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Abstract

The electronic and chemical properties of GaAs(lll) Surfaces have
been investigated at Daresbury Synchrotron Radiation Source in Ultra
High Vacuum (UHV) conditions before and after molecular sulphur
adsorption. The surface geometry has been determined using Low
Energy Electron Diffraction (LEED). The surface composition and
electronic structure have been studied using angle integrated and angle
resolved photoemission. The objective was to gain an understanding of
the chemical and electronic passivation mechanisms resulting from the
termination of the GaAs(IlIl) surfaces by a sulphur monolayer. The
results indicate that these systems are complex with evidence of surface
and substrate interactions.

Passivation work on InP was carried out at Dublin City University. InP
samples which had been chemically etched, plasma etched and treated
with molecular sulphur have been compared. Simple Schottky barrier
devices were fabricated in UHV conditions. The device characteristics
were then determined using current-voltage and capacitance-voltage
profiles and deep level transient spectroscopy. There are indications that
this surface treatment may well prove to have practical applications in
device fabrication.



Chapter 1 General Introduction

1.1 Surface Physics

Surface physics is the study of the chemical composition and atomic
structure at the surfaces of solids and the theory and observation of their
structural, electronic, and chemical properties. The surface of any
material will differ from the bulk in that the surface atoms have a lower
co-ordination number. The atoms at the surface of a material may
rearrange to take account of their local bonding arrangement giving rise
to a surface reconstruction. Either way the electronic and chemical
properties of the surface are generally significantly different from those
of the bulk.

The interfaces between the different materials used in device fabrication
can have a major influence on how the device functions. Therefore to
understand the device it is necessary to know the electronic and chemical
properties of the surface as well as the bulk. Device performance is
often affected by the existence of surface states and also by surface
oxidation. In order to improve device performance the work for this
project has been an attempt to chemically and electronically passivate the
surface of II1-V semiconductors. By chemical passivation, the surface is
made more resistant to ambient oxidation and by electronic passivation
band gap states near the surface i.e. surface states are removed or
reduced.

The study of IlI-V semiconductors has been driven by their device
applications. Both GaAs and InP have wide band gaps and have
applications as optical devices. A wide range of surface science
techniques has been applied to study the microscopic interactions and
Schottky barrier formation for metals and other overlayers deposited on
clean and oxide-covered I11-V semiconductors. As part of this project
the electronic properties of Schottky diodes were investigated using
current-voltage (I-V), capacitance voltage (C-V) and deep level transient
spectroscopy (DLTS) techniques . Surface studies were carried out in
ultra high vacuum (UHV) conditions using low energy electron
diffraction (LEED), Auger electron spectroscopy and photoemission
techniques. These techniques will be discussed in chapter 2. The overall
aim of the project is to investigate the passivating effects of sulphur a
group VI element on InP and GaAs; both IlI-V semiconductors.
Chemical passivation means the production of a surface which is to a
large extent chemically inert while electronic passivation results in the
removal of surface states introduced into the band gap of the
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semiconductor by surface reconstruction or oxidation. The following
chapters give details of the attempts to chemically and electronically
passivate the surfaces of I11-V semiconductors. The termination of the
surfaces of Ill-V semiconductors by a monolayer of sulphur has been
proposed as a method of simultaneously achieving these two
complementary properties. Two different passivation techniques are
employed. Chapter 3 discusses wet chemical sulphur passivation of
INP(I00) surfaces, Chapters 4 and 5 describe photoemission studies
molecular sulphur passivation of GaAs(lll) and Chapter 6 contains the
conclusions and suggestions for future work.

1.2 Indium Phosphide

Due to the high electron mobility and wide band gap of InP (1.4 eV) it
has many device applications [1]. These include high speed devices,
microwave devices, high power switching devices and optical devices.
InP is reported as being a suitable material for solar cells because it has
excellent radiation resistance characteristics. Williams, Varma and
Montgomery (1979) and Spicer et al. (1980) [2,3] concluded that most
metal-InP interfaces are non abrupt and disordered, with a high density
of defects which would be capable of pinning the fermi level at the
interface. The work in this thesis includes investigating the passivating
effects of wet chemical etches on the InP surface before putting down a
metal overlayer.

1.3 Gallium Arsenide

There have been many studies of the various GaAs surface
reconstructions. The GaAs(l 10) surface is probable the most researched
surface due to the fact that it can be obtained by cleaving. Investigations
have shown that there are no surface states in the bulk band gap for
clean, well ordered surfaces [4]. The GaAs (100) surface has also been
the subject of many investigations of it's different surface
reconstructions, by LEED, Auger, scanning tunnelling microscopy
(STM) and photoemission studies. A recent study investigated the
passivating effects of sulphur on this surface [5]. In this thesis it is the
GaAs(lll) surfaces that have been investigated using both core level
photoemission and angle resolved photoelectron spectroscopy and also
LEED and Auger spectroscopy. Both the clean and sulphur terminated
surfaces are investigated.
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Chapter 2 Experimental Techniques.

2.1 Introduction.
This chapter give a brief description of the theory behind the
experimental techniques used in this work.

2.2 Electrical Techniques.

2.2.1 1-V and C-V Measurements.

In order to discuss the current-voltage (I-V) and capacitance-voltage
(C-V) measurements let us look at a Schottky barrier. When a metal
comes in contact with an n-type semiconductor electrons flow from the
semiconductor to the metal until the two Fermi levels equalise, and so a
potential barrier is formed (see figure 2.1) The rectifying properties of
the Schottky Barrier [1] are determined by the height of this potential
barrier ()B = @m%s. This barrier height may be determined by
measuring the current through the device or the capacitance of the
device with respect to an applied bias voltage.

xS

@ (b)

Figure 2.1 Formation of a barrier Dbetween a metal and a
semiconductor.

2.2.2 1-V characterisation.
Schottky barrier diodes are majority carrier devices. Thus for an n-type
Schottky barrier contact, it is mostly electrons that constitute current
flow. There are four basic mechanisms in which electrons can be
transported across Schottky barrier junctions under forward bias. These
mechanisms are shown schematically in figure 2.2. The inverse
processes occur for the case of reverse bias.

The four processes are:

1) transport of electrons from the semiconductor over the

potential barrier to the metal;



2) quantum mechanical tunnelling of electrons through the

barrier;

3) recombination of electrons in the depletion region;

4) hole injections from the metal to the semiconductor.
The processes 2) and 4) are only applicable for high and low doped
semiconductors respectively. Diffusion of electrons through the barrier
Is important for low mobility semiconductors.

E,

Figure 2.2 Current transport mechanisms (after [2]).

The Schottky barrier diodes in these experiments were fabricated from
moderately doped (ND-NA = 5x1016 cm-3) InP. Thus the principle
mechanisms of current transport are those of recombination and
thermionic emission. The current is given by:

qVv

| = 1Sex
P nkT

(2.1)

where T is the absolute temperature, Isis the saturation current and:

BV
Is=SA**T2exp & kT_aq) (2.2)

where S is the diode area, A** is the Richardson’s constant and n is the
ideality factor. AJ)is a correlation term due to the image force lowering
of the barrier. Richardson’s constant takes account of the ratio of the
semiconductor effective mass to the free electron mass. The ideality



factor is an important parameter, as it is effectively a measure of how
well a diode obeys the thermionic emission theory. A value of n equal to
lindicates an “ideal” diode.

If equation 2.1 is plotted for forward bias voltages, an extrapolation of
the linear region of this graph to cross the y-axis gives a value for the
saturation current s, from--which-'the barrfer HReight (B can be

determined, i.e.

Vo L 2.3)
vsa**t2;

A more exact form of equation 2.1 enables the plot to extend through
V=0 for reverse bias, thus permitting more accurate determination of
the barrier height and ideality factor. In this case, the 1-V characteristic
IS written as:

VvV
| = 1Sexp v Cl-exp _ (2.4)
KnkTj N KT

This effect is shown diagrammatically in figure 2.3.

®B/KT)

\Y

Figure 2.3 Current versus applied voltage for Schottky barrier diode.

In theory, for pure thermionic emission, the ideality factor n should be
exactly 1. In practice, however, deviations from n=I are normal and for
the semiconductors used in these experiments these deviations are more
pronounced in Schottky barriers under low forward bias and at low
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temperatures. These deviations are mainly due to recombination of
electrons in the depletion region, thus, to take account of recombination
current, equation 2.4 may be rewritten as:

I ~e o~ ISEXP v +1rexp -av 1-exp v
nkT UKT; N KT)
(2.5)

where Ite is the thermionic emission and Irc is the current due to

recombination in the depletion region as discussed earlier. Note that the
assumption of a value, of n = 2, in the recombination term is a gross
simplification. Nevertheless, the addition of a recombination term may
be necessary for “non-ideal” diodes as failure to do so can lead to
erroneous values for 4B. This problem has been discussed in a paper by

McLean et al [3].

2.2.3 C-V Measurements.

When a small ac voltage is superimposed on a reverse dc bias Vr across
a Schottky diode, charges of opposite sign are induced on both the metal
and semiconductor, at either side of the depletion region. As the reverse
bias is increased, electrons in the conduction band recede further from
the metal and increase the width of the depletion region. Similarly, if
there is a significant number of holes immediately adjacent to the metal,
the hole concentration will decrease because the hole quasi-Fermi level
[2] coincides with the Fermi level in the metal. This change in charge
gives rise to a capacitance and the diode effectively behaves as a variable
capacitor. Assuming the diode is ideal and the donor concentration is
uniform in the semiconductor, the differential capacitance under reverse
bias is given by :

1/2

N =C=S(gN<%s/2)12Lcv_Vn+Vr- kT (2.6)

where S is the diode area, Ndis the effective donor concentration, esis
the permittivity of the semiconductor. Vn=kT/qIn(NU/Nd) is the depth of
the Fermi level below the conduction band. ( For the material used Vn

has an approximate value of 0.06 eV). Rewriting equation 2.6 we have:



C KT
Y ovn+vr (2.7)

Assuming ()yV is independent of Vr, a plot of 1/C2 versus Vr should
yield a straight line with an intercept Vj on the x-axis given by:

VT= (bgv - VT kT (2.8a)

The intercept Vj is also related to the diffusion potential Vdby :

vz=vd <1 (2.8b)

The barrier height 9Bis given by:
Vv, +VT (2.9)

The slope of this line gives the donor concentration.

kT

Figure 2.4 1/C2 versus V plot for a Schottky barrier diode.

2.4 DLTS.
Deep level transient spectroscopy is a useful technique for defect
characterisation in semiconductor devices such as Schottky barriers, p-n



junctions and metal-oxide-semiconductor capacitors. DLTS is a high
frequency capacitance transient thermal scanning method for identifying
a wide variety of traps in semiconductors as first discussed by P.V.
Lang [4], In addition, DLTS allows the activation energy, concentration
profile and electron- and hole-capture cross sections for each trap to be
measured.

The technique is described as follows:
For an n-type Schottky barrier at zero bias (figure 2.5) all electron

states (conduction band, valence band and deep states) are occupied
below the equilibrium Fermi level, EF. Thus the deep level at ET

extending into the bulk is occupied below Ep and empty above Ep.

The essential features of a transient-capacitance measurement can be
discussed with reference to the energy band diagrams shown in figure
2.5 (after Roberts [5] 1993) for a current rectifying metallic contact on

an n-type semiconductor as was used in these experiments. The Schottky
diode with barrier height ()B is shown for zero applied bias in figure

2.5(a). The position of the Fermi level, EF is shown. There is also a
deep level of activation energy ET below the conduction band extending
into the bulk which is only occupied below EF. Under zero bias
conditions, the space charge layer has a depletion width WO.

Under a reverse bias voltage Vr as illustrated in figure 2.5(b), the
depletion region of Wr > WO0 exists in which the steady state occupation

Is determined by a quasi-Fermi level The reverse bias is applied to
create a deep depletion space-charge layer. This is followed by a voltage
pulse to induce a non steady-state occupancy of the deep levels, figure
2.5(c) shows that when a forward bias pulse V > Vr is applied to the

Schottky barrier diode, the quasi-Fermi level moves closer to the
conduction band and the depletion region width decreases to W < WO.
As an almost flat band condition exists, the deep level is now completely
occupied provided the pulse duration is longer than the characteristic
filling time. After the pulse the non steady-state distribution of trapped
charge relaxes and electrons are emitted to the conduction band from
the region of the deep level above the quasi-Fermi level. In contrast to
the movement of free electrons, the electrons in the deep levels have a
slow response time and are extremely temperature sensitive.



En (a) steady state V=0V
El
C (b) reverse bias V<0V
Ec
(c) forward biasV >0V
'Et
BEv

(d) reverse bias: emission

Figure 2.5 Energy band diagrams for different bias conditions, (a)
zero bias (equilibrium condition), (b) reverse bias, (c) forward bias, (d)
reverse bias re-established.

As the electrons are emitted to the conduction band they leave behind a
(net) positive charge, causing the space charge density to increase. For a
constant applied reverse bias, the increase in space-charge density causes
the capacitance to increase with time. This is detected as a time varying

capacitance which is measured to provide the DLTS signal.
The electron emission following the bias pulse in this situation can be
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described by the following kinetic equation:

dnT nt=Ntatt=0
o (2.10)
T - "ennt

nt=0att=0o
Where ntis the concentration of trapped electrons and enis a constant
known as the emission rate. Therefore:

nt(t) - Ntexp(-ent) (2.11)

The trapped electron density decays with a time constant (en) 1 and the

positive space charge and hence capacitance builds up with the form
= (1 - exp( -ent)). The pulse sequence and corresponding capacitance

response is illustrated in figure 2.6.

ov

Figure 2.6 Bias pulse sequence and corresponding capacitance change
(after Plaron Manual 19).

If the pulsing sequence is carried out over a range of temperatures and
the capacitance transient is monitored as in figure 2.7 a DLTS signal is

obtained [4]. Repetitive transient signals are fed into a boxcar averager
with gates which sample at times txand as shown. The signal from the

differential output of the boxcar averager is the capacitance difference:

AC = C (ti)-C (t2) (2.12)
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This is the DLTS signal which goes through a maximum at the

temperature for which the trap emission rate equals the “emission rate
window”, e0 offset by the DLTS system. The rate window depends on

the delay times tland as follows:

e0 = (ti-t2) ><|an"_ (2.13)
KI2j

Plotting the DLTS signal over a range of temperatures gives the DLTS
spectrum seen in figure 2.7.

T2 T

Figure 2.7 DLTS signal [4].

2.4.1 Detection of Interface States.

Interface states can be identified by DLTS techniques also despite the
fact that they can have arange of energies throughout the semiconductor
band gap. If a positive bias pulse is applied such that the quasi-Fermi
level, % is moved close to the conduction band (figure 2.8 (b)) all
interface states below £ will fill with electrons. After returning to
reverse bias condition (figure 2.8 (c)) electrons will be



interfacial layer

interface
states

(a) reverse bias V = Vr

Figure 2.8 Interface state detection by forward bias DLTS: (a)
Schottky barrier diode under reverse bias Vr; (b) capture process V=VT;
(c) emission process V=Vr.

emitted to the conduction band. Electrons occupying interface states
situated close to the conduction band will be emitted in the shortest time.
Thus if the forward bias pulse is increased in magnitude the DLTS peak
associated with the interface state will be moved to lower temperature.
Also, the peak intensity will increase as the interface state density is
continuous up to the conduction band. It is this peak movement and
increasing intensity that distinguishes broad interface state distributions
from discrete bulk traps. It is possible to identify a discrete level of

13



interface states by forward bias DLTS as a peak whose intensity does not
saturate with increasing pulse voltage provided it does not have a
corresponding bulk trap at the same energy.

2.5 LEED.

Low energy electron diffraction (LEED) is a very useful surface science
technique. LEED is used to determine the periodic, two dimensional
arrangement of atoms at a surface. It provides a method of monitoring
the arrangement of atoms at a surface and the size of the surface unit
cell [6],

The basis for the interference of electrons at the crystal surface is the
deBroglie [7] equation:

- (2.14)
mv

This equation correlates wavelength X with the velocity v and mass m of
a flux of particles, h being Plank's constant. The wavelength for 100 eV
electrons is approximately 1 A so the interference of these waves with
periodic crystal lattices is to be expected. In their paper “Diffraction of
electrons by a crystal of nickel”, Davisson and Gemmer [8] analysed the
directions of diffraction maxima on the basis of deBroglie’s equation. In
1934 Ehrenlang [9] suggested accelerating the diffracted electrons onto a
fluorescent screen after passing through a system of fine grids. Lander
et al. [10] later developed this idea to it’s present day form.

Formation of a LEED pattern.

For three dimensional crystals, planes within the lattice may be defined
by the Miller indices (h'kT). By analogy with a two dimensional
structure, the lattice points may be arranged in rows classified by the
indices (h'k"). The diffraction spots of a LEED pattern may be
attributed to scattering at rows (h'k') and these indices can be used to
describe LEED patterns. The distance dhk, between neighbouring rows

of direction [h’k’] is given by the equation:

2 12 i
1 h k 2h k cosy
S N — T (2-15)

where y is the angle between the axis of the unit cell whose base vectors
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have lengths bxand b2 . For a rectangular unit cell (y=90°) the equation

simplifies to:

1
t* hk"

(2.16)

Since the interference of electrons at a crystal surface is determined by
deBroglie’s equation, constructive interference occurs if the scattered
waves from neighbouring lattice points have a path length difference of

multiples of the wavelength X. In one dimension for a primary wave
striking the surface with an incidence angle 40, interference of the back

scattered waves occurs in directions $>(see figure 2.9), where () is given
by the equation:

a(sin 9—sin <) = nA (2.17)

where a is the distance between the periodically arranged scatterers and
n an integer denoting the order of diffraction.

Figure 2.9 Diffraction condition.

In two dimensions an arrangement of lattice points may be considered as

an ensemble of parallel rows of scatterers with directions [h'k'] and
mutual distances dhk- In this case interference maxima are to be

expected in directions given by:

nA = d m-(sin<|>-sm<[>0) (2.18)

LEED experiments are usually performed with normal incidence of the
primary electrons ()0 = 0), so that the equation simplifies to:
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with the electron energy, U in eV and dhk>in A units. Each set of
atomic rows, {h’k’} will therefore give rise to a series of diffraction
maxima, nh’,nk’ with varying order of diffraction, n. The larger the
unit cell, the closer the first diffraction maxima will be relative to the

surface normal.

The directions can be observed directly with typical LEED apparatus
and they allow the dhk>to be determined and therefore the geometry of

the unit cell. In order to determine the position of atoms within the unit
cell it is necessary to analyse the intensities of the maxima which is a
complex procedure. However, information about the size and
orientation of the surface unit cell is very useful.

2.6 Auger Electron Spectroscopy.

Auger electron Spectroscopy can provide valuable chemical information
about a surface. An atom which has been ionised in one of the inner
(core) states may return to the electronic ground state via one of the
following processes:

a) An electron in an energetically higher level fills the core hole, the
energy thereby released is emitted as a quantum of characteristic X-ray
radiation (figure 2.10).

Figure 2.10 De-excitation by characteristic X-ray emission.

b) The core hole is filled by an outer electron, but the available energy
Is transmitted in a radiationless process to a second electron which may



then leave the atom with a characteristic kinetic energy (figure 2.11).

ce

Figure 2.11 The Auger effect.

The second processes is called the Auger effect, first observed by P.
Auger [11] in 1952. The Kkinetic energy of an Auger electron is
determined by its parent atom which means that Auger is a valuable tool
in elemental composition analysis. The characteristic Auger peaks are
recorded for most elements and it is therefore easy to compare
experimental spectra for identification purposes. The essential elements
of an Auger electron spectrometer are, a source for primary excitation,
an analyser and a detector system.

2.7 Introduction To Photoemission.

Photoemission is the most widely used technique for determining the
electronic structure of solids. Photons absorbed by atoms in the sample
result in electron transitions from filled initial states to empty final
states. Some of these electrons make their way towards the surface, and
those that emerge can be analysed in a detector. The mean free path of
emitted electrons is a strong function of their kinetic energy (EK) being
most surface sensitive in the 40 - 90 eV range as illustrated in figure
2.12.

Angle resolved photoemission from single crystal samples allows the
measurement of electron momentum as well as energy and hence an
experimental determination of the electronic band structure. Angle
integrated photoemission can provide information about core levels and
when coupled with spectroscopic deconvolution it is suitable for the
investigation of surface and interface formation because of it's

17



sensitivity to different chemical environments.

Figure 2.12 Electron mean free path versus kinetic energy.

2.7.1 The Principle of Photoemission.

Photoemission occurs when electrons are liberated from their bound
state in the atom by interaction with electromagnetic radiation. The
kinetic energy of these electrons (Ek) which can be measured is

Ek=hi)+Eb (2.20)

where EBis the binding energy of the electron in the atom, () is the

work function, h is Planck’s constant and u is the known frequency of
the exciting radiation.

The simplest model used to describe this effect is the three step model
proposed by Berglund and Spicer [12] which provides an approximate
correlation between the measured photoelectron energy distribution and
the density of electronic states in the solid. It is assumed that the optical
transitions giving rise to the observed photoelectrons are the same as
those which give rise to the bulk optical absorption. See figure 2.13

Step 1) Excitation of an electron into the solid from the level Ej to the
level EpEj + hi) by means of absorption of a photon with energy hi).

Step 2) Propagation of the excited electron into the surface of the solid.
Step 3) Ejection of the excited electron from the solid into the vacuum.

18



Figure 2.13 The three step model.

This model does not give a completely correct description, more
complex theoretical approaches are necessary for a rigorous account,
for example, the quantum mechanical one step model [13,14].

One of the fundamental problems in interpreting the photoemission
spectra is that of separating the primary unscattered core level electrons
from the inelastically scattered ones. In the case of the one electron band
model when the reduced wave vector k is conserved it is necessary only
to consider vertical transitions. This is illustrated in figure (2.14) after
N.V. Smith, where an electron in a band i1 of initial states executes an
optical transition to a state in a band/ of final states. If Ef(k) and Ej(k)
represent the energy dispersion relations in bands/ and i respectively,
the optical transitions at photon energy ha) are confined to a surface in
k-space; the equation of this surface is

Ef(k) - Ej(K)- hi)=0 (2.21)

often written as EK=hu + EB- (), where the kinetic energy Ef(k)=ER
and Ei(k) = Eb - )

This is known as the one electron approximation. The binding energy
for core levels of common elements is well documented providing a
useful reference for the experimenter. By observing intensities at
various binding energies the chemical interaction of atoms at the surface
of a sample may be analysed.
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Figure 2.14 Energies of a direct transition at a point along some
arbitrary direction in k-space. Ey is the vacuum level and Ek represents

the kinetic energy of the photoemitted electron.

2.7.2 Angle Resolved Photoemission.

The motivation for angle resolved photoemission from solids may be
stated as follows. If one has measured the kinetic energy Ek of a
photoelectron and also it’s direction of propagation, one has
automatically measured its momentum or wave vector k. This follows
from the relation

_h2k2
T 2m

Ek 2.23
< (2.23)

Therefore it is possible to identify a single point in k-space rather than
settle for an integrated quantity. Consider the situation in figure 2.14
where an electron has been excited into the state at Ef(k), suppose this
electron propagates towards the surface (step two of the three step
model) and arrives without scattering. The escape across the surface is
then determined by the conservation of the wave vector parallel to the
surface.

K| = ky + G| (2.24)
Here Ky is the parallel component of the external photoelectron wave

vector, kl| is the parallel component of the reduced wave vector k, and Gy
is the parallel component of any reciprocal vector G. The photoelectron
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created by the transition shown in figure [2.14] can emerge from the
crystal in a number of different directions.

These directions are well defined for the following situation. If Ev

denotes the energy of the vacuum level, the Kinetic energy of the
external photoelectron is given by

EK = B2(k5.+kf)/2m
= Ef(k)-E v (2.25)

where Kz is the component of the photoelectron wave vector
perpendicular to the surface. From (2.24) and (2.25) we have, for the
(k+G) component

n2kl_/2m = [Ef (k)- Ev]- R2(k| +Gy)2/2m  (2.26)

Thus if we know EF(k) and Ev the values of K+ and Ky are fixed.

Therefore, given a good band structure calculation, the directions of
photoelectrons generated by bulk optical transitions are completely
determined [15].

Taking the argument in reverse by measuring the energies and
directions of emitted photons it is possible to work backwards and
deduce the Ek vs. k dispersion relations for the electronic states within
the solid. Though k# is not defined explicitly in the above equations
when angle resolved photoemission is carried out both Ek and the
direction of emission can be kept constant and the photon energy hco is
varied, ky is then fixed and it is possible to sample the band structure as
a function of k+ along some symmetry direction.

2.7.3 Reference Level.

In order to quantify information from a photoemission spectrum it is
necessary to have a reference level. In the case of a metal this is simply
the Fermi level. However for a semiconductor the reference level is
taken to be the valence band maximum as EF - Evs. Both a reference
Fermi level and valence band maximum (VBM) will be recorded during
an experiment as the VBM may shift due to band bending effects if
adsorbates are chemically active with the semiconductor. When using a
wide band source such as synchrotron radiation frequent Fermi level
measurements on a reference metal can provide an indication of beam
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energy drift.
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Chapter 3 Passivation of InP.

3.1 Introduction.

ffl-V compounds are well recognised for their potential applications in
high speed electronic and long wavelength optical circuitry. InP has
many potential uses in optoelectronics. The band gap (1.4 eV) makes
InP potentially an ideal candidate for optical devices. Due to it’s high
electron mobility it is useful for high speed devices and high power
switching devices. InP is also ideal for microwave devices. The
maximum values of the hole mobility measured in p-type InP are
150 cm2/vs-] at 300K[1] and 2200 cm2vs-] at 77K [2]. In heavily doped
samples i.e. IxIO18 cm-3 the maximum reported mobility is between
200-300K and reaches values between 30 and 60 crnVvs-1 [3]. The
reported barrier heights for n-type Ag/InP interfaces range from 0.35
eV to 0.72 eV depending on the measurement technique and the method
of substrate and interface preparation. Williams and co-workers [4,5]
measured a barrier height of 0.5 eV at the cleaved Ag/InP interface
using a combination of photoemission, 1V and CV techniques . However
there is a large obstacle to this realisation, due to the fact that InP has a
high density of surface states. This results in the Schottky barrier height
being low and unpredictable. The behaviour of diodes fabricated on
untreated InP surfaces is erratic and by looking at the diagram below
(figure 3.1), one can see the effect of the interface states. The interface
states provide an alternative route for electrons reducing the rectifying
properties of the Schottky diode.

Metal Semiconductor

Figure 3.1 Interface states at metal-semiconductor interface.
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For unpassivated InP, the recombination current tends to be very high,
thereby greatly affecting the diode performance. Thus, there is a great
interest in any methods that can passivate InP or reduce this
recombination current. There have been a wide range of studies on this
matter including dry etch techniques, wet chemical etch techniques,
oxidation and the laying down of an insulating layer between the
semiconductor and the metal over layer. Gold, silver, aluminium and
many other metals have been tried with the aim of reducing the density
of interface states and improving device ideality. As part of this work a
wide variety of these techniques were tried and tested. The most
revealing was wet chemical etching of InP with ammonium polysulphide
followed by a rapid anneal at high temperature.

Compared to the enormous amount of literature devoted to deep level
transient spectroscopy on GaAs, the corresponding data for InP is rather
limited. This is partly due to the fact that there are no recognised
systematic deep levels associated with the growth techniques of InP.
Usually for InP the concentration of deep levels detected is only in the
range 1014 - 1015 traps /cm3, compared to commonly 10151016
traps/cm3in GaAs [6 ]. Also as mentioned the barrier height is rather
small on InP.

3.2 Review.

Interest is increasing in InP based devices as microwave field effect
transistors  (FETs)  metal-insulating-semiconductor  field effect
transistors (MISFETs) and as compounds for optical fibre
communications. This is mainly due to their high saturation drift
velocity, high mobility and low ionisation coefficients. There are two
major problems with InP, it has a high interface state density causing
current drift and it is thermally unstable, thermal degradation has been
reported at temperatures as low as 200°C[11].

In 1984 A. Guivarch et al. [7] reported results from n-type InP(I00)
which had been accidentally cleaned using 12 different etching
procedures. They highlighted an NH4OH etch as the one which produced
the most ideal results. Forest and Schmidt [8,9] published two papers in
1984 and 1986 discussing the improvement to InP diode performance
that could be achieved by making organic and inorganic semiconductor
contact barrier diodes using PTCDA, which is an organic insulator
which can be molecularly evaporated. They reported to have improved
diodes due to enhanced contact barriers and reduced edge effects.

Chave [10] investigated arsenic passivation of InP surfaces using an
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As-based aqueous chemical treatment and a molecular-beam epitaxy
technique. He found that both the techniques resulted in improved
electronic and physiochemical properties of the InP surface. He reported
a reduction in the density of surface states, suppressed drift and
enhanced thermal stability (similar to a follow up study on phosphorous
treatments).

In 1988 lyre, Chang and Lile [11] compared the effect of phosphorous
and sulphur on the surface properties of InP in insulating gate devices.
While they found the phosphorous to considerably improve the interface
of InP MIS structures they reported that sulphurised InP MIS structures
treated in (NH4)2SX exhibited excellent interface quality when high
frequency and quasi static CV measurements were carried out. In a
follow up study [12] they found a near ideal passivated InP surface could
be achieved using liquid and gas phase sulphur treatments. The liquid

preparation involved immersing the InP in a stirred and heated solution
of (NH4)2Sx while the gas phase preparation was carried out in a CVD

reactor. Following either preparation a Si02layer of ~600A was grown

on the passivated surface. CV measurements showed the technique to
form MIS structures with low interface state densities and stable
electron performance. They also reported the process as ‘'very
repeatable’.

Oxidation has long been considered as a means of passivating surfaces
and UV/ozone treatments have gained interest due to numerous
applications in semiconductor surface cleaning and passivation.
Hollinger et al [13] using Xx-ray photoelectron spectroscopy (XPS)
discussed the ability of non-stoichiometric InP native oxides to passivate
InP surfaces and they found that the oxides were stable between 30-
500°C. They concluded that non-stoichiometric oxides can have
beneficial electrical and passivating properties, provided that each atom
has reached its maximum valency (zero defects).

Yamada, Spicer et al [14] also investigated thermal stability of barriers
at Au and Ag/InP interfaces with Sb interlayers using photoemission.
They concluded that the barriers were stable up to 200°C but suggested
that optimisation of the passivation condition might improve thermal
stability.

In 1991 Hurahro, Oigawa et al [15] compared the effect of (NH4)25X
treatments on the surface of IlI-V semiconductors by means of Auger
electron spectroscopy (AES) and reflection high energy electron
diffraction (RHEED). It was concluded that sulphur atoms bonded to the
semiconductor surface preventing surface adsorption thereby leading to
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a reduction in the surface state density. The also reported that the
structure and effect of the (NH4)2SXtreatment on the surfaces of all
[11-V compounds was qualitatively the same.

Tao et al. [16] achieved a highly stable crystalline S-passivated InP (100)
surface using an illuminated and heated wet chemical (NH4)2S solution.
A (Ix1]) LEED was observed for up to three days after passivation and
photoemission studies revealed that a monolayer of sulphur terminated
the surface forming bridge bonds only to indium surface atoms. After
carrying out a variety of surface preparation treatments Ingrey [17]
reported on the disparity in defining clean surfaces and suggested
standard procedures for defining surfaces.

Nakamuna et al. [18] investigated the effect of UV oxidation on barrier
height of InP diodes using I-V and C-V techniques. While they found
that UV-oxidation improved barrier height they found a discrepancy
among the different barrier height calculations. Yhey [14] suggested that
it was due to electron tunnelling through the UV oxide layer. An
scanning tunnelling microscope (STM) study of sulphur treated InP by
Kurihara et al. [19] showed a major reduction in surface roughness.

3.3 Experiment.
In these experiments polished silicon doped n-type InP with a carrier
concentration of 1016 cm-3 was used. Samples were etched using the

following procedure. Initially each InP sample was degreased in acetone
then in methanol. The samples were then immersed in H2S04 for one

minute. Following this they were etched in H2S04:H20 22H20 the ratio
5:1:1 for three minutes, then plunged into a P2S5:(NH4)2:SXmixture
(20mg P2Ss added to 20 ml of (NH4)2SXstirred and left for 5 minutes
then added 60 ml of H20) held at 55°C for 10 minutes. Finally each
sample was rinsed in high grade methanol and blown dry in an N2
atmosphere. Unpassivated samples were prepared in the same manner
but without the 10 minutes in the P2Ss:(NH4)2:SXmixture.

An ohmic contact of InGa paint was then applied to the non polished
side of the sample and the samples were annealed at temperatures of
between 350°C and 500°C in a N2 atmosphere for one minute. Further

sets of samples were prepared as before, some with the sulphur
treatment and some just etched with H2S504:H20 2:H20 following the
degrease procedure. These samples were annealed to 850°C for 30
seconds. The samples were immediately transferred to a UHV vacuum
system where diodes of area 0.6 mm2 were fabricated by evaporating
Au or Ag on a hot filament as shown in figure 3.2.
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Figure 3.2 Hot filament evaporation.

These samples were then mounted on an insulating layer of mica using a
conducting paint (colloidal silver) which was dried using a hot air gun.
The mounted samples were placed in the cryostat sample holder
illustrated below (figure 3.3) and IV and CV measurements taken for a
large number of diodes on each sample. The IV measurements were
taken by biasing the sample and measuring the current flowing across
the device using a Keithley picoammeter. The process which was fully
automated is illustrated schematically in figure 3.4. Ideality and barrier
height were calculated as discussed in chapter 2.

gold probes

Figure 3.3 Cryostat and sample mounting arrangement.
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Figure 3.4 Block diagram of Current-Voltage measurement.

For the CV measurements a Boonton capacitance meter was used (see
figure 3.5). This process was also automated and the software calculated
the barrier height and the doping density of each sample.

Figure 3.5 Capacitance-Voltage measurement.
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In order to detect the presence of deep levels and interface states and
also to calculate the activation of any deep levels and their cross section
Deep level Transient Spectroscopy measurements were made. The
Polaron 54600 modular DLTS system and Boonton capacitor were used
(see figure 3.6). DLTS spectra were recorded over a wide temperature
range from 100K to 400K and for a variety of rate windows.

Figure 3.6 Apparatus for Deep Level Transient Spectroscopy.

3.4 Results.

From the analysis of fabricated diodes it was found that unpassivated
samples had a range of idealities and their reverse currents were large,
typically 50 mA, and varied even over the surface of a single diode.
They exhibited a range of low barrier heights up to 0.5 eV and rectified
only over a small voltage range. They exhibited no deep level traps. It
was impossible to quantify the interface states as the leakage current was
so large that DLTS measurements were impossible above 300K.

Sulphur treated InP showed a marked improvement in reproducibility.
The reverse leakage currents were reduced greatly to typically 4.2 mA.
The was some variation due to the variable nature of chemical etching
but the barrier height became generally reproducible across samples and
was increased to 0.6 eV. The reduced leakage currents made DLTS
possible over a wider temperature range up to 350K. No interface states
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or bulk traps were observed. The diodes' ideality was now fairly
constant at 1.2, see table 3.1.

Sample Type Ideality I(reverse) B
(UA) (eV)

Unpassivated 1.08 50 varied

Passivated 1.20 4.2 0.60

Passivated & annealed 1.13 0.74 0.49

(648K)

Passivated & annealed 1.54 0.006 0.74

(823K)

Passivated & annealed 1.69 0.008 0.60

(873K)

Table 3.1 Idealities, reverse current and barrier heights for InP
samples.

InP samples that had been sulphur treated and then annealed to 820K
were also tested. Diode ideality displayed a degradation though the
reverse current was reduced to nA’s and (y» increased to 0.7 eV. The
reduction of ideality which can be observed in figure 3.7 was
accompanied by the introduction of deep levels into the bulk with an
activation energy of 0.678 £ 0.02 eV and interface states observed using
DLTS (see figure 3.8). This results imply that the sulphur has migrated
into the first few layers of the InP changing its electronic properties.
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Current (amps)

Voltage (volts)
Figure 3.7 IV characteristics of S-annealed InP.

Temperature(K)
Figure 3.8 DLTS spectrum of S-annealed InP.
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3.5 Discussion.

From the results obtained it is possible to come to the following
conclusions. Diodes fabricated on chemically etched InP samples which
have not been sulphur treated exhibit unpredictable electrical behaviour
due to the large number of surface states that exist. This results in a
large recombination current which hampers the device performance by
reducing the barrier height and the voltage range over which the device
rectifies. The InP samples that were analysed in this experiment
exhibited no deep levels in DLTS and their recombination current was
too large to allow the density of surface states to be measured.

The improvement in device performance of sulphur treated samples can
be explained by the sulphur having a passivating effect on InP. The
sulphur treated diodes rectified over a larger voltage range than the
untreated samples. They had a significantly lower leakage current
allowing a meaningful DLTS study of the interface states to be achieved
which indicated that there were no deep levels or interface states
present. This finding is in agreement with the improvement in device
ideality.

From the study of high temperature annealed passivated samples, it
appears that the sulphur is migrating into the InP and acting as a dopant
and thus changing the electrical properties of the InP diodes. This is
observed in the appearance of well defined deep levels and interface
states. There is further evidence that the electronic structure of the InP
has been altered by the degradation in diode ideality.

On the completion of this study it was decided the wet chemical
approach to passivation was limited in it's applications as it was difficult
to reproduce conditions exactly. It was decided to use instead a vacuum
compatible method of sulphur deposition for further studies. This is
discussed in the following chapters.
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Chapter 4 Electronic structure of GaAs(lll)B and
S-GaAs(ll)B.

4.1 Introduction.

In order to carry out an electronic characterisation of the GaAs(ll1)B
clean and sulphur treated surface an angle resolved photoemission study
was carried out on station 6.2 at Daresbury Synchrotron Radiation
Source in the UK. Using angle resolved ultra-violet photoelectron
spectroscopy (ARUPS) it is possible to band map the clean and
passivated GaAs surfaces. This provides detailed information on the
electronic structure of the surface and can indicate evidence of
electronic surface passivation.

Though the GaAs(I0OO) surface is currently the technologically
important surface, the GaAs(ll1)B surface shows promise in the
optoelectronic industry. A number of novel devices would be possible if
it were possible to control the Fermi level pinning by electronically
passivating the GaAs surface. As discussed in chapter 2, the Schottky
barrier height is determined by the equilibrium position of the Fermi
level in the band gap and determines the characteristics of the rectifying
junction.

In this study the GaAs(lll)B (2x2) reconstructed clean surface (see
figure 4.1 for surface geometry) was band mapped along the major
symmetry directions, as was the (Ixl) S-GaAs(lll)B surface. The
electronic structure of clean GaAs(ll1)B has been investigated before
using ARUPS [1] but previously the surface was prepared by Ar+
bombardment and annealing which gives a defect rich surface. For this
experiment As capped GaAs samples [2] were used, therefore it was
possible to get a clean reconstructed (2x2) surface by heating the sample
to 350°C so that the arsenic cap was desorbed.

4.2 Review.

Numerous investigations during the last decades have been devoted to
studies of the surface electronic structure of compound semiconductors.
Yet even for GaAs(l10), which is the best characterised surface [3,4] the
only point upon which general agreement is reached is the absence of
surface states within the fundamental band gap [5].

The most comprehensive study of the GaAs(ll 1)B surface so far was by
Brigans and Bachrachn in 1984 [1]. This study experimentally identified
surface states near the top of the valence band and illustrated that the
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Figure 4.1 GaAs bulk and GaAs(lII)B surface geometry.

local geometries of the unit cells for GaAs(llII)A and (I11)B were
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distinctly different for a (2x2) reconstruction. Though many core level
studies have been carried out on the (111)B surface ARUPS on this
surface has largely been ignored.

4.3 Theory behind the Experiment.

ARUPS is a very powerful technique. In order to obtain information
about the band structure one must first choose the symmetry directions
of the sample along which one intends to map. This means working in k-
space. Below figure 4.2 illustrates the projection of the bulk Brillouin
zone on to the surface Brillouin zone for the (111) surface of a face
centred cubic crystal.

SURFACE BRILLOUIN
ZONE (111)
FCC

BULK BRILLOUIN
ZONE
FCC

Figure 4.2 Projection of the bulk Brillouin zone onto the surface
Brillouin zone for the (111) surface of a face centred cubic crystal.

Consider first the GaAs(lll)B surface geometry. The GaAs(ll)B
(2x2) reconstructed surface will have thesurface Brillouin zone
illustrated in figure 4.3. The surface unit cell vector can be expressed as
r=ma+nb -°o<m,n<°° (4-1)
for an emitted electron in k space
Ef(k)- Ej(k)- hto=0 (4.2)

where Ei is the electrons initial state, Ef is it's final state and fT is
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Planck's constants. The kinetic energy of the ejected electron is given
by

Ek = Ko+ Eb- 9 (4.3)

where EB is the binding energy, and () is the work function of the
analyser. Since

fizk2
= N . -
Ek= 5 . (4-4)
we Can say
K| = Ek sinG = 0.51"Ek sinG A 1 (4.5)
k+ ='\ly—VEKcos0 = 0.51"Ek cosG A 1 (4.6)

for the (111) face of a face centred cube [3]

fK= - (4.7)
acos 30°

™ - (4.8)
acos 30°

where a is the lattice constant and TM and TK are symmetry directions
shown in figure 4.2,

For GaAs the lattice constant a = 5.65321 A, therefore

fM =0.908 A-i
f K = 1.048 A-i

using Pythagoras's theorem

(fK)2 + (iCM)2 = (fM )2 (4.9)
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(rtM) = 0.5232 A-1

so (rKM)=15713 A-1

Thus we have calculated the distance between the major symmetry
points of the surface Brillioun zone. By using LEED it is possible to
align the sample such that when the analyser is rotated it detects
electrons emitted from points along the major symmetry directions.

Figure 4.3 Principle symmetry directions in surface Brillouin zone.

4.4 Experimental.

4.4.1 The Beam Line.

The experiment was carried out on station 6.2 at Daresbury SRS. The
synchrotron radiation arrives at the chamber via two pre focusing
mirrors, a diffraction grating and two post focusing mirrors.

The white light from the SRS is deflected and focused on the entrance
slit of the toroidal grating monochromator by the two prefosusing
platinum coated SiC premirrors. The light is monochromated by the
toroidal, gold coated, laminar, fused silica grating of either 710 1/mm
or 1800 1/mm line density grating. Grating 1 covers the energy range
15-45 eV and grating 2 covers 40-110 eV. The grating focuses the
monochromated light at the exit slit. The size of the exit slit determines
the energy resolution of the monochromated light at the lower range of
energies of each grating. At the upper range of energies of each grating
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other effects such as aberrations dominate the resolution. The light is
then focused on to the sample position by an ellipsoidal, gold coated post
focusing mirror. This provides a final spot size of 1 mm x 2 mm at the
centre of the chamber and a photon flux of >10n photons/second in a
0.3% bandpass (at 2 GeV 100 mA). In order to make the beam incident
on the sample in the horizontal plane a plane gold coated mirror is
placed before the ellipsoid mirror.

Figure 4.4 Plan of layout of TGM on beam line 6 after [7].

The main experimental chamber is a non-magnetic (i metal chamber
pumped by a turbomolecular pump and two titanium sublimation
pumps. The base pressure in the chamber after bakeout was IxIO"10
mbar. The samples were introduced to the main chamber by a linear
transfer mechanism via a fast entry load lock.

4.4.2 Sample Preparation and Manipulation.

The samples used were MBE grown GaAs epi-layers doped with silicon
atoms to IxIO 18 cm-3 and subsequently capped in situ with a protective
arsenic layer [2]. The GaAs samples were cleaved from wafers to
approximately 10 mm x 5 mm. Each sample was mounted on a
molybdenum sample spade with molten indium by heating the spade to
145°C on a hot plate and placing the sample on the molten indium. The
spade was then allowed to cool and the sample remained adhered to the
sample spade.

The spade and sample were then mounted on a carousel type holder in
the introduction lock. Sample transfer to the main chamber was
achieved via a gate valve. A wobble stick was used to withdraw the
sample spade from the carousel and slide it into the holder at the end of
the manipulator. The linear translator was then withdrawn from the
main chamber and the gate valve closed.
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Figure 4.5 Schematic layout of experimental chamber.

The samples once introduced into the main chamber were initially
heated slowly, using radiative heating by a filament behind the sample
plate, to about 20CTC. It was important to heat the sample slowly to
ensure the In bond was not disturbed. The arsenic overlayer was then
thermally desorbed from the GaAs samples by e-beam heating to 350°C
leaving a highly ordered arsenic rich reconstructed surface. This was
observed to have a (2x2) reconstruction using LEED.

4.4.3 Sample Passivation.

Sulphur passivation was carried out in the main chamber using a beam
of molecular sulphur provided by an electrochemical cell. The sulphur
flux was generated by the decomposition of Ag.S when an EMF was
applied to the heated electrochemical cell illustrated in figure 4.5 [9-11].
The pellet for the cell, about 10 mm in diameter and length, was made
by pressing powders of silver, silver iodide and silver sulphide together
with a sheet of platinum mesh in a pellet press under a force of 1 tonne.
A silver foil disc placed next to the fused silver powder provided
electrical contact for the silver iodide cathode while the platinum mesh
made contact with the silver sulphide anode. The cell was then fitted into
a glass tube, one end of which had a 40 mm long capillary with a 5 mm
inside diameter orifice through which the sulphur diffused. External
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electrical contact from the anode and cathode was made via platinum
leads, pressure contact was maintained on the cell by means of a glass
piston which was secured to the tube using steel springs. A sheet of
stainless steel together with several windings of tungsten wire provided
uniform heating of the electrolyte array, the temperature of which was
monitored by a thermocouple. The entire cell was mounted on a 234M
flange thus providing a vacuum compatible sulphur source.

_ stainless steel tube tungsten wire
glass piston— glass tube
nrr ©
steel spring— - platinum mesh
silver disc
silver
silver iodide silver sulphide

Figure 4.6 Schematic diagram of the sulphur cell after Roberts [8].

The cell operates on the principle that at high temperatures (~300°C) the
cell becomes active due to changes in the chemical potential. Since silver
iodide is an ionic conductor it acts as a source to the silver ions and
attracts them from the silver sulphide to the silver, realising sulphur
molecules at the front of the cell.

4.4.4 Data Acquisition.

As described in section 4.4.2 the sample was heated to 350°C to desorb
the arsenic cap. Following this, LEED was carried out on the sample
and a clear (2x2) LEED pattern was observed. Using the LEED spots as
reference, the sample was aligned with either the TM, TM' or TK
direction parallel to the plane of polarisation of the synchrotron light.
The analyser was rotated from -25° to 71° (with respect to the surface
normal) in 2° steps at photon energies of 20 eV, 24 eV and 28 eV. All
scans were recorded with the photon beam making an angle of 45° to the
sample normal. The system resolution was approximately 350 meV. The
work function was ~5 eV. Normal emission scans at a series of photon
energies were also recorded. The sample was then exposed to a sulphur
flux for about 3 minutes. After the sulphur deposition a (Ixl) LEED
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pattern was observed. The same scans as above were repeated along the
symmetry directions.

Throughout the experiment Fermi edge scans were recorded frequently
to act as a reference, so any energy drift in the photon energy or change
in the valence band edge could be determined. Typical data sets obtained
are shown on the following pages. The valence band scans for the
GaAs(ll)B surface in the TM" direction at 28 eV and for the sulphur
treated surface also in the TM' direction at 28 eV are shown in figures
4.7 (a) and 4.7 (b) respectively. The dispersion of the bands can be
observed. It is also possible to see the reduced number of states on the
sulphur passivated surface.
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Figure 4.7 Valence band scans forthe GaAs(l 11)B (a) clean surface and
(b) sulphur treated surface in the nVT direction at 28 eV.
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4.5 Data Analysis.

In order to get from Kinetic energy (Ek) versus intensity scans to a plot
of k|| versus binding energy (Eb) it was necessary to identify all peaks in
each scan and the energy at which they occurred. To calculate the
position in k space of each peak chosen, the momentum (k) was
calculated from equation (4.4). The position for each peak in binding
energy was calculated from equation (4.3). Once Eb was known it was
possible to calculate kn using equation (4.5). By plotting all values of kn
versus Eb a map of the electronic band structure for each symmetry
direction was compiled. These results are presented on the following
pages.

4.6 Discussion.

Examination of the two data sets in figures 4.7 (a) and 4.7 (b) reveals
that there are more strong features in both the clean and sulphur treated
GaAs than can be explained by bulk initial states alone and that the two
surfaces have different electronic properties. This difference is also
observed in the kn versus Eb plots.

In order to identify surface states, it is required that kn dispersion is
independent of photon energy and that a symmetric dispersion occurs
about high symmetry points of the surface Brillouin zone i.e. K, M and
M'. These indications may be observed from the experimental data. For
a rigorous analysis it is also necessary to carry out a band structure
calculation and project the surface states on it. Band structure
calculations were not carried out as part of this thesis and are being
done elsewhereby A.A Cafolla and R Whittle.

We will first examine the results for the clean GaAs(lII)B. Vertical
lines at the (IxI) symmetry points have been drawn in figures 4.8 (a),
4.9 (a) and 4.10 (a). There appear to be 3 or 4 energy bands within 5
eV of the Fermi edge. The first of these disperses up from -3 eV at M’
to -2 eV at T down to -3 eV at M and appears to approach -2 eV again
at r. It is symmetrical about T, M' and M. The second one disperses
from about -4 eV at M down to about -4.5 eV and back to -4 eV at T.
It's frequency is twice that of the first. The third band disperses slightly
about -5 eV to -5,5 eV with the same frequency as the first band. The
fourth band is not very clear but is symmetrical about T at -2.8 eV.
There is also a band at -8 eV. This is probably due to transitions from
the bulk bands which have been folded back into the (2x2) surface
Brillouin zone. For a more detailed analysis band structure calculations
would be necessary.
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Figure 4.8 kNvs binding energy for the (a) clean and (b) sulphur treated
GaAs(l 11)B in the Fk direction.
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Figure 4.9 kNvs binding energy for the (a) clean and (b) sulphur treated
GaAs(111)B in the fM direction.
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Figure 4.10 k|| vs binding energy for the (a) clean and (b) sulphur treated
GaAs(l 11)B in the FM' direction.
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In contrast with the clean surface the features on the sulphur treated
surface plots (figures 4.8 (b), 4.9 (b) and 4.10 (b)) are not as distinctive.
This is probably due to a disordered layer of sulphur on the GaAs
surface. The (Ixl) LEED pattern observed was probably due to the
underlying ordered bulk structure. There appears to be some change in
the electronic features which is consistent with passivation. Only three
band states can be observed in the S-GaAs surface, at -2 eV, -4 eV and
at -5 eV. In the TM direction the -3 eV band is completely gone. There
is no detailed information available from the S-passivated surface due to
the disorder.

Scanning tunnelling microscopy studies [12,13] have shown that large
areas of disordered sulphur exist on the surface. While the data
presented does not show that sulphur completely passivates the (I11)B
surface it is clear that changes have occurred to the surface electronic
structure and that some surface states have been either been altered or
removed by the S overlayer.

4.7 Conclusion.

The results presented in this chapter show the band structure of the
clean (2x2) reconstructed GaAs(lII)B surface. There is clearly
symmetry about the Brillouin zone points on the clean surface. This data
provides valuable information on the band structure of the GaAs(lll)B.
The data show that sulphur deposition has a major effect on the
GaAs(l 11)B surface. There is clearly a chemical interaction between the
sulphur and the GaAs. It is clear from this study that sulphur has a
major role to play in passivating the (l11)B surface. By reducing the
qguantity of sulphur reaching the sample surface it may be possible to
achieve a more ordered surface and thus carry out further studies in this
area. There is also the possibility that antimony or selenium or other
group 6 elements may passivate the (111)B surface. This would be
another possible avenue to follow. To carry out a similar study on the
GaAs(l 11)A surface would also be very informative.
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growth of transition metal dichalogenides [9], it has not been established
whether the sulphur treatment leads to an electronic passivation of the
surface as defined above. There has been a debate in the literature as to
whether the improvement in the electronic characterisation of the GaAs
surface displayed by sulphur treatment is due to an increase [10-12] or
decrease [13] in the surface band bending, However, there is an
Increasing consensus amongst more recent studies that, at least for the
GaAs(l00) surface, both sulphur [14] and selenium [15,16] terminated
surfaces display significant reductions in the surface band bending. This
latter result is in keeping with the reported increased dependence of
Schottky barrier height on metal work function for the (NH.).SXtreated
GaAs(lI00) surface [3].

The theoretical predictions of Ohno [6] suggested that the formation of a
sulphur terminated GaAs(III)A surface would result in a dramatic
reduction of the intrinsic mid-gap surface state density and a shift of the
Fermi level towards the valence band maximum (VBM), for n-type
materials, due to the presence of sulphur induced surface states further
down the bandgap. this would of course result in an increase in band
bending at the surface. The results of the calculations for sulphur
adsorbed on the (I11)B surface did not favour an exchange between the
sulphur and the top As layer, nor did they predict any change in the
Fermi level position. In order to determine whether the clean surface
density has been altered by the adsorption of a sulphur overlayer, it is
necessary to know the original position of the Fermi level relative to the
band edges and to monitor changes in this position with Sulphur
adsorption. In this study monitoring was accomplished by undertaking a
high resolution surface sensitive core level photoemission study of the
interactions of sulphur with the (2x2) reconstructed GaAs(lII)A and
(11)B surfaces using a synchrotron radiation source. This technique
displays a high sensitivity to the chemical interactions at the surface and
changes in the binding energy of the core levels, with respect to a fixed
reference metallic Fermi level, are indicative of alterations in the
surface band bending. The clean surfaces were prepared by thermally
desorbing a protective As overlayer which had been deposited following
molecular beam epitaxy (MBE) growth in a separate chamber [17]. This
experimental procedure allows the clean surface to be fully
characterised prior to the in situ deposition of a sulphur overlayer.
Changes in the Fermi level position can therefore be directly correlated
with surface chemical bonding. In a separate chamber, an ultra high
vacuum scanning tunnelling microscopy (UHV-STM) was used to
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investigate the structure of the sulphur treated GaAs(l11)B surface. The
results presented in this paper display significant differences between an
in-situ UHV study of the interaction of sulphur with both of these
orientations of the GaAs(lll) surface and the previous wet chemically
prepared surface studies [1].

5.2 Experimental .
5.2.1 The Beam Line.

The experiments were carried out at station 6.1 at Daresbury
synchrotron radiation source in the UK. At Beam line 6.1
monochromatic light of energy 20 to 280 eV from the synchrotron was
delivered into an electron energy spectrometer equipped to perform
solid state photoemission for surface science. A schematic diagram of
the beam line optics is shown in figure 5.1 shown below. A pre-mirror
deflected synchrotron light horizontally through an angle of 11.4° onto
a plane grating. The dispersed light was then focused vertically through
exit slits by one of two spherical mirrors. These two mirrors provided
four energy ranges as there were two focus positions for each mirror.
After the exit slits, an ellipsoidal focusing mirror deflected the light
horizontally through 10° to bring it to a focus at the centre of the
experimental chamber. The wavelength (energy) of the monochromatic
light was selected by rotating the grating about its horizontal axis. The
photon energy used was 100 eV to investigate the As 3d and the Ga 3d
core levels. The S 2p core levels were studied with a photon energy of
190 eV.

Entrance
S M slit
ratin
K _______ N 3 _|I JEKD C&ru g monitor
I \ | Filters !
1 . - *
M2 | — %\/I3 5 S'
Exit

slit
Figure 5.1 Schematic layout of beam line 6.1 optics.

The main experimental chamber was a non magnetic fi metal chamber
pumped by a turbomolecular pump a titanium sublimation pump and an
ion pump. The base pressure in the chamber after bakeout was IxIO 10
mbar. The samples were introduced to the main chamber by a linear
transfer mechanism via a fast entry load lock.

54



hD

fast entry load lock valve chamber analyser
Figure 5.2 Schematic layout of experimental chamber.

5.2.2 Sample Preparation and Manipulation.

The samples used were MBE grown GaAs epi-layers doped with silicon
atoms to Ix1O 18 cm-3 and subsequently capped in situ with a protective
arsenic layer [17]. The GaAs samples were cleaved from wafers to
approximately 10 mm x 5 mm. Each sample was mounted on a
molybdenum sample spade with molten indium as described in section
4.4.2. The spade and sample were then mounted on a carousel type
holder in the introduction lock. Once the sample was transferred to the
main chamber a wobble stick was used to withdraw the sample spade
from the carousel and slide it into the holder at the end of the
manipulator. While both the GaAs(llI)A-Ga terminated and (llII)B-As
terminated surfaces display the same (2x2) LEED surface
reconstruction, the corresponding surface geometries are significantly
different. The reconstruction for the GaAs(lIl)B illustrated in figure
4.1 consists of an As trimer arrangement while the reconstruction for
the (II1)A is due to Ga vacancies (figure 5.3).

The As 3d and Ga 3d core levels were studied for the clean GaAs
surface. Then the molecular sulphur was introduced on to the samples
using an electrochemical sulphur cell [18-21], as described in section
4.4.3. The samples were exposed to a diffuse sulphur flux for 10
minutes. A diffuse (IxIl) LEED pattern was observed indicating that a
disordered overlayer of sulphur a few angstroms thick was present. This
was confirmed using Auger spectroscopy and photoemission. The As 3d,
Ga 3d and S 2p core levels were studied for the sulphur treated surface
at room temperature and after a series of anneals from 150°C to 580°C.
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Valance band maxima were also recorded for each anneal.
Top View

[0il]  [101]

[111]

cell

e Ga

Figure 5.3 A top view of the (2x2) reconstructed GaAs(lI)A
surface. The reconstruction arises from an ordered array of Ga
vacancies.

5.3 Analysis techniques.

In order to obtain precise values for core level binding energies as well
as the chemically shifted As and Ga components, it was necessary to
curve fit the raw photo emission data. The core level spectra were fitted
using a non-linear least squares analysis fitting programme [22] written
by A.A. Cafolla. This was carried out assuming a Voigt profile: a
Lorentzian convoluted with a Gaussian line shape. The Lorentzian line
shape describes the statistical broadening of a core level and the
Gaussian distribution reflects the instrumental resolution. The other
parameters included the spin orbit splitting of the As and Ga 3d core
levels, the relative intensities or branching ratio of the spin orbit split
components and the surface core level shifts due to the displacement of
surface atoms from the bulk atoms. The background was fitted with a
third order polynomial. The fitting parameters are given in table 5.1
below.

The Lorentzian, the spin orbit split and the branching ratios were kept
constant to 0.01 eV. The Gaussian was allowed to vary £0.03 eV. These
values are consistent with previously published values.
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As 3d (eV) Ga 3d (eV)

Lorentzian 0.14 0.14
Gaussian 0.49 0.45
Spin Orbit Split 0.7 0.46
Branching Ratio 0.65 0.65
Surface Core Level Shift -0.5

Table 5.1 Fit parameters.

5.4 Results.

54.1 GaAs(lIH)A.

Photoemission spectra of the clean Ga 3d and As 3d core level peaks for
the GaAs(lll)A surface are shown in figures 5.4 and 5.5 respectively.
The (2x2) reconstruction observed on this surface is believed to be
caused by the creation of Ga vacancies in the ideal (IxI) Ga terminating
layer [23,24]. This allows the top Ga layer to compress towards the
underlying As layer adopting a local bonding configuration similar to
the atomic structure on the cleaved GaAs(llO) surface [25]. This
structural model results in the formation of six fold rings of alternate
Ga and As atoms between which charge transfer can occur resulting in
empty Ga dangling bonds and filled As dangling bonds at the surface.
This surface would therefore be expected to result in the observation of
surface core level shifted (SCLS) components similar to those reported
on the GaAs(llO) surface [26]. While there is clear evidence, following
curve fitting, of a SCLS component shifted by 0.4 eV to higher binding
energy on the Ga 3d, consistent with charge donation, no corresponding
SCLS on the As 3d indicative of charge acceptance is observed.
Following the room temperature (RT) deposition of 1-2 monolayers of
sulphur from the electrochemical cell, there is evidence of chemical
interaction between sulphur and both the Ga 3d and As 3d core levels as
seen in Figures 5.4 and 5.5 respectively. This is accompanied by the
disappearance of the clean (2x2) surface reconstruction which is
replaced with a (Ixl) LEED pattern with a high diffuse background and
broad spots. The Ga 3d peak consistently required two chemically
components, shifted by 0.4 and 0.9 eV towards higher binding energy in
addition to the bulk peak. While it is difficult to distinguish the 0.4 eV
chemically shifted component from the SCLS for RT sulphur
adsorption, it could be argued that a sulphur coverage sufficient to
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remove the clean (2x2) surface reconstruction would also be expected to
attenuate the SCLS component. In addition, the fact that the intensity of
the 0.4 eV shifted component increases in intensity with annealing
supports the assumption that it is a chemically shifted component not a
residual SCLS component.

One very broad chemically shifted component (FWHM = 1.2 eV) on the
As 3d, shifted by 1.2 eV towards higher binding, is evidence of strong
As-S interaction and possibly the formation of a disordered arsenic
sulphide layers which has been proposed for the sulphur-GaAs(100)
surface interaction [27]. The significantly larger intensity of the
chemically shifted component on the As 3d compared with the Ga 3d is
consistent with the reported interaction of sulphur with the GaAs(lI00O)
surface, even when this surface is in a Ga rich reconstruction [14,18].
Figure 5.4 shows that the intensity of the chemically shifted components
on the Ga 3d core level increases as a function of annealing temperature.
While the intensity of the 0.4 eV chemically shifted component increases
from 26% of the bulk peak intensity, following RT sulphur deposition,
to 35% during the annealing to 450°C, the intensity of the 0.9 eV
chemically shifted component increases from 8% of the bulk peak
intensity to 27% over the same temperature range. The (Ixl) LEED
pattern which appears following RT sulphur deposition becomes
increasing well defined with a substantial decrease in the diffuse
background as the sample was annealed.

The evolution of the As 3d core level as a function of annealing
temperature, shown in figure 5.5 illustrates the attenuation in the
intensity of the chemically shifted component. This component is
completely removed from the spectrum at an annealing temperature of
350°C where the As 3d peak can be fitted with one spin-orbit split
component which remains the case, even when the sulphur has been
desorbed at 550°C and the (2x2) surface reconstruction has been
restored. The general form of this interaction agrees with previous
reported studies [4]. Photoemission spectra of the S 2p core level in
figure 5.6 clearly show two distinct chemically shifted components, even
above an annealing temperature of 350°C. At these annealing
temperatures, there is no evidence of As-S bonding. Therefore, the two
S 2p components must correspond to sulphur in two different chemical
environments at the surface, but only bonded to Ga atoms. Upon
annealing, the relative intensity of these two components change with the
higher binding energy component (binding energy = 161.5 eV with
respect to the VBM) increasing in magnitude with respect to the lower
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energy component, while the energy separation between the components
remains constant at 0.7 eV. It is not likely that these components
correspond to Ga-S and S-S surface bonds following the work of
Sugahara et al. [28] which showed that the binding energy of the S-S
bonding component was approximately 2 eV shifted to higher binding
energy with respect to sulphur bonded to either Ga or As.
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Kinetic energy (eV)

Figure 5.4 Changes induced in the Ga 3d photoemission spectrum of the
GaAs(l 11)A surface as a function of sulphur deposition and annealing.
Photon energy=100eV.
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Figure 5.5 Changes induced in the As 3d photoemission spectrum of the
GaAs(l 11)A surface as a function of sulphur deposition and annealing.
Photon energy=100eV.
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Figure 5.6 Changes induced in the S 2p photoemission spectrum of the
S/GaAs(llIl)A surface as a function of annealing. Photon energy=190eV.
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5.4.2 GaAs(ll)B.

Figures 5.7 and 5.8 illustrate the photoemission spectra of the Ga and As
3d core levels for the clean GaAs(llIl)B surface respectively. As
previous photoemission studies have reported [29,30], the Ga 3d peak
can be fitted with a single spin-orbit split component. This indicates that
the (2x2) surface reconstruction of this surface results in all the Ga
atoms occupying four-fold bulk co-ordinated sites, consistent with the
proposed model of arsenic trimers chemisorbed on top of the bulk As
terminated layer. Again, consistent with previous photoemission studies
[29,30], three components are necessary to fit the As 3d peak, the bulk
component and two SCLS components labelled Si and S in figure 5.8.
The component shifted to relative higher binding energy, Si, has been
attributed to the As atoms chemisorbed on to the As terminated surface
in the trimer bonding formation which creates the (2x2) surface
symmetry [32].

The changes in the Ga 3d core level following RT sulphur deposition
and annealing are also illustrated in figure 5.7. It is difficult to distinctly
resolve a chemically shifted component for RT adsorption, the peak
only broadens, which is consistent with the double As terminating layer
of the (2x2) reconstruction. The evolution of the Ga 3d with annealing
iIs similar to that observed for the (IlI)A surface, displaying an
increasing Ga-S bonding interaction. However, in this case, the 0.5 eV
chemically shifted component can best be fitted with a broadened
Gaussian which continued to increase both in width (to a FWHM
0.75 eV) and in intensity up to an annealing temperature of 500°C. At
this temperature, the ratio of the intensities of the chemically shifted
component to bulk component for the Ga 3d peak approached 0.85. This
ratio is much larger than would be expected for a one monolayer
adsorbed coverage [33]. The (2x2) clean surface LEED pattern was
replaced by a diffuse (IxI) pattern following RT sulphur adsorption.
This (Ix1) pattern became increasingly well resolved as a function of
annealing until at 500°C it displayed sharp spots with very low
background. An annealing temperature of 580°C was required to desorb
sulphur from this surface which then exhibited a weak (IxI) LEED
pattern with high background.

Figure 5.8 illustrates the evolution of the As 3d core level following
sulphur deposition and annealing. It can be seen that for RT adsorption,
both surface components Si and S: of the clean surface spectrum are
required in order to accurately fit the peak. There is a broadening of the
Si component which increases in intensity with respect to the bulk
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peak, however, the S: component remains a feature of the spectrum
although somewhat attenuated in intensity. A fourth broad component
(FWHM 0.8 eV) shifted by 1.2 eV to higher binding energy also
appears. These changes are similar to those by Rank et al. [30] for the
adsorption of H2S on the GaAs(lll)B surface. They also observed the
preferential adsorption on As without the disappearance of the S: SCLS
component. As was observed for the (Il11)A surface, there is a rapid
attenuation in the intensity of the broad chemically shifted component at
1.2 eV higher binding energy during the annealing until at 250°C, this
component completely disappears. This is accompanied by a decrease in
the intensity of the Si component which is completely removed at
500°C. However, it is important to note that the SCLS component
labelled S: remains a feature of the spectra throughout the annealing
sequence and increases to its clean surface intensity, with respect to the
bulk peak, following the 500°C anneal. This suggests that there are
always As atoms incorporated in the top atomic layer.

The evolution of the S 2p spectrum in the annealing range 300-500°C,
illustrated in figure 5.9 shows distinct differences from the behaviour
observed on the GaAs(llII)A surface. As the annealing temperature
approaches 500°C, the spin-orbit split doublet becomes increasingly well
resolved. This suggests that the annealing sequence results in the sulphur
preferentially occupying one distinct chemical environment at the
surface, unlike the interactions on either the (111)A or (100) surfaces.
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Figure 5.7 Changes induced in the Ga 3d photoemission spectrum of the
GaAs(ll 1)B surface as a function of sulphur deposition and annealing.
Photon energy =100eV.
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Figure 5.8 Changes induced in the As 3d photoemission spectrum of the
GaAs(l 11)B surface as a function of sulphur deposition and annealing.
Photon energy=100eV.
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Figure 5.9 Changes induced in the S 2p photoemission spectrum of the
S/GaAs(l 11)B surface as a function of annealing. Photon energy=190eV.



5.4.3 STM Study.

The STM image of the clean decapped GaAs (111)B surface [31] (Vbias=
3V, | =50 pA) bore a strong resemblance to that reported by Biegelsen
et al. [24] for an MBE prepared surface with 8 A spacing between
adjacent peaks in the image, consistent with a trimer model surface
reconstruction. For RT sulphur adsorption, while the surface exhibited a
clean (IxI) LEED pattern, the STM images revealed a disordered
surface layer (figure 5.10 (a)). It can be inferred from this that the
(Ix1) reconstruction is the bulk pattern showing through a disordered
surface layer. This is consistent with the very large chemical shift on the
As 3d observed for RT adsorption which is indicative of strong
chemical interaction and possibly compound formation, similar to the
interaction on the GaAs(lllI)A surface. The STM image of the annealed
shown in figure 5.10 (b) clearly shows regions of the surface which are
highly ordered, however, this order is not long range. This surface
nevertheless exhibited a sharp (IxI) LEED pattern.
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(a)

(b)

Figure 5.10 STM images of the GaAs(l 11)B surface after
(@ sulphur deposition and (b) annealing at 450°C
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5.5 Discussion.

While there have been many studies of the interaction of sulphur with
the various GaAs surfaces, the details of the interaction are still unclear.
This may be due to the variety of preparation techniques used. The
degree to which sulphur electronically passivates the GaAs surface, in
terms of reduction of surface states remains unclear. However, by
accurately knowing the Fermi level position on the clean surface prior
to deposition, it is possible to determine the effect of sulphur deposition
and the subsequent annealing process, which is known to drastically alter
the surface chemistry and the surface band bending. It has been recently
found [14] for the interaction of sulphur on the GaAs(I0OO) surface, that
the degree of Fermi level movement upon annealing depended on the
precise Ga/As surface concentration ratio of the initial clean surface
reconstruction. This dependence would not be expected for either the
GaAs(llH)A or (lII)B, which both display a single (2x2)
reconstruction over a wide temperature range [34],

The results of the study of the interaction of sulphur with the
GaAs(lll)A surface clearly indicate that the sulphur bonded to Ga
atoms after anealing above 350°C exists in two distinct chemical
environments. This is in contrast to the result obtained for the wet
chemical study by Scimeca et al. [4] in which they attributed these two
components to evidence of As-S and Ga-S bonding, however, it is in
agreement with the observation reported for the interaction of both
sulphur [14] and selenium [15,16] with the GaAs(IOO) surface. From
this study it is concluded that the presence of two chemically shifted
components on the Ga 3d peak suggests that the Ga atoms are also
involved in two distinct chemical environments at the surface. The
changes in the intensities of these chemically shifted components,
induced by annealing, can be correlated with the two distinct
components in the S 2p spectra. By considering the relative change in
the magnitude of the two S 2p components with annealing and the
relative binding energy, it is proposed that the higher binding energy
component (A) can be assigned to bulk co-ordinated sulphur atoms and
the lower binding energy component (B) to surface bonded atoms. This
suggests that the sulphur atoms which substitute As atoms below the
surface act as shallow donors and therefore have a relatively higher
binding energy than the sulphur atoms at the surface. The relative
increase in the intensity of the component (A) with annealing is
consistent with more sulphur atoms being driven into the topmost
atomic layers exchanging with bulk co-ordinated As atoms. This can be
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Figure 5.11 Fermi level movements for S/GaAs(l 11)A and
S/GaAs(ll)B surfaces for RT sulphur adsorption and annealing.



Figure 5.11 fermi edge movement.
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correlated with the increase in the 0.9 eV chemically shifted component
on the Ga 3d as a function of annealing which from these results would
correspond to Ga atoms being four fold co-ordinated to sulphur near the
surface. Attributing the lower binding energy component to the bulk co-
ordinated atoms is consistent with the results reported by Maeda et al.
[34] for the assignment of the two component peaks in the Se 3d spectra
for its interaction with the GaAs(lOO) surface. Above an annealing
temperature of 350°C, the As 3d core level can be fitted with one spin-
orbit split component indicating that it exists in a bulk-like configuration
near the surface. Annealing to 550°C removes any trace of sulphur
within the escape depth of Dboth the photoemission and Auger
spectroscopy measurements. Scimeca et al. [4] reported the results of a
secondary ion mass spectroscopy (SIMS) study, which indicated that
there was no imbedded sulphur in the GaAs bulk following the high
temperature anneal.

The effect of sulphur deposition and subsequent annealing on the
position of the Fermi level in the GaAs(llI)A band gap is shown in
figure 5.11. The Fermi level on the clean surface is 0.45 eV above the
VBM and following the RT deposition of sulphur it shifts 0.2 eV
towards the conduction band minimum (CBM), a total shift of 0.3 eV
towards the flat band condition. This results in the Fermi level residing
in a midgap position on the terminated surface. The calculations of
Ohno [6] for a sulphur monolayer singly bonded on top of the
GaAs(llI)A surface suggested that while the intrinsic surface state
density was removed, it was replaced by a sulphur derived surface state
density closer to the VBM which could re-pin the Fermi level. These
results also show that the adsorption of sulphur on this surface is
reversible with the clean (2x2) surface reconstruction being restored
following sulphur desorption and the Fermi level returning to its
original clean surface position. Considering the results of this study in
conjunction with the XSW study of Sugiyama et al. [5], it suggests that
the sulphur is bonded both on top of the first Ga layer and is also
replacing some of the As atoms in the top most atomic layers below the
surface, however, this termination does not lead to the electronic
passivation of the surface since the Fermi level is in a midgap position.
On the (I11)B surface, the results of this work differ significantly form
those reported by Scimeca et al. [4] for the wet chemically prepared
surface. For RT adsorption there is no evidence of Ga-S bonding other
than a slight broadening of the Ga 3d core level which is consistent with
the proposed double layer AS termination of the clean surface.
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Above an annealing temperature of 250°C, the sulphur 2p can be fitted
with a single spin-orbit split component which is consistent with the
surface termination proposed by Sugiyama et al. [5] from the XSW
study. However, the photoemission evidence that the intensity of the Ga
3d chemically shifted component continues to increase as a function of
annealing temperature, while the magnitude of the As 3d SCLS S
component remains constant, is inconsistent with the sulphur remaining
solely at the surface. The SCLS component on the As 3d can be
attributed to As atoms in the top atomic layer of the sulphur annealed
surface. This suggests that during the annealing cycles, some of the
sulphur atoms at the surface exchange with bulk co-ordinated As atoms
which can then terminate the top atomic layer. It is interesting to note
that the binding energy of the single S 2p component on the (II1)B
surface , 161.5 eV with respect to the VBM, is identical to that of the
higher binding energy component on the (111)A surface, which was
assigned to four-fold bulk co-ordinated sulphur atoms which exchange
with As in the topmost atomic layers. Thus it is concluded that for the
sulphur annealed (111)B surface, the uppermost atomic layer consists of
both As and sulphur atoms bonded in a three-fold co-ordinate
configuration to the underlying Ga layer with sulphur also replacing As
atoms in bulk-like sites below the surface. The inability to resolve two
separate chemically shifted components on the Ga 3d may be due to the
fact that the difference in the chemical environment between Ga atoms
bonded to three-fold or four-fold co-ordinated sulphur atoms is not as
great as the difference between one-fold and four-fold on the (111)A
surface. The STM image of this surface indicates no long range order,
suggesting that there is no ideal termination of the surface. Therefore it
is proposed that the (IxI) LEED pattern observed on this annealed
surface is either due to a mixed As and sulphur top layer or is
predominantly due to the underlying bulk structure, but not a highly
ordered sulphur overlayer.

The graph of the Fermi level position as a function of sulphur treatment
for the (I11)B surface, also shown in figure 5.11, indicates that there is
no significant reduction in the density of states. The Fermi level position
on the clean surface at 1.0 eV above VBM moves 0.1 eV towards the
CBM following RT sulphur deposition, but the subsequent annealing
results in it moving approximately 0.2 eV towards a midgap position
with respect to the clean surface position. The considerable degree of
surface disorder present on this surface, evident from the STM images,
suggests that surface defects may well play a significant role in
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determining the final Fermi level position. When the results for the
(111)B surface are compared with those of Sugiyama et al. [5], it must
be remembered that they only annealed the sulphur treated surface to
300°C which is probably not high enough to promote a significant
exchange As-S reaction in the layers underlying the surface. It is worth
noting that these authors did speculate that sulphur atoms may be present
at third layer arsenic sites.

In contrast with the photoemission study of Simeca et al. [4] for the
(I11)B surface, these results suggest that there are very significant
structural changes on the (l111)B following sulphur treatment. The (2x2)
clean surface LEED pattern is removed by RT deposition of sulphur and
cannot be restored by thermal annealing. This is probably due to the
removal of As atoms from the surface during the thermal annealing
cycles which makes the reformation of As surface trimers impossible. A
(Ix1) clean surface reconstruction has previously been reported for this
surface under certain MBE growth conditions [34]. A recent
photoemission study by Sugahara et al. [28], comparing the ammonium
sulphide and UHV preparation of sulphur terminated GaAs(I00)
surfaces, showed more chemically shifted components on the wet
chemically prepared surface, even at elevated temperatures. This
suggests that the liquid based interactions are more complex to analyse
than the UHV preparation techniques and that care needs to be taken
when comparing results obtained by different preparation techniques.
This study suggests that at least for UHV preparation techniques, the
(111)B surface is not ideally terminated by a sulphur monolayer and is
not electronically passivated by sulphur deposition. It also indicates that
as the annealing temperature increases towards the desorption
temperature of the sulphur the surface chemistry becomes increasingly
complex with strong evidence of exchange reactions between the suphur
and bulk co-ordinated As atoms in the underlying atomic layers.

The termination of the GaAs(IllI)A surfaces by sulphur gallium bonds
should lead to a reduction in the chemical reactivity of the surface as the
S-Ga bond is stronger than the As-Ga bond [35]. This would explain the
previously reported [8,9] chemical inertness of this surface. It is of
course possible to reduce the density of surface states without totally
removing the band bending [36] and this argument could be made for
the GaAs(lIl)A surface where the band bending is reduced by 0.3 eV.
However, it cannot apply to the GaAs(llIl)B surface where the band
bending is seen to increase by approximately 0.2 eV on the sulphur
treated surface with respect to the clean surface, especially when the

74



high doping density of the samples used in the experiment (n = IxIO18
cm-3) is considered. A chemical passivation of the surface does therefore
not necessarily mean that the surfaces are electronically passivated in
terms of a sufficient reduction in the density of surface states which
result in the removal of band bending. While both electronic and
chemical passivation are simultaneously achievable on the GaAs(I00)
surface for both sulphur [14] and selenium [15,16] terminated surfaces,
these results would suggest that this does not appear to be the case for
the sulphur treatment of either the GaAs(lII)A or (111)B surfaces.
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Chapter 6 Conclusion.

6.1 Summary of Work.

The electronic properties of the InP(IOO) surface have been
characterised for untreated InP and for wet chemically etched InP. The
agqueous treatments used in this work were successful in reducing the
density of interface states for InP. It was also possible to manufacture
reproducible Schottky barrier diodes with reasonable barrier heights
and good ideality. Investigations into the effect of anneal temperature on
S-InP revealed that increasing anneal temperature encouraged the
sulphur to react with the InP improving rectification properties and that
at elevated temperatures (870K) the sulphur migrated into the InP bulk
completely altering its electronic properties.

Angle resolved ultra-violet photoelectron spectroscopy carried out on
the GaAs(lll)B surface allowed a preliminary study of the band
structure of this surface to be made. The results from this study indicate
that there are states in the band gap of GaAs(lll)B. The associated
study of the effects of molecular sulphur deposition on this surface
indicate that sulphur deposition leaves a disordered sulphur top layer but
that the underlying As atoms keep a (IxI) periodicity. In comparing the
two sets of band structure plots it would appear that the sulphur
deposition removes one of the electronic states found on the clean GaAs
surface.

Surface sensitive synchrotron core level photoemission studies of the
adsorption of molecular sulphur on the clean GaAs(Ill) surfaces
indicate that the sulphur reacts with the topmost atomic layers altering
the electronic structure and chemical environment of the atoms. The
termination of the (111)A surface by sulphur gallium bonds while not
completely removing band bending may reduce the density of surface
states. This study also shows that the (111)B surface is not ideally
terminated by a sulphur monolayer and is not electronically passivated
by sulphur desorption. It can be concluded from the work carried out
that it is not possible to simultaneously achieve chemical and electronic
passivation by sulphur treatment of the GaAs(l 11)A or (111)B surface.

6.2 Suggestions for Future work.

There are many directions in which this work could be continued. The
sulphur passivated InP surface could be investigated using scanning
tunnelling microscope studies, some work has been carried out already
in this area [1] but not on the successful etch technique used in this

79



work. A photoemission study would be very informative revealing
valuable information about the chemical properties of sulphur treated
INP(100). Further detailed LEED and Auger studies could also be
valuable. Also it would be very interesting to carry out a similar study
using molecular sulphur in UHV conditions.

Both the angle resolved and core level studies open up avenues for
further study. It would be extremely revealing to carry out a similar
ARUPS study on the GaAs(Ill)A surface so that the clean and sulphur
treated band structures of both surfaces could be compared. Similar
core levels studies of the effect of sulphur deposition were carried out
on the various (100) reconstructions at the time of this work. These core
level studies could be followed up by putting down selenium on the
GaAs surfaces. This could be achieved using a similar electrochemical
cell to the one used in this work. The whole area of the interaction of
group VI elements with Il11-V semiconductors could have significant
Importance in the area of hetrostructural growth.
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