . The

same apparatus has been used to measure the angular distribution of photoelectrons

from a GaAs photocathode2, and if the NEA is known the corresponding distribution

of transverse velocities can readily be derived . In our experience the direct

interpretation of the displayed distribution may be subject to error caused by

electric fields in the region usually assumed to be field free. This effect is

negligible for 100 eV electrons but is important when their energy is as low as

0.1 — 0.2 eV.

~~~~ ////~~~~~~~~~~~~~~~
O S

~~~
PLE 1

// 

HOLEMAN et al

KVE01 ‘~mm 1

FIGURE 4. The measured dependence of fL
(d)

~ 
on F

for prox imity tubes .

There were two main sources for the stray electric fields causing the effect:

(a) Work function variations across the photocathode surface , and differences

between the work function of the photocathode and that of its immediate support ,

produce significant electric fields in the space close to the emitting surface.

This e f fec t has pr evi ously been sugges ted by Burns 16 .

(b) If the photocathode and first grid are not accurately at the same potential

(includ ing differences in work function) a field is created which does not have

the radial symmetry necessary to preserve the original angular distribution . The
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equipotentials are planar immediately adjacent to the photocathode surface and

hemispherical near the first grid .

In this section the experimental evidence for these effects is discussed and a

measurement of MTEE at applied electric fields as low as 2 V unff~ is described , the

effect of the errors being minimised.

LEED OPTIC PHOTOCATHOCE
ASSEMBLY EMITTING

SURFACE

HEATER

CAESIUM
C~-(ANNELS

0
0

LEAK
VALVE

02
WINDOW

FIGURE 5. Cross section of the activation chamber.

5.2 Experimental Procedure

Measurements of the MTEE of electrons emitted from a (lll)B GaAs/Ga Al As/GaPx l-x
transmission photocathode were made in a 250 mrs diameter , stainless steel , ion—

pumped vacuum chamber a t a background pressure of l0 8 Pa. The photocathode was

cleaned by heating near the congruent evaporation temperature using radiation from

a hot rhenium filament mounted in the vacuum chamber. The photoemission was

maximised by exposing the clean gallium arsenide surface to caesiutn from a caesium

chromate source , and to oxygen admitted via a leak valve . The chamber layout is

shown schematicall y in Figure 5, whilst the sample holder , designed to minimize

the effects described in Section 5.1(a), appears in Figure 6. By removing all ion

pump magnets £ rota the vacuum system during measurements , magnetic field components

normal to the cathode surface were reduced to less than lO~~ Wb m
2 . At this level

magnetic focusing is insignificant.

The LEED system was operated with the grid assembly at earth potential and

a variable voltage , —V~,01, applied to the photocathode. The distribution

disp layed on the phosphor screen showed a smooth monotonic decrease in intensity

with distance from a single central maximum and except at the lowest collection

voltages , it exhibited circular syninetry . For simplicity, a measurement method
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was chosen which determined the half width of the distribution at the half

maximum electron intensity points. Two photographs of the phosphor were taken at

each value of V001, one with lO~~ lumen photocathode illumination and the other

with 0.5 x l0~~ lumen at the same colour temperature (2854K) and the same

illuminated area (about 1 mm diam .) The half width of the distribution on the

first photograph was then measured at a. density equal to the peak density on the

second photograph. The corresponding apparent angle of emission relative to

the photocathode normal , is defined by assuming that the electron has travelled

radiall y from its point of emission at the centre of the grids.

GaAs
PHOTOCATHODE

-V COI

INSULATOR

- V~~0~ +V 1

STAINLESS STEEL SECTION
WHICH ENGAGES WITH THE
MANIPULATOR

F I G U R E  1 . Sample hold er .

Typical results are shown in Figure 7. ‘I~ is a strong function of V
1 

and

reaches a maximum of about 60 when V is about 15 V. When V was less thancol aol
4 V no electrons reached the phosphor . When 4 < V4~,01 15 V the apparent angle of

emission increased rap idly with V 1, the spot on the phosphor had the triangular

shape of the cathode ., and the relative motion of the light spot on the cathode

and the image on the phosphor were out of phase. At V
~0i ~ 

15 V the apparent

angle diminished with increasing V~01, the image became circular and the relative

motions were in phase. The values of V at which these characteristic features
cot

appeared , depended on the bias voltage V applied to the isolated part of the

sample holder , with respect to the photocathode. The maximum moved to higher

V001 for negative V and to lover V001 for positive V , whilst observable changes

occurred for changes in V of the order of I volt. For the measurements shown

in Figure 7, V was held at +1 V.
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None of these effects would have occurred if the electrons had been moving in

an effectivel y radial field, except the failure of the electrons to land at
voltages below a particular value of V001. Since this radial field condition is

normally assumed , and leads to equivalence of initial and apparent emission angles ,

it is important to understand the effects more fully if transverse emission

energies are to be measured with confidence.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ED

4 2 ,~
20

I I

0 50 100 150

PHOTOCATHODE TO FIRST GRID VOLTAGE V~~/volts

FIGURE 7. The apparent angle of emission at ha l f
the maximum electron densit y as a
function of the collection voltage.

5.3 Investigation of Stray Fields in the LFFD Optic Assemb ly

The series of current—voltage curves in Figure 8 were obtained for

0 < V
~0i 

< 12 V , as a function of V , using the grid and phosphor assembly as a

collector . An apparent difference in work function , ~~~ between the cathode and

collector of ~l2 V was obtained when V was zero. /t41 diminished as V was
a 1

increased , saturating at large V to a minimum of 2.6 ±0.2 V , a more realistic

value for the work function difference ~~~ For a particular value of V ,  the

current began to fall at approximately the value of V001 
at which the apparent

emission angle reached a maximum .

The measurements indicated that electric fields small enough to be

produced by differences in work function could have a marked effect on the

electron trajectories and suggested that such differences may be the cause of

the anomalous behaviour described in Section 5.2. This possibility was

investigated using a res i s tance  paper*analogue method . In i t ia l  t r ia ls  showed that

* Sensi t ised Coatings Limited , R edlands , Coulsdon , Surrey .
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if the sample was mounted a distance in front of the holder , as is the case for

the configuration shown in Figure 6, then the effect of work function differences

between the photocathode and its holder was substantially reduced . However , there

remained the work function differences between activated and unactivated parts of

the sample itself. Therefore in a further simulation , the sides and rear of the

cathode were arbitrarily biased —3 V with respect to the front surface , and the

potential distribution in front of the cathode was determined as a function of the

effective accelerating potential difference , VACC , where VACC = — A~~.

1 5x10 7

5 4 3 2 1 0/V

I I — -
0 20 40 60 80 ~00 12 0

PHOTOCATI-sODE TO FIRST GRID ~VOLTAGE . VCO I/v OIts

FIGURE 8. Measured current—voltage charac~er~s~~cs
of the photocathode and LEED optics
assembly as a function of V .

It became apparent that at low accelerating voltages (Figure 9a) a potential

barrier existed in front of the cathode which would prevent electrons from

escaping to the collector. At higher accelerating voltages (- 3V) ,  Fig ure 9b ,

the potential barrier was penetrated along the axis of syssnetry and a small reg ion

with the shape of the cathode was produced through which electrons could escape ,

giving collector current. This aperture would determine the size and shape of the

image on the phosphor and it could also produce the reverse motion of the light

spot on the photocathode compared to the image on the phosphor as shown in

Figure 9d. The particular value of VACC 
at which these effects appeared was

controlled by the negative bias on the rear surface of the photocathode ,

corresponding to the difference in work function between itS front and rear

surfaces. As VACC was further increased , Figure 9c, this region was enlarged and
the focusing effect would be reduced until at VACC > 15 V none of the electrons

would exper ience a retarding potential during its transit to the screen . It is
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also clear why erroneously high values of Al a greater than ~4 were obtained from the

current—voltage curves when V
1 
was small. The potential energy diagram in Figure 9e

shows that a large collection voltage was necessary in order to reduce the maximum

of the potential barrier to below the bottom of the conduction band in the bulk of

the gallium arsenide. The role of V
1 
was to partiall y cancel the potential barrier

in front of the cathode without the need to increase V~01.

~~~~~~~~~~~~~~~~~~~~ -~~~~
•
~~

:~
(a) V~cc <3v (b) 3V<VACC <1SV

PHOTOCATHODE

~~~V~~~~+gi ~~~~~~~~~~~~~~~~~~

(c)VAcc>15v

CONDUCTION BAND ~~~~ POTENTIAL BARRIER
_ _ _  

VACC

VcoL
øco;LEc ToP

GaAs VACUUM COLLECTOR

(e)

FIGURE 9. (a)(b)(c) The equipotentials in front of the cathode.
The voltages are referred to the cathode.
(d) The reverse mot i ons of the i l l u m i n a t i n g  spot and
i mage on the phosphor.
(e) The potential energy versus distan ce for an electron.

Thus a number of the anomalies observed in Section 5.2 can be qualitative ly

explained in terms of the stray electric fields resulting from work function

differences. Even if a suitable design removes the effect of the sample holder

work function , serious distortion of the electron trajectories can be introduced
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hv the unactivat ed parts of the photocathode. Therefore it is unlikel y that the

degree ot distortion will be calculable.

By working at higher values of t h i s  e f f e c t  should  become n e g l i g i b l e  and

t h e n  should become independent of V ,~~~. However it is apparent from Figure 7

th at this is not the case , and the second mechanism introduced in Section 5.1 (b)

m u s t  be considered . Unlik e the previous mechanism , the effects produced can now

be ~a1cu 1ated . Lamport ’7 has used numerical methods to compute the trajectories

of 0 . 2  eV e l e c t r o ns  in  a LEEI) a p p a r a t u s  w i t h  a flat c o n d u c t i n g  source .

~~3O~

ACcELERATING VOLTAGE VACc/vOItS

FI fl U~ E 10. The apparent angle of ~r’~i~~sicn o~ elect rons
with 0.2 eV e m is s i o n  I ner ly.

The r esu l ts are sh own ~n Fi gure 10, from which it is apparent that the initial

angular distribution is severe ly dis torted by accelerating voltages as low as

0.5 V. Alternativel y the distortion can he determined by approximating the

hemisp h e r i c a l  geomet ry  w i t h  a p l a n a r  one , in w h i c h  case the  apparent  angle of

emiss ion correspond i ng to a giv en is

= t a n~~~~~~( / , + - (EA )
~

}2 ( E T)
~

/
~

VAccl
The r e s u l t s  of t h i s  c a l c u l a t i o n  are compared w i t h  t hose  of Lamport 17 in Fi gure  10.

S i n c e  t h e  ag reement  i s  good and is not  e x p e c t e d  to d e t e r i o r a t e  a t  h i g h e r  vo l t ages

this convenient anaI ytic al approach was app lied over the range of accelerating

voltages used experimentall y, and the calculated curves fi r ted in Figure 7, to the

meas ured val ues of v s V
0~~

. This gave a value for the transverse energy

correspond i ng to ‘Pb , 1
T~~’ 

of 70 ~20 meV for 75 V < V
1 

150 V , corresponding to
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an app l i e d  f i e l d  b e t w e e n  1.3 and 2.7 V nun In order II calculate t i e  Ml ’~ F ,

it was assumed , as in Sect ion 4, that the el cc t ron dens  i t y di St r i hut ion I fl t li e

phosphor was Gaussian , for which

= (—In 0.5)

This yi e ld s a valu e of 101 ~29 meV for at applied f ields ~2 V nmt~~
The photoc athode refl e ction sensitivity during these m easurement s was of the

order ci 5OO~j~\ 1m 1 g i v i ng lOO~iA l m~~ in t ransmission for the phot 1 ath od e gallium

arsenide l iv er thickness of these samp les. !t was found that as I lii cathode

sens i t i vit y dropped , the MTEE decreased .

~~~~~~~~~~~ ‘: 

___ 
~~~~~~~ 

1%

_ __

_

_ 

~~~~~~~~~

_

(a) (hI

r I GUR[ I I . ~ ( o r i r i ng e l e c t ron m i c rog r ~~~~ c a ~~ , I I  r
pte - t O C ~ i edf  s~ rT p e~~. (Ti It ang le 45 0 )

( a )  In as—grown jrface.
(b) A hea t—cl eaned surface.

6. SCANNING ELECTRON ~1 lhl ~tiSh0(’l. 1 N\l Si ihAl ’ li )NS

The photocathode surfaces have been examined i~~ i t i g a scanning ele ctron

mi croscope (SEM)* in the se-ondary emission mode. For each observation a photo—

cathode structure was broken to provide both a c ontr o l  and a sample which was heat

ci l a ne ll in t h e  LEE!) apparatus before its transfer in air to the S I M . The temp-

erature of the heat treatment was that used i n  t h e  d e t e r m i n a t i o n  of the  MT FE and

corresponded to that which gave the maximum photoemission sensitivi ty. Althou gh

* Phi  I l l  
~
,s I~~F;M 500.
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its absolute value was not accuratel y known , it was in the reg ion of 600°C and
samp les so heated did not show the visible film associated with surface

decomposi tion. Figure 11 shows a scanning electron micrograph for  a typ ical sample

pair. A t (a) the as—grown control samp le exhibit s a surface largel y dev o id of
structure down to the measured resolution limit of 10 mm . The sample at (b)

however , which has been heated for 30 minutes without subsequent exposure to

caes ium , has undergone  a marked  change .  A s u r f a c e  s t r u c t u r e  has developed with

features ranging in  s ize  f rom 20 to 100 mm and wi th the larg er of thes e appea r ing

as tri angular pits with a conunon orientation . Whilst the ind ices  of t he  c r y s t a l

planes forming the pit sides have not been established , previous work on

facetting 12 ’18 has shown that (110) plan es are developed and it is probable that

this is also the case here.

7. DISCUSSION

The measured ~t ”Fi of 101 ~29 meV at 2 V ~‘in~~ for a GaAs/Ga Al .~s/G aP
x l-x

photoca thode (Sect ion 5) is in good agreement with 107 +18 meV measured on similar

photocathodes at fields of 1 000—4000 V nnt~~’ in proximity focused  image tubes

(Secti on 4). Althoug h there may be systematic errors introduced by the assumption

of a Gaussian dis tribution in Sections 4 and 5 it is expected that these will he

small compared with the hundredfold discrepancy outlined in Section 1. It is

apparent ther efore that these results largel y remove the disagreement between the

measurements of MTEE in image tubes and in a LEED apparatus2. We have con s i d er ed

reasons for the difference between these  sets of low field data and suggest two

main possibili ties: firstl y ,  our work used heat—cleaned surfaces which were

simil ar to those used in the proximity tubes and which were known to be facetted ,

whereas Polla rd’ s work 2 used ion bombarded surfaces which were facet free.

Second ly, we have shown that serious errors can arise when a LEED apparatus is

u sed wi th very low energy elec trons. The direct interpretation of the low field

measurements in this paper would have given transverse energies of about 1—2 meV .

The MTEE which we have measured is about two orders higher than that predicted

by th e theory of the emission process and is independent of the app lied electric

field between 2 V nnn~~ and 4000 V mm~~ . It is interesting to consider this problem

in the li gh t of the rough surfacL model developed in Section 3. The field

independence indicates that the field distortion effect is insignificant and

suggests that the slope effect is dominant . The calculated MTEE in Fi gure 3

shows tha t if an NRA of 200 meV is assumed , the measured lITER would be given by

surface corrugations with a period—to—am plitude ratio of approximatel y four ,

corresponding to surface angles (7’, Fi gure 2) of up to 450• Furthermore , the

slope effect produces a transverse energy proportional to the NEA , qualit~ tive l y
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confirmed by the observation in Section 5 that the MTEE decreased as the sensitivity

decayed . The absenc e of a field dependent MTEE at the highes t app lied elec tric

field sets an upper bound of about 100 nm to the period of the corrugations

producing this high transverse energy, whils t periods less than the wavelength of

the emitted electron can be expected to have little effect. This sets a lower

bound of about 2.5 mm .

This range of periods encompasses the size of the features visible in

Fi gure 11 , w h i l s t the su rface  ang les may be compared with the expected value of

350 for (110) facets on a (lll)B surface. There is aatisfactory agreement if the

uncertairty i n thc NEA and the Iimitatior,G of the model are accepted , and

believe that this structure is a very probable cause of the high transverse energy .

On the other hand the much larger scale structure normally de tected by opti cal

microscopy and resulting from the method of growth cannot he responsible.

8. CONCLUSIONS

In proximity focused image intensifiers , gallium arsenide photocathodes give

a resolution similar to that for multialka li devices and in contrast to the

improvement predicted by theory for an NEA emitter . This correspond s to a mean

transverse emission energy in the tube of 100 meV which is approximately t w c

orders hi gher than expected , and is comparable to the value measured at n.’ir zero

app lied electric field in a LEED system .

An angular s truc ture not resolvable  b y op t ical microscopy has been detected

on t he sur face  of the photocathode by scann ing  e l e c t r o n  mic roscopy  and cal-

culations show that this can provide an exp lanation for the major features of the

anomaly. It has been demonstrated that the structure is a direct result of the

heat cleaning which forms part of the photocathode activation process. Thus the

resolution achievable with current gallium arsenide pho toca thodes may no t

represent a fundamental limitation if changes in the activation procedures can

si g n i f i c a n tly red uce the transverse emission energy .
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A SIMPLE DETFRMINAT ION OF THE ENERGY LOSS PROFIlE.

FOR ELECTRONS IN A SENT—I NFI NIT E MFDWM

D . J . Day

ABSTR A CT

A procedure is described for predicting electron energy loss profiles (dose—

depth curves )  in any semi—infinite material for incident electrons in the kilovolt

to megavolt energy range.
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A SIMPLE DETERMINATION OF THE ENERGY LOSS PROFILE

FOR ELECTRONS IN A SEMI-INFINITE MEDIUM

D. J. Day

INTRODUCTION

In diverse applications of electron beams e.g. welding , X—ray microprobe

analysis , solid and gaseous laser excitation , microwave power devices , etc., a

criterion for their use is the need for high energy deposition in a predetermined

volume . It is important therefore to be able to predict with some confidence the

spatial ~‘istribution of energy deposition for widely different target materials and

electron energies. It is only recently that a universal empirical curve of electron

energy deposition (dose—depth curve) has been proposed by Fverhart and Poff 1 based

on direct measurement in silicon and air. In this paper we adopt scaling laws

observed by Everhart and Hoff to obtain a simplified theoretical descri ption of

electron energy loss. This predicts electron energy deposition on any semi—

infinite solid , li quid , or gas for the kilov-olt to megavolt elec~ - n  energy range .

Its prediction is specific to the material and electron energy of interest

THEORETI CAL AND EMPI RI CAL FOUMDATION

Scattering of an energetic electron by an atom can be described by the pro~-

abilities of small angle elastic scattering (nuclear collisions) and large angle

inelastic scattering (electronic collisions) , which are determined by the form of

the atom ’s interaction potential and the electronic and vibrational excitation

processes available to it. Even after many scattering events in a random scatter-

ing process , the energy dissi pation and distribution of electrons is defined

uniquely by these single scattering parameters , provided of course that the target ’s

d imensions do not interfere with the scattering process.

This can be demonstrated by considering elastic scattering by a power law

po ten t ia l  of a screened nucleus
2 8 1

V(r) = Ze a ( 1)
sr

where a = 0.8853 a0Z
1
~
’3 is the effective screened radius of the atom with (7 .~ the

Bohr rad ius, Z the atomic number and a the power law exponent . Which leads to a

simple differential scattering cross section

1/s 
~

do ~ - b 2a
28_ 2 (3a—1) (2 )

2 882 
Tm
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where h is the collision diameter Ze L/E , T the energy transfer and ~çits maximum

value given by

4AE
T — = u E  (3)m 

(l+A~ 2

wi th A the mass of the scattering particle in units of the mass of the scattered
particle. Lindhard 2 and Barood y3 have shown that all moments of the distribution of

scattered particles at rest are determined uni quely by a , A and the  i n i t i a l  energy

E . In particular the averag e pa th leng th L becomes

1/5

L = 
( s—l)  8s2 E2

~ (3a—l) (“~
‘c’
~a~ 

••

~
)

Tha t is  to say , if the power law S of the interaction potential and the av erage pa th
length L were known for any electron energy E then the mass ratio A (i.e. u )  and

all moments of the electron distribution are determined uniquely at that energy .

Elas tic collisions can therefore be described quite simply. Inelas tic

collisions are not so amenable to precise description . The Bethe theory of stopp ing

power approxima tes inelastic loss as a continuous slowing d own process be tween
elastic collisions i.e. a viscous drag. Bethe ’s equation for energy loss is

— 
dE — 

2~NZe~ (5)d1 E 7 )

where I is defined as a mean excitation energy of inelastic losses along a path 1,

and u is a constant with a value of 1.16. This theory is valid for high energy
electrons where E>>I, but would appear a coarse approximation as E~I. The Bethe

energy loss range R8 is defined as

o dE c cdcR8~~~~ d~E/dl~~~~~b 
T— (6)

where K = 9.4 x 10 ‘2 12A/ Z g/cm , and the incident energy to ionisation energy

ratio c — u E/I. This range describes the average distance travelled by an electron

in losing its energy. Berger and Seltzer~ have evaluated this integral for

representative materials and electron energies. Their results can be fitted by a

power law of the form

RB ‘~? (7)
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with B and the exponent n taking different—best fit values over various ranges of

i. Everhar t and Hoff 1 have defined such power laws for the Bethe range as (see

Figure 1)

0.95c~~
51 5< c<50

RB/ K  = O.68c~~
62 lO<c<100 (7A)

10 .34d 1 .78

1 10 .~~2 1o3

P4ORMALtSED BETHE SANGE ~

FIGURE I . Universal  curve of norma lised Ocihe range

for norma lised electron energy (a f t e r

Everhart a~ d H o f f 1

The major problem is how to combine elastic and inelastic processes in a

unified theory . This has been achieved in a rather ad hoc basis in Monte Carlo

computer simulations ’
~ of scattering phenomena . More precise calculations based on

statistical transpor t theory have been given by Spencer6. Good agreement is found

for these calculations with experimentall y determined dose—depth curves 1 
‘~~~~.

U nfortunately these computational techniques are difficult to interpret in a

physical sense and offer little guide for extrapolation to a general case.

Everhart and Hoff 1 however have offered an empirical universal dose—depth

curve , normalised to the Bethe range , based on the observation that all available

data  exh i b i t good scaling properties with the Bethe range , provided E’I. From

their own appreciation it is clear that a sing le universal curve is not expected ,
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since the contribution from high angle scattering will increase with target mass.

What is significan t in their observation is that scaling to the Bethe range not only

holds for a wide range of mass number for the target , bu t also for considerabl y

lower electron energ ie s in the kilovolt range than has hitherto been considered its

lowe r bound c~f approximation .

HYPOThESIS

If we accept the scaling properties of the total energy loss to the Be the
range , this allows an alternative view of the complex scattering processes of high

and l ow ang le scat tering of both pri mary and secondary electrons .

A l l  energy f rom the p r imary  elec~ rons is dissipated either in exciting

secondary electrons or in producing atomic motion . The energy loss profile there-

fore describes the average generation rate of both secondary electrons at rest and

of atomic motion . If we follow the energy loss in a real scattering sequence of

an inciden t elec tron , the number of electrons involved in describing the dissipation

of the  i n c i d e n t  energy is non—conservative i.e. each incident particle generates on

average ‘~ electrons due to inelastic scatterings , each with average energy loss I.
Aft er considering many inc iden t electrons , we obtain an average distribution of

secondary elec trons at res t fo l l owing  the energy dissi pa t ion his tor ies , which is

observed to scale to the Bethe energy—loss range .

IL is an obvious step to try to replace inelastic scattering , where the

number of elec trons are no t conserved , by an elas tic scattering process , where the
number of elec trons are conserved . This will require an adjustable parameter , or

parame ters , to meet all knc ~n boundary conditions of the process.

Consider elastic scattering by a power law potential (discussed in the

previous section) for which the average path length I is given by equation (4).

To satisf y the Everhar t and Hoff scaling laws we require this to he equivalent to

the Bethe energy—loss range . The power law approximation to the Bethe range , given

by equation (7) immediately yields the necessary conditions for this equivalence as

n (8)

1/a 
~~

5
~
—8
~~
’3° 1281

and p r 2 ( c— l )  
~~

±
l 

— ____

An effective mass A of the scattering centre can therefore be deduced from p

through equation (3). The adjustability of A reflects the facts that the average

mass for all collisions is not the mass of the target nucleus and that the energy

dissipated in atomic motion is now due to the energetic secondary electrons , all of

5.6



which have the energy of the incident electrons ; the effective mass will therefore

be less than the true mass.

Wi th the power law r , the mass ratioA and the incident energy K defined

uniquely, all moments of the resultant distribution of rest particles are also

determined uni quely. Baroody 3 has discussed scattering by power law potentials and

shown t h a t  fo r  l i g ht  s c r e e n i n g  i . e . s~~l , which  is a r ea sonab le  a p p r o x i m a t i o n  fo r  the

B e t h e  range s ince  ‘~~2 , the moments  of the d i s t r i b u t i o n  of s t a t i o n a r y  p a r t i c l e s  have

a very simple functiona l form . For a Gaussian approximation to the distr ibution of

secondary ele c t r o n s , the  p r o j e c t e d  range R~ which det ermi nes the peak of the Gaussian

d i s t r i b u t i o n  and i t s  va r iance  u becomes
2

R
= 

(1+AS/4 )  f o r  s”~l (10)

and
‘A ~ 2

= 
1 ~ ~~—~ ---—— f o r  r~~l (11)

~~~~~ ( l + A ’ / 4 ) 2 4 ( 8+3As)

For heavy screening , r~>l , the expressions fo r  the moments are more comp l i c a t e d ,

being expressible in the form of incomplete Beta functions .

The total energy loss profile can he determined therefore from onl y a

kn owledge  of the mean e x c i t a t i o n  energy 1 of the t a rge t  m a t e r i a l .  The rican

excita tion energy can in turn be approximated by an emp irical formulation

a t t r i b u t e d  to St e r n h e i m e r

r = ( 9 . 7 6  + SS.S 1d9 )Z (12 )

so t h a t  the a t o m i c  number Z becomes the only variable to define electron energy

loss in any target material provided only that E>I.

Therefore , to summarise , for  an elemen tal targe t the mea n exc i ta t ion energy I

can be found from the atomic number and equation (l~~. From I and the electron energy ,

the range c o n s t a n t s  B and n are determined front their variation with c , given in

equations (7)  ard (7~ ’ .Thè se constants allow equations (~ and ~) to he evaluated and the

effec tive mass ratio to be found by solving equa tion (3~ . This effective mass ratio

is then used in equations (10) and (l~ to give the range and variance for a Gaussian

distribution . For a compound target the mean excitation energy is the sum of

losses in the j  constituent elements of mass p,~

log (I) 
~ ~~~~ 

lo~ (I
j)[~ 

_

~
,,)  ( 13)
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The effective atomic number is the only other parameter to be averaged such that

z .r  p .
= ( 14)

.2 J .1 .1

RESI’1TS

I n f i gures (2) and ()  a f a m i l y of c a l c u l a t e d  energy loss  p r o f i l e s  fo r  t a r g e t s  of

d i f f e r e n t  a t o m i c  number , bu t  w i t h  the  e l e c t r o n  energy K a d j u s t e d  to m a i n t a i n

= u!/I 250, is compared with consistent data from Spencer 1 . By maintaining ,~
constant the energy dependence of the Bethe range is the same for each curve and

onl y t h e  v a r i a t i o n  of s c a t t e r i n g  w i t h  a tomic number is demonstrated through the

fa m i l y.
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FIGURE 2. Docc—depth curves for 2 < 1 4

r”250 , RB = 0.34 *78
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A t low atomic number i.e. Z~ 14 , Spencer ’s data do not give a good fi t to a

Gaussian distribution , so that the calculated Gaussian d~ strihutions deviate at low

penetrations . The calculated range and variance however give excellent agreement

vith the first two moments of Spencer ’s distribution and indicate that a better
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approx imation might be obtained if higher order moments were included in the

dis tribution i.e. skewness and kurtosis.

A t hi gher atDmic number i.e. Z>l4 Spencer ’s da ta do give a good fit to a

Gaussian distribution. Again the calculated range and variance give excellent

agreement , so t h a t  the c a l c u l a t e d  d i s t r i b u t i o n s  are very close to those of Spencer .
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CONCLU S IONS

From the well defined properties of elastic scattering at a power—law

potential , it has been shown that the requirement for the mean path length of

incident electrons to be equal to a power law approximation for the Bethe energy

loss range is a sufficient condition to define the effective mass and interaction

potential of an equivalent elastic scattering centre . The distribution of

scattered electrons at rest derived from scattering by this centre then describes

the distribution of secondary electrons at rest and the average a tomic mot ion

genera ted by the electron beam .
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