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C H A P T E R I

INTRODUCTION

Angle-resolved photoelectron spectroscopy is a powerful

technique to study the electronic structure of surfaces. This

electronic structure is important first of all from a funda-

mental point of view. At the surface of a crystalline solid

the translational symmetry of the bulk of the solid breaks

down, and it is clear that this leads to deviations from bulk

behaviour. Thus, severe complications arise in the atomic

geometry and in the electronic structure. Both theoretically

and experimentally many problems involved are certainly not

yet solved. The present efforts in this field are also justi-

fied by the fact that the surface electronic structure is

essential in many applications like catalysis, corrosion pro-

blems, etc.

Let us consider the atomic geometry first. In the bulk of

the solid, it is quite straightforward to derive this struc-

ture from X-ray diffraction. At the surface, the balance of

inter-atomic forces is disturbed and this must lead to a re-

construction or relaxation of the surface. A probe with a

short penetration depth is needed to study the first few

layers of the solid. Low energy electron diffraction (LEED)

has been used extensively to tackle these problems (Haas et

al., 1971 and Van Hove, 1979).

The 2-D symmetry of a low-index surface can easily be found

from the directions of the diffracted beams. If the surface is

reconstructed, its symmetry differs from that of the bulk pro-

jected on the surface plane. This occurs very commonly. It

appears, however, that numerous models lead to the same sur-

face symmetry. To distinguish between these, and to study re-

laxations, viz displacements of atoms which do not change the

symmetry, the intensity of the diffracted beams has to be

analysed. The theory of electron diffraction is complicated

(Pendry, 1974) and very elaborate computer calculations are

necessary, even with rather crude approximations. Only for a

few surfaces the atomic geometry has been found with some

reliability (Van Hove, 1979 and references cited therein).

- 9 -
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In recent years much progress has been made and other tech-

niques were developed like medium energy electron diffraction

(Moon and Cowley, 19 72), double-alignment ion scattering

(Turkenburg et al., 1976; Van der Veen et al., 1978 and 1979),

He diffraction (Cardillo and Becker, 1978) and Surface EXAFS

(Extended X-ray Absorption Fine Structure) (Lee, 1976; Citrin

et al., 1978 and Johansson and Stohr, 1979).

Now that our knowledge of the atomic geometry of surfaces

is gradually improving, the next step should be to consider

the electronic structure, which is, of course, intimately re-

lated to the atomic geometry. In principle, it is even feasi-

ble to derive the atomic positions from the electronic struc-

ture by comparison with self-consistent calculations (Appel-

baum and Hamann, 1972, 1976 ; Pandey and Phillips, 1976). Due

to the complexity of these calculations this is practical only

in order to discriminate between models that give quite simi-

lar LEED results.

It is evident that there are electronic states, localized

near the surface, that differ from those in the bulk, and the

concept of surface states was introduced as early as 1931

(Tamm, 19 32). Davison and Levine (1970) have reviewed much of

the early work on this subject. Theory has gradually proceeded

to the level where now an approximate two-dimensional surface

band structure can be calculated for a realistic model of the

surface (Appelbaum et al., 1976, and Chadi, 1979), inclu-

ding even adsorbates (Schliiter et al., 1976). More recent is

the development of calculational schemes to predict angle-

resolved photoemission intensities (Pendry, 1976).

On the experimental side also much progress has been made

recently. It has long been recognized that photoemission is a

valuable tool to investigate the electronic structure of solids.

The energy of an initial state is found directly from the

kinetic energy in the vacuum plus the work function of the

surface minus the photon energy. Due to the short lifetime of

excited states photoemission is a surface-sensitive technique.

In the early sixties techniques were developed to prepare and

maintain well-defined surfaces, but it was not until 1972 that
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a surface state was seen unambiguously in photoemission from

both semiconductors (Eastman and Grobman, 1972; Wagner and

Spicer, 1972) and metals (Feuerbacher and Fitton, 1972;

Waclawski and Plummer, 1972). It was clear right away that

angular resolved measurements (Rowe et al., 1974) were of

prime importance, as they give information on the electron

momentum.

It is generally assumed that for clean, ordered surfaces

the component of the electron wave vector parallel to the sur-

face it,, is conserved during the photoemission process, apart

from "Umklapp"-processes, in which a surface reciprocal

lattice vector is added to k,, . Therefore, the momentum in the

vacuum can be linked to that inside the crystal. The electron

states can then be discussed in terms of a two-dimensional

band structure with a surface Brillouin zone in a reduced

zone scheme.

To obtain this momentum information, a price has to be

paid. In comparison with angle-integrated measurements, the

intensity is reduced, while the amount of data to be gather-

ed is greatly increased. As clean surfaces are generally very

sensitive to contamination by residual gases, the measuring

time should be as short as possible.

In this thesis a new spectrometer system is descri-

bed, designed to measure angle-resolved energy distributions

of photoemitted electrons in an efficient way. The essence of

the method is to collect the available information with a mul-

tichannel detection technique. The angular distribution can be

found by purely electron-optical means, without any mechani-

cal motion, and the system is computer controlled. The light

source is of novel design, and produces polarized light of

high intensity. With these innovations, the measuring time is

greatly reduced in comparison with a classical system.

The bulk of the thesis is necessarily concerned with the

details of the new methods. The electron-optical properties

of the electron lens for polar angle selection (chapter III)

could not be derived from an analytical theory. Some of these

properties could be found from experiment, but to get more
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Fig. 1 - Overview of the experimental set-up for angle-resclved

ultraviolet photoelectron spectroscopy.

The 21.2 eV radiation from a Re resonance lamp is given

a linear polarization of 85% by two reflections off gold-

coated spherical mirrors. The helium is continuously

purified with a getter and is separated from the ultra-

high vacuum by a thin Al foil. The plasma is excited

with microwaves (2.45 GHz) by a short3 cylindrical ca-

vity 3 operating in the TM^jg-mode. The intensity of the

light at the sample is a 2 . 10 photons/s.
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Electrons photoemitted from the sample first pass an

electron lens3 in which a particular angle 6g is trans-

formed to a fixed angle % =42°. With a manipulator the

sample can be tilted to allow the analysis of normally

emitted electrons.

The energy of the electrons is measured with a cylin-

drical mirror analyser (Physical Electronics} model

15-255G). The spherical-grid retarding-field section is

used mostly to preaccelerate the electrons in order to

reduce disturbances due to stray fields.

All electrons leaving the exit aperture of the analyser

in one particular direcx ion are focused by the detec-

tor input lens onto an annular slit in front of the

channel plates. This slit selects the polar angle 6 =

42°. Each selected electron is amplified by the channel

plates and detected by the position-sensitive detector.

Its azimuth is calculated and stored in a multi-channel

analyser. The whole system is computer-controlled.

A coaxial electron gun allows analysis of the sample

with LEED and Auger spectrosccpy. The sample can be

cleaned with ion sputtering and heated with electron

bombardment.

insight in the problem it was decided to calculate the proper-

ties of the lens numerically•

The lenses of interest are complicated, paraxial approxi-

mations are not allowed, and the calculation of aberrations

demands a high accuracy. Existing methods did not fulfil these

requirements. In chapter II a new method is presented, which

is both very efficient and highly accurate. In chapter III

this method is applied to the particular lens used for polar

angle selection. It has also been used to design the detector

input lens (chapter V ) .

Details on the polarizer,- used in the light source, and on

the position-sensitive detector system are given in chapters

IV and V respectively.



In the concluding chapter VI some results are presented

of measurements on a Si(001) surface. These results are given

first of all to demonstrate the capabilities of the new method.

This particular surface was chosen for several reasons. Many

metal surfaces have already been investigated quite thoroughly.

Some examples of recent work are: for Cu, Heimann et al.

(1979a); W and Mo, Weng et. al. (1977); Ni, Plummer et al.

(1979); Au, Heimann et al. (1979b); and Pt, Apai et al.

(1976). The silicon surfaces have also been studied extensive-

ly because of their technological importance and fundamental

interest. They have been used also to test many theoretical

techniques to calculate the surface electronic structure. Des-

pite all the efforts some questions remain unsolved. The atomic

geometry of the Si (001) surface is still in debate. A surface

state has been found both experimentally and theoretically but

the experimental dispersion of this state does not agree satis-

factorily with that calculated for any of the proposed models.

Most theoretical calculations lead to a metallic surface while

experimental results suggest a semiconducting surface. Some

interesting conclusions about these issues will be given.

To conclude this introducM on.- an overview of the experi-

mental set-up is presented in fig. 1. More details will be

given in the respective chapters.
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C H A P T E R II

A NEW METHOD FOR NUMERICAL CALCULATION OF POTENTIALS

AND TRAJECTORIES IN SYSTEMS OF CYLINDRICAL SYMMETRY

ABSTRACT

The charge density method for solving Laplace's equation

is treated for a system with cylindrical symmetry, where the

electrodes can be represented by smooth curves of arbitrary

shape. It is assumed that each electrode has two separate

sharp edges, but this is no severe restriction. The singula-

rity in the charge density at the edges is eliminated by

approximating the integral equation with Gauss-Chebyshev

quadrature. A second singularity3 occurring if the potential

is evaluated on an electrode, is split off and integrated

analytically. The resulting set of linear equations is charac-

terized by a symmetric, positive definite matrix and is solved

with the Choleskii method. The potential and the electric

field can be calculated anywhere outside the electrodes direct-

ly from the charge densities. The equations of motion are

solved with the method of rational extrapolation. This allows

the tracing of electron rays in the non-paraxial region. Some

results are given and their accuracy is discussed. In compa-

rison with existing methods either the accuracy is signifi-

cantly improved or the computer requirements are considerably

reduced.

1. INTRODUCTION

The calculation of the properties of electron optical

systems requires knowledge of the potential function V(r).

- 16 -
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What is usually known a priori is only the potential of the

electrodes. If there are no charges outside these electrodes

or dielectrics in the system, the complete potential func-

tion V(r) can be found by solving Laplace's equation

AV(r) =0 (1)

with the appropriate boundary conditions.

The most common and direct way to solve Eg. (1) is the

method of discrete differences, in which the region inside

the boundary (which must be closed) is covered by a lattice

of points where the potential is calculated. It leads to a

matrix equation where the order of the matrix is the total

number of points of the lattice. The potential between the

points of the lattice and the electric field are found with

interpolation methods.

An alternative is the charge density method which is used

in this paper. The charge density on the electrodes is calcu-

lated in a self-consistent way from the known potential

function on the electrodes. This leads to an integral equation.

In order to solve this equation the electrodes are covered by

a lattice of points where the charge density is calculated.

Because of the reduced dimensionality, the order of the cor-

responding matrix is much lower than with the method of dis-

crete differences. Both the potential and the electric field

can finally be calculated at any point r by evaluating an

integral. Specific treatments of this general method have

been given before by Cruise (1963) and Read et al. (1971,

Harting and Read, 1976) and were compared with other methods

by Mulvey and Wallington (197 3).

The present paper concerns a treatment of systems with cy-

lindrical symmetry. The basic idea is to incorporate the sin-

gularities of the charge density, occurring at edges and

corners of the electrodes, in a weight function of the relevant

integrals. It is assumed that the electrodes are infinitely

thin, smoothly curved with two sharp edges. The integrals

can then be approximated with Gauss-Chebyshev quadrature.

Nevertheless- the method is very general because more compli-



18

cated electrodes can be split up in several parts. Although

the behaviour of the charge density at the axis of the system,

or at a corner where two electrodes touch, deviates from the

basic assumption, it will be shown that the accuracy is only

slightly impaired.

The accuracy of the method depends also strongly on how

another singularity, occurring if the potential is evaluated

on an electrode, is treated. In connection with the chosen

quadrature, an adequate procedure will be discussed. The pre-

sent method is accurate and efficient enough to allow ray

tracing through the electric field, calculated directly from

the charge densities, even for complicated systems. The empha-

sis will be on this application.

2. BASIC CONCEPTS

The following assumptions will be made:

1) The system under consideration consists of a finite

number of electrodes. These are finite surfaces where

the potential is known.

2) The system has cylindrical symmetry, i.e. all functions

are independent of <}>, using cylindrical coordinates r,

<f> and z.

3) The electrodes are infinitely thin.

4) The generator of each electrode, i.e. its intersection

with an r,z-plane is a smooth curve.

5) The electrodes do not touch or intersect each other or

the z-axis.

6) If a mirror symmetry of the system exists and is exploi-

ted, the electrodes do not touch or intersect the mirror

plane.

7) There are no charges outside the electrodes, nor dielec-

trics.

8) The potential is zero at infinity.

Some remarks about these assumptions are appropriate. In

numerical analysis it is always difficult to assess the accu-
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racy of the calculation. Rather than treating the errors in a

mathematically exact manner, the accuracy was tested empiri-

cally in two ways, by comparison with an analytically known

solution, and by varying the number of points used to solve the

integral equation.

In practice, with the present method the most important

problem is usually not the accuracy of the solution of the

mathematical problem, but the accuracy of the representation

of the experimental system in mathematical terms. One has to

deal with finite-thickness electrodes, inaccuracy of positio-

ning, irregularities in the surfaces or their potentials, iso-

lators, residual magnetic fields, etc. Moreover, the space

between "the system" and infinity is rarely empty. Fortunate-

ly, many systems are fully, or almost closed. The solution of

Laplace's equation being a boundary value problem, the region

outside the electrodes is then not, or hardly, important. In

this sense, assumption 3 is rarely restrictive. If, for in-

stance, a long thick-walled tube is compared with a thin one,

the true charge distribution will be completely different,

while the potential and electric field inside it are essen-

tially the same. An infinitely thin electrode at the position

of the inner surface of the thick-walled tube is then a cor-

rect representation. If such an approximation is not allowed,

a thick-walled electrode can be represented by infinitely

thin electrodes at its surfaces.

An important feature of the charge density method is its

capability to treat an open boundary properly. As an example

results will be given for a flat disc. This is also an example

where assumption 5 is not fulfilled. Systems with electrodes

touching each other or the z-axis can in fact be treated, but

with reduced accuracy.

3. PARAMETRIC REPRESENTATION OF THE ELECTRODES

The potential V(r) and the electric field F(r) will be ex-

pressed in terms of integrals over the generators of the

electrodes. It is therefore convenient to represent the elec-
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Fig. 1 - Parametric representation Of electrode u in cylinder

coordinates,

r = ru(s) - l f s < l

z =z (s) 0 £<)> < 2TI.

The total length of the generator is 2b .

trodes by parametric equations. The obvious choice of coordi-

nates is that of the cylindrical coordinates r, <{> and z. As

parameters <j> and the pathlength s along the generator of the

electrode are chosen, normalized to the interval (-1/ 1) as

shown in fig. 1. Note that the choice of sign of s is arbitrary.

Electrode y can then be represented by two functions r and z

r = r y(s), -]

z = y =1,2,...M,
(2)

where M is the total number of electrodes. The number of the

electrode will always be indicated by a Greek index. The gene-
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rator of the electrode is assumed to be a smooth curve, which

means that both the functions r and z and their derivatives

are continuous. As the parameter s is assumed to be the norma-

lized pathlength one has

dr (s) _ dz (s)

S 2 S 2

where 2b is the total length of the generator of electrode y.

If the geometry of the system has mirror symmetry with

respect to the plane z =0, this can be incorporated in the

equations to reduce the amount of numerical labour. If V(r)

has the same mirror symmetry as the geometry, the charge den-

sity also has this symmetry and the equations can be written

in terms of the electrodes in the region z > 0 only. This case

will be denoted with an additional parameter q = l. If V(r) is

antisymmetric with respect to reflection in the plane z=0,

the charge density is antisymmetric too and the problem can

again be solved in the region z > 0 only. In this case the para-

meter q = -l. For arbitrary V(r) the solution can be found

from linear superposition of a symmetric and an antisymmetric

solution. The parameter q has been incorporated in all equar-

tions. The non-symmetry case is found simply by putting q = 0.

In the symmetry case only electrodes in the region z > 0 are

contained in the summations and the potential and electric

field are considered for z^O only.

4. THE CHARGE DENSITY METHOD

The potential at any point (r,z) can be expressed in SI

units as

*v<?) =qv(r,z) = ? [ [
qpjr';zl) (_-L_ +_a_) d0.]

f (4)
where J dO1 denotes the integral over the surface of elec-

trode p yand qa(r',z') is the surface charge density. With

the parametric representation introduced above this can be

written as
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M 1

qV°> V "

}ds], (5)

where r1 has been written as a function of p, s and <fr and

, z(s)) . (6)
n — n \x

The expression between curly brackets is, apart from a

constant factor, the potential of a ring charge and the well

known result (for instance Weber, 1950) contains an elliptic

integral,
1

b,,qa (s) r(s)

/ K(m(r,z,r (s),z (s))
X I ^ li j-
V ((r + r (s)) + (z - z (s)) )

K(m(r,z,r (s) , - z (s)) \
+ q j1^ 2"—r ) ds ] .

TT/2

K(m) d i f | (1-m sin 26)" % d9 (8)

o

is the complete elliptic integral of the first kind, expres

sed in terms of the parameter m, and

m(r,z,r',zI) = ^-f- =-. (9)
(r + r1) + (z - z « r

It is convenient to introduce the complementary parameter

ml d l f 1 " m>

m ( r, z, r. / Z.) = (r-r)+
(r + r1) +

and to write K'(m1) defK(m) .
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Note that both m and m. lie in the interval (0,1). For K1

polynomial approximations exist (for instance Hart et al,,

1968) of the kind

2
K1 (m1) « (kQ + k1m1 + k2m1 + . ..) + (k^ + kin^ + . . .) In

(11)

where kQ = In 4 and k^ = -^. K
1 (m1) contains a logarithmic sin-

gularity for m, i 0.

The essence of the charge density method is to regard Eq.

(7) as an integral equation, where qa (s) are the unknown

functions and all other functions are known. To solve this

integral equation numerically, the integrals can be approxima-

ted by finite sums, and evaluated at a number of points where

the potential qV(r,z) is known, i.e. on the surfaces of the

electrodes; the resulting set of linear equations should then

be solved.

An important aspect of the problem is the behaviour of the

charge density ^a (s) near the edges of the electrodes. It can

be shown (for instance Smythe, 1950) that for a (locally) flat

electrode the charge density behaves as x , where x is the

distance from the edge.. The singularities can be treated cor-

rectly by splitting off the function

w(s) = (1 -s2)~h, (12)

which behaves similarly for s-*+l. This particular function

is chosen, because it is the weight function of a Gauss-

Chebyshev quadrature formula to be introduced furtheron. The

reduced charge density ^p (s) is now defined as:

b qo (s) r (s)

VS)
V S ) Ny eQ w(s) .

where N is a constant useful for later purposes. If ^V(r,z)

is evaluated at the surface of electrode A, Eq. (7) contains

another singularity for y = X, s + s 1 , where r = r,(s') and

z=z,(s'). From Eqs. (10) and (3) it is seen that

nijtr^ls'lj z^(s'), r^ (s) , z^(s)) approaches zero as
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while K' (m.) behaves as

• 8 r (s')
K1 (mx) a In A-h l n m ^ l n ( £ ) - In |s - s' | . (15)

A

The singular part, -In |s-s'|, is also split off and can be

integrated analytically:

1

w(s) In | s - s' | ds=-TTln 2, -l<_s'£l. (16)

-1

With this result Eq. (7) becomes

q. M N 1

V , ( s 1 ) d l f g V ( r , ( s 1 ) , z , ( s ' ) ) = Z [ - ^ w ( s ) { q p ] 1 ( s )
A A A y = 1 L ir j ^ y

x\ \ i i i i ^ i -v \, rs f f £i •> \o } f ±. \& / f £* V^ / / /

2 2~k

( ( r x ( s ' ) + r y ( s ) ) + ( z x ( s ' ) - z y ( s ) ) ) ^

K ' ( m i ( r x ( s ' ) , z A ( s ' ) > r t | ( s ) f - z y ( B ) ) ) \

( ( r , ( s ' ) + r , , ( s ) ) + ( z , ( s ' ) + z ( s ) ) ) w
A y A y

q / i \ i i i i » - . Q < i v i ^

p - i ( s ' ) I n s - s N - v ^ - p , ( s ) I n 2
+ 6Xy 2 rx(s') x

where 6, = 1 if A = y and S^ u
=0 otherwise. Now that all sin-

gularities have been removed in Eq. (17), the Gauss-Chebyshev

quadrature formula

w ( s ) f ( s ) d s s ^ - E f ( s ) (18)
i y i = i

— i

is introduced, where

and N , already introduced in Eq. (13) , is the number of ab-

scissae used in the approximation (18)• As mentioned before,
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the error in Eq. (18) will not be discussed here. In all cal-

culations done so far, the error proved to decrease as the

numbers N were enlarged.

It remains to be chosen at which points s1 Eq. (17) should

be evaluated. There are strong reasons to choose the set of

values given by Eq. (19). The distribution of these points

over the electrodes is well-balanced and the number of equa-

tions is then equal to the number of unknowns in a natural

way. Most important however is the fact that Eq. (17) already

contains the charge density ^p,(s1).

The cumulative indices k and i are introduced as functions

of y,i and A,j respectively.

v

v=i

J + V N v , (20)
v=l

and the following discrete functions are defined:

and analogous equations for I, A , j. The final result is the

matrix equation

L

£ k=l &k k

M
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K'(mi(zV *v

for H =fk, and

(23)

l n + N y l n 2

(24)

From Eqs. (10) and (23) it is seen that qC^ = q ^ k £ . This is

an important result because with such a symmetric matrix, which

can also be shown to be positive definite, Eq. (22) can be

solved efficiently and stably with the Choleskii method.

Until now it was not yet assumed that the potential on each

electrode is constant. The solution ot Eq. (22} can in fact be

found for an arbitrary potential function defined on the elec-

trodes . In the case where the electrodes are equipotential

surfaces much labour can be saved if many calculations with

different potentials have to be done on a system with the

same geometry. If the potential of electrode K is ^UK one has

( 2 5 )

<=1

where

and

(27)
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where qj}£ is the solution of

In this way the general solution of the problem can be con-

structed from the M(q = 0) or 2M(q =j= 0) solutions of equations

(2 8), which impend only on tha geometry of the system.

5. THE EQUATIONS FOR THE TOTAL CHARGE, THE POTENTIAL AND THE

ELECTRIC FIELD

If the charge densities ĴD. have been found, the total

charge on electrode y can be calculated directly from

1 N
3 2 v q

_ i y y o i = 1 y jii

This number represents the capacity of the electrode and is

also used in the evaluation of the accuracy of the method

(see § 8) .

The potential qV(r,z) at arbitrary points outside the elec-

trodes can be found in the same way as Eq. (22) was derived

from Eq. (7), without the need to split off a singularity;

L / K1 (m, (r, z, Plr, St))qV(r,z) = E
k=l

/ K1 (m, (r, z

K1(m,(r, z, r. , -z )
+ q ^-5 5HT J. (30)

The electric field qF(r,z) =- grad qV(r,z) is found if

Eg. (30) is differentiated with respect to r and z. The deri-

vative of K1(m,) is

dK' (m ) K1 (m ) -E 1 (jn,)M.
— = 2(T^nO ' (31)

where
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IT/2

E'(mj) =E(m) d l f f (1-m sin2e)^ de (32)

o
is the complete elliptic integral of the second kind.

Differentiating Eq. (10) gives

r',z') 2(r-rl-m1 x (r+ r') )

(r

3».(r,z,rl,8l) 2 (1-m.)x(z - z1)
± 1

.)
1r- 1= 2 '

92 (r + r1) +(z-z'r
( 3 3 )

To simplify the notation the functional dependence of n^ is

deleted and mj is introduced as

(34)

The r- and z-components of the electric field are then

D'(m1)rfc + E1 (n^) (r - *>k) /n^qFr(r,z) = s <
r k=l

q

v v-"- if' »'• k

2D1 (m' )r. + E1 (m!) (r - r,) /ml

L / E'(m ) (z-a )/m
%z(r/z)= E % ( ^ i S

z
k=l ^ V ((r + r k)

2+ ( z - 3 k )
2 ) 3 / 2

E' (m!) (z +2. )/xa\ \

+ q 4 5 5-372)'
(<r+rk)^+ (z+3k)'

!r/'i /

(35)

where

TT/2

D1 (m.) =D(m) = sin 6 (1-m sin 6) de

m
(36)

To calculate the paraxial properties of electron lenses it is

sufficient to evaluate the potential function and electric
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field on the axis of the system. With r = 0, m, = m! = 1, K' (1) =

E' (1) = IT/2, D' (1) =IT/4 the paraxial equations are (qFr(0,z) =0)

1 k=l

2 2 k=l

Z - 3,

(Z-3k)
2)3/2

(37)

z + s

(Z
(38)

In most cases the overall accuracy of the method is limi-

ted by that of the calculated charge densities ^/>k; a refine-

ment of the equations beyond simply replacing the integrals by

the Gauss-Chebyshev quadrature is then useless. However, if

the point (r,z) where the potential and electric field are

evaluated, approaches one of the electrodes some of the inte-

grands become nearly singular. Note that the electric field

Fig. 2 - Definition of u, v and a if (r,z) is close to elec-

trode u.
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on the surface of the electrode is discontinuous physically,

so this should in any case be excluded. Just outside the elec-

trodes it is feasible to split off a suitable part that can

be integrated analytically in much the same way as was done

in deriving Eq. (17). In § 8 criteria will be discussed when

this refinement is worthwhile.

Consider the situation, shown in fig. 2, where the point

(r,z) is close to electrode p in the sense that |U|<<1,

where b,,|u| is the distance between (r,z) and the electrode.

Let (r (v), z (v)) be the base of the perpendicular, then the

following approximation can be made:

r-r (s) K b u cos a - b (s - v) sin a,

z - z (s) a-b u sin a - b (s - v) cos a;

(39)

m1(r,z,r]j,(s),z)a(s)) x; (-^-^y)
2 ( u 2 + ( s - v ) 2 ) , (40)

where u, v and a are functions of y, r and z and the angle a

can be found from the parametric equations

drfs)

ds

dz (s)
y

= b sin a,
s=v H

ds
s=v

= b cos a. (41)

q
The charge density p (s) is approximated by a constant found

by linear interpolation. The elliptic integrals can again be

expanded (compare Eqs. (11) and (15)) as K1 (m^) ss In A-\ In m.,

E' (m1> /n^ w In 2 - \ + -^- - \ In n^ and D' (n^) ~ In 4 - 1 - \ In nij.

In this way three types of integrals are found that contain a

singularity in the limit u -»• 0 and can be integrated analyti-

cally :
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(42a)
_1 - . (s - v ) " |u| i/5" (aj
f __« m

1 , , 2 2i% , ̂
.../«\ r» _ ..\ "T1 S 9 n v((a, + a~) ~ ai)

4-c — , (42b)Jx u
2 + (s - v ) 2 /2 (a2

I w(s) In (u2 + (s - v)2) ds-I
(a3+ /2 { a 2 + u 2 - v 2 + a3a4>^ + a4) ], (42c)

where

= u 2 - v 2

a- = 2 u v,

a 3 = u
2 + v2 ,

a4 = [ (u
2 + (1 -v) 2) (u2 + (1 +v) 2) A - (43)

sgn v = +1 if v > 0/

0 if v = 0,

-1 if v < 0.

The procedure outlined above certainly does not solve all

the problems involved in calculating the electric field close

to the electrodes as will be discussed further on. It is never-

theless an important improvement that can be incorporated in

a computer program quite easily.

6. THE EQUATIONS OF MOTION

Many problems connected with electron lenses can be solved

if a paraxial approximation is made. This simplifies the pro-

blem considerably but, although the present method is very
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well suited for such a treatment, it will not be discussed

here. With Eqs. (37) and (38) the paraxial equations (for in

stance Harting and Read, 1976) can be solved in a straight-

forward manner.

In the non-paraxial case the equation of motion,

(44)

has to be solved numerically, where e and m are the charge

and mass of the particle respectively. As Eq. (44) is a second

order differential equation it has a unique solution if the

starting values,

r(0) and dfc
dr(tl

t=0

are given. Although it is possible to eliminate the time t

from Eq. (44) there is little reason to do so, even if there

is only interest in the trajectory of the particle. No other

choice of independent variable could be as general and simple.

And nothing is gained by reducing the number of equations, be-

cause the numerical labour consists almost entirely of calcu-

lating the electric field F"(r,z) in a number of points along

the trajectory.

For similar reasons the most simple system of cartesian

coordinates seems to be the best choice. For instance, a tra-

jectory passing the z-axis at a short distance would be hard

to solve from the differential equation in cylindrical coor-

dinates because the azimuth $(t) is nearly singular when the

axis is passed. There are no problems of this kind if carte-

sian coordinates (x,y,z) are used where x = r cos $ and

y = r sin <|>. The coordinate transformations needed to find the

electric field in cartesian coordinates are straightforward.

Eq. (44) can be reduced to a first order differential

equation by introducing the velocity or momentum of the

particle. For completeness the full relativistic equations

including any stationary magnetic field B(x,y,z) will be given

because this is hardly a complication;
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p-(t) d i f m % > - (1- (45)

where c is the speed of light.

If a 6-dimensional vector Y(t) is introduced whose components

are

Y 1(t)=x(t), Y 3(t)=y(t), Y 5(t)=z(t),

Y 2(t)=p x(t), Y 4(t)=p y(t), Y 6(t)=p z(t), (46)

the equations of motion can be written as

(47)

where the components of the vector function g are

_ l3\ — 1 v /I • P \ ***%

(Y)=e CFx + g3(?) Bz - g5 (?) (48)

and analogous equations for g3 to gg by a cyclic change of the

indices (see definitions in Eq. (46)). The cartesian components
-* -+

of the electric and magnetic fields F and B can be considered

here to be functions of Y; the absolute value of the momentum

p is defined by p 2 = Y 2 + Y ^ + Y g , or the term in p 2 in Eq. (48)

is taken to be zero in the non-relativistic limit.

Eq. (47) is solved with the method of rational extrapo-

lation described by Bulirsch and Stoer (1966) . This was pre-

ferred to other methods like Runge-Kutta or multistep methods

because of the relatively small number of evaluations of the

function g(Y). Thus it is feasible to calculate the electric

field F directly with Eqs. (35), avoiding the complications of

interpolation methods•



An important characteristic of the method is the rather

large basic stepsize h i = t
+ 1 "

t i which is subdivided in

smaller steps as accuracy demands and can be chosen indepen-

dently from the previous one. In practice the interest usual-

ly is not in the position of the particle at a specific time,

but rather the intersection of the trajectory with a given sur-

face, normally the image plane. This requires a method to

choose suitable stepsizes h. to approach this intersection as

closely as possible.

After each step in solving Eq. (4 7) a value for the next

stepsize h? is chosen to optimize the efficiency of the ra-

tional extrapolation method, as discussed by Bulirsch and

Stoer (1966). Then the time needed to reach the image plane

is estimated by assuming a constant electric and magnetic

field. As the position (x,y,z) is a quadratic function of the

time t by this assumption, the stepsize h. corresponding to

the point of intersection can be found from a simple iterative

procedure. In the non-relativistic limit it can be shown by

making an appropriate expansion of Y(t), that the accuracy is

optimized if the fields are evaluated at a position corres-

ponding to the time t* = ti+h?/3, which can be found by assu-

ming a zero field first. If h* <h? the next stepsize is

hi=h^. This procedure converges very rapidly.

If the image plane coincides with one of the electrodes,

problems can arise because the electric field is singular at

the electrode. Intersection with the electrode can be preven-

ted if there is a small spacing between the image plane and

the electrode. The last part of the trajectory can again be

treated with a quadratic approximation.

7. DETAILS OF THE COMPUTER PROGRAMS

In the computer programs that were written (in FORTRAN)

to apply the methods outlined above, two additional assump-

tions were made to simplify the structure of the program. The

numbers of abscissae N were all chosen equal, N =N. Only one

array is needed then to store the N values s ± given by Eq.

(19). The generators of the electrodes were assumed to be

straight. This limitation is in no way required by the method,
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but it is sufficient for most experimental situations. The

geometry can then be given in terms of simple variables, like

b and a in Eq. (41), and the values of u and v in Eqs. (39)

and (40) can easily be found.

In the first program the charge densities qj>£ are calcula-

ted and stored on mass storage, together with all parameters

describing the geometry of the system. The trajectories are

calculated in a second program. Here the actual charge densi-

' ties qjak are calculated from the potentials
 qU K applied to the

electrodes. Any number of trajectories can then be calculated.

An important feature built into the program is the possibility

to search for a certain property by varying one of the para-

meters (except the geometry of the system) automatically.

Several precautions have been incorporated to prevent the

program from running indefinitely. It stops for instance if

the time t or one of the coordinates surpass certain limits,

or if the electric field is evaluated too often. It then goes

on with the next trajectory.

The computer is a CDC Cyber, model 174, with the NOS/BE 1

operating system. The first program needs 5900+% L(L + 1)

words of storage, while the CP-time needed is approximated by

((| L3 + (6 +M) L2) x 3.5 x 10~5 + 0.l5)s. The total number of

abscissae L=MN is limited to a maximum of 349. It could be

increased by using mass storage.

The second program needs a fixed amount of 9000 words of

storage where it has been assumed that M_<16, N£51 and Ljc349.

The CP-time needed can be approximated by LxH x].5x 10~4 s ,

where N is the number of times that the function g(Y) c.q.

the electric field F(r,z) is evaluated. In practice N is of

the order of a few hundred although it depends strongly on

the kind of problem and on the accuracy required.

8. SOME RESULTS

The most obvious way to assess the accuracy of the present

method is to compare numerical results with exact values for

a suitable system. One such system is a flat disk with radius
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Fig. 3 - Errors in the calculated charge density and electric

field of a disk with radius R. The number of abscissae

is N = 14 and z =0.15 R.
o

R. Analytic expressions for the charge density, potential and

electric field have been given, for instance by Smythe (1950).

In fig. 3 the error in the calculated charge density is plot-

ted vs. r/R for N = 14. Note the magnitude of the error near

r = 0, which can be attributed to the fact that the condition

on which Eq. (12) is based is not fulfilled because a disk

intersects the z-axis. The relative error is even infinite

for r = 0. For other values of N the r-dependence of the error

is the same, except the point r(s ) near r = 0.

In fig. 4 the relative error in the total charge or capa-

city of a disk is plotted vs. N. The error appears to converge

for increasing N to the function cN~ , where c is a constant.
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This fact is probably connected with the way the singularity

has been treated in Eq. (17) and is actually very fortunate.

It clearly suggests the possibility to increase the accuracy

considerably by extrapolation. For instance, if the capacity

of the disk is calculated for N = 26 and N = 30, the relative

error in the extrapolated value is 6.7 * lO"1 , which is more

than three orders of magnitude smaller than the error for

N = 30.

10" 8'

Fig. 4 - Errors in some calculated properties as a function

of the number of abscissae N.

(1) Capacity of a disk.

(2) Capacity of a disk with a hole with a radius half

that of the disk.

(3) Axial potential of a two-cylinder lens with a gap

of 0.1 D. Each cylinder has a diameter D and a

length 5D. The potential is evaluated at a dis-

tance 0.1 D irom the symmetry plane.
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As another example a disk with a hole was chosen with

outer and inner radius of R and R/2 respectively. From extra-

polation its capacity was found to be e R x 7.848 143 175 and

the relative error in the non-extrapolated values is plotted

vs. N in fig. 4. The accuracy is almost an order of magnitude

better than for a disk without a hole, which can be attribu-

ted again to the intersection with the axis in the latter

case.

The errors in the charge density itself and in the poten-

tial and electric field far from the electrodes behave exact-

ly the same. To illustrate this, and to try a more complicated

system, a two-cylinder lens was chosen with a gap between the

cylinders of 0.1 D, where each cylinder has a diameter D and

length 5D. The quantity plotted in fig. 4 is now the error in

the axial potential at a distance 0.1 D from the symmetry plane.

For N >10 the error is again ~N , which allows very accu-

rate values to be.obtained from extrapolation. In table I the

extrapolated (N =») values are compared with the values ob-

tained with N =14 and with values obtained by some other

authors. The superiority of the present method is clearly

shown in both the capability of obtaining extremely high

accuracy, or more practicable, a moderate accuracy in a very

short time. The results for N =14 were obtained within Is CP-

time (apart from loading the programs), while the electric

field was obtained simultaneously with comparable accuracy.

The extrapolated values were obtained from the values for

N = 51 and N = 46 and their accuracy is believed to be better

than + i in the last digit given. This was checked once again

by varying the length of the cylinders. It should be noted,

however, that the values in table I were obtained for an

antisymmetrical distribution (q=-l) of the potential and

charge densities. This is important because the boundary is

not fully closed and the potential is assumed to be zero at

infinity. The differences found if the potential on both

cylinders is changed by the same amount are of the order of

10 for this lens,and they depend strongly on the length of

the cylinders. This clearly shows that the accuracy of the

extrapolated values is of academic interest only.
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TABLE I

Axial potentials V(z) for a two-cylinder lens with <

z/D

0.0
0.02b
0.05
0.075
0.1

0. 125
0.15
0.175
0.2
0.225

0.25
0.30
0.35
0.40
0.45

0.5
0.6
0.7
0.8
0.9

1.0
1.1
1.2
1.3
1.4
1.5

Thin-walled tubes

Present
results

N=°°

.500 000 0

.467 202 6

.434 701 9

.402 783 3

.371 710 7

.341 718 U

.313 001 2

.285 721 5

.259 990 4

.235 884 3

.213 440 7

.173 528 1

.139 973 3

.112 207 0

.089 515 6

.071 149 8

.044 605 3

.027 786 0

.017 248.1

.010 686 3

.006 614 1

.004 091 4

.002 530 1

.001 564 4

.000 967 2

.000 597 9

Present
results
N = 14

.500 000

.'167 180

.434 657

.402 717

.371 624

.341 611

.312 875

.285 575

.259 825

.235 700

.213 237

.173 287

.139 704

.111 931

.089 260

.070 931

.044 404

.027 489

.017 013

.010 766

.006 815

.003 971

.002 153

.001 543

.001 569

.001 253

Read et al.

.500 000

.467 206

.434 703

.402 789

.371 715

,341 722
.313 005
.285 722
.259 991
.235 884

.213 438

.173 517

.139 957

.112 180

.089 479

.071 103

.044 536

.027 690

.017 141

.010 571

.006 544

.004 048

.002 501

.001 545

.000 954

.000 589

a gap 0.1 D, V. = 1, V^ = 0.

Thick-walled tubes

Natali
et al.
(1972)

.500 000

.467 115

.434 532

.402 538

.371 399

.3^1 351

.312 592

.285 279

.259 528

.235 413

.212 969

.173 079

.139 566

.111 851

.089 212

.070 897

.044 436

.027 676

.017 178

.010 642

.006 586

.004 074

.002 519

.001 557

.000 962

.000 595

Present
results

.500 000

.467 142

.434 584

.402 611
'.371 492

.341 459

.312 713

.285 409

.259 664

.235 551

.213 107

.173 211

.139 686

.111 956

.089 302

.070 972

.044 487

.027 710

.017 200

.010 656

.006 595

.004 080

.002 523

.001 560

.000 964

.000 596

For thick-walled tubes the situation is much more favoura-

ble because the gap is shielded by the sides of the tubes.

This system can be represented by infinitely thin electrodes

at the inner surface of the tube and at the side near the gap.

Results are given in table I and for this lens they do not

depend on a shift of the potentials nor on the length of the

cylinders (above s; 5D) and the width of the walls of the tubes

(above « 0.3 D). Note that the thick-walled lens is interme-

diate between the thin-walled one and a lens where a linear

variation of the potential across the gap is assumed (Cook and

Heddle, 1976). The accuracy of the results for the thick-

walled lens is an order of magnitude less than that for the



thin-walled lens. This is another example where assumption 5

(§ 2) is not fulfilled.

The error in the calculation of the potential or electric

field becomes important if N is small or if the point of eva-

luation is close to one of the electrodes. In fig. 3 an

example is given for the disk for which the field is known

analytically. The error in the electric field F(r,z) is plot-

ted vs. r/R, where z =0.15 R with R the radius of the disk

and N =14. The error oscillates with a period connected to

tne abscissae used in the Gauss-Chebyshev quadrature. In this

instance the almost singular integrals were treated as descri-

bed in § 5. Without this treatment the error was one to two

orders of magnitude larger. Fig. 3 suggests that the amplitude

of the oscillations depends strongly on the distance of two

neighbouring abscissae of the Gauss-Chebyshev quadrature. By

varying z and N, and performing similar calculations in other

systems, this is confirmed, and a rule of thumb seems to be

that the errors in calculating the field are important if the

distance from the electrode is of the same order as, or smaller

than, the distance of two abscissae. In a similar way it can

be shown that an analytic treatment of a part of the integrands

in Eq. (36) is worthwhile only if the distance from the elec-

trode is smaller than « 4 times the distance of two

abscissae.

In calculating a trajectory these oscillating errors can

have two distinct effects. Firstly, the accuracy of the results

can be reduced. This is particularly severe if the particle

starts from or intersects an electrode. One way to cope with

such a situation is to calculate the electric field a short

distance away from the electrode, and to make a quadratic

approximation, as discussed in § 6. This option is incorpora-

ted in the computer program. An alternative would be to smooth

out the oscillations by some kind of interpolation scheme.

This would, however, complicate matters seriously.

Secondly, if the equation of motion (4 7) is solved with

high precision, the trajectory follows the oscillations of

the error. Then the accuracy of the trajectory is not impaired

because the effect of the oscillations averages out; but due
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Fig. 5 - Ray tracing results for the two-cylinder lens in

the accelerating mode (V2/V1 = l0). The object dis-

tance is 3D and the image distance Q is plotted vs.

•the square of the take-off angle 8. The equa-

tions of motion were solved with a relative accura-

cy e. An analytical representation, including third

and fifth order aberrations, is given by the solid

curve Q/D = 2.6405 - 51.4 92 + 3.4 x 102 84. The curve

was found by a least squares fit to the first five

points, i.e. the paraxial region.
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to the small step sizes needed, the computing time is increa-

sed considerably. This should be avoided, if possible, by

carefully choosing the accuracy demanded in the solution of

Eq. (47).

As an example some trajectories were calculated in the two-

cylinder lens mentioned above in the accelerating mode

(V2/V1 = 10) with object distance 3D. In fig. 5 the imc.ge dis-

tance for a particle starting on the axis is plotted vs. the

square of the take-off angle 6. One set of data was calculated

with high precision, N = 51 and Eq. (47) was solved with a

relative accuracy e =10 . The other points were obtained with

N =14 and e =10 . For the larger values of 6 the calculation

time was much larger due to the effect mentioned above. With

e =10 a calculation with N =51 is even more efficient in

the region close to the cylinder than with N = 14. Note that

the calculated points can be fitted by a smooth curve for both

N = 51 and N = 14 down to the shortest distance from the cylin-

ders (0.01 D ) . Both the third and fifth order spherical aber-

ration are already found with reasonable accuracy using N = 14

{see fig. 5 ) .

9. CONCLUSIONS

It has been shown that the charge density method, in its

present form, is a very efficient way to solve Laplace's

equation numerically in systems of cylindrical symmetry. The

error in the charge densities turns out to be nearly propor-

tional to L , where L is the order of the matrix equation

to be solved. Thus the efficiency in calculating the charge

densities can be improved even further using extrapolation.

In most cases the same holds for potentials, the electric

field and trajectories. Only in the region close to the elec-

trodes the errors are lnrger and cannot be reduced simply by

extrapolation.

Even in complicated sj stems it is feasible to trace elec-

tron rays without any paraxial approximation. The computer

requirements are very modest and simple systems can easily

be handled by a small minicomputer, or even interactively,

using a large computer.
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C H A P T E R III

AN ELECTROSTATIC LENS FOR POLAR-ANGLE

SELECTION OF PHOTOEMITTED ELECTRONS

ABSTRACT

A new type of electron Zens is described3 which selects

the polar angle of electrons in an angle-resolved photoemis-

sion experiment. The lens consists of six electrodes having

cylindrical symmetry coaxial with the sample and the analyser,

which is of the cylindrical mirror type. An electron leaving

the sample with the selected polar angle, in the ra.nge

20 - 70°, is deflected in such a way that it leaves the lens

with the particular polar anyle that is accepted by the ana-

lyser. The properties of the. lens have been derived from

both experiments and numerical calculations. The focusing

properties are discussed in terms of a linear transformation

in phase space. Some examples are presented in detail.

1. INTRODUCTION

Recently, a scheme has been described (Van Hoof and Van

der Wiel, 1980a) to adapt a cylindrical mirror analyser (CMA)

to angle-resolved ultraviolet photoemission spectroscopy

(ARUPS). The basic idea is to record all azimuthal angles 0

simultaneously with a position-sensitive detector, coupled

with a multichannel analvser. In the present paper an elec-

tron lens at. the input of the CMA will be described, which

allows selection of ihe filar angle over the range of 20 to

70° without, mechanical motion of the analyser, nor of the

sample emitting the electrons. It is called a PAS lens; the

acronym stands for "Polar Angle Selection".

- 44 -



45

The PAS lens transforms a particular angle 6 at the object
s

plane of the lens (sample) to the fixed angle 6a (s42 ) at

the image plane (entrance aperture of the CMA). The value of

e_ depends on the set of potentials applied to the electrodes

of the PAS lens.

Experimentally, the angle 6g and the energy E, corresponding

to a particular set of potentials applied to the lens, are

readily found. This will be described in § 3. Other properties

are found more easily from numerical calculations (§ 4).

Of course, there are infinitely many choices of the geome-

try of a PAS lens and there are numerous settings for each of

them with the same value of S_, but otherwise differing

"focusing" properties. As the numerical calculations are

rather elaborate c~ly one geometry was extensively investiga-

ted. Moreover, most calculations were done for certain clas-

ses of settings that are usable in the application to angle-

resolved ultraviolet photoemission spectroscopy. These re-

sults will be given in some detail (§ 5). The emphasis, how-

ever, will be on the principles of the technique.

2. DESCRIPTION OF PAS LENS

An electrode configuration, thought to be suitable as a

PAS lens, was designed by taking a CMA as a starting point.

The version, shown in fig. 1, was arrived at as follows.

About half of the inner cylinder of the cylindrical capacitor

was deleted, to allow access to the sample for the UV light

as well as the escape of electrons over a wide solid angle.

The diameter of the outer cylinder was chosen equal to the

distance I between object and image plane (£=50 mm). In this

configuration the electrons pass sufficiently far away from

the outer cylinder, even at high-8 trajectories (see fig. 1).

The plane of the sample was continued up to the outer cylinder

by means of an electrode. Another electrode perpendicular to

the axis was connected with the inner cylinder, near the CMA

aperture. The outer cylinder was divided into three parts

and the inner cylinder into two. The gap between electrodes
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entrance
aperture
CMA '

sample

Fj.g. 1 - Geometry of the polar angle selection lens. Two

extreme examples of calculated trajectories (8 =18 and

8g=67°) are shown. The inner parts of the lens, relevant

for the paraxial focal properties, are also shown.

2 and 3 (fig. 1) was widened, and shielded with an extension

of electrode 2. This allows easy access for the UV light, for

electron and ion guns, and for a viewport. Further details,

like the conical part of electrode 5, and the spacing between

the plane part of this electrode and the entrance aperture of

the CMA were dictated mainly by constructional considerations.

With all these changes it could hardly be expected that any

property of a CMA remains valid, particularly its focusing

properties. It is well-known (for instance Sar-El, 1967) that

the diameter of the inner cylinder of a CMA has a large in-

fluence on focusing. An inner electrode is in fact essential
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to eliminate to first order the spherical aberration/ which

is always positive (for instance Grivet, 1972) when the elec-

tric field can be extrapolated analytically to the axis.

The diameter of the inner cylinder was varied, and the

spherical aberration was calculated numerically (as in § 4)

for the case V, = V,= V., v i = V 5 = V 6 ; Vi i s t h e P o t e n t i a l applied

to electrode i. Indeed, it was found that the spherical aber-

ration could be eliminated to first order for the configura-

tion shown in fig. 1.

The inner parts of electrodes 5 and 6 are hollow to allow

electrons to pass along the axis of the system. In this way

LEED (Low Energy Electron Diffraction) oatterns can be measu-

red with the coaxial electron gun rounced inside the CMA. For

this application, the inner parts of electrodes 5 and 6 behave

also as an electron lens; this is shown schematically in fig. 1

and will be discussed briefly in i 5.

The slit in electrode 5 was not covered with a grid. Its

influence on the properties of the PAS lens is limited, be-

cause the slit is close to the corner in electrode 5, where

the electric field vanishes. This was confirmed by numerical

calculations. The influence of the gap between electrodes 2

and 3 could not be neglected, so the shielding extension of

electrode 2 had to be incorporated in the numerical calcula-

tions. The effect of the holes in this shielding ring was

also estimated numerically. It proved to be important only

in the immediate neighbourhood of the hole.

The PAS lens was constructed out of molybdenum. The outer

electrodes were insulated and centered with sapphire balls.

Electrode 6 was fixed with a ceramic-bonding technique. All

insulating parts and connecting wires were carefully shielded.

To minimize outgassing all molybdenum parts were baked in

vacuum at 1100 K. Both the PAS lens and the CMA were enclosed

by a double y metal shield to reduce stray magnetic fields to

below 10~7 T.



3. EXPERIMENTAL INVESTIGATIONS

Some of the properties of a PAS lens can easily be found

from experiment. As the polar angle accepted by the CMA has a

fixed value, the obvious way to perform the experiment is to

reverse the direction of the electrons. Two electron guns in

one axial plane are substituted for the CMA, emitting elec-

trons with a fixed polar angle 0Q. At the sample position an

aperture transmits the electron if the potentials applied to

the electrodes have the correct relation to the electron

energy.

After traversing a field-free region the electrons pass a

fine mesh grid and are accelerated onto a phosphor screen.

The angle 6 is found directly from the distance of the two

spots on the screen.

As there are five potentials to be chosen (V,- = 0 by defini-

tion) , or rather four potential ratios, the set of differ-

ent "settings" of the lens is four-dimensional. Both the pass

energy E and the polar angle 9_ at the sample position, corres-
s

ponding to each setting, are readily found from experiment.

The focusing properties cannot easily be found experi-

mentally. Some indication is derived from the intensity and

size of the spots on the phosphor screen. Although the detailed

focusing properties could only be found from numerical calcu-

lations, the experiments are also important to reduce the

amount of computer time.

4. NUMERICAL CALCULATIONS

The numerical calculations were performed with a computer

program based on an improved version of the charge density

method (Van Hoof, 1980)- Electron trajectories are traced

through the electric field without making any paraxial approxi-

mation.

The position of the electron in real space is expressed in

cartesian coordinates x, y and z (fig. I). The object and

image planet.- at z = 0 and z - SL are indicated with an index a

(analyser) and s (sample) respectively. The momentum of the
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electron, p, is discussed most easily in spherical coordinates

p, 6 and §, where

p = p sin 6 cos <f>,

p = p sin 9 sin <j>, (1)

p z = p cos 9.

For a given setting, that is a set of potentials and a cor-

responding pass energy E, the "central" electron (xa = y a = 0,

<j> = 0, 9 = 9 ) intersects the axis in the image plane,a a ao

8 = 9 . The focusing properties of the electron lens can be

discussed in terms of a transformation in phase space. If

this transformation is assumed to be linear, we have

8xs 9 xs
xs ~ "3x7 xa + Je~ (9a " 6ao) 'a a

3 es 39s
6s - 6so + "3x~ Xa + "39" (6a " 9ao ) '

a (2)
3y *z;

a
3d)

The partial derivatives are obtained approximately from

the central trajectory and three trajectories slightly differ-

ing from the central one. That is, x_, 8, and y_ are success-
CL a a

ively varied and the corresponding variations of x , y , 9_
S S 5

and (f> are calculated numerically - In the linear approximation,s

some useful equations can be derived analytically. As can be

seen from Eqs. (2) the transformations of x and 8 are coupled.

If the Jacobian determinant

is introduced, the reverse transformation is
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39s dxss
(es -

x a 4 r l e x s ST ( es
a a

(3)
1 " s 9xs

9a= eao + 3 C - ^ T X s + 3iT <9s " 9so> ] •
3, Cl

When the electron source is at the sample and its size is

limited, the following equations have to be used:

= 6 s o +

7 r
a. 3.

9xs -1 39s
9s - 6 s o + <35T> [35T xs + J ( 9a- 9ao>]' (5)

a a

where 9 and r , respectively, are taken as the other depen-

dent variable.

From Liouville's theorem an analogue of the Helmholtz-

Lagrange relation can be deduced. In the linear approximation

two decoupled relations are found. The conservation of angu-

lar momentum implies

- ! (6)
3y sin

cl ct d

where E and E = are the electron energy at the sample and ats a

the entrance aperture of the CMA, respectively. The conserva-

tion of phase space in the x,z-plane leads to

cos 6
J

cos 6a
 V Ea a

Eqs. (6) and (7) set fundamental limits to what can be obtained

with a P"jt? lens. Moreover, they are useful to check the results

of the c.i;.:ulations.

It has been shown clsevhere (Van Hoof, 1980) that the accu-

racy of the calculations < an be estimated by varying the num-

ber of points N whern the charge density is calculated. With

20 points on each electrode, the absolute accuracy was found

to be « 10 £ in the positions and «• 10 degrees in the an-

gles. The errors will be indicated with error bars in the
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results to be discussed. Other checks of the accuracy are the

validity of Eqs. (6) and (7) and, by recalculating some tra-

jectories in the reverse direction, the validity of Eq. (3).

Another point of discussion is how well the actual electron

lens is represented by the mathematical model. Deviations of

the energy transmitted and the polar angle selected can be

checked by experiments. By varying some parameters of the geo-

metry numerically, the partial derivatives were found to be

practically insensitive to such variations.

5. RESULTS

To check the validity of the linear approximation a number

of full ray-tracing calculations were performed. An example

is shown in fig. 2. The entrance aperture of the CMA was cover-

ed with a grid with a spacing of 1 mm. At each point a trajec-

tory was calculated for 6 = 39° and cb = 0°. In the linear
a. a.

approximation the image would be a rectangular grid. Although

2

[mm)

0

-2

(2,-15)

- i
;

(2,15)

\
\
\

1
t

\\
\
\
I
i
t

(-2,-15)

\

; i

/' /
(-2,1.5)

T

-2 0
xs(mm)

25

Fig. 2 - Example of a ray-tracing calculation, for electrons

going from the analyzer aperture to the sample. The

object points (x ,y ), some of which are indicated, cover

a grid of mesh size 1 ram. Vj=Vg=0, V2=V,=-E, V4/E =].359,

»a=39°, *a=0°.
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Fig. 3 - Examples of two classes of settings of the PAS lens. At

the left, V1=V6=0, V2=-E, ea=39°. At the right, Vx/E=-0.5,

V2/E=-l., V3/E=-0.9.

a) Potentials of the settings

b) Polar angle resolution, calculated from the partial

derivatives (ficj. 4).

Solid curve: flooded source; dashed curve: source size of

2 mm diameter.
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the grids found by ray tracing are distorted, the linear

approximation is found to be sufficiently accurate for most

purposes.

To approximate the partial derivatives the variations

(Sx = 6y = 0.5 mm and 66 = 1° were chosen. At smallera a a
values the errors in calculating the trajectories would reduce

the accuracy.

The focusing properties of numerous settings of the PAS lens

were calculated. Some useful results are given in figs. 3 and 4.

The values of the potentials and polar angles found experiment-

ally are not shown, because they agree perfectly within the

experimental accuracy of 0.003xE and 2°, respectively. The

partial derivatives (fig. 4) are presented in a dimensionless

form to eliminate the actual size (& = 50 mm) of the present

PAS lens.

The polar-angle resolution, presented in fig. 3b, was ob-

tained from the partial derivatives (fig. 4), assuming a

1.5 mm diameter entrance aperture of the CMA and a 2 mm diame-

ter UV spot. The full curves were calculated for a flooded

source at the sample. The dashed curves were obtained from

Eq. (5). From these results it can be concluded that large

values of the partial derivatives need not be detrimental

to the angular resolution. For a small source of electrons

the luminosity of the system is reduced instead.

The small-angle settings, E-s = E a and V, = 0, are very well

suited for LEED because the inner parts of the lens have

little effect on the primary electrons. To select angles

8g > 40° the PAS lens is used in an accelerating mode, that

is V. < 0 or E^< E=. These settings are better suited for
X So,

ARUPS, particularly at a low electron energy, because the in-

fluence of stray electric and magnetic fields is reduced.

The values of the energy dispersion

E 8Xs ~ 2
2a

and the values of

——— £2 j

3.
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70

Fig. 4 - Partial derivatives of phase-space coordinates at the

image with respect to those at the object, for

settings of fig. 3. The distance between object and image

plane is {.

do not depend strongly on the setting of the lens.

In ARUPS experiments on solids it is desirable to measure

electrons emitted normally from the surface of the sample.

With the present set-up this is possible only by tilting the

sample. The cylindrical symmetry is disturbed by this tilting.

To minimize its effect on the symmetry of the field, settings

have been selected for which the electric field is zero at the

position of the sample. This restriction is satisfied if

V6 = 3.072xVl-1.220xV2-0.668xV3-0.097xV4 (V5=0). Some re-
sults are presented in fig. 5. The range of polar angles is
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-1.5

(FWHM)
4

8-

20 30 40 50

Fig. 5 - Same as fig. 3/ but for settings with a vanishing electric

field at the position of the sample. V /E=-0.5, V_=V,,

ea=39°.
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now limited to 6 < 50°. This is a direct consequence of the

absence of an electric field near the sample. Nevertheless,

these settings are very well suited for ARUPS. With a tilt

of 20° a range of polar angles from 0° to 70° with respect

to the normal of the sample can be measured.

To estimate the influence of the PAS lens on the primary

electrons in LEED experiments some paraxial focal properties

of the PAS lens were calculated. For this purpose,' electrode

4 and the outer parts of electrodes 5 and 6 were deleted

Electrodes 2 and 3 were replaced by a single cylinder. The

image space is assumed to be a field-free region behind the

plane of the sample. The results are summarized in table I.

From the results the primary electrons in a LEED experi-

ment are expected to be strongly defocused if Vg/E > 1; this

is confirmed by experiment.

As a test of the accuracy of the complete apparatus the

direction of a number of LEED spots was measured with the set-

tings of fig. 5. The sample, a clean Si (001) surface, was

tilted over 30°. In comparison with the theoretical values

the agreement was better than 3 .

TABLE I

Focal properties of the polar angle selection lens for para-

xial electrons. E is the electron energy at the analyser side

of the lens (z=0), h s is the position of the principal plane

and f& the focal distance from this plane at the sample side

of the lens (z = I) .

Vl V2 V3 V6 hs fs

0. 0.

0. 0.

0. 0.

0. -1.

0. -1.

0. -1.

0. -1.

-.5 -1.

-.5 -1.

-.5 -1.

-.5 -1.

1.
2.

3.

0.

1.

2.

3.

0.

1.

2.

3.

.407

.442

.462

.907

.376

.319

.331

.989

.496

.446

.455

.449

.179

.115
1.354

.457

.221

.147
1.132

.339

.166

.113
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6. CONCLUDING REMARKS

In this paper a new type of electron lens has been described

that allows the analysis of the polar-angle distribution of

electrons emitted from solid surfaces. Some properties of this

PAS lens could only be found by numerical calculations. The

accuracy of these calculations themselves, the perfect agree-

ment of some properties with experiment, and the consistency

with Liouville's theorem and time reversal symmetry, all indi-

cate the reliability of the results. In this section some

factors affecting the angular resolution and the luminosity

of the PAS lens will be discussed.

An important conclusion from the calculations is that, for

the present PAS lens, the quantity 36_/3x_ is always positive

and rather large ( > 2/H). This is certainly not an essential

property of any PAS lens; the classical CMA is an example of

a lens with 39_/3x =0.

With the present geometry the polar-angle resolution (figs.

3b and 5b) could be improved by increasing the size of the

lens (& 36_/3x_ is constant). As £ is increased, the spherical

aberration 3 x
s/

3 e
a could eventually limit the luminosity of

the lens. However, it is no problem to attain a low value

of(3x_/38_)/ H. In fact, this has been a design criterion.

There is another reason to increase the size of the PAS

lens. Its energy dispersion is comparable to that of a CMA of

similar size. In principle, a large PAS lens could replace

the CMA, when combined with a position sensitive detector of

the type described by Van Hoof and Van der Wiel (1980a).

It would be interesting to investigate this further.

In the meantime, the present set-up has been shown to be

a useful ARUPS instrument. Results of some ARUPS measurements

will be given elsewhere (Van Hoof and Van der Wiei, 1980b).
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C H A P T E R IV

IMAGING POLARIZER FOR THE VACUUM ULTRAVIOLET

WITH SPHERICAL MIRRORS

For many experimental studies the use of polarized vacuum

ultraviolet (VUV) radiation is essential. Unfortunately, in the

spectral region below 110 nm a partial degree of polarization

can be obtained only by reflection at oblique incidence from

a metallic or dielectric surface. As reflection coefficients

in the VUV are low, it is profitable to combine the functions

of polarization and imaging in the same optical components.

Fig. 1 gives the basic principle of the imaging polarizer.

The optional modification, dotted in fig. 1, will be discussed

further on. The object O is assumed to be a point source,and I

is the image. The two spherical mirrors M. and M~ are arranged

in such a way that astigmatism and coma are both eliminated.

The system is stigmatic because one intermediate focal line

lies at F, midway between the two mirrors, while the other one

is at infinity. Both mirrors have a radius of curvature R and

an off-axis angle 9 (see fig. 1). If the distance between them

is 2t and the object and image distances are both s,for

the tangential focal line at F

I + 1 - 2 n\

s t " R cos e ' u ;

while for the sagittal focal line at infinity

1. _ 2 cos 8 ,

s " R (2)
The solution of Eqs. (1) and (2) is

- 59 -
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and C, are the centres of cur-1 - Imaging polarizer

vature of mirrors

can be added to improve polarization and to s.llow ro

tation of the polarizer around the beam axis.

and M2. Plane mirrors M3 and

S = 2 cos 6 t = 2 sin 6 tg 6 (3)

Note that the centres of curvature C, and C, of M., and M_ lie

on the line 0 1, which thus is an axis of rotational symmetry.

The elimination of coma can be understood from symmetry

alone. First it is clear from the rotational symmetry around

0 I that the width of the mirrors in a direction perpendicular

to the plane of fig. 1 is unlimited as far as imaging is con-

cerned. For rays in a plane through 0 I, mirror M. produces a

coma pattern at F pointing away from the line 0 1. If there

were a point source at I,M2 would also produce a coma pattern

pointing away from 0 I, coinciding with the pattern of M.,.

Coma is thus completely eliminated. From these arguments it is



61

also clear that both mirrors should deflect in the same direc-

tion. In an arrangement where the incoming and outgoing beams <

are parallel, the coma would add constructively.

The remaining aberrations have been calculated with nume-

rical ray tracing and consist mainly of spherical aberra-

tion. The primary spherical aberration proved to be zero at

0 = 54.7° but at larger angles it can also be neglected in

practice if the opening angle g in fig. 1 is not too large.

Thus 6 can be chosen to optimize the degree of polarization

P and the transmission T, which can both be calculated as a

function of 8 with Presnel's equations if the optical constants

are known. In summary, P reaches a maximum at an off-axis angle

near 6 = 60°, while T approaches unity at 0 = 90°. Reflective

polarizers for VUV with plane mirrors have been described ex-
1—4tensively in the literature . A set of cylindrical mirrors

has been used by Rehfeld et al. as a polarizer, which simulta-

neously compensates the astigmatism of a Seya-Namioka monochroma-

tor. The present set-up with spherical mirrors differs in two

respects from a plane-mirror polarizer. First, the angles of

incidence on the mirrors are not constant for all rays in the

plane of fig. 1. However, with respect to the central ray, an

increase in angle at M. is followed by a decrease in angle at

M-, or vice versa. Thus P and T depend only to second order on

the opening angle 3 of the beam. Second, for rays in a plane

through 0 1, making an angle <|> with the plane of fig. 1, the

direction of polarization at I is also rotated by an angle <}>

around O I. The degree of polarization P. due to this effect

alone can be calculated if the light in each plane is assumed

to be linearly polarized and if P. is defined as

„ _ max ~ min . .
i ~ I +~I ' '4'

max min

where I m a x is the total intensity of the polarization compo-

nents perpendicular to the plane of fig. 1, and I i n is the

total intensity of all other components. If the mirrors span

a total angle a around O I , giving an approximately

rectangular beam profile, the result is
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+ot/2

Im=^ = I^ cos2<() d<|> = ^ I (a + sin a ) , (5)
lUclX O J O

-a/2

+a/2

I m i n = I o | sin2* d<() = ^ I Q (a-sin a ) , (6)

-a/2

(7)

where the light source is assumed to emit isotropically (I

is constant) and incoherently. The reduction of polarization

is a negligible 1% for a =0.25 rad.

The imaging polarizer has been tested with gold-coated

square spherical mirrors, 0.06 *0.06 m , R = 0.3 m. The off-

axis angle 6=67.5° is a good compromise between polarization

and transmission and gives a total deflection of 90° which

facilitates mechanical construction. The light source was a

microwave-excited He I resonance lamp giving 58.4-nm radiation.

At this wavelength the optical constants of gold ', n = 1.07

and k = 0.85, give Pr = 0.85 and T = 0.26, while a = 0.22 rad and

8 = 0.06 rad give a solid angle ft = a$ sin 26=0.009 sr. The

aberrations are quite sensitive to the alignment of the mir-

rors. After careful adjustment, the image of the 1.5-mm lamp

aperture, as examined with visible light, was smaller than

2 mm.

Polarization and transmission were not measured, but others
2—4

have shown that for plane polarizers experimental and theo-

retical values are in excellent agreement. Because the He
o

I .imp is separated from the vacuum with a thin Al foil , dif-

ferential pumping is not requix-ed, and the full solid angle
accepted by the mirrors can be used effectively. Th& photon

9 —1flux at the image I was measured to be 2 . 10 s
A itraight-through, arotatable imaging polarizer could be

made with r»mch better polarization by adding two plane mir-

rors as indicated with dotted lines in fig, 1. Although this

modified version has not been tested experimentally, the theore-

tical figures look promising: P =0.986 and T = 0.07 i:or
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6 = 67.5°. The transmission T could be improved at the ex-

pense of the polarization by slightly increasing 9. However,

above 6 = 70° aberrations quickly increase, or the solid angle

ft should be decreased.
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C H A P T E R V

POSITION-SENSITIVE DETECTOR SYSTEM FOR ANGLE-RESOLVED

ELECTRON SPECTROSCOPY WITH A CYLINDRICAL MIRROR.ANALYSER

ABSTRACT

A cylindrical mirror analyser has been used for angle-re-

solved electron spectroscopy by projecting the cone of accep-

ted electrons onto a position-sensitive detector placed be-

hind the exit aperture of the analyser. Each electron is am-

plified by a double micro-channel plate and its azimuth is

determined from the ratio of two charge pulses arriving at

the ends of a capacitor chain coupling 39 separate anodes.

The azimuthal distribution is collected in a computer-control-

led multi-channel analyser. Electrons are foaussed on the

detector by a newly developed electron lens which impx'oves •

sensitivity and resolution of the system.

1. INTRODUCTION

In many kinds of electron spectroscopies much additional

information can be gained by measuring not only the electron

energy distribution but also its angular dependence. This is

usually done with an energy analyser with a small acceptance

angle and the angular distribution of the emitted electrons

(or other charged particles) is measured by rotating the ana-

lyser inside the vacuum system. Apart from its mechanical

complexity, this scheme is rather slow because every angle

has to be set and measured separately.

Our apparatus was developed for angle-resolved ultraviolet

photoemission spectroscopy (ARUPS) of solid surfaces. Here an

efficient measuring scheme is particularly important because

- 64 -
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intensities are often low and the condition of a surface can

change rather quickly, either by contamination or by an in-

trinsic effect like annealing. A fast measuring scheme would

allow the study of dynamic effects for instance due to ad-

sorption. Time can be saved by analysing simultaneously either

a large energy range or a large solid angle, where the last

possibility also eliminates the need for mechanical motion.

We chose a cylindrical mirror analyser (CMA), which accepts

a cone of electrons with a polar angle 8 in the region

around 42° and the full 2ir azimuthal range. The idea to re-

solve the azimuthal distribution has been used before by

Harting (1971), Niehus and Bauer (1976) and Knapp et al.

(1975), but the possibility to detect all angles si-

multaneously has not yet been exploited, although we are

aware of similar attempts by Bosch et al. (1980). Both

our and their solution is to use a position-sensitive detec-

tor placed behind the exit aperture of the C11A. The detector

consists of a double micro-channel plate amplifier

and a number of separate anodes covering the ring-shaped re-

gion where the electrons arrive.

This scheme for simultaneous detection of the azimuthal

angles is the subject of this paper. We combined the CMA and

the detector with an electron lens for polar angle selection

(PAS) in the range 9 = 20° to 70°, which will be described in

full elsewhere (Van Hoof, 1980a) and which allows the analy-

sis of some 60% of the full 2v solid angle of a surface with-

out any mechanical motion. Although the apparatus was develo-

ped for ARUPS of solid surfaces, it is of course applicable

more generally. In fact we tested the angular selection

properties of the system with low energy electron diffraction

(LEED) which gives accurately known angles of the electrons.

Auger spectra are measured with the same apparatus.

In §2 we give a summary of the experimental set-up. The

position-sensitive detector and electronics are described in

§3. In §4 we describe an electron lens placed between the CMA

and the detector. It serves two purposes: it deflects the

electrons in such a way that they impinge perpendicularly on

the channel plate and it has some focusing action which im-

proves the angular resolution. Its properties were calculated
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light source
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-position-sensitive

detector

electronics

azimuth

Fig. I - Experimental set-up for ARUFS. Of the double CMA

only the first half is shown.
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numerically. The linearity of the position-sensitive detector

and the angular resolution of the whole system were determined

using LEED spots from a Si (100) surface as a source of elecr-

trons. The results are presented in § 5 and in §6 the conclu-

sions are summarized and some possible improvements are indi-

cated .

2. DESCRIPTION OF APPARATUS

The complete apparatus is shown schematically in fig. 1.

Our ARUPS arrangement includes a He I resonance lamp and a

VUV polarizer to be described in a separate paper (Van Hoof,

1980b). They are not essential for the present discussion.

The PAS lens is used to select the polar angle 9C. It consists

of six electrodes having cylindrical symmetry coaxial with the

sample, the analyser, the detector and the electron gun moun-

ted inside the CMA. The electrons leaving the surface of the

sample with a polar angle 9g are deflected by the electric

field inside the PAS lens and intersect the axis at the en-

trance aperture of the CMA, now with a polar angle ea. In ge-

neral 6a differs from eg because the PAS lens is asymmetric.

Keeping ea fixed, 9g can be varied by adjusting the voltages

on the electrodes. Reasonable transmission and angular reso-

lution can be maintained in the range 6 = 20° to 70°. By

tilting the sample this range can be expanded to include

6=0°. The PAS lens differs from a CMA in two respects. It

has no second order focussing. Because we want to select a

limited 9 range this is not important. More serious is the

deteriorating effect on the angular resolution. While in the

CMA the polar angle 9 is conserved by symmetry, in the PAS

lens it depends on the position of the starting point on the

sample. Although this effect cannot be neglected in the total

angular resolution, we chose to test the simultaneous <J> de-

tection system together with the PAS lens because of increa-

sed flexibility. Details of the calculations and experimental

tests of this lens will be given elsewhere (Van Hoof, 1980a).

After passing the entrance aperture of the CMA and a field

free region, the electrons enter the retarding-field section
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of the commercial CMA (Physical Electronics model 15-255G).

At low energies preacceleration can reduce the influence of

stray electric and magnetic fields, but it also reduces angu-

lar resolution both by refraction in the spherical electric

field and by irregularities of the field at the grids. We

took great care in shielding stray magnetic fields. With a

double n-metal shield we estimate the magnetic induction to

be below 10~7 T. The CMA is in fact a double analyser of which

only one half is shown in fig. 1 for clarity. After the exit

aperture of the CMA the electrons pass the detector input

lens described in §4. The image plane of this lens con-

tains an annular slit which selects part of the range of

polar angles (42.3 +_ 6°) passed by the CMA. We preferred this

to the alternative of narrowing the slits in the inner cylin-

der of the CMA. The CMA can now remain unaltered and changing

the diaphragm is much simpler. With a two-dimensional position-

sensitive detector it would even be feasible to resolve the

whole range of polar angles transmitted by the CMA simultane-

ously. Moreover, in § 4 it will be shown that with suitable fo-

cusing properties of the detector input lens the angular re-

solution is better than without such a lens.

Each individual electron passing the annular slit is ampli-

fied by two channel plates to a level suitable for counting

electronics. Some problems concerning the mounting of the channel

plates had to be solved. It has to be UHV compatible and only

little space is available behind the CMA. Two standard channel

plates (Mullard type G25-25) with a diameter of 25 mm, channels

of 25 ym with 13° bias angle and of 1 mm length are mounted in

a chevron. To avoid the use of an insulator we did not apply

a bias voltage between them. Parkes and Gott (19 71) and Wiza

et al. (1977) show that the pulse heir t .'.stribution is worse

in this case. We used instead a very s- i_ spacing of 40 \xm

between the plates. This was made with gold foil which was also

applied between the channel plates and the mounting plates to

improve electrical contact. To prevent long outgassing from

closed-off channels we used small separate pieces not opposing

each other. The external electrical connection to the midpoint

between the channel plates was also made with gold foil. To
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minimize strains in the channel plates a wiggly Mo ring was

inserted between the first one and the mounting plate. The

mounting plates were shaped to allow insertion of the whole

assembly between the existing parts of the CMA, together

with the similarly shaped collector and the detector input

.lens to be described in §4.

The resulting pulse height distribution shows a resolution

of 90% FWHM with a peak gain of 6 x1Q 6 at 1000 V and 1350 V

across the first and second channel plate respectively. Although

still better figures have been obtained with curved microchannels

by Timothy and Bybee (1977) , ours compare favourably with the

usual chevron mountings. An advantage of the low gain is the

high attainable count rate. Parkes and Gott (1971) have shown

that the limit is approximately 10% of the wall standing cur-

rent (typically 10 uA for a G25-25) which allows count rates

up to 10 s~ mm" . The dark count is typically 1 s for the

whole plate. After baking at 220°C we observed only a slight

decrease in gain. The base pressure with the complete detec-
-9tor mounted remained below 5 x10 Pa.

3. POSITION-SENSITIVE DETECTOR AND ELECTRONICS

Two alternatives have been considered for reading out the

<)>-distribution. Optical readout with a phosphor screen has

some advantages (Bosch et al., 1980). The distribution

can be seen directly with the naked eye, optical selection

of the e-range outside the vacuum is possible and only one

high voltage feedthrough is needed. Quantitative simultaneous

readout is however more complicated than with direct electro-

nic methods, a window is needed to pass the light and conven-

tional systems for optical readout are not very suitable for

a ring shaped distribution of information.

With a multi-anode system, covering the ring is quite sim-

ple (fig. 2). Because only a limited number of electrical

feedthroughs could be accomodated the use of separate ampli-

fiers was not considered. From the many available methods of

pulse position analysis, reviewed for instance by Lampton and

Paresce (1974), we chose capacitive coupling of the anodes
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—CAPACITOR

Fig. 2 - Collector with 39 anodes for the position-sensitive

detector with the electrical connections, capacitors

and the resistive strip to remove charges.
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with two charge amplifiers at the ends of the chain as des-

cribed by Smith and Pounds (1968).

The number of anodes was limited mainly by the available

space to accommodate the capacitors. The detector must be bake-

able at 250°C with low outgassing. The collector with 39

anodes of fig. 2 was made on a ceramic substrate in thick film

technology. The ceramic chip capacitors of 800 pF were selec-

ted to have 1% tolerance and were soldered with a '88 Au - 12 Ge

alloy to maintain UHV compatibility. The resistive strip

(12 Mfi) around the anodes removes charges with a time constant

of 250 ps. Its value is a compromise between noise and the

influence of potential variations across the collector on its

*-linearity. At our gain of 6 x10 it would allow a maximum

count rate of 10 s with potential variations less than 3 V,

which still seem acceptable.

The electronics to analyse pulse position is shown in fig.

3. The signal is decoupled from the high voltage on the collec-

tor by means of a high-pass filter. The two charge amplifiers

Al and A2 constitute virtual grounds at the end of the capaci-

tor chain. A charge Q coming in at azimuth <b is divided in a

charge Q, at Al and Q, at A2 where:

• = 2irf(x), (1)

x = Q 2/(Q 1+Q 2). (2)

Ideally, f(x) should equal x but in practice it has more or

less a staircase-like appearance due to the influence of the

separate anodes. It has been shown by Gott et al. (1970) that

this can be improved if the charge cloud leaving the channel

plate is allowed to spread over more than one anode; the resolution

can thus be considerably better than 2TT/N, N being the number

of anodes. Because in our case the ends of the chain of ano-

des meet, some overlap would occur at <\> - 0 if the spreading

of the charge is too large. As a compromise we chose a distance

of 2 mm between channel plate and collector with 75 V accelera-

tion. With these values the influence of the separate anodes

can still be seen as an intensity modulation of the <t>-spectrum,

which reflects the derivative of f(x) in Eq. (1); however
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TABLE I

Characteristics of the circuitry shown in fig. 3.

shaping amplifiers A

microprocessor unit

pulse window accepted

by microprocessor unit

overall performance

- rise time: 2 us,

- fall time: 10 us.

- time for evaluating Eq. (2)

100 us.

- lower limit: 3x10 el.,

- upper limit: 2 x10 el.

(accepts 90% of the counts).

- amplifier linearity: up to

2 x 10 counts s"1,

- RMS-noise: equivalent to

104 el. at input,

- full scale sensitivity:

2 X107 el .

the influence on linearity can be neglected.

The charges Qx and Q 2 are digitized by ADC's, if their

sum surpasses the analogue discriminator level. Further de-

tails of the circuitry of fig. 3 are given in table I.

The resulting x corresponding to the azimuth i)> « 2TTX is

stored in the corresponding channel of the 1024-channel MCA.

The system is controlled by CAMAC and is interfaced with a

time sharing computer (PDP 11/70) for fast data readout.

In a spectrum on an approximately homogeneous input on

the channel plates the modulation of the intensity due to the

separate anodes is clearly seen. Fig. 6a gives an example of

a measurement to be described in §5. The fact that the anodes

are not seen fully separated, is not due to electronic noise

but to the charge spreading, which improves the (((-resolution.

The linearity of the detector can be checked by plotting <j>

versus x for the peaks in such a spectrum. The result, shown

in fig. 4a, represents the function f(x) in Eq. (l), apart

from the staircase-like modulation due to the separate anodes.
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man

- Q0«

Fig. A - a) Linearity of the detector. The quantity x, defined
by Eq. (2), is plotted for anodes 4 to 36.

b) Linearity of the whole system for a LEED spot
scanned by rotating the manipulator.

The two curves are least-squares approximations by
polynomials of degree three.

A compression of <|> toward the ends of the spectra occurs {see
fig. 4 and 6a). This is always seen with this kind of position-
sensitive detector and is caused by stray capacitances. We find
that f(x) can be approximated to an accuracy of 1° by a poly-
nomial of degree three and all spectra can thus be transformed
to a linear 4-scale.
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The rising of the spectra toward the edges can be explained

partly by modulation with the derivative of f(x), but mainly

by the charge overlap at the ends of the chain of anodes. This

implies that counts on the last anodes are spread over a num-

ber of neighbouring channels. Because there are several other

reasons why the sensitivity is not constant with <f> (efficiency of

channel plates, transmission of analyser), each ((^-spectrum is

calibrated by dividing it by a suitably chosen reference

spectrum. This also removes the modulation by the separate

anodes (see §5).

4. DETECTOR INPUT LENS

The angular resolution of the ARUPS-arrangement described

in §2 can be improved if the electrons leaving the exit aper-

ture of the CMA are focussed on the position-sensitive detec-

tor with a suitable detector input lens. The instrumental fac-

tors which limit the resolution will be discussed below; they

are summarized in table II. The numbers given represent the

full-width-half-maximum (FWHM) value, to allow easy comparison.

TABLE II

Contributions to the angular spread from various parts of the

ARUPS arrangement, for a source size of 1.5 mm.

Polar Angle Selection lens

Double Cylindrical Mirror Analyser

Detector Input lens

Position Sensitive Detector'

Total 8° 5°

Measured value 7° 4.5°

(+) A positive correlation exists between these values.

Without this lens, i.e. with a field-free region,

A* = 8° and A6 = 10°.

Spread due to electronic noise.

Alt' (FWHM)

4° ( + )
2 * 1° (+)

2° (+)
2°

A 8 (FWHM)

3°
0°
5°
0°
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The broadening by the position-sensitive detector itself af

fects only <|> and is determined by the electronic noise of the

amplifiers, which can be expressed as a noise in the charges Q

and Q2 in Eq. (2). By differentiating Eqs. (1) and (2) we find

dQ, dQ,

Although the noise in <(> depends on x and on the correlation

between the noise in both amplifiers it is certainly less

than

H = 2ir AQ/Q, (4)

where Q = Qj + Q2 is the total charge of the pulse and AQ is

the RMS-noise of each amplifier (m 10 electrons). Averaging

Eq. (4) over the pulse height distribution between the limits

set by the microprocessor unit gives A T ~ 0 . 7 O RMS or » 1.7°

FWHM if the distribution is assumed to be gaussian.

In the CMA the polar angle 6 is conserved as can be seen

directly from symmetry while for a skew trajectory crossing

the axis at a distance r , the azimuthal angle shifts to first

order by an amount

A<j> « 0.376 r c / a , (5)

where a = 25 mm is the radius of the inner cylinder of the CMA.

This result was deduced from a general equation given by

Draper and Lee (1977, Eq. (12)). For one CMA we get A<|> =1 ,

for an aperture of 1.5 mm diameter. Apertures of 4 mm have

also been used in this work, but if the electron source is

1.5 mm or smaller the result is the same because the distance

between trajectory and axis is conserved due to the conser-

vation of angular momentum.

For our PAS lens the broadening depends on the chosen

angle 6 and has been calculated numerically by ray tracing.

Typical values have been given in table II; details will be

given in a separate paper (Van Hoof, 1980a). The computer

program for the ray tracing calculations is based on an im-

proved version of Read's (1970) charge density method and
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Exit
Aperture

\ \ (Object plane)

Annular Slit
(Image plane)

PSD

Fig. 5 - Detector Input lens shown together with a calculated

trajectory.

will also be described elsewhere (Van Hoof, 1980c). Accura-

cies are of the order of 1O~4 relative to the dimensions

of the lens.

Let us now consider the case where the detector input lens

is absent, i.e. the effect of a field-free region between the

CMA and the detector on the broadening A<f>. All electrons which

leave the exit aperture of the CMA in one direction arrive at
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a circular region on the detector, with the same diameter as

the aperture. With an aperture of 1.5 mm and an annular slit

with radius 9.5 mm in front of the detector the broadening would

amount to A* = 8° FWHM. In a similar way the broadening of the

polar angle can be calculated to be A 6 = A* sin 6 cos 9 = 4°.

For the 4 mm aperture A<|> again is the same but A6 is enlarged

to 10° due to the energy dispersion.

With these figures it is clear that angular resolution

could be improved if the electrons which leave the exit aper-

ture of the CMA were focussed on the plane of the detector.

There is yet another reason to apply some kind of electron

lens between CMA and detector. Readily available channel plates

have a bias angle of the channels optimized for perpendicular

impact of the incoming particles. If the cone of electrons lea-

ving the CMA was not deflected the efficiency of the channel

plate would be reduced and would depend on $ because of the

bias angle of the channels.

TABLE III

Properties of detector input lens (fig. 5, Vv =5.8 E)

input angle -42°

output angle - 2°

linear magnification:

in plane of fig. 1 - <0.1

perpendicular to

plane of fig. 1 - 0.25

^-broadening Ai)>* - 2°

•'• o
polar angle resolution A8 - 5

assuming an electron source of diameter 1.5 mm.

for a 0.5 nun wide annular slit in front of detector.
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We therefore searched for an electron lens with the follow-

ing properties:

1) The electrons arrive at the image plane of the lens approx-

imately parallel to the axis.

2) The image of the exit aperture of the CMA for electrons

with the same angles e and <f> should be minimized.

We calculated the properties with the computer program

(Van Hoof 1980c) mentioned before. The lens shown in Fig. 5

was chosen as a satisfactory solution. It requires only one

potential of V ^ S . 8 E (E is the kinetic energy of the elec-

trons on entrance). The other properties are summarized in

table III.

To find the total instrumental angular resolution we must

consider the mutual dependence of all mentioned effects. The

values of A<j) in the PAS lens, the CMA and the detector input

lens are correlated due to the conserved angular momentum and

unfortunately add constructively. The electronic noise of the

position-sensitive detector is of course uncorrelated as are

the values of A8 in the PAS lens and in the detector input

lens due to the almost perfect focussing of the detector in-

put lens in the radial direction. The total broadening is

thus estimated to be A<j> = 8°; for the polar angle we find

A9 = 5 , assuming a square profile for the spread due to the

detector input lens.

5. RESULTS

The properties of the ARUPS set-up described above can be

checked most easily with a LEED measurement. Electrons emit-

ted by the electron gun built inside the inner cylinder of

the CMA, pass right through the PAS lens and impinge perpen-

dicularly onto the sample. The directions of elastically dif-

fracted electrons are quite accurately known and the LEED spots

can be scanned over the position-sensitive detector by rota-

ting the sample.
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3

LJ

180°

AZIMUTH

Fig. 6 - Azimuthal distributions of 42 eV electrons from a

Si(100) surface.

a) Secondaries, excited by 1 keV primary electrons.

b) Elastically diffracted electrons of 42 eV (raw

spectrum).

c) Same as b ) , but with instrumental asymmetry remo-

ved by taking the ratio of b) and a).

The shadows at 90, 180 and 270° result from spokes

bridging the slits in the CMA and PAS lens.
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The Si(100) surface used for these experiments was cleaned

by heating to 1500 K and slowly cooling down. After this

treatment Poppendieck et al. (1978) observe a c(4x2) recon-

struction. Our apparatus clearly resolves second-order spots,

but no fourth-order spots, which may be too weak. The (11)

spots for E«40 eV are very strong and have been chosen for

the p..esent investigation. The diameter of the primary elec-

tron beam at the sample was approximately 1 mm. The 4 mm

apertures in the CMA were selected to facilitate alignment

of source and apertures.

After careful adjustment of the sample orientation the

spectrum of fig. 6b was obtained. This spectrum contains the

apparatus asymmetry and the modulation due to the separate

ancdes. To remove the former, a reference spectrum was produ-

ced by recording 42 eV secondaries excited by 1 keV electrons

(fig. 6a). The shadows at 90, 180 and 270° result from the 4

spokes bridging the slits in the inner cylinder of the CMA

and in the PAS lens. Although the distribution of secondary

electrons is not necessarily isotropic, it does not depend

strongly on sample rotation and, in any case, the spectra 6a

and 6b should have the same four-fold symmetry. Fig. 6c shows

the result of dividing spectrum 6b by 6a. The apparatus

asymmetry is now removed. At the same time, the modulation by

the anodes is greatly reduced. In principle, this would re-

quire a proper deconvolution of the anode modulation and the

broadening by electronic noise. Since the latter is small

compared to other broadening effects, division by the referen-

ce spectrum is a good approximation for the deconvolution,

for not too sharp features. This is confirmed by the satisfac-

tory result of fig. 6c.

The <J>-coordinates in fig. 6 were found from the linearity

function for the whola system (fig. 4b). This was obtained by

rotating the sample with a manipulator and plotting the azi-

muth 4>man versus x for a particular LEED spot. In fig. 4 the

result is compared with the linearity for the position-sensi-

tive detector alone. The differences are probably due to a

small misalignment of the detector. The least-squares ap-

proximation with a polynomial of degree three is also shown
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Fig. 7 - Intensity of the Si(100) (11) LEED spot plotted vs.

the polar angle eg, as selected with the PAS lens.

The arrow denotes the theoretical peak position:

8_ = 30.3°.

and this polynomial was actually used to calculate the <|>-

coordinates of the channels in each spectrum (fig. 6). A

small non-linearity remains in fig. 4b due to the edges of

the slits in PAS lens and CMA. This could be improved by

making a separate approximation for each of the four <f>-

regions in fig. 4b.

From fig. 6c the width of the spots is found to be A<J> = 7°

(FWHM). This is somewhat better than the instrumental resolu-

tion of 8 , estimated for a source of diameter 1.5 mm.

To find the polar angle resolution we varied the polar

angle &s with the PAS lens, keeping the energy fixed. The re-

sult is shown in fig. 7. The width of 4.5° FWHM agrees nice-

ly with the estimated resolution of 5°.
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6. CONCLUSIONS

A cylindrical mirror analyser can be effectively combined

with a position-sensitive detector for angular resolved elec-

tron spectroscopy. Several improvements of the apparatus are

conceivable. The spokes in the slits of the CMA and PAS lens

could be narrowed to eliminate the shadows in the spectra;

larger channel plates and electron lenses could improve both

angular resolution and attainable count rate. The electronics

can also be improved. A single CMA, combined with our PAS lens

would have a better transmission and would be less sensitive to

residual magnetic fields.

Notwithstanding the imperfections of the present set-up

we are now measuring UV-excited azimuthal distributions in

30 s with a signal to noise ratio of 30 and 7° resolution.
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C H A P T E R VI

ANGLE-RESOLVED ULTRAVIOLET PHOTOEMISSION

SPECTROSCOPY OF THE Si (001) SURFACE

ABSTRACT

Photo emission measurements have been made on clean silicon

(001) surfaces using a photon energy of 21.2 eV. The angular

distribution is determined by a new method, involving a posi-

tion-sensitive detector behind a cylindrical mirror analyser3

and special electron optics. We find a surface state that

shows a dispersion of 0.7 eV as k,, varies along the surface

Brillouin zone. At T the state lies 0.4 eV below Epl which

is considerably less than found in previous measurements.

Moreover, at J' on the boundary of the 2*1 surface Brillouin

zone, the upper one of the two states reported by Eimpsel and

Eastman is absent in our results. In comparison with calcula-

ted surface bandstructures our results are closer to the dimer

model than to the vacancy model. The semiconducting character

agrees only with Chadi's asymmetric dimer model.

1. INTRODUCTION

The atomic geometry and electronic structure of clean

Si (001) surfaces are still in debate, despite of numerous

experimental and theoretical studies. These include LEED (Low

Energy Electron Diffraction) [1-43, photoemission [ 5 - 7 ] ,

electron energy-loss spectroscopy [8] and He atom diffraction

19,10]. One-electron surface bandstructures were calculated

for several models with both self-consistent pseudopotential

calculations [11-15] and empirical tight-binding methods

[16-19]. It is even not yet firmly established whether the

basic reconstruction has a 2 x 1 or a centered 4 x 2 symmetry.

This is amazing, as this can in principle be seen directly

from the symmetry of the LEED pattern. However, the fourth-

order spots, when seen, are always much weaker than the

- 85 -
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second-order spots and often appear streaked, suggesting a

partial disordering. The experimental situation is complicated

considerably by the simultaneous occurrence of two types of

domains, which differ in that the dangling bonds of the un-

reconstructed surface point in the [110] or [110] direction.

In figs. 1 to 3 some models of the atomic geometry of the

reconstructed surface are shown. Ir. the vacancy model (fig. 1),

proposed by Phillips [20], alternating vacancies and atoms

are located along surface rows, with double bonds between the

surface layer and the second layer of atoms. Thus all the

broken bonds are rebonded. Another feature is the appearance

of facets parallel to (111) , which forms the most stable sur-

face of silicon.

A second, currently more popular, model is the pairing

model (fig. 2), first proposed by Schlier and Farnsworth [1].

In this model half of the broken bonds are rebonded due to

the pairing while the other half is involved in a weaker and

more complicated bond [13]. From simple elastic surface energy

considerations it can be shown [21] that the stress produced

by this pairing of the surface layer atoms must lead to con-

siderable distortions of deeper layers. A quasidynamical LEED

calculation [22] including displacements from bulk equilibrium

sites for five layers leads to a much better agreement with

experimental LEED results than the simple pairing model. These

displacements are shown schematically in fig. 2.

Appelbaum et al. have shown [23] that a secondary recon-

struction, which leads to a c(4 x2) symmetry, can be accounted

for by a charge-density-wave instability of the Fermi surface.

The in-plane displacements of the surface layer atoms [24]

are shown schematically in fig. 3. Also shown in fig. 3 is a

model due to Chadi [18,19] involving asymmetric, ionic dimers.

These asymmetric dimers, combined with subsurface relaxations

very similar to those found in refs. [21] and [22], gave a

lower total energy than the normal pairing model (symmetric

dimers) described above. The energy is reduced further by an

alternating orientation of the dimers, leading to a c(4 x2)

reconstruction.
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Fig. 1 - Side view of the atomic geometry of the Si(001) sur-

face, reconstructed according to the vacancy model.

Larger and smaller atoms are in front of and behind

the plane of the drawing. The (111) facetting is

indicated with dashed lines.

toon

C1T03

Fig. 2 - Pairing model for the reconstruction of the Si(001)

surface. The stresses induced by bond bending lead

to a further relaxation of deeper layers up to at

least the fifth, ,?s shown qualitatively with arrows.
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[110]

Fig. 3 - Top view of the atomic geometry of a c(4 »2| recon-

structed Si (001) surface. The primary effect is a

pairing of atom rows, i.e. formation of dimers as in

the 2 x 1 model of fig. 2. in a model due to Appel-

baum et al. a further reconstruction in the top

plane occurs due to a charge-density-wave instability,

as shown with arrows. In a model due to Chadi, the

dimers are canted. This is indicated in the figure

by the size of the atoms, the larger atoms being

closer :-.o the vacuum. The dashed line is the rhom-

bohedral primitive unit cell.

Many other models of the reconstruction have been proposed

12,4,15,25-27], but for only one of these, the conjugated chain

model [15], the electronic structure has been calculated.

Only recently the first data on angle-resolved ultraviolet

photoemission spectroscopy (ARUPS) of Si (001) were reported

by Himpsel and Eastman [7!. They find clear evidence for semi-

conducting surface states, whereas various model calculations

predict a metallic surface. Only Chadi [18,19] describes a

calculation that leads to a semiconducting surface. In this

conflicting situation it seemed worthwhile to perform further
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ARUPS measurements on this surface. Results are presented at

a photon energy differing from that of the earlier work, a

different doping (p-type), using various cleaning procedures

and scanning along different directions of k., .

2. EXPERIMENTAL DETAILS

Angle-resolved photoelectron spectra were measured with

the new instrument with multi-channel detection des-

cribed in detail in the preceding chapters. The (001) orien-

ted silicon samples were mildly doped, p-type, boron diffused

to a 4 £2cm. They were cleaned by a number of cycles of mild

ion sputtering (Ne , 1 keV, 1 pA/cm ) followed by annealing

at 1150 K. We used electron-bombardment heating at the reverse

side of the sample.

Auger measurements showed a carbon signal smaller than 0.5%

of the Si signal; other impurities could not be detected

( < 0.2%). LEED patterns showed the expected two-domain 2 x 1

reconstruction. However, fourth-order spots would be below

the detection limit of our apparatus. After «10 hours small

changes in the ARUPS spectra were seen that could be restored

by briefly heating to 1000 K. All data reported here were ob-

tained within 4 h of such cleaning.

An alternative cleaning procedure [4], flashing to 1500 K,

annealing at 1150 K, and cooling with less than 1 K/s, gave

essentially the same results. However, prolonged heating at

temperatures above ~1100 K ultimately resulted in a strong

disorder of the surface, which could not be restored by ion

sputtering. This is believed to be due to the electron-bombard-

ment heating, because similar heating cycles with direct-cur-

rent heating [28] do not cause deterioration of the surface.

If the surface normal of the sample coincides with the

axis of the analyser, the azimuthal distributions of the pho-

toemitted electrons is found in a single measurement. An

example is shown in fig. 4. The measuring time was 60 s. The

mirror symmetry of the angular distribution is exploited to

fill in the missing regions that result from the spokes inside

the analyser. A symmetry plane of the crystal that contains
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Fig. 4 - Example of an azimuthal distribution as found direct-

ly with the multi-channel detection technique. The

direction of incidence of the 21.2 eV light is 59°

with respect to the surface normal and the polariza-

tion is in the (100)-plane (indicated with dashed lines)

The polar angle of the emitted electrons is 31° and

E - E F = -6.4 eV. The gaps near 90, 180 and 270° result

from spokes bridging the slits in the CMA and polar-

angle selection lens.

the wavevector and the polarization vector of the light makes

an angle of 30° with the plane <f> = 0 , which is a symmetry plane

of the analyser and detector. Thus, missing angles at one

side of the latter symmetry plane are supplied by equivalent

angles at the other side.
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C0013

C110]

C110]

Fig. 5 - Definition of some angles relevant to the ARUPS ex-

periment. The polarization vector of the light is

chosen to lie in a (110)-plane of the silicon crystal.

Although azimuthal distributions as given in fig. 4 some-

times give directly usable information [29,30], the present

results are discussed more easily in terms of angle-resolved

energy distribution curves (EDC's). These represent the energy

dependence of the intensity contained in a cone having an

apex angle of 6° (our instrumental resolution).

To permit the analysis of normally emitted electrons, the

sample was tilted through 30°. The angles of the incoming

light and the emitted photoelectron are defined in fig. 5.
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C1103

r

C 1 O M

2x1 Surface

a)

0,1

J2

c(4x2) Surface

b)

Fig. 6 - Surface Brillouin zones of the Si(001) surface.

a) 2 xi reconstruction. The two domains are indicated

with index 1 and 2 and full and dashed lines res-

pectively. KQ is a symmetry point of the unrecon-

structed surface and is equivalent to J'.

b) c(4 x2) reconstruction. Only one domain, corres-

ponding to the full line in (a), is shown, and

part of the extended zone scheme is drawn, to show

the equivalence of Y and Y' and the correspondence

of KQ with X.

The 21.2 eV radiation is p-polarized, with the polarization

vector A lying in the (HO)-plane, which is a symmetry plane

for each of the reconstructed domains. As the two domains are

always seen with equal intensity, the polarization plane of

the light could also have been chosen along the (100)-plane;

in fact, fig. 4 is an example of an intensity distribution

obtained in such a configuration. The orientation of the tilted

sample was checked by analysis of its LEED-pattern, which was



93

I/)
Z
UJ

Fig. 7 - Angle-resolved EDC's at some symmetry points of the

surface Brillouin zone of fig. 6as = 30°, 45
^

and 9 = 0°, 17° and 3C° respectively. The features

marked with an arrow are interpreted as being due to

a surface state.

measured with the same settings of the polar angle selection

lens (chapter III) . From this comparison the absolute accuracy

of the angles is believed to be better than 3°.

Due to the tilt of the sample the relation between the

angles with respect to the analyser and those with respect to

the sample is complicated, but the conversion is easy.

The electron wavevector it and its component parallel to the

sample surface ]C|| were calculated from the electron direction

and energy. The work function was assumed to be 4.9 eV [5].

The position of the Fermi level in the EDC's was found by sub-

stituting the molybdenum sample holder as a photoemitter. All

energies will be given relative to this Fermi level.
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Fig. 8 - Angle-resolved EDC's at symmetry points along a I" 100]
d irec t ion; 6^ = 30°, * = 90° and 9 = 0 ° , 12° and 24° res
p e c t i v e l y . Note that the two domains of the 2 x 1 re-
construction are not equivalent for the upper two
EDC's.

3. RESULTS AND DISCUSSION

The experimental r e su l t s are understood most eas i ly i f it,,

i s along a [100] d i rec t ion . This i s because the two domains

are equivalent for t h i s pa r t i cu la r d i rec t ion . The surface

Bri l louin zones of the two domains are shown in f ig . 6a for

the 2 x 1 reconstruct ion. In f ig . 6b the surface Bri l louin zone

of one domain of the c(4 x2) reconstruction i s drawn on the

same sca le . The ful l l ines denote the zones corresponding to

the or ienta t ion shown in f igs . 1 - 3 . Note tha t the symmetry

point a t the corner of the unreconstructed surface Bri l louin

zone, labeled KQ in f ig . 6a, i s equivalent to both J j and

J'2. The crossing point of J ^ and J2
K2' l a b e l e d A in fig- 6a,

has no special symmetry for e i the r domain.
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The angular resolved EDC's at r and at A and KQ, for 4» = 45°,

are shown in fig. 7; the polarization vector is in the plane

(j)=0°, 0^ = 30° (see fig. 5). The EDC's were in fact measured

at fixed polar angles of ft=0°, 17° and 35° respectively, so

the correspondence with A and K in an approximate one, and

exact only for E-E F = -1 eV. For the present purpose this is

accurate enough.

The feature marked with an arrow in fig. 7 just below E p

at r , and dispersing toward lower energies at A and KQ, is

interpreted as a surface state. Although this feature is not

very pronounced, there are several reasons for this assign-

ment. First of all, it is very sensitive to contamination.

It is seen only after careful cleaning of the surface. The

surface character is also suggested from a comparison of

angle-integrated measurements on Si(001) with those on the

(111) 2xi and 7><7 surfaces [6J. Surface states near the top

of the valence band are found in several bandstructure calcu-

lations [13-16, 18,19]. At smaller values of the photon ener-

gy a similar, more pronounced peak has been identified as a

surface state [7] with a dispersion similar to that found

here. We attribute the weaker appearance in our results to the

dependence on photon energy of the relative intensity of

bulk vs. surface features. Another factor probably is the

lower p-polarized component of the light in the present expe-

riment.

Indeed, we find that the surface state feature is practi-

cally insensitive to the s-polarized component of the light,

for instance by comparing spectra at equivalent points of the

surface Brillouin zone, for instance at <j> = 135° (note that

only the s-component changes when going from cf> = 45° to <i> = 135°) .

The experimental results are more directly comparable to

theoretical calculations, if k,, is scanned along a [110.] direc-

tion. Soipe results are given in fig. 8. The peaks are less

pronounced than those found in the [100] direction, particu-

larly at 0 = 12°, where the assignment of two peaks is rather

tentative.

The dispersion of the peaks attributed to surface states is

shown in fig. 9. Also shown arc the measurements of Himpsel
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Pairing

I
Vacancy .

Kr

Fig. 9 - Dispersion of the surface state along a I 100 ]- (right)

and I 110J-direction (left). The solid and dashed

lines at the left correspond to the solid and dashed

surface Brillouin zone of the two domains (fig. 6 a).

The relevant theoretical curves for the pairing model

and the vacancy model of Appolbaum, Barait and Hamann

1131 are shown for comparison. The triangular points

are ineasurements of Himpsel and Eastman 17] at hv =

13 eV.
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and Eastman 1.7 1 for hv = 13 eV and results of theoretical cal-

culations of the surface bandstructure given by Appelbaum

et al. r13J for the pairing and vacancy model respectively.

There are some differences between our results and those of

Himpsel and Eastman. Our dispersion is larger (0.7 eV compared

to 0.5 eV) and at r our surface state is closer to the Fermi

level (0.4 eV compared to 0.7 eV). The surface state structure

at K , 0.7 eV below Ep, is not seen in our results. The dif-

ferences could be largely due to the p-type doping in our case.

The position of the top of the valence band is not accurately

known; it is expected to be closer to E p for p-type doping if

the surface is semiconducting.

In comparison with the theoretical calculations for the

pairing and vacancy models, the agreement with the pairing

model is much better; however, the theoretical results give

a metallic surface, while the experimental results indicate

at first sight a semiconducting surface. Although the absolute

accuracy of the theoretical results is certainly worse than a

few tenth of an eV, the position of the Fermi level is an

essential result of a self-consistent pseudopotential calcu-

lation, because of its influence on the charge distribution.

Appelbaum et al. have shown [14] that a further con-

traction of the pair bond reduces the overlap of the upper and

lower surface-state band. Moreover, a relaxation of deeper

lying atomic layers should actually be incorporated in a rea-

listic calculation. From the experimental side, a partly me-

tallic character of the surface cannot be excluded. First, the

accuracy of the position of the Fermi level is believed to be

R) 0.2 eV. Also, the peaks are rather wide in comparison with

the instrumental resolution of 200 meV.

In fig. 10 results are compared with calculations of

Chadi [18,19] for the ionic, asymmetric dimer model of the

2x1 and c(4 x 2) reconstructed surface. The 2x1 results give

a semiconducting surface, and agree remarkably well with ex-

periment. The absolute position of the Fermi level is far less

important in this case. For our plot of Chadi's results, which

are given with respect to the top of the valence band, the

difference between this level and E_ was assumed to be 0.3 eV
r

[6], but it is not known accurately.
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Fig. 10 - Same as fig. 9 but compared with theoretical curves of

Chadi I 19J for two asymmetric dimer models. For the

c(4 x2) surface the electron wavevector k.. is expres-

sed in terms of the 2<1 surface Brillouin zone to

allow easy comparison.

Chadi has calculated that a further reconstruction of the

ionic dimers is energetically favourable, but the results for

the c(4x2) reconstruction (transformed to the 2 x 1 surface

Brillouin zone in fig. 10) do not agree at all with experiment.

In fact, we do not find any indication that a c(4 x2) recon-

struction occurs. Cardillo and Becker [10 3 find indications

for a secondary reconstruction, but were unable to anneal the
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surfaces to a well-ordered single periodicity. They discuss

the occurrence of many small domains with local p(2 x 2) ,

c(2 x2) and c(4 x2) symmetry, which are consistent with Chadi's

ionic dimer model.

Our LEED measurements are not sensitive enough to exclude

a partially disordered surface. However, the ARUPS spectra are

essentially insensitive to repeated cleaning of the surface.

This fact, together with the absence of any indication of a

further reconstruction from the angle-resolved EDC's, suggests

that a disordered multi-domain surface either does not occur,

or has a minor influence on the ARUPS spectra.

Recent experiments with ion scattering [31] indicate dis-

placements that are much smaller than those suggested by Chadi.

Instead, the amplitude of the surface atom vibrations is consi-

derably enhanced over that in the bulk. We believe that these

vibrations are essential in understanding the (001) surface,

and should in fact be incorporated in the calculations. For

instance, Appelbaum et al. have varied the position of the sur-

face-atom layer, both for the unreconstructed surface [12] and

for the pairing model [14]. They find shifts of the surface

bands of the order of 1 - 2 eV/(8 displacement). The large width

of our surface state peaks could be partly due to vibrations.

In conclusion, we find a better agreement with the pairing

model than with the vacancy model. Although a partly metallic

character of the surface can not be excluded, the surface band-

structure is probably semiconducting. In that case the best

agreement is with Chadi's asymmetric dimer model. However, the

secondary reconstruction expected in this model does not find

support in our measurements.

REFERENCES

[1] R.E. Schlier and H.E. Farnsworth, J.Chem.Phys. 3£

(1959) 917.

[2] J.J. Lander and J. Morrison, J.Chem.Phys. 32 (1962) 729.

[3] A. Ignatiev, F. Jona, M. Debe, D.E. Johnson, S.J. White

and D.P. Woodruff, J.Phys. C _10 (1977) 1109.



100

[4] ï.D. Poppendieck, T.C. Ngoc and M.B. Webb, Surface Sei.

J75. (1978) 287.

f5 1 J.E. Rowe, Phys.Lett. 46A (1974) 400.

16] J.E. Rowe and H. Ibach, Phys.Rev.Lett. J32_ (1974) 421.

[7.1 F.J. H:.mpsel and D.E. Eastman, J.Vacuum Sci.Technol. 1&_

(1979) 1297.

[83 J.E. Rowe and H. Ibach, Phys.Rev.Lett. 3J. (1973) 102.

[9] M.J. Cardillo and G.E. Becker, Phys .Rev.Lett'. 40. (1978) 1148.

["10 ] M.J. Cardillo and G.E. Becker, Phys.Rev.B 2_1 (1980) 1497.

Lll] J.A. Appelbaum, G.A. Baraff and D.R. Hamann, Phys.Rev.B

U. (1975) 3822.

L12] Ibid, Phys.Rev. B 1J2 (1975) 5749.

[13] Ibid, Phys.Rev. B 14. (1976) 588.

[14] Ibid, Phys.Rev. B _15 (1977) 2408.

[15] G.P. Kerker, S.G. Louie and M.L. Cohen, Phys.Rev.B r7

(1978) 706.

[16] I.B. Ortenburger, S. Ciraci and I.P. Batra, J.Phys.C

9. (1976) 4185.

[17] J. Pollmann and S.T. Pantelides, Phys.Rev.B 21 (1978) 5524.

[18] D.J. Chadi, Phys .Rev.Lett. 4_3 (1979) 43.

[19] D.J. Chadi, J.Vacuum Sci.Technol. Jj5 (1979) 1290.

[20] J.C. Phillips, Surface Sei. £0 (1973) 459.

[21] J.A. Appelbaum and D.R. Hamann, Surface Sei. JA (1978) 21.

[22] S.Y. Tong and A.L. Maldonado, Surface Sei. 2i (1978) 459.

[23] J.A. Appelbaum, G.A. Baraff and D.R. Hamann, Phys.Rev.

Lett. .36 (1976) 450.

[24] E. Tosatti in: Proceedings of the 13th International Con-

ference on the Physics of Semiconductors (Rome, 1976) p.21.

[25] W.A. Harrison, Surface Sei. 55. (1976) 1.

[26] R. Seiwatz, Surface Sei. 2 (1964) 473.

[27] K.A.R. Mitchell, Surface Sei. 6± (1977) 797.

[28] R.M. Tromp and R.G. Smeenk, private communication.

[29] M.M. Traum, J.E. Rowe and N.E. Smith, J.Vacuum Sci.Technol.

JL2 (1975) 298.

[30] N.V. Smith and M.M. Traum, Phys.Rev. B 1J. (1975) 2087.

[31] R.M. Tromp, R.G. Smeenk and F.W. Saris, to be published.



101

SAMENVATTING

De electronen die, na excitatie door een lichtkwant, het

oppervlak van een vaste stof verlaten, geven veel informatie

over de electronenstructuur van met name het oppervlak van die

vaste stof (ruwweg zo'n 10 atoomlagen). Bij dit fotoëmissie-

proces is een grote vrijheid in keuze van variabelen, zoals

de energie, de polarisatie en de richting van het lichtkwant

en de energie, richting en spinpolarisatie van het vrijge-

maakte electron.

In dit proefschrift wordt een nieuwe methode voor hoek-

opgeloste fotoëlectronspectrometrie beschreven. De richting

waarin de electronen vrijkomen kan beschreven worden met twee

hoeken,, nl. de poolhoek 6 met de as van het (eilindersymme-

trische) systeem en de azimuthale hoek $. De selectie van zo-

wel de te meten energie als van de hoek geschiedt langs ge-

heel electronenoptische weg.

In hoofdstuk II wordt een verbeterde methode beschreven om

de eigenschappen van electronenlenzen numeriek te berekenen.

De potentiaal op de electroden kan geschreven worden als een

integraal waarin de ladingsdichtheid voorkomt. Na discretisa-

tie ontstaat uit de integraalvergelijking een matrixverge- .

lijking. Omdat de matrix symmetrisch en positief definiet

geschreven kan worden is de stabiele methode van Choleskii te

gebruiken. Het electrische veld kan in de zo gevonden ladings-

dichtheid uitgedrukt worden en de bewegingsvergelijking wordt

niet-paraxiaal numeriek opgelost.

In hoofdstuk III wordt deze berekeningswijze toegepast op

een speciaal ontwikkelde electronenlens waarmee de poolhoek

6 van de fotoëlectronen geselecteerd wordt. Afhankelijk van

de instelling wordt een gekozen hoek 9 omgezet in de vaste

hoek waarvoor de achter de lens geplaatste cilindrische spiegel-

analysator gevoelig is. Deze laatste selecteert de energie

van de electronen.

Na de beschrijving van de electronenoptiek volgt in hoofd-

stuk IV de optiek voor het exciterende UV licht. De He reso-

nantielamp geeft licht met een vaste energie per kwant van

21,2 electronvolt. Dit is een geschikte waarde om de valentie-

electronen te onderzoeken. Het licht krijgt na twee reflecties
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aan gouden spiegels een lineaire polarisatiegraad van 85%. De

sferische spiegels zijn zo opgesteld dat de beeldfouten die

bij scheve inval op één spiegel optreden gecompenseerd worden.

Zo kan een vrij grote ruimtehoek (0,01 steradiaal) worden af-

gebeeld.

In hoofdstuk V wordt een plaatsgevoelig detectiesysteem

besproken, waarmee de azimuthale verdeling van de fotoëlectro-

nen simultaan gedetecteerd wordt. Dit geeft een grote winst

in meettijd ten opzichte van een conventioneel systeem, waar-

bij elke hoek afzonderlijk gemeten wordt. De electronen die

het uittreediafragma van de analysator verlaten, vallen langs

een cirkel op een dubbele "kanaalplaat", die elk electron ver-

sterkt tot een puls van « 10 electronen. Langs de cirkel zijn

39 anodes geplaatst, die capacitief gekoppeld zijn. Uit de

verhouding van de twee pulsen aan de einden van de keten kan

de hoek <f> berekend worden en daarmee het adres in een meer-

kanaals analysator.

De werking van het systeem is eerst getest met lage-energie-

electronen-diffractie (LEED). Uit een vergelijking van de

theoretisch bekende en experimenteel bepaalde richtingen waar-

in de electronen verstrooid worden blijkt dat de absolute

nauwkeurigheid van de hoekbepaling ongeveer 3° is.

In hoofdstuk VI worden enkele resultaten besproken van me-

tingen aan het schone (001) oppervlak van silicium. Dit opper-

vlak is gereconstrueerd. De hoek-opgeloste fotoëmissiespectra

tonen een bijdrage van een oppervlaktetoestand dicht onder

het Fermi-niveau. De band vertoont geen dispersie tussen het

r- en J-punt van de twee-dimensionale Brillouin-zone van het

2xi gereconstrueerde oppervlak. Tussen F en J' daalt de piek

van de oppervlakte-band van 0,4 tot 1,1 electronvolt onder

het Fermi-niveau. Dit komt qua vorm, maar niet qua absolute

ligging, overeen met theoretische berekeningen van de electro-

nenstructuur van een oppervlak gereconstrueerd volgens het

paarmodel. De berekende bandenstructuur voor dit model is dui-

delijk essentieel metallisch. Een model waarin de atoomparen

gekanteld zijn leidt tot een halfgeleidend oppervlak en komt

beter overeen met de metingen. Op energetische gronden zou men

in dit model een verdere reconstructie verwachten, waarvoor in

dit onderzoek geen aanwijzingen gevonden zijn.
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