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Abstract:

Angle-resolved photoemission spectroscopy is a relatively new, powerful technique for studying the
electronic properties of solids. Measuring the direction as well as the energy of photoemitted electrons
provides both energy and wavevector information about the electronic states of the material. To
achieve this capability, a cylindrical mirror electron energy analyzer was modified to permit collection
of photoemission spectra with 4° angular resolution. Since the parallel component of the electron's
momentum(Formula not captured by OCR)is conserved upon leaving the sample, surface band
structure information was directly accessible. Observed bulk transitions were limited by the technique
to those which occur only along certain lines in (Formula not captured by OCR)-space. Three methods
of photoemission spectroscopy were employed; angle-resolved electron energy distribution curves
(EDO's), angle-resolved constant final energy spectra (CFS's), and angle-resolved constant initial
energy spectra (CIS's).

Angle-resolved photoemission from the (110) face ofGallium Arsenide was studied using synchrotron
radiation. The 4° resolution, in conjunction with the wide photon energy continuum of synchrotron
radiation (hv <30 eV), permitted the gathering of considerable dispersion information about the
electronic states of the material, both at the surface and in the bulk. Two occupied surface states were
identified and portions of their band structure mapped out. The observed states, centered at ~-1 eV and
a, ~-6 eV measured from the valence band maximum, have been predicted in several theoretical
calculations, but have not been observed previously in experiment due to their degeneracy with bulk
valence bands. Observations of bulk transitions concentrated on emission normal to the surface, for
which the transitions occur primarily along the ¢ symmetry line in the bulk Brillouin zone. Data was
collected for several different orientations of the electric polarization vector € relative to the crystal
symmetries. A simple, direct-transition model proved sufficient to explain much of the phenomena,
including the identification of several bulk energy band critical points.
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ABSTRACT

Angle~resolved photoemission spectroscopy is a relatively
new, powerful technigque for studying the electronic properties
of solids. Measuring the direction as well as the energy of
photoemitted electrons provides both energy and wavevector informa-
tion about the electronic states of the material. To achieve this
capabllity, a cylindrical mirror electron energy analyzer was
modified to permit collection of photoemission spectra with 4
angular resolution. Since the parallel component of the electron's
momentum14ﬁ§| is conserved upon leaving the sample, surface band
structure information was directly accessible. Observed bulk
transitions were limited by the technigue to those which occur
only along certain lines in E—space. Three methods of photoemission
spectroscopy were employed; angle-resolved electron energy distribu-
tion curves (EDG'S), angle-resolved constant final energy spectra
(CFS's), and angle-resolved constant initial energy spectra (CIS's).

Angle-~resolved photoemission from the (110) face of Gallium
Arsenide was studied using synchrotron radiation. The 4° resolu-
tion, in conjunction with the wide photon energy continuum of
synchrotron radiation (hv < 30 eV), permitted the gathering of
considerable dispersion information about the electronic states
of the material, both at the surface and in the bulk. Two occupied
surface states were identified and portions of their band structure
mapped out. The observed states, centered at v -1 eV and ~ -6 eV
measured from the valence band maximum, have been predicted in
several theoretical calculations, but have not been observed pre-
viously in experiment due to their degeneracy with bulk valence
bands. Observations of bulk transitions concentrated on emission
normal to the surface, for which the transitions occur primarily
along the I symmetry line in the bulk Brillouin zone. Data was
collected for several different orientations of the electric polar-
ization vector € relative to the crystal symmetries. A simple,
direct-transition model proved sufficient to explain much of the
phenomena, including the identification of several bulk energy
band critical points.
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I. INTRODUCTION

Most of the observed properties of solids are determined

by the electronic structure of the valence, or outer shell elec-

trons. Elucidation of this structure is therefore a primary
concern of those interested in understanding and predicting the
behavior of solid materials under various conditions. There have
been many theoretical aﬁd expérimental efforts applied to this

end over the years.1 The development of large-capacity, high-

- speed computers has facilitated the development of several approaches

to calculating the electronic structure (band structuie) of metals,

insulators, and semiconductors. These technigues are all based

on the -one-electron approximation, which has proved its value in

comparison to experiment. Experimental methods for determining
the energy and wavefunctions of the electrons in solids have -centered

on exciting those electrons to higher energy states with either

.phdtons or other electrons. Informatibn about the transitions is

then derived from measureﬁents of the ?ate of excitation, such as
an optical absorption spectrum, or from measurements of electrons
which are ejected from the material after excitation. Conventional
angle-integrated ultraviolet photoemission spectroscop& (UPs) is

of the latter type of measurement. Electrons which are excited

to sufficient energy by the incident ultraviolet light may be

VL
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emitted from the solid and detectéd. The number of these photo-
electrons as a functioﬁ of kinetic energy provides much useful
information about the strengfh and energies of’the optical trans-
itions. However, since the detection includes all or most of the
emission hemisphere, any information which may be contained in
the directionai dependence of the emission is lost. None of the
conventional experimental technigques, including UPS, provide much
informafion abdut the wavevectors of the electron wavefunctions,
in general measuring all transitions regardless of origin in
reciprocal iattice space;

In 1964, Gobeli, Alién, and Ka.ne2 demonstrated that a sub-
stantial portion of photoemitted electrons escape the sample without
losing momentum to phonons or imperfections in the bulk or at the
surface. For these electrons, the componeﬁt of wavévector parallel
to the surface is conserved, while the perpendicular component
is modified in the process of escape. This demonstration of
wavevector conservation implied that, subject to certain limitationms,
both the energy and the wavevector of the valence eléc£rons might
be measured by defermining the eﬁergy and direction of photoemitted
electrons. Mahan caiculated in 1970 tha£ the photoemission from -

a free-electron-like metal (sodium) should have a highly aniso-
trdpic,angular distribution,3 Tentative experimental work proceeded

at several laboratories, concentrating on the variation of emission

| LT (A T
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with polar angle 6r on emission from several crystal faces.8
The first study of both polar and azimuthal dependence of photo-
emission was done, coincidentally enough, on the (110) face of
Gads at a photon energy of 10.2 eV by Smith and Traum in 1973.9
Interpretation of these spectra was inhibited by the lack of
conservation of the perpendicular component of momentum.9’10
Further-experiments by Smith and his co-workers on two-dimensiénal

11,12
2

systems, such as the layered compound TaS and surface states

on Si(iii),iB’iu provided for the first time tangible success in
actually mapping out energy bands with eipériment. Angle-resolved
photoemission-spectroscopy was beginning to show substantial promise.
Goﬁcurrently with the early}development of angle-resolved
photoemission spectroscopy, the use of synchrotrons and storage
rings as a source of radiation beéan to receive‘evef increasing
attention,i5 In accelerators or storage rings, electrons radiate
as they are accelerated by bending magnets. In thelr frame of
reference, the electrons radiate in a Larmor radiation pattern,
“but in the laboratory frame, with a velocity approaching that of
light, they radiate strongly in the forwaxrd direction. This
synchrotron radiation, as it is called, is a highly collimated{
intense, continuous spectrum, which includes many photon energies

not available from other sources. The use of a monochromator with the

radiation provides a continuously tunable source that in the last
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ten years has been used in a wide variefy‘df experimen£al appiica-
tions. Facilities to provide this radiation to research groups
have been built around the world, including three in the U.S. One
is the synchrotron radiation facility at SFEAR, the electron-
positron ring in California. Another is SURF-II; a stﬁrage ring
at the National Bureau of Standards in Washington, D.C., The third
is Tantalus I, a 240 MeV s{orage ring at the University of Wisconsin,
which provides synchrotron radiation for groups from around the
country. Tantalus I was the first facility dedicated completely
to providing synchrotron radiation for research. Tbe.Montana
Stéte University photoemnission group hgs been using the Wiéconsin
facility since 1971 for photoemissioﬁ studies. |

The use of"s&néhrotron radiation as an excitation source for
doing angle-resolved photoemission spectroscopy is a natural
development that greatly enhances an already promising technique,
The wide continuum of photon energy permits the study of a large
region of momentum and energy space., Furthermore, the radiation
is strongly polarized in the plane of the electron's orbit, adding
still another factor in the optical transition which can be inves=—
tigated. |

A primary purpose of this research project has been to develop
equipmeﬁt and téchniques, compatible with existing equipment, with

which angle-resolved photoemission spectroscopy could be performed
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on single crystals using synchrotron radiation. This goal was
attained. Preliminary studies of TaSz, done in collaboration with
N.V. Smith and M.M. Traum of Bell Laboratories usi'ng. the equipment
to be described hefein,’are believed to be the first studies of
this kind on single crystals using synchrotron radiation.16’17

Aﬁother goal of the research project has been to demonstrate
the usefulness of the technique by a careful sfudy of a material
which is interesting from both theoretical and application stand-
points. GaAs was chosen as the subject of the study for several
reasons. First, clean (110) surfaces could be prepared in situ
by cleaving, simplifying sample preparation. Second, several
theoretical calculations of bands exist with which the data could
be compared, both in the bulk18_20 and at the surfgce.21_25 Lastly,

GalAs is an important semiconductor in terms of its present and

. potehtiai applicafion to solid-state devices.

The study was successful in identifying surface states at

"1 eV and v 6 eV below the Fermi level., These states had been

22-25

predicted by the theoretical calculations, but not previously

observed in experiment,26 Bulk energy band positions were identified

that are difficult to discern in conventional photoemission,
min '
1 3

isolated, fixing the energy position of these levels more positively

Emission from initial states located at %, , Xy, and Ly was -

than has been previously possible. Several. conduction band energj

Ll
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levels were identified, many of which have been inaccessible with
other techniques. The bulk emission featgres, as alwhole, corre-
lated very well with existing band,calculations, providing coniidence
in the one-electron approximation and demonstrating a valuable
technique fpr checking and refining future band calculations.

The diséussion of the project will begin with a short review
of the band theory of solids and the optical transition which -is
the source of photoemitted electrons. The.three modes of collecting
photoemission spectfa.are presented, wilth particular emphasis
given to methods of data analysis unigque to angle-resolved photo-
emission spectroscopy. The experimental detalls are ihen discussed
in Chapter iII, including a description of the angle-resoiving
moqification of the electron eneréy analyzer; Sample preparation
and orientation is detailed. Chapter iV:compiles the ekperimental
results. Emission ffom the two occupied surface states 1s described,
along with tests of ifs,surface character. Observations of an
unoccupled surface state are presented and compared fo results
from other experiments. Finally, emission due to bulk transitions
is defailed, with demonstrations of bulk band critical point
identifications. The laét chapter summarigzes the experiment and

its results.
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II., THE PHYSICS OF PHOTOEMISSION SPERCTROSCOFPY

A, Energy Bands of Solids

1. Band Theory. The one-electron apprdximatibq is the basis
of the bahd theory of'solids,1 The electron is assumed to beﬁave
as an isolated entity immersed in a potential due to'the periodic
array of atomic cores plus an overall potential due to the other
valence electrons. All wave functions are then singlé-electron

wéve functioné. The solutions of the Schrodinger equation

(I3 v@wem )

for a periodic crystal potential V(;) are Bloch functioné
el > 'I_;_* |
T(k,r) = Uk(r) et (2)

where Uk(;) is a function with the periodicity of the. lattice.
The simplest solution to Eq. (1) is for the case V(;) = 0,
the "free electron" solution, The wave functions are fhen plane

waves and the energy of an electron is given by
B =4 ¥/ 2n . ’ (3)

The energy vs. wavevector relation in Eq. (3) embodies'the electron
ehergy bands for the free electron. Energy here is a ‘simple para-

bolic function of ﬂ; If we include the lattice per;odiéity, leaving

L
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the potential arbitrarily weak, we can write
8- (L) %487 )
TN 2m

where a'is a reciprocal lattice vector. The bands can then be
represented in the reduced zone scheme. Figure la shows the

free electron bands plotted along the (110) direction in the reduced
zone. As the potential V(;) is "turned on" partially, degeneracies
* are lifted and band crossings eliminated, resulting in the "nearly
free" electron energy bands of.Fig. ib. The energy bands for

the complete potential for GaAszo are shown in Fig. ic, with the
bands labelled accofdiné to the symmetry points and the Fermi '

enexgy B indicated. The crystal field has produced an energy gap

¥
of 1.4 eV between the bands below the Fermi energy and those above.
Those states rgpresented by the bands below EF are normally occupied
-at room temperature and are called the valence bands (VB'S) while
the states which lie above EF are unoccupied and called conductioﬁ
bands (GB'S). The location of EF in the band gap is of course
determined by the impurity doping of the material, but this study
concentrated on p-type Gads, putting EF at the bottom of the gap.
The spin-orbit interaction, when included, will split even more
degeneracies, but this effect is smaller than our experimental

19

resolution 7 and will be neglected in the interpretation of the

results,

(A I O T |




ELECTRON ENERGY

— \\\\ N
Ty
/& 5 -

O\'\.

L

[000]

131 e U .

Y ]

k [li0]  [o00] K [110]  [ooq] k [19]

"free" "nearly free" GaAs

Energy band structure along the (110) direction in k-space

for three different crystal potentials.
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2. _Repeated Zone Scheme., The concept of a repeated zone

scheme should be expanded upon, since its use is central to the

data interpretation. TIf we encounter a Bloch wavefunction written
5> 3 .

as in Eq. (2) with k lying outside the first zone, we can always

A - .
find a reciprocal lattice vector G such that

- -> >
k' =k -G (5)
1iés inside the first zone. We then rewrite Eq. (2) as.

67 7y kT
(e U (x)) e
>

2> > 'Eﬂ e
W(ELD) = U, () T

.

Il

~ ik
iker
Uk(r) e

Y&, ) - (6)

Il

where

-

(7 5, @) (7)

I

0, @

is periodic in the lattice as required. It follows that energy Ek
outside the first zone is equal to an Ek' inéide the first zone,
Translating the bands back into the first zone is the basis of the
reduced zone scheme. Since the bands can be translated back into
the fifst zone with appropriafe reciprodal lattiée vectors, they

can also be translated to any other or every zone. Then the bands

become periodic in the reciprocal lattice:
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E =R . , (8)

This'procedure is called the repeated, or periodic zone scheme.

it is of use in the interpretation of thé data because the results
may be plotted in reciprocal lattice space directly, without adding
or subtracting’reciprocai lattice vectors to translate everything
back to the first zone. The repeated zone scheme may be thought
‘of as an unfolding of a wa?evéctor descripfion (reducgd zone
scheme) into a "momentum space". In this "momentgm sbéce", each
band has a different "momentum" weighting in each repeated zone.
The word "momentum" is used somewhat loosely here, since a wave-
vector E.is directiy proportional'to momentum only for a free

particle.
B. The Three Modes of Photoemission'Spectfoscopy

1., Photoemission. When light of sufficient energy shines

on a material, it may excite a transition between a filled valence
state and an empty conduction state.. If the final state has suffi-
cient energy, the electron may gséape the solid as a photoemitted
electron, either with or without undergoing a scatterihg event.

The Hamilténian}H including the electronfphotdn interéction, with

the charge of the electron as -e, is

il
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L 7,e7 2 = .

Hesr(p+tga ) +7(@) , (9)
- . ’

where A is the vector potential of the radiation field.27 Letting

VoA = 0 and dropping terms of order A2, Bq. (9) reduces to
122 > e |
H=zrp " +V(x) + = 4D . (10)

The first two terms are Just the unperturbed Hamiltonian HO° The

last we shall call the perturbing Hamiltonian Hif"

__1__—>2 > __e—>.—> ‘
Hy=2-0 " +V(r) , Hy =gc A (11)

Using Fermi's Golden Rule of time-dependent perturbation
27

theory, the transition rate Wi for excitation from an initial

T
density of states Ni at initial energy Ei =E ~-hv to a final

‘density of states N, at final energy B, = B is

Wop = Z{<sl (2 Kp) > 2w, (@ - w) K (8) . (12)

BEnergy conservation has been put into the formula explicitly,
using Ei = Ef - hv, The initial and final state wave functions
_are indicated as [i> and <f| respecljtivelyu The quantity which is
squared in Eq, (12) is called the matrix element andyis in general
not known, since we lack exact forms for the wave functions.
Substitution of Bloch wave functions into a more generai form of

Eq. (12) also leads to a selection rule between initial and final
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wavevectors.28 Without interacfion with lattice imperfections
or phonons, the transition is alléwed only between wavefunctions
with the same reduceq wavevector. Transitions fulfiliing this
requirement are termed direct transitions and will be discussed
in more detail later. |

Neglecting for the moment the directionality of the emission,
the number of electrons emitted with a particular final energy E
is then basically proportional to the initial density of states
(DOS) Which'are~exéitéd to that energy cOnvolutéd with the final
DOS at that energy. This simple convolution is modulated by the
matrix elements and added to or subtracted from by inelastic
scatteriﬁg. The emiséion intensity at all possible combinations
of initial and final DOS at all hv constitutés a three-dimensional
surface which we shall call the emission surface. The axes of
£his surface are photoemission intensity N(Ei,Ef, hv), photon
energy hv, and final energy Ef.. (Again, this‘discuésion neglects
the directionality of the emission; such an emission surface exists
for each direction of emission and also for the total, angle-
in£egrated emiséion.) In studying the photoemission from solids,
we have used‘three diffefent modes of photoemission spectroscopy
to analyze the emission surface in three different but complementary

ways. These three modes are Electron Energy Distribution Curves,

Constant Final Energy Spectra, and Constant Initial Energy Spectra.
{ . - .

L I T
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2. Wlectron Bnergy Distribution Curves. The first method

of photoemission spectroscopy is also the most established, the
Electron Energy Distribution Curve (EDG). In this mode the photon
energy hVv is fixed and the intensity of emission as a function |
of kinetic énergy in the vacuum is recorded. 'Figure 2 shows a
schematic of this process. Valence aﬁd conduction band DOS are
shown as cross-hatched areas on the left side, representing the
sample. The right side represents the vacuum, with the vacuum
level E; indicated. (The vertical axis in the figure is energy.)
Ev is the minimum final energy for Which an electfon maj escape
the solid; The fundamental threshold for emission of an electron
into the vacuum is Eth’ the difference betﬁeen Ev and the top of
the valence bands at Evbm‘ The work function ® is the difference.
between Ev and EF. For heavily doped p-type semiconductors, J
corresponds to Eth' The ﬁeasured kj.netic'energy-Ek of an unscattered

photoelectron is

B, =hV+E, -E, (13)

" where Ei is measured relative to the top of the valence bands_at
EF' Since hv and Eth are fixed, Eq. (13) shows that the EDC
measures a spectrum of initial energies, each excited to a different

final energy.

Two types of photoelectrons are shown in Fig, 2; a "primary"

bl
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FIG. 2. Schematic of the Electron Energy Distribution Curve

mode of photoemission spectroscopy.
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and an inelastically scattered "secondary" electron. Electron "a"
is a primary electron; it is excited to a (B state by the photon
energy hV and escapes without further change iﬁ'final energy.
Electron "b" is also excited to a CB state, but then inelastically
scatters with electron "c", giving up a portion of its energy
and escaping at reduced final energy as a scattered secéndary
electron.- Electron "c" is excited to a CB state by thé scattering
event, but may_still be below Ev and thus not escape the §olid.
The overall appearance of an EDC is a combination of unscattered

primaries and scattered secondaries at lower kinetic energies.

3e Gonstggt‘Final'Enérgv Spectra. The second mode of photo-

emission spectroscopy is an outgrowth of its appliéation‘to syn-
chrotron radiation.29 The continuous, smooth spectral dependence
of that light source permitted the acquisition of speqtr@ for which
photon energy was scanned, rather than held constant. In Constant
Final Energy Spectroscopy (CFS) the énalyzer energy window 1s

set at one fixed kinetic energy and the photon energy is then.
scanned, exciting in turn different initial states fo tﬁat fixed
final energy. Figure 3 diagrams'fhe process, Initial and final
DOS are as in Fig. 2, with eneréy le&els labelled as before., The
analyzer window is fixed at some value of Ek and hv is scanned,A

increasing from hvi-through hvz'and hv3. Blectrons excited to
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FIG. 3. Schematic of the Constant Final Energy Spectrum

mode of photoemission spectroscopy.
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the chosen final energy are shown for each of these three éhoton
energies. The resulting CFS represents the spectrum of initial
statés excited to that particular final state. Thus a CFS 1is similar
to an Eﬁc in that it measures a‘spectrum of initial states, but
different in that the convolution with final states has been femovéd,
showing the effects of only one final state enérgy. A CFS taken

at another final energy will show the same spectrum of initial

states but may have a different appearance due to differenées in

how the initial states couple into the new final states.

4, Constant Initial Energy Spectra. The third mode of photo-

emission spectroscopy again uses the synchrotron radiation continuum
in scanning photon energy.29 However, instead-of'fixing the final
energy, the.final energy is scanned synchronously with the photon
energy, which in the one-electron picture fixes the initial energy
of those electrons Whiéh are detected. Figure 4 diagrams this

mode, the Constant Initial Energy Spectroscopy (CIS). Energies

and VB DOS are the same as in the two previous figures. However,
two areas of high CB DOS are indicated by crdss-hatéhed sections.

As the photon energy is scanned, increasing through hv,, hvz,

and hv,_, the kinetic energy window of the analyzer is also increased

31
such that the initial energy Ei stays constant. Rewri£ing Eq. (13),

this can be expressed as

I |
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vacuum

FIG. 4. Schematic of the Constant Initial Energy Spectrum

mode of photoemission spectroscopy.
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(14)

Ei = constant = R

k

-hVTI‘E'th L

Since Eth is a constént, hv and Ek nust be increased at an equal
rate to hold Ei'fixed. The CIS obtained in this manher repfesents
the spectra of how states at that particular initial energy couple
to the final'sfates at a range of final eﬁex‘gj.es,o The figure shows
two péaks in the CIS corresponding té peaké in CB DOS. A CIS |
taken for a different value of Ei wlll show how a different. set

of initial sfates couple to final states in the same range“of'

final energies, and will in general be different in appearance

due to matrix element and other effects.
C. Angle-Resolved Photoemission.

‘It was poiﬁted out some years ago that meaéuring the direction
as well as the energy of the photoemitted electron should give
much more information about the optical excitatlion than measuring
energy a,Il.one,‘,z"3 In particﬁlar, it was hoped. that measuring Ek and
momentum ; of the electron in vacuum would enable one to deducé
Ei and the wavevector E'of the original transition in the solid,
thus permitting the "mapping" out of the band structure experimen-
tally. For this to'be possible, two conditions must be met.
First, the wa&evectbr must be conserved in the optical tﬁénsition.

Second, the wavevector information must not be destroyed during

L )
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transport across the surface into the wvacuum.

1. Direct vs, Indirect Transitions. Conservation of wave-

vector during the opticalltransition leads to the "direct transi-
tion" mod.el.28 Interaction of electrons in a perfect lattice

with an electromagnetic f£ield obey the fbllowing conservation law

> > > > . '
k, +G=k +g (15)

> -

where G is a reciprocal lattice vector and q is the photon wave-
) - ’ -+ '

vector, In the reduced zone G = 0, and since g is much smaller

than a reciprocal lattice vector, we have

Re=k . (16)
Transitions of this kind are termed direct tranéitions; The reduced
wavevéctors of the initial and final states afe identical.

If the lattice contains imperfections in the‘form of quantized
vibrations (phononS), a phonon of wavevector 5 can interact with
the eléctrons'and modify the ﬁavevectpr equality of Eq. (16). .In
this case the initial and final wavevectors are no ionger the
-same and the transition is tefmed indirect. Figure 5 diagrams a
hypothetical band structure with both a direct énd an indirect

transition indicated. An initial state of energy Ei and wavevector

- ) : :
ki is excited by a photon of énergy hvoa Transition A is direct,

“

o I N S |
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FIG. 5. Schematic of two types of transitions:

A" - direct, "B" = indirect.
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' ->
going to a final state of energy Ef = Ei + hVo and. wavevector ki'
Transition B is indirect, going to another final state which also

.satisfies energy conservation E, = Ei + hvo, but of different

f
wavevector Eé, equal to Ei plus the phonon wavevector 5L

| As we shall show in the data; the direct transition is obvi-
ously an important mechanism in the actual transition. Indirect
transitions ma& participate in broadening the emission features
and may have some importance in accounting for background emission
at energieé and momenta where direct transitions are not allowed,
Another type of transition which should be considered might best
be termed a "cross transition", denoting a transition for which
conservation of E'is not an important selection rule. Measure-
ments of the escape depth of excited electrons by severa1 wquersBo’31
indicate that photoemission is surface sensitive (i.e. the emissioﬁ
originates in the fiﬁst several atomic'layers). Becauée of this
surface character,"cross" transitions need to be considered. The
bulk periodicity perpendicular to the surface is broken at the
surface, breaking fhe requirements for conéidering a band picture
of the electronic structure for states near the surface. Thus
for emission oriéinating near the surface, "cross" transitions

along ﬁ‘perpendicular to ithe surface may be‘important. These

cross transitions may account for background emission and broadening

of emission features due to direct transitions.
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2. Trangport and Escape, Once excited to a conduction band
state, the electron may escape from the sample and be detected
as a photoemitted electron. The details of this transport of the
electron from a Bloch stafe inside the crystal to a free-electron
wavefunction outside the crystal are not understood. However,
something is'uﬁderstood about fhe changes'in wavevector during
the escape. Kane has pointed out32 that the component of the
electron'é wévevector which is parallel to the sample surface is
conserved in the escape process, but that fhe perpendiculér compdnent
is not conserved.

The wavevector of the electron before and after escape from
the crystal is diagrammed in Fig. 6. The wavevector inside the
crystal is E}, with parallel component E“' and perpendicular
component kl' . The wavevector outside the crystal is E, wifh
components En and kl . During escape, thé perpendicular’ component
of the.wavevector kl' is not conserved and in general bears no
simple relation to kl°33‘ The surface may, in fact, mix the per-
pendicular components of the wavevectors oé several different
transitions in forming k,. However, the parallel component En'
is conserved, equalling E“.' This is éxtremely important, because
the experiment directly measures the Eﬂ of the‘electroﬁ in the

vacuum. Knowing the kinetic energy EK of the electron and the

'polar angle 6 of emission, one calculates

|
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solid

FIG, 6. Relationship between components of the electron wavevector

before and after emission from the solid.
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Ty '= gy = ( 2n By /%% )% gin 6 . (17)
>
‘The wavevector k“ is in the repeated zone space. The polar angle
© is the angle between the surface normal and the emission angle.

3, Measurement of Surface State Bands. The direct measure-

-
ment of QI has its most important application in the study of two-

dimensional systems, such as layered compounds, adsorbate layers, or
surface states., The last is of interest in this stuﬁj. By meas~
uring gl fo£ a sﬁrface state feature in the.emission and assumipg

a direct transition, one has identified the wavevector Ei of the
initial state, within a surface reciprocal lattice vector. Since
the bands are periodic in reciprocal lattice space, measuring Ei

vs. B, in one zone fixes it for all zones. The initial energy E,

is deduced from the kinetic energy EK’ photon energy hv , and

using Bq. (13) in the form

threshold energy Eth

B, =B - hv +E, . (18)

Appropriately adjusting the emission direction and photon energy

> .
adjusts the measured ﬁl to any desired part of the surface recip-

->
rocal lattice space. Recording Ei VS, hl then maps out the initial
band structure in the 2~dimensional reciprocal lattice. This

direct, experimental mapping of state band structure is not possible

LIy 1
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using any other present technique.

Angle-resolved photoemission spectroscopy not only permits
the mapping of the energy 5ands of surface states which are easily
identifiéd as such in the emission, but also aids‘in the sepaiation
and identification of - surface emission that is more difficult to
identify, due to it; degeﬁeracy with bulk valence band emlssion.
At some angles of emissilon the surface emission may be found to be
dominant in the spectra, due to a lack of strong bulk emission in
that direction at tﬁat energy. GCareful searching of the emission
hemisphere may thus permit the identification of photoelectrons
emitted from surface states which may not be apparent in conventional
énglé—integrated photoemission spectroscopy.

) - >
4, Tdentification of Bulk Transitions. Conservation of k“

permits the direqt measurement of B vs, E“ relationships for
surface states and other 2-~dimensional systems, but does not permit
such complete identification of the wavevector éf bulk transitions.
The wavevector g' of any bulk transition which has a possibility
~of escape from the crystal must have a nontriviél perpendicular
component k',  Since k, , measured outside the sample, bears no
simple relationship to kl',33 the wavevector of bulk transitions

cannot be directly measured using angle-resolved photoemission

spectfoscbpy. One can, however, réstrict the k, of the detected
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>
electrons to certain lines in k-space, rather than a volume as in
angle-integrated meé.surementsn Since EH' is conserved, one can
obtain spectra such thatvﬁu ig fixed at some épprqpriate value,
The perpendiculér component k;“ is ndt fixed in such a Pbrocess, and
may origiﬁate from any value along a line invi—space corresponding
. to the fixed wvalue éfiE“' « This pfoCedure is particularly valuable
if the line in.ﬁ—space is chosen to correspond to a symmetfy line
in the bulk Brillouin zones. One such line may be the line for
which-al = 0, that is, the emission perpendicular to the surface.
Since energy bands are generally calculated only along,symmétry
lines in the Brillouin =zone, such a restriction enabies one to
compare theory to experiment much more easily. Transitions observed
‘in the data must havé originated somewhere on that symmetry line,
rathef'than at a general point inri—spéce. Although the wavevector
of bulk transitions cannot be measﬁred directly,. data taken at
fixed_i“ can be compared with energy band calculations and the

bulk transitions identified.

D. The Structure of Gads.

1, Bulk Lattice and Brillowin Zone. GaAs has the zinc-
blende crystal structure, which is common to several III-V and

II-VI compound semiconductors and is illustrated in Fig. ?.' The
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space lattice is face-centered éubic,.with four molecules per
cubic unit cell., A pfimitife bagsis of one molecule of Galds is
associated with each lattice point, a Ga ion at (0 0 0) and an .As
ion at (% +4). If both atoms were identical this would be the
diamond structure.

The.Brillouin zone (BZ) of the face-centered structure is
shown in Fig. 8. Poiﬁts and lines of high s&mmetry are labeled
with the accepted conventions. Of particular interest in this
study of the (110) face of GaAs is tﬁe % line from T to K. This
line continues albng the boundary of a repeated zone td X, then
repeats as X - T . The ' - X -X line iﬁ ﬁFsPace is of interest
because the normal emission is constituted of transitions origin-
ating on this line. By restricting the spectra to the normal
emission, E“ is fixed at 0, as discussed in section TIC, ahd the

data may be compared to bands calculated only along X .

2. (110) Surface and Surface Brillouin Zone. The (110)

surface of GaAs is shown in Fig. 9a, with both the first and second
layers of ions diagrammed. _Ga ions are shown as open circles and
As ions as filled circles. The unit cell, contairing one moiegule,
is indicated by a heavy-lined rectangle, with dimensions

5.654 X 3.998 2. The convention of azimuthal zero to be used

throughout this paper is along the (001) direction lying in the
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FIG. 7. GaAs space lattice.
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FIG. 8. GaAs bulk Brillouin zone.
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surface, Which is the azimuth of the Ga "dangling bond". The
"dangling bonds" are those bonds broken by the presence of the
surface. The oﬁly non-trivial symmetry of the surface; a mirror
plane, also lies along the ¢ = 0°, 180° azimuths.

Most calculations concerning the (110) surface héve assumed
an ideal surface.22—24 That is, it has been thought that the
cleaved (110) face simfly terminates {he bulk structure, with all
ion positions and bonds Just as in the bulk. Recent calculations

of IEED intensity profiles by Duke and coworkers34

suggest that
this has been too simplistic. Their results indicate that the‘
surface relaxes, with the Ga atoms in the surface layer lower and
the As atoms raised in such a way as to preserve all bond lengths.,
A cross—séction of an ideal and a relaxed surface are shown in

Pig. 9b. The “dangling bonds" on each atom are shown as dashed
lines.‘ The symmetry of the suxrface and reciprocal lattice space
are waffected by the relaxation, but energy band calculations done

25

recently for a relaxed surface ~ are in much better agreement with

our data than earlier calculations on an ideal su:cface.zz’zLP
The reciprocal lattice for the (110) surface is shown in
Fig. 10, The first Brillouin zone is outlined in solid lines and

symmetry points labeled according to the notation of Jone335; r

is the center of'the zohe.

{0 T A !
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IDEAL RELAXED

(a) (110) surface lattice. (b) Side view; ideal and relaxed.
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURES
A, Synchrotron Radiatibn Source.

Synchrotron radiation from the 240 MeV electron storage ring
at the University of Wisconsin's Synchrotron Radiation Center was
used as the source of high energy photons for the experiment. This
type of radiatién source has many inherent'advantages for use in
photoemission spec’qroscopy.15 First and most importanf, the
radiation consists of an intense continuuﬁ of pho%on energy which.
extends from the infra-red to softAX-.rays° The use of a monochroma-
tor providés a continuously tunable photon source of a brightness
and at energies'not available by any other means. Second, the
radiation is strongly. poiarized in the plane of the orbit of the
electrons, permitting invesﬁigations of polarization effects in
the photoexcitation process. Third, a good vacuum must be main-
tained in the storage ring, greatly facilitating the maintenance
of ultra high vacuum in the experimental chamber without intervening
windows. Last, by its nature the beam of radiation is very stable
in both position and intensity.

The radiation used for the experiment was passed through &
1-meter normal incidence monochromator owned by the Synchrotron

Radiation. Center. Figure 11 diagrams the storage ring layout with
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FIG. 11. Tantalus I storage ring with our monochromator and chamber.

9€




|| S R . .4 Ll

37
the beam line, monochromator, and chamber used in these experiments
-indicated. Radiation produced in the field of a bending magnet
passes out of the ring and down the beam line té a foéusing mirrér.
Thié mirror focuses the beam of radiation at the entrance slit
of the monochromator, Our equipment (shown) attaches to the exit
slit housing of the monochromator.

The’light curve, or spectral dependence of the intensity of
the light beam after passing through the monochromator, is plotted
in Fig. 12 as a function of photén energy hv , in eV. The greatest
intensity is near hv = 18 eV. The useful 1limit of photon energy,
as determined by intensity fall-off, was generally near hv = 30 eV.
The light curve, which is sensitive.to chamber alignment and which
changes slowly over a period of mépths as the reflecting surfaces
age, was obtained for each session of-experiments by depositing a
thin film of sodium salicylate on the vacuum side of a small Boro-
sylicate window in line with the photon beam. A photomultiplier
tube was then positioned behind the window fo detect the fluor-
esence of the synchrotron radiation striking the sodium salicylate.
The monochromator was scénned through the spectrum‘as the output
‘of the photomultiplier was monitored with a picoammeter. The
resulting ligh£ cu£v§ was used to normalize all spectra to a cbnstant
intensity level, greatly facilitating data interpretation.

The dispersion of the monochromator was 8.3 A/mm of slit width.

LI
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The slits were opened to 0.75 mm for all angle-resolved measurements,
resulting in a constant wavelength bandpass of A = 6.2 &. Sincé
all spectra are referenced to photon energy hv rather than wave-
length A, it is more useful to refer to an "energy bandpass". For
AN = 6.2 R, A(hv) is a variable function of the photon energy, .
. varying from A(hv) = .05 eV at hv =10 eV to A(hv) = .44 eV at

hv = 30 eV.
E. Experimental Chamber.

The photoemission measurementé were made in an all-metal, ultra-
high vacuum experimental chamber maintained by the MSU photoemission
group at the Synchrotron Radiation Center. The chamber, diagramméd
in Fig. 13, has been uged to study a wide variety of materials
by conventional photoemission spectroscopy. UV light from the
monochromator is focused by an elliptical mirror to a 1 mm séuare
spot at the source point of a double-pass cylindrical mirfor
analyzer (CMA)., The CMA is positioned such that the light beam
passes through par£ of the analyzer before reaching the source
point; holes are positioned in the side of the CMA and through
its hemispherical screens to accomodate the beam. The source
poiﬁt of tﬁe CMA is at the center of the chamber and is surrounded
by a variety of vacuum ports. The following were mounted in these

ports for a typical experimental session; (1) two samples, mounted

[ R
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on two different sample manipulators, (2) a cleaving blade at one
port and a cleaving anvil at an opposing port, each on.a linear
motion feedthrough, (3) leak valves for bleeding in countrolled
amounts of gases such as Oé and H,, (4) an electrical feedthrough
to an evaporating basket of Sn, (5) a crystal oscillator for
ﬁonitorihg evaporation rates, and (65 several viewing ports. The
use of each of these will become apparent in the description of
the experimental procedures. Vacuum inside the chamber, after
baking, was -maintained at a base pressure of 1 x 10_10 Torr. Surface

contamination rates at such pressures are very low, allowing the

examination of clean sample surfaces for extended periods of time.
C. Angle-Resolving Analyzer.

Energy and direction of the photoemitted electrons were detected

in the two-stage éylindrical mirror analyzer, which was modified

to permit the angle-resolving capability. In its normal mode of
operation, the CMA detects electrpns from a wide range of emission
direcfions,'forming a cone., The modification, within the inner
cylinder and éonsisting of an axiglly mounted, rotatable drum with

" two small apertures in its sidé, blocks all but a small segment

of this elect;on flux. The'bgam of electrons which passes through
the selected aperture and is subsequently detected corresponds to

a specified small range of emission angles. Rotational reposi-

(T S M
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tioning of the drum selects any part of the electron flux by
repositioning the apertﬁre. The.drum may also be translated along
the axis of the dMA, permitiing 1) the selection of the second
aperture of different angular width, or 2) the removal of the drum
from the electron flux altogether, restoring the analyzer to its
normal mode of operation. These motions are accomplished quickly
and easily by means of a rotary/linear feedthrough without breaking
vacuum. .

Figure 14 shows a schematic of the double pass two-stage CMA‘
in angle~integrated mode., The drum is shown in the retracted
position, where it does not affect the normal operation of the
analyzer. - The mounting and feedthrough for the drum are excluded
for clarity, and only one aperture is shown in the drum. For
photoemissién spectroscopy, electrons of the desired kinetic energy
are accelerated to a constant pass energy by two hemispherical
screens and pass into the fieldfree interior of the first stage
inner cylinder. The trajectory through the two cylindrical mirror
stages is indicated by dotted lines. The accepted electron flux
is determined by the slits through which the electrons pass into
and out of the inner cylinders. The accepted flux is in the shape
of a cone of half-angle 42.3° and 12° thickness. Two iris's, one
at the rear of'each stage, serve to define the energy andlspatial

resolution of the instrument. Electrons exiting the second stage
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are detected by an electron multiplier.

Figufe 15 shows the analyzer in the angle-resolving mode.
The hemispherical screens and first stage function jusf as before.
The drum is now positioned between the iris of the first stage and
the third sét of glits, within the second stagevinner cylinder.
The drum covers the slits, blocking all of the electron flux except
that passed by the selected aperture in the cylindrical su;face of
the drum. By rotating the drum, any segment of the electron cone
can be selected and passed through the second stage to be detected.

To achieve both rotational and linear movement the drﬁm "ridesg"
on an axle fixed at the axis of the CMA by a épindle mounted inside
the second-stége inner cylinder. Figure 16 shows the apparatus
in position. The spindle is machined to a close fit to the inside
diaméter of the inner cylinder and is held in place by set screws.
A stainless steel shaft with the drive gear fastened at the uppef
end pagsses through a vertical, off-axis hole in the spindle. This
shaft and gear transmit the linear and‘rotary motion to the drum.
The drum is in the form of a hollow cylinder, closed at the lqwer
end, with a hub extending downward at its center. Thé axle, as
shoﬁn in the figure, is fastened rigidly to tﬁe spindlg aﬁd passes
up through a hole in the hub, so0 that the drum moves freely on it.
At the upper end of the hub a second gear is staked to the base of

the drum, a gear which meshes with the drive gear. When the shaft
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is rotated, the métion is transmitted through the gears to the
drum, which rotates on the axle. Below these gears a retaining
washer is attached by means of a set screw. The drive gear is
captured between this retaining washer and the base of the drum,
so that when the shaft is moved upward, the drive gear pushes the
drum upwards, sliding up the axle. When the shaft is ﬁoved down, the
bottom of the drive gear contacts the retaining ﬁasher and slides
the drum down. The assemblage of gears and retainer is loose
enough to permit free rotation of the drum and yet tight enough
for positive veftical positioning.. Gear ratio for rotation is
1:1. |

Two apertures are shown in the side of the drum in Fig 16,
a 12('J x 12° rectangle and a 4° hole, Rither of these épertures
could be selected, but the 3,0 resolution was used for all aﬁgle—
resolved spectra taken in the course of this work. The larger
aperture is of use.when the signal level is too low at 4° regolution.

The drum, spindle, ahd retaining washer are all machined from
Everdur, a copper alloy with good vacuum and magnetic properties
and mechanical strength. -ﬁost bearing surfaces are Everdur on
stainless steel, to minimizme vacuum welding problems.- ‘

The combination rotary/linear feedthrough at the base 6f the
analyzer is not shown. It consists éimply of a standard mechanical

rotary feedthrough mounted on a stainlesé steel bellows. An external
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bracket aligns the rotary and holds the bellows ét any desired
degree of compression, providing the linear degree of freedom
neceésary to position the drum,

In operation of the analyzer one finds that the transmission
. through the analyzer is not isotropic. That 1s, moderate intensity -
changes occur as the drum rotates to select different portions of
the flux cone. These may be measured by fixing the sample and
rotating the drum. These fluctuations are primgrily due to Moiré
patierns between the two hemispherical retarding screens and between
the several screens covering the inner cylinder slits. Moiré
patterns are shadow patterns-produced whenever two screens are

36

_interposed over one another. In addition, there are shadows,
or blank spots, in the flux cone due to the supporting posts through
the inner cylinder élits. Because of these anisotroples it was
found toAbe most practical to record spectra at various fixed drum
positions, rather that continuously rotating the drum. Counting
rates in the angle-resolved mode, when the anisotropy is taken
into account, are just as would be expected from the configuration
geometry.

In uéing the CMA to collect spectra in either the EDC or CIS
37

mode, focusing properties of the hemispherical screens-’ produce
a distortion of the counting rate which is a function of kinetic

energy. At low kinetic energy the CMA accepts electrons from a
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somewhat larger area of the sample, inéreasing the count rate if
the sample is illuminated over an area larger than the nominal
target area. This effect is a smooth function of kinetic energy

and will be neglected in the interpretation of the data.
D. Analyzer-Sample Orientation.

1. FEmission Cone Orientations. The modified CMA is used for

angle-resolved photoemission spectroscopy by mounting the sample

on a rotatable shaft such that different polar and azimuthal angles
may be selected by sample and/or drum rotation. .Two different
sample/analyzer orientations profed to be of value in the siudy.

In the configuration diagrammed in.Fig. 17 the axis of rotation

of the sample is aligned with the axis of the CMA. The cone of
.electron flux normally accepted by the CMA is then centered about
the normal n to @Ee sample surface, Only electrons with polar
angle 0 = 42.30 (the half-angle of the acceptance cone) may be
selected by the drum aperture. The polar angle 6 of thé emitted
electrons is defined as the angle between the surface normal and
the emission direction. However; any azimuthal angle ¢ , relative
to the sample symmetries, may be selected either by rotating the
sample or the drum. The electric polarization vector Z of the
incident radiation lies in.the plane of the surface (s polarization)

and may be positioned relative to the sample symmetries indepen-

U A
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PIG. 175 Sample/emission cone orientation for sample normal aligned

with CMA axis.
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dently of the electron collection agimuth. .Rotating both sample
and drum in conjunction fixes the azimuthal angle while rotating
Z relative to the crystal lattice.

The restrictioﬁ to one polar angle is eliminated in the second
sample/Analyzer orienﬁation, shown in Fig. 18. In this config-
uration the saﬁple normal fi is aligned with the side of the cone of
electron flux normally accepted by the CMA ( from which éne cﬁooses
angle-resolved segments). BExamination of Fig. 18 shows that any
polar angle between 6 = 0° (normal emission) and 6 = 84.6° (nearly
grazing emission) may be selected by rotating the drum. The desired
azimuthal angle must then be selected by rotating the crystal.

This configuration is much more useful in thgt nearly the whole
emission hemisﬁhere is accessible., However, in this configuration
the orientation of the electric polarization vectorlg may be indepen—
dently varied only for normal emission (0= OO). Thé'angle between
€ and the ézimuth of the collected electrons is fixed for specified
polar angle. Polarization effects for data taken in this config-
uration, except for normal emissiqn, are therefore neglected in

the interpretation of the results.

For normal emission in the configﬁration of Fig. 18 the sit-
uvation with respéct to polarization effects is completely different.
Rotating the cr&stal changes only the orientation of Z'with respect

to crystal symmetries, leaving the collection direction unchanged.
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This configuration then is very useful in studying polarization

effects in the normal emlission.

2. Polarization Mounting. With the radiation incident along

the normal to the surface, as indicated in Fig, 18, € always lies
completely in the plane of the surface, resulting in s polarization.
In order to stpdy the emission wifh a substantial perpendicular
component in e (p polarization), a special sample manipulator was
devised, the effect of which was to enable the rotation of e up out
of the surface by 42.30. The sample/énalyzer configuration remains
the same as in Fig. 18, but with the radiation incident along the
side of the cone 900 around the cone from the sample no?mal.
Rotating the sample rotates Z relative to the crystal symmetries
as before, but Z remains at an angle of 42.30 relative to the
plane of the surface° The normal emission from the surface could
then be studied as a function of rotating Z-, either in the plane
of the surface or in a cone projecting out of the surface. The
manipulator was designed so that eitherof these polarization
conditions could be selected from outside the chamber while under
UHV conditions.

The principle of operation of the “polarization mounting"
is sketched in Fig. 19. A pair.of Everdur bevei gears .transfers

rotary motion from a rotary feedthrough, whose axis 1s parallel




hy
“s" polarization: —
_rotary e CMA
feedthrough axis
axis
42.3°
hv
“p" polarization:
__rotary e CMA
feedthrough axis
axis

FIG. 19. "Polarization" sample manipulator, shown in two positions.
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to the axis of the CMA, to the axis of sample rotation at an angle
of 42.30. The sample is mounted to a shaft on this second axis,
duplicating- the anal&zer/sample alignment of Fig. 18. That is,
the normal to the surface is aligned with the side of the accep-
tance cone of the CMA, The mounting qf the second gear and sample
is movable, but held in position by a spring*léaded detent. A
stop on the rotary feedthrough shaft catches at each end of the

available rotary travel and permits rotation of the subassembly

around the axis of the CMA to another of the three detent positions.

Once set in the new position, the sample may again be rotated
freely about the normal to its surface, but now that normal is
aligned with a different part of the acceptance cone and the
radiation is striking the sample from a different angle. The
gear ratio of the bevel gears is 2:1 so that in each position the
sample may be rotated by more than 1% complete turns. The entire
assemblage is mounted at the end of a standard sample manipulator,
consisting of a rotary feedthrough at the top of a long bellows
section, with 1inear and X-Y motion capability. The manipulator
with attachments is mounted in a flange opposite the CMA §uch that
the axis of the rotary feedthrough is parallel to the axis of the
CMA,

A photograph of the "polarization mount" is shown in Fig. 20.

Figure 20 shows the mount in the s polarization position, where




FIG. 20.
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Photograph of "polarization" sample manipulator.
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the light is incident along the sample normal aﬁd'g stays in the
plane of the surface as the sample is rotated. The bevel gears
are clearly shown, as is the sample holder with a crystal of Gads

in place., This orientation duplicates the geometry of Fig. 18.
E. Analyzer Electronics.

The cylindrical mirror analyzmer had pre—accelefating/reﬁarding
grids and was operated in a constant pass energy mode for photo-
electron spectroscopy. In the constant pass energy mode the
potential between imner and outer cylinders is kept cqnstant, S0
as to pass only electrons of a specified fixed kinetic energy.
Potential beiween the two hemisphérical screens at the front of
the analyzer is then adjusted to accelerate or deceierate the
photoemitted electrons of the desired kinetic energy to this pass
energy as they enter the analyzer. Of fhe two hemispherical screens,
the first is at ground potential by construction. The second
hemispherical screen-is attached to the first stage inner cylinder,
necessitating that the potentials on inner and outer cylinder be
changed in unison with the accelerating potential, keeping the
difference between immer and outer cylinders constant. The sample
could be biased to adjust for contact potentials.

The potentials on the various parts'of the analyzer are

illustrated in Fig. 21. The difference between inner and outer
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FIG. 21. Analyzer and associated electronics.
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cylinders is fixed at VP, and the resulting pass energy of the
analyzer is EP =1.76 x VP. The potential of the inner cylinder
and the attached second hemispherical screen.is V2 - VB. When V3
is set at zero, the hemispherical screens accelerate zero kinetic
energy electrons to an energy EP, and these elect?oné are passed

through the analyzer. AdJjusting V, to the desired electron energy

3
adjusts the accelerating potential at the hemispherical screens
so as to pass those electrons into the énalyzer with a new energy

equal to EP. The potential V, is fixed or swept as appropriate

3
to accomplish each of the three modes of photoemiésion spectroscopy
described in Chapter ITI. |

Electrons exiting the second stage of the CMA are detected
with pulse counting electronics as diagrammed in Fig. 21. BHach
exiting electron impinges on the Spiraltron continuous dynode
electron multiplier, producing a pulse of electrons at the collector.
The electron'multiplier has a dark count of less that 2-3 per second
so the signal to noise ratio was essentially at the theoretical |
limit (i.e. 1”g-/n). The pulse is reshgfed in a pre-amplifier
and then amplified and counted in a digital ratemeter. The digit@l
outpu£ of the ratemeter at the end of a counting interval is sent
to a teletype for recording on pﬁnched tape and also converted to

an analog voltage for display on an X-Y recorder. The energy axis

of the recorder and paper tape was the electron energy EP in .the




60
case of an EDC, or the photon energy hv in the case of a CIS or

CFs.
F. Sample Preparation.

GaAs is a nearly ideal material for this type of.study in
that a clean (110) surface can be easily prepared in situ by
cleaving within the vacuum chamber. In addition, at the base

10 Torr, surface contam~

pressure of the vacuum chamber,ni x 10~
ination rates are so low that no noticeable contamination would
accumulate over a period of 5 days. The sticking coefficients

are small,38 on the order of 10_5. Thus a crystal could be cleaved

on Monday morning and studied for a full week,

1. Source of GaAs Crystals, Eleven different cleaved (110)

surfaces on six separate p-type GaAs crystals were studied., All
six crystals.were Zn doped to a density of from 1.5 x 1018 to

4.8 x 1019 cmﬁ3, coming from three separate batches. The crystals
were 4.8 x 4.8 x.13 mﬁ, oriented with a (110) face at the ends

and (111) faces at two opposing sides. The crystals were purchased

from Laser Diode Laboratories, Inc., 205 Forrest St., Metuchen, N.J.

2. Mounting and Cleaving. Crystals were cleaned in the usual

'degreasing solutions and then etched lightly in a dilute methanol

solution of bromine. They were then mounted in a copper sample

I S )
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holder with spring steel clips holding the crystal from two sides;
allowing a certain amount of movement in the cleaving process.
Figure 22 shows a photograph of a sample in its holder, with a -
cleaved chip and a pencil for scale comparison. The strip of
metal inserted between the éxystal and the steel clip-is soft
copper, to reduce the probability of the crystal fractﬁring at the
sharp edges of the steel clip. When mounted, the crystal extended
from the holder far enough to attempt 3-4 cleaves from each crystal,
taking off 2 mm eaéh time.

The crystals were cleaved using a copper anvil and'a tungsten
carbide blade,leach mounted on 1ineér motion feedthroughs. With
the chamber pumped out. to its base pressure, the sample was posi-
tioned on the line between anvil and blade. The anvil was then
moved up to gently contact the crystal on one side and the blade
on the other side, positioned parallel to the (110) face and back
2 mm. BExternal supporting mounts permitted the céreful positioning
and movement of anvil and blade. Once in position, steadily
increasing piessure was applied simultaneously to Both anvil énd
blade until the;sample cleaved. If alignment of‘blade with the
(110) plane was good, the phip would pép off with only a few pounds
of pressure, leaving a mirror-like surface with few discernable
steps or imperfections. The chip shown in Fig. 22 was from such

a good cleave., If the alignment was less than good, the cleave

U 1. RS W S|
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FIG. 22.

Photograph of the sample holder, with GaAs crystal in

place, and cleaved GaAs chip.
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left several large steps or occasional concoidally fractured areas.
If alignment was sufficiently poor, the crystal fractured instead
of cleaving, generally falling out of the sample holdér. Of the
cleaves studied, approximately half were very good, Wi£h the rest
all éontaining some areas of large step concentration or poncoidal
fractufe. Howéver, even the poorer cleaves which were -studied
~had areas on the surface relatively free of imperfections'which‘
céuld be centered at the light spot gnd studied. Data from all
‘cleaves was remarkably reproducible from one sample to another,

with problems due to major surface imperfectlons easily identified.

3.  Symmetry Determination., Complete orientation of the

sample symmetries was not possible by mere inspection of the crystal.
The (110) piane contains a mirror plane in which lie the two
"dangling bonds", one Ga and the other As in character. Détermir
nation of the azimuthal location and direction of these bonds was
accomplished by a fairly simple procedure. Since the mirror plane
also constitutes a (110) cleavage plane perpendicular to the surface
(GaAs cleaves only along (110) planes), inspection of a fractured
portion of the crystal with a microscope enabled location of this
plane. This also established which two sides of the crystal were
(111) planes. Differentiation between As (111) and Ga (111) was

accomplished by inspection aftef an etch with bromine; the As (111) -

LI f|
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surface etches to a rough appeararice while the Ga (111) takes on a
mirror-like quality.39 Once the As (111) and Ga (111) planes are
identified and separated, the orientation of the "dangling bonds",
and hence the symmetry of the (110) surface, is completely known.

This technigque was double-checked by back-scattered X-ray dif-

fraction (Laue pattern).




Iv. EXPERIMENTAL RESULTIS

A. GaAs Bands and Photoemission.

1. Calculated Band Structure. The energy bands glong symmetry
lines in GaAs have been calculated by a numBe: of workersauo’ 18-20
The bands diagrammed in Fig. 23 represent the results of one of
the most recent and accurate pseudopotential computations, by.
Pandey and Phillips;zolwith band symmetries assigned by examination
of the générated wa&efunctions;' Unfortunately, the pseudopoteﬁtial
"~ calculation is‘not very accurate at high energy and this calculation
was done with a high energy cutoff. Thus the calculated final
bands.may be somewhat inaccurate at the higher enérgies accessible
‘in our experiment. The bands are exhibited along three principal
symmetry axes of the Brillouin zone, A, A, and %, which are labeled
in Fig; 8. As noted previously, the symmetry line % extends from
I'{000} through K{3/4 3/4 0} and on to X{1 1 0}, The symmetries
of each band are labeled according to the conventions of Parmenter,41
and each band, starting with the lowest valence band, is assigned
a number for convenience in referencing,

The valence electrons are cbmposed of the outermost 4524p

levels in gallium and the 4524p3

levels in arsenic (for the neutral
atoms). These electrons hybridize in the GaAs crystal to form sp3
-tetrahedral bonds between the atoms. . The four valence bands, bands

1-4 in Fig. 23, represent the initial energy E; of these bonding

Ll il




ENERGY RELATIVE TO THE VALENCE BAND MAXIMUM (eV)

)
i

-8~ GALLIUM ARSENIDE BAND STRUCTURE

= PANDEY AND PHILLIPS
~10 -
b X, A,
A
=12 = Lo 2 N
L A 1 z X A
CRYSTAL MOMENTUM

FI8. 23,

Bulk band structure of GaAs.




67
-
electrons as a function of reduced wavevector in k-space. At the
center of the zone, I' , the lowest valence band I is "g-like"

1
while the other three VB's are "p-like" and degenerate as I, .. As

15
one moves away from the zone center the bands are increasingly
hybridized and the labels "s-like" and "p-1like" can no longer be
applied.

The density of initial states summed over the BZ produces

three main peaks which exhibit themselves in x-ray photoemission
1 .

spectré (XPS) and in high energy EDC's. The lowest peak is centered _

near Ei = ~12 eV below the VB maximum and is composed entirely of
the "s-like" band 1. The ﬁatrix elements for transitions of this
band to the lower 20 eV of conduction bands aie apparently very
weak, ag this feature is indiscernable in UPS spectra for hv <
30 eV. The second, or middle DOS peak 1is centered near Ei = -6.5 eV
and is composed of band 2 along the zone boundaries. Band 2
near I' and bands 3 and 4 throughout the zone result in the leading.
DOS peak, which extends from the VB maximum down as much as 4 eV
lower. These three VB DOS peaks together with a Ga 3d core level
at Ei = - 18,9 eV comprise the initial states which are available
with normal incidence optics.

For sufficiently high photon energy, angle-integrated photo-

emission spectra begin to replicate the overall initial DOS,

Figure 24 exhibits a CMA-angle-integrated EDC for hv = 30 eV which

I I [ ¢

AN




N(E;) (arbitrary units)

GaAs (110) EDC
CMA angle-integrated
Ga 3d c
Chre hy=30eV
n Valence Band Peaks:
) j 1 i 1 |
-24 -20 -|6 -2 -8 -4 (0]

INITIAL ENERGY BELOW Ef

FIG. 24, Angle-integrated EDC obtained at hv = 30 eV,
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exhibits clearly most of the valence band features that were
discussed above. The leading VB peak'extends from the Fermi level
Ep to B, = ~4,1 eV, The second peak is centered at Ei.= ;6,5 eV
and the third peak is only very wegkly present .near Ei = ~11 €V,
TheABd core level is very prominent near Ei'= -19 eV, This core
level is actually split by spin-orbit interaction into two levelé,
corresponding to total angular momentum J = 3/2 and J = 5/2. The

3&5/2 level is at E.1 = ~-18.7 eV and the 3d is at Ei = -19,2 eV;

3/2

L) 5

this splitting is not resolved in the spectrum of Fig. 24. The peak

at Ei = -2l eV is due to inelastically scattered secondary electrons.,

2.  Angle-Regolved Photoemission and Symmetry. Moving to the

angle-resolved mode of photoemission spectroscopy immediately
increases the inférmation inherent in each specfrum. Figure 25
exhibits a set of angle-resolved EDC's (AREDC's) taken in the
configuration of Fig. 17 with 5° angular resolution.‘ The polar
angle © for all spectra was"42.3° and the azimuthal angles varied
in 10° steps from ¢ = 0° to ¢ = 180°, The electric polariZation
vector ¢ was in the plane of the surface (s polarization) and
for each AREDC ;;Was parallel to the azimuthal angle ¢ . Photon
energy was 14 eV. The spectra are plotted versus initial energy

Ei below E The energy reference here is the Fermi energy kE

F. Fl

determined by photoemission from an evaporated metal. The first
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GaAs (110) AREDC's

hv=14eV
©=423°

N(E,;hv fixed) (counts per incident photon)

N el (R | | | |
<8 =G Ed -2 0 =8 O e L L)
INITIAL ENERGY BELOW VB MAX (eV)

FIG. 25. Angle-resolved EDC's obtained at hv = 14 eV and 6 = 42.30.
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two valence band peaks of Fig. 24 are now resolved into several
features which change in magnitude or initial energy as a function
of .azimuthal angle. These changes represent the fact that each
AREDC 1s sampling transitions from a different segment of momentum
space. Details of both initial and final bands are in general
different for each two non-equivalent points ip the Bfillouin zone.
Thus spectra taken as little.as 2° apart may show substantial
differences in the details of transitions that are detected., This,
of course, only applies if unscattered electrons are .detected, as
discussed in section IT C., The azimuthal dependence exemplified
in Fig. 25 is taken then as evidence for umscattered transport

across the surface,

In attempting to sért out and identify the transitions resulting'

in each of the features shown in Fig. 25, a knowledge of the symmetry
of the crystal and hence the symmetry of the photoemission is
essential. The spectra of Fig. 25 are displayed only for ¢ = 0°

to ¢ = 180° because these azimufhs define a mirror plane in the

(110) sur.fa'ce.. AREDC's from ¢ = 180° to ¢ = 360° are identical

to the displayed set, ﬁith minor discfepancies due to sample
AMisalignment or surfaée imperfections. This is as it should be,
since the Brillouin zone and the energy bands share the symmetry

of the crystal. The (110) surface, unfortunately, only possesses

this one mirror plane symmetry, rather than the more extensive

Lol
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symmetries of some other crysfal planes commonly studied.

The existence of the mirror plane symmetry‘in the photoemission °
is conveniently displayed by what is termed a sample ¢-pattern.
The angle-resolved emission is monitored at a constant kinétic
energy and photon energy while the sample is rotated through thé
full 360° of azimuthal angle ¢. The polar angle 6 is also fixed,
so the magnitude of E“ is constant as well as the initial and final
energies., Rotating the crystal thus describes a circle of radius
IEHI in the suiface momentum-space and a cylinder of the same
radius in the bulk momentum-space (assuming the surface mixes
together k, ; see section II C). Figure 26 shows a sample $-pattern
taken in the same sample configuration of Fig. 25, but with a
photon energy of 12 eV. The analyzer window was set to accept a
constant kinetic energy of 5 eV, corresponding to Ei = =1.,7 eV,
Thus the pattern represents the magnitude of emission in various
directions from states near the middie of the first VB peak. The
figure is presented as a polar plot and is typical of many ¢;patterns
taken frém (110) Gals; fhe mirror plane symmetry is'easily observed.

The slight asymmetry is attributed to a small sample misalignment,b

. 3. Initial vs. Final Energy Dependence. The presence of the
appropriate symmetry in the photoemission establishes that the

momentum information is not &ll lost in crossing the surface. It
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GaAs ¢-pattern

hv =12 eV ¢
Ef=10.5eV
§=42.3°

OO

270 90°

FIG. 26. (110) GaAs ¢-pattern.
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does not establish whether that momentum information comes only
from the final state of the electron or also from the initial state.
That is, if the transitions are indirect the angular dependence
of the emieSion will depend only on the density of final states,
regardless of where the electrons originated. .If however the
transitions are direct, the wavevector of the final state quals
. the wavevector -of the initiel state and the angular dependence is
a function of both initial and final state energies} Indirect
transitions, as discussed in section IIC, imply elastic scattering
of the excited electrons such that all final states at the appropri-
ate final energy are populated, regardless of whether tﬂe electrons
originated as'valenee.electrons, sore electrons, or scattered
electrons,

The direct transition model, in which the initial energy
influences the angular dependence, is confirmed for GaAs by the

¢-patterns of Fig. 27. These ¢-patterns were both taken in the

configuration of Fig. 25 at the final energy of Ef = 9,1 eV above EF'

The solid curve was taken at hv = 11 eV, corresponding to an
initial energy Ei = = 1,9 eV. The dashed curve was taken at
hv = 16 eV, corresponding to Ei = - 6,9 eV, The azimuthal depen-

dance of the emission to that constant final energy is seen to be
quite different for states from two different initial energies.

This dependence on initial energy is taken as evidence that the

==
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GaAs (I10) 4.5 6=423°
¢ patterns E¢=9.1 eV

270°

mirror
plane

FIG. 27. (110) GaAs ¢-patterns.
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direct transition model is important in understanding the angle-
resolved photoemission,

Himpsel and Steinmann,42 in similar work done on NaCl and XCI1,
report that below the threshold for inelastic electron-electron
scattering the azimuthal dependance of the emission depends only
on the final energy. Above the scattering threshold at 2 Eg, the
emission depends on both initial and final energies as we have
seen here for CaAs. The electron-electron scattering threshold
is nearly 17 eV for NaCl, but only 2.8 eV for GaAs. The expla-
nation of this phenomonem is that below the electron-electron
scattering threshold the escape depth of the electrons is large
compared td the electron-phonon scattering length. Electrons
which escape have undergone several phonon scattering événts, losing
all correlation to their initial position in momentum space. Above
the threshold for electron-electron scattering the escape depth of
the electrons is smaller than the electron-phonon scattering
length, such that most electrons which escape have not scattered
with phonons. This last case is the situation for all emission
from GaAs, since the electron-electron scattering threshold is

so low,

L, Polarization Effects. The polarization of synchrotron

radiation can sometimes be exploited to help identify the tran-
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sitions responsible for certain features in the angle-resolved
photoemission. The matrix.element of the optical transition in
Eg. (12) can be required to be zero by symmetry requifements alone
for certain orientations of the electric polarigation vector 3;43,44
That is, some allowed transitions can be "turned off" by an appro-
priate reorientation of Z with the crystal symmetries. Examination
of the energy and al of any emission peak which is sersitive to
this manipulation may then lead to identification of the initial
and final bands in calculated band diagrams,.

An example of this technigue is shown in Fig. 28. Two AREDG's
are exhibited, for which all parameters except the orientation of
Z are held constant. Both spectra were taken at hy \= 14 eV,
GP = 42.30, and ¢P = 180°, ( GP and ¢P are the emission angles
previously labelled just 6 and ¢.) For the solid AREDC, the
electric polarization vector Z was in the surface and parallel to

o, 1800). For the dashed curve, ¢ was

the mirror plane (¢p =0
rotated in the surface 90O such that it was perpendicular to the
mirror plane. The vector potential I of the incident radiation
is parallel to Z, We use the angles GA and ¢A to denote the
direction of both Z and K. Two features‘present in the solid
curve were affected by the reorientation of Z. The peak centergd

near Ei = ~ 5,1 eV was almost completely eliminated, while a broader

structure at Ei = ~ 2,0 eV was less dramatically reduced. The

LLS 3l
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GaAs (110) AREDCs 6,=42.3°
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FIG. 28. AREDC's obtained for two different polarization

orientations.
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increase in low energy scattered electrons at Ei = - 7.5 eV is
an artifact created by taking spectra such that the electron
trajectories were through the holes positioned in the CMA hemi-
spherical screens for passing the light 5eam (see section IIIC).

The feature in Fig; 28 near Ei = - 5 eV.can be identified
in the available band calculations. Since the.azimuth for the
AREDC's was 1800, all transitions originated somewhere in the
mirror plane in E;space defined by the real-space ﬁirror pléne.
The electron states ih this mirror plane are either even or odd
" under reflection in the planes, referred to as even or odd parity.
Designate these states as <t and |-> . The electron-photon
infergction XlE is itself even under refléction for K-parallel
to the mirror plane and odd for X-perpendicular to the mirror
plane. Since the matrix element of the transition must be invariant

under reflection in the plane, it follows that
<] B |->= <t KD |+ =0 (16)
g .
for A perpendicular to the mirror plane, and
> - :
<-| Aep |4+>= <t Aep |->=0 - (17)

for K'parallel t0 the mirror plane.
For the peak at Ei = - 5,1 eV in Fig. 28, the only possible

initial band at that energy is band 2, which is even under the
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mirror plane reflection. Since the feéture is "turned off" by.
rotating X (Whicﬂ‘ié parallel to Z) to the perpendicular positién,
equations (16) and (17) tell us that the final band must'élso be
even. Calculating E“ for the peak gives a value of 0.63 K—l, which
defines a line in E;space paralliel to6 kl but passing through the
boundaries of the BZ very close to the L point. ‘Examination of
the band diagram of Fig. 23 reveals that the most 1ikeiy candidate
for the final band is band 9 near L along A. Band 9 is even under
reflection in the plane, as required, and has a local high density
of states felatively parallel to.bgnd 2 at the éppropriate E near Li'
Furfhermore the energy separation of band 9 and baﬁd 2 for the
appropriate initial energy is very close to 14 eV, the photon
energy. This combination of evidence seems éufficient to identify
the sharp peak in Fig. 28 as due to a transition between band 2
and band 9 in the area of E;space near L on the BZ boundary. This
transition is allowed by symmetry when K is parallel to the mirror
plane, but forbidden when K-is perpendicular to that plane.

The identification of the other two peaks in Fig. 28 was
inhibited by the lack of more detailed band calculations, partic-
ularly in the hiéher conduction bands. The usefulness of tﬁe
technidue will be demonstrated more fully in the interpretation
of the normal emission, for which the bénd calculations are mére

complete. This will be discussed in section IVD,

i I N R

L




(1N I p— . LI Ll

81

B. Occupied Surface States

1, Surface Calculations and UPS Measurements, Investigations

of the electronic structure of semiconductor surfaces are of great
theoietical and practical interest. Several calculations‘of surface
étates on GaAs (110) have been done recently, predicting both
occupied and unoccupiled states.21_25 A bond-orbital calculation

by Harrisoﬁ and Gira0121 predicts a filled surface state below the
valence band maximum.(VBM) and an empty surface state in the optical
band gap. The filled'state.is identified as being derived from

the As dangling bond, while the eﬁpty state is Ga derived. Calandro
and Santoro=> have made a tight-binding calculation for the Gads (110)
surface which predictsragain an As-dérived surface state Just

below the VBM and a Ga-derived empty state 1 eV above the VBM.

.A more detailed layer-by-layer tight-binding calculation by
Joannopoulos and Cohen (JC)22 finds a total of five surface states.
One is high in the conduction band (Bzf), one in the upper part
of the band gap (B{ ), one at the VBM (Bl)’ one about 6 eV below
the VBM (Bé), and one ﬁear the top of the lowest valenge band (33).
JC have calculated the energy dispersion of each of these states
along surface symmetry lines. The two occupied states of intereét
in the Pfesent study are B1 aﬁd B,. B1 has its maximum initial

2

energy at the zone center I', where it extends into the band gap
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by 0.1 eV. The total width is only 0.2 eV. B2 was not expected
to be easily observable, being nearly degenerate with the second
VB DOS peak near Ei = -6 eV, BZ was calculated to be localized
near the zone corner ﬁ, increasing in initial eﬁergy as one moved
away from the zone corner along symmetry lines.

A self-consistent pseudopotential calculation using a periodic
array of GaAs slabs has been performed by Chelikowski and Cohen
(CC).24 They found surface states very similar to those of JC,
centered at Ei =-9, - 575 -20,5, and +1.0 eV. In addition,
they found some weak surface structure near Ei = -2,0¢eV. The
state at the VBMN, corrgsponding to B1 in JC's notation, was found
to be somewhat wider in energy dispersion and the maximum did
not extend past the VBM into the gap.

The identificatién of the empty surface ététe at the top of
the gap has been made in.experiméhts by several'workersu5_47 and.
will be discussed in the next section, Identification of the -
filled surface states has been much more elusive, apparently because
of compiete degeneracy with the bulk bands. No emission due to
filled surface states was found during a careful UPS study of
(110) Gads by Gregéry and Spicer,26 in agreement with ofhér
workers%7_49 The narrow surface band predicted in‘ﬁost of the

theoretical calculations at or above the VBM is incompatible with

. these results. Any sharp surface feature at or above the VBM
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should be easily observable in conventional UPS. The fact that it
was not required that the filled surface band near the VBM be Both
wider in energy - dispersion and lower with respect to the VBM than
had been calcﬁlated.
The theoretical solution to this disagreement'between experiment
and theory appears to lie in the consideration of a "relaxed"

3h

surface lattice,”’ as discussed in section IID, A recent pseudo-
potential calculation of a relaxed (110) GaAs surface by Chelikowski,
Louié, é,nd‘Cohen25 shows that B1 moves to lower energy and broadens
in energy dispersion when the relaxation is considered. The surface
relaxation is as-in‘Fig. 9b., This calculation is in much better
agreement with the UPS resulté. The maximum initial energy of B1
is still at T in ﬁhe gurface zone, but is below the VBM, rather
than at of above it,SO

The theoretical predictions for the (110) GalAs surface are
summarized by the notation of JC as empty states B2' and Bi',

/

and occupied states Bi’ B2 and B3. Of these states, B2 is

inaccessible to us, lying below the vacuum level. Bll-was observed

in core resonance decay and will be discussed in section IVC.
BB’ although in theory accessible by our experiment, was not observed
in the photon energy range that we have available. B3 is s-like,

as 1s the third valence DOS péak, and may have very low transition

strength to the lower conduction bands.

LLLL S
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Of the predicted occupied . surface states, We.believe we have
identified emission due to both B1 and B2 in the angle-resolved
photoemission from (110) Gahs. As noted above, no emission from
occupied surface states has been previously observed in UPS measure-
ments of GaAs.26 The identification in angle-resolved photoemission
was possible because emission directions were found for which the
surface band transitions were prominent features in the spectra,
_even though energetically degenerate with strong VB emission in
other directions. Specifically, emission attributed to surface
states-was found to be prominent in spectra obtainéd for O > 450.
The width of energy dispersion of both surface features was greater’
that 1 eV, and completély degenerate with VB energies.- Angle-
integrated UPS technigues thus have difficulty distinguishing this

surface emission from bulk emission.

2. Tests of Surface State Emission. Two tests were used
in conjunctidn to identify emission due to occupied surface states.
First, in analogy to'experiﬁents on other materia.ls,iB’lLl"51 the
feature was tested for sensitivity to a light contamination of
the surface by a gas or evaporated metal. Second, by va?ying the
.available-parameters such as photon energy or polar angle, the

>
initial energy of the feature was mapped out in k-space as much

as possible and the results compared to theoretical surface band .

Lt




85

calculations. In mapping out the dispersion of the feature, care
was taken in assuring by means of the cbntamination test that the
emission beihg plotted was indeed surface sensitive for each emission
direction. If an emission feature was contamination sensitive énd
its dispersioh agreed wedldl with theory, the ldentification was
complete.

Only very light contamination is needed té affect fhe emission
. from‘a_surface state. Adsorbate éoverages corresponding to muéh
less than é moﬁolayer interfere with the periodicity of the surface
lattice, as well as modifying the actual electronic sfétes at the
surface, Bulk periodicity and bulk states are not directly affected,
50 any emission whiéh is sharply reduced for very light contamination

must be associated with the surface.

3. Surface State Bi* A sﬁrface state near the VBM due to
the As dangling gond was predicted by all of the calculations
discussed a’bove-,.z:L—25 The energy dispersion calculated by JC is
in qualitative agreement with the recentxcalculations for a relaxed
surface. The energy is a ﬁaximum at the surface BZ penter'f and
lower at all o£he£ points in the zone, wifh minima at f and X’
on the zone boundariés. In refering to the prédicted_state at the

VBM we shall use B,, the notation of JC.

1’
Three sets of AREDG's exhibiting the contamination test for

I ] A Y
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emission which is attributed to B1 are sﬂoWn in Fig. 29. Parameters .
of each pair of spectra were chosen such that E” for the peak
near the VBM corregponds in each pair to.the center T of a different
repeated surface Briilouin zone, The magnitude of E“ for each pair
- of AREDC's T;Jas' (a) t.11 K“i, (B) 1.56 K"i, and (C) 1.95 2. e
solid curve of‘each pair was taken from a clean surfacé and the

dashed curve after exposure to a gas. The O, exposure corresponds

38

2

to much less than %4 monolayer coverage” equivaient exposures of

O2 and H2 showed similar effects on emission, indicating the sticking
poefficients are similar., HEach contaminated curve has been shifted
toward EF by 0.4 eV to compensate for band bending effects.52 In
eéch.case, the emission peak near the VBM is dramatically attenuated
.by the contamination, while emissién structure at other energies
remains subsﬁantiélly unchariged..” The angular properties of the
pﬁotoemission featuréé attributed to buik states, which exhibit the
proper crystal symmetries, are uhchanged by small gas exposures,
corrdbo?ating tﬁe assumption that adséfbed atoms are notlscattering
the emission into different directiors. The éensitivity to contam-
_iﬁation clearly indicatés a surface feature néar the VBM.

_ The AREDC's of Fig. 29 were taken such that the surface emission
near the VBM originated at three T-points in three repeated surface
ZONes. Thé initial energy in each case is seen to .be-E:.L v 0.8 eV.

N * > — —
To sample the dispersion (Ei versus ﬁ] ) along the I' - X 1line
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GaAs (110)

AREDC's
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FIG. 29. AREDC's showing surface state emission which is reduced by

contamination; (A) and (C) were exposed to 0.7 Torr-sec. of

0,, while (B) was exposed to 0.15 Torr-sec. of H,.
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in the surface BZ for the surface state in Fig. 2?, AREDC's were
obtained by selecting the prdper azimuthal angle and varying 0 or
hv . A selected set of AREDG's arve shown in Fig. 30, where EII
values for the surface state peak betwéen 1,0 21 ana 2.0 21
are acéuired by varying the photoﬁ_energy. In the repeated zone
scheme the K'vary from the T point of the second zone along
¢ = 1806, through X/, and nearly to the center of the third zone.
One notes that the peak nearest the VBM consisting'of the surface
state emission and any ﬁnderlying bulk emission moves through an
energy minimum,

The dispersion noted in Fig., 30 is best exhibited by plotfing

the initial energy of the peaks versus'% . The results of such a

plot are shown in Fig. 31, which inéludes data from the AREDC's

in Fig. 30 as well as AREDC's taken at different polar angles,

The hori?onfal a#;s is labeled with the magnitude of E” along

$ = 180° as well as with the surface symmetry points which are
sampled. The consistency of the data for different 6 values is
taken as corroboration of the interpretatibn. Tﬁe initial energy
of the surface state is at a maximum near I and a minimum near the
zone boundary X’°. 'This behavior was dbéer&éd for data from several
surface zones; that is, the maximum initial energy of the surfaceA

state emission is at the zone centers T. . For comparison, the

calculated band B1 of JC is also shown in Fié. 31, along these
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GaAs (110) |
AREDC's
6=70°
7 =180°
m hv (eV):

N(E) (COUNTS PER INCIDENT PHOTON)

- e - St LG
ENERGY BELOW Eg (eV)

FIG. 30. AREDC's taken at constant ¢ = 180° and 6 = 70°, showing

>
surface emission at several values of k”.
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FIG. 31. Initial energy Ei versus k” for the surface emission
peaks from AREDC's taken at constant ¢ = 180° and for
various polar angles and photon energies (10 < hv <26 eV).

The solid line shows the shape of the calculated surface

band Bi'
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symmetries. The position of the JC band relative to the VBM is
not indicated, as it is in error. The important point of Fig. 31
is that the positions of the energy maxima and minima of the surface
emission agree with the positions fredicted in theory for Bi'

The dispersion behavior throughout the repeafed zones.may be
demonstrated conveniently by the use of ¢-patterns. An apprépriate
choice of the parameters hv, 6, and EK adjusts‘the values of E“
and Ei for the electrons which are detected. Ei is adjusted for
each ¢—pat£ern such that only electrons near the VBM are passed
through the energy window. Several values of the magnitude of.
ﬁ| are chosen such that the ¢-patterns sweep'out several concentric
circles in the two-dimensional E;space of the surface. Since the
predicted maximum of the‘¢ispersion of Bi‘ocduis only at the zone
center, one may expect emission through the energy window of the
analyzer to be strong only when %l equals a surface recifrocal
lattice vector. That is; the ¢-pattern will &how lobes in the
'directions for which the circle of radius.gl‘crosses the T-poin#s
of repeated éﬁrfacé zones, if the oﬁsérved emigsion agrees with
theory. | |

The magpitude of E“ for the ¢P-pattern in Fig. 32 is 1.11 X—i,
the distance in ﬂ;srace to the.two closest T.points in the repeated
surface zone space., The repeated zones for the (110) surface are

->
diagrammed, with a dashed circle representing the circle of k“

LLlo gl
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swept out by the ¢-pattern. The ¢-pattern was taken'ét_
hy =12 eV, 0 = 60°, and By = 6.3 eV, corresponding to

Ei = —.O.7 eV. Only two lobes are present, 6ne at ¢ = 0° and

another at ¢ = 1800; each correspopding ﬁo a repeated éone T,
When the magnitude of E“ is increased o 1.5% 871, the

¢ -pattern which results is disblayed in Fig. 33. 4gain, the

repeated zones are §hown with a circle corresponding.to E“ for the

spectrum. The parameters have been increased to hv = 18 ev, .

0 = 600, and EK = 12,3 eV. The initial energy is still

" - 0,7 eV, The emission lobes at ¢ = 0° and 180° are now

i

absent and replaced with lobes at ¢ = 900 and ¢ = 2700. These

new idbes correspond to emission at T'points which are at 1.56 K_i.
Note also the four small lobes beginning to deveiop at the azimuths
of the T points of the next farthest zones. At these azimuths,
the sampled IZ\“' is within a few tenths & T of matching these T points.
Increasing ﬁ] in other ¢-patterns brings these lobes out clearly.
The ¢-patterns of Figs. 33 and 34 demonstrate that photoemiséion-
originates at states near the VBM only for'gl corresponding to
surface T'points.

The dispersion data on Bi’ exemplified by the AREDC's of
FPig. 30 and the ¢—£atterns of Figs. 32 and 33, is in good agreement
with thé laﬁest caiculations for a relaxed surface by Chelikowski,

Louie, and Cohen.®” The width of the dispersion is V1 eV, the

{0 SO 7 S AL
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maximum energy is at T with Ei N - 0.8 eV, and dispersion minima
occur at %he éone boundaries. The identification of the emission
as due £o the predicted surface band just below the VBM is thus
easily comﬁietéd.

Since the bulk I points in a.plane parallel to the surface -
form a grid which is twice as large as the grid formed by the
surface T'points, one‘might assume that the agreeﬁent between the
dbservéd periodicity and the surface zone periodicity was suffi-
cient justification for interpreting the peak near the VBM as a
surface state. Such a Jjustification is not valid since the surface
mixes up the:perpendicular components of the electron wavevectors.33
Figure 34 diagrams a cross section of the bulk BZ's in a plane
perpendicular to the surface and including kZ. Also shown are
the.T'points for the surface along kz., As is evident, there are
bulk TI-points which have the same ﬁ] values as the surface T'points.
This 1s a general resulto53 Since k *'s are.mixed in the esc@pe'
process, then all states of the same ﬁ] may be detected irrespective
of any consideration of k; . As a result one may observe emlssion
from any state along the vertical line in Fig. 34 qorresponding
to the selected ﬂ“. In particular, a line corresponding to E“
which passes through T and T will correspond to emission from the

centers of the bulk zdne and the surface zone. In this case the

bﬁlk bands at [, . might lead to the observed emission periodicity.
- 15 i
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o- : 3 oa—kz

FIG. 34. A cross-section of the repeated bulk Brillouin zones for
GaAs, in a plane perpendicular to the surface and including

kz' Surface T'along kZ are shown.
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The bulk emission; however, should not be sensitive to small cover;
ages of gas, as the surface emission should be. Indeed, for all
contamination tests of emission near .f, significant emission up
to the VBM remained after the purported surface state emission

was removed. This is interpreted as bulk emission originating near’

r whiéh is energetically degenerate with the surface state at.f;

L, Surface State B

2L

has been identified through angle-resolved photoemission corresponds

The second occupied surface band which

to B2 in the notation of JC. B2 was predicted.z2 to be fairly

localized near the zone corners ﬁ,'with an initial energy at M
that would make it degenerate with the second VB peak in angle-
integrated UPS. This degeneracy was expected to make detection
difficult. Howevef, the dispersion of the band waé prédicted to
move to higher energy as one moved away from ﬁ toward either X
or X’. By examining angle-resolved emission which originated at

either side of ‘an M point, we were able to ﬁdentify a peak due to 1

A

B2 as it moved to higher energy, away from degeheracy with the

second VB peak,

A contamination test for emission attributed to B2 is shown

in Fig. 35. The clean surface data is the solid AREDC and the

dashed curve after exposure to 0.1 Torr-sec. of H2. Again, the

contaminated AREDC is shifted towaxrd EF by n 0.4 eV to correct
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A GaAs (110) hv=17eV
|\ AREDC's ©=50°

N(E)(COUNTS / INCIDENT PHOTON)

[
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FIG. 35. AREDC's showing the effect of contamination on emission

attributed to the surface state B2.
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52 The parameters hv = 17 eV, 6 = 500,,

for band bending changes.
and ¢ = 280° are such that the peak in the clean AREDC at

B, = - 6.5 eV originates with a ﬁ“ to one side of a zone cofner M.
This peak is dramétically attenuated by the H2 exposure and is thus
attributed to a sﬁiface feature.

The dispersion behavior of this emission peak is illustrated
in Fig. 36. In tﬁe set of AREDC's the magnitude of E“ corresponding
to B, = - 7.0 eV is set equal to the value of ﬁ“ at M(hv "= 18 eV
and ©

600) and then the azimuthal angle ¢ is moved from the ﬁ
point into the zone. ﬁ is at ¢ ;'54.70. The surface ﬁ“ values
corresponding to the peaks 1abeled.B2 in the AREDC's are shown in .
the insert of the figure. As ¢ is changed, the emission peak
.attributed to B, moves from coinéidence with the second VB at

2
B, = - 7.4 eV into the "gap" and the peak vanishes when ¢ reaches

i

80° near Ei = - 5,0 eV. The energy position of B2 moves toward

the VBM as the observation point moves away from the ﬁ point in
agreement with the calculated properties. Similar emission features
with the same Ei versus Eh behavior were observed on either side

of each of the four ﬁ-points in the first zone. (The corners of

the next zones were not accessible with our experimental para-
méters.) The confamination sensitivity was aiso confirmed for

each corner.

Again, -as for Bi’ the contamination tests coupled with E,
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versus K behavior completes the identification of the'emissioﬂ
peak in Figs. 35 and 56 as due to the predicted surface state BZ'
Although it was incoﬁyenient to measure Ei'Vérsus %l along a zone
symmetry line so as to allow an exact comparison with theory, the
main energy position and dispersion behavior that are observed
seem to agree well with the calculated values. The experimental
width of the dispersion is somewhat wider than that of JC's cal-
culation, but is in aﬁparent agreement with the recent calculations

25

for a relaxed surface.
C. TUnoccupied Surface State. .

1. ‘Calculations and Experimental Measurements. All of the

theoretical calculations of the electronic structure of the (110)
surface of Gads predict a surface state band in the'upper part

of the optical band gap.21_25 These calculations have already

been discussed. Evidence of the existence of such a state has

been found in electron energy loss spect:t:osc’opyL‘L6 and in UPS.45’47
The angle-integrated UPS observations of Lapeyre and Anderson (LA)45
indicate an-excitonic nature for the surface band, rather than a
simple density of states model. The.dbserved states may thus be
thought of more properly as "surface excitons", rather than surface
states in the conventional sense. Eecent measurements of the

position of the Fermi level at the surface of n=type GaAs54-56
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indicate that the surface state does not lie in the band gap as
predicted, but above the conduction band minimum. The experimentally
observed resonances -then imply excitonic binding of at least 0.5 eV.55_

The angle-resolved oEservations of the "surface exciton"
which have been made in this study are in agreement with the UPS
.observations of LA. Since the s£ate is well Below the vacuum level,
no direct photoemission fromlihe empty surface state can escape
the sample. The presence of‘the:éﬁpty state can only be inferred
from enhancements of the photoémission dué to the.decay of core
to surface state excitation.45;‘Meé§urement of the,photoemission
With either CFS's or CIS's exhibits this enhancemeﬁt when the
photon ehergy is swept through the. threshold for core excitations.
Two processes for the decay. of the core hole-exciton have been set
forth in the literature29; one is the Auger process and the other
is direct recombination. As pointed out by LA, the two processes o
can be differeﬁtiated because they excite electrons to different
maximum final energies. In the Auger process, the core hole is
filled by a Qalence electron while another valence electron absorbs
the energy aﬁd is excited to a CB. In direct recombination (DR),
the core hole and excited electron recombine, releasing their
energy to a valence electron. The maximum possible final energy
above the VBM for the valence electron in the DR process 1s thus

equal to the photon energy of the core- excitation, while the maximum
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for the Auger process is equal to the energy difference between the
core level and the VBM. Since the surface exciton binding energy
lies v 1.0 eV above the VBM, this means that the maximum final
energy for the DR process is equal to the final energy of VBM
primary emission, while the maximum for Auger is Vv 1.0 eV less than
that. in terms of the CIS's, Auger decay cannot contribute to
enhancements for Ei < 1.0 eV bé;pw the VBM, One of'the observations
of LA was that the enhancement}éxists right up to the VBN, implyihg
that the DR process must be present. In turn, the DR process
strongly suggests an excitonic model, since the core hole-excited

electron pair needs to be quite localized for the process to occur.

2. Angle-Resolved Observations. Angle-resolved GIS's (ARCIS)

which exhibit the emission enhancement due to the surface exciton
are shown in Fig. 37. These spectra were obtained at normal emission
using the polarization mount in the p position. The electric

- .
polarization vector € of the incident radiation is out of the surface

at a polar angle eA 47.70. The azimuthal angle.cb.A of E'was

" rotated around the normal to the surface to the positions Oo, 900,
énd 180° relative to the crystal symmetries. Thus for the top
ARCTS E'is very nearly parallel to the Ga dangling bond, while for
the bottom ARCIS S is nearly perpendicular to the Ga dangling bond

“and parallel to the As dangling bond. The resonant contribution
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to the photoemission is evident near hv = 20 eV for all three
spectra. The resonance is a doublé—enhancement, corresponding to
the spin-orbit splitting of the Ga 3d core level. The j = 5/2
contribution is at hv = 19.65 eV and the j = 3/2 contribution is
at hv = 20.2 eV. All three ARCIS's in Fig. 37 were obtained for
Ei = - 0,9 eV, requiring that the DR process is important, as noted
‘aﬁove and by LA. The resonance is also much stronger for Z-approi—
imately parallel to the Ga dangling bond, sugéesting that the
feature is associated with.the Ga ién, in agreement with IA's
observations. |

The effect of the resonant enhancement on an AREDC is shown
in Fig. 38, These AREDC'S were abtained at normal emission with p
polarizafion, with g.qpproximately parallel to the Ga dangling
bond. The.three spectfa were obtained at photon energies at either
side of the J = 3/2 resonance and on the resonance. The enhancement

at hv = 20.2 eV is again clearly evident right up to the VBN,

supporting the DR model.

3. _Surface Contamination Sensitivitv; The esfablishment

of the exciton-like feature observed in the above spectra and by
LA and others as a surface feature rests in its sensitivity to
surface contamination, . LA reported that a light Sb overlayexr

eliminated the resonance peaks.45 Eastman and coworkers, however,
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reported that certain contaminants, notably Pd, did not remove
the resonance from the emission spectra.49 More recent work has
suggested this insensitivity to Pd may be an anon;aly.S5 In our
angle-resolved studies, the surface resonance peaks disappeared
for sufficiently heavy exposures to 02 or H2. Figufe 39 demon-
strates this sensifivity to H2 eiposure. Three angle-integrated
CES's taken at Ef = 9,7 eV are showﬁ in Fig. 3%9a, one obtained
from a clean (110)_surface, the other two after increasing exposures
to H2° These spectra were obtained using s polarization. After a
0.5 Torr-sec. exposure the resonance peaks from the surface exciton

are no longer evident. Fig. 39b exhibits a contamination set of

AREDC's for Bi’ with the same exposures of H2.

D. Bulk Band Structure Determination.

1. Normal Emission. Examination of the photoemission which
" exits the cryétal perpendicular to the surface is very useful in
attempting to "map out" bulk energy band levels. This normal
emission consists of electrons for which K“ = 0, both inside and
outside the'crystal; This condition, imposed by the coﬁservation
of ﬁ“ as digcusséd previously, implies that all wayevecfors of the
.detected photoelectrons lie along a line in bulk ﬁ;space‘defined
by kl. For tﬁe (110) surface, k; at normal emission corresponds

to the X symmetfy line from T to X, repeated throughout ﬁlspace.
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The energy bands are commonly caiculated along symmetry lines,
including ¥ , and thus calculations are available to compare to
experiment, providing a guideline in interpretation. The Z line,
and hence the ﬁormal emission, is imﬁortant for (110) GaAs because
it is the only symmetry line for which constant E“ data may be
collected that represents transitions only along -the symmetry line.
The symmetry points [ and X which are included are alsa important
points of.high symmetry in the bulk BZ.

The energy bands along I ,as shown in Fig. 23, consist of
two symmetry types, Zi and 22_ Both designations are one-
dimensional repfesentations, with the identity E and the mirror

plane reflection JC, as the only two symmetry operations. 21 is

2
even under reflection in the mirrof plane and 22 is odd under
reflection., Transitions between theée bands along %L are then
subject to the same arguments given earlier in section IVA about

the effects of the orientation of the vector potential K. That is,
transitions between stafes of the same parity (under reflection JCZ)
are forbidden when K is perpendicular to the mirror'plane and
transitions between states of opposite parity are forbidden when K

b3, b

is in the mirror plane. The transition is forbidden when its
matrix element is not invariant under the symmetry operation. These
selection rules may be used to heip identify the symmetries of

bands involved in observed transitions.
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The details of the interaction of the surface with the normal
components of wavevector k, are not known. All that is known is
that the surface mixes together states of severai values of kl'
ingide the sample to.produce the observed outgoing electron state
of wavevector k| .33 Thus an observed photoelectron may have had
any of several values of k; inside the crystal, subject only to
the constraint that k: is along ¥%. The method of data analysis
for the normal emission was to assume that an observed feature
could be due to transitiohs'dt'any value of k along I , and then
to searqh the calculated bands along % for éritical points or
parallel bands at the appropriate initiai and final energies., In
several caseé this led to an unambiguous assignment of the bands
involved in the transition, |

Normal emission data was obtained for several orientations
of K'relative to the crystal symmetries, inclﬁdiﬁg both s and p
polarization, using %he polarization mount and the sample/analyzer
configuration of Fig. 18. Thé'condit;on E“ = 0 holds for all
three'modes of angle-resolved photoemission spectroscopy (AREDC,
ARCIS, and ARCFS), such that all direct transitions in the observed
spectra take place along x%. Figures 40, 41, and 42 show sets of
each of the three modes of spectroscopy, all taken-at-the same
normal emission and polarization orientation. All spectra were

obtained with p polarization, with 0, = 57,9° and oy = 0°. The
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AREDG's of Fig. 40 illustrate the conventional appfoach, for which
hv is constant, but Ei and Ef are variables in each spectrum. These -
AREDC'S ére plotted versus Ei measured from the VBM. The energy
-position of the VBM at Pi5 was determined from a normal emission
AREDC at h§ = 10,5 eV, for which the transition T15 > P12 is
prominent. Figure 41 shows a set of ARCFS's for the same emission,
illustrating that initial band structure dominates in each curve,
but varies from curve to curve as the final energy is changed. The
The ARCFS's are plotﬁed_versus the same initial energy scale as in
Fig. 40, Figuré ﬁz; showing ARCIS's, illustrates how final band
structure affects the emission; each curve representing how initial

states at each different initial energy coﬁplefintg final states

over the same range of final energy.

2. Initial Band Critical Points. The theoretical calculations
of energy bands may be expected to 5é most accurate for the valence
bands, since the célculations are gene;ally fitted to experimental
valence band critical point energies. An experimentél demonstration
.qf valence band emission from a few of these critical points is
therefore of interest, since the present experiﬁent is capable of
isolating photoemission due only to particular critical points.

This capabiiity,increases the accuracy of energy level assignemnts

over other photoemission techniques.
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The valence band critical points which are accessible in the
normal emission are illustrated in Fig. 43. The célculated valence
.bands along I are illustrated in the lower pbrtion of the figure
and an angle-resolved CFS (ARCFS) is in the upper part. The lowest
valence band is omitted from the band diagram as 1t is. not observed
at the available photon energies. The ARCFS was obtained for the
final states at 9.4 eV above the VBM, and is plotted with both
phdton energy gnd initial energy as horiéontal energy scales. The
final state energy was chosen so as to best display transitions
from several initial critical points.

The first.critical point, T15, is’ of course very‘intereSting
becauée it is the maximum valence band position throughout the BZ.
This critical point is indicated as the leading edge of the ARCFS.
The strong peak at Ei =~ 1,8 eV is due to a high density of states
in the conduction band, as will be demonstrated shortly; The second

critical point, X55 is not sharply delineated, being represented

by only a weak feature at Ei = - 2,8 eV. The third critical point
at Z?ln is perhaps most interesting as it is only present as a

trailihg shoulder in angle-integrated UPS spectra.57 Here in the
angle-resolved spectra, the emission is a draﬁatic feature which

is nearly as sharp as the iﬁétrumental rggolution allows., The energy
position is clearly in very good agreemeﬁt with the calculated

bands. The final peak in the ARCFS corresponds to X3, or more
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properly to band 2 near XK, since no final bands exist at the X
point at this final energy, but final bands are available near K.

The calculated position of X
20

3 is perhaps " 0.2 eV higher than

observed in these data.
Another symmetry point which is accessible in emission from

the (110) face is the L point. Figure 44 displays an ARCFS which

is obtained for B, = 12.3 eV, 0, = W5% and 6 = 306°% At these
parameters alié fixed at 0,95 K_i anq the bulk emission originates
along a line in E-space which passes along the hexagonal side of the
BZ, through W and L.t This line, parallel to kl , 1s designated' the
Q line. The Q line for GaAs has no higher symmetry than an arbitrary
ﬁointlin the zone, and so bands are not generally calculated along it.
The bands along the Q line sketched in the lower part of Fig. 44 are
based on limited information. The values for L_ and L1 are from the

3
pseudopotential calculation of Pandey and Phillips,zo while the W

points are from Chelikowsky, Chadi, and Cohen, 18

The bands in Fig. Lly illustrate that the maximum valence band

position along the Q line is at L3, rather than at T15. L3 has

been placed in the various calculations at energy positions varying

18

from 0.9 eV~ to 1.3 eV19 below the VBM at T The ARCFS of Fig; Lly,

15°
obtained at a final energy for which there are expected to be final
bands at the L point,zo clearly. indicates strong emission which

extends td Ei = = 1,15 eV, This emission is interpreted as direct
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Table I. Energies (in eV) of selected initial band critical

-points in Gads relative to the VBM.

EXPERIMENTAL THEORETICAL

Gritical | _
point This work »UES(ref.'57) .' (ref. 18).  (ref. 20)
Ly - 1.5+ 04 - 0.8 + 0.2 -_ - 0.9 . i.zo‘
X -2.9 +0.2 . ... - .y - 2.83
ppin ~ha 04 -hd +0.2 - 3.9 - 4,10
X - 6.8 +0.2 - 6.8 + 0.2 - 6.8 - 6.4
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transitions from L3 and is labelled as such in the figure. The

maximum energy position is in good agreement with the plotted

band position of L, at Ei =~ 1.2 eV. Note that a small tail of

3
emission extends up to the VBM. This tail is probably due to’
phonon-scattered electrons which §riginated at the éenter of the BZ,
Because of the uncertainty in the band structure away from L, no
iﬁterpretation is assigned to the featurgs in the ARCFS at 3-4 eV
below the VBM. The features are very suggestive of a correspondence
with the Wz and W3 critical points; but we have no assurance that
they are not dué to critical points in the conduction bands.

The accuracy of the energy level assignments in the calculated
valencevﬁands by Pandey and Phillips is seen to be gulte good. The
observed eﬁergy positions of several valence band critical points
is éuﬁmarized in Tab%e I, together with the assignments made by

three theoretical calculations and those made by an angle-integrated

UPS experiment.

3. Final Band Structure. Having established the accuracy of
the éalculated valence bands, the next step is to identify structure
in the conduction bands, referenced to initial band critical points.
The ARCIS mode of data collection is especially sﬁited for appli-

" cation to this problem in studying the normal emission. Unfor-

tunately the ARCIS and AREDC modes are difficult to analyze for
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GP % 0° since %I is not a constant for such spéctra, resulting
in the sampling of a plane in bulk ﬂ;space, rather than a line,

The use of the ARCIS mode to help identify finél band struc-
ture 1is pérhaps best éxplained by examination of Fig. 45. The
figure qoﬁéists of three parts, all‘plotted versus a common energy
- scale measuréd.relative to the VBﬁ. Diaérammed in the lower part
of the figure are the calculated bands along the symmetry line Z,
with the lowesf valence band once.again deleted. A portion of the
lower conduction bands is also deleted for convenience. The bands
are labeled by their symmetry designations at I and X and by the
band numbers of Fig. 23. In the upper part of the figure are
| two experimental épectra, an AREDC taken at hv. = 10.5 eV and
;n ARCIS obtained for Ei = - 0.05.éV. Both speé¢tra were taken at
nofmal emission with s polarization. The initial energy window
of the ARCIS,'Ei = - 0,05 eV‘is indicated in the‘banq diagram as
weil as on the AREDC. The 0.5 eV width of the analyzef energy
_ window is sﬁown by dotted lines. This initial energy window includes
all three valence bands very close to T15, the VBM. By selecting these
states, one restricts the final states (in a direct-transition
model) to states ﬁith ﬁ-very close to T, Several possible direct

transiﬁions are indicated in the. band diagram. ' The transitions
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are clustered near conduction band critical points at I', which

are Fi' r T15, and Fl' The ARCIS reflects these transitions

12?
in two peaks and a shoulder, all in very reasonable agreement with
the band diagram. Peak 1 in the ARCIS can clearly be associated

with transitions at or near Piz’ peak 2 with T15, and peak 3 with
T 1 The indicated positions of le, 1
Table I along with calculated values and values obtained by other

T15, and T, are given in
experiments.

The usefulness of the ARCIS in studying conduction band
structure lies in displaying in one spectrum the stréngth of tran-
sitions to a range of final energies. The initial energy involved
in the transitions is kept constant and may be selected to include
a critical point in the valence bands. One caution needs to be
observed in interpreting the results. Examination of a single
spectra of any of the three modes may lead to errors in assigning
pe;ks to direct transitions. Fgr example, for some initial energies,
inelastic scattering from states at another initial energy may |
lead to peaks in the ARCIS at certain photon energigs which are
not due to direct transitions at all. Thus, one néeds to study
the AREDC data in conjunction with the ARCIS's or a complete set
“of adjacent ARCIS's in order to preclude mistaken peak identi-

" fications. An example is a part of Fig. 45, The AREDC at the

left of the figure shows that the peak at hv = 10.5 eV in the ARCIS
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is indeed due to a strong transition probability from states near
the VBM, and not due to scattered electrons from a completely
different initial energy.

It should also be noted-that the photoemission spectra are
especfed t0 show transitions involving critical.points (transitions
between parallel banés). A transition between initial and final
bands whose slopes are of different sign is not expected to be
dominant in the spectra. Peak 3 in Fig. 45 may be weak for this
reason.

The analysis presented in conjunction with Fig. 45 can be
repeated for a number of different initial energies. We shall
present four other important examples. Another set of initial
states is responsible for the ARCIS of Fig. 46. The bands are
diagrammed as in Fig. 45, but the AREDC is taken at hv ='11.5 eV
and the ARCIS at E, =-1.8¢eV. Thesé spectra were obtained using
P poléfization, with © at ¢A = Oovand 6, = b7.7°. The initial
energy window again includes all three valence bands, but at values
- of ﬁ well away from T. -Several_pbssibie diréct transitions are
indicated in the band diagram. Since the transitions are not
clustered near I' , the identification of structure in the ARCIS
is not quite so straightforward. The most prominent structuie
in the ARCIS, peak 3, is most probably due to the two critical

points in bands 9 and 11. This prominent structure is also the
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source of the peak at E, = - 1.8 eV in the ARCFS of Fig. 43. As
can be seen in Fig. 46, the calculated position of these critical
points is " 0.3 eV too high. Peak L, centered at Ef =13 eV, is
due to transitionS'té bands 12 and 13, which are somewhat low in
?nergy in the balcﬁlation, along with T15. The final large struc;
ture, peak 5, whicﬁ has the surface-exciton deéay supérimposed
over it, is probably due to several final bands close to the K
point at Ef " 18 eV,

In the next example, Fig. 47, the initial energy window
includes the valence band critical point X5. The AREDC was obtained
at hv = 16 eV and the ARCIS at E, = - 2.8 &V, both with p polar-
ization with ¢, = 180°. The ARCIS in Fig. 47 extends down to
the vacuum level., Peak 1 may be due in part to the indicafed
transitions at ban@ 8, but is élso composed of scattered electrons
hear threshold. Peak 2 1is identified as transitions from bands
2 and 3 to band 10, while bands 9 and 11 are apparently responsible
for the broad peak 3. Peak 4, for which the ABEDC'is 11lustrative
“at hv = 16 eV, is of the most interest since it appears to be
due to transitions from X5 to the several X critical po;nts near
Ef = 13 eV. However, transitions to bands near the center of T
may also éontribute substantially to this feature, ag its magnitude
is sensitive to the polarization orientation in such a way as to

indicate a preponderance of 21+ 21 transitions., The transitions
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near the center of Z at these final energies are all of this typé.

A significant valence band critical point, Z?in y is included

in the ihitial energy window of the ARCIS of Fig. 48. The AREDC
of this figure was taken at hv = 18.5 eV and the ARCIS at

Ei = - 4,05 eV. These spectra were obtained with the polarization
vector in the p position at_¢A = 0° As indicated in the band ‘

diagram, the initial energy window of the ARCIS includes two 21

bands, band 2 near the center of the I line, and band 3 on either
-side of Z?ln. Since the energy resolution of the CMA'is n 0.5 eV,

min
Zl ‘
.Ef‘= 8.6 eV and 9.4 eV, Peak 3 may contain a contribution from

is included. The ARCIS is dominated by peaks 3 and L, at

a transition of band 2 to the minimum in band 10 in addition to

transitions from the region of Z?ln. Peak 4, on the other hand,
almost certainly is due to transitions from band 3, including Z?ln,

to the region of the minimum in band 9. The AREDC at hv = 13.5 eV
illustrates that the peak in thé ARCIS»is due to the sharp initial
band DOS at Z;“in. ‘The theoretically calculated position of the
minimum in‘band 9 is too low by n 0.3 eV, OFf thé éther features

‘in Fig.148, peak 1 is due to scattered electrons, peak 2 may be
assigned to i?in band 2, peak 5 reflects elastic scattering from
another initial energy, and peak'é may be transitions to the several
bands near K at Ef = 18,5 eV, The double peak at Ef =16 eV is due

to core-surface exciton decay.
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The fingl example of this technique 1is for an initial energy
window which inqludes only one valence baﬁd. Figure 49 shows an
AREDC dbﬁaiﬁed at hv = 15.5 eV, and an ARCIS taken for
E. = - 6.55 eV, As indicated in the previous section, the calculated

1

position of X is ~ 0.3 eV too high, so the initial energy window

3

intersects band 2 close to K, rather than at X This correction

3"
to the band diagram is indicated in the figurg with dashed lines.
The 0.5 eV energy window thus inc;udes band 2 both at X3 and near K.
The ARCIS has two features of interest; (Peak 1 is due to scattered
elecﬁrons atlthreshoid,) The major peak, labeled peak 2, is
apparently‘due fo final bands near X and including the minimum,

of band 9. _Again, the position of this latfer critical point is
seen to be n ij eV too low in the calculation, in agreement with
Fig., 48. The second feature, peak 3, with the core-surface exciton
decay superimposed, is identified as transitions_from X3 to the
several critical points at X between 12 and 16 eV above the VBM.

In each of the éxamples above, the polarization condition of
the spectra was chosen so as to besﬁ display several important
transitions. The energy positions of conduction band critical
- points relative to the VBM at Ti5 as determined from the above
and other spectra are summarized in Table IL. The calculated
energieé of Pandey and Phillips20 are also shown, along With

58

Electroreflectance measurements by Aspnes, Olson, and Lynch.

N
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Table II. Enérgies (in eV) of selected final band critical

points in Galds relative to the VBM.,

EXPERTMENTAL THECRETTCAL
.Critical - . : ’
point - This work " ER(ref. 58) (ref. 20)
VP '10.6 + 0.3 10.53 . 10.4
Iy 12.8 + 0.3 ol 12.6
i 14,9 + 0.3 cee 14,9
8
(min) 7.0 + 0.3 6.7
757 (min) 9.2 + 0.3 8.8
Zgio(:min) 8-6 i" 0-3 oo-- . - 8.n2""

ziiz(mln)l 9.8 0.3 con. . 9.9
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4, Polarization Dependence. The effects of changing the

orientation of the electric polarization vector Z relative to crystal
symmetries have been demonstated’to be substantial for certain
transitions. fhis is certainly true for the normal emission as
well., The AREDG's éf'Fig. 50 demonstrate polarization dependence
for normél emission at hv =17 eV. Bgth curves were obtained
with s polarization, the. solid curve with X parailel tb the. surface
nirror plane and the dashed. curve Witﬁ X perpendiculaxr t§ the mirror
plane. (The vepfo?lpotential X is parallel to Z.) Three major
features are affected by the change. A peak cenfered at Ei = ~0,5 eV
is "turned on" for K perpendiculaf to the mirrﬁr plane, and peaks
cat By = - 3.0 eV and - 6.0 eV are "turned off" for the same orienta-
tion. Examination of the band strﬁcture along $ shows that the high
energy peék contains transitions from band 4 of symmetryﬂzz, while
the other two peaks dan contain only transitions from bands 2 and

3, which are.éf”symmetry Zi. Most final bands along I at

10 <1Ef <18 eV'a;é of symmetry Z.,-particularly away from F.or X.
'Since -Za.is‘even under reflection in the mirror plane and 22 is
' odd, the arguments @f section IV—A'appiy. if the final bands are .
‘indeed of symmetry 2 , then the peék.at Ei = - O.5.eV éhould be
much weakep for X-parallel to the mixrof plane, aﬁd the peaks at
E, = - 3.0 and - 6.0 eV should be minimized for Z-perpendicular to

L

the mirror plane. This, of course,.is precisely what Fig. 50
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exhibits.

The insert in the upper right haﬁd corner of Fig. 50 is a
"polarization" ¢-pattern. The energy window was fixed at
Ei = - 3,0 eV for hv = 17 eV (such that the initial enefgy includes
bands 2 and 3) and the crystal was rotated. Since the analyzer
is accepting normal emission, fhe 6nly parameter which changes
is the orientation of K relative to the crystal. The scale of
the resulting polar plot is labeled as'¢A. The ?A values of 0°
and 180°'correspond to K'being parallel to the mirror plane, while
the éA values of 90O and 270o correspond to X perpendicular to
the mirror plane. The ¢-pattern, corréspbnding to the second
peak in the AREDC's, shows minima for X.perpendicular to the
mirror plane and maxima for K'parallel to the mirrorlplane, in
agreement_with the discussion above.'

Polarization effects for p polarization have not been as simple
in interpretation as for s polarization. The precéding arguments
" about the parity of z-under reflection in the ﬁifror plane méy
still be applied, since Z-now has a vertical component which alwéys
remains in the mirror plane and a horizontal component which just -
corresponds to s polarization. However, this procedure predicts
no difference between spectra obtained for Z-aligned with one
"dangling bénd" and for K.aligned with the oppbsite "dangling

“bond". In practice, there are substantial differences. The
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directions, taken from the ideal surface geometry, are used for
' reference purposes oniy, and should not be taken to iﬁply that
tﬁe observed effects are‘necessafily assoclated only with the
surface, |

-At least two arguments may be appealed to in an attempt to
explain the discrepéncy.. One, . surface.effects are.certainly
nontrivial, even thoﬁgh we have deliberately neglected the surface.
thus fa¥ in thié'sebtion iﬁ an a%tempf to make a."fiyst afproxi—
mation" interpretation of the dbservationé. The asymmetry of the
surface would certainly lead to différehf results for A aligned
- with one dangling bénd as opposed to the other dangling bond.
Photoemission which'o:iginates at the firs£ layer-of atoms.would
thén,be‘eébected to show polarization effects.such as are observed.
This dependence would in turn exhibit itself to some extenf in
.the observed spectra since photoemission'speqtfoscopy probes at
most only several layers of atoms.so’31

The second argﬁment applies to photoemission from bulk states.

'Thé two posi#ions of K in question are: (1) /9 approximately.‘
.parallel to the Ga dangling bond, and .(2) X approximately parallel
to the As dangling bond. In the bulk lattice s£ructure, both of
these‘orientations cbrrespond to X being parallel to a Ga-As
bond. This is why the previous arguments predict no eﬁission

. differences between the two; A is in the same orientation relative
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to the bulk crystal symmetries in each case. However, the fact
that the photoemitted electrons are detected in only the [110]
direétion introduces an aéymmetry in the system which may lead to
emission differences bétween the two cases. Although.z is along
a Ga-As bond iﬁ each case, in one case thé Ga is nearer the surface-
and in the otherlfhe As is nearer. Rotating K-from position (1)
‘ to position.(Z) is then eguivalent to moving the observation point
from one side'of the 6rystal to the opposite side. The same
transitions are excited, but the resulting photoemlssion spectra
are collected in opposite directions. Differences will appear -if
the final momentum distribution of the excited electrons is weilghted
.more'heavily in one direction that in tﬁe other. The observed
polarization effects would then correspond to variations in momentum .
‘ Qistribution rather than variations in the strength of the transi-
tions. . ‘

An example of AREDG's collected with K in each of the two
positions described above is given in Fig. 51. These spectra were
dbtained at normal emiésion for hv = 18,5 eV and p polarization.
For thé solid curve, K'was approximately parallel'to the Ga dangling

4 ->

©, and for the dashed curve A was aligned with the

bond a# éA = 0 ,
As dangling bond at ?A = 180°, There are obviously substantial

differences in the two spectra, notably in structure at Ei = - 2.2 eV

and at Ei = - 5.1 eV. The initial energy of - 2.2 eV includes
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bands 2,3, and 4 while - 5.1 eV inciudes only band 2. For the
cu?vé taken at ¢A = 1800, the first structure is dominant wﬁile

the second is absént., At ¢A = 00, the strength of'the first peék‘.
is conside;ably reduced, while the second is now very strong. .The
insert in Fig. 51 shows polarization ¢—patterns.for'each of these

‘ peéks. The solid dots represent the emission at Ei = - 2,2 eV

as K-is rotated around the normal to the surface. The open dots

" represent the emission at Ei = - 5,1 eV for the same process. X
remains‘at OA = 47.70 as it rotates. The two strucfures are seen

- . N
to have opposite dependences on the orientgtion of A, The first

structure has a maximum at ¢A = 1800 and the second a maximum at

A detailed explanation of this type of polarization dependence
in terms of the surface or of momentum distributions as discussed
-above is not possible at this time. First, a more detailed know;-
'edge of the local electronic sfructure.ét the surface layer is
needed béfore contributions from tﬁe surféce can be estimated.

" Second, analyzing the dependence &ue to variations in the moméntum
distribqtions requires more exact‘formé for the bulk wavefunctioné

than are presently available.




V. SUMMARY

~ Angle-resolved photoemission spectroscopy has emeréed withip
the last few years as a very promising new experimental tecﬁnique’
for studying the eiectronic structure of solids.2-14 By measuring
the direction as well as the kinetic energy of photoemitted elec-
trons, the experimenter directly obtains momentum information about
- the optical excitatioh that has been hitherto inaccessible. Within
certain limitations, the electron "band structure" of two-dimen-
sional systems such as surface states may be mapped out directly
from éxperiment. The band structure of fhree-dimensional bulk
systemg may also be explored, with somewhat greater limitations.

‘ Concurfentl& with the development of angle-resolved photo-
emission spectroscopy, increasing attention has been given‘to the
use of synchrotron radiation sources for such éxﬁeriments.15 The
continuum of-synchrdtron radiation provides a'very intense, stable
lsource of polarized radiation over a range.of wavelengths including
' mdny energies not.available from any other séurce. In épplication
to photoemission spectroscopy, synchrotron radiation ﬁermits the
acquiéition of spectra for which photon energy is scénned while
collecting electrons at either constant "initial" or "final" energy.
In this way,.enhandeménté or resonances which occur at a‘c0nstant

photon energy are easily studied. .The high photon energies which
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are avallable iﬁ synchrotron radiation permit excitation to final
states which had been previously inaccessible, In application to
angle-resolved photoemission spectroscopy, these higher photén
energies also translate to access to a‘larger region of momentum
space.
The goal of this iesearch project has been twofold. The first

 aspect was to develop eqﬁipment and. techniques for doing angle-
 resolved phdtoémiésion spectroscopy'in an existing experimental
chamber maintained'at the University of Wisconsin's Synchrotron
'Rédiation Center. The second aspect was to refine and demonstrate
the utility of the techniques in a careful study of a typical
semiconductor. Gallium arsenide was chosen as the subject of the
investigation for several reasons., First, it is currently of great
interest iﬂ device applications. Second, many theoretical cal-

culations of GaAs bands, both in the bulkio 20

and at the
surface,Zj‘—z5 have been made Wiﬁh which the experimental resulbs
céuld be compared., Third, clean (110) Gads surfaces cqﬁld be éasily
prepared in §;;g'by.éieaving'in fhe vaéuum, surfaces which Wére :
inert enéugh-to study for several days béfore'no£iceable contamin-
ation set .in. | |

An,angle—r?sqlvihg electron energy analyzef was achieved

by modifying an existing cylindrical mirror electron energy analyzer

(CMA). The CMA normally accepts electrons in a flux cone of half-
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éngle 42.30 and thipkness 12°,  The modification consisted of an
internally mounted, rotatable drum with.a‘small aperture in the
si@e. When in position, the drum blocks all of the flux normally
accerted by the aﬁalyzer except that passed through the aperture.
By rotating thé‘drum; any segment of the flux cone may be selected
and passed through the analyzer to be detected. Linear translation
of the drum selects either 4° Or_izo angular resolution, or removes
the drum entirely from the flux cone, restofing the CMA to its
original function. These movements of the drum are performed through
a rotar&/iinear motion feedthrough in.the base flange of the CMA.

Sample hoiders and manipulators were devised such fhat a
variety of sample/analyzer configurations could be used, permitting
the study of emission’'at any azimuthal angle and at polar angles'
- from 0° to 84.6°, 1In certain configurations the electric polar-
.izatioﬁ véctor E of the incident radiation could be rotated relative
to crystal symmetries while collecting the same emission, either
at 6 = 0° or at 6 = 42.30. For 6 = 0° (normal emission) g could
also be rota{ed up out of the surface by 42.30, providing'a Sub-
stantial component of p polarization. )

The important experimental observations of (110).GaAs fell
essentiall& intoitwp gfoups. 'The”firsﬁ was the identification
of emission due to two occupied surface states which ére energet-

ically ‘degenerate with the bulk valence‘bénds. Two separate surface

T YTy
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bands were identified and portions of their band structure mapped
out. The first 'of these states; centered at approximately 1 eV
‘below the valence band maximum, has a d&ispersion wiath of more
than 1 eV, with the maximum initial energy occurring at the
céntef Qf the'surfacg Brillouin zone. The secoﬁd surface state
lies 6 eV below the valence band maximum and is localized near
the zone corners. The initial energy of this state increases
as one moves away from the mone corner in any direction. These
two surface state bands are in exéelleni agreement with bands which
are predicted in theoretical calculations of the (110) surface121725
but which have not been,previously observed in experiment.

The second group .of ébéervations were of bulk transitions.
The restriction of momentum space permitted by angle-resolved
' photoemission enabled the examination of bulk band transitions
:along.lihes-in k-space rather than over a volume. This in turn
permitted comparison to calculated bands along those lines and
identification of the bands invol&ed in several of the observed
transitions. A.éimpie, direct-transition.model proved sufficient
to explain much of the observed phenomena. Certain polarizgtion
sensitive features‘in'the emission were amenable to the explanation
that a reorientation'of the radiation vectdr potential K'relative

" to crystal symmetries may "turn off" some interband transitions.
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The observations of the surface states show the power of
angle—xesolved photoemission spectroscopy in studying two-dimen-
sional surface phenomena, demonétrating the separation and study
of broad surface emission that is degenerate with bulk valence
band emission ana thus inaccessible by any other existing exper-
imental technigue. The identification of the bulk transitions,
on the otﬁer hand, demonstrates the utility of the technigue in
the study of bulk band structure, providing energy levels of
speéific band symmetry points that may in turn be used for fi£ting
and-improving.theoretical band calculations, The equipment and
"techniques demonstréted here on GaAs are expected to be very‘l
useful in studieé of tﬁe electronié structure of a wide variety

of crystalline materials, both at the surface and in the ‘bulk.
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_ For the inﬁerested reader, the following figures summarigze
much of the data taken at normal emission with tﬁe four polariza-
tion conditions discussed in section IV D. Figures 52 énd 53

"exhibit AREDC's and ARCIS's obtained with p polafization, with

¢ at ¢A = 180° and GA = 47.70. These spectra were obtained from
the same cleave as those of Figs. 40 and 42, but with g approxi-
mately aligned with the‘As dangling bond instead of the Ga dangling
bond. Figures 54 and 55 show AREDC'S and ARCIS's obtained in
s polarizatiopl ﬁith Z parallel to the mirror piane at ¢A = Oo.
The finél two figures, 56 and 57, exhibit AEEDG'S and ARCIS's
taken in s polarizétion with E'pérpendiculér to the mirﬁor pléne

0

at ¢A = 90", Both sets of s polarization data were théined from

the. same cleave.
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