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Abstract
Plasm as and ion beam s produced from plasm a are w idely used in the
processing, etching and deposition, of sem iconductor m aterials. In spite of
this, there are m any problem s w ith their use with the m ore delicate, m odern
m aterials, such as the III-Vs, which are dam aged by the high energy ions
created in the plasma.
A novel configuration of a capacitively coupled radio-frequency source was
designed and constructed, to overcome these problems. Such a novel source
was characterised, and was show n to produce a beam of ions of sufficiently
low energy as to avoid causing damage.
The source was used to etch GaAs in both Reactive Ion Beam Etching and
Chemically Assisted Ion Beam Etching configurations, and Schottky diodes
w ere m anufactured on the etched surfaces. Analysis of the characteristics of
the diodes showed that a damage free etch had been achieved.
The grow th of diam ond films by Plasma Assisted Chemical Vapour Deposition
requires a high plasm a density w ith a low ion energy. To achieve this,
comm only microwave plasmas are employed, but there are drawbacks to the
use of m icrow aves, chiefly w ith regard to "scale-up", and also safety. A
developm ent of the novel source used in the early part of this study, led to
m any of the required plasma characteristics but w ithout the drawbacks.
The source was used to grow diam ond films, the first successful diam ond
grow th w ith a capacitive rf source, which were characterised by SEM analysis
and Raman spectroscopy.
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CHAPTER 1: INTRODUCTION

Plasma and ion beam sources are w idely used in m any scientific and
industrial applications, including for the etching and deposition of materials in
sem iconductor device fabrication. Thus these are very im portant tools for the
electronic engineer.
An explanation of the theory of the form ation and characterisation of a
plasm a, w ith and w ithout magnetic confinement, together w ith some of the
practical problems of performing actual characterisations is given in this thesis.
A description of the m ain features of the different types of plasm a sources,
excited by dc electric fields, microwaves and both inductively and capacitively
co u p led radio-frequency fields is given, and the differences in the
characteristics of the plasmas they generate outlined. These differences are
crucial to the success of a given type of source in a particular application.
An account of the historical developm ent of the various designs of ion
beam sources, driven by the requirem ents of the different applications, is
rendered, leading to the designs currently in use for sem iconductor device
fabrication.
A detailed explanation of etching processes is presented. Wet etching
processes, still much in use in device fabrication, are included for comparison,
the shortcom ings of these techniques for state of the art devices being
expounded. Dry etching uses both plasm a sources and ion beam sources.
These include reactive ion etching, by m eans of plasm a etchers, ion beam
etching, reactive ion beam etching and chemically assisted ion beam etching.
The advantages and disadvantages of each technique are explained, in terms of
reproducibility, anisotropy, exact depth of etch, dam age to the substrate etc.
A num ber of deposition processes, including m olecular beam epitaxy,
m etal-organic molecular beam epitaxy and chemical vapour deposition are
described, including plasma-assisted chemical vapour deposition. Again, the
advantages and disadvantages of these different processes are explained, the
possibilities for growing layers of precise thickness, and of extreme purity, or
precise doping levels, for example.
Thus the characteristics of the ideal plasm a and beam source for both
etching and deposition are arrived at, and a possible design of such a source.
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together w ith its im plem entation, the novel source used in this study, is
developed.
The novel source was then carefully characterised, to determ ine how
closely it m et the required specifications of plasma density and ion energy, and
of beam uniform ity and flux. It appeared to meet the specifications very well
indeed.
The source was then used to etch GaAs, a delicate III-V sem iconductor
m aterial, which has very im portant applications in opto-electronics. Two
different etching configurations were em ployed, reactive ion beam etching,
using chlorine as the reactive etchant, and chemically assisted ion beam
etching, using argon to provide the ion beam, with chlorine gas as the chemical
agent. This was to test both the ability of the source to etch safely a sensitive
material, and also to test the robustness of the source w ith reactive gases.
The results of the etching processes were analysed in several ways. The
etch depths were measured, to find the etching rates for both configurations.
The etched samples were examined under a scanning electron microscope, to
d eterm in e the sm oothness of the etched surface, and, using a photolithographically masked sam ple, the anisotropy of the etching process.
Schottky diodes were fabricated on the etched surface, and these diodes were
tested to determ ine the quality of the etched surface. This is a useful
technique, for determ ining surface and underlying dam age. The results of
these tests w ere compared with those from other etching processes, and
show ed that the novel source perform ed etching, on this highly susceptible
surface, w ith far less dam age than any other dry etching system , in fact
virtually dam age -free. This was most encouraging. How ever, there were a
couple of draw-backs too, making the source not quite ideal as an etcher. It
had a tendency to etch its own lining, and thereby to deposit a contamination
layer, (easily rem oved), on the sam ple surface. The presence of this
contamination layer slowed the etch rate considerably.
The source was then used for plasm a assisted chem ical vapour
deposition. The material to be deposited was carbon, in the form of diamond.
The im portance of this material, in particular for electronic applications is
dem onstrated, and the specific conditions for growing thin film diam ond, i.e.
the need for high concentrations of atomic hydrogen, and the theoretical model
of diam ond growth which explains this, together with the various m ethods of
achieving it, are described. The problems w ith finding suitable substrates are
also explained, since a lattice match for hetero-epitaxial grow th is impossible to
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find, and since diam ond grows at the elevated tem perature of -900 °C, this is
further exacerbated by the differences in thermal expansivity. Diamond has a
rem arkably low therm al expansivity. The plasm as from various kinds of
plasm a source, including the novel source, were com pared, and it was found
that the plasm a from the novel source m atched the requirem ents for the
deposition of thin film diamond.
An unusual method of introducing the carbon component to the mainly
hydrogen plasma was tried, utilising the propensity of the source to etch its
lining. A graphitised liner was introduced to the source, and then pure
hydrogen was used as the gas source, so that the hydrogen plasm a could etch
the graphite from the lining, producing the hydrocarbonihydrogen m ixture
that is needed for plasm a-assisted chemical vapour deposition of thin film
diam ond. However, this highly original idea was unsuccessful. Carbon was
indeed deposited as a thin film on the heated silicon substrate, but only in the
form of polycrystalline graphite. The reason for the lack of success was
investigated, by determ ining the final gas com position of the plasm a, by
m eans of a quadrupole mass spectrom eter. It was found that the plasm a
contained far too high a concentration of hydrocarbon, and some of it of too
heavy a type, although the ratio of atomic to m olecular hydrogen was very
high, a good sign for future developments. The self-etching was too efficient.
A more conventional gas mixture, 1% m ethane in hydrogen was used,
with the novel source thoroughly cleaned free of carbon. This was still unusual
in that, of the non-thermal growth techniques, only m icrowave plasm as have
previously been used successfully to grow thin film diam ond. Although good
quality film is grow n this way, the use of m icrow aves has some serious
disadvantages compared with radio-frequency waves. Microwave plasmas are
of generally small dimension, and it is difficult and expensive to scale them up
to large wafer size. Also, microwaves are quite hazardous, and extensive
shielding of the apparatus is required. Radio-frequency fields, on the other
h an d , easily sustain plasm as of very large volum e, and are m uch less
hazardous.
A range of substrate temperatures, and a range of source conditions, i.e.
of gas p ressu re and RF pow er, w ere utilised, and several different
pretreatm ents of the silicon substrate were also used. It is necessary to pretreat
the silicon substrate surface, because otherw ise the serious lattice constant
mismatch makes nucléation very difficult.
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This was excitingly successful, and both crystallites and continuous film
were grown under a number of values of these variable parameters. They were
exam ined under a scanning electron microscope, and also characterised by
Raman spectroscopy, which confirmed that diam ond of very high quality had
been grown. This is the first time that diam ond has been grow n in this way,
using capacitively coupled radio-frequency plasm a-assisted chemical vapour
deposition. It was also found that under conditions of higher RF power input,
the diam ond nucléation layer grow n m im icked that from bias-enhanced
nucléation, a recently discovered m ethod of greatly im proving the quality of
film produced.
Because of the inherent advantages of radio-frequency fields, the
possibility, dem onstrated in this study, of using them to grow this exciting new
material, thin film diamond, could be very im portant in the future.
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CHAPTER 2: PLASMA AND ION BEAM SOURCES

2.1 Production of Plasmas

2.1.1 Historical Background

A plasma is electrically energised m atter in a gaseous state. It consists
of electrically neutral gas molecules, charged particles, ie positive (and maybe
negative) ions and electrons, and photons. Discharges in gases have been
know n and studied since the 19th Century. The first discharges w ere
produced by applying a high voltage across a gas, of order several kilovolts,
which caused an electric field sufficiently strong to ionise som e of the gas
molecules.
In 1927 H ertzberg observed that e-m radiation caused ionisation of
gases, and by the late 1930s several groups were researching high frequency
breakdow n of gases at low pressure.
At the same time, the properties of these gaseous discharges w ere
being investigated, using electrical probe techniques [2.1-2.6], the initial theory
of which was carefully propounded by Mott-Smith and Langm uir in 1926 [2.7].
Langm uir first coined the term 'plasma' for such discharges.

2.1.2 Theoretical Considerations

2.1.2.1 Tem perature considerations

The charged particles in the plasm a move in the presence of electric
and m agnetic fields, apart from their norm al therm al m ovem ent, thus a
plasm a is a conducting medium. Because of their m uch sm aller mass, the
electrons move very much faster than the ions, thus the ions appear to be
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almost stationary to the electrons. So there are similarities betw een plasmas
and solids as conducting media, but also differences. The early theories of
metals assum ed that the "electron gas" behaved like a real gas, ie that the
electrons obeyed Maxwell-Boltzmann statistics. However, we now know that
this was wrong, the electrons in a metal obey Fermi-Dirac statistics. But in a
plasm a the electrons actually do obey Maxwell-Boltzmann statistics [2.7] to a
very good approxim ation, with the proviso that the effective tem perature of
the electrons is very m uch higher than the tem perature of the neutrals and
ions, if the average energy is given in terms of kgT [2.8]. Because the electron
mass is so m uch less than the ions mass, electrons lose virtually none of the
energy they gain from the electric field in eleastic collisions w ith ions or
neutrals. Ions how ever, having a mass equal to that of the neutrals, will
efficiently share any energy they gain with neutrals in collisions. Since there
are m ore neutrals than ions (by several orders of m agnitude), the net energy
gain of the ions is very small, and leads mainly to a relatively small rise in the
tem perature of the gas above room tem perature. The effective tem perature of
the electrons is therefore very much higher (again by orders of m agnitude)
than the gas temperature.

2.1.2.2 Sheath Formation

We now consider w hat happens to an electrically isolated surface in the
plasma. Initially both electrons and ions will strike it w ith charge fluxes, or
current densities, which, from classical kinetic theory will be
je = qrifCfl
4

for electrons, and ji = qma
4

for ions

where c is the mean speed, n is the particle density and q is the charge [2.9].
A plasm a is electrically neutral overall, so, at least initially, rie = ni . However
Ce » C i , so je » j i . Thus, the surface will quickly gain a negative charge,

which will build up until enough electrons are repelled to equalise the charge
fluxes. At this point, since Ce is still much greater than c%, Ui m ust be very much
larger than Mg, ie close to the surface, the ion density is very m uch greater than
the electron density. A region of space charge exists close to the surface. This
region is known as the sheath.
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2.1.2.3 Potentials in a Plasma

(i) Debye Shielding

A round any perturbation in a plasm a there will be a potential, varying
w ith the distance from the perturbation, which can be denoted V(r). To find
the form of V(r), we use Poisson's equation:
-V^<j) = p/£o

( 1)

where p is the charge density.
The plasm a as a whole is electrically neutral, but around a perturbation there
will be a net charge density, pnet^ Then, in spherical co-ordinates, Poisson's
equation becomes

^.2

r dr \

where

dV(r)
dr j

pmt = P~^ ' Pe =

(2 )
£n

- qNe expi-qV/hsTe)

Assum ing that N+, the num ber per unit volume of positive ions equals Ng, the
num ber per unit volume of electrons, and that -qV/kBTe is small

p.., =

- c x p ( - q v / k j , ) ) = qN,.qV!k,T, =

(3 )

Putting this into Poisson's equation
J__d
r^ dr

V(r)

(4)

V(r) = A (qlr) exp(-r/Ao)

(5)

dr

A solution of this equation is

where
= (EokgTe/q^Ne)^/^ is the Debye length, and is of order -0.1m m .
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(6)

(ii) Plasma Potential

Thus, no perturbation extends very far w ithin the plasma, at m ost 2 or
3 Debye lengths, and the bulk plasm a is therefore virtually field-free and
equipotential. This potential is called the plasma potential, Vpi and because of
the presence of the sheath around any surface, including boundary walls,
electrodes, probes, substrates etc., is positive with respect to any of these.
(in) Sheath Potential

Returning to the floating surface refered to in the section on sheath
form ation, the potential reached by the surface w hen the ion and electron
fluxes balance is know n as the floating potential, Vf. Thus, for this surface, the
potential across the sheath is the difference between the floating potential and
the plasma potential [2.10].
V

Vpl

floating
surface

sheath region

plasma

Fig. 2.1(a) Potential across a sheath

(iv) The Pre-sheath and the Bohm Criterion

The boundary between sheath and plasm a is taken to be the plane
where the ion and electron densities are equal, as in the bulk plasma, but it has
been found that the potential at this plane is not the plasm a potential. There is,
between the sheath and the bulk plasma, a quasi-neutral transition region, of
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low electric field, known as the pre-sheath, through which ions are accelerated.
This acceleration is necessary as otherwise the ions w ould not in fact be able to
cross into the space-charge region of the sheath.
x=0

V(0)

boundary
surface ~
+ve space charge
sheath region

quasi-neutral
transition region

plasma

Fig. 2.1(b) Potential across sheath and pre-sheath

In figure 2.1(b), x=0 corresponds to the space-charge sheath boundary with the
plasm a. At x=0, ne(0) = ni(0), that is, there is space charge neutrality.
A ssum ing that the sheath is collisionless, then the ion current qni(x)u(x) is
constant, where u(x) is the ion velocity.
By conservation of energy for the ions:
l/2miu(x)^ = l/2miu(0)^ + q[V(0)-V(x)]

u(x) = fw(Or+ 2q[V(0)-V(x)]^

(7)
1/2

(8)

{'
and

n. (x) = ni(0)u(0)

= n^ (0)

-t- 2q[V(0) - V(x)]V^^^
I

u(x)
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m^uiO)^

^

(9)

By the Boltzmann relation for the electrons:
n^(x) = Mg(0) exp f-q[V(0) - V(x)] %
B^e

But if this is to be a positive space charge region, then
n i (x) > n q(x)

Since

(0) = n ^(0 ) , this means

C

2q[V(0) - V(x)]V^’^

t

miu(O)^

> exp f-q[V(0) - VW]1
^

‘

kgTe

(n )

-*

Squaring and inverting:-

exp(2q[V(0) - V(x)]\

I

k 'r ;

^

J

2q[V(0) - V(x)]
m u (0 )^

If [V(0) - V(x)] « ksT& which is true at the plasm a/sheath boundary, then the
exponential can be expanded to give:
1 + 2q\V(Q) - V(x)}

> 1 + 2q\V(0) - V(x)]

kgTe,

hence

(13)

miu(O)^

(14)

u(0) > (kBTe,lmifll^

In other w ords, the ions must have a minimum, directed velocity tow ards the
sheath of (kBTdmifll^ , to be able to cross into the positive space charge region
of the sheath. This is known as the Bohm criterion. This velocity is acquired in
the pre-sheath region. It is interesting to note that it is the electron tem perature
which enters the Bohm criterion, together with the ion mass [2.33].

19

2.1.2.4 Probe characteristics

The basic technique for investigation of a plasm a is the Langm uir
probe. This consists essentially of a shielded conductor which is inserted into
the plasma. This probe can be biased and the current draw n by it at different
voltages constitutes the probe I-V characteristics, from w hich the plasm a
param eters m ay in theory be derived. H ow ever, interpretation of these
characteristics depends strongly on the model used.
(i) Electron current

For a planar probe (since this was the type of probe used to characterise
the plasm a of the novel source. Chapter 4), biased near the plasm a potential,
m ost of the current collected will be electron current, because the ion mass is
so much greater than the electron mass. If the electrons have a Maxwellian
distribution function:
f(v) =

Mg

/ me

exp T - / m ^ ^ \ 1

L

(15)

/ J

The electron current per unit area to a planar probe biased at V
calculated by taking the integral:

can be

i e = ? J f (v) v^dv^dvydv^

^min

-Vp) 1

L

Vp< Vpi

J
(17)

1 e

=

Vp>

^ e

where fg* = AneCjikBTjlTrme)'^!^
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Vpl

and where Vpi is the plasma potential, and A the effective probe area. Ig is the
electron saturation current.

P
Fig. 2.2(a) Ideal electron current probe characteristics

For such a Maxwellian distribution function, it follows that a plot of In/g
against Vp should be linear, up to Vp = Vpi, with a slope of (q/kuTe) from which
Tg m ay be found. Also, the potential at which the electron current reaches
saturation should give the plasma potential. The value of this saturation
current, with the electron temperature already found, then yields the plasm a
density, rig.
(ii) Ion Current

It is only valid to replace electrons with ions in the above discussion if
the ion tem perature is comparable with the electron tem perature, so in the
plasmas being described here, the ion saturation current is the Bohm current.
This was given in section 2.1.2.3 (iv) as qni(0)u(0), where ni(0) is the ion density
at the sheath boundary, and u(0) is the Bohm velocity. But we need to know
the value of
The ions acquire their velocity by being accelerated across
the pre-sheath. This implies that there is a potential drop across the pre
sheath, designated V(0) in figure 2.1(b), with respect to the plasm a potential.
(18)

Therefore
V(0) = m m(0)^ = mik
2q

2qmi
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=

jcsTg
2q

(19)

By the Boltzmann relation, the electron density, ne(0) at the sheath boundary is
given by
Mg (0) = Mg exp p ^KQj 1

UgTg J
= Mg exp [-1/2]
(20)

= O .Ô M g

But ne(0) = rii(0), so the ion flux is given by ni0)u(0) = 0.6rieu(0)
Thus the ion saturation current is
1 * = 0 .6 n iq A (k B T e lm i)'^ /^

(21 )

(in) Probe I-V Characteristics

Fig. 2 2 Typical I-V characteristics for a Langmuir probe

The ion current m ust be added to the electron current to give the
complete probe characteristics, shown in figure 2.2(b).
Section C - ion saturation current
Section A - electron saturation current
Section B - m ostly electron current, and by extrapolating C the ionic
contribution may be removed.
All electron currents m easured at Vp<Vpi m ust be m easured w ith
respect to the ion current, !{*, rather than zero current.
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Sometimes the experimentally derived In Ip-Vp plot may look like this:-

Fig. 2.3 Log plot of probe characteristics show ing two electron populations

indicating tw o populations of electrons at different tem peratures. This is
probably due to the presence of secondary electrons.

2.1.2.5 With Magnetic Field

Although this all seems quite straightforw ard, it does not take into
account effects on the plasma due to m agnetic fields, and the plasm a is
assumed to be formed by a dc discharge. The main difference is that now the
velocity distribution is no longer isotropic, since charged particles will spiral
round magnetic field lines [2.11].
When a magnetic field is applied, the m ost noticeable effect is that the
saturation electron current is much less than in the absence of a magnetic field.
If the field is not too large, the ion current is basically unaffected. The criterion
is that the Larmor radius is large compared with the probe. The Larmor radius
is given by:
1
1 f 2mV
/y = ----------

with energy in eV

(22)

For an ion vu -1.9m in a field of lO'^T, so the ion current is virtually
unaffected. But for an electron in the same field, rpe -1m m , so the criterion
breaks down.
The effect of the field is to reduce the diffusion rate of electrons
perpendicular to the field lines [2.9].
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The usual diffusion coefficient D, given by kinetic theory is A.v/3 where
X is the mean free path and v the average speed. In a magnetic field D± =
D/(1+cc)2t2) where O) is the cyclotron frequency (qB/m), and x the mean collision
time. Again in a field of lO'^T, cox for electrons is >10^ so D± is much less than
D, but for ions co is decreased by (m/M) while x is increased by
gg
co^x^ is decreased by (m/M) which is a factor of at least 10^. Thus
for ions is
almost the same as D.
The presence of a magnetic field does not affect therm odynam ic
equilibrium, so the slope of the section B of the characteristic will still give the
electron temperature. As we have seen, part C, the ion current section will be
affected very little unless the field is very strong, but part A, the electron
saturation current will be greatly affected, thus finding the value of Vpi , the
plasma potential will be difficult.
Firstly, imagine a surface A around the probe, within which there are
no collisions. In the absence of a magnetic field this would be approximately a
sphere of radius X, the mean free path. In the presence of a magnetic field this
surface will be distorted. Along the direction of the field the mean free path is
still X, but perpendicular to it, it will be r^, the Larmor radius.
r,

robe 1

Fig. 2.4 The sheath in a magnetic field

The exact shape of A is not important.
In the region outside A, collision-dominated equations m ust be used,
also, current is conserved. The electron current is given by:
(23)
where D, the diffusion coefficient and \i, the mobility are diagonal matrices
j = -qD.Vn + nqfJ, ,V V
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0

D,
D= 0

V

D,
0

0

0'
0
D.J

f

1^1 0
l^ = 0 1^1
0
0
V

0^
0

If we assume neutrality in the exterior region, Ug = rij = noexpi-qV/hsTi)

so

vv

Vn —n
\

J

By Einstein's relation for classical diffusion, assum ed still to be valid,
qD
=

Putting these into equation (22) gives

j = —qD.Wn

(24)

Since the entire theory is only valid if T g»T j this approximates to
(25)

j = -qD .V n

The probe current is found by integrating j over the surface A. This gives
I = AK^D^DC(n,Q

In fairly strong fields

(26)

no » « A / s o

/ = 47C-^D^DCno

(27)

where C is the capacitance of the surface A
Putting D = A V /3
(28)

But the capacitance of the surface A, assum ed to be a spheroid, is numerically
close to a , the radius of the probe, so approximately
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J

_

^qV

P

3

a

1

1^ 1

(29)

D

Thus / varies only as VDj_, if one could be sure where on the characteristics to
take 1.

2.1.2.6 R.F. Plasmas

(i) Sheath Formation and Self-bias
A rf excited plasma is different from a dc plasm a in a num ber of ways.

One complication is that, due to the high m obikity of the electrons, they can
respond instantaneously to the changing fields, whilst the m uch more massive
ions do not, so the actual thickness of the sheath changes during a cycle. In
other words, the edge of the sheath oscillates. Electrons in the discharge gain
energy by collision with this oscillating sheath edge [2.9].
V

0

Fig. 2.5(a) Generator voltage wave-form

V

0
dc offset or
self-bias

Fig. 2.5(b) Voltage wave-form at substrate surface
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On a non-conducting or isolated surface, such as a substrate, in an ac
discharge, to equalise the total charge fluxes per cycle, due once again to the
very m uch higher mobility of the electrons, a perm anent negative bias quickly
builds up, so that the portion of the cycle during which electrons flow is very
short com pared with the portion of the cycle during which ions flow. This
negative self-bias or dc off-set also m eans that the surface is bom barded by
quite high-energy ions throughout m ost of the cycle.
It can be seen from figure 2.5 that the self-bias is nearly equal to half the
peak-to-peak applied voltage. H ow ever, not all the ions which reach the
surface will have the same energy. In the dc case it was assum ed that the
sheath was collisionless, but in the case of rf this is far from so. The high value
of the self-bias means that sheaths are, on average, much thicker than in the dc
case. The ions are therefore m ore likely to suffer collisions and charge
exchange. The energy spread depends very strongly on the num ber of cycles
the ion spends crossing the sheath. If the frequency is very low, then the ion
will be able to respond to the phase of the varying sheath voltage, and a very
large spread of im pact energies will result. If the time taken for the ion to
cross the sheath becom es several cycles of the voltage, this response
disappears. Thus the energy spread shows an inverse dependence on the ratio
between the ion's transit time of the sheath and the rf period, R [2.9]. This
ratio, R, can be increased by increasing the rf frequency (reducing the period),
by increasing the thickness of the sheath (by changing the pressure), or
increasing the mass of the ion (decreasing its velocity). These theoretical
predictions have been confirmed by a num ber of groups [2.14,2.35-36].

(ii) Plasma Potential

Since the sheath edge and sheath potential are oscillating, it follows
that the plasm a potential is also m odulated. Standard probe techniques can
only m easure an average value for the plasm a potential, and due to stray
capacitances, this may not even be correct. Several designs of compensating
probes have been suggested [2.39-2.40], but are still largely experimental. It
does how ever mean that interpretation of probe characteristics is even more
difficult.
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(in) Matching Networks

The p urpose of the m atching netw ork is to m axim ise the pow er
dissipation in the plasma.
For a dc circuit, the m axim um pow er dissipation in the load is found
when the resistance of the load is equal to the internal resistance of the power
supply. In the ac case, if the pow er supply has an internal im pedance of
Z=r+is, then the m axim um pow er transfer will occur for a load of impedance
Z'=r-is, the conjugate im pedance being required to ensure the resultant is
purely resistive. In practice, generators have a purely resistive impedance, so
a variable reactance is introduced to the circuit to provide the conjugate
reactance to that of the load (the plasm a). For a capacitive source, the
m atching unit will be largely capacitive.

r

plasma
chamber

0

J
Fig, 2.6 Typical rf matching network
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2.1.3

Present-day Plasma Sources

Plasmas can be produced by both dc and ac excitation. There are three
m ain types of ac excitation, directly coupled e-m w aves at m icrow ave
frequencies, inductively coupled and capacitively coupled fields at radio
frequencies.

2.1.3.1 DC Plasma Sources

There are m any possible configurations for dc plasm a sources. All
m ust include the two electrodes, cathode and anode, across which the
potential is developed. Most designs use a central cathode w ith the anode as
a cage surrounding it. There are m any variations in both shape and material
for both electrodes, depending on the gas to be used, and the specific
application.
DC plasmas are now commonly used in sputtering m agnetrons, most
probably because of their extreme simplicity of operation. Potentials of a few
h u n d red volts are used, together w ith an external m agnetic field of a few
h u n d red gauss, to trap the electrons and thus enhance the plasm a density.
Such plasm as have a density of charged particles of order lO^O cm"^, at
pressures of order lO'^mbar [2.12,2.13]. This is a rather low density plasma.

2.1.3.2 Microwaves

To excite a plasm a with microwaves, microwave pow er (commonly at a
frequency of 2.45GHz) is passed from an antenna, via a w aveguide to the
plasm a chamber, w here a resonant standing wave is form ed by adjusting the
dimensions of the chamber with a plunger. The electric field component of the
e-m wave then accelerates any free electrons to give them sufficient energy to
ionise a n d /o r excite molecules of the gas, thus producing the plasm a, as
shown in figure 2.7. To initiate the plasma, a few electrons m ust be extracted
from somewhere. The volume over which the electric field is strong enough to
do this is only a few centimetres diam eter for microwaves in the cavity, and
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does not ideally extend to the walls (a potential source of electrons), thus
microwave plasmas are often difficult to initiate.
gas in
silica or quartz
waveguide

plunger
antenna

to pum p

plasm a

Fig. 2.7 Schematic of typical microwave system

The small dimensions of the strong field region means that the plasma formed
is of a limited volume, often in the form of a "plasma ball".
Because the plasma is concentrated by the resonant field, contact with
the walls is slight, and electron losses to surroundings are fairly small. Thus
within the plasma volume, the plasma density can be very high [2.14], as much
as 3 X 10^1 cm‘3, at a pressure of 10"'^ mbar.

2.1.3.3 Capacitively Coupled Radio-frequency

C apacitively coupled rf plasm as are frequently used for etching,
particularly of silicon. Such plasma etchers usually consist of two parallel
plate electrodes, one pow ered the other earthed, with the plasma formed
between them. The substrate to be etched is usually attached to one of the
electrodes.
An alternating voltage is applied to the pow ered electrode,
producing an oscillating electric field in the space between, as shown in figure
2.8. The frequency of oscillation is very high, 13.56MHz as standard, but as
the wavelength of this frequency is large compared with chamber dimensions,
the field can be considered uniform and alternating. Powers of a few hundred
watts can produce dense plasmas of large volume, of order lO^^cm-^, but high
voltages develop across the sheath boundaries of capacitively formed plasmas
[2.15].
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impedance m atching unit

in
electrodes
plasm a

to pum p
Fig. 2.8 Schematic of typical capacitive system.

These high voltages can lead to sputtering of the electrodes and chamber
walls (causing contamination of the plasma) and to damage of any growing
film since the substrate normally forms one of the electrodes. It has been
shown [2.16] that a magnetic field, parallel to the surface of the electrodes will
reduce the electron loss, increasing the plasma density, and reduce the sheath
potential through the reduction in electron mobility, which allows equilibrium
between electrons and ions at a lower potential. Alternative electrode designs
and the incorporation of magnets may therefore enable these shortcomings to
be reduced. This is discussed further in a later chapter.

. .3.4 Inductively Coupled Radio-frequency

2 1

Inductive rf sources come in a num ber of forms, but the most common
uses a helical coil surrounding a chamber, usually pyrex or quartz, which
contains the gas to be energised. RF alternating current is passed through the
coil, so that the chamber is within an axial alternating magnetic field. This in
turn induces an azimuthal alternating electric field, forming closed loops, in
the chamber volume as is shown in figure 2.9.
The potential difference across the coil can also cause capacitive field
effects within the chamber, and indeed it is believed that it is the capacitive
field which ignites the plasm a [2.17]. Sometimes the cham ber may be
surrounded by a split Faraday shield to minimise these effects. Only at high
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powers, of the order of kilowatts, does the discharge become predom inantly
inductive.

gas in

silica or quartz
im pedance
tuning
inductive coil

B

plasm a

'Ï

to pump
Fig. 2.9 Schematic of typical inductive system

The main advantage of an inductive discharge is the lower sheath
voltage and hence reduced sputtering and contamination. However, losses in
the inductive circuitry, which may amount to 90%, mean that inductive rf
sources are inefficient [2.17].
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2.2 Ion Beam Sources

Although plasma sources are neeeded in their own right, for the processing
of materials of m any types, plasmas are also needed as the starting point for
other instruments. In particular, plasmas form the basis for ion beam sources
w here the source material is a gas.
Ion beams were first investigated at the turn of the century, and the first
ion beam source was built by J. J. Thomson in 1910 [2.18]. To create an ion
beam, firstly the source material, usually (but not necessarily) a gas, m ust be
ionised, and then the ions formed m ust be directed into a beam. Here, only ion
beam sources for gases will be considered.
The earliest ion beam sources used high voltage discharges to ionise the
gas, and another high voltage to accelerate the ions in the required direction.
Thomson's ion beam source produced ions w ith a large energy spread, making
collimation of the beam difficult, the discharge was not very stable, and rather
a low percentage of the gas molecules were ionised.
By the 1930's, the design had been im proved, and stable arc-discharge
plasm a ion beam sources were being used, to provide ions for use w ith
accelerators in nuclear physics experiments.
A typical source was the design by Allison [2.19], installed in 1940 on the
400kV Cockroft-W alton kevatron for nuclear disintegration experiments. It
used a cathode heated by 24A and an anode voltage of 72V to produce the arc
discharge, and an extraction voltage which could be varied between IkV and
5kV, producing a beam current of up to 2mA.
To im prove the ionising efficiency, the path of the electrons w ithin the
discharge chamber should be lengthened. Two m ethods were tried, both in
the late 1940's, (i) applying a magnetic field to the discharge chamber, and
(ii) exciting the discharge w ith a high frequency power source.
These two development directions will be considered separately.
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2.2.1 Arc Discharge Ion Beam Sources in a Magnetic Field

There have been several variations on this them e, hom ogeneous or
inhom ogeneous magnetic field, w ith and w ithout forced oscillations of the
electrons, heated or cold cathode.

2.2.1.1 Homogeneous Field

The earliest such source used a solenoid surrounding the anode chamber
[2.20], which provided a hom ogeneous axial m agnetic field. An exciting
voltage of 250V was needed and it employed an extraction voltage of 3-5kV.
The path of the electrons is lengthened as they travel in spirals around the
m agnetic field, thereby much increasing their chances of causing ionisation.
The ions are extracted through a slit in the anode, a very common design,
producing a narrow, high intensity beam, again for high energy applications.

2.2.1.2 Inhomogeneous Field

The next im provem ent in design, was the inhom ogeneous magnetic field,
the so-called duoplasm atron [2 .2 1 ].
The plasm a is focused towards the anode by a cone-shaped interm ediate
electrode, m ade of soft iron. The anode support is also m ade of soft iron, and
these iron electrodes are m agnetised by the field of the large coils, so the
m agnetic field is very strong close to the anode. The beam is again extracted
through a slit in the tungsten anode. The highest concentration of ions is
obtained near to the extraction slit. This ion beam source operated in the
pressure range 5x10"^ Torr to 8x10"^ Torr with an extraction voltage of 20kV to
60kV. 92% of the gas is ionised in the environm ent of the slit.
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2.2.1.3 The Anti-cathode

To make the path-length of the electrons w ithin the plasm a even longer
than magnetic confinement alone, the anti-cathode was introduced. This is
another negative electrode, placed beyond the anode, and biased usually
-+10V with respect to the emitting cathode, which reflects the electrons back
into the ionisation chamber. This causes the electrons to oscillate between the
tw o cathodes, the em itting, usually hot, cathode, and the reflecting, cold,
cathode. An anti-cathode design was also tried w ith the duoplasm atron type
of magnetic field.

. . .4 The Cold Cathode

2 2 1

The main problem with all heated cathode arc-discharge ion beam sources
is the short lifetime of the hot emitting cathode. One attem pt to im prove the
cathode lifetime was to use a cold cathode.
There were two m ain designs, both using the Penning-type electrode
configuration, w ith two cathodes, and the anode betw een them, generally
know n as PIG (Penning Ion Gauge) configuration. W ith no heating of the
cathode, a m uch higher discharge voltage is needed, several kV, the exact
value depending on the material of the cathode.
The first design used axial extraction of the beam , as w ith the previous
sources, but later versions used transverse extraction of the beam, ie extracting
the beam from near the centre of the plasm a, in a direction norm al to the
magnetic field, from where the ion density was found to be greater. These
sources also used a lower extraction voltage, 16kV.
In 1967, Abdelaziz and Ghander [2.22] developed a PIG type of ion source
with the anti-cathode in the form of a grid, allowing a broad beam of relatively
low energy, a few kV to be extracted.
This reduction in beam energy, w ithout sacrifice of beam intensity has
been the long term trend as new uses for ion beams, other than high energy
Physics have been found.
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2.2.2 Broad Beam Sources

With the growth of the semiconductor industry from the 1970's, ion beam
sources for etching and deposition were developed, which attem pted to meet
specifications for broad uniform beams of high intensity but w ith energy low
enough to avoid dam aging the semiconductor material. The standard size of a
Silicon wafer is 15cm diameter, and it is therefore necessary to have a beam of
uniform intensity over this area at least.
N arrow , higher energy (but still m uch lower than the earliest sources)
beams are used for ion implantation, to dope small regions of a semiconductor
w afer, any dam age induced being subsequently annealed out, b u t this
d am ag e/an n eal cycle cannot be repeated too often, as it induces diffusion
which means loss of definition of internal structure.
The first type of broad, low energy ion beam source used an axial magnetic
field to confine the electrons, a hot filament cathode inside the chamber, the
walls of the chamber as the anode, and extraction grids [2.23] and is illustrated
in Fig. 2.8.

Gas in

Anode
Screen
grid
cathode

□
□

Ion Beam
Accelerator
grid

Fig. 2.8 Axial field discharge chamber with two-grid ion optics. The magnet
or magnetic winding required to produce the magnetic field is not shown.

Such a m agnetic field though does not produce a sufficiently uniform
beam.
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Gas in
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Ion Beam

Accelerator

cathode

Fig. 2.9 Multipole discharge chamber. The magnets betw een the pole
pieces that are required to produce the magnetic field are not shown.

A new design, since much used, developed in the 1970's [2.24], used a
multipole, cusped magnetic field, which is confined mostly to the region of the
walls of the chamber, thus still keeping the electrons aw ay from the walls
(where they w ould be lost) and in the plasm a, inducing ionisations, but
leaving the central region of the plasma virtually field free.
This is illustrated in Fig. 2.9. This type of source uses a discharge voltage of
50V and accelerating voltage of 500V, giving a beam current density of
1 mA/cm^.

2.2.3 Theory of Beam Extraction

The theory behind these designs [2.23], of the so-called Kaufman-type ion
beam sources is based on Child's Law:

j = (4eol9)(2elm)^i^V^i^ ir
where j - maximum current density between planes
V - p.d. between planes
/ - spacing between planes
e/m - charge to mass ratio of particles em itted w ith negligible velocity at
one of the planes.
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2.2.3.1 With two grids

accelerator grid

screen grid

4

\
+

t

beam divergence a j /2

\
Fig. 2.10 Schematic of grid geometry

For this approximation, V t, the total voltage drop between grids is used for V ,
and the diagonal dimension le is used for I . The hole diam eters ds and da
should be about equal. From Child's Law above, it can be seen that the current
density varies inversely as / ^. If all the dimensions are varied in proportion,
the extraction area of the aperture varies directly as /
Total current is the
product of current density and extraction area, and is hence independent of
aperture size. The extraction current is thus maximised by using m any small
apertures (the grid). However, it has been found experimentally that current
density increasingly falls below Child's Law as the screen hole diam eter is
decreased below ~ 2 mm.
By Child's Law, the maximum extracted current varies as l / f . Thus for
lower ion energies, this two grid ion optics gives low current densities.
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2.33.2 Three grids

A third, grounded, grid can be added after the accelerator grid. This acts as
a decelerator grid. Thus Vt can be 2000V, giving a high beam current, whilst
the overall net voltage could be only 600V. This ion optics also reduces beam
divergence.

2.3.3 3 One grid

This configuration is particularly well suited to low ion energies and high
ion current density. W ith a low plasm a density, the ions follow essentially
straight line paths and the fraction transm itted corresponds closely to the
open-area fraction of the grid. How ever, the grid is rapidly eroded by ion
impingement.
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Fig. 2.11 Comparison of gridded optics designs. Beam profile effects not included.
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2.33.4 Focusing

There are two major m ethods of focusing ion beams:
(i) Transverse aperture displacement, which is difficult w ith three grids, and of
course impossible with only one. This is used mainly to keep the beam from
diverging, it cannot alter the actual direction of the beamlet very much.
(ii) Grid curvature , which can be used on any grid ion optics. As an example,
with grids as segments of concentric spheres and the apertures aligned along
radii, considerable beam let deflection is possible. In one system, a beam of
diam eter 6.5cm was focused to 2.5cm by two spherical grids, and the current
density increased by 6 times. However, curvature of grids is very tricky, and
the grids can become very delicate. The problem of erosion also still exists.

2.2.4 High Frequency Ion Sources

One of the m ain problems w ith arc discharge ion sources is the frailty of
the cathode, particularly if the source is to be used w ith reactive gases.
High frequency, either m icrowave or radio-frequency discharges do not
use a cathode, so they do not have this problem . This m akes them very
suitable for reactive gas plasmas.

2.2.4.1 Inductively Coupled RF Sources

The first radio-frequency ion source was m ade by Bayley and W ard in
1948, and a m uch improved and more reliable design was built by Thonemann
et al in 1949 at Oxford [2.25].
It was inductively coupled, with a coil around the outside of the discharge
chamber, through which a 20MFIz, 150W signal was sent. Its purpose was to
provide protons a n d /o r douterons for an accelerator, (the usual purpose of ion
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beam sources at this time) and used an extraction voltage of several kV,
producing a beam current of 0.5mA.
Rf ion sources continued to be used as producers of ions for accelerators, as
their ionising efficiency is high and they are reliable and long lived, needing
very little m aintenance. The T honem ann design rem ained essentially
unaltered until Abdelaziz [2.26] in 1962 altered the geom etry, to extract the
ions (protons) from the centre of the plasma, radially and norm ally to the rf
field and tube axis.
This was because it had been dem onstrated that the concentration of
suitable ions is greater at the centre of the plasm a. This source was also
designed for use in conjunction w ith an accelerator, and was a very high
power source, ~30kW, with an extraction voltage of 34kV. A beam current of
-100mA was obtained.
By 1980 sources were using less pow er and lower extraction voltages,
-200W and a few kV, with a beam current of -1m A , based on the Abdelaziz
design [2.27].
Even as late as 1984, a new rf source was developed based on the
Thonemann design but capable of pulsed operation [2.28].
But also in the 1980's there was considerable interest in developing really
low energy ion beam sources which could be used w ith reactive gases for
etching and deposition on semiconductor materials. These "dry etching" beam
m ethods have the advantage of greater anisotropy, thus smaller features can
be m ade, b u t energetic beam s can cause dam age to the delicate crystal
structure of these materials. Also, for processing of sem iconductor wafers, a
uniform broad beam is preferable.
A completely new design for this application was developed by 1989 by
Proudfoot et al [2.29] with the following specifications:
Ion energy to be in the range 100-200eV
Uniform beam 15cm in diam eter
Beam current density at target 0.5-1.0mA cm'^
Suitable for reactive gases
Pressure in target chamber less than lO'^^mbar
However, even these specifications are not adequate for the processing of
III-V semiconductor materials.
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2.23.2 Capacitively Coupled RF Sources

Although it had been know n since the 1940's [2.1] that high frequency
electric fields can excite a discharge in a gas, this form of excitation was only
used in plasma etchers. It was not used in ion beam sources until Guarnieri
and Kaufman in 1982 [2.30]. Their paper shows two possible configurations,
one with axial magnetic field and the other w ith radial magnetic field, but
includes no quantification.
This d em o nstrates the m ajor difference betw een ind u ctiv ely and
capacitively coupled sources, that is the greater flexibility of design w ith
capacitively coupled sources.
In 1986 Lossy and Engemann [2.31] developed a capacitively coupled rf ion
beam source with two parallel-plate electrodes and three-grid ion optics (the
first grid being one of the electrodes), and a magnetic field provided by SmCom agnets. They experim ented w ith various different m agnetic field
configurations to optimise this variable, based on the cusped, m ultipole field
described above.
They followed this with the testing of electrode geometries [2.32], together
w ith their optim ised m agnetic field configuration, a further exam ple of the
flexibility of capacitive sources.
At about the same time Lejeune et al [2.33] were experimenting w ith novel
forms of electrode, such as a m ultitube cathode.
Both of these groups have reported that there was some sputtering of the
electrodes, and also of the chamber walls, leading to contam ination of the
beam. With some gases a dielectric coating formed on the electrodes which in
no way affected the performance of the source. The exciting electrodes do not
need to be in contact with the plasma, as it is only the electric field between
them which matters.
The source used in this study, designed by A.C.Evans [2.34] also uses a
cusped m ultipole m agnetic field, but w ith a highly original electrode
configuration, and with the electrodes outside the chamber. (See Chapter 4)
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2.2.33 ECR (Electron Cyclotron Resonance)

These sources use m icrowave excitation of a gas w ith a tuned m agnetic
field, usually provided by a coil surrounding the resonance cavity, to produce
highly ionised plasmas. They are now very m uch used instead of other types
of ion source in high energy applications because ECR is good at inducing
m ultiple ionisations. This w ould be a disadvantage in sem iconductor
applications.
Although there are several commercially available ECR ion beam sources
available for low energy work, (a few h u n d red eV), standardised to use
2.45GHz, and m any groups use them to produce reactive ion beams, there
seems little interest in developing them further in this energy range.
The main advantage of ECR sources over inductively-coupled rf sources is
that they can operate at lower pressures and produce very dense plasmas, but
capacitively-coupled rf sources also operate at these lower pressures, between
lO'"^ and lO'^mbar and with magnetic enhancem ent can produce high plasma
densities. So in the future, when they have em erged from the experimental,
developmental, stage they may be used preferentially as they are simpler and
more flexible than ECR sources.
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CHAPTER 3: ETCHING AND DEPOSITION OF
ELECTRONIC MATERIALS: PLASMA AND ION
BEAM SOURCE REQUIREMENTS

The fabrication of devices from sem iconductor w afers involves
num erous steps, of both removal and addition of material, in selected areas of
the surface, to produce the required surface features [3.1].
isolation
groove

SiO

G
Figure 3.1 V-channel PET [3.2]

U sing the exam ple of Fig.3.1, a V-channel field effect transistor,
fabricated as part of an integrated circuit, n-type silicon is epitaxially grown on
a p-type substrate, followed by a further epitaxially grow n layer of n+-type
silicon.
The V-shaped groove to isolate the active part of the device from the
rest of the circuit, m ust then be etched, to the required depth, in the required
position, defined by photolithography. After the photolithographic mask has
been rem oved, the SiO] will be grow n on the surface, and partially etched
away, again using a masking technique, to expose areas for metallisation. The
purpose of the grooves is to isolate the FET from the rest of the integrated
circuit.
The precise etching of m aterial is the key to the definition of device
geometry, while the deposition of layers of differing doping levels is vital for
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the function of the device. Prior to deposition, surface cleaning and
preparation through the removal of thin layers is common.
Thus it can be seen that it is im portant for the device engineer to have
effective deposition and etching tools.
Etching m ethods and deposition m ethods typically involve directing
energetic particles at the sem iconductor surface. It is therefore necessary to
take into account the effect of such particles im pinging on the surface.

3.1 lon-Surface Interactions

As a particle collides with a surface, it loses energy, either by interaction
with the coulomb field of the electrons surrounding the target atoms, or by
m ore direct collision w ith the nucleus of a target atom [3.3]. The former,
known as electronic stopping, is most strongly dependent on the energy of the
incoming ion, since the faster it is travelling, the less time it will spend in the
vicinity of the field. The latter is dependent on the energy too, but also on the
relative masses of the ion and target atom; the more similar these masses, the
more effective will be the energy transfer, as can easily be derived from simple
considerations of m omentum and energy conservation.
These two sources of energy loss can be combined to give a total energy
loss, per unit length:
dE
dx total

=

dE

+ dE

dXfiucleus

dx^l^ctrons

From these, if known, an estimate of the penetration range of the ion can be
made [3.4].
The actual penetration depth will also depend on the direction the ion
travels within the target, as some crystallographic orientations offer "channels"
which can greatly reduce the num ber of direct collisions, and thus greatly
increase the penetration depth.
The effects within the target m aterial of these collisions are num erous.
The target atom may well receive so much energy from the im pinging ion that
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it is violently dislodged from its lattice position, itself then colliding w ith other
atom s in the host lattice, which may also become dislodged if the energy
transferred from the original ion was sufficiently high. Of course, the original
ion m ay still have enough energy to repeat these collision effects as it
continues its travels. This therefore leads to a "collisional cascade", whose
total volum e can be quite large [3.5,3.6 ]. Some of the collisions w ithin the
cascade will lead to backscattering and even ejection of an atom from the
surface, i.e. sputtering [3.7]. After about 10"^^ secs, the m oving displaced
atoms will no longer have sufficient energy to break lattice bonds [3.8]. A
relaxation period of about 10"^^ secs follows [3.9], in which the rem aining
energy is therm alised, giving rise to vibrational excitation of neighbouring
lattice atoms. Thus a region, fairly deep w ithin the lattice becomes hot, a
condition known as "thermal spike" [3.10]. This m ay encourage the m igration
of vacancies and interstitials, created in the cascade, deeper into the material, a
highly undesirable outcome.
Another effect of the collisions is mixing. To dem onstrate the mixing
effect of collisional cascades and thermal spikes, especially prepared samples,
with ordered layers of different composition were bom barded with ion beams
of energy 200keV to 500keV. Mixing of these layers was observed at depths of
several hundred Angstroms by a num ber of groups [3.5,3.9]. Cheng et al [3.11]
have shown that this ion mixing is strongly influenced by the heat of mixing.
This suggests that diffusion in thermal spikes is the dom inant contribution to
ion mixing when incident ion energies are above a few keV. They suggest that
the m echanism is the sam e w hether ion energies are a few keV or a few
hundred keV.
As well as the effects due to direct collisions, the effects of reactions
with the electrons in the material, which will lead to excitation and ionisation,
m ust be considered. An excited or ionised atom will be m uch m ore easily
dislodged by a subsequent collision, and indeed it has been observed from the
distribution of kinetic energies of ejected particles, that the threshold energy
for ejection of excited atoms is much reduced, or even close to zero, depending
on which excited state the atom is in. It has also been observed that the energy
at the peak of the distribution is m uch increased [3.12].
However, in a real situation, we need to consider, not just the effect of
one bom barding ion but m any collisions per sec. This can lead to m ultiple
displacem ents of host lattice atoms. Sigm und and Gras-M arti [3.5] have
show n that the am ount of relocation caused by single events, i.e. a low ion
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fluence, is of order 50Â, whilst increasing the bom bardm ent rate can double
the am ount of relocation to ~100A. In such a case there may be segregation of
com ponents in a binary or tertiary system w ith the lighter com ponent
migrating to the surface, as it is more likely to be backscattered. This will then
be followed by preferential sputtering and loss of stoichiometry [3.13].
Sigm und and Gras-Marti [3.5] believe there is a very slow decrease of
the range w ith decreasing energy; it is also reasonable to assum e some
threshold energy below which no relocation takes place. Low-energy cascade
mixing is intimately connected with displacement and replacement processes.
For very m uch low er energies, up to ~250eV, the volum e of the
collisional cascade is m uch reduced [3.6], and the mixing is confined to layers
nearer the surface. This can clearly also affect an adsorbed layer on the
surface, which can thus be mixed into the upper layers of the surface by quite
a low energy beam . Jackm an et al [3.14] have show n the chem ical
enhancem ent effects of this low energy m ixing of an adsorbed layer to
promote low damage etching of both silicon and III-V semiconductors.

3.2 Etching

Etching can be defined quite simply as the removal of surface material
[3.15]. There are two m ain purposes in etching: surface preparation and
device definition.
The semiconductor surface may be covered with an oxide layer, either a
native oxide layer, that is, a layer which forms naturally on exposing the
surface to air, which typically reaches a thickness of about 30 A after a few
days [3.16], or a residual layer due to a chemical etching process. This oxide
layer is a dielectric and will therefore strongly affect the characteristics of any
junction formed on the surface. To ensure good characteristics, this layer m ust
be removed, or at least m ade as thin as possible. The removal of such a layer
is part of surface preparation.
The sem iconductor surface m ay not be perfectly sm ooth. Such
irregularities of the surface m ay also strongly affect the characteristics of a
junction or contact, due to localised field effects and surface states. Thus the
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surface may require polishing, either mechanical or chemical. This also is a
part of surface preparation.
In fabricating devices, etching is used to form mesas to isolate device
areas, and to form recesses prior to gate metallisation, as in the MESFET
(meta-semiconductor field effect transistor) illustrated in figure 3.2 [3.1]. It has
already been mentioned (page 41) that the V-shaped grooves in the V-channel
PET are formed by etching.
depletion region

Figure 3.2 Recessed Gate MESFET

Etching processes used in sem iconductor technology can be divided
into two main groups; wet etching and dry etching. In wet etching, as the
name implies, the material is imm ersed in a liquid, usually an aqueous
solution; in dry etching the etchant is gaseous and often ionic, possibly in the
form of a beam of particles. There are a considerable num ber of different
processes which come under the general definition of "dry etching", varying
from wholly physical, as in inert gas ion beam milling, through combined
physical and chemical, as in reactive ion beam etching and chemically assisted
ion beam etching, to nearly pure chemical as in reactive ion etching and
activated molecular beam etching.
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3.2.1 W et-etching

The object of wet etching is the removal of atoms from the surface of the
sem iconductor, in a form which is soluble in the etch solution [3.15]. The
fundam ental reactions underlying sem iconductor etching processes are
electrochem ical in nature. They involve oxidation-reduction reactions,
followed by dissolution of the oxidation products, frequently by complexing
[3.17].
O xidation is essentially an electrochem ical process in which it is
considered that localised anodic and cathodic areas exist at the semiconductor
surface. The material goes into solution at anodic sites and the oxidising agent
is reduced at cathodic sites. It follows that the more anodic an area, the faster
will be its dissolution and as a consequence an etch pit could form. Any
external agency which creates electrons and holes at the surface will affect the
etch rate, such as illumination or applied currents [3.15].
A considerable variety of possible oxidants and complexing agents may
be used, in a considerable variety of relative concentrations, depending on the
m aterial to be etched, the required rate of etching, and the possible
requirem ents of preferential etching (etching of a preferred orientation), or
selective etching (etching of one material rather than another).
For silicon and germ anium , the oxidising agent is usually nitric acid
(HNO 3 ), although hydrogen peroxide (H 2 O 2 ) has also been successfully used
with germ anium , whilst the complexing agent is hydrofluoric acid (HP) [3.1].
For gallium arsenide and gallium phosphide, the oxidising agent is
usually H 2 O 2 , although others, including FINO 3 have been used, w hilst a
considerable num ber of complexing agents have been used, such as sulphuric
acid (H 2 SO 4 ), hydrochloric acid (HCl), am m onium hydroxide (NH 4 OH) and
phosphoric acid (H 3 PO 4 ) [3.1].
The various ongoing steady-state m echanism s in the etching process
are:
(a) diffusion of oxidising agent towards the surface;
(b) adsorption of oxidising molecules at active sites on the oxidised surface;
(c) diffusion of oxidising agent or its decom posed product, such as an oxygen
atom, through the wholly or partially oxidised surface to reach the oxidesurface interface;
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(d) oxidation of the sem iconductor atom either at the interface or of an
unoxidised atom in the residual layer;
(e) diffusion of the complexing agent molecules towards the oxidised surface;
(f) adsorption of the complexing agent molecules at active sites on the oxidised
surface;
(g) complex formation and dissolution of the soluble complexed product into
the solvent (usually water) at the liquid-oxide interface;
(h) diffusion of these complexed molecules away from the surface into the
bulk of the etching solution.
The process is reaction-rate limited if the supply of oxidant at the surface is
always greater than the adsorption rate. This implies a high concentration of
oxidising agent compared with complexing agent in the etching solution.
The process is diffusion-rate lim ited if the supply of oxidising agent
through diffusion does not keep up with the adsorption and hence oxidation
rate. Diffusion-limited reactions often occur in very viscous etch solutions
containing high concentrations of complexing agent and low concentrations of
oxidising agent [3.1].

3.2.1.1 Factors affecting etch rates

(i) Temperature Etch rates always increase with increasing tem perature,
since the rates of all the physical and chemical phenom ena involved increase
as exp(-AE/kT), w ith AE being the relevant activation energy and T the
tem perature. M ost diffusion phenom ena in w ater-based etchants have
activation energies in the range 0.22 to 0.36 eV /m olecule, w hilst the
adsorption process of the oxidising molecule on the surface has an activation
energy in the range 0.35 to 0.70 eV /m olecule. Hence reaction-rate lim ited
etching processes have a stronger tem perature dependence than diffusion-rate
limited processes.
(ii) A gitation

The effect of agitation will be to aid the diffusion of

oxidising agent tow ards the surface. Since this is already m ore than high
enough in a reaction-rate limited process, agitation will not affect the etching
rate. H ow ever, in a diffusion-rate lim ited process, agitation can greatly
increase the etching rate.
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(iii)
Orientation All chemical etchants are anisotropic, in that they will
etch certain crystal planes preferentially over others. This effect is much more
pronounced in a reaction-rate limited etch than in a diffusion-rate limited etch.
In a com pound semiconductor such as G a As there is also an effect due to the
difference in the readiness with which the two constituent atoms will react
w ith the oxidising agent. A surface exposed trivalent Ga atom in fact has all its
bonds satisfied, w hilst a similarly surface exposed pentavalent As atom has
two dangling bonds and can therefore be oxidised m uch m ore readily. Thus
the {lll}A s etch rate is the highest of any orientation in GaAs, and the {lll}Ga
is the lowest.
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Figure 3.3 The effect of agitation on etching rate for a diffusion-rate limited etch [3.18]

These differences can lead to sloping or undercut edges to etched areas.
Sometimes, these effects m ay be desirable, in which case, aligning of the mask
w ith the crystallographic planes of the wafer should be perform ed very
carefully. More often, these effects are undesirable, and can also lead to nonplanar bases to the etched holes [3.19]. If perfectly vertical walls and flat
bottoms are desired, it is usually preferable to use a diffusion-rate limited etch
solution.
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(iv)
Trenching Another problem may occur with diffusion-rate limited
etch processes. This is "trenching", an effect which occurs at the mask edge. In
a diffusion-rate limited process, the etch is limited by the supply of oxidising
agent. H ow ever, at the mask edge, this supply is increased, as there are
unused oxidising molecules in the region of the mask itself. Thus, close to the
mask, the etch rate can be considerably greater than far from the mask. This
is illustrated in figure 3.4.
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Figure 3.4 Showing (a) the trenching at the mask edge for a diffusion-rate limited etch, (b) flat
bottom for a reaction-rate limited etch

3.2.1.2 Chemical Polishing

If the surface has a protrusion, the tip w ould be exposed to a higher
diffusion current of reacting agents than the rest of the surface, and w ould
therefore etch faster. Thus a diffusion-rate lim ited etchant tends to m ake a
surface smoother [3.1].

3.2.1.3 Choice of Etching Solution

The choice of etchant solution, i.e. which complexing agent to use, and
w hat ratio of reactants to use, will depend on various factors: the etch rate
required; w hether a reaction-rate lim ited or diffusion-rate lim ited etch is
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preferred; avoidance of trenching; avoidance of dam age to the mask, etc. For
example, it has been found [3.20] that N H 4 0 H:H 2 0 2 :H2 0 will not perceptibly
etch Si0 2 , although it etches GaAs satisfactorily. H ow ever, N H 4 OH will
attack a photoresist mask, while citric acid does not. H 3 PO 4 attacks neither
Si0 2 nor photoresist.
Selectivity of etch may also be im portant. N H 4 0 H:H 2 0 2 :H2 0 , at a pH
of 8-8.4 will etch GaAs highly selectively over AlGaAs, (but not if a stainless
steel holder is used, due to the galvanic effect) [3.21]. O ther pH based
selectivities include potassium ferricyanide : potassiu m ferrocyanide
(K3 Fe(CN)6 :K4 Fe(CN)6 ); C6H402:C6H602; l 2 :KI, w here changing the pH of
the solution changes the selectivity from GaAs over AlGaAs to the reverse.
Also Ce(S0 4 )2 .4 H 2 0 : Ce(N 0 3 )3 .6 H 2 0 selects based on doping type [3.22].

3.2.1.4 Residual Oxide Layers

At the end of the etching time, there will be a layer on the surface which
has been oxidised, but which has not been dissolved by the complexing agent.
Steps (a) to (d) have occurred, but not as yet steps (e) to (h) (see p. 47). The
thickness of this residual layer depends on both the etching rate and on the
etchant used. In general, the residual layer will be thicker for a slow etchant
than for a fast one. Before any further processing can be perform ed this
residual layer m ust be removed.
This residual oxide layer will be 40A to 60Â thick, depending on the
etchant. Shiota et al [3.23] investigated the thickness by m onitoring the Auger
peaks of oxygen, gallium and arsenic w hilst Ar sputtering. They found that
this residual oxide layer could be rem oved by a dip in concentrated HF,
followed by a short etch with a slow etchant. The optim al time for the slow
etch was 1 minute, after which treatm ent the oxide layer had been reduced to
1 0 Â or less.
Kohn [3.24] found that only in the case of etching w ith a high
concentration of H 2 SO 4 did the residual layer have the properties of a native
oxide layer. In all other cases the layer m ust also have included products of
the complexing agent. In the case of citric acid the thickness of the layer
increased with etching rate, but was very porous and did not adhere well to the
surface. It could be removed with a cotton bud.
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The most common recipe for removal of the native oxide layer, prior to
m etallisation to form ohmic or Schottky contacts, is a dip in a m oderately
concentrated N H 4 OH solution. There seems to be considerable leeway in the
exact composition of the solution. This gives generally good results.
W et chemical etching has been used for m any years now, and m any
recipes have been developed, but the inherent problem s have not yet been
solved. Etching solutions m ust be prepared w ith great care and accuracy to
ensure that the etch rate and type of etch are as required. A change of
concentration can change the type of etch from diffusion-rate lim ited to
reaction-rate limited. As chemicals in the solution are used up, the etch rate
will change [3.1], and maybe even the etch type. All etching solutions have the
property of etching certain planes preferentially, leading to shapes other than
those required for the device. There is always the problem of the residual
layer, meaning that the etch itself is a several step process. Wet etching always
tends to u n d ercut the mask, leading to loss of definition. The lim it of
definition for wet etching techniques is of the order ~0.5|im.

3.2.2 Dry etching

Dry-etching involves the use of energetic species, often ionic in nature
from a precursor gas in a plasm a discharge. The etching process occurs
through a combination of chemical reaction (with the form ation of volatile
com pounds containing elem ents from the sem iconductor m aterial) and
physical sputtering. For the chemical component of this process, the precursor
is often a halogen or halogen containing species.
The imperatives driving the use of dry etching are various.
(i) Process simplicity The range of gases used is small compared with the range
of chemical solutions used in w et etching, and m ost are of very general
application, they work equally well on m ost m aterials, and choice of gas
depends as m uch on choice of dry etching m ethod - w hether on m ainly
physical or chemical - as on material.
The dry etching process is a one, or at m ost a two, step process,
involving direct removal of surface atoms, either elementally or com pounded
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with a constituent of the beam. There is no prior oxidation required, thus no
residual layer to remove subsequently.
(ii) Better device definition State of the art device definition, such as VLSI (very
large scale integration) or the newest quantum wires and even quantum dots
for opto-electronic applications require m uch better than O.Spm definition.
Q uantum wires need to be at most 100Â (or lOnm) w ide [3.25], quantum dots,
similarly, will be squares of side lOnm. Such accuracy cannot be achieved
with any wet etching technique.
To etch specific features on the surface, this process also requires a
m ask, and can then produce highly anisotropic, straight-w alled features
through the directionality of the im pinging species. However, bom bardm ent
of the surface by such energetic species can cause underlying damage, which
affects the overall performance of the device.
Alternative dry etching methods, w ithout ion bom bardm ent, involving
the use of halogen-containing gaseous species, have also been used [3.26],
m ainly for in situ surface cleaning. Such a technique can indeed produce a
damage-free etch, but is not suitable for feature definition as it is no more
anisotropic than wet etching.

3.2.2.1 Reactive Ion Etching

Reactive ion etching (RIE) is a commonly used dry etching technique.
The stan d ard etcher is a parallel-plate capacitively coupled rf source as
described in Chapter 2 (see figure 2.6). The wafer holder is attached to one of
the electrodes.

A reactive gas, usually a halogen containing species, is

introduced and the plasma is fired.
A self bias develops on the electrode due to the sheath potential at the
electrode, but an external bias may also be applied.
The etching m echanism involves the spontaneous reaction of the
halogen with the material of the semiconductor, such as fluorine with silicon
forming SiFx compounds, or chlorine on GaAs, forming both GaClx and AsClg
volatile compounds. The energy transferred to the surface by the constituents
of the plasma then assist in the removal of these products.
Roughness to the surface can be caused by variations in the fluxes of the
different constituents, atoms, ions, excited species, electrons and photons.
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causing unevenness in the etching of the surface. Damage to underlying
layers can be caused by the energy of the im pinging species, usually in the
range of a few hundred eV.
As plasm a potentials of a few hundred volts can develop in parallelplate etchers, it is to be expected, as described in Section 3.1, that some damage
will be caused, due to collisional cascades, in the underlying m aterial of the
sem iconductor. The question to be answ ered is w hether the am ount of
dam age caused is within acceptable limits.
D am age in d u ce d by RIE has been stu d ie d , using R utherford
backscattering spectrometry, measuring the barrier heights of Schottky diodes
formed on the etched surfaces, Raman spectroscopy and Hall mobility. It was
found [3.27] that the num ber of Ga and As atoms displaced from their lattice
sites increased significantly under etching with rf pow ers of 300W and 500W,
the higher pow er causing more damage. Carrier concentration also decreased
significantly [3.27,3.28,3.29], with once again, higher pow er causing greater
depletion, probably due to the form ation of traps. The same trend was
observed in the barrier heights of Schottky diodes formed on the surfaces, and
annealing for 30 min at 400 °C did not remove all the damage. Only with the rf
power as low as lOOW was the surface close to unetched condition. The depth
of the dam age induced was about 70nm.
ECR plasma etchers are a little less damaging than rf plasma etchers due
to the lower sheath potential (see Chapter 2). The increase in displaced atoms
after etching is about half that caused by rf plasmas [3.30]. The depth of the
am orphous layer formed is about 40 Â. However, there is still a significant
degradation of electrical properties.

3.2.2.2 Ion Beam Etching

This is sometimes known as ion milling. A focused beam of ions of an
inert gas, usually argon, is directed towards the surface to be etched. This
beam is usually provided by a Kaufman type ion beam source, such as those
illustrated in Chapter 2 , figures 2.10 and 2 .1 1 . The energy of the incoming ions
is transferred to the substrate, and some substrate atoms are dislodged and
removed from the solid surface. This process is known as 'sputtering' [3.8].
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This can be a very efficient and highly anisotropic etching process.
Sputtering yields (atoms rem oved/im pinging ion) depend on the ion energy
and on the relative masses of ion and substrate atom, the latter because this
ratio affects the efficiency of energy transfer.
W ith ion energies in the keV range, sputtering yields between 1 and 3
are found [3.8], but with ion energies of 250eV to 500eV the dependence on ion
mass is slight, and sputtering yields are only -0.5 atom s/ion.
W ith energies in the keV range, collisional cascades will be im portant,
and as has been show n in Section 3.1, mixing and atomic displacem ent, as
vacancies and interstitials can be caused several hundred Angstrom s beneath
the surface.
The dam age caused by these energy transfers has been studied by a
num ber of groups. It was found [3.31] that although sputter cleaning of Si
with IkeV Ar+ bom bardm ent, with subsequent annealing left w hat appeared
to be a clean well-ordered surface, as revealed by surface-analysis techniques,
TEM exam ination revealed a considerable increase in density and size of
deeper-lying defects.
GaAs and other IITV materials are even more susceptible to underlying
damage. The effects of ion mass and energy were investigated [3.32], and
lower energy or higher mass was found to introduce less damage. Ar+ at
500eV and 250eV [3.28] caused considerable dam age, which could not be
completely annealed out, as shown by attempts to form Schottky diodes on the
etched surfaces. These diodes were found to be very leaky. More detail on
these Schottky diodes is given in Chapter 5.
Other electrical studies [3.33] of similarly etched GaAs surfaces showed
that electrical damage extends several 1 0 s of nm below the surface (hundreds
of atom layers). Even for an ion energy of 250eV dam age at a depth of 40nm
was significant [3.34], and was not completely absent until a depth of 75nm
[3.28].
In fact, it has been show n [3.35] by m eans of deep-level transient
spectroscopy that ion energy m ust be reduced to less than 20eV for perfect
damage-free etching.
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3.2.2.3 Reactive Ion Beam Etching
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Fig. 3.5 Schematic of a typical RIBE system

The use of a chemically reactive ion beam, rather than an inert ion beam
can lead to increases in the sputtering yield. Although the chemical reactions,
and formation of volatile products clearly contribute to this increase, the exact
mechanisms are more complex than this [3.8].
W hen a molecular ion is incident on a solid surface it will fragment into
its constituent atoms, since the internal binding energy will be low compared
with the kinetic energy. Thus it can be expected that the sputtering yield of
the molecule will be the sum of the sputtering yields of the constituent atoms.
However, experiment has shown that this is not so. Sputtering yields are often
less than the predicted sum, as one of the constituent atoms may be deposited
on or im planted in the target material. This is particularly common if carbon
is a constituent of the impinging molecule (as is often the case).
There is also evidence of some mixing in the surface layer, leading to
greater ease of sputtering due to the weaker bonds formed.
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The increased sputtering yield means that lower energies or shorter
etching times can be utilised, thus reducing the dam age caused.
It has been shown that the tem perature of the substrate in reactive ion
beam etching of GaAs and InP affects the etch rate considerably [3.36]. At
room tem perature the etch, even w ith chlorine ions under an extraction
voltage of 200V to 500V is little different from ion milling, but at 200 °C and
energy of 300eV, reactive ions are four times as effective as inert ions, with
little voltage dependence over a range lOOV to 500V, for the reactive ions.
Clearly therefore, at higher tem peratures, the chemical com ponent of the etch
is dom inant over physical sputtering. However, this is accompanied by some
loss of anisotropy.
Ormann-Rossiter et al [3.37] have shown that not only the energy of the
bom barding beam affects the am ount of dam age caused, bu t also the ion
density. At higher ion densities, >2x10^^ cm'2 the am ount of surface damage
caused is much reduced, particularly at energies below 500eV. They found, by
MEIS (medium energy ion scattering - lOOkeV H 2 ''’) that Cl built up in the top
30A, but that at higher Cl densities, some of the displaced Ga and As atoms in
the disturbed surface layers were actually removed, together with some of the
Cl, leaving fewer displaced atoms and lower residual chlorine concentration.
This is a chemical effect, as it is not predicted by m odelling which does not
take account of chemistry.
Orm ann-Rossiter and Arm our [3.38] also studied the interaction of
chlorine ions on GaAs at very low energies, ISeV and lOSeV, by LEIS (low
energy ion scattering - 5keV Ne+). They found the surface after C1+
bom bardm ent to be Ga depleted, the As signal being about twice as strong.
This could mean that GaCl% products were sputtered by the C1+ ions, prior to
the LEIS analysis. This effect was seen with both C1+ ion energies, implying
that GaCl% sputtering needs very little energy, while Ga sputtering by inert
Ar+ ions at 20eV was found to be negligible [3.35].
DLTS of GaAs [3.35] showed that etching by 130eV Cl] RIBE induced
less underlying damage than 40eV Ar+ IBE sputter etching. Thus RIBE is less
dam aging than IBE, but unless the energy, even in this system is ultra-low,
some damage will occur.
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3.2.2A Chemically Assisted Ion Beam Etching

CU in

Sample stage

Ion Gun

Argon in

to vacuum system
Fig. 3.6 Schematic of a typical CAIBE system

Chemically assisted ion beam etching, sometimes also know n as ion
beam assisted etching, involves the use of a molecular chemical etchant, which
usually contains a halogen, and a separate, inert gas, ion beam. This can be a
very closely controlled process to give highly localised and anisotropic
etching. There are many variations on the CAIBE theme.
In general, the presence of the ion beam is expected to prom ote
chemical reactions, by producing some m ixing of the substrate and the
chemical etchant, and giving energy to the process, and the energy of the beam
should also help to sputter non-volatile products of the chemical reactions
[3.14].
Pang et al [3.32] found that adding a flux of chlorine gas directed onto
the substrate surface during SOOeV Ar+ bom bardm ent significantly reduced
the dam age induced, and greatly increased the etch rate. The reduction of
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dam age was probably due to a combination of adsorption of CI2 on the surface
as a protective layer, and the increased etch rate. Schottky diodes formed on
the etched surface show ed only slight reduction in barrier height from the
control, and identical ideality factor and breakdow n voltage. They also
investigated the surface adsorption factor w ithout chemical reaction, using
N O 2 . Damage was reduced com pared with Ar+ alone, but was greater than
w ith CI2 and the etch rate was reduced, compared with Ar+ alone.
W inters and Coburn [3.39] have shown that the increase in etch rate of
ion assisted chemical etching over purely chemical etching is due to ion
assistance in the form ation of volatile products, and not specifically to bond
breaking by the energetic species, nor to sputtering effects. This w ork
concerned the Si-F system, using XeP2 as the chemical precursor and a 2keV
Ar+ beam. However, the theoretical im plications can be applied to other
systems where the chemistry is comparable.
Ameen and Mayer [3.40] perform ed a similar study on GaAs with CI2 ,
bom barded with a IkeV Ne'"' beam. This work substantiates that of the
previous group [3.39], in that the effect of the ion bom bardm ent appears
m ainly to be to enhance product formation, and in this way to increase the
etch rate. It was found that at high chlorine coverage the main products were
G aCls and AsClg, but at low chlorine coverage GaCl%, w here x<3 w ere
observed too, but at all chlorine levels AsClg was predom inant. It was also
found that after chlorination, the binding energies for atomic Ga and As were
m uch reduced.
Skidmore et al [3.41], using Ar+ at 200eV and CI2 found that they could
produce a highly anisotropic etch, w ith a very high etch rate, 0 . 5 5 pm /m in,
and sm ooth resulting surfaces on both the bottom and the side walls if the
chlorine was first activated by a plasma. The same system with the plasma off
had a m uch lower etch rate, but was still highly anisotropic. However, there
was no investigation of deeper damage.
M eguro et al [3.42], used a digital etching technique, whereby CI2 gas
was allowed to flow onto the surface, the chamber being then purged. This
was followed by bom bardm ent w ith a lOOeV electron beam. Each cycle
resulted in ~i/3 m onolayer being etched, independent of the CI2 flux or
electron cu rren t density. Thus the process m ust be lim ited by the
chem isorption of chlorine at the surface. This process could allow for very
fine control of etch depth. The etched surface appeared mirror-like after 500
cycles.
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Kosugi et al [3.43] have used a focused Ga+ ion beam w ith CI2 gas to
perform maskless etching, which would be required for a completely in situ
fabrication process. Damage was observed by m easuring photoluminescence
intensities. For a beam of 200eV, the PL intensity returned to the unetched
value after annealing at 600°C. At higher energies the dam age could not be
annealed out. A channel lp.m in w idth was etched with a rough bottom, using
a IkeV Ga+ beam.
CAIBE is a promising technique for highly controlled maskless in situ
anisotropic etching, but repeated high tem perature annealing, as has been
m entioned before, can lead to loss of definition in a device. Therefore it will
need a very low energy beam to be a damage-free process for III-V materials.

3.3 Thin Film Growth: comparison of methods

The grow th of bulk sem iconductor m aterials is generally by a
crystallisation from the melt. A small seed crystal is used to initiate it, and
from this very large, very pure single crystals can be grown.
H ow ever, for the fabrication of actual devices, thin layers of
deliberately doped material are needed, to increase the carrier concentration,
of either negative (electron) carriers or positive (hole) carriers, by the
introduction of donor or acceptor impurities, in carefully controlled amounts.
Usually, this will mean growing an epitaxial layer, that is, one in which the
crystal structure of the layer matches that of the substrate. H ow ever, the
composition of the epitaxial layer will be different from that of the substrate.
If the layer is m ainly of the sam e m aterial, w ith or w ithout intentional
im purities added, it is known as hom oepitaxy. If the layer is chemically
different, but has a lattice constant very close to that of the substrate it is
know n as heteroepitaxy.
Dielectric layers, which are not necessarily crystalline are also needed,
and metallisations, in order to complete the device geometry.
There are m any ways to grow thin layers, and new ones are
continuously being devised, to achieve greater control of the grow th
conditions. The different growth m ethods can be arranged acording to the
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sources they use, and the pressures at which they operate, which range from
atm ospheric to ultra-high vacuum. These can be sum m arised for the growth
of ni-V materials in the Table 3.1.

METHODS

SOURCES

High Pressure Chemical
Vapour Deposition

Low Pressure Chemical
Vapour Deposition

PRESSURE
(torr)

GAS FLOW

760

Vapour Sources
III,V

300
10

Viscous
Flow

I

-2

r4

Chemical Beam Epitaxy

<10

r5

Metal-Organic Molecular
Beam Epitaxy

Vapour Source III
Solid Source V

<10

Gas Source Molecular
Beam Epitaxy

Solid Source III
Vapour Source V

<10

Molecular Beam Epitaxy

Solid Sources
III,V

r5

Molecular
Flow

r9

<10

Table 3.1 Relationship between the various epitaxial m ethods [3.54]

The terms are defined thus; "chemical" is used if there is a definite
chemical reaction taking place, that is, if the vapour is a com pound containing
the species to be deposited which dissociates at the grow ing surface:
"molecular" is usually used if at least one of the species to be deposited is in
elemental form.
Among these is a variation on the chemical vapour depositon (CVD)
them e, plasm a assisted (or som etim es "plasma enhanced") CVD. In this
m ethod, the vapour containing the species to be deposited is excited into a
plasma, which increases the chemical reactivity, thus prom oting the growth
process.
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3.3.1 M olecular Beam Epitaxy

One of the earliest m ethods, pioneered in the 1960s is molecular beam
epitaxy (MBE) and it is still extensively used [3.44]. The species required for
growth are vapourised in heated effusion cells, the vapour produced guided
into a m olecular beam from the orifice of the effusion cell by a series of slits
and shutters. A num ber of such cells may be incorporated into the system, to
vary the composition of the growing layer.
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Fig. 3.7 Schematic diagram of a molecular beam epitaxy system
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The system m ust be evacuated to a high vacuum (<10"9 Torr) prior to
grow th, to m inim ise beam collisions and contam ination. The rate of film
grow th depends not only on the arrival rate of species at the surface, but also
on the surface reactions, ie adsorption or capture of im pinging molecules,
surface diffusion and association of the molecules resulting in nucléation and
growth.
For GaAs, the grow th rate is essentially determ ined by the Ga arrival
rate, so long as there is a sufficiency of As, as the volatility of As assures a
stoichiometric growth over a wide range of As vapour concentration.
The quality of film grown by this technique is very high. By 1972 [3.45]
and 1973 [3.46] MBE was used to grow G aA s/G aA lA s superlattices w ith a
period of about 1 0 0 Â.

3.3.2 Chemical Vapour Deposition

Another early technique still much used is chemical vapour deposition
(CVD). This technique, unlike MBE is operated at high pressures, up to
atm ospheric pressure, w ith a large excess of a carrier gas, com m only
hydrogen, helium or nitrogen [3.47]. The source species are either compounds
gaseous at room tem perature which contain the species to be deposited, or a
vapour at the reactor tem perature. The gaseous molecule dissociates on the
surface, depositing the species required, the volatile residue being rem oved by
the carrier flow.
Close control of the composition of the epitaxial layer can be exercised
by adjusting the flow rates of the source gases. Growth of the layer is under
near equilibrium conditions which means fewer crystalline imperfections than
som e other techniques. Also, it is straightforw ard to process a num ber of
wafers at the same time, so long as the reactor design allows for variations in
gas concentrations and temperatures. Figure 3.8 shows two designs, but there
are m any others. Sometimes a multi-wafer chamber is tilted, to compensate
for the change in concentration of the source gases through the chamber.
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In a CVD reactor, the reactants flow past the growing surfaces, in the
stream of the carrier gas. All fluids, including gases, have some viscosity,
which means that at the substrate surface there is a boundary layer, within
which the reactant gases m ay become depleted. Thus the grow th rate will
depend on the diffusion rate of the reactant gases, as well as the surface
reaction rate. The diffusion rate will depend on both the diffusivity of the
reactant gases, and the thickness of the boundary layer, which in turn depends
on the viscosity, the density and the flow rate of the gas [3.47].
The surface reaction rate is always highly tem perature dependent. All
chemical reactions are in theory reversible. In general, in one direction the
reaction will be exothermic, that is the energy released by the reaction is
greater than the activation energy, in the reverse direction , the reverse is true,
and the reaction is said to be endotherm ie. If the required reaction at the
surface is exothermic, then the surface should be cooler than the walls, where
the reverse endothermie reaction may take place. Reactors designed for this
type of reaction are "hot wall" reactors, w here the substrate is heated by
radiation from the walls. If the required reaction is endothermie, the substrate
m ust be the hottest part of the reactor, and is therefore heated directly.
Reduced pressure CVD will im prove the rate of diffusion of reactants
across the boundary layer, thus im proving the uniform ity of film grow th,
allowing greater wafer packing density and higher productivity. But with a
low pressure within the reactor, the reactor m ust be in effect a vacuum system,
particularly as the reactant gases are often dangerous, and will be m uch less
dilute than in a high pressure system. The exhaust from such a system m ust
be carefully disposed of.
Chemical vapour deposition is used to grow silicon dioxide, used as an
insulating layer between conducting layers, silicon nitride, used as a mask for
selective oxidation of substrates, and polycrystalline silicon, often used for the
gate of a MOS transistor, as a resistor or as a link between m etallisation and
substrate to ensure ohmic contact.

3.3.2.1 Plasma Enhanced Chemical Vapour Deposition

For the deposition of some m aterials, the cracking of the gaseous
com pounds containing the species to be deposited requires considerable
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energy. This is usually provided by heating of the growing surface. However,
this heating is not always desirable, some substrate materials m ay be damaged
by it, and another means of activating the chemical reactions has to be found.
C reating a plasm a in the gas is one w ell-established m ethod. Plasm a
enhanced CVD is a low pressure CVD process, since plasm as cannot be
m aintained at very high pressures.
Commonly, a plasm a enhanced CVD apparatus is very similar to a
standard plasm a etcher, that is, a radio-frequency, capacitive, parallel-plate
plasma source, as described in Chapter 2 .
Am orphous silicon, silicon dioxide and silicon nitride are commonly
grown this way, on a variety of substrates, such as alum inium or polymers,
which could not be heated to the >700 °C normally required [3.58].
This m ethod has also been used to grow diam ond-like carbon (DLC)
coatings, a very hard, amorphous, hydrogen-containing carbon material, used
m ainly as protective coating layers, although it does also have some
interesting and useful electronic properties.
PECVD is also used to grow thin film diam ond coatings, but in this
case, the plasma m ust be formed by means of microwave excitation, and not
by parallel-plate, rf, capacitive excitation as for the other materials cited [7.167.18]. The reason is the difference in the properties, plasm a density and ion
energy, of the plasmas formed by the different methods. The requirements for
the growth of diam ond are very exacting, and will be described in detail in a
later chapter.

3.3.Z.2 Vapour-Phase Epitaxy

This is a special case of Chemical Vapour Deposition, in which the layer
deposited is grown epitaxially.
To grow a layer epitaxially, the surface m ust be atomically clean, and
the grow th rate m ust be slow enough to allow each atom deposited to move
into the correct location. The substrate surface is heated to increase the
m obility of surface atoms, thus allowing them to form the required crystal
structure.
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A num ber of m aterials can be grown this way, either undoped or
doped, such as silicon from silane, or gallium arsenide from a num ber of
different sources, such as arsine and gallium chloride.

3.32.3 Metalorganic Chemical Vapour Deposition

In traditional CVD, the metallic components of any epitaxial layer were
still pure metal vapour, as suitable gaseous species for metallic deposition are
not naturally occurring. For example, silane, SiH 4 is a simple compound, and
gaseous at room tem perature, m aking it a very suitable source of Si, as
sim ilarly are AsClg and AsHg for As. But GaClg is not gaseous at room
tem perature, and indeed no simple Ga containing gaseous species exists,
which would deposit Ga on a surface.
But organom etallic com pounds such as triethylalkyls and trim ethylalkyls of Al, Ga etc. can be form ed w hich are gases at room
tem perature, and on reaching the surface, deposit the metal atom, releasing
the simple organic gaseous adducts.
However, promising though this process should be, there are problems.
The grow th rate can be m uch reduced by parasitic reactions betw een the
organom etallic m olecules and the group V hydrides, form ing polym eric
contam ination on the reactor walls upstream from the substrate [3.48].
A nother serious problem is carbon contam ination of the epitaxial layer
[3.49,3.50]. Although in theory the ethyl or methyl adducts should leave the
surface as gases to be rem oved in the flow of carrier gas, some cracking of
these groups does occur on the surface, depositing carbon, particularly in the
growth of AlGaAs, since the presence of Al very m uch enhances the tendency
for carbon incorporation in the film. This has been attributed to the transfer of
of ethyl groups from ethylgallium molecules to atom ic alum inium , thus
form ing ethylalum inium com pounds on the surface [3.49]. Lower carbon
levels result if ethyl or isobutyl groups replace the m ethyl ligands in the
G roup III precursor.

But although the carbon level is reduced it is not

eliminated.
One possible new type of precursor is a trim ethylam ine hydride, such
as AlH 3 (NMe 3 ) 2 and GaH 3 (NMe 3 ). In these species there are no metal-carbon
bonds, so the possibility of carbon incorporation is very low indeed.
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AlH 3 (NMe 3 ) 2 has been used to grow Al film of very high purity [3.51], and to
deposit Al on GaAs as a mechanism for AlGaAs grow th [3.52,3.53], w ith no
carbon found on the surface.

3.3.3 Metalorganic Molecular Beam Epitaxy and/or Chemical Beam Epitaxy

There is some confusion over the uses of the term s MOMBE and CBE.
Tsang [3.54] differentiates betw een them by the source for the group V
element. In his schema MOMBE implies a solid source for the group V element
and a vapour source for the group III, while CBE implies a vapour source for
both, a differentiation apparently agreed by some [3.55,3.56] while others
[3.57] claim to be using MOMBE with all vapour sources. In general, the
m otivation for the development of this technique is to combine the advantages
of MBE and M OCVD.
The beam n a tu re allow s the p re p a ratio n of
sem iconductor heterostructures with m onolayer precision, while the use of
vapour sources eases multiwafer scaleup and precise reproducibility. CBE is a
high vacuum process.
The advantages of CBE over MBE, in other w ords of having sources
which are gaseous at room tem perature rather than using heated effusion cells
is in the reproducibility. The flux from an effusion cell is highly dependent on
the tem perature, and also on the surface area of material in the cell, and hence
can change with time. The flux of a gaseous source is precisely controllable
w ith electronic flow -m eters and is hence very reproducible. A nother
advantage of CBE is that these vapours can be prem ixed for the grow th of
d o p e d layers, m aking the level of d o p a n t incorporated precise and
reproducible [3.54].
With MOCVD thickness and composition variations can occur due to
flow patterns in the high pressure gas system. There can also be gas phase
reactions. With CBE, these problems are eliminated, as is the doping memory
effect. Also, with CBE only very small am ounts of m aterial are required, and
any residues (which will be m inimal) will have been cracked into their
constituent elements. Since arsine and phosphine are toxic, disposal of the
exhaust gases in MOCVD is a problem, but w ith CBE there is very little to
dispose of, and the likelihood is that it will have become hydrogen and solid
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arsenic or phosphorous, thus disposal is much easier and safer. As in MBE, in
situ monitoring of growth can be incorporated into the system [3.54].
The only problem s left are the devising of precursors which do not
leave any contaminants.

3.4 Ideal Source Requirements

3.4.1 For Etching III-V M aterials

III-V sem iconductor materials are effectively etched by chlorine, and
the etch rate is m uch greater for chlorine ions than for CI2 gas. H ighly
anisotropic etching is required.
The source should be an ion beam source, which is tolerant of reactive
gases, such as chlorine, freon, and oxygen, but a capacitively coupled rf
plasm a source w ould be the sim plest and m ost efficient, so the electrodes
w ould have to be separated from the plasma chamber, which should be lined
w ith a very non-reactive material.
The ion beam should be of very low energy, below 20eV [3.12] to avoid
any underlying dam age to the semiconductor material, which would perturb
the performance of the device.
It w ould be an advantage if the source could be used with either CI2 or
Ar, in RIBE or CAIBE configurations, depending on the required etch rate, and
depth control.

3.4.2 For Plasma Enhanced CVD

Very high plasm a densities with very low energies are required for
PECVD thin film growth of sensitive materials. Ideally this would be coupled
w ith a large, uniform, processing area. Thus the ideal w ould be a capacitively
coupled rf plasma source, for large uniform plasma, with efficient and simple
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operation, but of much higher plasm a density and m uch lower ion energy
than is commonly found in such sources.
This would imply a totally new design of source.
In fact, requirements for both these applications are very similar.
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CHAPTER 4: NOVEL SOURCE DESIGN,
CONSTRUCTION, AND CHARACTERISATION

4.1 Requirements and Problems

An ideal plasm a source for the applications outlined in the previous
chapter is required to have a very high plasm a density, with a very low ion
energy. It is also required that the ions from the plasm a can be directed into a
broad uniform beam of high directionality b u t ultra-low energy, (~20eV), to
avoid all possibility of dam age to materials such as GaAs, w hen the source is
used for etching.
At present, the highest plasm a densities are found in m icrow ave
sources, and are approxim ately
cm ‘^ at a pressure of 1 0 "^ m bar and a
pow er of lOOW [4.1], to 3x10^^ cm'3 at a pressure of lO"^ m bar and a pow er of
500W [4.2].
The ideal source w ould be flexible, so that it could be used for either
etching or deposition. Currently available broad beam sources are either dc
[4.3,4.4] or rf, both inductively coupled [4.5] and capacitively coupled
[4.6,4.7,4.8]. For etching, reactive gases such as chlorine and oxygen are used,
and these species cause considerable degradation of the electrodes used in both
dc and capacitively coupled sources. Thus it w ould seem that microwave or
inductively coupled rf are superior for use w ith reactive gases, as these are
both electrodeless systems. However, there are other problem s w ith both of
these systems. A silicon wafer is of 15 cm diam eter, and m odern grow th
m ethods are producing wafers of up to 25 cm diam eter, so the beam needs to
be somewhat larger than this, to be uniform over the area of the wafer, and it is
n ot possible to m ake such a broad beam from a m icrowave plasm a ball of
diam eter 7.5 cm to 10 cm. There is no problem w ith scaling up inductively
coupled rf plasm a sources, and indeed the exam ple quoted, designed by
Proudfoot et al, [4.5] had a beam uniform over a diam eter of nearly 15 cm,
which could easily have been m ade larger. H ow ever, it required an input
pow er of 3kW [4.9] to produce a sufficiently dense plasm a for their beam.
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4.2 Theoretical solution

Gagné and Can tin, in 1972, [4.10] used a capacitively coupled rf plasma
source with two ring electrodes around the outside of a pyrex cylinder. This
design has some of the requirements of the ideal source, in that the electrodes
are separated from the plasm a and thus cannot be degraded by any reactive
gas used.

to probe circuit
k

y

to ^
pump

ring electrode

/

\

p yrex
container

y

pressure
RF
power

Fig. 4.1 Schematic diagram of the rf plasma facility of Gagné and Cantin

M agnetic enhancem ent is know n to increase the plasm a density in
capacitively coupled sources, by at least an order of m agnitude [4.11]. If the
m agnetic field is parallel to the electrode surface, electrons will be forced to
process around the magnetic field lines, and will not be lost at the boundary.
Magnetic enhancement also reduces the sheath potential. The electron mobility
in the direction of the field is reduced, so that equilibrium betw een ion and
electron currents is reached at a lower potential [4.11]. Thus the ion energy will
be reduced, which is also one of the requirem ents. The sim plest and most
effective way to implement a magnetic field in a capacitively coupled source is
w ith perm anent magnets, Sm-Co magnets being commonly used for this [4.6].
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4.3 Implementation

In collaboration w ith Ion Tech Ltd. a novel capacitively coupled rf
plasm a source has been developed.
To design an ion beam source, m eeting the requirem ents of broad,
uniform beam, of ultra-low energy (~20eV) ions, and high current density,
w ithout causing erosion of the electrodes, some of the best features of these
earlier designs were adopted.
Ring electrodes, (as in the design of Gagné and Cantin), outside the
open, cylindical chamber, to stop sputtering and corrosion, were chosen, but to
increase the uniformity and density of the plasma, more rings than the two in
their design were used. This first prototype version is relatively small, so no
m ore than seven electrodes could be fitted. The rings are alternately pow ered
and earthed, w ith the earthed rings at the ends of the cham ber, to avoid
distortion of the beam.
To increase the plasm a density further, and also reduce the sheath
potential, magnetic enhancement, using a cusped, m ultipole field, provided by
Sm-Co magnets, as in the source designed by Lossy and Engemann [4.6], was
incorporated. As the m agnetic field m ust be parallel to the surface of the
electrodes, the m agnets are between the rings of electrodes, form ing similar
rings. The polarity of the m agnets alternates from ring to ring, with all the
m agnets in one ring having the same pole facing inw ards. In the initial
configuration of the source, using the figures published by Lossy and
Engem ann, and taking into account the sm aller dim ension of this source,
twelve sets of magnets, three to a set, were used for each ring. This allows the
magnetic field to penetrate quite far into the chamber. There are also magnets
above the base plate, of opposite polarity to that of the nearest ring.
Using this unusual configuration, with the magnetic field parallel to the
electrode surfaces, with ring electrodes, the two kinds of field are parallel,
instead of crossed as in other magnetically enhanced, capacitively coupled
sources. Unfortunately, no models of such a plasma, with parallel fields, have
been published.
To keep the energy ultra-low, no accelerating grid is used, the length of
the cylindrical chamber, (150mm), providing sufficient collim ation for the
beam , which is extracted then solely by the action of the vacuum pum ping
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system. This cylindrical chamber is lined with fused silica, to be non-reactive.
To close the cham ber at the top end there is a stainless steel base-plate. This is
kept at earth potential, m atching the potential of the nearest electrode ring.
This acts also as a source of electrons to initiate the plasma, which can therefore
be fired at very low powers, below 50 W.
If, for other applications of the source, a higher energy ion beam is
required, there is provision for the attachm ent of a grid, but this is not essential
to the operation of the source.

Water

Water
out
M a tc h in g U n it

RF Generator

Earthed
Electrode
R in g s

/
Base plate
(earthed)
D riven
Electrode R in g s

Silica liner

Fig. 4.2 Schematic diagram of the structure of the Ion Tech RF source
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Fig. 4.3 Arrangement of magnets around Ion Tech RF source

The electrode separation is 2 cm, so quite high fields can be achieved
w ithout very high voltages, (the maximum output of the power supply used is
500V, so that electrode potentials are routinely much less than this), whilst the
m ultiplicity of electrodes means that a large, uniform plasma volume can be
sustained. The pow er supply is connected to the source via a m anually
controlled matching unit.
Sm-Co magnets will lose their magnetisation if heated above 200°C, so
the source m ust be cooled whilst in operation. A water cooled chamber is
attached to the base plate, and aluminium struts supporting the electrodes also
conduct away the heat generated by the plasma to the water cooled chamber.
This prototype experimental source is quite small, the chamber being
90mm internal diam eter and 150mm long, but there is no theoretical reason
why it could not be larger.
In this design, the substrate to be processed is to be held either at the
chamber aperture, if plasma processing is required, where, although immersed
in the plasma, the substrate surface is perpendicular to the electric field, and
thus the ion bom bardm ent energy should be very low, or, some distance
dow nstream of the plasma, if beam processing is required. The source is
encased in a stainless steel jacket, specifically designed to be compatible with a
200mm six-way cross vacuum system. This allows for maximum flexibility in
the use and testing of the source. Because of the presence of the Sm-Co
m agnets the system cannot be baked, and so cannot be used at ultra-high
vacuum (UHV) but pressures of less than lO'^mbar were regularly achieved.
In later use of the source with reactive gases, this casing design was
found to be less than perfectly satisfactory, as the outer parts of the source were
not isolated from the gases in the chamber. Eventually, this led to problems
with the operation of the source.
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4.4 Characterisation of the source

The initial characterisation m easurem ents w ere m ade at Ion Tech Ltd.,
further m easurements and calculations were perform ed at UCL.

4.4.1 Characterisation of the Plasma

Using a planar Langm uir probe, of effective surface area 0.95 cm^, I-V
m easurem ents were taken, with the probe at the aperture of the source. A
range of pow ers were utilised from 50W to 500W. The gas was argon at a
pressure of 7.5x10'"^ mbar.
Figure 4.4 shows the probe I-V curves obtained at each value of the
in p u t power. In accordance w ith convention (see C hapter 2), the electron
current is draw n as positive, and the ion current negative. It can be seen that
the ion current for a given probe bias increases w ith increasing RF power. This
is due to the increasing plasma density as the power is increased.

4.4.1.1 Electron Tem perature

Figure 4.5 is a logarithm ic plot of corrected electron current against
probe voltage, and from the slopes of the straight line sections, the electron
tem peratures can be calculated, in accordance with equation 17 from Chapter 2.
Figure 4.6 shows the variation of calculated electron tem perature with
in p u t power. Within experimental error, the electron tem perature increases
linearly with power, but is, at all pow ers tested, very high com pared with
conventional capacitively coupled rf plasmas, which commonly have electron
tem peratures of 3-4eV [4.13,4.14], but w ith m agnetic enhancem ent electron
energies of around lOeV have been m easured [4.7]. For microwave plasmas,
electron tem peratures between ~5eV and ~20eV have been m easured [4.1,4.2].
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4.4.1.2 Plasma Density

Since this is a m agnetically enhanced plasm a source, the saturation
electron current will be much less than for a non-magnetic source, due to the
reduced mobility of the electrons in the presence of a magnetic field. Thus this
m easurem ent cannot be used to derive the electron density.
In this case, the ion saturation current was used instead to derive the ion
density, (using equation 21 from Chapter 2), which is an equivalent m easure of
the plasm a density, since the test gas was argon, and therefore the num ber of
negative ions was negligible.
I* = e-V2 n^Aq / kgT,
\

ni:

w here A is the probe area
/

with Tg in eV

= /,*

for argon, with A = 0.95cm^

(7.02x10’®)
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Power (W)
50
100

300
500

Te(eV)

I i* ( m A )

0.42

Ri(cm'^)

12.4±1
13.0±1
13.9±1
16.5±1.5

0.675
3.3
4.2

8.3710.4 xl09
1.3110.06 xlO^O
6.2110.3 xlO^O
7.2610.4 xlO^O

Figure 4.7 shows the variation of plasma density with input power. The
plasm a density increases very rapidly at first, but appears to saturate at about
400W. Increasing the power above 300W seems instead to increase the energy
of the ions, as the ion current is still increasing, but so is the electron
tem perature. Thus the velocity of the ions tow ards the collector is increasing,
rather than the number.
The plasm a densities achieved here com pare favourably to those
achieved with microwave sources [4.1,4.2].
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Fig. 4.7 Graph of calculated plasma density against input power
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4.4.1.3 Plasma Potential

Because of the magnetic enhancement, the usual m ethod of finding the
plasm a potential, from the onset of electron saturation current, was not
possible. However, an approxiamte calculation m ethod could be used.
At floating potential, electron and ion currents balance. Since Te » Ti,
using equations 17 and 21 from Chapter 2, with Vp = Vf, the floating potential,
.................... ...

M ,

I

kj{r^

exp

inverting

expr
L

‘j ( V p i - V f ) ']

J/2

0.6/ i K m A '
\ mi y

=

/ m,0.6 \ 2 7 m i J

J

1

ln(l/0.6) + O . S l n / \ + O.Slnp
^ I ju m J
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^pl-V j —
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=

i

=

( ^
yknTJ

^

J
1

L

..................
0 6l 'i l / V . Y
mi

.

is the mass of a nucleon
p is the mass num ber of the ion

^ [3.35 + 0.51np]

In this case, the gas was argon, so
Vpi

=

[

TeieV)

] [5.2] +

Vf

Figure 4.8 shows the variation of the calculated plasm a potential with input rf
pow er. It can be seen that the plasm a potential increases approxim ately
linearly with input power.
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Sum m ary Table of Results
Power(W)
50
100

300
500

Tc(eV)
12.4
13.0
13.9
16.5

(±1)
(±1)
(±1)
(±1.5)

ni(xlO^Qcm'3)
0.837 (±0.04)
1.314 (±0.06)
6.210 (±0.3)
7.26 (±0.4)

Yf(Vl
8
8

32
38

Vpi(V)

-72
-75
-104
-124

4.4.2 Characterisation of the beam

M easurements of probe characteristics were m ade similarly to those for
plasm a characterisation, but at various distances from the aperture, w ithout
any base bias or grid optics.
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The m ost im portant m easurem ents are the ion current density and the
potential at which the ion current is reduced to zero, which is an indication of
the ion energy. It was found that the current at only a short distance from the
aperture is composed almost entirely of ions, as the electrons are confined to
the plasm a cham ber by the m agnetic field. To dem onstrate this, the probe
characteristics as found in the plasm a and 7cm dow nstream of the plasma, at
the same input power of lOOW are plotted together in figure 4.9. Due to beam
spread, the ion current has dropped a little, b u t w here, in the plasm a, the
floating potential was 8 V, downstream it appears to be -21V, ie there are very
few electrons present in the beam. It is therefore no longer valid to use any
equations relating to plasmas, which imply charge neutrality.
Figure 4.10 shows the variation of ion current density with power at two
distances, 7.0 cm and 17 cm from the aperture. The current density is between
0.4 mA cm"2 and 0.8 mA cm“2 at the norm al beam conditions of pow er and
working distance, which compares well with other rf beam sources.
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Fig. 4.9 Probe characteristics taken at different positions wrt the plasma, to show electron
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Fig. 4.10 Graph of ion current density at different distances from the aperture.

From the drop of ion current density w ith distance, assum ing total
charge conservation, an estimate of the beam divergence for the novel source
can be made. However, it can only be a rough estimate as edge effects have not
been taken into account. From these m easurem ents the beam divergence is
10.5° (±0.5°), w ith only the collimation due to the length of the cylindrical
lining.
In comparison the inductively coupled rf source of Proudfoot et al [4.5]
has an ion current density of -0.4 mA cm"^ at a distance of 12 cm from the
source and an input power of 700W, with an extraction voltage of lOOV. The
beam divergence is 20°. Lejeune et al [4.8] have an ion current density of 0.9 mA
cm‘2 for an input power of 400W at the plasma, falling off to 0.15 mA cm"2 at a
distance of 37cm, and their beam divergence is about 5°. The source has 3-grid
ion optics with an extraction voltage of 450V.
Figure 4.11 show s the variation of stopping potential, the probe
potential at which the ion current falls to zero, against the input power, with
the probe at a distance of 7.0 cm from the aperture. This potential changes very
little at greater distances from the aperture, and implies an extremely low ion
energy.
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Fig. 4.11 Graph showing variation of stopping potential with power at a distance of 7.0 cm.

The difference in energy between the ions in the plasm a and the ions in
the beam m ay be due to the unusual geom etry of this source, in that the
electrodes are perpendicular to the beam direction. Thus the ions can impinge
on the wall of the cylindrical source, behind which is an electrode, with a
much higher energy than that with which they emerge into the beam.

Summary

From these characteristics it is apparent that the novel source produces a
plasm a of high density comparable to that produced by m icrowaves, and a
fairly well collimated ion beam of ultra-low energy and high current density,
which should satisfy the requirements for damage-free anisotropic etching and
deposition.
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CHAPTER 5: ETCHING OF GaAs WITH NOVEL RF
SOURCE

The novel rf source is designed to produce a high flux of very low
energy ions. As dem onstrated in Chapter 4, it produces a large beam current,
~0.8mA, uniform over a considerable area, -100m m diam eter. The energy of
the ions which comprise the beam is only ~20eV. It should therefore be possible
to perform damage-free etching with the source, even on a delicate material,
such as GaAs.
The source was used in two etching configurations, firstly for reactive
ion beam etching, using pure chlorine as the reactive etchant, and secondly for
chemically assisted ion beam etching, with an argon ion beam and chlorine gas
as the chemical component.

5.1 Reactive Ion Beam Etching

5.1.1 Experimental Procedure

The source, in its housing, was fitted onto the top of a 200mm diam eter
6 -way cross vacuum system.
The system was fitted w ith a turbom olecular
pum p and a rotary backing pum p. The system was routinely evacuated to a
base pressure of - 1 0 "^ mbar.
The sam ple m ounting was on a base of tantalum foil, m ade w ith
foldable tags for securing the sample. These tags also served as masks for
small areas of the surface. This was attached to stainless steel rods, holding the
sample ~7 cm below the source aperture, on the axis of the source.
The sample was a Icm^ piece of semi-insulating GaAs.
Pure chlorine gas was adm itted to the source through a needle valve to a
pressure of 6x10"^ mbar. The plasma was sustained w ith an input pow er of
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300W, chosen as this was the optim um pow er for good plasm a conditions at
this pressure. The reflected power was only ~1W after m anual tuning of the
m atching unit.
gas inlet

needle valve
rf cable

source housing

leak valve

sample

viewport

Penning gauge

to turbomolecular
pump
Fig. 5.1 Diagram of experimental setup

For the first experimental run the sam ple was electrically isolated, but it
was noticed that the plasma formed a "cone" reaching from the aperture of the
source to the sample. This is illustrated in figure 5.2. For subsequent runs the
sample was earthed, and the "cone" did not reappear. This had not been seen
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in the testing perform ed with argon, and was m ost probably due to the
presence of negative ions [5 .1 ].

€Ource

lasma "cone'

sample
Fig. 5.2 Diagram showing appearance of plasma "cone"

Etches were perform ed for a range of times from 15 mins to 60 mins.
Experiments were performed without the plasma being ignited as a control. In
some experiments, the sample was prepared with a photolithographic mask to
investigate the anisotropy of the etching process.

5.1.2 RIBE Etching Results

5.1.2.1 The Contamination Layer

On removing each sample from the chamber, it was found to be covered
with a bluish coating. This contamination layer was about 60nm thick as
measured with a Talystep.

masked area

coating
200

nm

depth of coating
60 nm

Fig. 5.3 Talystep tracing of etched sample with coating, magnification 10^
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The contamination layer was analysed by ED AX to determ ine its composition,
and thereby its likely origin.

Fig. 5.4 X-ray spectrum of blue contamination layer

As can be seen in the X-ray spectrum shown in Fig. 5.4 the coating was found
to contain only silicon and its likely origin was therefore the silica liner of the
source. However, it was found that this coating w ashed off almost completely
with isopropyl-alcohol, and a little gentle rubbing with a cotton bud soaked in
IP A removed the rest.
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5.1.2.2 Talystep M easurements, after Removing the Coating

etch depth

(i) 15 m ins etch
m asked area

-2 0

nm

etched area
>

--------- \

200

nm

etch depth -50 nm

(ii) 30 mins etch
masked area

etched area
200

nm

etch depth -75 nm

(iii) 40 mins etch
masked area

etched area

1

200

_

nm

etch depth - 1 2 0 nm

(iv) 60 mins etch
masked area

etched area

>
200

V

98

nm

(v) 45 mins etch with lithographic masking at 200W
masked area

etch depth -60 nm

etched area

\

200 nm

F i g . 5 .5 T a l y s t e p t r a c e s o f e t c h e d s a m p l e s

A plot of etch depth against time is linear, but the straight line does not go
through the origin.
150

I

.00-

■B

I

50-

0

20

40

60

time (mins)
F % . 5 .6 P l o t o f R I B E e t c h d e p t h a g a i n s t t i m e

This is m ost probably due to the difficulty of removing the native oxide layer
with chlorine. It was not possible to remove it before etching by other means
as there is no load-lock on the vacuum system, and it w ould therefore have
regrow n before etching began.
The control sample, chlorine gas without plasma, show ed no discernible
etch at all.
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5.1.2.3 Scanning Electron Microscopy

The photolithographically masked sample was subjected to Scanning
Electron Microscopy, to investigate the smoothness and the anisotropy of the
etch.
Figure 5.7 shows a section of etched surface which looks very smooth,
taken under high tilt, although the edge of the masked area is irregular over a
range of 60 nm, the talystep measured depth of the etch.

r
0804

2 0 KV

X13.0K

2 . 3 1 urn

Fig. 5.7 SEM photograph of the RIBE etched surface

Figure 5.8 shows a corner of the masked area, taken under high tilt.
Although the edges appear straight and vertical, there seems to have been
some lifting of the mask at the corner.
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Fig. 5.8 SEM photograph of a corner of a masked area
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5.2 Chemically Assisted Ion Beam Etching

This was perform ed with an argon ion beam and chlorine gas.

5.2.1 Experimental Procedure
argon in

^^r-fieedle valve

chlorine in
-rf source
leak valve

>ample

dosing tube

to turbomolecular
pump
Fig. 5.9 Schematic of experimental setup for CAIBE

A quartz dosing tube was added to the system described in section
5.1.1, designed to deliver chlorine gas directly to the surface of the sample, via
the leak valve.
Preliminary control tests were perform ed with the Ar+ beam alone.
The first 1 hour test actually etched the sample to a depth of 40 nm, but a
repeat the following day showed no etch at all. This implies that chlorine had
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been adsorbed on the surface of the liner of the source, w hich was rem oved by
the argon during the first run.
1st Ar+ etch
masked area

exposed area
>

------------V

200

nm

2nd Ar+ etch
masked area

exposed area
200

nm

N
F % . 5 .1 0 T a l y s t e p t r a c e s o f " e t c h i n g " b y A r + b o m b a r d m e n t

It can be concluded that at the energy of the ions in the beam from this source,
no physical sputtering by Ar+ ions occurred.
For each run: the system was first evacuated to a base pressure of 2 x 1 0 "^ mbar.
Then the leak valve was opened to adm it chlorine to a predeterm ined pressure.
Then the needle valve was opened to argon and the plasm a was ignited. The
etch was performed for 1 hour for each run.

Run Ch pressure

Ar+pressure

Power

Time

1

1

x1

m bar

6

x 1 0 ^ m bar

300W

60 mins

2

2

x1 0 "^ m bar

6

x 1 0 ^ m bar

300W

60 mins

3

4x10'^ m bar

6

x1

300W

60 mins

mbar
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At chlorine pressures greater than 4x10"^ m bar it was observed that the colour
of the plasm a changed from pink (argon) to blue im plying that som e chlorine
was being reflected up into the source. This w ould have m eant that the etching
process w as no longer purely CAIBE.

5.2.2

CAIBE Etching R esults

5.2.2.1 The Contamination

A contamination layer similar to that observed in the RIBE series of etches was
again observed. This was rem oved in the sam e m an n er as described
previously.

5.2.2.2 Talystep Measurements, after Cleaning

(i) Pel = 1 x 1 0 "^ m bar
masked area

etched area

>
200

nm

1
etch depth

~10

nm

(ii) Pel = 2 x 1 0 "^ mbar
masked area

etched area
200

nm
etch depth
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-2 0

nm

(iii) Pel = 4x10"^ m bar
m asked area

etched area

i

L

200

nm
etch depth -30 nm

F i g . 5 .1 1 T a l y s t e p t r a c e s o f C A I B E e t c h e s w i t h v a r i o u s C I 2 f l o w r a t e s

A plot of etch depth against chlorine flow rate is nearly linear, w ith an
incubation period again evident, due to the native oxide layer.
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■§
<V
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chlorine flow rate (arb. units)
F ig . 5 .1 2 P l o t o f C A I B E e t c h d e p t h a g a i n s t C I 2 f l o w r a t e
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5.3 Combining Results

In order to compare the etching by the two m ethods, total chlorine flux
for each etching run m ust be calculated.

5.3.1 Calculation of chlorine flux

Im pingement rate =

4

4 kTV
1

4

m ola r

pN a / s r t
RT
molar

2 7 u R T M n ,„ |a r

= p 2^^5 x I0_
x/ m /T

m s '

with p in m bar
[5.2]

5.3.1.1 Chlorine flux for RIBE

In this case

p = 6x10”^ mbar

T = -400K
Mr=70.9 (forC l 2 )
Hence the impingement rate = 9.39x10^0 molecules s'^
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total flux (molecules)

time

8.45x1023

15 min
30 min
40 min

2.253x1024

60 min

3.380x1024

1.690x1024

5.3.1.2 Chlorine flux for CAIBE

In this case time = 60 min for all cases.
The pressure was m easured by the Penning gauge, 23 cm from the sample, but
the exit of the dosing tube was only 1 cm from the surface of the sample. To
find the chlorine flux at the surface of the sam ple an enhancem ent factor is
required.
It is difficult to know precisely w hat this should be, but it is
generally chosen to be between 50 and 100. In this case, due to the oblique
angle betw een the dosing tube and the sam ple surface, the lower limit was
chosen.
Chlorine flux

= P 2.635x10

26

m^s

Xt

= 5.633 x 10

27

p molecules

>/m 7 t

Flux
(without enhancement)
x 1 0 "^ mbar
2 x 1 0 - 6 mbar
4x10-6 mbar
1

Total flux (molecules)
(with enhancement)

5.633x1021

2.82x1023

1.127x1022

5.635x1023

2.253x1022

1.265x1024
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5.3.2 C om bined Data

Figure 5.13 shows a plot of the combined data of etch depth against total
chlorine flux from both m ethods of etching. All the data can be fitted to the
same straight line, thus implying that the limiting factor in the etching process
is the chlorine, and that therefore, in both m ethods it is prim arily a chemical
etch, w ith very little physical sputtering. This should m ean that the dam age
incurred is minimal.
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RIBE

120

-

100

-

CAIBE

I
5
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^
u
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806040 20

-
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total chlorine flux

(1 0

3

4

molecules)

Fig. 5.13 Combined plot of etch depth against total chlorine flux
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5.4 T h e L in e r

Having concluded etching, the source was rem oved from the 6 -way
cross and the liner was taken out for examination.
The erosion, which was the origin of the contamination was very clear to
see, and followed the pattern of the m agnetic field. The eroded areas
correspond to the earthed electrode rings, and m ark the positions of the
magnets. This is clearly shown in the photograph, figure 5.14.

I

Fig. 5.14 P h otograp h of silica liner s h o w in g erosion
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5.5 Evaluation of the Novel Source as an Etcher

For RIBE, the etching rate is 2nm min'^ at a CI2 pressure of 6x10"^ mbar,
but the maximum etching rate that could be obtained for CAIBE was ~0.5nm
m in'h
Germann et al [5.3], using IBE, w ith Ar+ at an energy of 150eV, and
incurring considerable damage, also quote an etch rate 2nm m in'h Furuhata et
al [5.4], using CI2 at a pressure of 4.2 x 10"^ Torr and substrate heating report an
etching rate of order 0 .1 pm m in'l, but at room tem perature it was ~3 nm mimF
Yamada et al [5.5], using RIBE report an etching rate of 0.15pm mim^, but
with a CI2 gas pressure of 2 . 6 x 1 0 '^ m bar and a beam extraction voltage of
400V, much higher pressure and much greater energy than were used with the
novel source. Flowever, Tadokoro et al [5.6] had a higher etching rate, 0.2pm
m in‘1 using an ECR plasma ion source at 6 x lO"'^ Torr with the substrate heated
to 100 °C and an extraction voltage of 200V. They give no indication of any
damage caused, concentrating mainly on the anisotropy of the etching process.
Lishan and Hu [5.7] achieved an etching rate of 0.1pm mim^ with a microwave
plasma generated Cl2 beam at a pressure of 4 x 10'^ Torr, with the sample at a
low tem perature (50°C). They used no extraction voltage, but sim ply allowed
the plasma to flow out, and positioned the sample dow nstream of the plasma
chamber. This is the system m ost nearly similar to the configuration of the
novel source.
In the CAIBE configuration, the etching rate for the novel source is very
much lower than for other comparable systems. It is very close to the etching
rate obtained by non-plasma methods.
Meguro et al [5.8], using a digitised form of CAIBE with CI2 and a lOOeV
electron beam, achieved an etching rate equivalent to ~3nm m im h They found
the etch rate insensitive to CI2 cover. Skidm ore et al [5.9], w ith a m ore
conventional CAIBE system, CI2 pressure of 8 x 10"^ Torr and 200eV Ar+ beam,
achieved an etching rate of 60 nm min'^ but this is a much higher CI2 flow and
much higher Ar+ energy than were used with the novel source.
The etching rate for the novel source in the CAIBE configuration was
considerably lower than these at a maximum of -0.5 nm min'T
It is very likely that the presence of the contamination layer contributed
to the slow etching rate. Since the etch depth increased linearly with time, and
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the contamination layer was present, to a similar depth, for all etching times, it
is clear that etching continued to take place after the form ation of the
contamination layer. It seems reasonable to assum e that this layer was being
continuously eroded and simultaneously deposited during the etching process,
thus inhibiting the etching of the GaAs surface.
Thus in conclusion, although the resulting etched surface appears very
sm ooth, after removal of the contam ination layer, the presence of this layer
m akes this novel source far from ideal for in situ etching, as presently
configured. Further developm ent w ould be needed, to determ ine a way of
avoiding the self-erosion.

Ill
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CHAPTER 6: DEVICE CHARACTERISATION OF
ETCHED SURFACE

The purpose of this etching work has been to investigate the possibility
of perform ing an etch which is damage-free, from the standpoint of electronic
device fabrication. The definitive test is therefore to fabricate a device on the
etched surface and test its characteristics. The simplest and m ost direct device
to fabricate is a Schottky barrier diode, which is simply a metal-semiconductor
contact.

6.1 Theory of Schottky Contacts

6.1.1 Barrier Height

W hen a metal makes intimate contact with a sem iconductor, the Fermi
levels in the two materials m ust be coincident at thermal equilibrium.
There are two limiting cases, (i) the ideal contact and (ii) contact w hen
there is a very large density of surface states.

6

.1.1.1 The Ideal Case

Figure 6.1 shows the electronic energy levels in the m etal and n-type
semiconductor.
Figure 6.1(a) shows the metal and semiconductor unconnected. If one
then imagines the two being brought into electrical contact, electrons will flow
from the higher level in the sem iconductor to the m etal until therm al
equilibrium is established, and the Fermi levels are aligned. This is the
situation in figure 6.1(b). The Fermi level in the sem iconductor has been
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lowered relative to the metal by an am ount equal to the difference betw een the
two work functions. The work function is the energy difference betw een the
vacuum level and the Fermi level.

vacuum

T

T
■V—

I

E p

q4»m
3

qVn

k

— —

E,

E

q^bi

o n

Ec
— — E-

'V

'V

(a)

(b)

(c)

Fig. 6.1 Energy levels in Ideal Schottky Contact

W hen the two surfaces are brought into intimate contact, there will be a
build-up of negative charge at the metal surface, and an equal build-up of
positive charge at the semiconductor surface. This situation is show n in figure
6.1(c). The height of the potential barrier will be the difference betw en the
work function of the metal, (|)m and the electron affinity, the difference between
the bottom of the conduction band and vacuum, %, of the semiconductor.
q<t»B = q*m - %)
The build-up of charge at the semiconductor surface leads to a depletion layer
of w idth W, whose w idth will depend on the doping level.
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6.1.1.2 W ith a Large Density of Surface States

Figure 6.2 show s the electronic energy levels in a m etal and a
sem iconductor, w here a large density of surface states is present on the
semiconductor surface.
In figure 6.2(a) the metal and semiconductor are unconnected. In this
case, unlike in the ideal case, there is already some band bending apparent at
the sem iconductor surface as the bulk of the sem iconductor com es to
equilibrium w ith the surface states. W hat happens as the two are brought into
theoretical contact is illustrated in figure 6.2(b). The Fermi level of the
semiconductor falls by an am ount equal to the contact potential, relative to the
metal.

vacuum

gap

3 1 q%
qq>m

qVbi

—

m

E c q(|)
—

Eq^B
V _____

—

Ec
E

Ev
V

(b)

(a)

(c)

Fig. 6.2 Energy levels with a Large Number of Surface States

If the density of surface states is sufficiently large to accommodate any
additional surface charge as the tw o surfaces come into intim ate contact, as
show n in figure 6 .2 (c), the space charge in the sem iconductor w ill be
unaffected. Thus in this case, the barrier height is determ ined by the property
of the sem iconductor surface, and is independent of the metal w ork function
[6 . 1, 6 .2 ].

Thus, the barrier height can be a sensitive indicator of the condition of
the semiconductor surface.
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6.1.2 C urrent T ransport Processes

C urrent transport in m etal-sem iconductor contacts is m ainly due to
majority carriers. There are four basic transport processes under forw ard bias.
(1) Transport of electrons from the semiconductor over the potential barrier
into the metal.

This is the dom inant process for Schottky diodes w ith a

moderately doped semiconductor operated at room temperature.
(2) Quantum -m echanical tunneling of electrons through the barrier. This is
im portant for a heavily doped sem iconductor and is responsible for ohmic
contacts.
(3) Recombination in the space-charge region.
(4) H ole injection from the m etal to the sem iconductor, equivalent to
recombination in the neutral region.
Since, under the conditions of characterisation of the Schottky diodes
formed on the GaAs surfaces, (1) will be by far the dom inant process, only the
theories for this contribution will be given here.

6

.1.2.1 Thermionic Emission Theory

There are three basic assum ptions m ade in the derivation of the theory
by Bethe [6.3]:
(i) the barrier height, q(|)B , is much larger than kT;
(ii) therm al equilibrium is established at the plane that determines emission;
(iii) the existence of a net current flow does not affect this equilibrium.
The current density Js-^mr from the semiconductor to the metal is given
by the concentration of electrons w ith sufficient energy to surm ount the
potential barrier and m oving in the x direction, (taking the x-direction as
norm al to the interface).

/

s->m

= I q \d n
J

Ep +q4) B
where Ep + q(|)B is the m inimum energy requirement.
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(1 )

dn = N(E)F(E)dE
where N(E) is the density of states and F(E) is the distribution function. So
3/2

dn = 4 7 T(2 m*)

/

A/ E - E^

exp[-(E -

4-qV^)/kT]dE

(2)

h^
where m* is the effective mass of an electron in the semiconductor and
qVn = Ec - Ep

If all the energy of electrons in the conduction band is assum ed to be kinetic
energy then
E - Ec = 1 / 2 m*v^
dE = m*vdv
V(E - Ec) = vV (m */2)

Substituting these into equation (2) gives
dn = 2 / n f \ exp / zgV A exp / -m*v ^ \
\h )
V kT /
\2 k T )

( 4 tiv ^dv)

(3)

This gives the num ber of electrons w ith speeds betw een v and v+dv over all
directions.
v 2 = v %2 + Vy2 + v %2
and
4jcv2dv = dv%dvydvz

which, combined w ith (3) and substituted in (1) gives
2

\

^ 2

Since vqx is the m inim um velocity required to surm ount the barrier,
l/2m*vox^ = q(Vbi-V)
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(4)

Substituting this into (4) gives
/

=

exp ^

and A* = ^ 4 7 iqrn*k \
V h^
/

exp

since (L = \ ^ + Vbi

i§ the effective Richardson constant.

For GaAs, which is a direct band-gap semiconductor. A* = A m * /m o , while A,
the Richardson constant is 120 A cm"^ K”^.
Com bining diffusion theory w ith thermionic emission theory for the
transport of electrons over the barrier, changes A* to A**, which is in fact only a
small change, - 1 0 %, and within the accuracy of this work, unim portant since
this would only change the value of (|)b by 0 .0 1 %.

6.1.3 M easurem ent of Barrier H eight and Ideality Factor

W hen a bias is applied to the Schottky barrier, there is an image-forceinduced low ering of the barrier height, A(j), d ependent on V. Thus the
expression for the current density becomes
/

=

exp

exp /q (A ^ ^ V ) \

This can be w ritten as

and

where n is defined as

7

q
3Y
kT 3(ln7)

=

if qV /nkT » 1 this approximates to
/
®
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exp /g V \
\n k T ^

exp / : # B \

VkT;

Thus a graph of In/ against V should have a linear region where V>3kT/q.
The slope of this linear region yields n, the ideality factor, and the intercept of
the line at V=0 is Js which yields the barrier height.

6.2 Fabrication of Schottky Diodes

6.2.1 Preparation of Samples

6.2.1.1 Etching

Etched sam ples w ere p repared from a w afer of n-type GaAs of
characteristics: Si-doped...................... 1.4 -1.8 x 10^^ cm"^
...................... {1 0 0 } orientation
The novel source was set up in the RIBE configuration, and etches w ere
perform ed under similar conditions to the previous experiments.

6.2.1.2 Cleaning

As in all previous etches, a contamination layer formed. To ensure that
the cleaning process to remove the contamination did not adversely affect the
surface, two control samples were also prepared, from the same wafer.
Two samples, one etched and one unetched were placed in isopropylalcohol in a sonicator for a total of 30 minutes, rem oving them after each 10
m inutes for gentle rubbing w ith a cotton bud. A third sample, unetched, was
left untouched in a still Petrie dish of isopropyl-alcohol.
Finally, all three samples were p u t in a dish of 10% N H 3 solution, to
remove the native oxide layer, as recommended in Chapter 3, section 3.2.1.4,
and dried w ith dry nitrogen.
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6.2.2 D eposition of M etal Contacts

. .

6 2 2 .1

Ohmic Contacts

On removal from the N H 3 solution and drying, all three sam ples were
im m ediately transferred to the evaporator, w here lOnm of Al, followed by
lOOnm of Au were deposited on the back surfaces.
The sam ples w ere all then annealed for 90 s at 450°C, to induce a
sufficiently highly doped layer for the tunneling current to m ake an ohmic
contact.

6.2.2.2 Schottky Contacts

All three samples were again p ut into N H 3 solution for a few m inutes to
remove the native oxide layer which would have regrown during the annealing
process. They w ere then im m ediately transferred to the evaporator after
drying where lOOnm of Au was deposited through a shadow mask, illustrated
in figure 6.3, onto the front surface .

Fig. 6.3 Diagram of mask used to fabricate Schottky contacts
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6.3 Evaluation of Schottky Diodes

6.3.1 I-V Characteristics

I-V characteristics were m easured for sample dots of all sizes on each of
the three samples, using a curve tracer. The curve tracer was designed such
that the potential required to drive various standard current values was always
m easured. Current densities were then calculated from the known areas of the
various dots deposited, and graphs of current density, /, against V w ere
plotted. Figure 6.4 shows the /-V curves in both forw ard and reverse bias,
illustrating the expected diode characteristics.
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Fig. 6.4 J-V characteristics for representative diodes formed on each sample

It can clearly be seen that all three samples are very similar, and show good
diode characteristics.
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6.3.2 Analysis

Graphs of ln(/) against V were plotted, to find the slope and intercept of the
linear sections.
7.5
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Fig. 6.5 Plot of ln(J) against V for the same diodes as Fig. 6.4

6.3.2. 1 Ideality Factors

n=

a
ay
kT d{\nj)

For the untreated sample,

OV = 0.0384
B(W )

hence n = 1.52
For the etched sample,

3V = 0.0393

a(in/)
hence n = 1.55
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For the cleaned but unetched sample,

9V = 0.0406
a(ln/)

hence n = 1.61

6.S.2.2 Barrier Heights

Js

= AT2exp(-q(t)B/kT)

{Js /AT2) = exp(-q(|)B /kT)

ln(AT2//s) = (q(|)B/kT)
hence

(|)b

= [ln(AT2) - ln(/s)](kT/q)

It is very difficult to read ln(/s) accurately from the graph, so it was calculated
from 0V/3(ln/) and one easy-to-read point. The result of this was very close to
the apparent value.
w ith A = 1.2xl06A m -2K -2 and T = 293K

ln(AT2) = 25.36

For the untreated sample, ln(/s) = 0.03
hence
For the etched sample,
hence

(|)b

= 0.6395 V

ln(/g) = 0.24
(|)b

= 0.634 V

For the cleaned b ut unetched sample, ln(/s) = 7 x 10“^
hence (bn = 0.640 V
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6.3.3 Sum m ary of Characteristics

Ideality Factor, n

Barrier Height. (|)r

Untreated sample

1.52

0.64 V

Etched sample

1.55

0.63 V

Unetched cleaned sample

1.61

0.64 V

6.4 Evaluation of Surface Characterisation

The ideality factors of 1.5 - 1.6 are high com pared w ith the best values
for GaAs of 1.04, and the barrier height of 0.64V is low compared w ith the ideal
value for Au-GaAs of 0.9V, but both of these anomalies can be expected for a
highly doped semiconductor. The wafer used in this characterisation w ork
w as doped to - 1 0 ^^ cm"^ which is indeed rather high.
The im portant point to note is the high degree of consistency among the
three samples, particularly in the values of the barrier height, which indicate
the density of surface states. The density of surface states has not been
changed at all by either the etching or the cleaning process.
This result compares very well with other etching methods.
Yamasaki et al [6.4] investigated the effect of rf sputter etching on the
GaAs surface. Their m aterial was n-type GaAs (Si-doped — 3 x IQl^ cm"^).
They found the barrier height dropped from 0.7V to 0.44V w ith lOOW of rf
power, w hilst the ideality factor increased from 1.1 to 1.8. T. H ara et al [6.5],
w ith reactive ion etching of a previously deposited Si0 2 layer, found that the
barrier height of the newly exposed GaAs surface had fallen from 0.745V for
the virgin surface to 0.52V for a rf power of 300W. Their carrier concentration
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in the virgin sam ple was 1.9 x IQl? cm-^. N oh et al [6 .6 ] using an Ar ECR
microwave plasma, found the ideality factor increased from 1.04 to 1.24, w ith
an initial carrier concentration of 1.9 x 10^^ cm"^' w hist the barrier height fell
from 0.767V to 0.67V (converting their values to those which w ould have been
obtained w ith A = 120 A cm“2 K‘2, for ease of comparison).
In all of these cases, a considerable change in both ideality factor and
barrier height were found subsequent to the etching process, (12% - 35% in
barrier height, 24% - 64% in ideality factor).
In the etching perform ed w ith this novel source, the change in barrier
height is 1%, and the change in ideality factor is 2%. Thus the damage induced
by etching w ith this novel source is indeed ultra-low [6.7].
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CHAPTER 7: THIN FILM DIAMOND

7.1 Importance of Diamond

Diam ond is a m aterial w ith m any extreme properties, w hich m ake it
useful for m any varied applications. It is extremely hard, w ith a low coefficient
of friction and is chemically highly resistant. This m akes it a very useful
material for protective coatings in applications as diverse as machine tools and
artificial joints. It has the highest therm al conductivity of any m aterial, 10
tim es th at of copper, and is therefore an ideal heat diffuser for high
tem perature, high power semiconductor devices.
Diamond is also a semiconductor m aterial in its own right, w ith a very
w ide band-gap, 5.5eV, (compared w ith l.le V for silicon and 1.4eV for GaAs),
high hole mobility and high breakdow n voltage. Thus there is a great deal of
interest in developing doped-diam ond m aterials for electronic purposes, to
p ro d u ce hig h pow er, high frequency devices com patible w ith high
tem perature, chemically harsh a n d /o r high radiation environments [7.1].

7.2 CVD of Diamond

It has been shown w ithin the last decade that diam ond can be grown by
a variety of CVD m ethods, but they all have certain comm on characteristics.
The carbon containing precursor m ay be one of num erous com m on gases,
(CH 4 , C 2 H 2 , CO, CO 2 and others have been used), but it m ust in all cases be
greatly diluted, to <1%, in hydrogen. The other im portant characteristic is the
need for the presence of atom ic hydrogen in the vicinity of the grow ing
surface. The exact role of H in the nucléation and grow th of diam ond is still a
m atter of some controversy, but it is certain that w ithout it only graphitic forms
of carbon will grow.
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The tem perature of the grow ing surface is also a very im portant
param eter. If the tem perature is either too low or too high, only graphitic
forms will grow. The tem perature m ust be w ithin a given w indow , but w hat
this tem perature range is, is also som ewhat controversial. It is actually quite
difficult to m onitor exactly the tem perature of the grow ing surface, and
different groups have used widely differing methods, such as therm ocouples
attached to the underside of the sample or to the sample holder, or pyrometers.
This m ay be the cause of the disparity. However, on average, it seems to be
about 1000°C ± 200°C [7.7,7.9,7.15,7.19].
A ngus and H aym an [7.2] suggest that in the presence of atom ic
hydrogen the diam ond surface is likely to be saturated w ith hydrogen.
Because the H -H bond energy is greater than the C -H bond energy, atomic
hydrogen will both add to vacant surface sites, S*, and abstract hydrogen from
filled sites, S-H :S- + H- -> S-H
S—H + H* —> S- + H%
Both these reactions are exothermic. Because of the dynam ic interaction
betw een atom ic hydrogen and the surface, there w ill be a steady-state
concentration of free surface sites, S-, w hich can undergo reactions w ith
carbon-containing species, R, for example:S* + R* —>S—R
There has been much speculation w hether the intermediate for diam ond
grow th is a single-carbon-species, such as the m ethyl radical (CH 3 ) or CH 3 +
ions, or a two-carbon-atom species, such as acetylene (C2 H 2 ).
Jackm an e t al [7.3] have dem onstrated that neither m ethane nor
hydrogen will adsorb on a clean silicon substrate, w ithout activation, in the
case of their work, by a hot filament. They also dem onstrated that in the
presence of a filam ent heated to 2200K, acetylene and ethylene (C 2 H 4 )
desorbed from the surface after it had been exposed to activated m ethane,
im plying that these species, which are know n to form from m ethane w hen
activated, can also stick to the growing surface. Exposure to atomic hydrogen
can convert ethylene to acetylene, by hydrogen abstraction, and then to C 3
form s th ro u g h a hydrogen driven addition reaction betw een adsorbed
acetylene and methyl species. Thus in this schema, both single-carbon-atom
species and two-carbon-atom species can contribute to growth.
The aim for electronic applications is to grow hétéroépitaxial, single
crystal, diam ond films. However, the lattice constant of diam ond, 3.57Â, is
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very m uch smaller than almost any other cubic crystal, so epitaxial grow th is
very difficult to achieve. (Cubic boron nitride has a lattice constant of 3.62Â,
only a little larger than diamond, but is itself very difficult to grow, and is not
suitable as a substrate for diamond. It is grown as a wide band-gap m aterial in
its own right). The most common substrate used is Si, (lattice constant 5.43Â)
w hich has a considerable mismatch. To encourage nucléation and grow th
various surface pretreatm ents have been used, com m only polishing w ith
diam ond powder, but biasing in hydrocarbon plasm a has also been used very
successfully [7.4]. It is believed that an interm ediate layer of SiC prom otes
epitaxial growth since the lattice constant of SiC is 4.35Â, m uch closer to that of
diam ond than silicon itself, and the cubic structure is the same. However, it is
still a considerable m ismatch by norm al epitaxial standards (2 2 % com pared
w ith less than 5% for other hétéroépitaxial systems). N evertheless, highly
oriented polycrystalline diam ond films can be grown, w here the orientation is
close to that of the substrate (within 3® or 4°), particularly on Si(lOO), and can
be considered epitaxially textured [7.5]. These films are not yet single crystal.
The individual crystallites, as they grow and m erge still have clear grain
boundaries between them as they do not all have the same low angle to the
substrate. These low angle grain boundaries inhibit carrier mobility, so that
CVD diam ond film is not yet of good electronic material quality [7.6].
The variety of CVD m ethods is in the m eans chosen to activate the
hydrogen/ hydrocarbon mixture.

7.2.1 Hot Filament Assisted CVD of Diamond

This is one of the simplest methods. The substrate is held a few mm
from a filament, of tungsten or tantalum [7.7], heated to betw een 2000°C and
2500°C. The gas m ixture is passed over the filam ent to im pinge on the
substrate surface. The substrate is heated to betw een 800°C and 1000°C, some
or all of this heating coming from the filament. Because of its simplicity this
m ethod is m uch used for research into the grow th m echanism s themselves,
including the required concentration of H and its role in diam ond grow th [7.87.15], b u t it is not a suitable method for bulk production of uniform diam ond
films. There are also the problem s of contam ination of the film from the
m aterial of the filament, due to high tem perature reactions betw een the
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m etallic filam ent and hydrogen, form ing volatile products w hich can be
deposited on the growing surface, and degradation of the filament itself by
carburisation, which can happen in a few hours [7.7].

7.2.2 Plasm a-Assisted CVD of D iam ond

7.2.2.1 Microwave Plasma-Assisted CVD of Diamond

This has been a very successful m ethod of growing CVD diam ond film
of very high quality, using microwave plasmas [7.16-7.18]. The advantages of
m icrowave plasm a-assisted CVD for diam ond film are very high plasm a
densities leading to relatively high concentrations of atomic hydrogen and
m ethyl and other organic radicals, together w ith very low sheath potentials,
due to the high frequency (of order GHz) of microwaves. The disadvantages of
m icrow aves are difficulty in scaling up, and the extensive shielding of
microwave apparatus needed, as microwaves are hazardous to life. The size of
the plasma ball is related to the wavelength and for the standard 2.45GHz is
only a few centimetres diameter. To increase the size w ould m ean decreasing
the frequency and retuning the entire apparatus. This has been done, b u t is
expensive to achieve.

7.1.2.2 Radio-Frequency Plasma-Assisted CVD of Diamond

RF plasm as have been tried in plasma-assisted CVD of diam ond, both
inductive [7.19-7.25] and capacitive [7.26-7.28], but w ith only limited success so
far. It appears that there m ust be a good reason for the greater success of
m icrowave over RF. M icrowave plasm as are m ore dense by an order of
m agnitude or m ore, resulting in a m uch higher concentration of atomic
hydrogen and hydrocarbon radicals, which are know n to be needed for CVD
diam ond grow th. Also, the plasm a and sheath potentials in m icrow ave
plasmas are lower than in most RF plasmas. It appears that there is an energy
w indow for diam ond grow th of around 23eV [7.29]. The advantages which
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could be obtained by using radio-frequency are the m uch greater volum e of
uniform plasm a which can be sustained, allowing for either large or even
m ultiple wafer processing, and the safety and sim plicity of RF technology.
H ow ever, conventional capacitively coupled RF plasm a sources have high
sheath potentials and insufficiently high plasm a densities, whilst inductively
coupled RF plasma sources, while giving lower sheath potentials use ten times
as m uch power, and the induction coils which sustain the plasm a also heat the
substrate, making independent tem perature control of the substrate difficult.

7.2.23 Comparison of Characteristics of Plasma Sources

Plasmas are usually characterised by the electron tem perature, the
energy the electrons absorb from the exciting electric field, the plasm a density,
the concentration of charged particles in the plasma, and the ion energy. It is
instructive to compare the values of these param eters for different plasm a
sources.
Table of comparisons for plasma characteristics

Plasma
Source

Microwave
Capacitively
Coupled RF

Plasma
Density

Electron
Temp

lOeV

2

x l 0 ^^cm"^

4x10^ cm"^

3eV

Ion
Energy

10 - 20eV
4 2 .1 2 ].
~150eV
42.13].

This work

IxlO^O - 7xlO^°cm-3

12-16eV

20 - 25eV

From the above table, it can clearly be seen th at conventional
capacitively coupled RF plasm a sources form plasm as very different from
those formed by microwave excitation. It can also be seen that the novel source
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used in this study forms a plasm a very similar to that of m icrowave sources.
The figures for the source used here come from Chapter 4.
In view of the sim ilarities betw een the novel source plasm a
characteristics, and those of microwave plasmas, it should be possible to use
the source in plasma-assisted CVD of diamond. If successful, the advantages
of easy scale-up for this source would make it a useful tool in the developm ent
of thin film diamond.

7.2.3 Q uality of CVD D iam ond

Actual devices have been m anufactured, but so far the m ost successful
have been on homoepitaxially grown, boron-doped, thin films, which can be
single crystals. Theoretically, diam ond devices could be considerably m ore
efficient at high frequency and high pow er than currently available devices
[7.30], once the problem s of form ing suitable rectifying and ohmic m etal
contacts have been solved. The m ain difficulty is in form ing the ohmic
contacts.
For electronic purposes, growing diam ond as a thin film on cheaper
substrate materials, such as silicon has the best commercial promise. The most
successful m ethod to date is microwave plasm a assisted chemical vapour
deposition (MPACVD). But the best grow th to date is polycrystalline, and
attem pts to form metal contacts on these films have proved that their electronic
quality is still well below that of the single crystal films [7.31,7.32]. Also, this
m ethod has its limitations, as described above.
There are also still many problems w ith doping diam ond films. Boron
doping is the m ost successful to date, giving p-type diam ond. No dopant has
yet been found successfully to produce n-type diam ond, which is a great
limitation on the use of this material for electronics.
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7.2.4 Surface Preparation

Because of the extreme lattice mismatch between silicon and diam ond, it
is actually very difficult to initiate diam ond growth on silicon substrates.
It has been found that some form of surface pretreatm ent is necessary.
Various pretreatm ents have been tried. Scratching the surface, either
w ith a simple abrasive, such as SiC [7.43], or w ith fine diam ond pow der have
both been successful in initiating the nucléation of diam ond, although diam ond
pow der is the more successful. It has even been reported that contamination of
the surface w ith hydrocarbons [7.44] can enhance nucléation.

7.2.4.1 Bias-enhanced nucléation

It has been know n for some years that putting a bias on the substrate
will affect the way in which diam ond grows. In 1991 Stoner et al [7.4] grew
textured diam ond on p-SiC by im posing a bias of -250V w ith respect to the
chamber, while using a gas mixture relatively rich in m ethane for 30min, and
subsequently growing without bias under reduced m ethane concentration.
The exact mechanisms involved are not yet completely understood, but
the problem has been much studied.
Stoner et al [7.46] perform ed a careful and thorough surface analysis of
the effect that a negative bias of -250V w ould produce. They found that
applying a negative bias of -250V to an unscratched Si substrate, in a MWCVD
reactor w ith a gas mixture of 2% methane in hydrogen, at a pressure of 15 Torr,
w ith a microwave pow er of 600W, increased the nucléation density by up to 5
orders of m agnitude. The nucléation density depended on the length of time
for which the bias was applied, increasing w ith increased exposure, up to a
m axim um period of 2 hours. Norm al grow th conditions w ere reverted to
w hen the bias was turned off, and good quality diam ond crystals grew.
If the bias remained on throughout growth, poor quality film resulted.
This implied that conditions suitable for nucléation are unsuitable for growth.
Surface analysis tehniques revealed that an am orphous SiC interfacial
layer developed before significant diam ond nucléation occurred. A nontextured diam ond film therefore resulted from this process.
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Chang et al [7.47] investigated the effect of changing the bias applied to
the substrate. They found that a low negative bias resulted in a m ixture of
diam ond and am orphous carbon, and a high negative bias grew no diam ond.
A positive bias im proved the quality of the diam ond film. This confirms the
finding of Stoner et al [7.46] that continuous negative bias results in poor
quality film.
A n ingenious m ethod of com bining the textured film grow th m ade
possible by applying a bias to p-SiC, w ith growing diam ond on a Si substrate
w as devised by W olter et al [7.5]. A pre-bias carburisation step, under a 2%
m ethane in hydrogen MW plasma, with the substrate imm ersed in the plasma,
was followed by just 3 mins at a bias of -250V, w ith the m ethane concentration
increased to 5%, and the substrate at the very edge of the plasma. Grow th was
continued w ith the m ethane concentration reduced to 0.5%, and the substrate
m oved slightly downstream of the plasma.
This resulted in textured diam ond film grow th on the silicon substrate,
w ith the orientation of the diam ond crystals following the orientation of the
silicon wafer.
They hypothesised that the carburisation step induced the grow th of an
epitaxial SiC conversion layer, and that the subsequent diam ond nucléation
was epitaxial to the SiC.
John et al [7.48] investigated the layer induced by biasing, w hich is
known to increase nucléation. They found that it consisted of carbon-hydrogen
groupings based on both sp^ and sp^ C -H bonding. This is entirely consistent
w ith the Raman spectra show ing lines typical of polyacetylene in the early
stages of film growth. These are transform ed under subsequent unbiased
dilute-m ethane grow th conditions into diam ond. H ow ever, they utilised a
microwave pow er of 120W in their experiments, contrasted w ith the 600W of
Stoner et al [7.46]. There has not as yet been an investigation on the effect of
microwave power on the nucléation mechanism, but these two studies seem to
indicate that it does make a considerable difference. At 600W, SiC was formed,
at 120W hydrogenated carbon was formed.
Beckmann et al [7.49] found that grow th following bias pretreatm ent
resulted in fine grained diam ond film, with a nucléation density > 1 0 l^cm"^.
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7.3 Characterisation of Carbons by Raman Spectroscopy

The Raman spectrum of large single crystal graphite shows a strong line
at a shift of 1580 cm~^ from the C-C stretching m ode of the hexagonal sheets,
designated the G (for graphite) line, with a m uch weaker line at 2724 cm“^. The
latter is taken to be a two-phonon band, 2x1357 cm“l, 1357 cm"l being a line
which appears strongly in polycrystalline graphite, and designated the D line,
(as it was thought to be related to the diamond-like sp^ carbon bond) but not in
the large grain crystals. This line is assigned to a first-order phonon at the M
point, the 1000 zone boundary of the hexagonal Brillouin zone. The small size
of the particles causes a breakdown of the k = 0 selection rule.
For other disordered graphitic carbons, such as the glassy carbons, (so
called from their non-crystalline structure), these same two lines, 1357 cm'^ and
1580 cm"l also appear, although som etim es shifted slightly and m uch
broadened, and are therefore designated the D and G bands respectively. The
classification of the carbon can be made on the w idth and w avenum ber of the
G band, and on the D /G intensity ratio [7.33].
The classification can be summarised in the following table:
Carbon Tvpe
Diamond
N atural graphite crystal
HOPG
Polycrystalline graphite
Glassy Carbon A
Glassy Carbon B

T d/ I

g.

Avg (cm-l)

Yg (cm-l)

YD(cm1332

13
13

0
0

28
79
61

0 .2

0.91
1.32

1580
1576
1580
1591
1591

1357
1343
1343

The Raman spectrum of pure natural diam ond has only one, very sharp
line, at 1332 cm"^, close to the D line of graphitic carbon, since the tetragonal
structure of diam ond has only one possible bond length, and the structure has
cubic symmetry, whilst highly ordered pyrolitic graphite, (HOPG), like large
grain crystalline graphite has only the G line. The m ain difference betw een
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these latter two is a small w avenum ber shift for HOPG from 1580 cm 'l to
1576cm"l.
A line at 1620 cm"l can also be seen in microcrystalline graphite, whose
strength increases as the crystal size decreases. This line is also a first-order
phonon at a zone boundary, due to second-neighbour forces [7.34].

7.4 Diamond-like Carbon (DLC) film

Diamond-like carbon films are am orphous, hydrogenated carbon films,
(a-C:H). The carbon atoms are strongly linked, in a combination of sp^ and sp^
bonding, w ith some of the sp^ bonds hydrogen terminated. The exact structure
is very variable, as it is not a crystal lattice. These films have interesting
properties; they are very hard, they are good electrical insulators, they have
high thermal conductivity, are chemically inert and are transparent in the infra
red [7.35]. Indeed, m any of their properties are so similar to those of diam ond
film that w hen they were first fabricated it was thought that they were a form
of diam ond. (Hence the nam e they are commonly know n by). However, the
actual values of these properties, when measured, vary considerably from film
to film, depending on grow th conditions [7.36], unlike true diam ond, whose
p ro p erties vary very little, w hether one m easures n atu ral diam ond or
polycrystalline diam ond film, and the m ethod of film grow th also affects the
actual properties of the diam ond very little.

7.4.1 Applications of DLC films

Diam ond-like carbon films have m any applications, as do diam ond
films. They are used as wear reduction coatings in medical applications, both
for precision surgical tools, and for artificial joints, since as well as being very
hard, DLC is biologically compatible[7.37]. They are also used in electronic
applications, as insulating passivation layers [7.38], and in opto-electronic
devices [7.39,7.40].

136

7.4.2 G row th of DLC by RF Plasma Assisted Chemical V apour D eposition

The conditions required for the deposition of a-C:H films are rather
different from those required for the deposition of diamond.
The deposition process consists of several steps. Hydrocarbon radicals
adsorb on the surface, w ith a sticking coefficient strongly dependent on surface
tem perature. If the tem perature is raised, the species gain too m uch energy
and rapidly desorb again. Thus DLC is usually grow n at near room
tem perature, in contrast to diam ond, grow n at the elevated tem perature of
betw een 850°C and 950°C. Indeed, at tem peratures above a few hun d red
degrees Celsius, DLC decomposes.
The next step occurs w hen ions bom bard the grow ing surface, and if
they have sufficient energy, will penetrate, either lodging in an interstitial, or
dislodging another atom into an interstitial and taking its lattice position. In
either case, this increases the density locally, and causes the form ation of sp^
bonds. However, if the energy of the incom ing ion is too great, as well as
penetrating the surface, and disloding an atom from its position, it could give
rise to a therm al spike on losing the extra energy. This w ould then lead to
relaxation of the denser region, and the sp^ bonds w ould reconvert to sp^
bonds [7.41]. The energy of the ions is usually estim ated from the self-bias
which develops, from the relationship £/ ~ 0.4 V\,. The optim um value of
is
~120eV per carbon atom in the ion, and therefore depends on the source gas.
This corresponds well w ith the finding that for |Vb I < lOOV only soft polymeric
coatings are grown, (as the ions have insufficient energy to penetrate the
surface), and for |Vb I > 600V only graphitic material is deposited [7.42]. This
work was with m ethane as the source gas.
A range of source gases, including methane, acetylene and benzene have
been used. These are usually, but not always, diluted w ith hydrogen, either
lightly, 75% methane:25% hydrogen [7.42] or quite strongly. Grant et al [7.37]
varied the m ethane concentration betw een 2 % and 1 0 0 % to optim ise the
concentration for coating hardness and adhesion, and found that 16% to 18% of
m ethane in hydrogen gave the best hardness and adhesion. This again is in
contrast to diamond, where the methane concentration is < 1 %.
Gas pressures for the deposition of DLC are in the range 0.01-1 torr,
again very different from diamond, where pressures of 5-30 torr are required.
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These necessary conditions of pressure, ion energy and tem perature
make the standard capacitively coupled RF plasma reactor very suitable for the
deposition of DLC. Such reactors are commonly used for the deposition of
DLC.
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CHAPTER 8: CARBON DEPOSITION WITH
MODIFIED SOURCE

As the plasm a characteristics of the novel source, as characterised in
C hapter 4, and, as show n in the comparisons w ith microwave plasm as in the
previous chapter, are very suitable for plasma-assisted CVD of diam ond, this
new application was evaluated.

8.1 Modification of the Source

The propensity of the source for self-erosion was exploited to deposit
thin films of carbon on silicon substrates.
The m ost usual m ethod used to deposit th in diam ond film s is
m icrow ave plasm a CVD, but if a m ethod of utilising RF plasm a could be
successfully devised, this would be a considerable advantage, as explained in
C hapter 7. If a m ethod could be found also which did not require prem ixing
hydrogen and m ethane flows to the exact level of dilution needed, 1 % m ethane
in hydrogen, to prom ote diam ond rath er than graphitic grow th, this
simplification w ould be a great advance.
With the liner of the source graphite instead of silica, and w ith hydrogen
as the gas used for the plasma, erosion of the graphite by the hydrogen plasma
should produce an adm ixture of hydrocarbons. This m ixture could m eet the
requirements for diam ond growth.
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8.1.1 Preliminary Tests

Some preliminary tests were carried out to determine the response of the
novel source to hydrogen.
It was found that the plasm a could only be sustained w ith higher
pow ers at higher pressure. Figure 8.1 shows the m inim um pressure required
to sustain a plasma at various input powers.
It was also found that the m aximum pow er input available was 400W,
although w ith argon the power supply maximum was 500W.
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1
I
g

0

100

200
300
power (W)

400

500

Fig. 8.1 Minimum Pressure against power for hydrogen plasma

Further, it was observed that at higher pressures, ~10“2 mbar, the plasm a
w as contained in rings inside the plasm a cham ber of the source. This is
illustrated in figure 8 .2 .
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Fig. 8.2 Photograph of high pressure hydrogen plasma showing rings.

8.1.2 Preparation of Liner

To prepare a graphite liner, the silica liner was removed from the source
and coated. After some trial and error, a recipe was evolved which produced a
smooth stable coating.
Aquadag, diluted with D.I. water until a smooth creamy texture was
achieved, was painted onto the inside of the liner. The liner was then baked for
one hour at 140°C and allowed to cool slowly. The liner was then replaced in
the source.
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8.2 First Carbon Deposition

8.2.1 Unprepared Silicon

Samples of virgin silicon were exposed to the plasm a, for some time,
under m oderate conditions of pow er and pressure, (300W RF pow er and a
pressure of 2x10"^ mbar), w ithout heating. There was no evidence of any
deposit formed.
Further samples of untreated silicon were then exposed to the plasma,
under sim ilar conditions, b u t w ith the silicon substrate heated by passing
current directly through the sample from tantalum foil connections. A heating
current of 8A produced adequate heating of the sam ple, as tested w ith a
thermocouple in contact w ith the sample surface.
After one hour a coating was formed.
The heating was not uniform , because of differences in the degree of
contact of the tantalum connectors, and thus a tem perature gradient was
established, from ~800°C at one end to ~600°C at the other.
It was observed that the coating was thick and black at the hotter end,
brownish at the cooler end.
The coating was clearly graphitic and not diamond.

8.2.2 Hot Prepared Silicon

The silicon was scratched w ith carburundum (SiC) pow der, as it has
been well established that carbon nucléation is m uch increased by scratching
the surface.
A series of one hour depositions was perform ed, varying both pow er
and pressure, as detailed in the table below. All these depositions produced
films, which varied in appearance w ith the tem perature gradient across the
sample.

145

These sam ples, together w ith the unscratched sam ple, w ere then
prepared for Raman spectro-scopic analysis, by separating the regions grown
under different tem perature conditions.
Power

Pressure

Appearance of Deposition

150W
330W
330W
400W

>10“2 m bar

Barely visible

6 X 10"^ m bar
10"2 m bar

Sooty in m iddle, clear at ends
Sooty in m iddle, clear at end
Sooty in m iddle, clear at end

>10"2 m bar

8.2.2.1 Analysis by Raman Spectroscopy

From the Raman spectra obtained from the carbon depositions, show n
in figures 8.3 (a) - (i), m easurem ents of Vg, Vd, I d / I g and A vq w ere made.
These are given below, together w ith the classification of the deposit grown,
from comparison w ith the table given in Chapter 7.
P(W) p(mbar) T(QQ I d/ I g Vn(cm~^) YG£cm"l) Avn(cm~^) Classification
330

330

400

6x10-3

1x10-2

>10-2

600
700
800

0.83
1.31
1.07

1350
1343
1343

1580
1580
1585

29.4

600
700
800

0.76
1.28
1.11

1350
1341
1347

1580
1580
1590

28
59
73.5

polycrystalline C
glassy carbon B
glassy carbon A

600
700
800

0.83

1350
1344
1344

1580
1580
1585

28
61.8
76.5

polycrystalline C
glassy carbon B
glassy carbon A

1.33
1.1

59
76.5

polycrystalline C
glassy carbon B
glassy carbon A

From this it can be seen that the definitive param eter is tem perature. All the
spectra also show a clear indication of the line at 1620 cm“l, im plying that the
crystals are very small.
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Figure 8.3(a) Raman Spectrum from polycrystalline carbon
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Figure 8.3(b) Raman spectrum of glassy carbon B
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Figure 8.3(c) Raman spectrum from glassy carbon A
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Figure 8.3(f) Raman spectrum from glassy carbon A
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Close examination of the spectra also shows that there is probably a small
polycrystalline com ponent at 700°C, w hich increases as the tem perature
decreases. The m ain difference at different conditions of power and pressure is
in the intensity of the lines, and in the intensity of the line from the underlying
silicon. This gives a measure of the thickness of the coverage. At higher power
the coverage is m uch less. The most effective combination was high pressure
and 330W power.

8.2.3 Atomic H ydrogen A ddition

One possible cause of only graphitic deposits was an insufficiency of
atomic hydrogen being generated. Several m ethods of increasing the atomic
hydrogen concentration were tried, such as using an extra filament, in addition
to the plasma, and hydrogen flow directly over a filament onto the sam ple
from a dosing tube, but without success. All coatings formed were graphitic, a
mixture of glassy carbons and graphite crystals.

8.3 Mass Spectroscopic Analysis

Another property of the plasma m ust have been the cause. An analysis
of the o u tp u t of the m odified source w as u n d ertak en , using a m ass
spectrometer.
Since a mass spectrometer can only be operated at lO'^mbar or less, and
a hydrogen plasm a could only be m aintained at >10"^m bar, a form of
differential pum ping was devised.
A metal plate, with a small central orifice (1mm diameter) was m ade to
fit over the exit from the source, in the position originally designed for a grid.
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8.3.1 With Source in Original Configuration

U sing a Spectram ass mass spectrom eter, background spectra and
spectra w ith the rf power set to 200W were taken.
Careful analysis of the spectra obtained, shown amalgam ated in fig. 7.4,
(with the signal from w ater rem oved for clarity), yielded a complex mix of
hydrocarbons including methane, ethane, propane and propene, the latter two
being CgH% com pounds, not generally considered suitable for diam ond
growth. There was also relatively little atomic hydrogen. The w ater was
released from the aquadag painted on the liner, as carbon was removed by the
action of atomic hydrogen, and produced a signal an order of m agnitude
stronger than any other. It was surm ised that m uch of the atomic hydrogen
generated imm ediately reacted w ith the carbon on the liner, producing the
large quantities of hydrocarbon found.

8.3.2 With Further Modification of the Source

To reduce the strength of the reaction of atomic hydrogen w ith the liner,
a further modification of the source was carried out. More than half the Sm-Co
magnets were removed. The num ber of rows of magnets was reduced from 12
to 6, and where previously there had been 3 magnets at each position, this was
reduced to 2. This modification should also actually increase the plasm a
density [2.28].
An extended series of mass spectra w ere now taken w ith this new
magnetic configuration, and w ith the source repositioned on a side-arm of the
six-way cross, facing the mass spectrometer head.
W ith this configuration, it can be seen from the spectra show n in fig. 8.5,
that increasing the input rf power, rapidly increases the output of both atomic
hydrogen and hydrocarbons. In particular, the heavier hydrocarbons still
predom inate at higher powers, where the atomic hydrogen concentration is
best, including the appearance of C4 H% compounds.
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A n important feature is the rapid increase in the atomic hydrogen signal
compared with molecular hydrogen as the rf power increases, shown in fig. 8.6.
A growth run was attem pted with this magnetic configuration, but, not

surprisingly, only graphitic forms were again produced.

Summary

In conclusion, the source w ith hydrogen plasm a and a carbon liner, is
too efficient at stripping carbon, and makes too rich a hydrocarbon mixture for
diam ond growth.
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CHAPTER 9: DIAMOND DEPOSITION

The idea of using a carbon liner w as abandoned, and the liner was
thoroughly cleaned, all traces of carbon being rem oved by baking in air at
800°C.
A gas cylinder of premixed 1% methane in hydrogen was obtained from
Gas and Equipm ent Ltd., and used as the gas supply for the next series of
depositions.

9.1 Heating the Sample

9.1.1 Direct Heating

The sample was held only by tantalum clips, through w hich a heating
cu rren t could be passed, as in the previous series of depositions. A
thermocouple was attached to the centre of the sample.
The sample was then positioned at the aperture of the source.
Plasma conditions were:- pressure 2mbar
rf power 250W
W ithout any heating current through the sam ple, the tem perature of the
sample rose to 185°C, as measured by the thermocouple.
The current supply was then switched on, and nothing happened.
The plasm a was switched off, and the sam ple heated to red-hot. Then the
plasma was ignited, and the heating current disappeared. It was surm ised that
a plasm a at this density is too good an electrical conductor, and an indirect
method of heating m ust be devised.
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9.1.2 Indirect Heating

A sample holder, to contain a heating filament, was designed and m ade
of pyrophyllite. A coiled filament of 0.5mm diam eter tantalum wire was m ade
for the heating filament, and the recess in the holder for the filament coil was
lined w ith tantalum foil to reflect the radiant heat away from the ceramic and
onto the sample. This is illustrated in fig. 9.1.

TOP
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VIEW
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trench for sample
trench for heating
filament
holes for filament wires
holes for support rods

Fig. 9.1 Design for ceramic sample holder/heater
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9.1.3 Tem perature M easurem ent

It proved impossible to attach a therm ocouple to the sam ple in this
holder, so calibration curves were draw n relating filament pow er consum ption
to sample surface tem perature, as monitored by a disappearing filament pyro
meter, in vacuo. Two different types of silicon wafer w ere used in these
depositions, of different thicknesses, one of 0.25mm thickness, the other of
0.5mm thickness.
N. B With the plasma ignited, it would not have been possible to see the glow of the hot
sample. Flowing gas cools the sample, but the plasma itself heats the sample, as
demonstrated in Section

9.1.1.

These two effects nearly cancel each other, so

monitoring in vacuo is accurate to within ~20°C.

The calibration curves are shown as figures 9.2 (a) for the thinner silicon, and
9.2 (b) for the thicker silicon.
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Fig. 9.2 (a) Temperature calibration curve for 0.25mm thick silicon wafer
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Fig. 9.2 (b) Temperature calibration curve for 0.5mm thick silicon wafer

9.2 Diamond Depositions: Substrate Preparation Method 1

9.2.1 Sample Preparation

This series of depositions was characterised by the m ethod of sam ple
preparation. All samples were scratched vigorously w ith diam ond pow der,
(<l|xm), mixed to paste with de-ionised water, betw een two pieces of silicon,
and then sonicated for 30 minutes in acetone to remove all traces of diam ond
from the surface, leaving a surface w hich w as very craggy u n d er high
magnification, but which did not show any residual diam ond particles. This is
shown in figure 9.3.
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Fig. 9.3 SEM photograph of control sample of scratched silicon.

9.2.2 Experimental Procedures

Deposition run conditions were as follows:RF power
(W)

Pressure
(mbar)

Filament
power (W)

Temp. QÇ
(centre)

Temp, o ç Time
(edge)
(hours)

15

54

1000

895

200

15

57.5

1025

915

(iii) 200

15

73

1125

970

(iv) 200

15

63.5

1065

940

975

875

(n)

(v)

250

51

165

17

9.2.3 Scanning Electron Microscopy

All samples were examined under the Scanning Electron Microscope.
Samples (i) and (ii) seemed to have grown only glassy carbon, as the
appearance w as similar to that of the samples described in C hapter 8.
Sample (iii) had m any small crystals near the edge, b u t n o t near the
centre, where the tem perature was higher.
Sample (iv) with a lower tem perature and a longer time, show ed m any
small crystals, but without the characteristic diam ond faceting.

9.2.4 Raman Spectroscopic Analysis

Sample (iv) was subjected to Raman spectral analysis. The spectra
obtained are shown in figures 9.4 (a) and (b). Figure 9.4 (a) is from the centre of
the sample, showing only graphitic signals, but figure 9.4 (b), from the edge of
the sample, where it is cooler, shows a complex signal im plying some p re 
diam ond nucléation. The 1345cm"^ and the 1590cm“^ lines are the D and G
lines of graphite, but 1300cm"l is close to the 1330cm"l of diam ond w hilst the
band from 1400cm‘l to 1430cm"^ is m ost probably due to polyacetylene, more
clearly shown in the spectra from sample (v), figures 9.5 (a) and (b).
In the light of this analysis, conditions were changed slightly for the next
deposition, sample (v), as can be seen from the table above. A lower pressure
and a higher rf in p u t pow er was used, to im prove the H :H 2 ratio, thus
encouraging the diam ond growth over the graphite, and the tem perature was
reduced further, to be similar to that at the edge of sam ple (iv). The time was
increased by a factor of ~2.
This sample was then also subjected to Raman spectral analysis. The
spectra are shown in figures 9.5 (a) and (b). Figure 9.5 (a) is from the centre of
the sample, where the coverage was of many very small crystals. There is little
evidence of graphite, but a strong diam ond signal, at 1330cm"l, broadened due
to the small size of the crystals. Figure 9.5 (b) is from the edge of the sample,
w here the coverage was sparser. The 1570cm"^ line indicates large graphite
crystals, while the 1330cm‘l diam ond line is m uch narrow er, also indicating
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Fig, 9.4 (b) Raman spectrum from edge of sam ple (iv)
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Fig. 9.5 (a) Raman spectrum from centre of sam ple (v)
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Fig. 9.5 (b) Raman spectrum of edge of sam ple (v)
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larger crystals. The 1450cm'l line has been attributed to polyacetylene [9.1], a
possible pre-nucleation stage for diamond growth.
When looked at under the SEM, this sample show ed a considerable
coverage of tiny crystallites, together with a few larger ones, as can be seen in
figure 9.6.

9 422

Fig. 9.6 SEM photograph of sample (v), grown with rf power 250W for 17 hours

9.2.5 Summary of Results

This is the first time that diamond crystallites of such quality have been
grown so profusely with a capacitively coupled RF plasma source[9.2j. Clearly,
the conditions in the plasma from this novel source are indeed sufficiently close
to those of a microwave plasma, as the characterisation detailed in Chapter 4
suggested.
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9.3 Diamond Depositions: Substrate Preparation Method 2

9.3.1 Sample Preparation

This series of experiments was characterised by an alternative method of
sample surface preparation. Although diamond crystallites had been grown by
the end of the previous series of experiments, the extremely rough surface
meant that a good diamond film could not be grown. Following advice from a
more experienced grower of CVD diamond film (by MWPECVD), the samples
were polished gently with a cotton bud dipped in diam ond powder. Then the
sample was sonicated as before. The sample surface remained sm ooth and
shiny to the eye, although was clearly roughened on a microscopic scale. This
is illustrated in figure 9.7.

Figure 9.7 SEM photgraph of control sample of diamond polisher silicon (111)
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9.3.2 Experimental Procedures

A range of tem peratures and rf pow er inputs w ere used, b u t the
pressure was m aintained at 8 m bar throughout, since em ploym ent of this
pressure had led to success in previous experimental runs.

Deposition run conditions were as follows:-

RF Power (W)
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)
(ix)
(x)
(xi)
(xii)

Temp. °C

Time

250
250
250
250
300

835

30

880
925
980
780

300
300
300
300
300
400
400

860
880
935
1000
1080
800
880

16
30
16
18
18
17
16
17
16
20
20

All of these above grow th conditions grew crystallites, at densities which
depended on both tem perature and rf input power.

9.3.3 Grow th at 250W RF Input Power

These samples were as near as possible a repeat of the conditions of the
most successful run of the previous series, to investigate first the im provem ent
that the new surface treatm ent produced.
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9.3.3.1 Scanning Electron Microscopy

The SEM photographs of figure 9.8 (a) - (d) show varying stages of film
grow th as the tem perature is increased. At the lowest tem perature, 835°C,
there is considerable coverage of individual crystallites, which, although
extrem ely small, have sharp octohedral tendencies. As the tem perature
increases, these become fewer in number. At the same time, there can be seen
an underlying filmic cover, w hich becom es denser as the tem perature
increases.
(a)

(b)

(c)

Figure 9.8 SEM photographs (all at lOK magnification) of film growth at 250W RF Power,
(a) 835°C, (b) 880°C, (c) 925°C, (d) 980'C
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9.3.S.2 Raman Spectroscopy

Figure 9.9 (a) - (d) shows the Raman spectra corresponding to these film
growths. It will be noticed that on most of these spectra num erous lines appear
at slightly varying frequencies. These are attributed to C -H bonds, mostly in
the form of frans-polyacetylene, (trans - (CH);^). The exact frequencies at which
these lines appear depend on both the wavelength of the exciting light and on
the length of the polym er chain [9.1], but w hen using red light, as here, the
frequencies m ost likely to be found will be 1120 cm 'l, 1160 cm‘l, 1185 cm 'l,
1200 cm"l, 1250-1280 cm‘l, 1460cm"l, 1550 cm 'l and 1575 cm 'l [9.1].
Thus, although the SEM photograph of the sam ple grow n at 835°C
show s m any crystallites, any diam ond signal they m ay be producing is
sw am ped by the background of polyacetylene and am orphous carbon. The
Ram an signal from diam ond is very w eak com pared w ith other forms of
carbon, as the scattering efficiency is only -1 /5 0 that of graphite [7.33].
In figure 9.9 (b), at a tem perature of 880°C, the diam ond line at 1332 cm'^
can just be discerned as a shoulder on a strong peak at 1360 cm'^, due to very
fine graphite crystals. Nemanich and Solin [7.34] have show n that the D line of
graphite, (as defined in Chapter 7, section 7.3), which does not appear in large
crystals, appears in poly-crystalline graphite, and the D /G intensity ratio
increases as the crystal size dim inishes. This spectrum also has lines at
frequencies corresponding to the G line. The other lines correspond to
polyactylene, as in the previous spectrum . As the tem perature is again
increased to 925°C, the contribution centred on 1332 cm 'l, ^ small broad band,
is now m uch clearer, as the graphitic contribution has all but disappeared,
while some of the polyacetylene lines have shifted. This spectrum is surprising
since the n um ber of visible crystallites is actually few er than at low er
tem peratures. At the highest tem perature utilised w ith this RF power, 980°C,
there are very few crystallites indeed, and they are extrem ely small. The
underlying film growth is smooth, b ut not quite complete, there are some gaps.
The Raman spectrum however, shows small peaks at 1440 cm 'l and 1600 cm 'l,
which are polyacetylene still, w ith a very strong signal centred on 1334 cm 'l.
There are no polyacetylene lines at this frequency, and although the D line of
graphite, nominally at 1357cm'l can suffer either blue or red shifts, depending
on w hether the material is being stressed or compressed, these shifts are of
only a few wavenumbers.
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Figure 9.9 (a) Raman spectrum from sample grown at 835"C, 250 W
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Figure 9.9 (b) Raman spectrum from crystallites grown 880'Q 250W
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Figure 9.9 (c) Raman specrtum from sample grown at 925'C, 250W
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Figure 9.9 (d) Raman spectrum from sample grown at 980'C, 250W
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By considering the vibrations w hich are active v ibrations in R am an
spectroscopy as simple harmonic oscillators, Fitzer and Rozploch [9.7] have
show n that there is a simple proportional relationship betw een the Ram an
frequency and the bond length between carbon atoms:
Yg

= hn^

vd

bc^

where v/ is the Raman wavenumber, and bi is the bond length.
This means it is possible, if one bond length is known, for example from
x-ray diffraction, then other bond lengths m ay be calculated from the
w avenum ber of the Raman line. Therefore, since the w avenum ber of the line
seen here is the same as that for diamond, the bond length m ust also be that of
diamond. The same authors also clearly dem onstrated that it is not possible to
find this bond structure in graphite.
Thus it w ould appear that the only possible interpretation is th at the
film cover, at lower tem peratures polyacetylene, at the elevated tem perature of
980°C is actually very fine grained diam ond film.
The im proved surface trreatm ent has im proved the quality of the
diam ond grown, as can be seen by comparing the Raman spectra for otherwise
very similar conditions, such as fig. 9.5(a) and fig. 9.9(d).

9.3.4 Film Growth at 300W RF Input Power

A lthough the sam ple which gave rise to the Ram an spectrum of fig.
9.9(d) show ed a considerable diam ond grow th, the quality was still rather
poor.
The next param eter to change w as therefore the rf in;ut pow er.
Increasing the pow er to 300W, should, by the curve of fig. 4.7, increase the
plasm a density by about 20%, thus greatly increasing the atomic hydrogen
concentration. This should improve the growth of diam ond over graphite, thus
improving the quality.
Again, tem perature settings for the first run were chosedn to be close to
the m ost successful conditions of the previous experimnets at 250W, and then
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varied, both up and down, to investigate the effects of both tem perature and
power.
9.3.4.1 Scanning Electron Microscopy

(a)

(b)

(c)

Figure 9.10 SEM photographs of films grown with 300 W RF input power,
(a) 880T , (b) 935'C, (c) lOOO'C, (d) 1080°C

The SEM photographs of figure 9.10 show varying stages of film growth,
again as the tem perature is increased. At the lowest tem perature shown, there
is a dense coverage of sharply defined crystallites, which changes as the
tem perature is increased firstly to a very smooth, fine textured film, and then to
a film with an apparently 'rippled' surface. The crystallites grown at 880“C
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look like tiny diamonds, but the almost continuous film grown at 1000°C does
not look like any comm only grow n diam ond film. There are almost no
individual crystallites visible at this tem perature, and none at all at the even
higher tem perature of 1080°C, where the texture of the film has changed If the
film is composed of tiny crystallites which have merged, then that grown at the
higher tem perature m ust be com posed of slightly larger such crystallites,
w hich give the film its texture. These films w ere also subjected to Raman
spectral analysis, to investigate their composition.

9.3.4.2 Raman Spectroscopy

The Raman spectra from the sam ples grow n at 300W RF input pow er
are show n in figure 9.11 (a) - (d). They all show a strong diam ond line at 1330
or 1331 cm"l, w ith a small peak at the position of the graphite G line. Thus it
ap p ears th at both the sharply defined indiv id u al crystallites and the
continuous film grow th are formed of diam ond. As the graphite line is 50
times more intense than the diamond line, as discussed above, this means that
these films contain less than 0.5% of non-diam ond material. In figure 9.11 (d),
the spectrum from the more coarsely grained film, the G line is quite sharp
w ith a very clearly defined shoulder at 1620 cm 'l, which is due to the very
small size of the crystals, as discussed in Chapter 8.
The diam ond lines are however quite broad; natural diam ond has a very
narrow line, of order 2 cm 'l. The broadness of these lines can similarly be
attributed to the very small size of the individual crystals w hich form the film
[9.3]. If this is indeed the case, then the smoother film grow n at 1000°C should
produce a broader line than the coarser film grown at 1080°C. This hypothesis
is borne out by m easurem ents of the FWHM of the diam ond peaks on these
spectra, tabulated below.
A Ram an spectrum was also taken from the sam ple grow n at 850°C,
although the SEM of these crystallites is not illustrated. This spectrum is
show n as figure 9.11 (e), and it can be seen that at this lower tem perature, even
at the higher pow er of 300W, some polyacetylene lines appear, although there
is a very clear and considerable contribution from diamond.
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Figure 9.11 (a) Raman spectrum from sample grown at 880 *C, 300W
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Figure 9.11 (b) Raman spectrum from sample grown at 930‘C, 300W
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Figure 9.11 (c) Raman spectrum from sample grown at 1000*C, 300W
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Figure 9.11 (d) Raman spectrum from sample grown at 1080*C, 300W
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Figure 9.11 (e) Raman spectrum from sample grown at 850'C, 300W
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9.3.5 Com parison of Growth at D ifferent RF Input Powers

From the previous discussions, it is clear that both the substrate surface
tem perature and the input pow er to the plasm a affect the quality of film
grown. A comparison of the type of growth obtained at each tem perature, with
each pow er is summarised below.
Temperature

8601:

880°C

9301:

980-1000°C

250W

3Q0W

Some evidence of diamond,
w ith much polyacetylene

Much diam ond, w ith

Some diamond (more than
above), and some poly
acetylene.

Strong diam ond signal,
some microcrystalline
graphite, nothing else.

Some diamond, some poly
acetylene, very small am ount
of microcrystalline graphite.

Strong diam ond signal,
some microcrystalline
graphite, nothing else.

Strong diam ond signal,
(1334cm"l), small peak at

Strong diam ond signal,
high background, small
am ount of microcrystal

1440cm“l (polyacetylene), and
small am ount of micro

some polyacetylene

line graphite.

crystalline graphite.
Very strong, narrower,
diam ond peak, small

10801:

microcrystalline graphite
peak, low background.
The defects in the polyacetylene chains due to the presence of C -C
bonds of diam ond and graphite will strongly affect the Raman frequencies
found [9.1]. Thus, although the lines seen here, and attributable to neither
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diam ond nor graphite, do not fit precisely w ith the frequencies assigned to
poly-(CH)x, they are nevertheless attributable to C -H bonding.
It is clear from the above table that the higher, 300W, RF input pow er
alw ays grow s better quality diam ond than the low er, 250W, at sim ilar
tem peratures. At 250W, until the tem perature is very high, the diam ond signal
is alm ost hidden by the m any lines of polyacetylene. Even at the highest
tem perature employed at this power, 980°C, some evidence of polyacetylene is
still seen. However, at an input power of 300W, only at the lowest tem perature
employed, 860°C, was anything other than diam ond and a very small (<0.5%)
contribution from microcrystalline graphite observed. This im provem ent in
quality is most likely due to the much higher concentration of atomic hydrogen
at the higher RF input power, (see Chapter 8, section 8.3.2).

9.3.5.1 Assessment of Film Quality

One measure of the quality of diam ond is the w idth of the characteristic
diam ond line, m easured as the FWHM (full w idth at half maximum). A table
of these measurements is given below.
Temperature (°C)

RF Power(W) FWHM (cm"l)

Type of Growth

925

250

—

very small crystallites (<0.1 pm)
w ith pre-diam ond film growth

980

250

80

mostly thin film cover w ith few
very small crystallites

880

300

60

crystallites (-0.2pm)

935

300

55

crystallites (possibly some film)

1000

300

70

smooth, nearly complete film

1080

300

40

rippled film (composed of
slightly larger crystallites)
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The broadness of all the diam ond peaks is mainly due to the very small
size of the individual crystals w hich form the film. The line m ay also be
broadened by defects in the crystals [9.6], and w ith film com posed of such
sm all crystals, dislocations and grain boundaries w ill be num erous. For
crystallites of - Ip m across, the FWHM of the 1332 cm~^ diam ond line is
commonly found to be 15 to 20 cm~^ [7.17, 7.18, 7.47]. The crystallites in the
film grow n here are only 0.1 to 0.2 pm across, and therefore an even broader
line is to be expected. It has frequently been noted that the crystal size is very
small at the interface, and that as grow th of the layer continues, the crystals
become larger [7.17]. Thus, the small crystal size in these very thin films is not
necessarily a problem. Another aspect of the quality of the film grow n is the
quantity of non-diam ond m aterial incorporated in it. The Raman spectra of
these films show only a very small contribution from microcrystalline graphite,
and no am orphous phase at all. There is just a very fine grained diam ond film.
This is com parable to w hat can be achieved w ith bias-enhanced
nucléation and a microwave plasma, and is therefore a very exciting result.
Diam ond film of such high quality has not been grow n w ith an RF plasm a
before.

9.3.6 N ucléation Density

9.3.6.1 Variation w ith Temperature

As m entioned in section 9.3.2, the nucléation density w as found to
depend strongly on both tem perature and RF input pow er to the plasma[9.4].
At tem peratures above -900°C, the crystallites have m erged to form continuous
film, hence the nucléation density has saturated, illustrated in figure 9.13 .
But at lower tem peratures, the effect of substrate tem peratue is very
marked, a difference of only 100°C making a difference in nucléation density of
2 orders of m agnitude. This finding corresponds closely to the results of
Fayette et al [9.5], who also found an increase in nucléation density of 2 orders
of m agnitude over a narrow range of tem perature, w ith saturation being
reached at 850°C in their study (growth by MWPECVD). The increase in size of
the crystallites, as evinced by the narrow ing of the Raman line, at higher
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tem peratures, after nucléation density saturation has been achieved, implies an
increase in actual grow th rate. This does not appear to be the case at lower
tem peratures, where the nucléation density is still increasing, as the size of the
crystallites grow n for the same period of time, is the same. Fayette et al [9.5]
also found an increase in growth rate with temperature.

300W
(N

Î

I
800

900

1000

1100

substrate tem perature (°C)
Figure 9.13 Graph showing variation of nucléation density with temperature

9.3.6.2 Variation with Input Power

The nucléation density also depends quite strongly on the RF input
power, which affects the quality of the plasm a and the gas species activation.
From figure 9.14, showing nucléation densities for a range of RF input powers
at 880°C, it can be seen that the nucléation density at first increases rapidly w ith
increasing power, but then appears to be approaching a saturation level. This
maxim um nucléation density is at least as high as can be achieved w ith biasenhanced nucléation in MWPECVD systems. This effect is expanded upon
below.
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Figure 9.14 Graph showing variation of crystallite density with rf input power

9.3.7 G row th at 400W RF Input Power

As the rate of increase of plasma density with pow er slows dow n above
300W, to achieve a noticeable increase the pow er was increased to 400W. This
increase in pow er above 300W also increases the ion energy, as was noted in
Chapter 4. An increase in ion energy could be equivalent to adding a negative
bias to the substrate. I was interested to see if indeed the diam ond grow th
would be different under these more extreme conditions.
There was an increase in both nucléation density and grow th rate at this
higher power, the latter shown by the larger crystal size, illustrated in figure
9.15. There was also a considerable change in the quality of the growth.
The sam ples grow n at 400W RF input pow er w ere then subjected to
Raman spectral analysis. The spectra produced are show n as figures 9.16 (a)
and (b). Both show the 1330 cm"l diam ond line. (These spectra w ere taken
using an Ar (green) laser beam.) The spectrum from the sam ple grow n at

192

880°C shows both a broad band centred on 1330 cm“l, from the diam ond
crystallites, and also broad bands centred on the D and G lines of
polycrystalline graphite. These bands are all of approxim ately the same
intensity, which actually means that about 2% of the growth is graphitic. This
is rather more than at the lower input power of 300W. A probable explanation
for the increase of the graphitic signal, is the increased ion impact energy at this
RF power, which could be graphitising the surface of the diamond crystallites
after they have formed [7.1].

Figure 9.15 SEM photograph of crystallites grown at 800°C, 400W

The spectrum from the sample grown at 800“C, (figure 9.16 (a)), which
looks like a dense coverage of well formed crystallites, as shown in figure 9.15
is, remarkably, similar to that from an unscratched, biased at -275V, microwave
plasma enhanced CVD sample, grown at AEA Technology, Harwell, shown as
figure 9.17. This implies that the growth conditions induced by the use of this
higher power are similar to those produced by biasing the substrate. Putting a
bias on the substrate is often used to enhance the nucléation of diam ond on
non-diam ond substrates, and encourage oriented crystal growth. In fact, the
crystals grown here also seem to have a clear orientation, but as the substrate
surface was S i(lll) and was lightly polished w ith diamond powder, they are
not as strongly oriented as they could be, and neither is the orientation such as
to produce the smoothest film. Highly oriented diam ond film on Si(lOO)
surfaces is likely to display superior electronic properties to irregular, variable
films.
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Figure 9.16 (a) Raman spectrum from sample grown at 800°C, 400W
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Figure 9.16 (b) Raman spectrum from sample grown at 880'C, 400W
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Figure 9.17 Comparison spectrum from microwave grown "bias-enhanced" nucléation
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The density of individual crystallites in the diam ond film grow n here
w ith the RF plasm a source is in the range of l^l.S.lO^Ocm'^. The nucléation
density of the very fine-grained continuous film can be estim ated from the
assum ed size of the crystallites which make up the film, (derived from the
FWHM of the diam ond line) and the assum ption that they have grow n
together, and so the separation of the individual grains m ust be approximately
equal to their diameter. This nucléation density is very com parable to that
achieved w ith bias-enhanced nucléation as discussed in C hapter 7, section
7.2.4.

9.3.7.1 Comparison of this work to Bias-enhanced Nucléation (BEN)

It has been show n that the nucléation density of diam ond crystallites
depends strongly on the RF pow er input, and that the densities achieved
(>10^0 cm"2) are comparable w ith the best achieved w ith MWPECVD, w ith
BEN. However, nucléation on a pristine surface has not been attempted.
It has also been dem onstrated that the quality of diam ond film grow th
depends strongly on the RF pow er input. A lthough a higher pow er should
mean a greater atomic hydrogen concentration, this m ay be offset by the higher
ion impact energy.
It was shown in Chapter 4 that the plasma density continues to increase
almost linearly as input pow er increases, but that the electron tem perature
reaches a maximum at about 300W input power. The apparent ion energy, as
dem onstrated by the "stopping potential" (Chapter 4), increases w ith increased
input power. It is therefore clear that the relationship betw een plasm a quality
and input power is far from simple.
However, the increase in nucléation density, together w ith the fall in
film quality as the input pow er is increased from 300W to 400W mimics the
effects of applying a negative bias to the substrate during MWPECVD "BEN".
The similarity of the micro-Raman spectra from the high pow er nucléation and
BEN support this claim.
Since it was possible to grow very high quality diam ond film w ith an
input pow er of 300W, w ith a reasonably high nucléation density, and it was
also found that diamond-containing film, w ith a very high nucléation density,
was grown w ith an input power of 400W, under conditions which appeared to
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be similar to BEN, from the evidence of the Raman spectra, there seems to be
an excellent prospect for using this technique to grow diam ond film of
electronic quality. Thus the m any advantages of utilising RF excitation rather
than m icrowave can now be exploited in the developm ent of high grade
diam ond film.

Summary

Until now it has not been possible to grow good quality diam ond film
by m eans of RF plasm a enhanced CVD, but only by m eans of m icrowave
PFCVD.
However, as the plasma characteristics of this novel source are so very
different from those of a conventional RF plasm a reactor, and so sim ilar to
those required for the prom otion of diam ond growth, i.e. amicrowave plasma,
a series of experiments were undertaken to verify the feasibility of using this
technique.
Since the main purpose was a feasibility study, the standard gas mixture
of 1% m ethane in hydrogen, know n to be successful in m any other grow th
m ethods was used, rather than also varying the gas mixture, w hich w ould at
this stage have added unnecessary com plications to the study. O ther
param eters, such as gas pressure and substrate surface tem perature are less
clearly defined. A wide range in both of these have been show n to succeed in
prom oting the grow th of diam ond film, under varying plasm a conditions.
Also, the input power which would be needed was completely unknown, since
no plasm a source of this type had previously been used for this application.
Thus, all these param eters were investigated for the optim um values, and their
general effect on the growth of diamond film.
The first tests w ere done at the low est pow er know n to create a
reasonable concentration of atomic hydrogen, nam ely 200W, and at a high
pressure as utilised in microwave plasmas. A series of experiments were then
perform ed w ith a range of substrate surface tem peratures, but w ithout success.
Some non-graphitic m aterial was grown, related to diam ond precursors, but
not actually diamond.
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The pow er was then increased to 250W, and the pressure reduced, to
increase the atomic hydrogen concentration, and this w as highly effective.
D iam ond crystallites w ere grown, although in a m atrix of non-diam ond
material, graphite and polyactylene.
A further series of experim ents was undertaken, w ith an im proved
surface pretreatm ent, optimising the surface tem perature, and the RF pow er
in p ut was also increased, first to 300W and then to 400W, to optim ise this
param eter as well, and thereby to improve the quality of diam ond film grown.
These culm inated in the first high quality diam ond film to be grow n
w ith RF plasm a enhanced CVD, as evidenced by Raman spectrosopy. It was
found that at a RF power of 400W, a nucléation layer similar to that produced
by bias-enhanced nucléation form ed, w hilst at 300W, very high quality
diam ond film, w ith very little graphite (<0.5%) and no am orphous carbon
content, was grown.
Thus it has been clearly demonstrated that this technique can be used to
grow diam ond film, of very high quality.
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CHAPTER 10: CONCLUDING THOUGHTS

The advantages and disadvantages of currently available systems, for
the etching of electronic materials, both the traditional w et etching, and the
m ore recently developed dry etching, in all its varieties, w ere studied.
Similarly, currently available systems for the deposition of these materials were
also studied. Many of the most m odem systems use plasmas or beams derived
from plasm as, and the properties of these plasm as affect strongly the
performance of the system. The theory of plasm a generation and of source
construction, together w ith currently available designs were therefore also
studied. Thus the specifications for the ideal plasm a and broad beam ion
source were developed. These are: high plasm a density, leading then also to
high beam flux, and ultra-low ion beam energy, below the threshold for
induced damage, which for GaAs is as low as 20eV.
A novel capacitively coupled, radio-frequency plasm a and broad beam
source was designed and built, to attem pt to m eet these specifications. This
source does not have parallel plate electrodes, as is usual in capacitively
coupled sources, but ring electrodes which surround the plasma chamber. It is
also magnetically enhanced. In the initial characterisation studies, using only
argon, it appeared to meet these specifications very closely. The plasm a density
was found to be
ions/cm ^, the beam current density was -Im A /cm ^ ,
and the ion energy was between 20eV and 25eV.
Etching of GaAs was then perform ed w ith this novel source, in tw o
etching configurations, reactive ion beam etching (RIBE),where chlorine was
used in the plasm a chamber to create a beam of reactive chlorine ions, and
chemically assisted ion beam etching (CAIBE), w here argon was used in the
plasm a chamber, to create an ultra-low energy beam of inert argon ions, to
promote etching by chlorine gas, separately introduced. GaAs is an im portant
III-V sem iconductor m aterial, for optoelectronic applications, b u t is easily
damaged by energetic ion bombardment.
The etch depths achieved were not very great, less than lOOnm per hour,
b ut for state of the art optoelectronic applications this is actually not a
disadvantage, as etching depths of only a few mono-layers are often required.
Thus a slow etch rate allows for greater control of the exact etch depth.
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The etched surfaces w ere then characterised by scanning electron
microscopy, and appeared to be clean and smooth. The anisotropy of the etch
was not however as good as can be achieved with higher energy sources.
A m ore sensitive test of the surface condition, and also of som e
underlying damage, is to characterise Schottky diodes form ed on the surface.
The barrier height in particular, is extremely sensitive to the surface states.
This was performed, and the characteristics of the diodes were com pared w ith
those of diodes formed on an unetched sample from the same wafer. All the
diodes were virtually identical. This dem onstrates that the source is indeed
capable of perform ing damage-free etching, as required. This was in contrast
to all other dry etching techniques, which all introduce considerable damage.
H ow ever, the source also had a propensity to etch its ow n lining,
depositing the silica products as a lightly adhering contamination layer. Thus,
although the contamination was easily removed, it was not considered an ideal
etcher. Some design changes would be required to improve its performance in
this respect, such as a change to the magnetic configuration, to keep the plasma
away from the lining, and maybe form ing the lining from a m aterial m ore
resistant to etching by chlorine.
D iam ond is a m ost interesting m aterial, w ith properties of therm al
conductivity, hardness, chemical resistance and electronic band-gap which are
all extreme. Its applications in the field of electronics, in high frequency optical
detectors and emitters, and high tem perature electronic devices are only just
beginning to be realised. The standard method for growing thin film diam ond
for electronic applications is microwave plasm a-assisted chem ical vapour
deposition (MWPECVD). A high concentration of atomic hydrogen is required
in the plasm a, w ith a very dilute concentration of hydrocarbon (<1%),
commonly methane. However, microwaves suffer from several disadvantages:
the dimensions of the most active region of the plasma, the "plasma ball", are
quite small, and depend on the wavelength, thus scaling up is complicated and
costly; the plasma is often difficult to strike; microwaves are hazardous, thus
the equipm ent m ust be shielded. Radio frequencies suffer from none of these
disadvantages. The volum e of uniform plasm a which can be sustained is
greater than any present-day equipm ent w ould need, due to the m uch longer
wavelength. Radio-frequency waves are not know n to present any hazard
either. Inductively coupled RF plasm a-enhanced CVD of diam ond has been
m oderately successful, but very high input pow er is required, and substrate
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surface tem perature is difficult to control, as the substrate heats inductively.
The only problem up until now has been that good quality diam ond could not
be grow n w ith capacitively coupled radio-frequency plasma-assisted chemical
vapour deposition. Capacitively coupled radio-frequency plasm a-assisted
CVD has only been used for the grow th of diam ond-like carbon (DLC), an
am orphous hydrogenated carbon film, which has some properties of hardness,
low friction, insulation etc. similar to those of diamond.
Since the plasma characteristics from the novel source used in this study
are very similar to those required for diam ond growth, a series of experiments
were undertaken to dem onstrate the feasibility of this novel arrangem ent for
diam ond growth.
At first, it was surm ised that it m ight be possible to utilise the self
etching, and create a plasma of the correct constituents using a graphite lining
and only hydrogen gas. This imaginative route was unsuccessful, as the source
was too efficient at self-etching. A very high concentration of hydrocarbons,
far in excess of the <1% required was found to be present in the plasma. Also,
m uch of the hydrocarbon form ed w as of too heavy a type. D iam ond
apparently only grows w ith single or double carbon atoms as source, such as
methane or acetylene. However, it was found that the source produced a very
high p roportion of atomic hydrogen, w hich, as stated above, is a m ost
im portant factor in the promotion of the growth of diam ond over graphite.
A conventional 1% m ethane in hydrogen gas m ixture, know n to be
successful in other diam ond grow th m ethods, was then used in the source,
cleaned free of carbon. At an input power of 250W some diam ond crystallites
were grown. Conditions of pow er and substrate surface tem perature were
then varied to find the optimal values of these parameters.
It w as found that at an input pow er of 300W very high quality
continuous diam ond film could be grown, and w ith an input pow er of 400W a
nucléation layer very similar to that produced by bias-enhanced nucléation
could be grown.
This novel design of a m agnetically enhanced, capacitively coupled
radio-frequency plasma source, seems to have solved m any of the problem s
inherent in more conventional designs.
Because of the similarity in Raman signatures betw een the grow th at
high pow er (400W) and a bias enhanced nucléation, it w ould be interesting to
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see if the source w ould promote nucléation of diam ond on a pristine silicon
surface.
Since biasing is the most successful technique so far in the grow th of
highly oriented thin diamond film, this development, if successful, could lead
to this novel source also growing highly oriented film. This type of film is the
m ost useful to date for electronic applications, having a m uch higher carrier
mobility than random ly oriented thin film, up to five times higher.
However, some further changes to the design w ould be needed before
such speculative work could be embarked on. Prolonged use of the source has
revealed some problems, chiefly in the design of the housing. At present, the
entire source is, in effect, immersed in the gas, although the plasm a is only
struck in the expected chamber. But, as the entire system is heated by the
plasma, to well above 100°C inside, contamination effects have been found on
the outside of the source, around the electrodes and electrical connections.
These have affected subsequent operation of the source, which has had to be
removed and cleaned between experimental runs. In the long run, this would
not be a selling point for the system. A new housing should be designed to
isolate the outside of the source from the plasm a cham ber. Such further
developm ent of the source, to prepare it for an attem pt at the grow th of high
quality diam ond film, would probably be an entire further project in itself.
However, I am sure that if these im provem ents could be made, such a
source as this would have a future in the field of thin film diam ond growth.
The present source was built at a cost of ~£10 000, and a new, im proved source
could doubtless be built for a sum of the same order of m agnitude. A newly
developed microwave plasma-assisted CVD system, for 8" wafers, using a
lower frequency than the present standard in order to get the larger volume,
costs ~$250 000! Thus, RF plasma sources could have a genuine commercial
future.
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