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SUMMARY

Electrical characterisation of plasma processing
induced defects in silicon
by
P.N.K. Deenapanray

Promoter : Professor F.D. Auret
Co-promoter : Professor G. Myburg
MSc (Physics) - Department of Physics

Plasma processing techniques have become vital for the fabrication of sub-micron size
semiconductor devices. For instance, sputter deposition is used during metallization steps
for the deposition of refractory metals and the stoichiometric deposition of alloys. Plasma
or dry etching is used for the transfer of patterns onto semiconductors with sub-micron
line-width resolution. Sputter deposition and sputter etching make use of low energy
noble gas ions (0.2-2 keV), which impinge on the exposed substrate during processing to
create damage in the semiconductor lattice. The defects thus produced modify the
electrical, optical and structural properties of the semiconductor and of devices fabricated
thereon. The extent of the property modifications depends critically on the plasma
parameters, such as plasma operation mode (dc or rf), etch rate, pressure and power,
amongst others. In order to avoid the deleterious effects of these defects or to use them to
engineer the semiconductor properties during processing, it is essential to know the
electrical, optical and structural properties of the defects. This exercise also leads to
process optimisation. Finally, the annealing properties of the processing-induced defects
must be known so that they can be removed, if required, by in-situ or post-processing high

temperature treatments.
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Sputter deposition of TiW and Au contacts on n-Si introduced electrically active defects
in the substrate. The barrier height of the Schottky diodes were lower than those of
control diodes fabricated by resistive evaporation. Furthermore, the barrier height of the
sputter deposited diodes decreased with decreasing plasma pressure, suggesting that more
donor-type defects are introduced with decreasing pressure. Sputter etching in an Ar
plasma also introduced several electrically active defects in n-Si. The amount of damage
was found to increase with decreasing plasma pressure. Donor-type defects, responsible
for the degraded quality of the diodes fabricated on the etched surfaces by resistive
evaporation, were found to be confined close to the metal-semiconductor interface.
Acceptor-type defects caused a reduction in the free carrier concentration of the
semiconductor to depths much larger than the theoretical range of the low energy Ar ions.
This suggests that some defects migrate away from the region where they are produced

during processing.

The amount of residual damage was observed to decrease with increasing etch time up to
6 min, and thereafter increased. For relatively low etch periods of time, defect
accumulation dominates over their removal by physical sputtering. Etching for more than
6 min is speculated to introduce extended defects or amorphize the near surface region.
Isochronal annealing studies showed that most of the defects could be removed by
annealing above 500 °C. However, a prominent secondary defect which was stable at

650 °C was introduced during annealing.

Low energy noble gas ion bombardment created different defects compared to 5.4 MeV
alpha-particle irradiation of n-Si. This has been explained by considering the energy loss
mechanisms of the ions in these energy ranges. It is shown that large vacancy clusters and
non-radiative recombination centres are produced during the low energy noble gas ion

bombardment of n-Si.
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OPSOMMING

Elektriese karakterisering van plasma-prosessering
geinduseerde defekte in silikon
deur

P.N.K. Deenapanray

Studieleier : Professor F.D. Auret
Mede-studieleier : Professor G. Myburg

Plasma-prosesseringstegnieke se belangrikheid in die vervaardiging van submikron
grootte halfgeleier gebaseerde komponente het met verloop van tyd onmiskenbaar
toegeneem. Voorbeelde hiervan is die opdamping van oorgangsmetale met behulp van
verstuiwing en die stoichiometriese opdamping van legerings. Plasma of droé etsing
word weer vir die oordra van patrone, met submikron lynwydtes, op halfgeleiers gebruik.

Opdamping en etsing met behulp van verstuiwing maak gebruik van lae energie edelgas-
ione (0.2-2keV), wat tydens prosesering op die substraat gerig word. Hierdie energieke
ione rig, bo en behalwe die opdamp- en etsfunksies, ook skade aan die kristalrooster van
die halfgeleiermateriaal aan. Die defekte wat sodoende geskep word, modifiseer die
elektriese, optiese en strukturele eienskappe van die halfgeleiermateriaal en dus ook die
komponente wat daarop vervaardig word. Die mate waartoe hierdie eienskappe
gemodifiseer word, hang sterk van die plasmaparameters af, soos byvoorbeeld die tipe
intreedrywing (gs of rf), etstempo, druk en drywing. Kennis van hierdie defekte se
elektriese, optiese en strukturele eienskappe is van die uiterste belang om die negatiewe
effekte daarvan te vermy, of om hulle positief aan te wend om tydens prosessering die
eienskappe van die halfgeleiermateriaal kunsmatig te verander. Hierdie oefening lei ook
tot prosesoptimering. Laastens is dit ook belangrik om die uitgloei-karakteristieke van
proses-geinduseerde defekte te ken, sodat indien nodig, hulle deur ‘n finale ho€

temperatuur hittebehandeling verwyder kan word.

v
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Verstuiwing van TiW- en Au-kontakte op n-Si het elektries-aktiewe defekte in die
substraat tot gevolg, met verlaagde walhoogtes van Schottky-diodes wat op hierdie wyse
vervaardig is, teenoor kontrole diodes wat met behulp van weerstandsverdamping
vervaardig is. Verder verlaag die walhoogtes van die verstuifde diodes met afname in
plasmadruk, wat suggereer dat meer skenkertipe defekte geskep word, soos die
plasmadruk afneem. Etsing deur vertuiwing in ‘n Ar-plasma skep ook verskeie elektries-
aktiewe defekte in n-Si. Daar is gevind dat die hoeveelheid skade toeneem met afname in
plasmadruk. Daar is ook gevind dat die skenker-tipe defekte, wat verantwoordelik is vir
die degradering van die kwalitiet van diodes wat met behulp van weerstandsverdamping
op verstuifde oppervlakke vervaardig is, beperk is tot die nabye gebied van die metaal-
halfgeleierintervliak. Ontvangertipe defekte het ‘n afname in die vrydraerdigtheid tot
gevolg gehad en wel tot op dieptes dieper as die teoreties voorspelde reikwydtes van lae

energie Ar-ione. Dit suggereer dat sommige defekte weg migreer vanaf die gebied waar

hulle tydens prosessering geskep is.

Daar is gevind dat die hoeveelheid oorgeblewe skade afneem met toename in etstyd tot en
met 6 minute en daarna neem dit weer toe. Vir relatiewe kort etsperiodes domineer die
akkumulasie van defekte bo die verwydering daarvan deur verstuiwing. Daar word
gespekuleer dat tydens etsperiodes langer as 6 minute, uitgebreide defekte geskep word of
dat die naby-oppervlakgebied geamorfiseer word. Isokroniese uitgloei-studies het
aangetoon dat die meeste van die defekte deur uitgloeiing bo 500°C verwyder kan word.

Daarenteen is ‘n prominente sekondére defek tydens genoemde uitgloeiing geskep, wat

stabiel was by 650°C.

Lae energie— edelgas-ioon bombardering skep defekte verskillend van die wat deur 5.4
MeV alfapartikel bestraling in n-Si geskep word. Dit kan verklaar word deur energie-
verliesmeganismes van die ione in hierdie energiegebiede. Daar is aangetoon dat groot
saamgegroepeerde le€ roosterruimtes en nie-stralingsherkombinasie sentrums deur die

bombardering van n-Si met lae energie edelgas-ione, veroorsaak word.
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CHAPTER 1

INTRODUCTION

The interaction between microelectronics device technology and the control of defects has
been strong since the first transistor. It has been known for a very long time that, under
suitable conditions, defects and impurities can modify in a positive way the properties of
semiconductor materials. The immense and unparalled development of this technology
together with the thrive for ULSI require that the density of defects within the critical
volume of a device be contained reciprocally to a minimum, lest the ineffectiveness of the
device. Consequently, defects induced in semiconductor materials during growth and
subsequent device fabrication steps such as, ion implantation and plasma-related
processing, are now mostly considered to be undesirable. However, the great progress in
the understanding and control of point defects over the past three decades has led to the
new field of defect engineering, wherein knowledge about defects is used to improve and
even modify the properties of materials. Any successful application of defect engineering
through the reproducible and controlled introduction of defects to tailor the properties of

semiconductors requires the following information to be known:

i)  The defect’s atomic and electronic configurations are needed for the positive
identification of the defect and the basic understanding of its properties.

ii)  The defect’s electrical levels in the forbidden gap in the semiconductor material.

iii) The defect’s formation mechanisms and introduction rates.

iv)  The defect’s diffusion mechanisms and rates are required to understand its
interaction with impurities in the semiconductor lattice.

v)  An understanding of the influence of process parameters on the concentrations of
defects, which invariably leads to process optimization, is needed. For instance, the
concentrationss of defects introduced during ion implantation must be established as
a function of irradiation fluence, dose rate, ion energy and implant temperature.

vi)  The annealing behaviour of the defect in order to learn about its removal rate
through high temperature treatments. Annealing studies also yield valuable
information about secondary defects which could form during any subsequent high

temperature processing of the semiconductor material.

1
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Plasma-based processes are routinely used for submicron size device fabrication. For
example, sputter deposition is used during metallisation for the stoichiometric deposition
of compounds and refractory metals on semiconductors. Compared to conventional
deposition techniques, such as resistive evaporation, it offers the possibility of
metallisation at highly controlled rates and yields better metal adhesion to the substrate.
Furthermore, dry etching techniques such as ion beam or sputter etching and reactive ion
etching are preferred over traditional wet etching techniques because of their ability to
provide fine line definition and highly directional or anisotropic etching. These attributes
of plasma etching are used for the faithful transfer of patterns to semiconductors with
submicron scale resolution. Modern industrial plasma reactors now offer the possibility
for the combined etching of semiconductors prior to sputter deposition of metal contacts
without breaking vacuum. However, these plasma-related processes are not “defect-free”.
During sputter deposition and sputter etching, noble gas ions and neutral atoms with
energies typically between 0.5-1 keV impinge on the semiconductor surface to create
lattice damage. Further damage can be produced by low energy electrons and
electromagnetic energy in the form of X-rays and ultaviolet light, and in the‘ case of

sputter deposition, also by target metal atoms interacting with the exposed semiconductor.

In order to understand the effect of these processes on the properties of semiconductors,
and therefore on the properties of devices fabricated thereon, the characteristics of the
plasma processing-induced defects have to be established. Since no single technique can
be used to fully characterize any defect, one has to rely on the use of a set of
complimentary characterization techniques. For instance, magnetic resonance techniques
such as electron paramagnetic resonance (EPR) and optically detected magnetic resonance
(ODMR) are used to study the structure of defects, photoluminescence (PL) to investigate
their optical properties, and junction spectroscopy including deep level transient
spectroscopy (DLTS) are used to extract the electrical properties of defects. Each of these
techniques can be used in conjunction with annealing experiments. However, by matching
the electronic properties of an unknown defect to one of which the structure is known, or
by correlating their annealing behaviours, DLTS can be used to shed light on the structure
of defects. The properties of devices fabricated on the plasma-processed semiconductors

can also be used to monitor the type and extent of the damage. Furthermore, the effects of

2
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different plasma parameters on device properties can be used to achieve process

optimization.

In this dissertation a comprehensive study of the electronic properties of defects
introduced in silicon during sputter deposition of metal contacts and sputter etching in an
argon plasma was compiled, using DLTS. Optimization of the two plasma processes were
also investigated by monitoring the changes in electrical properties of Schottky barrier
diodes (SBDs) using current-voltage (I-V) and capacitance-voltage (C-V) measurements.
In order to learn more about the structure of these defects, their electronic properties were
correlated to those of defects formed during high energy (MeV) alpha-particle, electron
and proton irradiation of the same substrates. Furthermore, to establish whether any of the
plasma processing-induced (PPI) defects could be noble gas species-related, their
electronic properties were compared to the defects created by low energy (1 keV) noble
gas ion bombardment of the same materials. The annealing behaviours of the PPI and low
energy noble gas ion created defects was also investigated. Finally, a discussion is made
on the effects of some low energy noble gas ion implantation parameters on optically

active defects in n-Si.

Chapters 2 and 3 discuss the fundamentals of plasma physics and introduce the principles
of sputter deposition and sputter etching, respectively. The essential theoretical
background on metal-semiconductor contacts and experimental techniques are provided in
Chapters 4 and 5. The experimental procedures and results are discussed in Chapters 6

and 7, respectively. Chapter 8 summarises the general conclusions.

3
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CHAPTER 2

FUNDAMENTALS OF PLASMA

The fabrication of complex integrated circuits (ICs) utilizing CMOS and bipolar
silicon technologies requires a sequence of 9-13 individual mask steps to complete the
process. The need for submicron line width resolution during pattern transfer onto
semiconductors together with the need for anisotropic etching of masking layers and
the deposition of stoichiometric compounds for interconnects have made plasma-
based processes vital technologies in microelectronics device fabrication. Since the
physics of a plasma are complex and beyond the scope of this study, no attempt is
made here to be comprehensive. This chapter aims at providing the necessary
information concerning the plasma state and its generation, and discusses the

fundamentals of particle interaction in a plasma.

2.1 The Plasma State

A plasma, often called the fourth state of matter, is a gas containing charged and
neutral species, including some or all of the following particles: electrons, positive
ions, negative ions, atoms and molecules. Though a plasma is on average electric‘:ally
neutral, the individual densities of positive and negative charges may be quite high.
Because electrons have a much higher mobility, any surface in contact with the
plasma will develop a floating potential, -V, with respect to the plasma. Plasmas are
initiated and maintained by applying an electric potential (dc or ac or a combination of
both) across the neutral gas. However, there is no distinct phase change in going from
a neutral gas to the plasma state. In steady state, the rate of ionization must be equal to
the rate at which charged particles are lost from the plasma volume through
recombination and diffusion or convection to the boundary. An important parameter
of a plasma is the degree of ionization, which is the fraction of the original neutral
species which have become ionized. Process or cold plasmas are weaky ionized (10'6 -
104) and neutral species dominate their behaviour [1]. On the other hand, interstellar
plasmas can be characterised as being fully ionized with a degree of ionization

approaching unity. Plasmas generated by an electric discharge are also referred to as

4
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glow discharges and the terms will be used interchangeably. In a weakly ionized
plasma with electron densities between 10° - 10" cm™, the temperature of electrons

ranges from 10° K to 10° K, while neutrals have temperatures approaching 500 K.

2.2 Generating a Plasma

The plasmas considered here are generated by electric fields which are produced by
either direct current (dc) or alternating current (ac) power supplies. Typical excitation
ac frequencies are 100 kHz, at the low end of the spectrum, 13.56 MHz in the radio
frequency (rf) range and 2.45 GHz in the microwave region. The initiation of a plasma
will be considered using a parallel plate or planar reactor. The geometry of other types
of reactors and plasmas formed therein are discussed elsewhere [2,3]. When a glow
discharge is initiated after breakdown, it does not completely cover the cathode
surface. It operates at near constant voltage in this regime, called the normal
discharge, with the current increasing as the cathode coverage increases. Eventually,
the glow expands to cover the whole cathode surface and a further increase in power
causes both current and voltage to increase. This is called the abnormal glow. The
important characteristic of a plasma is that free electrons are created by ionization and
secondary electron generation from ion impact of surfaces. When the plasma power is
sufficiently high to heat the cathode, thermionic emission may become the dominant

electron generation process.

2.2.1 DC Glow Discharge

The initiation of a dc glow discharge follows the breakdown of the neutral gas.
Consider the schematic of a low pressure Ar discharge prior to breakdown as
illustrated in Figure 2.1. The resistance of the Ar is much greater than that of the
ballast resistor R, so the entire voltage V., is dropped across the electrodes, a distance
d, apart. An electron created by photodesorption at the cathode is accelerated through
the electric field £ = V,/d, towards the anode and ionizes Ar atoms through inelastic
collisions. The resulting electrons also gain kinetic energy in the electric field and
cause further ionization. Townsend's first ionization coefficient a, denoting the
probability per unit length that ionization will occur, is used to describe the net

ionization probability, including losses. Furthermore, Ar ions strike the cathode when
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Figure 2.1: Schematic of an Ar discharge prior to breakdown. The entire
voltage is dropped across the tube because the impedance of the Ar is much

higher than that of the ballast resistor R (ref [1]).

accelerated by the electric field and secondary electrons are emitted with an emission
probability y. The secondary electrons in turn gain energy and create more ionization.
Consequently, the number of electrons increases exponentially and the ionization
process can be characterized by an Avalanche breakdown. The breakdown voltage

Vg = Eg/d can be expressed as:
Vg = A(Pd)/(C +In(Pd)), @.1)

where 4 and C are constants which depend on the gas and P is the gas pressure. A
graph of the breakdown condition for Ar is shown in Figure 2.2. The minimum

breakdown voltage is called the Paschen minimum.

1600
Ar Figure 2.2: Plot of the minimum
1200 breakdown voltage for Ar as a
function of the product of the Ar
>
~  goof pressure, P, and spacing, d, of the
m
> | Paschen
Minimam  €lectrodes (ref [1]).
400[-
0 1 1 :
0 1.0 10 100
Pd (torr-cm)
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The plasma geometry is such that after breakdown the plasma particles rearrange
themselves in a self-consistent fashion which ensures that the discharge is self-
sustained. Hence, the dc discharge is comprised of distinct regions which are
illustrated in Figure 2.3 [4]. The potential drop across the electric discharge is not
uniform [Figure 2.3(b)], but the drop in the cathode sheath region [Figure 2.3(b)] can
be assumed to be linear. Ions formed in the Crooke dark space (cathode sheath) and

negative glow regions are accelerated by the cathode electric field towards the cathode

Figure 2.3: After breakdown,

Cathode Faraday
Sheath Dark Space

the discharge arranges itself into
l—(a) characteristic regions to provide

Negative
Glow

'X‘”“i" Columa for particle and energy input.
Luminous

Most of the potential is dropped

Potentiul E across the cathode sheath
region, which contains ions but
very few electrons. There are

F— almost equal number of ions and
“ electrons in the negative glow,
electron _current Faraday dark space and positive
— on current (—d)- column (ref [1]).
0

where they cause secondary electron emission and sputtering [Figures 2.3(c) and
2.3(d)]]. The secondary electrons are accelerated back across the cathode sheath and
cause ionization, either directly or by transferring energy to electrons in the plasma.
Additionally, a dc glow discharge may have another dark space beyond the negative
glow (Faraday dark space) and a positive column. In these regions, electrons are
excited by the local electric field, which results in a balance between ionization and
losses of charged particles. When the positive column is present, it serves to connect
the anode electrically to the remainder of the discharge [5]. In dc discharge plasmas,

the floating potential, V, is usually a few volts.
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2.2.2 RF Glow Discharge

In a dc glow discharge, only 10 % of the power is stored in the negative glow from
secondary electrons being accelerated in the cathode sheath region owing to the very
low secondary electron coefficient. This feature makes the dc glow a rather inefficient
plasma reactor. Furthermore, the cathode must be at least partially conducting so that
the plasma can be sustained through the emission of secondary electrons. The use of

an ac power source can overcome these shotcomings of the dc plasma.

The ac glow discharge is ignited by applying a large enough potential to cause
breakdown. The plasma is self-sustained by electrons oscillating in the alternating
electric field and causing ionization. Under equilibrium conditions the rate of loss of
charged plasma particles must be equal to the rate at which they are generated. The ac
plasma has the same configuration as the one depicted in Figure 2.3(a). In order to
highlight the specific properties of the ac plasma, the electrodes of the planar reactor
will be assumed to be insulated. When a very low frequency ac power supply is
connected to the electrodes, the reactor behaves like a parallel plate capacitor that is
charged in alternate directions by the plasma particles (Figure 2.4). If the frequency of
the ac supply is increased to the point where the charging time is much longer than the
period of the ac signal (50 - 100 kHz), a current flows in the plasma for the entire ac

cycle. New phenomena start to appear as the frequency of the supply exceeds 1 MHz.

Since most commercial plasma reactors, including the Leybold-Haraeus Universal
Sputtering Machine used in this study, are designed to operate at the internationally
assigned frequency of 13.56 MHz [6,7], the salient features of high frequency plasmas
will be discussed at this nominal frequency. Due to their high inertia, ions, such as
Ar", do not respond to the rf electric field in the sheath regions at an excitation
frequency of 13.56 MHz. Only the lighter electrons respond to the electric fields and
owing to their higher mobilities, significant time-average dc biases occur at the
electrodes. The dc voltage developed at the anode is called the plasma voltage, V), and
the negative dc potential at the cathode with respect to the discharge is called the dc
self-bias, V. It will be shown below that the self-bias voltage can be a few hundred

volts in reactors having a non-symmetric planar electrode configuration.
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2.2.2.1 Self Bias and Plasma Potential

Consider the discharge system with one small electrode connected to an rf power
source through a coupling capacitor and an impedance matching unit illustrated in

Figure 2.4(a) [top]. Because of the much higher electron mobility, any given positive

L”Tf RF COAX
AMB
I;—VACUUM CHAMBER

SHIELDED - CATHODE { WATER-COOLED)
MATCHING r —3.7| WITH DIELECTRIC PLATE

NETWORK L —T—"  N-WATER-COOLED
l_ SUBSTRATE ELECTRODE
;ﬁ'b'i, RF COAX

—

Vif
CATHODE

DIELECTRIC PLATE

$ CATHODE SHEATH
PLASMA

SUBSTRATE SHEATH

GROUND RF RETURN
(SUBSTRATE AND CHAMBER WALL)

Figure 2.4: Schematic of a typical parallel plate reactor with an rf matching
network (top). The bottom drawing illustrates the equivalent circuit of the rf planar

reactor and shows that the anode and cathode regions can be modelled as blocking

diodes (ref [1)).
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voltage will result in a much larger electron current than the ion current flowing for
the same negative voltage. Consequently, the anode and cathode sheath regions can be
equivalently described as having rectifying properties [Figure 2.4(b)-bottom]. The
importance of the self bias voltage on the smaller electrode can be best demonstrated
by considering a square wave voltage, V;, which is applied across the plasma. Figure
2.5 illustrates the square wave signal together with the discharge voltage V,. The
shaded areas represent the electron and positive ion (Ar’) currents during alternate
cycles of the square waveform. Initially, the potential ¥; is dropped across the plasma
and the coupling capacitor is charged through the effective resistance of the plasma by
the electron current. The discharge voltage V, decays fast because of the relatively
high electron current. During the following half cycle of the square wave, the voltage
drop across the plasma drops instantaneously by -2V, after which it decays with a
longer time constant associated with the smaller Ar’ current. Eventually, the time-
average electron and Ar-ion current become equal in magnitude as time-average dc
potentials develop on the electrodes [8]. Figure 2.6 shows the time variation of the
plasma potential with the self bias voltage on the small electrode. It is seen from
Figure 2.6 that even with the self bias, the small electrode is positive during part of
positive half-cycles, so the time average plasma potential is usually higher than for the
dc case. Massive ions (Ar") which cannot respond to the rf signal bombard the small
electrode after being accelerated through the voltage difference between the time-
average plasma potential and the time-average self bias. The magnitude of the self
bias depends on the pressure of neutral particles [9]. Alternatively, it can be said that
the self bias varies with the plasma pressure since the glow discharge is made up of
only 1 % ionized particles. The self bias is decreased with an increase in pressure at
constant rf power. This can be explained in part by the decrease in rf voltage droped
across the plasma due to the decrease in plasma impedance with increase in preséure.
Alternatively, the discharge does not require as high a sheath field to sustain itself,
since it is speculated that at higher densities the plasma is able to put energy directly
into the glow electrons through a “surf riding” effect [10]. No self bias is generated for
the case of a symmetric discharge (electrodes with equal areas). The time-average
plasma potential will be much larger than for the dc case and although there is no self

bias, energetic ions will bombard the electrodes. If the electrodes are conducting,
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these bombardments will generate secondary electrons which will help to sustain the

glow discharge as is the case for dc plasmas.

2.3  Properties of Plasma Particles

In plasma processes, plasma particles and photons from the glow discharge interact
with the exposed semiconductor substrate. Typically, the substrate is mounted on the
cathode and the extent of the interaction depends on the energy of the plasma
particles. It is, therefore, important to understand the energy distribution of these
particles, especially in the cathode sheath region, and to understand the effect of
changes in plasma parameters on their energy distribution. The main collisional
process in a wealky ionized plasma, together with the increased ionization efficiency
in a plasma when a magnetic field is superimposed on the electric discharge, are also

discussed.

2.3.1 Mean Free Path of Particles in the Cathode Region

If there were no neutrals present in the dark space region, the positively charged ions,
say Ar', would be accelerated towards the cathode through potential difference, V,
between the plasma and the cathode. Hence, Ar ions would bombard the cathode with

energy, E,,, given by:

E,=eV,, (2.2)

As mentioned earlier, the plasma is made up of mostly neutral atoms or molecules.
Owing to their thermal energies, these neutrals diffuse out of the glow discharge into
the cathode sheath where they interact with the positively charged ions, e.g. Ar.
Because of their random motion, the neutral atoms collide with Ar ions causing the
latter to lose kinetic energy. Charge transfer may also take place during these
collisions. The energy with which the ions reach the substrate is dictated by their
mean free path between collision with Ar atoms. Since the mean free path is inversely
proportional to the density of the neutral particles for weakly ionized glow discharges
[11], the kinetic energy of the bombarding Ar ions is decreased with increasing
plasma pressure. Eq. (2.2), therefore, gives the maximum energy of an ion reaching

the cathode. Furthermore, the mean free path between collision of the neutral particles

11
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is also decreased with an increase in plasma pressure, so that they too will impinge the

cathode with reduced energy.

+V1
b4 t
5 0 p=
>
- Vi
+V1 Fast decay (electron current) Equal clectron _
V2 and ion currents
l )
0 A\ 1
o
- Vi1
Slow decay S ~ | e

(ion current)

Figure 2.5: Output square wave of peak V| which is used for the circuit shown
in Figure 2.4(a) [top]. Behaviour of the discharge voltage V,, [bottom] as the
self bias develops to produce equal electron and ion currents. On each half
cycle, the current decays as the capacitor charges from the plasma. On the half
cycle where electron current flows, the decay is faster because the plasma has
an effectively lower impedance owing to the greater mobility of the electrons

(ref[1]).
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Figure 2.6: Time variation of the plasma potential shown with the self bias
voltage on the small electrode. In the absence of collisions in the sheath, the
ion energy at the small electrode (cathode) is the difference between the

average potential and average self bias (ref [1]).

2.3.2 Electron-Neutral Elastic Collisions

The dominance of electron-neutral collisions is responsible for the general character
of weakly ionized glow discharges. Any collision can be described by a cross section,
o, which is a measure of the probability that the event will take place. Collisions
between electrons and neutrals can be described by the “hard sphere” model for elastic
collisions as illustrated in Figure 2.7. The mean free path between collisions, A, can be

expressed as:
r=(Noy)™, (2.3)

where oy, is the elastic cross-section for electron-neutral collision, which depends on
the electron velocity, and N is the neutral density. For the electron-Ar system, o has
is a minimum when the electron energy is 1 eV and shows a maximum value at

approximately 16 eV. At higher electron energies, the interaction time is shortened, so

13
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that the cross-section for elastic collision decreases monotically. Eq. (2.3) gives the
average distance travelled by an electron between collisions. If the electron velocity is

v, the collision frequency, v, is then given by:

v=~No yv. 2.4)

O >

a Cross section
(./L a2

e -

"Hard Sphere" Atom

Figure 2.7: "Hard sphere” atom cross section. Electrons that approach
within a distance a of the centre will undergo a collision, while those that
have a larger impact parameter will not collide (ref [1]).

The average amount of energy the electron transfers to the neutral is £, given by [11]:

2m _,
E ="—E~*, 2.5
M 2:5)

where E is the electron energy, and m and M are the electron and neutral masses,
respectively. In the case of an Ar plasma, (2m/M) = 1/40,000, and very little energy is
transferred to the Ar atoms during the elastic collision. However, the electron

experiences a significant change in its direction, and its momentum is thus altered.

An important consequence of electron-neutral collision in a dc glow discharge is that
the directed energy which the electrons gather by being accelerated through the static
electric field is converted into random energy. Eventually, a steady state must be
reached whereby the energy gained by the electrons between collisions is equal to
their energy lost during collisions. Since the energy lost is quite small, the electrons
will “heat up” to a sufficiently high temperature to establish this equilibrium. The
random velocities of the electrons is, therefore, much larger than the directed velocity.

The small fraction of the total electron energy transferred to the neutrals implies that

14
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the internal energy of the latter does not change significantly [12]. In the case of the ac
glow discharge, an electron reaches its maximum kinetic energy when the frequency
of the ac power supply, ©, is equal to the collision frequency, v, i.e. the electron
reaches a state of resonance. If ® <<\, the particles make numerous collisions during
one ac cycle, which prevents them from reaching maximum energy during the ac
oscillation. On the other hand, if @ >> v, the particles undergo many oscillations
between collisions, but this does not increase their energy. For a planar reactor with an

-3

electron density of 10" c¢m® and operating at a frequency of 13.56 MHz, the

wavelength of the rf power is over 20 m, whereas v ~ 1 GHz. Since the wavelength of
the energy signal supplied by the power supply is much larger than the dimensions of
the reactor, the rf plasma responds similarly to a dc field. This condition is described

as the “near zone” [13].

2.3.3 Particle Orbits

The charged particles in a plasma will respond to electric and magnetic fields. These
fields may arise from external sources or from collisions between the plasma particles.
In this section, the motion of charged particles in electric and magnetic fields, and the
increased ionization probability of neutrals in the presence of a magnetic field are

discussed.

In the presence of an electric field E and magnetic field B, a particle of charge g and

velocity v will experience a force F given by:
F=gE+qvxB. (2.6)
For a particle of mass m, the corresponding acceleration a is obtained from:
F=ma. 2.7

Typical particle motions in glow discharges can be illustrated by considering the
following cases:

Case 1: E = constant and B = 0

From Egs. (2.6) and (2.7), a particle will experience a constant acceleration in the

direction of E given by:
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a=qgE/m . 2.8)

Case 2: E = 0 and B = constant

The magnetic force acts in a direction perpendicular to the velocity of the charged
particle. The components of the nonzero particle velocity parallel and perpendicular to
B can be defined as v and v, respectively. If v, =0, the particle moves along a
circular trajectory normal to the magnetic field with an orbital radius, also called the

gyro radius, p, given by:
p=mv, /qB, 2.9)

where B is the magnitude of B. Since the perpendicular magnetic field does not the
accelerate the particle, the gyro radius can be written in terms of the kinetic energy W

of the particle as:
12
p=(2mw)" /4B. (2.10)

Therefore, for particles having the same energy, the heavier species will have larger
circular orbits. Plasma reactors employing magnetic field, usually in a transverse
direction to the electric field, are called magnetron systems. In magnetron-type
reactors, the electrons are confined to execute circular orbits near the cathode such
that their collisional interaction with neutrals is enhanced, leading to an increased
ionization probability. Magnetron discharges, therefore, have a higher densities of
charged particles and are preferred over dc and rf plasmas for sputter deposition and
sputter etching. Heavy ions such as Ar" will have gyro radii much larger than the
reactor size and will be largely unaffected by the magnetic field. The heavier plasma

particles will in general reach the cathode in a direction perpendicular to its surface.

The frequency of rotation of a particle in a magnetic field is called the gyro frequency

or cyclotron frequency, o, and is given by:
o =2nf=qB/m . 2.11)

Although the gyro radius was seen to increase with particle energy, the cyclotron

frequency is independent of particle energy. An important feature of ac magnetron
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reactors is that energy can be coupled directly to plasma electrons by using an ac
power supply with a frequency equal to the natural rotational frequency of the electron
in a magnetic field. The magnetic field has no effect on v and if v # 0, the charged
particle will move along a helical path. Particles with different charge signs will rotate

in opposite directions.
Case 3. E and B are both constant

If B is parallel to E, it does not have any effect on the component of velocity parallel
to itself and the situation is reduced to the one described in Case 1. If B is, however,
perpendicular to E, then the particles will experience a drift velocity in a direction

perpendicular to both fields, and will have a magnitude, vg,p, given by:
veg =E/B. (2.12)

This drift will act on electrons in the cathode region of a magnetron, where the
cathode electric field has a component perpendicular to the magnetic field, and the
electron gyro radius is small. As stated earlier, the heavy plasma ions are not affected
because their gyro radii are larger than the reactor dimensions. The gyro motion of the

particles may be interrupted by collisions, in which case Eq. (2.12) is no longer valid.

Case 4: Nonuniform Fields

A time-dependent electric field will result in an acceleration which changes in space.
A quantitative discussion of this case can be found in the ref. [14]. On the other hand,
a nonuniform magnetic field will result in additional drift motion. A drift velocity, v,,
given by Eq. (2.13) will be produced from a field gradient. This drift velocity is
perpendicular to both the magnetic field and the field gradient.

vg=(vL2/co)(BxVB/2B2). (2.13)

The gradient drift, BxVB, depends on the particle mass, charge and velocity.
Furthermore, if the magnetic field is curved, the particle will experience a drift

velocity, v,, which is perpendicular to both the field and its direction of curvature and

is given by:
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ve=(v’ /o )R, xB)/(BR.), 2.14)

where R, is the radius of curvature of the field. The drift velocity too depends on the
particle mass, charge and velocity. The magnetic field in most magnetron discharges
will have both curvature and gradient, such that the drifts in Egs. (2.13) and (2.14)
will affect the electrons in the discharge, given the rate of collisions is low enough to

allow the electrons to execute their gyro motion [15].
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CHAPTER 3

SPUTTER DEPOSITION AND SPUTTER ETCHING

The plasma-related processes investigated in this study employ low energy (0.2-
1 keV) Ar ion bombardment. Three main effects resulting from ion bombardment are
chemical reactions, sputtering and implantation. The deposition and etching
techniques of interest here proceed through nonreactive, or physical sputtering so that
plasma chemistry will not be a main focus in this chapter. However, the underlying
principles behind plasma deposition and etching techniques utilizing reactive ions will
be outlined. During sputter deposition, a metal target is bombarded with Ar ions and
the sputtered metal atoms are deposited on the semiconductor surface through a mask.
In the case of sputter etching, the energetic ions are directed onto the semiconductor
surface resulting in the physical removal of the topmost atomic layers. In both
processes the exposed semiconductor surface is subject to energetic plasma particles
which introduce damage in the lattice. Furthermore, damage can be createc‘i by
electromagnetic radiation (X-rays and UV) from the glow discharge and electrons in
certain plasma reactors. Consequently, the structural, electrical and optical properties
of the semiconductor are altered, and these changes are reflected in changes in the
performance of devices fabricated on the processed semiconductor material. This
chapter describes the physical sputtering mechanism for elemental targets, such as a Si
crystal and Au, and describes the process of ion implantation induced damage by
considering the nuclear energy stopping by low energy particles. A brief discussion on
the structural and surface morphology changes which occur during plasma particle-
semiconductor interactions is also included. The extent to which the structural,
electrical and optical properties of the semiconductor is changed depends critically on
the plasma conditions, that is on the ion species, ion energy, plasma pressure, and time
of exposure. An attempt is made throughout the discussion to highlight the effects of
these plasma parameters, especially those of changes in plasma pressure, on the

various mechanisms taking place during sputter deposition and sputter etching.

20

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

<

3.1 The Physical Sputtering Process

In a plasma, sputtering can be effected by ions, neutral atoms, electrons and photons.
Since most relevant sputtering applications are performed under bombardment with
ions, this section deals with that particular process. The nonreactive or physical
sputtering process can proceed via different mechanisms depending on the energy and
atomic masses of the target and the bombarding ion. Sputtering using noble gas ions
in the low energy regime (0.2-10 keV) of interest here can be described by binary
collision events, and Sigmund’s linear cascade theory can be applied [1]. Most of the
extensive studies on sputtering have been conducted using ion beams whereby the
beam energy and its angle of incidence on the target can be controlled. Furthermore,
modern ion sources offer the possibility of controlling the beam uniformity by
focusing and rastering systems. A somehow different scenario applies in the case of
sputtering in a glow discharge wherein the ion energies and their directionality must
be described in terms of probability functions. In addition, the effect of neutral atoms,
which constitute approximately 99 % of the glow discharge (see Chapter 2), on the
sputtering process cannot be measured exactly. Before the sputtering process in a
glow discharge is described, the fundamental sputtering mechanism in the low energy

regime together with the related sputtering parameters are discussed.

3.1.1 Mechanism of Ion Beam Sputtering and Sputter Yield

The underlying principle for sputtering in the energy regime applicable in this study,
is momentum transfer between the bombarding ions and the surface atoms of the
target. A threshold energy is required for an incoming ion to knock off a surface atom
and cause sputtering. This threshold energy depends on the nature of the target (i.e.,
the surface binding energy, mass, and atomic number of the substrate atoms) and on
ion species. Typically, the threshold energy, E,, for elemental targets can be assumed
to be equal to four times the surface binding energy, U, of the target matrix for most
inert gases [2]. Based on a few-collision model, an analytical relation was derived for
E, at a not-too-oblique angle of incidence by Yamamura and Bohdansky [3]. By
considering the possible collision sequences for near-threshold sputtering, they found

that for small angles of incidence 0, the sputter threshold energy is given by:
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and y is the energy transfer factor given by:
4 M| M.
=—2_, (3.2)
(M, + M,)

where M; and M, are the mass numbers of the incident ion and target atoms,
respectively. For silicon, U,=137.9 kcal/mol or 5.98 eV/atom [4]. When the
bombarding ions have energies larger than the threshold energy for sputtering, they
result in collision cascades during which the primary ions may become implanted with
the ejection of target atoms through near-surface recoil collisions. Figure 3.1
illustrates the collision of a primary particle (bombarding ion) with a solid surface and
the emission of secondary particles (target atoms).
\ INCIDENT ION

SPUTTER ATOM . Q TARGET ATOM

\
TARGET SURFACE

OQOOO@O
@ ~JON IMPLANTATION

Figure 3.1: Illustration of the physical sputtering process. The energy
transfer between an incident ion and a surface target atom results in the
latter being "knocked-off” from the lattice, while the incident ion becomes
imbedded below the target surface (Wasa and Hayakawa, in Handbook of
Sputter Deposition: principles, technology and applications, (Noyes
Publications, New Jersey, 1991).

The sputtering process is quantified by the sputter yield, ¥, which is defined as the

mean number of target atoms removed per incident ions, that is:

number of sputtered atoms

Y = (3.3)

number of incident ions
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The factors influencing the sputter yield are discussed in the next section. An
important remark concerning the sputtering of a homogeneous multicomponent target
can be made. At equilibrium, the composition of the sputtered flux must be
stoichiometric, that is the same as the bulk composition of the target [5]. This is true
even though the components of the matrix may differ significantly in their relative
sputtering yields. At the onset of sputtering, the component with the higher sputtering
yield is eroded faster, depleting the target surface of that component. This region is
called the “altered region” and subsequent sputtering yields tend to even out. Hence,
at the steady-state sputtering of a binary alloy AB, the ratio of the sputtered atoms n,
of component A to nz of component B must be equal to the ratio of the target
concentrations C,/Cg. Using Eq. (3.3), the following expression can, therefore, be

written:
YA/YB=CA/CB=nA/nB. (3.4)

In general, the total sputter yield ¥ of a multicomponent target can be written as the

sum of the partial sputter yields Y; of each atomic species i:
Y= Z Y. (3.5)
i

3.1.2 Sigmund Theory for Linear Cascade Sputtering

Sputtering can be classified into three categories: the single knock-on regime, linear
cascades, and non-linear cascades or spikes. In the single knock-on regime, the
incident ion imparts sufficient energy to a surface atom during a head on collision for
the latter to be sputtered. This mechanism is predominant when the bombarding ions
have energies near the threshold energy. When the incident ions have larger energies,
they undergo a series of collision cascades through recoil collisions. If the collision
cascades reach the surface region sputtering can take place. The difference between
the linear cascade regime and the spike regime is that the spatial density of a collision
cascade is much smaller in the former case. In the linear cascade theory, a Boltzmann
transport equation is used to describe collision cascades. The collisional events are

assumed to be binary between point-like objects and to take place between a moving
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atom and a stationary atom. Neglecting inelastic energy losses during the binary

events, the sputter yield can be expressed as:

Y = 00420, (M, / M1,8)S,(E,Z1,2,)/ Uy (3.6)

where the dimensionless factor a, represents the fraction of energy available for
sputtering, S, is the nuclear stopping cross-section, E is the ion energy, and Z; and Z,
are the atomic numbers of the bombarding ion and target atom, respectively. It is
evident from Eq. (3.6) that the sputter yield will be influenced by: (a) the energy of
the incident ions, (b) the target material, and (c) the incident angle of the bombarding
ions. In addition, the crystal structure of the target surface plays an important role in
determining the sputter yield. The typical dependencies of the sputter yield on the ion
energy and on the atomic numbers of the substrate and ion species, as predicted by Eq.

(3.6), can be found in references [6,7].

3.1.2.1 Ion Energy

The sputter yield is zero for ion energies lower than the threshold energy for
sputtering. At energies slightly larger than the threshold energy, that is in the single
knock-on regime, the sputter yield is small. The yield increases with ion energy to
reach a maximum that ranges between 10-100 keV depending on the universal
stopping power. This is attributed to the increase in collision cascades and their
density which result in increased transport of energy to the surface until the stopping
reaches a maximum. Further increases in energy result in the ions becoming imbedded
deeper into the target and a decreased fraction of energy is deposited in the near

surface layers.

3.1.2.2 Mass of Target and Bombarding lon

For any ion energy larger than the threshold energy, the sputter yield increases with
increasing atomic mass of both target atoms and bombarding ions [6,7]. This is due to
the increased nuclear energy deposited to the target lattice when using heavier targets

and incident ions. The nuclear stopping cross-section S, in Eq. (3.6) can be written as:
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M,

Sn(ﬁ) = 471:(1212262 m‘

su(€) 3.7

where s,(€) is a universal function, depending on the detailed form adopted for the
screened Coulomb interatomic potential. The reduced energy parameter ¢

[dimensionless Thomas-Fermi (TF) energy] is given by:

e = 47'[8061M2
212282(M1 + M2)

E, (3.8)

where e is the electronic charge, €, is the permittivity of free space, a is the screening
radius and the remaining variables hold their previously defined meanings. Amongst
others [8,9], the screening radius can be expressed as the Thomas-Fermi screening

length ayy given by:

0.8853a,

s 3.9
1/2
( 212/3 + 222/3)

arp =

where a,=0.529 A is the Bohr radius. Furthermore, as will be shown later, the
projected range of the bombarding ions in the target decrease with increasing target
and ion mass numbers, such that nuclear energy deposited by the incoming ions to the
substrate is confined to the near surface layers and in denser collision cascades. Eq.
(3.6) does not hold when the reduced energy of the bombarding ions is larger than 1
(e > 1), since then the electronic stopping becomes predominant. The energy loss

mechanisms will be discussed in more detail in the section on ion implantation.

3.1.2.3 Angle of Incidence

The angular dependence of the sputter yield can be investigated by considering the
factor o in Eq. (3.6). In the energy regime important for sputtering (i.e., € < 1), o is,
for all practical purposes, independent of the ion energy. If the bombarding ions

impinge on the target with an angle of incidence 6, then a is given by [1]:

o My, M,,0) = a M, / M;)cos™/ 0
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5+2

with f ~ and (0 < 60°) , (3.10)

where the factor o(M,/M}) can be expressed using Egs. (3.11) to (3.13) depending on
the ratio M,/M; [Eq. (3.14)]. The following expressions were obtained by Gries and
Strydom [10-12] after solving Eq. (3.6) for a by substituting 620 measured sputter
yield values of monoelemental targets and using the heats of sublimation for surface

binding energies.

oM,/ M;)=0120 ,for/<-1.2 (3.11)
and
(M, My) = 008571 +02891* +0.4027° +0350/% + 0220/ +0.189,
for-1.2 <1<-0.144 (3.12)
and

a(M, / My)=0.04491% —0107° ~ 02091* + 031413 +02071% + 01561 + 0183 ,
for-0.144 </<1.8 (3.13)
where

/= loglo(Mz / Ml) (314)

The increase in o in Eq. (3.10), and hence in ¥ in Eq. (3.6), with increasing 0, is due
to the increasing density of energy deposition near the target surface. Alternatively,
the range of the bombarding ions in a direction perpendicular to the target surface
decreases with increasing 0. Depending on the target-primary ion combination, the
sputter yield reaches a maximum at angles between 60° and 80° [13]. For angles of
incidence larger than 80° (i.e., at oblique angles), the atomic interaction between the
incident ions and target atoms decreases so that the sputter yield decreases. However,
one serious shortcoming of Eq. (3.10) is that it wrongly predicts the penetration depth

of the bombarding ions with increasing angle of incidence. Yamamura applied the
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single knock-on model to analyse the sputter yield by light ions [14], and proposed the

following empirical formula for the angular dependence of the sputter yield:

cosO

¥(0)/ ¥(0) = (cos™ G)expl:Z(l— : )] (3.15)

The first term is identical to the angular term in Eq. (3.10), which represents a longer
ion path length near the substrate surface with an increase in 0. The second term takes
the angular penetration probability into account. The following expression is obtained

for /by taking a least-squares fit to experimental values of sputter yield:
f=Uy"%(094-00133M, / M,). (3.15)

3.1.2.4 Crystal Structure of Target

The crystal structure of a mono-crystalline target also affects the sputter yield. This
dependence can be explained by considering the following two cases. Firstly, the
atomic interaction, and hence nuclear stopping, between the bombarding ions and
target atoms will be larger when the former are incident along a direction normal to a
closely packed atomic plane, say (111), compared to a plane with a lower atomic
density, e.g., (100). Secondly, if the bombarding ions are incident along a low
crystallographic direction, they penetrate to larger depths below the crystal surface as
would be the case if the target matrix were amorphous. This condition is known as
“channelling” and is characterised by a critical angle, v, [15]. When 0 <y, as can be
the case at the low energies often used in processing technology, the bombarding ions
are guided deeper into the target so that the energy deposited in the near-surface
region is decreased. It can, therefore, be concluded that the sputter yield is lower when
the primary ions are either incident normal to a relatively less dense crystallographic

plane or directed along a direction of low crystallographic index.

3.2  Ion Implantation

During sputtering in the linear cascade regime the incident ions become trapped or
implanted inside the substrate. While the ions are slowed down in the semiconductor

lattice, host atoms are displaced through energetic recoils and damage is introduced in
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the crystal lattice. This implantation-induced damage continues as long as the ions
have energies larger than the displacement energy, E, of the lattice atoms. The
amount of damage created depends on the energy deposited per unit volume by the
implanted ions, which in turn determines the extent to which the properties of the
semiconductor are changed. The two main energy loss mechanisms of an energetic
particle in a solid together with some defect reactions are considered in the following
discussion. The removal of radiation damage through post-bombardment high

temperature treatments is briefly discussed.

3.2.1 Energy-Loss Mechanisms

An energetic ion undergoes two major mechanisms of energy loss: (1) screened
Coulomb collisions with target atoms (nuclear stopping), and (2) interactions with
bound or free electrons in the solid (electronic stopping). The relative effect of the two
mechanisms depends on the energy and the mass of the incident ion, as well as the
mass of the target atoms. Figure 3.2 summarises the velocity (8”2) dependence of the
two energy-loss processes, nuclear stopping (de/dp), and electronic stopping (de/dp).,
in terms of the dimensionless Thomas-Fermi (TF) energy, €, and path length, p [16] .
The energy unit € is defined as the ratio a/b, where a is the TF screening length [Eq.
(3.9)] and b is the distance of closest approach in an unscreened head-on collision.
The laboratory energy, E (keV), of the incident ion can be expressed in terms of the
dimensionless TF energy using Eqgs. (3.8) and (3.9). For € <1, b is greater than a and

hence all collision processes occur in a screened Coulomb field.

Using the reduced TF energy provides two advantages, namely: (1) nuclear stopping
and associated quantities such as sputtering and damage production can be expressed
by a universal curve for all ion-target combinations (Figure 3.2), and (2) ion
bombardment studies can be separated into two distinct regimes. In the first regime,
also called the ion implantation regime (¢ < 10), both nuclear and electronic stopping
have significant contributions, and theoretical treatments in this regime are complex.
In the nuclear analysis regime (¢ >> 10) consisting of sufficiently fast ions virtually
stripped of all their electrons, electronic stopping is the predominant energy-loss

process. The ion trajectory is almost linear, sputtering and collision cascade effects are
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Figure 3.2: Nuclear and electronic stopping powers versus the dimensionless
Thomas-Fermi energy of an implanted ion (J A. Davies, MRS Bulletin, June
1992, p. 26).

practically negligible, and the Bethe-Bloch formalism can be used for accurately

determining energy loss and penetration phenomena [17].

Figure 3.2 shows that at low energies relevant to sputtering, nuclear stopping is the
more important process and that it reaches a maximum value around € = 0.35 and
thereafter falls off. Conversely, electronic stopping increases linearly with velocity
and becomes the dominant energy-loss mechanism for € > 4. It should be noted that
(de/dp), does not exhibit true e-scaling and cannot, therefore, be described by a
universal curve. The values of &/E (keV'l) for the noble gas species are given in

Table 1.

Table I: Ratio of reduced TF energy, & to laboratory energy, E (keV), for
different noble gas species.

Noble gas species He Ne Ar Kr Xe

gE (x10” keV'™") 373.9 41.8 15.0 3.963 1.691
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3.2.2 Range Distribution of Implanted Ions

The mean depth, or range, R, of a bombarding ion with initial energy, €, is given by:

0
!
R= |——de , 16
.[(de/dp) ° (3.16)
€0

total

where

(de /dp),, ., =(de /dp), +(de/dp),. (3.17)

total

When M, > M,, the projected range, R,, in the direction of the ion beam is obtained by
applying a correction factor approximately equal to (1 + M, /3M,)'l to Eq. (3.16). It
should be noted that when the ion is incident normal to the target surface, the mean
and projected ranges are equal. In the case of a monocrystalline target, the deviations
in predicted and measured ion ranges could be significantly different (more than
20 %) when channelling effects take place [20]. Alternatively, the Nielsen
approximation can be used over the energy range 0.1 <g <10 to predict the mean

range, R (nm), usually with an accuracy of around 30 % [21]:

1+ M, | M,

R=Ex130
g212/3

, (3.18)

where g is the density of the substrate in g/cm3.

A more exact knowledge about the entire depth distribution calls for an evaluation of
the straggling range. In the absence of straggling, the spatial distribution of implanted
ions is approximately Gaussian, and can, therefore, be described by the standard
deviation AR. The Lindhard-Scharff-Schiott (LSS) theory [16] predicts that for € <3,

the total straggling in ion path length, i.e., AR/R, approaches a constant value of:

2(M M,)"?

M1+M2

AR/ R =035 (3.19)

As the electronic stopping increases at higher energies, the relative straggling
becomes smaller. The relative straggling in projected range, AR,/R,, is almost

identical to AR/R since the path length correction terms for the numerator and
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denominator are virtually identical. Considering the projected range distribution, the

Gaussian approximation gives the implant concentration N(p) as:

2
-R
N(P)=ﬁem —% : (3.20)
where ¢ is the fluence, or ion dose and p is measured along the direction of the beam.
It should be noted that the implant profile given by Eq. (3.20) ignores in-situ
diffusion, as well as channelling and ion beam mixing effects. Through the use of
additional moments, such as skewness and kurtosis, the Pearson-IV distribution [21]
and other higher order descriptions can accurately fit implanted ion depth
distributions. Monte Carlo based computer simulations of implant profiles can be
produced using the TRIM (TRansport of Ion in Matter) code of Biersack and
Haggmark [22]. It should be born in mind that TRIM assumes the target to be
amorphous, or equivalently, disregards channelling effects. An extensive review of
computer simulations of ion-solid interactions has recently been conducted by
Eckstein [23]. Although being widely used, theoretical predictions should always be
applied with caution, especially in crystalline substrates, as they take no account of

channelling , nor of possible diffusion effects during and after the implantation.

3.2.3 Radiation Damage and its Distribution

The energy transferred from the bombarding ion to the target atoms is usually
sufficient to displace the host atom from its lattice site. Typically, the implanted ion is
able to knock-off a target atom from its lattice site if the ion energy is larger than the
threshold energy for displacement, E,, of the host atom. This displaced atom may in
turn displace other atoms and so on, thus creating a cascade of atomic collisions, and a
distribution of vacancies, interstitial atoms and higher order defects, including
complexes, in the region surrounding the ion track (Figure 3.3). The size of the
collision cascades is governed by nuclear and electronic energy-loss processes.
However, only the nuclear component contributes to the production of energetic recoil
atoms. The incident ion energy can be partitioned into its two components, v and n,

where v is the energy translated into atomic motion, and n is the total energy
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transferred to electrons, i.e., €= v+n [24]. For ¢ <1 (linear cascade regime for
sputtering), a constant fraction of approximately 80 % of the total energy (v/e ~ 0.8) is
consumed in recoil processes, whereas the ratio v/g falls rapidly when £ > 1. The
number of displaced atoms N, in a collision cascade can be estimated from v(E)

through the modified Kinchin-Pease relationship derived by Sigmund [25]:

v(E)

3.21
2E, (3.21)

Ny =¢§

b

where E; is the displacement energy threshold of the lattice, which for Si is
approximately 15 eV, v(E) = E x V/g, is the total energy deposited in atomic motions,

and & ~ 0.8 is a correction factor. Eq. (3.21) often overestimates the amount of
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Figure 3.3: Collision cascade schematic illustrating spatially separated
individual collision cascades and the result of their overlap [J.W. Mayer,
L. Erikson and J.A. Davies, lon Implantation in Semiconductors (Academic
Press, New York, 1970)].

disorder since it overlooks the effects of ion channelling and of vacancy-interstitial
recombination within the cascades. The amount of energy deposited into energetic
recoils and the total number of vacancies produced for given ion-target interactions

can also be simulated using TRIM. Since an ion requires an amount of energy greater
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than E, for the production of damage, the maximum of the damage distribution is

always closer to the surface then the maximum of the ion depth distribution.

Another important point to note is that Eq. (3.21) is valid for low density collision
cascades which in general are also spatially well separated. This condition is,
however, not fulfilled in many low-E high-Z cascades, as in low energy (0.3-1 keV)
Ar-ion bombarded Si, and the resulting spike effect [26] may sometimes create higher
disorder levels than predicted by Eq. (3.21). For instance, as the low energy Ar ion
slows down, its energy decreases, and since the nuclear stopping increases with
decreasing ion energy, the ion will interact more strongly with the Si lattice and will
dislodge more atoms, thereby creating a higher density of vacancies at the end of its
range. Figure 3.4 shows the depth distribution of 1 keV Ar-ions in Si as well as the

nuclear energy deposited per unit path length to the lattice.
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Figure 3.4: Depth distribution of 1 keV Ar-ions in Si (solid circles) and their
nuclear energy deposited to elastic recoils as obtained from TRIM [22]
simulations.

A useful criterion for defining the onset of spike behaviour is the density of energy

deposited, E,, per atom along an individual ion track. Whenever E, exceeds some
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critical value, typically ~ 1-5 eV per atom, then the possibility of some collective
spike phenomenon exists. Thompson and Walker have, nevertheless, demonstrated
that nonlinear effects (i.e. deviations from linear cascade regime) can take place in Si
when the average energy density is as low as 0.1 eV/atom [27]. A dominant spike
effect that takes place during elastic collisions is the “displacement spike”. Brinkman
[28-29] has described a displacement spike to evolve when the mean distance between
displacement collisions approach the mean interatomic distance, causing a net
outward motion of the host atoms along the incident ion direction. The result will be
to produce a vacancy rich central core surrounded by an outer shell which is rich in
interstitial atoms. When the individual high density collision cascades overlap, there is
a structural change in the lattice from being crystalline to becoming amorphous

(Figure 3.3). A review of various spike phenomena can be found in ref [30].

3.3  Defect Reactions
3.3.1 Point Defects, Vacancy Clusters and Defect Complexes

Defect formation is dictated by the energy deposited per unit path length of the
implanted ion. As the nuclear component of energy-loss of an ion is increased, the
defects form and change from one configuration into another one in an evolutionary
sequence, i.e., from point defects to extended defects to an amorphous region.
Vacancies and interstitial Si atoms are the elementary defects formed during ion
bombardment of Si, and because the former have been studied extensively using
electron paramagnetic resonance (EPR), the discussion is focused mainly on vacancy-
related defects. Single vacancies are highly mobile at low temperatures (~ 77 K) and,
therefore, have very short lifetimes since they are either annihilated by recombining
with self-interstitials or combine with other impurities to form complexes. For
instance, a single vacancy can combine with another single vacancy to form a
divacancy (V,), or be trapped at an impurity site such as, oxygen, phosphorous or
boron, to form a vacancy-impurity pair. The single vacancy, divacancy and vacancy-
‘impurity pair are called point defects and their structures have been established, using
EPR, by Watkins and Corbett [31-33]. Furthermore, the vacancy-oxygen (VO-ceptre)
and the carbon-phosphorous (CP-centre) show metastability: the ability to achieve

different electronic configurations while retaining their basic structures [34,35]. These
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defects can also have different charge states, such as, for instance the singly positive
and negative S =1/2 charge states of the divacancy [36]. Divacancy-oxygen
complexes have also been identified after ion bombardment of oxygen-rich (CZ) Si
[37]. All of these defects introduce electronic states in the forbidden gap of Si and
hence alter its electrical properties. Evidently, the degree to which a particular deep
level affects the semiconductor properties depends on its position from the band edges
and its concentration. For example, the VO-centre is known to be an efficient
recombination centre and has, therefore, been used in defect engineering to tailor the

minority carrier lifetime in pn-junctions irradiated with high energy electrons [38].

Higher order vacancy defects or vacancy clusters like the trivacancy (V3),
tetravacancy (V,) and pentavacancy (Vs) have also been identified, using EPR, in ion
implanted Si [39]. The planar tetravacancy is believed to form through the
combination of two mobile divacancies and it is, in theory, possible for still larger
vacancy clusters to form by this mechanism. Although the structure of the
hexavacancy has not yet been established experimentally, Weiser [40] has assigned a
puckered six-membered ring configuration to the cluster. Taking the interatomic
spacing in Si to be 5.43 A, the TRIM simulations in Figure 3.4 demonstrate that the
average nuclear energy deposited by a 1 keV Ar ion exceeds the threshold energy for
the initiation of spike effects throughout most of its range. Similar effects were
obtained with other noble gas species, including He and Ne. Hence, it is conceivable
that in the low energy regime wherein spike effects dominate, vacancy clusters larger
than the divacancy can be produced. Theoretical simulations have been made which
show that low energy noble gas ions, as employed during ion beam and plasma
etching, can also become incorporated in these higher order vacancy defects [41,42].
The well-known 1018 meV vibrionic band in Si is speculated to be due to a multi-
vacancy defect. Weber et al have shown through photoluminescence (PL) studies that
the 1018 meV vibrionic band is shifted during low energy (200-2000 eV) noble gas
bombardment of Si, and that the shift was noble gas species dependent [43-44]. They
further showed that the incorporation of noble gas atoms was thermally activated with
the PL intensities of the shifted /; peaks reaching a maximum at 350 °C. However,
based on theoretical modelling, Estreicher and Weber have recently postulated that the

intrinsic /; defect was most probably due to the neutral divacancy [45]. The above
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discussion demonstrates that more experimental work has yet to be conducted in order
to identify the structure of the I; defect and of noble gas-related defects in ion

bombarded Si.

Complexes related to oxygen interstitials and carbon interstitials form a major class of
defects in bombarded Si. For instance, the carbon interstitial-carbon substitutional (C;-
C,) and carbon interstitial-oxygen interstitial (C;-O;) are amongst the dominant defects
in Si substrates rich in carbon and oxygen [46]. However, Benton et al have
demonstrated that these C;-related defects could be observed in oxygen- and carbon-
free Si substrates after reactive ion etching in CCl, [47]. These defects are both
electrically and optically active, and their presence, therefore, affects the electrical and
optical properties of the bombarded Si lattice. The C;-C; defect is metastable in nature
and is responsible for the G luminescence line (969.5 meV), while the C;-O; defect
produces the C luminescence line (789.4 meV) [47]. In addition, these two impurities
react with P and B dopant ions to give the impurity (C,O) - dopant (B,P) pairs [48-50],

which are also electrically active.

When spike effects become dominant, the point defects can combine to form extended
defects and an amorphous layer is eventually formed. As opposed to the above-
mentioned defects which introduce discrete electronic levels in the band gap, extended
defects introduce a continuous band of energy levels [51]. As will be explained in
Chapter 5, the thermal emission rate from a deep level is maximum at a specific
temperature which allows one to determine its exact position in the band gap. On the
other hand, the emission from a continuous distribution of energy levels is not defined
by a maximum at a specific temperature. The temperature range over which the
thermal emission takes place depends on the spread of the levels in the band gap as
well as the density and uniformity of their distribution [52]. Finally, amorphisation
results in a structural change in the Si substrate. The amorphous layer is also
electrically different from the crystalline lattice because it has a larger mean band gap
(1.8-2.4 eV), a higher resistivity and contains defect densities of 10" /eV ¢cm™ which

pin the Fermi level at the middle of the band gap [52].
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3.3.2 Thermal Annealing of Processing-Induced Defects

Defects introduced during semiconductor processing (e.g., sputter etching and sputter
deposition) have deep trapping and compensating states, and may have deleterious
effects on the properties of the semiconductor. Some of these deep levels can also act
as recombination centres. On the other hand, certain defects such as the shifted I,
defects, have to be thermally activated before any of their optical properties can be
used to alter those of the semiconductor material in a controlled fashion. Furthermore,
Er-related defects in Si are known to luminesce at 1.5 pm, the absorption minimum of
waveguides, and that these defects become optically active after thermal activation
[53]. Consequently, the annealing behaviour of defects has to be understood for their
potential application in defect engineering (Chapter 1), or their thermal removal rates
known in order to avoid their negative effects on semiconductors and, therefore,
device properties. Though there are various annealing methods available, e.g., pulsed
laser beam, rapid thermal annealing (RTA), CW laser, incoherent light and thermal
radiation, conventional furnace annealing domintes in the manufacturing industry for

reproducibility and higher throughput.

Thermal annealing studies also play an important role in helping to identify the
structure of defects. Defect characterisation techniques such as, deep level transient
spectroscopy (DLTS) and photoluminescence (PL) cannot be used to identify the
structure of defects. The only way to match a defect whose structure has been
identified by electron paramagnetic resonance (EPR) to one identified by DLTS or
PL, is through thermal annealing studies. Figure 3.5 (top) shows the annealing stages
of various vacancy defects studied by EPR, while Figure 3.5 (bottom) illustrates the
annealing behaviour of some prominent vacancy-related defects which have been

characterised using DLTS [54,55].

Caution must be applied when using high temperature treatments on processed
semiconductors for the following reasons: (a) with increasingly stringent demands for
ultra large scale integration (ULSI), the need for shallower dopant depth distributions
is becoming a limiting factor. During high temperature annealing, the dopant atoms
diffuse into the substrate thereby increasing the junction depth. Any overlapping of

adjacent shallow junctions or the overlap of a junction with an interconnect will
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decrease device yield; (b) the defects are driven further away from the semiconductor
surface and start to affect previously "defect-free" regions; (c) the initial defects may
react with other defects at higher temperatures to form new classes of defects, also
called “secondary defects”, which may be stable to higher temperatures. It is
conceivable that divacancies can combine at higher temperatures to form planar or
non-planar tetravacancies (Figure 3.5). Sawyer et al have recently demonstrated that
the shifted /; defect can be completely removed at 550 °C, and that a completely new
class of defects are created at 650 °C [56]. They further showed that annealing of Ar-
etched samples at 1050 °C causes a structural change in the Si lattice through the
formation of Ar bubbles with an average diameter of about 5 nm; (d) the solid phase

epitaxial recrystallisation of an amorphous Si layer [57] is always accompanied by the
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Figure 3.5: Schematic representation of the recovery of intrinsic
vacancy-related defects in silicon (top) [54]. Isochronal annealing
stages of point defects in electron irradiated n-Si (bottom) [55].
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release of dislocation loops and smaller aggregates of Si interstitial atoms, which in
turn may act as recombination centres for minority carriers or induce stresses in the
lattice; and (e) Ashok et al have recently demonstrated that the formation of a silicide
phase at a metal-Si interface during thermal annealing injects vacancies into the
substrate [58]. They have successfully used this silicidation technique to remove
interstitial-related defects in processed p-type Si. On the other hand, it can be argued
that annealing of a metal contact to an n-type Si substrate containing primary defects

can lead to increased concentrations of vacancy-type defects.

3.4  Sputter Deposition and Etching in a Glow Discharge

The following sub-sections address the principles of sputter deposition and sputter
etching. It will be shown that, although, the nuclear energy loss during plasma
particles-semiconductor interactions is used to describe damage creation in the
exposed semiconductor surfaces during both processes, the role of energetic neutral
atoms, electromagnetic waves (photons and X-rays) and electrons have to be
considered, in addition to energetic ions. Compared to an ion beam, the energy
distribution of plasma particles reaching the semiconductor surface as well as their
angular distributions can only be approximated or defined using statistical approaches.
It will also be demonstrated that pressure is the main plasma parameter that
determines the energy and angular distributions of the sputtered metal atoms and of
the plasma particles reaching the semiconductor surface. A major advantage of
plasma-processing is that sputter deposition for metallization and nonreactive
anisotropic etching can be conducted in the same reactor. The magnetron reactor as
well as the design constraints to achieve anisotropic and uniform etching are also
discussed. Brief discussions on the type and extent of defects induced in Si during
plasma processing together with the resulting structural changes in the sputter etched
substrate are also included. Finally, a summary of reactive plasmas and their

properties is given.

3.4.1 The Magnetron Plasma Reactor

Magnetron reactors have become widely accepted in the past decade and are routinely

used to rapidly deposit thin metal (elemental and alloy) films and for high-rate sputter
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etching. Magnetron reactors are a class of cold cathode discharge devices used in
generally the diode mode (planar reactor described in Chapter 2). The plasma is
initiated by either applying an ac or dc potential across the electrodes. For the reasons
discussed in Chapter 2, rf excitation is often preferred. In the magnetron system, a
magnetic field is applied parallel to the cathode surface which confines the electrons
to move in helical loops. The increased path length of electrons in a magnetron
increases the ionization efficiency of the plasma. The result of the high density plasma
and its proximity to the cathode is a high current, relatively low voltage discharge.
Typical discharge parameters for a magnetron might be a voltage of 500 V and a
current of 5 A, whereas a non-magnetised diode may operate at 2500 V and 0.5 A.
The high magnetron discharge currents results in the ability to sputter the cathode at a
higher rate. Furthermore, the kinetic energy of Ar ions is minimised resulting in less

damage introduced in the semiconductor lattice during sputter etching.

Due to the effective trapping of the energetic secondary electrons close to the cathode,
a high plasma density can be sustained at significantly lower plasma pressures than a
similar rf or dc diode glow discharge. A magnetron operates at a pressure ranging
from about 1x10” mbar to 4x10” mbar, whereas a typical rf diode might operate at
0.015-0.200 mbar. The low operating pressure results in a significant reduction in
plasma particle scattering so that higher anisotropic etching can be achieved as well as
an increase in the probability of sputtered atom transport from the cathode to the
substrate. The planar magnetron (Chapter 2) such as, the Leybold Hearaeus Universal
Sputtering Machine, is one of the most commonly used industrial reactors. Other
reactor configurations are the cylindrical and conical designs [59]. Most plasma
reactors are preconditioned for etching before wafers are placed to warm the reactor
and to reduce wafer contamination. Wafers are introduced to the reactor through a

load lock to minimize atmospheric contamination, especially water vapour.

3.4.2 Sputter Deposition

During sputter deposition of thin metal films onto a semiconductor, the metal target is
placed on the top electrode (cathode) to which a negative dc bias, -V}, is applied while
the substrate is placed on the grounded anode. The positive Ar ions are accelerated

across the sheath, and assuming they are not scattered, they bombard the target with
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an maximum energy equal to e(V,,r + V) eV. Typically, the dc bias can be varied
between 200 V and 1000 V. In this energy regime, the sputtering process is governed
by direct knock-on collisions (section 3.4.1). Consequently, metal atoms are sputtered
from the target, together with secondary electrons, X-rays and backscattered Ar atoms.
For an alloy target, the features of the sputtered atoms are similar to those of the single
element target. Under low incident ion energy most of the sputtered atoms are
composed of single element of the alloy. Clusters become predominant when the ion
energy is higher than 10 keV. The ionization probability of the sputtered metal atoms
can, for all practical purposes, be assumed to be zero. Sputter yields for most gas-
cathode combinations range from 0.1 to 3, implying that most of the incident ion
energy is lost to cathode heating. In general, the functional limit to high power, high
rate magnetron sputtering is almost always the ability to cool the cathode. In this
study, the sputtered metal atoms were deposited onto Si substrates through a metal

contact mask. The sputter deposition process is illustrated in Figure 3.6(a).
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3.4.2.1 Energy and Mean Free Path of Sputtered Atoms

The average energy of sputtered neutral atoms is much higher than that of thermally

evaporated atoms in vacuum, and depends on both the incident ion species and its
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energy and incident bombardment angles. In general, the average energy of a
sputtered atom is between 10 to 30 eV, which is more than 100 times higher than
thermal evaporation energy. The dependence of the energy of sputtered atoms on the
bombarding ion species, ion energy and incident angle is similar to that of sputter
yield. Hence, for any given ion-target combination, the energy of sputtered metal
atoms will increase with increases in ion energy and angle of incidence until the
nuclear energy deposited to the near-surface target atoms decreases at higher ion
energies and for oblique angles of incidence (i.e., 6 > 60-80°). Evidently, bombarding
the metal target with Xe ions rather than Ar ions will also result in the sputtered atoms
having more kinetic energy. Table II summarises the measured and calculated arrival

energies of various metals for Ar sputtering [60].

Table II:  Measured and calculated energy arrival rates for Ar sputtering.

Metal Atomic Weight  Planar Magnetron Theoretical Values
(eV/atom) (eV/atom)
Al 27.0 11 13
Cr 52.0 16 16
Ni 58.7 15 19
Ta 181 96 38
w 184 98 40

Before deposition, the sputtered atoms travel through the discharge where they collide
with mostly neutrals Ar atoms. Their mean free path before they collide to discharge

gas molecules is given by :
}\,1 & C /V]2 . (322)

where ¢, is the mean velocity of sputtered atoms and v,, is the mean frequency
between sputtered atoms and discharge gas atoms. Since the velocity of sputtered

particles is much larger than the gas molecules, v;, can be written as:

vip #n(n +1r,) ey (3.23)
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where 7 and r, are the atomic radius of sputtered atoms and discharge gas atoms,

respectively, n, is the density of discharge gas. The mean free path is then given by:

M ln(r+n)n, . (3.24)

In the case of Ar ion bombardment of a Au target, taking r, = 1.79x10°® cm,
r,=1.82x10" cm, and n, = 3.5x10" cm? (at 0°C, 1 Torr), A, becomes 6.98x10™ cm.
These estimated values are slightly longer than the mean free path between neutral gas

atoms at room temperature.

3.4.2.2 Interactions at the Sample Surface

Compared to the conventional resistive deposition technique, sputter deposition of
thin metal films offers the advantages of controlled higher deposition rates and better
film adhesion, being able to deposit refractory metals, the stoichiometric deposition of
alloys and its ability to be coupled with plasma etching of the substrate without
breaking vacuum. An advantage of the thermal deposition process is that it practically
introduces no damage is introduced in the semiconductor lattice. During sputter
deposition, the substrate is bombarded by a wide range of energetic plasma particles
and electromagnetic radiations. Since the substrate is grounded during magnetron
sputter deposition, very few Ar ions and electrons interact with the semiconductor.
Damage is caused to the lattice by neutrals that are elastically reflected from the
target, Auger neutralised ions that have been accelerated to high energy to the target
surface and which may reflect with up to several hundred eV of kinetic energy,
sputtered metal atoms, X-rays which are emitted when Ar ions bombard the target and
photons from the glow discharge. The nature and extent of the defects produced in an
n-type and p-type single crystal silicon wafer during sputter deposition of a thin metal
film have been investigated by measuring the electrical characteristics of the resulting
metal-semiconductor contacts. The current-voltage (I-V) and capacitance-voltage (C-
V) measurements showed that the defects were donor-type [61-63]. Typically, the
Schottky barrier height to n-type Si is decreased during sputter deposition and the
relative decrease depends on the concentration of damage induced in the surface and
near-surface region of the semiconductor. The opposite effect is observed dl(lring

metallization to p-type Si [61].
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The extent of the sputter deposition induced damage depends mainly on the energy
with which the neutral Ar atoms reach the semiconductor surface. More damage is
created when both the negative dc bias on the cathode and the self-bias voltage (i.e.,
using a larger rf excitation potential) are increased. Mullins and Brunnschweiler [61]
have shown that the rectifying properties of molybdenum Schottky diodes deposited
by dc sputtering on n-Si became poorer when the cathode voltage and the deposition
time were increased. As mentioned previously, the energy and angular distributions of
the particles traversing the glow discharge depend on their scattering frequencies, and
thus on the plasma pressure. Eq. (3.23) shows that the frequency of collision of
particles in the glow discharge is proportional to the plasma density (i.e., pressures), S0
that the energy with which the neutral Ar ions reach the Si substrate decreases with
increasing plasma pressure. Furthermore, the energy required to sustain the electric
discharge decreases with increasing pressure, causing a self-bias, V,;; and hence the
amount of damage, to decrease. Despite the numerous studies on the effects of various
plasma parameters on the electrical characteristics of sputter deposited metal-Si
contacts, very little work has been devoted to studying the electrical and annealing

properties of sputter deposition induced defects.

3.4.3 Magnetron Nonreactive Sputter Etching

Nonreactive sputter etching makes use of a noble gas glow discharge (e.g., Ar). The
reactor configuration is similar as in the case of sputter deposition with the only
difference being that the substrate is placed on the cathode which now is the bottom
electrode [Figure 3.7(b)]. A negative bias, -V}, is usually applied to the cathode and
Ar ions are accelerated across the cathode sheath to bombard the exposed
semiconductor material with a maximum kinetic energy of e(V, + V3) eV. During ion
bombardment two competing processes take place, namely: (a) damage creation at and
close to the semiconductor surface, and (b) removal of the topmost damaged atomic
layers by physical sputtering. The relative effect of these two processes depends
critically on the rate of sputtering, which is defined as the product of sputter yield and
ion flux reaching the substrate. Another important effect that takes place during
sputter etching is in-diffusion of defects to depths much larger than the projected

range of the implanted Ar ions. Contamination of the substrate surface with heavy
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metals and the uniformity of the sputter etched substrate surface are also important
considerations. The end-product of nonreactive sputtering is a substrate of which the
surface structure, electrical and optical properties have been altered. For instance,
physical sputtering effects manifest themselves in etched silicon in changes in surface
properties [64], in changes in generation lifetimes [65], in changes in doping
activation [66-68], and can even result in changes in diffusion lengths [69]. Capacitor
structures fabricated on dry-etched Si surfaces show that the oxides display increased
interface state densities which are strongly dependent on the etching ion species and
energy [70] as well as the dielectric breakdown that also depend on etching history
[71-73]. Furthermore, sputter etching induced damage and contamination can result in
degraded electrical properties of metal-Si interfaces [74-76]. All of these various
effects of etching on materials properties propagate into devices and may have
deleterious effects on their performance. However, a better understanding of the
properties of sputter etching induced defects may lead to their use in tailoring
materials properties or, moreover, to minimise their adverse effects on device

properties.

3.4.3.1 Transport Effects in the Cathode Sheath

The Ar ions will bombard the substrate with maximum energy only when the plasma
pressure is sufficiently low such that the mean free path before collision of an ion is
larger than the sheath thickness, d. In this case, the ions can also be assumed to
impinge on the substrate in a direction normal to its surface. However, complexities
arise in determining the ion energy and angular distributions of the ions v;fhen
collisional effects start to take place in the cathode dark space. The probability of
having no collision in travelling a distance x is given by exp(-x/A), where A is the
mean free path [77]. The probability of having no collision in travelling the sheath

thickness, P, is therefore given by:
P, = exp(— %) , (3.25)

where the mean free path of ions in neutrals is given by [78]:
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The relationship gives good order of magnitude agreement with experiments for the
slightly ionized gases, typical of plasma processing. In Eq. (3.26), » is the number
density, d is the molecular or atomic diameter, M is the molecular or atomic weight,
and the subscripts i and », respectively, are for ions and neutrals. The mean free path
decreases with increasing pressure. The sheath thickness also decreases with
increasing pressure but at a much lower rate. Thus as pressure decreases, d/A

decreases and the probability of having no collision [Eq. (3.25)] approaches unity.

As apparent from Eq. (3.25), the probability of collision in the sheath approaches zero
when d/A is much less than unity, which occurs when the pressure is less than
0.01 mbar. When the sheath thickness is large relative to the mean free path, the

average ion energy E; can be expresses as [79]:
E; =AgqE; , (3.27)

where E; is the electric field across the sheath. Since the mean free path is inversely
proportional to pressure, P, it should be noted that the ion energy is proportional to
E;/P. Thus, the ion energy is the same if E;/P is the same. The ion flux can be
determined from the measured root mean square (rms) current although both electrons
and ions contribute to the current in alternating frequencies. The ion flux is less than
the current flux but is nevertheless proportional to the current density. Field and co-
workers [80-81] have shown that the ion energy distribution (IED) is affected by both
momentum-transfer scattering and charge exchange in the cathode sheath whereas the
ion angular distribution (IAD) is dictated wholly by momentum-transfer collisions.
They found that during low pressure (< 0.01 mbar) collisionless interactions, most of
the ions bombard the substrate at an angle of more than 86° with respect to its surface,
but that the IAD randomly distributed up to angles of ~50° when the plasma pressure
was increased to 0.1 mbar. This increase in angular distribution is also accompanied

by a net shift of the IED towards lower energies.
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3.4.3.2 Sputter Etching Induced Damage and Contamination

The damage caused to the substrate lattice during sputter etching is attributed to
nuclear energy deposited by the energetic noble gas ions. As discussed previously, a
residual thin amorphous layer is produced when spike effects take place. The
displacement of bonding damage layer can extend to hundreds of angstroms below the
receding semiconductor surface and is characterised by the projected range of the
implanted ions. The sputtering process, therefore, involves the simultaneous
introduction of damage in the substrate lattice and the physical removal of the top-
most damaged atomic layers. In addition, the defects induced in the substrate diffuse
away from the surface and can be detected to depths as large as 1 um7[43]. The
accumulation of damage is critically dependent on the sputter rate, and hence on the
sputter yield of the noble gas ion species and substrate combination. Higher etch rates
ensure that most of the damage is removed and that diffusion effects are minimised
[82,83]. Figure 3.7 shows the sputter yields for Si bombarded with Ne and Ar ions at
different energies. It can be inferred from Figure 3.7 that, for the ion energies less than
600 eV, more residual damage will be found in Ne-ion etched Si compared to Ar-ion
etching. The presence of water vapour in the reactor chamber can result in the
introduction of hydrogen in the Si substrate, which can diffuse to depths several
microns below the surface [84].

The effects of sputter etching damage are easily seen with the very simple yet very
sensitive monitor provided by current-voltage characteristics of metal-semiconductor
contacts made on etched surfaces. As is the case for sputter deposited met:;l-Si
contacts, sputter etching damage causes metal-Si contact barrier heights to decrease on
n-type Si and increase on p-type Si. The relative change in Schottky diode barrier
height is indicative of the concentration of sputter damage. In fact, this damage-
caused barrier height shift at etched Si surfaces is enhanced with increased cathode
biasing voltage or decreased pressure (i.e., with increased bombarding ion energy).
This shift in barrier height is known to occur for ion beam-etched Si [85,86] and
reactive-ion-etched Si [64,87]. Interestingly, it is also found to occur for Ar ion-
implanted Si [88]. Because the effect is independent of etching tool and etching
chemistry and is present in inert gas ion implantation, this barrier height change effect

is attributed to physical damage caused by ion bombardment [87].
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Metallic impurities due to “scrubbing” of the reactor chamber and fixturing have iaeen
found to deposit on reactive ion etched surfaces [73,89,90]. Since residue cleaning
procedures, including RCA cleans, were not able to remove this metallic
contamination, it has been suggested that the metallic permeation could have
premeated (~ 100 A) into silicon during reactive ion etching (RIE) [91]. In general,
the presence of metallic impurities can affect subsequent processing and device
performance. For example, in cases where RIE was done prior to junction formation,
it has been found that high leakage currents are present. These high leakage currents
are believed to be due to stacking faults, which are nucleated and made electrically

active by metallic contaminants from the etching chamber [91].
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Figure 3.7: Sputter yields of low energy (100-600 eV) Ne- (circles) and Ar-ions
(squares).

3.4.3.3 Etch Uniformity

In addition to achieving highly anisotropic etching, plasma reactors are designed to
yield optimum etching uniformity. This uniformity depends on factors such as the

surface morphology of the starting material, the distribution of the Ar ions over the
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substrate surface, the plasma pressure, the presence of metallic impurities on the
surface and the degree of re-deposition of sputtered atoms, amongst others. As pointed
out in section 3.4.1.4, the sputter yield depends on crystal orientation. It is, therefore,
conceivable that when the surface of the substrate prior to sputter etching is rough, the
plasma ions will bombard the latter along different crystallographic directions
resulting in preferential etching. Furthermore, non-uniform distribution of ions on the
surface will also lead to uneven etching. High plasma pressures are desired for higher
etching rates and thus for minimising residual bonding damage. However, when
pressure is increased, the electrode spacing becomes be very small (of the order of 1
cm), and therefore the degree to which the two electrodes are parallel to each other
can have significant effect on the uniformity because of the difference in electric field
from one point to the other. Metallic impurities have different sputter yields than the
substrate and because of their shielding effect will cause non-uniform etching. The

shielding effect is further increased by re-deposited sputtered Si atoms.

3.5 Reactive Ion Etching (RIE)

The unique feature of RIE as compared to physical sputtering lies in the gasification
of substrate at the surface by reactive species generated in the plasma. The
modification of substrate surfaces by bombarding ions significantly increasing the rate
of gas-solid reaction is more important than the nature of the reactive species. This

effect is clearly demonstrated in Figure 3.8. When both Ar and XeF, are used, the etch
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Figure 3.8: Synergistic effect of reactive and non-reactive (Ar) ions yields
an enhanced etch rate. Etch rate of the mixture of gases is much higher than
the sum of the etch rates of the individual components (ref [59]).
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rate becomes much greater than the sum of the individual rates. The higher reactive
ion etching rate results in less residual damage in the semiconductor substrate. Noble
gas species are often mixed with the reactive plasma in low concentrations to, firstly,
reduce the etching rate to achieve higher anisotropy and etch uniformity, and
secondly, to stabilise the plasma thermally. RIE is ion-induced if no etching takes
place in the absence of ions, and it is ion-enhanced if etching can take place in the
absence of ions, but is greatly enhanced by ion bombardment. In either case, the
physical momentum transfer from colliding ions is the initiator for plasma etching.

Table III summarises the etching properties of various RIE techniques.

Table III: Properties of dry etching techniques

TECHNIQUE PRESSURE ETCH SELECTIVITY | rf/dc PROFILE
(mbar) MECHANISM
Downstream 107 -10° chemical excellent rf isotropic
Etching
Barrel Etching 10" -10° chemical excellent rf isotropic
Plasma Etching 10" - 10! chemical good tf isotropic or
(PE) anisotropic
Ion Etching 10°-10" physical poor rf anisotropic
Reactine Ion 10°-10" chemical- good rf isotropic or
Etching (RIE) physical anisotropic
Magnetron Ion 107°-1072 physical poor rf anisotropic
Etching (MIE)
Magnetron 103 -10? chemical- good rf anisotropic
Reactive Ion physical
Etching (MRIE)
Triode Etching 102 - 10 chemical- good f anisotropic
physical
Ion Beam ~10* physical poor de anisotropic
Etching (IBE)
Reactive Ion ~10* chemical- good dc anisotropic
Beam Etching physical
(RIBE)
Chemically ~10* chemical- good de isotropic or
Assisted Ion physical anisotropic
Beam Etching
(CAIBE)
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CHAPTER 4

METAL-SEMICONDUCTOR CONTACTS

Metal-semiconductor contacts had been used as radio wave detectors in the early days
of wireless telegraphy in the form of point contact diodes. After being replaced by
vacuum diodes in the early 1920s, the applications of point contact diodes as
frequency converters and low-level microwave detectors were revived during the
Second World War. Point contact diodes, however, proved to be highly unreliable and
were subsequently replaced by rectifiers obtained by depositing a thin metallic film on
a clean semiconductor surface. Metal-semiconductor contacts or Schottky barrier
diodes (SBDs) now provide an enabling technology for ultra-high frequency
(Terahertz) applications. Unlike conventional p-n junction diodes, SBDs do not
display minority carrier effects such as junction capacitance and reverse recovery
time. This chapter discusses the principles of barrier formation and of current
transport mechanisms over the barrier between a metal contact to an n-type
semiconductor. A similar approach can be used for a metal contact on p-type
semiconductor. Furthermore, details concerning the experimental set-up used to

measure the electrical properties of SBDs are also given.

4.1 Formation of an Ideal Metal-Semiconductor Junction

According to the Schottky-Mott theory [1,2], the potential barrier which arises at a
metal-semiconductor interface results from the difference in work functions of the two
materials. The work function of a metal, ¢,,, is defined as the amount of energy
required to raise an electron from the Fermi level to the vacuum level, ie., an energy
state just outside the metal wherein the electron has zero kinetic energy [Figure
4.1(a)]. The work function has a volume contribution due to potential of the metal
lattice and a surface contribution arising from any surface dipole layers. The
semiconductor work function, ¢,, is defined in a similar way and is a variable quantity

depending on the position of the Fermi level (i.e., doping level) [Figure 4.1(a)].
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Figure 4.1: Electron energy band diagrams of metal contact to n-type
semiconductor with ¢,,> ¢, (a) Neutral materials separated from each other
and (b) thermal equilibrium [M.S. Tyagi, in "Metal-Semiconductor Schottky
Barrier Junctions and Their Applications” (Ed. B.L. Sharma), Plenum Press,
New York, 1984].

Another important parameter which is independent of the semiconductor doping level
is the electron affinity, x,. As seen from Figure 4.1(a), y, is the energy difference of an
electron between the vacuum level and the conduction band edge, and also contains a

surface dipole term. ¢, and 7 are related as follows:

¢s=Xs+§ > (41)

where & is the energy difference between the conduction band and the Fermi level,

and is given by:
E=kTIn(N¢/Np), 4.2)
where £ is the Boltzmann constant, 7 is the temperature in Kelvin, N, is the effective

density of states in the conduction band and N, is the free carrier concentration.

When the metal and semiconductor are brought into intimate contact electrons from
the conduction band of the semiconductor flow into the metal until the Fermi level on
the two sides of the interface coincide. Due to the decrease in free carriers on the
semiconductor side adjacent to the interface, and given that the Fermi level remains

constant throughout under thermal equilibrium, the conduction band edge of the
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semiconductor bends up as depicted in Figure 4.1(b). Consequently, a positively
charged space-charge region of width, w, is formed on the semiconductor side of the
interface, while a thin negatively-charged layer contained within the Thomas-Fermi
screening distance (~0.5 A) from the interface is formed on the metal side. The metal-
semiconductor junction thus formed is similar to the p'-n junction, and the potential

barrier, ¢, also known as the Schottky barrier, is given by (Schottky-Mott theory):

bp=0,—%. 4.3)

It can be seen from the above discussion that the metal-semiconductor junction is
rectifying when ¢,, > ¢,. For an n-type semiconductor, an ohmic contact is formed
when ¢, <¢,. The opposite behaviour is observed in the case of a p-type

semiconductor.

4.1.1 The Depletion Approximation

The exact shape of the potential barrier can be calculated from the charge distribution
within the depletion layer. Assuming the junction is abrupt and the doping level in the
space charge region to be constant and equal to N, (the depletion approximation), the
magnitude of the electric field at a distance, x, from the interface can be obtained from

Gauss' theorem as:

N
E(x)=-L2(w-x) . (4.4)
gs
The magnitude of E increases linearly from 0 at x = w to reach its maximum value of
gNpwle, at the interface (g, being the permittivity of the semiconductor). Taking the
electrostatic potential, V, to be zero within the neutral region of the semiconductor, the

potential at x is given by:

V()= [E(x)dr= —qu?D(w— ). @)

x s

The magnitude of the electrostatic potential, therefore, rises quadratically as the metal
is approached and has a value qNDwz/Zss at the interface. Since V(0) is equal to the

diffusion potential, ¥, the width of the depletion layer, w, can be expressed as:
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2V
W= /_as d (4.6)
gNp

If the total charge per unit area due to uncompensated donors in the depletion region is

(0233-

defined as O, = gNpw, then V, can be written as:

2
Y 4.7)

v, = :
2e sqND

According to Eqn. (4.7), the differential capacitance per unit area is given by:

12
Bl
In the depletion approximation, a reverse biased Schottky barrier diode can be
regarded as a parallel plate capacitor, whereby the depletion layer acts as a dielectric
between the conducting metal and neutral region of the semiconductor. Although the
doping concentration in the depletion layer can be tailored to be constant, the
transition between the space-charge layer and the neutral region of the semiconductor
occurs smoothly over a distance equal to the Debye length, in which the bands bend

by about 3k77q.

4.2 The Generalised Bardeen Model

The Schottky-Mott theory assumed that the semiconductor did not contain any charge
at the surface such that the Fermi level was constant throughout the material [Figure
4.1(a)]. Furthermore, it was assumed that the surface dipole contributions to ¢,, and ¢,
remained unchanged after the metal made contact with the semiconductor. In practice,
the barrier height of covalent semiconductors (e.g., Si and GaAs) is less sensitive to
¢,, as predicted by Eqn. (4.3). Bardeen [3] explained this discrepancy in terms of

localized states at the surface of the semiconductor (Figure 4.2).

The surface of covalently bonded semiconductors are characterised by a disruption in
the periodic structure of the crystal lattice. Dangling bonds at the semiconductor
surface give rise to localized states which, usually, have a continuous distribution of

energy levels in the forbidden gap. These surface states are characterised by a neutral
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Figure 4.2: Electron energy band diagrams on n-type semiconductor with surface
states and a thin interfacial layer. The diagrams show: (a) flat band at the surface,
(b) surface in thermal equilibrium with the bulk, and (c) semiconductor in contact
with metal [M.S. Tyagi, in "Metal-Semiconductor Schottky Barrier Junctions and
Their Applications"” (Ed. B.L. Sharma), Plenum Press, New York, 1984].

level, ¢, wherby all the states below ¢, are filled (donor-type states), while those
above it are empty (acceptor-type). Furthermore, chemical cleaning of the
semiconductor prior to metallization invariably leaves a thin insulating oxide
layer(~20 A) on the surface. The presence of a native oxide layer, adsorbed
contaminants and processing-induced defects (for instance, see Chapter 3 for a
description of sputter deposition and plasma etching-induced damage in Si) will
produce interfacial states and alter their densities [4]. The energy band diagram of a
metal-semiconductor contact with surface states and an interfacial layer of thickness,

d, is illustrated in Figure 4.2(c). In this case, the barrier height can be written as [5]:

03 =Y(0m —x)+(1-YNE; -00) » (4.9)

where
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Y= m , (4.10)
E, is the band gap, €; is the permittivity of the interfacial layer and D, is the density of
interface states per eV per unit area in the band gap. As shown in Figure 4.2(b),
equilibrium is reached when electrons from the semiconductor adjacent to the surface
occupy the states above ¢,. This results in the semiconductor surface becoming
negatively charged together with the formation of a depletion region near to the
surface. When a metal is brought into contact with the semiconductor, charge
exchange takes place between the metal and the semiconductor surface states leaving

the depletion region virtually unperturbed.

It may be observed that ¢ BO tends to the Schottky-Mott limit (¢,, - x) as D, = 0 and to
the so-called Bardeen limit (E, - ¢o) as D; — . In the latter case, the barrier height is

said to be “pinned” by surface states, and becomes essentially independent of ¢,,,.

4.2.1 Electric Field Dependence of the Barrier Height

The flat band barrier height ¢ BO in Eqn. (4.9) is obtained when there is no electric field
in the semiconductor. As discussed above, a linear electric field is present in the
depletion region of the unbiased junction, and this makes the barrier height a function
of the voltage. The zero bias barrier height is, therefore, not equal to the flat band
barrier height. Only two of the dominant causes which make the barrier height depend

on the electric field in the depletion region will be considered here.

Firstly, the presence of an electric field in the semiconductor alters the potential drop

in the interfacial layer. The consequent change in the barrier height can be expressed

as [5]:

bp=0%-aE. ., 4.11)
where
a =—68;—— . (4.12)
€, +q°0D,
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When 8 < 20 A, the difference between ¢ and ¢ BO is insignificant at all forward biases

and also at small reverse biases.

The image force barrier lowering is the second effect which makes the barrier height
depend on the electric field in the depletion region, and occurs even in the absence of
the an interfacial layer. This barrier lowering results from the electric field produced
by an electron moving towards the metal surface. If the electron is at a distance, x,
from the interface, its potential can be calculated by assuming a hypothetical positive
image charge ¢ located at a distance, -x, inside the metal. The Coulombic attraction
between the electron and its image charge is q2/4rrsd(2x)2 and the electron will have a
negative potential energy -qz/ 16mex relative to an electron at infinity. This potential
energy is added to the Schottky barrier energy -gEx to obtain the total energy of the
electron. The magnitude, A¢p, of the barrier lowering of the resultant potential can be

expressed as [6]:

/4
Apg = [q—zNzD—(V,. —V)} , (4.13)
8ne e,
where V; is the built-in potential, V' is the applied voltage and ¢, is the image force
permittivity, which for all practical purposes can be taken as being equal to €, It
should be noted that when the barrier height is measured by a method which does not
require transport of electrons over the barrier (e.g., capacitance-voltage

measurements), the image force lowering of the barrier need not be accounted for.

4.3  Current Transport Mechanisms

The electrical properties of a Schottky diode are determined by the transport

mechanisms across the barrier. The mechanisms by which electrons are transported

across a metal-semiconductor junction under forward bias are:

(a) emission of electrons from the semiconductor over the top of the barrier into
the metal;

(b) quantum-mechanical tunnelling through the barrier;

©) recombination in the depletion region;

(d recombination in the neutral region (hole injection).
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The inverse processes occur under reverse bias. Diodes in which (a) is the dominant
transport mechanism are referred to as near-ideal. The remaining processes cause

departures from ideality.

According to Bethe’s thermionic-emission theory, the assumption is made that the
current-limiting process under forward bias is the transfer of electrons across the
interface. In this case, the Fermi level of the semiconductor is raised relative to that of
the metal, resulting in a decrease in band bending and a decrease in the barrier “seen”
by electrons in the semiconductor. The inverse process under reverse bias is analogous
to thermionic emission from a metal into a vacuum but with the barrier height, ¢,
replacing the metal work function, ¢,,. In near-ideal Schottky diodes fabricated on Si
with doping concentrations in the 10" - 10'7 cm™ range, the dominant mechanism for
reverse bias and small forward bias is thermionic emission. By assuming that the
velocity distribution of the electrons in the conduction band to be Maxwellian, the

current density, J, flowing across the barrier can be written as:

J=A"T? exp(— %?) {exp(‘llc—;) - 1} . (4.14)

A’ is the effective Richardson constant and T the temperature of the junction. For non-
ideal diodes with series resistance, R, and V> 3kT/q, the -current-voltage

characteristics are given by:

q(V - ]Rs)
J=J e 4.15
0 exp{ kT ( )

In Eqn. (4.15) J, is the saturation current density and » the ideality factor. The ideality
factor can be extracted from the experimental J/V characteristic, for V> 3kT/q,

through the relationship:

_ 9 oV
"=k {a(an)} ' (4.16)

The ideality factor was introduced in Eqn. (4.15) to account for the non-ideal

behaviour of manufactured diodes. In order to obtain meaningful values of barrier
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height from current-voltage (I-V) measurements, the ideality factor should be less

than 1.05. The saturation current density, J,, can be expressed as:

Jy=A4'T? exp{—q[i’%f%}} , (4.17)

where ¢z is the zero bias barrier height and Ady is given by Eqn. (4.13). The effective

zero bias barrier height, ¢, = ¢ - Adp.

4.4  Current-Voltage (I-V) and Capacitance-Voltage (C-V) Measurements

The diode parameters », J, and R, can be determined from the characteristic In(J)
versus V curve (i.e., the I-V characteristic curve). A least squares fitting procedure is
applied to the forward bias region (V> 3k7/q) of the graph, and the ideality factor is
extracted using Eqn. (4.16). The value of J, is obtained by extrapolating the linear fit
to V=0 V, while the zero bias barrier height can be calculated from Eqns. (4.17) and
(4.13). The free carrier concentration of the semiconductor material can be extracted

from capacitance-voltage (C-V) measurements.

In C-V measurements, the diode capacitance is measured as a function of applied
reverse bias. When a small, high-frequency (1 MHz) ac voltage of a few mV is
applied to the reverse biased diode, the depletion region capacitance, C, is given by

the relation:

172
C=S €54V p : (4.18)
2(V; +Vg — kT / q)

where S is the electrically active area of the Schottky contact, V; is the applied reverse
bias, and all other symbols have their usual meanings. In Eqn. (4.18) it is assumed that
8 <20 A and that the n-type semiconductor has a uniform donor concentration, Np. A
plot of 1/C* versus Vg gives a straight line with slope 2/8? €,4Np and an intercept on
the voltage axis ¥V = (V; - kT/q). The slope of the line is used to determine the value of
Np and the C-V barrier height, ¢BCV (i.e., the flat band barrier height) can be calculated

from:
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05 =(qVo+&+kT) . (4.19)

If Np is not constant, as shown in Figure 4.3, the differential capacitance method is

used to determine the doping profile. Assuming that a small increase in reverse bias,

N,

g =
g n(x) n(x) = N, (x)
g n(x)

- W ~ |—Aw X
g )
g AQ = gN,(w) Aw
=
3
8

X

Figure 4.3: The charge distribution in the depletion region of a non-uniformly doped
semiconductor (courtesy of Mr. W.E. Meyer).

AVp, increases the width of the depletion layer by Aw, and that the concentration of
free carriers before and after increasing Vj are n,(x) and n,(x), the decrease in majority

carriers per unit area, AQ, can be written as:
AQ = [An(xyx . (4.20)

If Aw is small, the above equation can be simplified to:

AQ =gN D(w)Aw . (4.21)
The increase in the applied voltage can be found by calculating the increase in the

potential at the interface due to the change in charge distribution, yielding:

AVg =gN (wwAw/ € . (4.22)
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Using Eq. (4.8) in conjunction with Eq. (4.22), the free carrier density can be found

from the measured capacitance per unit area:

c? (dC) -
Noy(wy=——|—| . 4.23
p(w) g, \av (4.23)
The barrier height of a Schottky diode can also be calculated from activation energy
measurements. In this case, the forward current, /5, at a fixed forward bias, Vj, is
measured at different temperatures, and a graph of In(//T°) versus 1/T is drawn. This

Arrhenius plot can be expressed as:
Ig ) _ =\ _ 4 [, dct
ln[F) = In(S4 )_E( W-Ve), (4.24)

where 4™ is the experimentally determined value of the Richardson constant and
o™ is the value of the barrier height at 7= 0 K which is extracted from the gradient
of the Arrhenius plot. The intercept at 1/7 = 0 K gives the value s4”. Experimentally
determined values of 4" are significantly smaller than those of A" because the former
include the effect of processes such as phonon scattering and quantum mechanical
tunnelling and reflection. A typical value for A" in Siis 112x10* Am™K™>.

The experimental set-up used to measure the -V and C-V properties of the metal-

semiconductor diodes used in this study is illustrated in Figure 4.4.

TEMPERATURE PROBE
CONTROLLER STATION
e 2
HP 4140B
pA METER § ngOT )?H
. J
N\ ( A
HP 41924 LF
COMPUTER IMPEDANCE
ANALYZER
J \ y,

Figure 4.4: Schematic of the automated station used for the I-V and C-V

measurements in this study (courtesy of Dr. S.A. Goodman,).
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CHAPTER 5

DEEP LEVEL TRANSIENT SPECTROSCOPY

The success of the microelectronics industry relies on the fact that the electrical
conductivity of semiconductor materials can be modified through the controlled
addition of dopant atoms (e.g. P or B for Si) in the lattice. The electrically active
dopant ions introduce either shallow donor (P*) or acceptor (B") electronic states near
the bottom of the conduction band or the top of the valence band. These substitutional
impurities often create optically active defects which can be studied using
luminescence techniques. On the other hand, defects created in semiconductors during
growth and subsequent processing steps are usually non-radiative and introduce levels
in the forbidden gap which lie farther away from the band edges, hence the terms deep
levels or traps. Deep level transient spectroscopy (DLTS) was first introduced by
Lang in 1974 [1,2], and has since emerged as a powerful tool for the electrical
characterization of deep levels in semiconductors. Like any capacitance spectroscopy
technique, DLTS monitors the change in capacitance of the depletion layer of a p-n
junction or Schottky diode as a result of charge transfer between deep levels and the
conduction or valence bands. DLTS yields information about a defect’s thermal
capture and emission rates for electrons and holes, its energy position in the bandgap
and concentration. The discussion to follow will assume the depletion layer of a

Schottky diode on an n-type semiconductor.
5.1 Theoretical aspects

5.1.1 Capture and emission of carriers by trapping centres

The emission and capture processes of carriers to and from the band edges are
demonstrated in Figure 5.1. It can be seen that a deep level can act as an efficient
recombination centre for electrons and holes. The electron and hole capture rates are

given by:
cn =0 p{vp , (5.1)

and
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¢, =6 ,{v,)D , (5.2)

where o, and o, are the defect’s capture cross-sections for capturing electrons and
holes, and » and p are the electron and hole concentrations and (v,) is the thermal

velocity:

W,Y=V3kT /Im" , (5.3)

where m’ is the effective mass of the electron, k is the Boltzmann constant, and 7 is

the temperature in Kelvin.

Er

ep¢ Cp

Ey

Figure 5.1: Thermal capture and emission processes. Ec-Er is the
binding energy for electrons and Ey - Er is the binding energy for holes.
Thermal emission (e,, e,) and capture (c,, c,) rates for elcetrons and holes.

A similar equation can be written for (v,). The thermal emission rate, e, of an electron
trap in an n-type semiconductor is proportional to a Boltzmann factor, exp(-AE/kT),

and can be written as [3]:

e, = SnlnNe exp(— Be- ET) , (54)
g kT

where N, is the effective density of states in the conduction band and AE = E - Ep,
where E. and Ej are the energies of the conduction band and the trap, respectively.
The degenaracy, g, of the deep level can be equated to unity for simplicity. The

parameter, AE, is the Gibbs free energy

Ec.—-E;=AE=AH-TAS , (5.5)
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where AH and AS are the changes in enthalpy and entropy due to the change in charge
state of the deel level. A similar expression to Eq. (5.4) can be written for hole

emission from a defect state to the valence band edge.

5.1.2 Electronic properties or “signature” of defect level

Using the depletion approximation, the depletion layer width of a Schottky diode was
shown to vary with a voltage applied to the diode such that the junction capacitance
was analogous to that of a variable-width parallel plate capacitor. Egs. (4.6) and (4.8)
show that a change in the charge density in the depletion region will result in a
corresponding change in the depletion layer width and thus the junction capacitance is
a direct measure of the total charge. If the concentrations of electrons and holes
trapped at deep levels is changed by the thermal emission of carriers to the appropriate
band edge, this change can be monitored by measuring the variation in the junction
capacitance or capacitance transient at constant applied bias. The magnitude of the
capacitance transient depends on the defect concentration, emission rate and
temperature. Therefore, a study of the emission rate, e,, as a function of temperature,
T, can yield the signature of a defect level, i.e., its capture cross-section, G,, and

activation energy, E.

The capacitance transient due to an electron trap of density Ny, capture cross-section
o, and position E. - E from the conduction band edge, after applying a filling pulse,
V,» to a junction under a quiescent reverse bias, V,, is depicted in Figure 5.2. The
unbiased energy band diagram is illustrated in Figure 5.2(a). When the barrier is
reverse biased [Figure 5.2(b)], the depletion layer has a magnitude, w, which is larger
than for the unbiased junction. If V, is sufficiently large such that the electronic level
of the defect is above the Fermi level, E, of the semiconductor, the former will be
devoid of electrons and said to be empty. During the application of V), the width of
the depletion layer is reduced [Figure 5.2(c)] and the portion of the deep level
previously above Ep is filled with electrons. It is assumed here that the pulse width, ¢,
is large enough to allow for complete filling of the trap states. The quiescent bias is
thereafter restored resulting in electrons from the traps being emitted to the
conduction band [Figure 5.2(d)] with an emission rate given by Eq. (5.4). The

capacitance transient shown in Figure 5.2(e) is obtained by plotting the capacitance of
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Figure 5.2: Energy band diagram and capacitance transient resulting from a
majority carrier pulse [A.R. Leitch, F.D. Auret and J.S. Vermaak, S. Afr. J.

Phys. 7, 83 (1984)].
the Schottky barrier as a function of time # starting with the reverse biased junction.
The characteristic decay time constant, T, of the capacitance transient is related to the

emission rate, e,, by:
e,=1/1 . (5.6)

DLTS is a high frequency (MHz range) junction capacitance technique consisting of
repetitively pulsing a reverse biased Schottky diode and thus generating a series of
capacitance transients with a constant repetition rate. The transients are then detected
by a synchronous detection system [3,4,5]. The lock-in amplifier technique used to
analyse thermal emission transients and the DLTS instrumentation are discussed in
section 5.2. The decay time constant of the emission transient can be varied by
changing the sample temperature, and the output signal is maximised when the

emission rate falls within the “rate window” of the synchronous detection system [2].

A DLTS spectrum is obtained by plotting the output signal as a function of sample

temperature and an electrically active majority carrier trap is observed as a defect peak
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at the temperature corresponding to its thermal emission activation energy. The
temperature of the peak can be shifted by varying the rate window of the synchronous
detector such that the emission rate of the trap can be calculated as a function of
temperature. Assuming that the trap concentrations are small so that the change in
capacitance AC is small compared to the total capacitance C (i.e. AC << (), the
thermal emission capacitance transient decays exponentially. Furthermore, assuming
that the product N(v,) in Eq. (5.4) has a T’ dependence and neglecting the
temperature dependence of c,, the DLTS signature of a majority carrier trap can be
determined from an Arrhenius plot of the ln(T2 e,,'l) versus 1000/7. The activation
energy, E, for electron emission to the conduction band is obtained from the slope of
the Arrhenius plot. In fact, the value, E7, represents the enthalpy of the trap plus any
residual temperature dependence of o, or equivalently the free energy at 7=0K.
Since measurements are usually not done at 0 K, an accurate determination of E; is
possible only when the temperature dependence of the bandgap is known [6]. The
capture cross-section, o, is extracted from the intercept of the plot. Figure 5.3 shows
a typical DLTS spectrum from a 5.4 MeV alpha-particle irradiated n-Si sample and
the inset depicts the Arrhenius plots from which the signature of the prominent defects
were obtained. The defect peaks Ea178 and Ea251 have been identified as the VO
centre and V2=/_, respectively, while Ead45 is the superposition of the VP pair and
Vz"/o [7]. The activation energy of VZ_/O (Ea435) was determined after removing the
VP pair (Ea415) by annealing at 180 °C for 30 minutes. The low energy peaks Ea088
and Ea143 are the C-related metastable defects [8]. In the nomenclature used, “E”
denotes an electron trap, “a‘ indicates that the defect was introduced upon alpha-
particle irradiation, and the number represents the position of the level in meV below

the conduction band.

The electron capture cross section may also be dependent on temperature such as
during non-radiative carrier capture by multiphonon emission (MPE) via lattice
relaxation or through the Auger effect [9]. In these cases, the capture cross-section

takes the form:

G,=0, exp(—AEQo /kT) , (5.7)
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where o, is the capture cross-section extrapolated to 7= oo, and AE,, is the thermal
activation energy of the capture cross-section (i.e. thermal barrier for carrier capture).
The temperature dependence of the capture cross-section can be determined by
plotting In(c,) versus 1/7. The slope of this line gives the value of AE, and the y-
intercept yields the capture cross-section extrapolated to 7' = c. If a deep level exhibits
a temperature-dependent capture cross-section, then its corrected activation energy E,

may be obtained from:

EO = ‘ET - AEOO . (5.8)
4
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i Eod15
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Figure 5.3: Typical DLTS spectrum of 5.4 MeV alpha-particle irradiated n-type Si
containing O and C. The "signatures” of the defects are extracted from the

Arrhenius plots shown in the inset. The second charge state of the divacancy
14 2_/0) can be observed by annealing the VP pair at 180 °C for 30 minutes.
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5.1.3 Defect depth profiling

In the small signal regime (AC << (), the DLTS signal from a defect is directly
related to its concentration. A determination of the defect density, Ny, allows the
defect introduction rate and its spatial distribution to be computed. This defect
property is required in order to assess the extent to which a particular defect can alter
the properties of the semiconductor. Lang [1] proposed that by applying a sufficiently
large filling pulse all the defects in the depletion region could be filled. The density of

a defect, Ny, could simply be calculated using:
Ny =2(AC/C)Np-N,), (5.9)

where AC is the change in capacitance after removing the pulse and (N - N,j) is the
net donor concentration. Since Eq. (5.9) does not take into account the edge region it
usually yields significant underestimation of Ny, especially at low reverse bias
voltages. The edge region is the transition region wherein the deep level lies belovy the
Fermi level. The traps in the edge region are occupied and do not contribute to a
change in capacitance when a filling pulse is applied. The width of the edge region is

given by:

12

2¢(E; - E

7L={——E(TT———F—)} ) (5.10)
q°Np

In this study we have used the “fixed bias-variable pulse” methodology [4] together
with the edge region correction proposed by Zohta and Watanabe [10] to determine
defect concentrations. The fixed bias-variable pulse technique relies on the change in
depletion width when the majority carrier pulse, V), is changed by a small increment,
8V,. The corresponding incremental change in the relative capacitance signal due to

the traps being filled by the pulse increment, 3(AC/C), may be determined using:

A_C _ € NT(x)
5( C)_(qszJ N (5.11)
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where x is the width of the depletion layer during the filling pulse, ¢ is the electronic
charge, and C, w and N are the values of the junction capacitance, width of the
depletion region and ionized shallow level concentration, respectively, corresponding
to the steady-state quiescent bias. N(x) is obtained from C-V measurements. The
depletion region within a distance, x = w - A, below the metal-semiconductor interface
can be probed by applying successively larger increments (multiples of 8V} of V), till
the flat-band condition is reached. Taking into account the influence of carriers in the
edge region an accurate determination of the deep level concentration can be made

using [10]:

2 _ 2
Ny =2(AC/C)N, ("'7‘) -(x” }””J , (5.12)
X X

where A and A, are the widths of the edge region before and after applying the filling
pulse, and x and x, are the depletion region widths before and after pulsing,

respectively.

It must be pointed out that the sensitivity of the junction to trapped charge varies
linearly from zero at the junction (x = 0) to a maximum at the edge of the depletion
region (x =w). Therefore, DLTS cannot be used to measure the trap concentration
close to the metal-semiconductor interface accurately. Furthermore, for large trap
concentrations, the capacitance transients obtained at constant reverse bias are non-

exponential and the above analyses are no longer valid [11].

5.2 DLTS instrumentation

The DLTS spectrometer consists of three main components: a pulse generator to
provide the desired quiescent bias voltages and filling pulses to the diode and a
synchronous pulse to the other instruments, a fast (1 MHz range) capacitance meter to
detect the capacitance transient, and a signal detector to analyse the emission transient
and generate the DLTS spectrum. As discussed in section 5.1.2, the output signal is
maximised when the thermal emission rate matches the “rate window” of the signal
detector. Originally, the rate window was implemented by the double boxcar averager

[1,2] which samples the capacitance transient at two fixed times, ¢, and t,, after the
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trailing edge of the filling pulse. For an exponential capacitance transient, the

normalised DLTS signal is:
S(T) =[C(t;) = C(t;,)]/ AC(0) = exp(—t, / £)[1 — exp(At / 1)] , (5.13)

where AC(0) is the magnitude of the transient at r=0, At=t,-t, and T = l/e,. By
setting the derivative of Eq. (5.13) with respect to T equal to zero, the transient time

constant giving rise to the maximum output may be written as:

=1

=— < .14
Tmax ln(tl /tz) ’ ©.19)

with the signal to noise ratio being proportional to the square root of the gate width
(-1 [2]

An alternative straightforward method of analysing the capacitance transient makes
use of a lock-in amplifier [3,6]. The rate window is set by altering the frequency of the
lock-in amplifier (LIA). One disadvantage of the LIA technique is the excess noise
generated by the capacitance-spike obtained upon application of the filling pulse. The
spike is gated off using a sample and hold circuitry [3] and the resulting capacitance
transient is partially exponential. The LIA response to this transient signal is the
integral of the product of the LIA square-weighting function and the first Fourier
component of the signal. Alternatively, sine and cosine weighting functions can be
used. The DLTS signature of deep levels were extracted by varying the LIA
frequency, f, between 1 Hz and 220 Hz in steps chosen to yield uniformly spaced data

points on the Arrhenius plot of ln(Tz /e,) versus 1000/T.

Figure 5.4 depicts the phase setting for the “bias-pulse phase reference” mode used in
analysing the capacitance transient [6]. In this mode, the lock-in zero crossing is set at
the end of the bias pulse [Figure 5.4 (a) and (c)]. The partially exponential capacitance
transient obtained after a total gate off time, 1, + 1, is illustrated in Figure 5.4(b). The
LIA registers the phase and first Fourier of the partially exponential waveform and the

LIA output can be written as:

Sep = (2Ty /)@, sin(2nt, / Ty) +b, cos(2nt, / T)] (5.15)

exp —
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where a; and b, are the Fourier coefficients of the first Fourier component of the

partially exponential capacitance transient [6] and 7}, = 1/f. The maximum value of the

— -
P-—'. C |7 Before gate~off
1 -
|\ K
\ 1 \, After gate—off
) N AN
| | to-
, ' | .
~Ty/2 0 T/2
. | w(t)
(c) ‘ '
% 5 : t
-To/2 To/2
 ——— -1

Figure 5.4: Phase setting for the "bias-pulse phase reference" mode: (a) filling
pulse of width t, and frequency f =1/T, (b) normalized exponential
capacitance transient before (broken curve) and after gate-off (solid curve); (c)
lock-in amplifier weighting function set in phase with the falling edge of the

filling pulse (ref [5]).

decay time constant, T,,,, iS obtained by setting the derivative of Eq. (5.13) with
respect to T equal to zero. For 1 Hz<f< 220Hz and #,=2¢, (¢,=0.2ms), an

approximate value of 1,,,, can be derived from the expression:
T oo =042/ f . (5.16)

A schematic of the DLTS system used in this study is shown in Figure 5.5. The
sample holder is designed to ensure that the sample is in thermal equilibrium even at

high scan rates and the system allows DLTS scans to be recorded between 20 K and

375 K.
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Figure 5.5: Schematic of the DLTS system used in this study. The shaded blocks
show the main components of the capacitance spectroscopy technique (courtesy of
Dr. S.A. Goodman).
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CHAPTER 6

EXPERIMENTAL DETAILS

6.1 Plasma Processing

The sputter deposition of TiW and Au on n-Si were done in a Leybold-Heraeus Universal
Sputtering Machine at DETEK. The samples were loaded in the main chamber through a
load-lock system, which was then pumped down to 2x10”° mbar. High purity Ar (5N) was
then leaked into the main chamber to a pressure of 5x10 mbar and the plasma ignited
using either dc or rf excitation. Deposition of Au was done in the dc mode by applying a
potential of 400 V on the cathode (top electrode of parallel plate reactor) containing the
Au target. On the other hand, TiW (10%:90% by mass) contacts were deposited in the rf
mode by applying a 13.56 MHz , peak-to-peak voltage of 1.5 KV on the target. In both
cases, the Schottky diodes were deposited through a metal contact mask on the n-Si
substrates which were mounted on the water-cooled anode (bottom plate of reactor).
Calibration runs were conducted to measure the deposition rate prior to each experiment,
and the thickness of the deposited metal contacts were measured afterwards using a step-

profiler (profilometer).

Sputter etching of n-Si substrates were performed in the same system by reversing the
polarity on the two electrodes [Figure 7(b)]. All sputter etching experiments were
conducted in the rf mode with a negative dc bias applied to the substrate holder and with
the top electrode at earth potential. The pressure of the Ar plasma was limited between
1x10™ mbar and 1.2x107 mbar, while the dc bias could be varied between 200 V and
800 V. The sputter deposition and sputter etching processes made use of different

electrodes in order to minimise the effect of metallic contamination.
6.2  Ion Irradiation of n-type Silicon
6.2.1 Low Energy (1 keV) Noble Gas Ion (NGI) Bombardments

The 1 keV He-, Ne-, Ar- and Xe-ion bombardments were done using a PHY-type ion gun

in a Auger system. The ion fluence was varied between 1x10' cm™ and 1x10" cm™ and
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the dose rate was 1x10'' cm™s™ for ion fluences larger than 1x10'2 cm™, and two orders
of magnitude smaller for the lower doses. High purity (5N) noble gas species were fed
into the target chamber when the base pressure was ~1x10"° mbar. The low energy NGI

bombardments were done at a pressure of ~5%10” mbar.
6.2.2 Medium Energy NGI and MeV **Si Implantations

He and Ar ions with energies ranging from 25-150 keV were implanted in n-type Si in a
Varian ion implanter at the Carl and Emily Fuchs Institute for Microelectronis (CEFIM).
The implantations were done to a fluence of ~1x10"° cm™ at room temperature and the
beam current was of the order of 1 nA. The samples were mounted on a rotating sample
holder using a conductive carbon glue which could easily be removed in acetone.

Implantations were conducted at a pressure of ~10"7 mbar.

The high energy Agit implantations (5.4 MeV) were done in a 1.7 MV Tandem ion
implanter at the Australian National University. The n-type Si substrates were implanted
at room temperature to doses between 1x10° cm™ and 2x10'* cm™ using a beam current of
~1x10° nA . Samples were mounted on a rotating Tantalum block using a conductive
silver paint which was removed using acetone prior to metallization. Implantations were

performed at a base pressure of 2x10” mbar.
6.2.3 Electron and Alpha-particle Irradiations

Electron irradiation was done by exposing the epitaxial n-Si layers to a disc-shaped
strontium source (QOSr) which has an activity of 20 mCi. The St radionuclides first decay
to Y with an emission of an 0.5 MeV electron (halflife 28.5 yrs) and then to Zr with the
emission of a 2.3 MeV electron (halflife 64.1 h). The energy distribution of the electrons

is continuous with approximately 70% having an energy above 250 eV [1].

An Am source having an activity of 0.39 nCi and a disc shape of 9.7 mm diameter was
used as a source of high energy alpha-particles. During the decay of *Am to 237Np,
85.5% of the alpha particles are emitted with a sharply defined energy peak at 5.484 MeV,
while 12.3% have an energy of 5.441 MeV and 1.5% have an energy of 5.387 MeV. The
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*'Am can therefore be regarded as a monoenergetic source of 5.4 MeV alpha-particles

[1].
6.3  Schottky Diode Fabrication for Electrical Characterization

The fabrication of Schottky diodes by sputter deposition is described in section 6.1. Metal
contacts were made on the epitaxial sides of sputter-etched and ion-bombarded samples
by resistive evaporation of Au and Pd, through a metal contact mask. The diameter of the
diodes were 0.77 mm and the thicknesses were 1000 A and 3000 A for Pd and Au
contacts, respectively. Prior to metal deposition, the samples were chemically cleaned
using degreasing in boiling trichloroethylene and iso-propanol, followed by rinses in de-
ionised (DI) water (18 MQcm) and etching in a mixture of NH,OH-H,0,-H,0 (1:1:5 by
volume). After rinsing thoroughly in DI water, the native oxide layers were stripped by
immersing in buffered HF for 10-15 s (HF:NH,F in 1:6 by volume). Several other
cleaning procedures were assessed and these are described in Chapter 7. Prior to electrical
characterisation, ohmic contacts were made on the n'-substrates on the samples using an

In-Ga eutectic mixture.
6.4 Electrical Characterizations

Current-voltage (I-V) and capacitance-voltage (C-V) measurements were used to assess
the rectifying properties of the Schottky diodes and to monitor the amount anq type of
damage induced by ion-processing of the epitaxial substrates. The measurements were

made using the automated system illustrated in Figure 4.4.

The electrically active defects introduced by ion-processing of the n-Si samples were
characterised using capacitance deep level transient spectroscopy (DLTS). The activation
energy, Er, and capture cross-section, o,, of the processing-induced defects were
extracted from Arrhenius plots of 1n(7‘2/e) versus 1000/T as described in Chapter 5. The
set-up of the DLTS instrumentation used is illustrated in Figure 5.5. The "fixed bias
variable pulse" methodology, as described in Chapter 5, was employed to determine the
spatial distribution of the electrically active defects below the metal-semiconductor

junction.
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6.5  Optical Characterization of Defects

Optically active defects created during ion-processing on n-Si were studied using
photoluminescence spectroscopy (PL). The photoluminescence analyses were carried on
processed samples without metal contacts. Measurements were taken using the 514 nm
line of an argon-ion laser, a 0.64 um infra red monochromator (resolution 1.4 A), a cooled
germanium detector and conventional lock-in amplifier techniques. Samples were
mounted in a closed cycle helium-cooled cryostat and the temperature could be varied
between 11-295 K. The laser power was fixed at 200 mW and it had a spot size of

approximately 0.2 mm.
6.6  Atomic Force Microscopy (AFM) Measurements

A Park Scientific Autoprobe CP was used in the AFM investigation of the surface
morphology of chemically cleaned samples. Scan sizes of 3 x 3 pmz were recorded using
a 200 um long rectangular cantilever with a force constant of 0.02 Nm™ and a torsion
force constant of 0.008 Nrad™ with an integrated silicon nitride tip. These tips were 3 pm
long of which the sharpened part was 0.2 um and had a pyramidal shape. All the images
were acquired at a scan rate of one line per sec to minimize any artefacts due to piezo-
material creep or feedback response time. The images were acquired automatically and

their processing was done using the software supplied by the manufacturer.
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Effect of Cleaning Procedures on the Quality of Palladium Schottky Barrier
Diodes Fabricated on Epitaxially Grown n-Si

P.N K. Deenapanray,' F.D. Auret,' G. Myburg,1 K.T. Hillie* and C.M. Demanet’

[ Department of Physics, University of Pretoria, Pretoria, 0002, South Africa
2 Department of Physics, University of Transkei, Umtata, 5100, South Africa

1. Introduction

Schottky barrier diodes (SBDs) are extensively used microelectronic devices
for ultra-high frequency applications. Furthermore, SBDs are routinely used in deep
level transient spectroscopy (DLTS) for the electrical characterisation of processing-
induced defects in semiconductor materials. It is, therefore, crucial to fabricate
reliable SBDs with reproducible electrical properties. However, numerous studies
have shown that the quality of metal-semiconductor interfaces are highly dependent
on the substrate cleaning methods [1-3]. Current-voltage (I-V) and capacitance-
voltage (C-V) measurements were used in a systematic study of the effect of eight
cleaning procedures on the eletrical properties of Pd/n-Si contacts. Atomic force
microscopy (AFM) was also employed to study the surface morphology of the
chemically cleaned samples. A correlation between the surface roughness of the
samples and the rectifying properties of the diodes fabricated thereon is made.

2. Experimental

Epitaxially (CVD) grown (111) oriented n-Si samples, doped to 5x10" cm?
with P, and grown on n’-substrates were chemically cleaned using the procedures
outlined in Table I. Circular Pd Schottky contacts of 0.77 mm diameter and 100 nm
thickness were deposited by resistive evaporation on one set of samples. I-V and C-V
measurements were performed using a HP 4140B picoammeter and a HP 4192A
impedance analyzer (1 MHz), respectively. A Park Scientific Autoprobe CP was used
in the AFM investigation of the surface roughness of a second set of samples. The I-
V characteristics were extracted assuming the thermionic-emission theory [4], while
the C-V parameters were obtained from graphs of 1/Cvs V.

3. Results and Discussion _
The rms roughness, R,,,, of a surface was calculated from :

12
2 =2
Roms = {{ ZI(Z,, -2) }/(P—l)} , (1)
p= i .

where z, is the height measurement of pixel p (P pixels in total) and Zis the
arithmetic mean height. The I-V (¢,”") and C-V (¢,"") barrier heights, ideality factor,
n, and current, [, at a reverse bias of 1 V of the SBDs are summarised in Table IL.
The values of R,,, and free carrier concentration, Np, extracted from C-V
measurements are also given in the same table as a function of cleaning procedure.
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Table L. Summary of cleaning procedures.

Number Procedure

WMl (@ @ Immerse in boiling TCE' (=3 min)
(ii) Immerse in boiling iso-propanol (=3min)
(ii))  Three rinses in H,0 (=20 sec each)
b @ Immerse in 5:1:1 H,O:NH,OH:H,0, for 10 min (75-80 °C
(ii) Quench in H,0 for 1 min
(iii) () (iii)
(© @ Immerse in 6:1:1 H,O:HCl: H,0, for 10 min (75-80 °C)

Gi)  Asin (b) ii)-Gii)
(d) ()  Etchin 2:15:5 HF:HNO;:CH;COOH? for 3-4 sec

() (@ i)
(e} (@) Immerse in 1:6 HF:NH.F’ for 5 sec
(i) (a)(iii)
[6)] Dry in N,-flow
WwMm2 (a) As in 1(a) to 1(c)
(b) Immerse in 1:50 HF:H;O‘ for 15 sec
(c) As in 1(a) (iii) and 1(f)

WM3 (a) (i) As in 1(a) to 1(c)
(ii) As in 1(e) and 1(f)

WM4 (i) Asin 1(a) and 1(b)
(ii) Asin 1(d)
(iii) As in 1(b) and I(c)
(iv)  Asin 2(b) and 2(c)

WMS5 ® As in 4(a) ()-(iii}
{ii) Asin 1(e) and 1(f)

WM6 (i) As in 4(a) (i)-(ii)
(ii) Asin 1(b)
(i)  Asin2(b) and 2(c)

WM7 ()  Asin6(a) (D)D)
(i)  Asin3() (i)

WMS i) Asin 4(2) (D
(i)  Asin3(a) (ii)

' TCE: Trichloroethylene HNO; - 70 %; NH,OH - 25 %
2 Planar etch for n(111) Si: =5 pm/min at 25 °C H;0; - 30 %; HC1-37 %

- 3 Si0, etch: ~20 A/sec at 25 °C CH;COOH - 96 % (glacial)
4 Si0, etch: ~10 to 100 nm/min at 25 °C HF -40 %; NH,F-40 %

It can be inferred from these results that a linear relationship exists between I, n and
barrier heights, and R,,,. Diodes fabricated on chemically cleaned surfaces may show
non-ideal properties (n> 1), such that differences, Ag,=g,"" - ¢,"| larger than
0.02 eV (experimental error) cannot solely be attributed to image-force lowering of
the barrier. Values of A4¢, > 0.02 are usually attributed to the presence of donor-type
interfacial states. Consequently, these diodes show poorer rectifying qualities and
yield underestimated values of N, by a factor n due to slope-shifts in the 1/Ctvs V
curves. However, if the effective diode contact area, A‘, is not taken into account
when surface roughness is increased, an overestimated value of Nj is obtained.
Assuming a constant free carrier density, we have normalized the corrected values

86

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(0233—

ND' (ND' =nN, D)‘ with respect to that corresponding to the near-ideal diode obtained
using WM7 [Np (7)], and calculated 4 for the remaining SBDs using:

A =dAx N, IN, (D), 2)
where A = 0.47 mm”. Table IT also summarizes the calculated values of 4~ and ND‘.

Table II. Summary of results. A 10 % error is attributed to Np* and the error in A
is + 0.02 mm’. The untreated sample had a surface roughness of 17 £ 11 A.

Cleaning n 6" | 8" | g | x107 | Npx10© | A4 Ryms (A)

procedure @) | @) | @) | & | (m?) | (mm)
WMI 115 ] 076 [ 073 | 0.03 | 84.5 10.1 0.63 | 16.0+ 10
wWM2 110 | 079 | 0.74 | 0.05 | 342 7.7 0.55 [10.0+4
WM4 1.06 | 0.75 | 0.73 [ 0.02 | 7.0 5.7 0.47 |55+05
WM3 1.05 | 0.80 [ 0.76 | 0.04 | 4.7 7.0 0.52 [3.5+08
WMS5 1.05 | 074 [ 075 [ 0.01 [ 7.8 5.9 0.48 |25+0.5
WM6 1.04 | 077 [ 0.75 | 0.02 | 42 7.6 0.55 [1.5+05
WM7 1.03 | 075 | 0.76 | 0.01 | 3.8 5.6 0.47 [2.0+1
WM3 1.05 | 0.82 | 0.75 | 0.07 | 4.4 6.4 0.50 | 1.0+0.5

The cleaning procedures and corresponding diodes can be evaluated by
classifying them under two groups: (i) group A for WMI, WM2 and WM4
(Ryms > 5 A), and (ii) group B for the remaining procedures (R, <3 A). Group A
diodes had poorer rectifying properties, with reverse currents 20 times larger than
those fabricated on near-atomically flat surfaces. The high etch rate of
HF:HNO;:CH;COOH (planar etch mixture) produced a rough surface (WM1) with a
high density of interfacial states and the corresponding diode was significantly more
leaky. Better quality diodes could be obtained by either omitting the planar etch step
(WM2) or by using a H,0,/NH,OH step just after (WM4-WM?7). Furthermore, the
results shown in Table II reveal that the free carrier density obtained from C-V
measurements can, in our case, be grossly overestimated by 40-80 % when
10 A <R,,,,, due to larger effective areas of contact.

Group B cleaning procedures produced surfaces with roughness less than 3 A,
which yielded near-ideal diodes with n < 1.05. The values of ¢b1 ¥ for the group B
diodes were 0.75-0.76 eV and match the reported values for Pd,Si/n-Si contacts [5].
A close inspection of Table II shows that the effective area of contact cannot be used
to explain fluctuations in Ny* for Schottky diodes fabricated on near-atomically flat
surfaces. The relatively higher values of Ny* obtained using WM3 and WM4 are thus
attributed to higher densities of interfacial states introduced by these cleaning
methods at the Si surface. The presence of higher densities of interfacial states is

reflected in the correspondingly higher values of ¢, (shift in the V-intercept of the

curve 1/C* vs V) and Ag, for these diodes. It can, therefore, be concluded that WM7
introduced the least amount of interfacial states and produced a smooth surface, and
consequently yielded diodes with the best rectifying properties. Although, WM6 and
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WMB8 produced marginally smoother surfaces than WM?7, their corresponding diodes
had slightly inferior ideality factors and higher reverse currents. Moreover, the
relatively higher value of N, attributed to WM6 suggests that the latter also
introduced high densities of interfacial states.

Finally, the following remarks can be made regarding the various cleaning
procedures investigated in this study. A comparison of WM2 and WM3, WM4 and
WMS, and WM6 and WM?7, respectively, reveals that the use of a buffered HF
solution (HF-NH,F) as a final step for native oxide removal results in less rough
surfaces than when using a diluted HF solution (2 % HF). This observation is
consistent with the results by Becker et al [6], who showed using STM that an HF
solution of high pH yielded smoother surfaces on Si(111) than one of lower pH. By
comparing WM4 to WM6 and WMS35 to WM?7, respectively, it is concluded that the
quality of SBDs became marginally poorer when a heavy metal etch step (H,O-HCl-
H,0,) was included.

4. Conclusion
We have used AFM in conjunction with I-V and C-V measurements of Pd/n-

Si diodes to evaluate various cleaning procedures on Si(111). We showed that near-
atomically flat surfaces (R,,, = 1 A) could be obtained starting with a surface with an
average roughness of 17 A. Diodes fabricated on surfaces with roughness larger than
5 A had poorer electrical properties compared to those fabricated on surfaces with
R,ms <3 A. For insance, diodes corresponding to R,,,; = 16 A had reverse currents 20
times larger than those fabricated on a surface with R, = 1 A. Cleaning procedures
which produced near-atomically flat surfaces yielded near-ideal diodes with n <1.05
and I-V barrier heights between 0.75 eV and 0.76 eV. However, cleaning procedures
producing equally smooth surfaces did not yield diodes with similar electrical
properties, and we have attributed this to the different densities of interfacial states
introduced by the chemical procedures. We have unambiguously showed that the free
carrier density can be grossly over-estimated when the surface roughness exceeds 10
A. Buffered HF solutions used for native oxide removal produced smoother surfaces
on Si(111) than diluted HF solutions, and including a heavy metal etch step yielded
diodes with marginally poorer electrical characteristics.
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Abstract: The electronic and annealing properties of the main defects introduced during RF sputter
deposition of TiW and Au contacts on n-Si were investigated using current-voltage (IV) and deep
level transient spectroscopy (DLTS) techniques, combined with isochronal and isothermal annealing,
respectively. It was found that the barrier heights of the sputter deposited diodes were lower than
that of a control diode fabricated using resistive evaporation. Furthermore, the barrier heights of the
sputter deposited diodes were found to decrease with a decrease in the Ar-plasma pressure used.
Sputter deposition of Au and TiW introduced five and four prominent levels below the conduction
band, respectively. No direct evidence could be obtained for the introduction of V,- and VP-centres
during sputtering. The sputter-deposition-induced (SDI) defects may, amongst others, be attributed
to impurities in the Si, and to energetic metal and Ar atoms from the plasma impinging the Si.

I. Introduction
Sputter deposition is a versatile technique used during metallization for the stoichiometric deposition

of compounds and refractery metals on semiconductors. Compared to other deposition techniques
such as resistive evaporation, sputtering also offers the possibility of control over the deposition rate
and better film adhesion to the substrate [1]. During sputter deposition, both the metal contact and
the semiconductor substrate material are subject to bombardment by energetic particles. These
particles include low energy Ar ions from the plasma, neutral Ar atoms which are backscattered from
the target, sputtered metal atoms, energetic electrons, X-rays and photons [2]. The interaction
between these particles and the substrate results in the introduction of donor-type defects [3] at and
close to the metal-semiconductor interface, which modify its barrier height. In addition, the electrical,
optical and structural properties of the semiconductor, and hence the characteristics and performance
of the devices fabricated on them, can be adversely affected. Hence, a reproducible and controlled
introduction of these defects can be used to obtain barrier heights of specific values. Other Schottky
barrier diode (SBD) parameters such as the reverse leakage current and ideality factor, are also
affected by sputter-deposition-induced damage. The extent of this damage depends on the deposition
parameters such as deposition time and rate, sputter mode and bias conditions, as well as gas
pressure and species.

In order to either predict the influence of defects on device characteristics or be able to
successfully use them in any form of defect engineering [4,5], it is essential that their electrical and
structural properties be established. Several electron and hole traps introduced during sputter
deposition on bulk grown Si have been studied using DLTS [6,7]. In this study, SDI defects were
characterised and barrier height changes monitored after the sputter deposition of Au and TiW on
epitaxially grown Si at different plasma pressures in a magnetron-type system.

[1. Experimental

Epitaxially grown (111) oriented n-type Si layers with a free carrier concentration of 6x10" /em’,
grown on n’-substrates, were used in this study. The samples were chemically cleaned after which
circular TiW and Au Schottky contacts of 0.75 mm diameter, and 200 nm and 500 nm thick,
respectively, were sputter-deposited through a metal contact mask in an RF magnetron-type
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sputtering system at plasma pressures of 2x10~, 7x10~, and 2x10” mbar, respectively. For control
purposes, 300 nm thick circular Au contacts were resistively deposited through the same contact
mask. Ohmic contacts were formed on the n'-substrates by using a liquidus In-Ga alloy prior to
diode and defect characterization.

The quality of the SBDs were evaluated by I-V and C-V measurements. The barrier heights
(&) for TiIW diodes were extracted from the log I-V curves by using the Beguwala and Crowell
three-point method [8]. The C-V barrier height (¢,""') was calculated from a graph of 1/C* vs Vg by
using a reverse bias, Vg, of between 0 and 1 V, while the section 1 < Vg <3 V of the same graph
was used to determine the free carrier density. The defects induced during the sputter deposition
process were characterised by deep level transient spectroscopy (DLTS) [9]. The DLTS "signatures”
(energy level, E,, and apparent capture cross-section, ©,) of the defects were determined from DLTS
Arthenius plots of log (e/T?) vs 1/T, where ¢ is the emission rate at a temperature T.

Isochronal annealing of the Au sputter-deposited SBD (7x107 mbar) was performed between 50
and 200°C (in steps of 50°C) in an argon atmosphere for 15 min periods. I-V and C-V measurements
were used to monitor the changes in the non-ideality factor (n) of the diodes and their barrier heights,
and the Si free carrier density. To study the removal rates of two defects, with overlapping DLTS
peaks at approximately 63 K (see section on "Results and discussion"), isothermal annealing
experiments were conducted at 75 °C.

. Results and discussion
A. I-V and C-V results

The I-V barrier heights of the SBDs analyzed were found to be lower than those by the C-V
method. The greater fluctuations observed for C-V than for I-V measurements are explained by the
deviation from linearity of the 1/C* vs Vi curve in the region below 1.0 V reverse bias.[10] Since this
deviation leads to maccuracies in the C-V measurements, the discussion that follows will be based on
the -V results.

Fig. 1 shows the variation of barrier heights (¢s* and ¢, ') as a function of the argon plasma
pressure for Au SBDs. It is observed that ¢ increases from (0.731 = 0.007) eV at a pressure of
2x10” mbar to approximately (0.74 + 0.01) eV at a pressure of 2x10” mbar. In the case of TiW
diodes, the barrier height was (0.54 % 0.01) eV and (0.52 = 0.01) eV at 2x10” and 2x10” mbar,
respectively. Mullins and Brunnschweiler [3] have proposed that sputter damage creates donor-type

traps close to the semiconductor surface which result in the
oce lowering of the I-V barrier height in n-type materal.
Applying the above model to our results reveals that less
ey sputter-deposition induced damage is created when the
sputter pressure is increased. We explain this by noting that
=T - for a given target and plasma, the mean free path is
inversely proportional to the pressure during sputtering.
Hence, the mean free path between collision of the particles
vs P in the plasma and the target atoms will decrease when the
—— op/Vvsp sputter pressure is increased. The particles (mostly
sputtered metal and argon atoms) which bombard the
semiconductor surface in a denser plasma, are less energetic
orel . 1 and therefore create less damage [11].

—l-—-’“"”’* The changes in barrier heights ((th and ¢,°") and non-

I : Cy . . .
072 ideality factor as a function of isochronal annealing

1e-3 18-2
Pressure: P (mbar) temperature are shown in Fig. 2 for a diode deposited at a
Fig. 1 Au/n-Si SBD barrier heights pressure of 7x10° mbar. It is observed that the ¢," and

(I-V and C-V) as a function of argon on"" values follow opposite trends and converge for
plasma pressure.

——

0.80 -
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—— Oy
0.78

Barrier Height: @p, (eV)
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e annealing temperatures up to 150 °C. The I-V barrier
height is found to increase from (0.73 = 0.01) eV before
annealing to (0.76 = 0.01) eV after annealing at 150 °C,
which is close to the value of ¢," = (0.76 % 0.02) eV for
our resistively deposited control sample. As expected,
this increase in ¢, with temperature is characteristic of
damage removal. Furthermore, the free carrier density
was found to increase from its partially compensated
value of 5.1x10" /cm’ after sputter deposition to
approximately 5.9x10" /cm’ after annealing at 150 °C,
which is also indicative of damage recovery during

sl I annealing. However, Fig. 2 also shows that the values of
.L_//J\ op" and 0,7 start to diverge from each other for

070 = pros PP annealing temperatures higher than 200 °C. The sharp
Annealing temperature: T(C) increase in the non-ideality factor shows substantial

Fig. 2 [V and CV barrier heights and non-  degradation of the diode with temperature such that the

ideality factor as a function of annealing  thermionic emission theory used to extract ¢," is no
temperature for a Au sputter deposited diode
at a plasma pressure of 7x10” mbar.

B. DLTS results

Sputter deposition of Au and TiW introduced five and four prominent traps, respectively, below the
conduction band. The electronic properties of these defects are summarised in Tablel. Although we
have determined the electronic properties of the main SDI defects, their structures remain unknown.
To learn more about the structures of SDI defects we have compared them to the primary defects
(most of which have been structurally identified) introduced during high energy alpha-particle
irradiation [12] and those created during low energy Ar-ion bombardment. Fig. 3 shows the DLTS
spectra of RF sputter-induced defects together with the spectra of 1 keV Ar ion bombarded and
5.4 MeV alpha-particle irradiated n-Si. It is observed that EAu2 and ETiW2 are identical to the VO-
complex (A-centre). However, no direct evidence was obtained regarding the possible introduction
of Vy- (V2 and V,;™) and VP-centres during sputter deposition of Au and TiW. It has been
observed that EAu4 is due to the superposition of 2 or more defect peaks which may include both
the V,” and the VP-centre. These overlapping peaks could not be totally separated using different
biases and frequencies, or narrow (20 ns) filling pulses. We are currently conducting further
isochronal annealing studies (above 200 °C) to investigate the presence of the V,™ and VP-centres
after sputter deposition. It can be argued that V,™ could not be detected because of the presence of
stress fields due to extended defects in the region probed by DLTS [13]. EAul was observed to
anneal out at room temperature. Fig. 4 shows the DLTS spectra of the isothermal annealing of EAul
and EAu2 at 75 °C for three successive 10 min periods. In this figure it is demostrated that EAul is
the result of two
overlapping  defects

1.05 |

100 -

0.95 |

090 |

0
Non-ideality factor n

0.85

Barrier Height: @y, (eV)

0.80

longer valid.

Table 1 Electronic properties of the main SDI defects. . o
prop having almost similar
Defect | E, cn (cm?) | Defect Eq Sa (cm?) Defect activation energies.
(Au) (eV) (TIW) (eV) structure We are also con-
EAul | 0.112 | 5.0e-16 | ETIW1 | 0.111 | 55e-16 | Arrelated? ducting  further iso-
EAu2 | 0.172 1.1e-15 ETiW2 | 0.174 | 1.7e-15 VO-centre thermal annealing stu-
Eﬁ:ui 82;3 f-;e*lg o dies to determine the
u . .2e- iW3 | 0.374 2.8e-17 . .
emoval rates of the
EAUS 0.392 3.5e-19 ETiw4 0.449 2.9e-18 ! . >
mam SDI defects.
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measurements confirm that sputter-induced
damage results in a lowering of the barrier
height on n-Si. The barrier height is also
observed to decrease with a decrease in plasma
pressure and this is attributed to an increase in

150 200 250
Temperature (K)

50 100 300
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%0 the mean free path of the plasma particles at

lower pressures. No direct evidence could be
obtained to show the presence of V,- and VP-
centres in our samples. The absence of V,=/-
could be due to the presence of stress fields
caused by the presence of extended defects.
EAu2 and ETiW2 have been identified to be the VO-
complex. Using our Arrhenius diagram, EAul is due to
the overlapping of two defects. An increase in the barrier
height as well as in the free carrier density from its
compensated value after sputter deposition during
isochronal annealing are characteristic of damage
removal. We are currently conducting further annealing
experiments to investigate the presence of V,;-and VP-
centres together with the removal rates of the main SDI

defects.
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ABSTRACT

We have employed current-voltage (IV), capacitance-voltage (CV) and deep level
transient spectroscopy (DLTS) techniques to characterise the defects induced in n-Si during RF
sputter-etching in an Ar plasma. The reverse leakage current, at a bias of 1 V, of the Schottky
barrier diodes fabricated on the etched samples was found to decrease with etch time reaching a
minimum at 6 minutes and thereafter increased. The barrier heights followed the opposite trend.
The plasma processing introduced six prominent deep levels below the conduction band of the
substrate. A comparison with the defects induced during high energy (MeV) alpha-particle,
proton and electron irradiation of the same material revealed that plasma-etching created the VO-
and VP-centres, and V;™’. Some of the remaining sputter-etching-induced (SEI) defects have
tentatively been related to those formed during either 1 keV He- or Ar-ion bombardment.

INTRODUCTION

Plasma processes are versatile techniques which are routinely used for submicron scale
device fabrication. For instance, sputter deposition is used during metallization for the
stoichiometric deposition of compounds and refractory metals on semiconductors. However, it
has been shown that sputter deposition introduces donor-type defects at and close to the metal-
semiconductor interface [1]. Plasma-based dry etching techniques such as sputter etching, ion
beam etching (IBE) and reactive ion etching (RIE), are also used for the anisotropic etching of
semiconductors. These plasma processes also result in lattice damage at and below the
semiconductor surface which alters its electrical, optical and structural properties [2,3]. Little
information on the structure of defects caused by sputter-etching is available [4,5]. The extent of
the sputter-etching damage depends on the etching parameters such as etching time and rate,
etching mode and bias conditions, as well as gas pressure and species. The type and extent of the
sputter-etching induced (SEI) defects as a function of etch time are presented in this paper. To
better understand the structure and electronic properties of the SEI defects we have compared
them to those introduced during high energy (MeV) alpha-particle, proton and electron irradiation
[6], and low energy (1 keV) He- and Ar-ion bombardment of the same material We have also
monitored the barrier heights and reverse leakage currents of the Schottky barrier diodes (SBD)
fabricated on the etched surfaces.

EXPERIMENTAL PROCEDURE

Epitaxially grown (111) oriented n-type Si, doped to 5x10"° cm™ with P, and grown on
n'-substrates were used in this study. The samples were chemically cleaned before being sputter-
etched for 2, 4, 6, 8 and 10 minutes in an rf-excited (13.56 MHz) plasma. The plasma pressure

and dc bias were kept constant at 5x10™ mbar and 400 V, respectively. Circular Pd Schottky
contacts of 0.77 mm diameter and 100 nm thickness, were then resistively deposited on the etched
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samples through a metal contact mask. For control purposes, 100 nm thick Pd contacts were
resistively deposited through the same mask on chemically cleaned but unetched (t = 0 min) Si.
Ohmic contacts were formed on the n”-substrates using a liquidus In-Ga alloy.

[-V and C-V measurements were used to moszitor the quality of the SBDs. The C-V
barrier height ( (bbcv) was calculated from a graph of 1/C? vs VRr by using a reverse bias, Vg, of
between 0 and 1 V. The SEI defects were characterised using deep level transient spectroscopy
(DLTS) [7]. The energy levels, E1, and apparent capture cross-sections, G,, of the defects were
determined from DLTS Arrhenius plots of log(e/TZ) vs 1/T, where e is the emission rate at a
temperature T. The depth profiles were determined using the method of Zotha ef a/ [8].

RESULTS AND DISCUSSION
[-V and C-V results

104 i --g- - bamier height o0 )
i —e— reverse curent The diodes fabricated on the etched samples were found
: 1% to be very leaky at room temperature. Hence, the
= 0} Jors 3 leakage currents at 1 V reverse bias together with their
-3 5~ C-V barrier heights were extracted at 250 K. The high
Z om0 € ideality factors (n > 1.1) of the diodes suggested that the
5 £ current transport mechanism over the barrier was not
3 /4 oss 2 dominated by thermionic emission [9], so that the
g wrl k. g measured [-V barrier heights were not meaningful.
= : 1" a Figure 1 shows that the leakage current decreases with
.I — Joss sputter time to reach its minimum at 6 min, and increases
1oty Ul l thereafter. The diode barrier heights were found to
M S 0.50 follow the opposite trend. It has been proposed by
° Etc;‘ “mz (mh:) " Fonash et a/ {10] that sputter-etching may induce donor
. - levels at and below the Si surface resulting in a lowering
Figare 1: Vaniation of leckage current of barrier height. However, the high carrier

(Ir) at 1 V reverse bias and C-V barri ) .
;;)g;ts (d)b%\,') eofl g:;mky bg: compensation (C-V depth profiles) in the sample etched
diodes (SBD) fabricated on the sputter- for 2 min indicates that sputter-etching introduced

acceptor levels. We have, therefore, accounted for the

etched samples in an Ar plasma at a ) .
pressure of 5x10” mbar and a dc bias changes in the measured barrier heights to be due to the

of 400 V, as a function of time. introduction of a continuous distribution of near-surface

states during etching, which pin the Fermi level in the
band gap. Consequently, the least amount of defects are produced for 6 min etch times, when the
effect of Fermi level pinning is least. This would correspond to a steady state regime proposed by
Hirai ef al [5]. It is speculated that for t > 6 min, the higher doses (constant etch rate) of Ar ions
impinging the exposed surface results in the formation of extended defects and may even
amorphise the sub-surface region. These results are in agreement with the defect depth profiling
studies which are discussed below. The presence of extended defects has been correlated to
baseline skewing of the DLTS spectra corresponding to etch times of 8 and 10 min, respectively,
as has been proposed by Auret et a/ for GaAs [11]. Glancing angle Rutherford backscattering
spectroscopy (RBS) and transmission electron microscopy (TEM) experiments to detect the
presence of amorphous layers in our etched samples are in progress.
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DLTS results

A typical DLTS spectrum for a sputter-etched sample is shown in curve (b) of Fig. 2. The
defects are labelled P1 through to P8, and are identified in the form, for instance EP088 (P1),
where "E" denotes an electron trap, "P" for plasma-etching induced and 088 the position in meV
of the specific level below the conduction band. Three well resolved peaks EP088 (P1), EP143
(P2) and EP454 (P8) were identified, whereas EP183 (P3) and EP310 (P6) could be resolved
only after using filling pulses of narrow widths (ns). Furthermore, the "signature” of P7 (EP326)
was extracted after annealing the etched sample at 260 °C for 30 minutes.

9
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Temperature (K) Figure 3: Comparison of DLTS spectra of
Figure 2: DLTS spectra of epitaxially grown »n-Si epitaxially grown n-Si doped to 5x10"
bombarded with high energy (MeV) electrons [curve (a)], cm” with P. (a) Sputter-etched in an Ar
and sputter-etched in an Ar plasma [curve (b)] using 0.2 plasma at a pressure of 5x1 0® mbar (dc
ms filling pulses. Curves (c) and (d) were obtained using bias of 400 V), (b) bombarded with 1 keV
filling pulse widths of 500 ns and 25 ns, respectively. He ions and (c) 1 keV Ar ions. A lock-in
Curve (e) was obtained after annealing the etched sample amplifier frequency of 46 Hz was used to
at 260 °C. All curves were recorded at a lock-in amplifier extract the data.

frequency of 46 Hz, V,=1V and V, =14V,

Though the SBDs had leaky I-V characteristics, the DLTS results presented here are
reliable because the activation energies of the SEI defects are less than the calculated barrier
height of the most degraded diode (t = 4 min) [12]. To learn more about the structure of the SEI
defects, we compared them with the primary defects induced in Si during high energy (MeV)
electron, proton and alpha-particle irradiation [6,13]. Curve (a) [Fig. 2] shows the DLTS
spectrum of the defects induced in n-Si during irradition with high energy (MeV) electrons. In
addition to VO- and VP-centres, V2=/— and Vz—/o, high energy alpha-particle and proton
irradiation introduced levels at E - 0.08 eV and E; - 0.14 eV. However, no level at E¢ - 0.124 eV
was introduced during high energy proton and alpha-particle irradiation. After annealing the
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electron irradiated sample at 180 °C for 30 minutes, EE124 annealed out and levels at E. - 0.141
eV and E; - 0.085 eV, which have similar electronic "signatures” (activation energy, Et and
apparent capture cross-section, G,) as EP143 and EPO088, respectively, emerged [14]. A
comparison between the SEI defects and primary defects revealed that P3 is electronically the
same as the VO-centre while P8 is the superposition of the VP-centre and A (EP435 resolved
as per curve (e) [Fig. 2]). EP088 and EP143 are tentatively assigned the C;-Cs structure [15].
Note that no direct evidence could be obtained from our results to show the detection of V2=/',
Since Vz—/o is observed after the VP-centre anneals out, the proposal from Svensson ef a/ [16] is
used to argue that the high level of damage induced in our samples results in stress fields which
prevent the complete filling of V2=/",,

During the sputter-etching process, the Si samples were subjected to bombardment by
energetic Ar ions and Ar atoms (energy between 0.4 and 1 keV) from the plasma. In order to
characterise the SEI defects we have compared them with those introduced during 1 keV Ar-ion
bombardment of the same material. In order to establish whether any of the SEI defects are noble
gas species dependent, we have also compared them with defects created by 1 keV He-ion
bombardment. Figure 3 shows the DLTS spectra of defects created during low energy Ar- [curve
(c)] and He-ion [curve (b)] bombardment. From the curves in Fig. 3, P4 is tentatively matched to
EAr201 and EHe203, which have similar "signatures"”. Annealing studies at 350 °C are scheduled
to monitor the annealing of the VO-centre and to resolve P4 if it is indeed similar to
EAr201/EHe203 (anneal out at 500 °C). EP310 could be similar to EAr310 since they have
similar electronic properties. The properties of the SEI defects are summarised in Table L

Table I : Summary of electronic and structural properties of the main SEI defects

Defect P1 P2 P3 P4 P6 P7 P8
Er (meV) 88 143 183 310 326 452
G.(cm®) || 3.7x10° | 5.7x10% | 3.4x108 1.6x107° | 1.5x10% | 4.2x107"
Toea” 54 74 94 158 167 237
X
Similar C-C, C:-C, VO EAr201/ | EAr310? VP +
defects [14] [14] I6] EHe203? vV, [6]

®) peak temperature at a lock-in amplifier frequency of 46 Hz (decay time constant of 9.23 ms).

The peak DLTS signal intensities of the main SEI defects for Vr =1V and Vp = 1.4 V are
plotted as a function of etch time in Fig. 4. It is observed that the intensities of the main defects
reach a minimum in the sample etched for 6 min, and thereafter increase with etch time, which is
in agreement with our I-V and C-V results. The DLTS signal for t = 2 minutes should be treated
with caution because of the high carrier compensation in that sample. This result suggests that a
high concentration of defects are introduced in the samples for t < 6 min, and decrease with time
to reach a minimum at 6 min. The gradual increase in the defect densities for t = 8 min and t = 10
min, respectively, could be due to the creation of extended defects.

Figure 5 shows the depth profiles of P6 as a function of etch time. For the reason already
specified, the depth profile corresponding to an etching time of 2 minutes is not included. The
depth profiles shown here are accurate since the diodes had relatively lower leakage currents and
higher barrier heights at 160 K compared to those at 250 K. A close inspection of Fig. 5 shows
that the depth profiles can be separated into two distint regions - (1) a region labelled A which is
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within a depth of 0.1 um of the metal-semiconductor interface, and (2) a region B starting at a
depth 0.1 um and extending into the semiconductor. Close to the etched surface (region A), the
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Figure 4: Peak DLTS intensity of the prominent Figure 5: Depth profile (constructed from DLTS
SEI defects at V, =1 V and V, = 1.4 V. None of measurements using a lock-in  amplifier
the defects could be observed in the unetched frequency of 46 Hz) of defect P6 introduced in
sample. The data points for t = 2 min are not epitaxially grown n-Si doped to 5x10" cm™ with
meaningful because of the heavy carrier P, during plasma-etching in an Ar plasma at a
compensation in the corresponding etched sample. pressure of 5x10” mbar and a dc bias of 400 V.

concentration of P6, [P6], is a maximum for t = 4 min, and that at 8 min slightly larger than at 6
min as expected. The lower than expected [P6] at t = 10 min is attributed to the presence of
extended defects which resu