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ABSTRACT

E.Boswell Trinity Term 1997
Trinity College

Field Emission from Porous Silicon

Vacuum microelectronic (VME) devices are of interest for the development of flat-screen
displays and microwave devices. In many cases, their operation depends on the field emission
of electrons from micron-sized cathodes (semiconductor or metal), into a vacuum. Major
challenges to be met before these devices can be fully exploited include obtaining - low
operating voltages, high maximum emission currents, uniform emission characteristics, and
long-term emission stability.

The research in this thesis concerns the production of silicon field emitters and the
improvement of their emission properties by the process of anodisation. Anodisation was
carried out for short times, in order to form a very thin layer of porous silicon (PS) at the

surface of both p and p*-type silicon emitters. The aim in doing this was to form a high
density of asperities over the surface of the emitters. It was the intention that these asperities,
rather than the “macroscopic” apex of the emitter, would control emission. This was the first
work of its kind to be carried out.

Transmission electron microscopy was used to characterise the morphology of p and p*-type
silicon emitters before and after anodisation. Both the structure and arrangement of the surface
fibrils, the thickness of the PS layers at the apex and nature of PS cross-sections were studied.
The morphology was correlated to subsequent field emission measurements.

Field emission characteristics, before and after anodisation, were obtained using a scanning
electron microscope adapted for field emission measurements, and a field emission
microscope. Extensive measurements showed that, following anodisation, there was
substantial improvement in emission behaviour. After anodisation, the following was found to
be true:

i) The starting voltage was reduced by up to 50% (with p*-type PS emitters exhibiting a

greater reduction in starting voltage than p-type PS emitters).

11) Number of emitting tips per array was increased.

11i1) Higher maximum currents (up to 3 times higher) were obtained before tips underwent

destruction.

iv) The resistive effect of the PS layer at the apex was important in determining the

maximum current obtained from a tip.

In addition, both field emission and field ion microscopy were used to identify the emission
source following anodisation. It was shown that individual fibrils on the emission surface
caused an increase in field enhancement over a flat plane, leading to emission at lower
voltage.

Overall, porous silicon appears to be a very promising material for field emission displays.
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1.1 Background

In recent years, there has been a dramatic increase in technological interest in the area of
vacuum microelectronics (VME), a category of electron devices which exploit the mechanism
of electron field emission into a vacuum. This thesis describes research carried out to improve

the emission characteristics of silicon VME devices.

1.2  Basic Structure of Devices

VME devices are based on traditional thermionic-based vacuum devices, such as that shown in
Figure 1.1a. Shoulders (1961) designed the first VME device and Spindt (1968) built the first
functioning device, using the basic structure shown in Figure 1.1b. VME devices most
commonly use sharp tips (cathodes) to enhance locally the applied electric field, allowing field
emission to occur at low voltages, by electron tunnelling through a potential barrier. The

process of field emission and the parameters affecting it are discussed in detail in Chapter 2.

In a VME device, an electric field is applied to the tip of an emitter, using a gate placed
typically a few microns away. Electrons are collected using an anode placed just beyond the
gate, see Figure 1.1b. The cathodes themselves are only a few microns in dimension, typically
being conical/pyramidal in geometry and having tip radii of nanometre dimensions. VME
devices contain either individual cathodes, or arrays of cathodes (typically 25,000 tips per

mm?2), depending on the application.

1.3 Applications
Potential uses for VME technology are described in detail by Spindt & Brodie (1992), Ianazzo

(1992) and Busta (1992). The main applications are summarised below:

a) Flat Panel Field Emission Displays
A diagram of a field emission display (FED) is shown in Figure 1.2. An FED is a mini version

of a cathode ray tube (CRT), in that a phosphor screen lights up when excited by a source of

1
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electrons. However, whereas CRTs produce an electron beam by thermionic emission (where
electrons escape over a potential barrier), FEDs operate by the tunnelling of electrons through a
potential barrier. In addition, there are thousands of emitting tips at each pixel of an FED, each
directing a static, unfocused electron beam onto a tiny part of the display. In a CRT, there are
only three electron guns - one single electron gun for each colour scans across the entire screen.

Due to the difference in these arrangements, FEDs are much thinner than conventional CRTs.

There are many applications for flat panel displays, see Holland et al. (1987), Ghis et al. (1991)

and Wilson (1994). Examples are listed below:

i) Consumer Electronics Displays - Portable computers, wrist watches, virtual reality
headsets, camcorders, video telephones, multimedia displays, pressure-sensitive flat displays

(which can be operated with pens), flat wall-hung televisions and digital cameras.

ii) Military applications - High definition table-top displays, helmet-mounted and ‘“head-up”

displays, and advanced navigational systems.

The advantages of FEDs versus competitor flat panel technologies are summarised in Table
I.1. The market for flat panel displays is expected to be worth $50 billion a year by the year
2000, see McKie (1994) and Hewson (1994). In the US, the development of flat panel displays
1s regarded as so important that the government has spent $1 billion helping US companies to
develop flat panel displays, see Bradsher (1994) and Manners (1994). Many companies,
including Coloray, Micron Technology, Motorola, Silicon Video (backed by Compaq, Hewlett-
Packard and Lawrence-Livermore Laboratories), Texas Instruments, Raytheon and SI
Diamond, have announced plans to manufacture FEDs in the US. In France in 1993, Pixel
demonstrated a 6-inch colour FED (256x256 pixels) and opened a pilot manufacturing plant,
see Wilson (1993) and Ferranti (1994). Pixel have licensed this technology to Texas
Instruments, Raytheon and Futaba. It is believed that many Japanese, Korean and Taiwanese

companies are also actively developing FED technology.
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b) Ultra-High Frequency Devices

Vacuum microelectronics has also been used to develop ultra high frequency (UHF) devices,
used for power sources, microwave amplifiers and beam deflection devices, see Devyatkov ez
al. (1989), Orvis et al. (1989), Spindt et al. (1993), Cha-Mei Tang (1994), Kodis er al. (1996)
and Spindt et al. (1996). Applications are discussed in detail by Gray (1967) and Brodie &

Spindt (1979). Advantages of these devices are summarised in Table 1.2.

¢) Pressure Sensors

Figure 1.3 shows a diagram of a VME pressure sensor. In such a sensor, the anode is flexible
and will deflect when the pressure changes. When the anode deflects, the emission current
collected will change, which in turn alters the sensor reading. Lee et al. (1991) discuss this

application in detail.

1.4 Major Challenges

There are several challenges which must be met before VME devices can be fully exploited.

These include the following:

a) Operation at Low Voltage

FEDs need to be able to operate at low voltage (~20V), in order that they can be controlled by

currently-available integrated circuits.

b) Maximum Emission Currents
The tip should be as robust as possible, in order to prevent regions of the display failing.
Therefore, the maximum field emission currents which can be obtained from each tip prior to

self-destruction, should be as high as possible.

¢) Uniformity from Tip to Tip
Arrays should exhibit uniform characteristics from tip to tip, in order to prevent differences in
the levels of brightness across the display. To obtain this uniformity of emission, the tip

geometry across the array needs to be as uniform as possible. This is very difficult to achieve.

3
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d) Emission Stability

In order for working devices to have reasonable lifetimes, the emitter needs to run for a long
time (tens of thousands of hours) without being poisoned by species within the vacuum.
Emission fluctuations should be small enough not to limit device performance. In addition, the

cathode should be resistant to ion bombardment and reaction with residual gases.

1.5  Aims of Research Described in this Thesis

The overall aim of the research described in this thesis has been to investigate a way of
lowering the starting voltage of emitters and increase the tip to tip uniformity. Instead of
fashioning a single very sharp emitting point at the apex of each cathode, the cathode itself has
been treated in such a way as to cover it with a high density of naturally occurring very sharp
asperities. The intention in doing this has been to allow the emission to be controlled by these
asperities, rather than by the “macroscopic” apex of the emitter. In order to achieve this, a thin
layer of porous silicon (PS) has been formed on the surface of silicon FEAs, using a process
called anodisation. PS has a sponge-like or coral-type structure, depending on the anodisation
conditions. It is composed of an interconnected network of nanometre scale silicon ligaments
enclosing pores. An anodised surface contains a very high density of sharp asperities, each of

which could act as a source of field emission.

The effect of anodisation on silicon FEAs was initially investigated during the course of a Part
IT project (Boswell 1992). Both lower starting voltages and higher maximum currents were
observed following anodisation. During that project there was not sufficient time to study the
effect in detail, but these early results were promising enough to merit further investigation. In
the present work, the capability of the experimental apparatus and specimen preparation
techniques first had to be studied and improved versus the Part II studies, in order to improve
reproducibility. After these changes had been made, a wider and more detailed study was
carried out, and the effect of changing the silicon dopant type and the anodisation parameters

was investigated.
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The work described in this thesis was the first of its kind to be reported. Since the initial
publication of these results, other researchers have also studied field emission from anodised
structures. However, their work (discusses in Chapter 2 and Chapter 7) has been limited, and
they have not succesfully identified the cause for the improvement in emission characteristics

following anodisation.

1.6 - Experimental Techniques

In this work, several experimental techniques were used to study PS:

1) Field emission from silicon FEAs (before and after anodisation) was studied using an

adapted scanning electron microscope (SEM).

2) The morphology of silicon emitter tips (before and after anodisation) was studied using

transmission electron microscopy (TEM).

3) Field emission from single silicon tips (before and after anodisation) was studied using field
emission microscopy (FEM). In conjunction with field ion microscopy (FIM), the source of the

improved emission characteristics was also identified.
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This chapter is a survey of the field emission literature relevant to the current project.
Sections 2.1-2.3 describe the theory of field emission of electrons from metals. Section 2.4
describes how field emission from semiconductors differs versus field emission from metals.
Section 2.5 describes the effect which adsorbates have on emission from both metals and
semiconductors. Section 2.6 discusses the typical causes of field emission instability, ways
in which stability can be improved, and techniques which can be used to protect emitters
from premature self-destruction. Section 2.7 briefly describes the manufacturing techniques
typically used to lower the operating voltage of vacuum microelectronic (VME) devices.
Finally, Section 2.8 outlines further the aims of this thesis and reviews related investigations

of field emission from porous silicon reported by other researchers.

2.1 Field Emission from Metals

2.1.1 Potential Energy Diagram

Field emission occurs by tunnelling of electrons through a potential barrier. In vacuum
microelectronic (VME) devices, this barrier occurs at the solid/vacuum interface at the tip
surface. The height of the barrier at zero applied field is determined by the work function (0).
Energy equivalent to ¢ needs to be applied in order for an electron to escape from the top of
the Fermi level in the material. The shape of the barrier and its resultant height, when the

applied field F£0, are dependent on the following:

a) Applied Field (F)
As the field is increased, the barrier to tunnelling is lowered. A force equivalent to -eF will

act on the electron, acting to pull it out of the material.

b) Image Force

The image force is a result of the attraction between an escaped electron (situated at a
distance x from the surface), and the surface which it has just left. The image force
experienced by an electron escaping from a flat metal surface, is given by the following

equation:
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e2

2

4x (eq.2.1)

Image Force =

where e=charge on an electron; x = distance of electron from the surface (see Gomer (1961)).

Overall, the potential energy of an electron can be described by the following equation (see
Figure 2.1):

2
V(x)=E; +¢—4i——eFx for x> x,
X

(eq. 2.2)
Vx)=0 for x < x¢ (eq.2.3)

where F=applied field; ¢=work function; Ef=Fermi energy level.

When the barrier is thin enough, electrons will tunnel through it. This distinguishes field
emission from thermionic emission, where electrons must obtain enough thermal energy to
hop over a potential barrier. For thermionic emission, temperatures >>1000°C are often
required, whereas field emission (sometimes termed ‘“cold” emission) may occur at any

temperature.

2.1.2 Equations Governing Field Emission from Metals
Fowler & Nordheim (1928) developed the equation which describes field emission from
metals (see also Good & Miiller (1956)). The equation was obtained by taking the product of

the flux of electrons arriving at the potential barrier and the probability of barrier penetration.

a) Flux of Electrons
To calculate the flux of electrons, N(E,T), arriving at the barrier, Fermi-Dirac statistics were
assumed for the energy distribution of electrons in a metal. The total emission current is

assumed to be entirely dominated by electrons with energies very close to the Fermi level,

Er.
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Figure 2.1 - Example of Surface Potential Seen by an Electron in a Field
Emission Experiment

Actual potential barrier at a metal surface is determined by the contribution of the applied
field and by the image potential.

Ef = Fermi level

¢ = work function of metal surface

x = distance of electron from metal surface
V = potential energy of electron

X¢ = point at which V(xc) =0
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b) Transmission Coefficient
The fraction of electrons penetrating the barrier is defined by the transmission coefficient,

D(E,V). The Wentzel-Kramers-Brillouin (WKB) approximation to the Schrodinger equation

solution 1s used.

To calculate the emission current from the flux of electrons and the transmission coefficient,

integration is carried out over all electron energies as follows:

IV, T) = eﬁ(E, T)D(E. V)dE
0
(eq. 2.4)

where N(E,T) = flux of electrons (supply function); D(E,V) = transmission coefficient of

electrons through the barrier; e=charge on an electron.

The resulting Fowler-Nordheim (FN) equation relates the current density (J) at a temperature
of OK, to the applied electric field (F) for a metal of work function (¢), see Spindt & Brodie
(1992). The FN equation is as follows:

e’F? 42m)*¢°
1(0) = f
= o ) GXP{ Thep ) }

= A(F)Z exp —B(l)%f(y) A /cm?
ot (y) F (eq.2.5)

where: F=applied electric field; y = (e3F)1/2/¢ ; A=1.537x10-6 and B=6.83x107; ¢=work
function; e=electron charge; m=electron mass; h=Planck’s constant. f(y) and t(y) are the
Nordheim elliptic functions and are available as computed values, see Good & Miiller
(1956). f(y) and t(y) are slowly varying functions of the variable y. Within the range of most

experiments, these values are t2(y) ~ 1.1 and f(y) ~ ().95-y2, see Spindt et al. (1976).

2.2 - Extraction of Parameters from Experimental Data Using the Fowler-

Nordheim Equation

a) The electric field (F) can be re-written as (see Schroder et al. (1974):
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d
where V= voltage applied between anode and emitter, d = anode-to-emitter spacing and f3 =

field enhancement factor which is defined as:

p=kh (eq.2.7)

r
where h=emitter height, r=tip radius, k=constant depending on tip geometry. k~3 for a

typical pyramidal emitter used in VME devices.

b) In addition, the current density (J) can be re-written as:

=1 (eq.2.8)
o

where I=total current obtained from a tip and a=emitting area of tip.

¢) The Fowler-Nordheim equation can therefore be re-written as follows:

2
_L_AGY)’

—Bo*f(y) )
) A/
o Lo " BV . (eq.2.9)

This in turn can be re-written to give a more simplified expression for the experimentally

measured emission current, as follows:

[=Jo =aV? exp(—vbj (eq. 2.10).
1.397x10° o 2 [9.89]
where a= o exp| —
¢ (eq.2.11)
703
and be 6.488x10" ¢
B (eq.2.12)

Field emission data is usually displayed on a Fowler-Nordheim plot, which is a plot of

ln(;) versus % . The FN equation is therefore rewritten as follows:
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ln(%) = ——3— + In(a) (eq.2.13)

For the values of electric field typically applied during field emission (106-107Vem-1), an

EN plot is a straight line with a slope of value -b, and an intercept of In(a).

2.2.1 Extraction of Work Function From Experimental Data

In principle it should be possible to extract the work function from the slope of the FN plot,
using eq. 2.12. However, the Fowler-Nordheim equation contains two unknown variables - ¢
and F. Therefore, one of these variables has to be guessed/estimated in order to find the other
variable. As a result, an absolute value for the work function cannot be obtained, as the
absolute value of the electric field at the emitter plane cannot be obtained with sufficient
accuracy, due to the following reasons:

1) The normally assumed triangular barrier may be incorrect for sharp tips.

11) Adsorbate atoms/protuberances are likely to be present on the tip surface.

However, if the total energy distribution (TED) from an emitter can be measured (in addition
to the field emission I-V characteristics), a more accurate value of ¢ can be obtained. Young

(1959) derived the following equation for the TED:

o
d|

€
d 1+expl —
( p_kTD

J(e) =J(0) exp

(eq. 2.14)

0.975F
where e=E-E; d= — ; k=Boltzmann’s constant; and T=temperature in K.

¢2t(y)

This relationship contains the same unknowns, but is independent of the Fowler-Nordheim

equation. Using both equations will allow ¢ to be calculated.

10



Chapter 2 - Field Emission and Vacuum Microelectronics

2.2.2 Extraction of Emitting Area and Field Enhancement Factor from
Experimental Data

The emission area (o) and field enhancement factor (B), can be extracted from FN plots, see
Stern et al. (1929). However, the slope and intercept of the FN plot must first be obtained. If
the field emission distribution cannot be obtained, a value for the work function (¢) must be
assumed. Equation 2.12 can then be used to calculate the value of B, which can be used in

equation 2.11 to calculate the emission area (o).

Another method can be used to obtain a more accurate value of the emitting area. This
method does not require the work function (¢) to be assumed. It uses an additional
expression developed by Van Oostrom (1962) and Charbonnier & Martin (1962) (from

equations 2.11 and 2.12), as follows:

1

ab” = (5.96x10° Youp exp(g'gg
(b 2

(eq.2.15)

1

(Dz

be approximated to 2250. Substituting this value into eqn. 2.15 and using the following

Within the typical range of work function values (3.4-11.6eV), the value of ¢° exp{9°89:|can

equation allows the emitting area to be estimated to +£10%:

ab’ 5

o= 3 cm
1.34x10 (eq.2.16)

2.3 Validity of the Fowler-Nordheim Equation for Metals

2.3.1 Blunt Tips (Radii >5nm)

For blunt tips with radii >5nm, the tunnelling electrons essentially see a flat conducting
surface (within the distance < 0.5nm, in which the classical image force for a planar surface
is appreciable). Therefore a straight line FN plot is obtained within the moderate current
regime, see Good & Miiller (1956). Young & Miiller (1959) used measurements of the

energy of field emitted electrons to verify the relationship between current and voltage as

11
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defined by the FN equation. However, they found that the FN equation could not be relied

upon for an estimate of the emitted current density. Possible reasons for this include:

a) Emission may have occurred from microprotrusions on the tip surface.

b) Emission may have occurred from tips covered with work-function modifying adsorbates.
In addition, adsorbates may modify the degree of transparency of the potential barrier and
will therefore affect the transmission coefficient.

c) Space-charge effects (at high current densities only), where emitted electrons screen the

tip from the applied field, can affect emission.

2.3.2 Sharp Tips (Radii <5nm)

In the literature, doubt has been cast over the validity of the application of the FN equation to
very sharp field emitters. Niedermann et al. (1990), have shown that for metal tips subject to
high electron fields, emission will occur at fields much lower than predicted by the FN
equation, and that the FN plots will not be straight. Cutler et al. (1993a) have shown that this
is because the FN equation was derived using the planar model for the tunnelling barrier, see
Good & Miiller (1956). For the planar model, only electrons at the Fermi energy contribute
to current. However, newer models predict that for sharp tips, electron emission will occur
from up to 2eV below the Fermi level, see Kirkpatrick ef al. (1992), He et al. (1991a&b),
Cutler et al. (1993b), and Jensen & Zaidman (1994). Therefore, use of the planar model can

lead to incorrect estimations of the emission area of a tip.

2.4 Field Emission from Semiconductors versus Metals

The physics of the field emission process from semiconductors is more complicated than for
metals. The general features of field emission from semiconductors are described by Gofman
et al. (1957), Asaro (1958), Fischer (1960 & 62), Gadzuk (1970), Busch & Fischer (1963),
Arthur (1965), Gadzuk & Plummer (1973) & Modinos (1967). The main differences versus

emission from metals are outlined in the following sections.

12
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2.4.1 Emission from Conduction Band, Valence Band and Surface States

In a semiconductor, emission may occur from several different sources:

a) Emission from Conduction Band

For a semiconductor, the energy required to promote an electron from the bottom of the
conduction band to the vacuum level is called the electron affinity x. For highly doped n-
type semiconductors, % is analogous to the work function (¢) of a metal. Figure 2.2 shows
the band diagram of a typical n-type semiconductor emitter. At the surface, x=0. x. is
determined by the point at which V(x) = 0 and which typically lies 3-4 atomic layers below

the surface, due to re-arrangement of the surface atoms.

In a metal, the Fermi level lies within the conduction band. However, in a semiconductor the
Fermi level lies within the band gap and so the conduction band must bend in order for
emission to occur. The Fermi level is normally close to the conduction band, see Figure 2.2.
When a field is applied, the bottom of the conduction band will dip below the Fermi level.
When this occurs, a pool of electrons will collect in this depression, from which emission
can occur. This electron pool will screen the field from the rest of the semiconductor. For a
p-type emitter, a similar effect is observed. However, a depletion region will also form next

to the surface pool of electrons. This is demonstrated in Figure 2.3, see Baskin et al. (1971).

b) Emission from Valence Band

If the field is high enough, tunnelling can also occur from the top of the valence band. The
effective work function in this case will be higher than for emission from the conduction

band. It will be given by the following equation:

Avalence =X t Eg (eq. 2.17)

where y = electron affinity for emission from the bottom of the conduction band; and Eg =

band gap. It should be noted that as the field will be higher than normal, the image force

term will also have changed.
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¢) Emission from Surface States
Field emission can also occur from ionized surface states. Surface states will trap electrons
when an external electric field is applied. Electrons are expelled into the vacuum from these

states. The energy levels of surface states lie within the band gap, see Baskin et al. (1977).

Evidence of emission from all three sources has been observed by studying field emission

distributions obtained from semiconductors.

2.4.2 Internal Voltage Drop and Current Saturation

So far, it has been assumed that the position of the Fermi level remains constant (zero
current approximation). However, if current is emitted from p-type semiconductors, the
position of the Fermi level will change. This effect causes p-type semiconductors to exhibit
non-linear Fowler-Nordheim plots, see Figure 2.4. This behaviour has been studied in detail
by many researchers, see Apker & Taft (1952), Arthur (1965), Neumann (1968), Fursey &
Egorov (1969), Baskin et al. (1972), Baskin et al. (1977), and Schroder et al. (1974).

It has been found that FN plots obtained from p-type semiconductors exhibit four distinct

stages, as described in the following sections:

a) Region I
At low fields, the Fowler-Nordheim equation is obeyed. There 1s a sufficient concentration
of electrons in the conduction band, and the emission current 1s limited only by the

probability of electron tunnelling at the surface.

b) Region 11

At a particular value of applied field, the electron concentration in the surface inversion layer
drops abruptly. Field penetration causes a depletion region to expand into the semiconductor.
This causes the current to be limited by the electron supply, rather than by the transparency
of the barrier. Within this region, the current will be almost independent of the applied

voltage. The following also applies:
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e The value of the current in the saturation region will depend strongly on changes which
affect the density of free carriers (i.e. conductivity). Figure 2.5 shows that as the
temperature and illumination are increased, the saturation current will increase and the
length of the saturation region will decrease. In the saturation region, current is generated
at the surface, rather than in the bulk, see Schroder et al. (1974) and Arthur (1965).
Therefore, treatments affecting the surface concentration of electrons will affect the

emission current. The effect that different treatments have on emission are summarised in

Table 2.1.

e For metals, the field enhancement () depends only on the geometry of the emitter and is
independent of the applied voltage. However, for semiconductors undergoing current
saturation, the tip surface is no longer an equi-potential surface. Schroder et al. (1974)
found that during current saturation, B is much lower and is very insensitive to tip radius.
This causes the current to increase at a much slower rate than previously. The field
emission image steadily contracts as the applied voltage is increased, due to contraction
of the Fermi level. The degree to which B is reduced can be measured by measuring the
relative changes in the dimensions of the field emission pattern, before and after field

penetration, see Fursey & Egorov (1969).

Arguments still exist within the literature, as to whether silicon emitters actually do undergo
saturation. For example, Gray et al. (1986) and Makhov (1989) reported that silicon emitters
undergo saturation at a few microamperes; whereas Marcus et al. (1990) could not obtain

saturation even at 20pA. The difference in these results are most likely due to:

1) Differences in the cleanliness of different samples.

ii) Differences in temperature/illumination between samples
iii) Differences in geometry/cone angle between samples
iv) Differences in the doping levels between samples

vi) Difference in the impurity levels between samples.



UOISSIWP [I] 33e)§ pue I ade)§ Surn(q uodiIS 3dL I -4 woay paureyqQ judan) Sundeyy sHudunedl], ['Z3IqeL
"(6961) INYLY ‘I9AE[ 90BLINS 9ANONPUOD
JO uoneuLoy 01 Inp QL - YOOS uaam1dq pateay sdiy 10J paonpar A[qeIopISuod p[a1j [eonu)) sjuounean [eudy ], (¢
(ZL61) uosueyleN 2 sewoy], pue
(L961) 2A01D) 935 JuLyu0d Kjunduwl FUISEIIOUL YIIM SISLIIOUT UMOPYLAIq JYDUB[EAE JOY P[ol) [ed1I) Surdo(q arensqns (¢ umopyedrg
"(6961) INYIIY ‘UoTRUIWIN[[I O) SAIIISUDS [[1IS JUSLIND) uoneuIwn[[f (g - dYouejeAy
"(6961) Inyi1y ‘damyerodurs) 01 9ANISUSS [[1S JUdLIND arjerodway, (1 1T U013y

"JH Yrim paued[d udaq Jou pey yorym sdij oy woly pauieiqo aIom SIN[BA JUALIND IOYJIH -UoneInes
1UALIND pajudAdId pue Jon1Wd Yy pauoaIds aaey pinom Suiddip Jy 01 Joud yorym ‘sojeis aoejIns Jo
UOIIRIIUSOUOD ) U QOUIYJIP © 0] pAINqLIIe SI IDUIIJIP SIY ], "UOLBINIBS JUSLIND PAaQIYXd JH Yim
Pa1eaq) SIONIWD SeAIYM ($66]) T0 12 epemes ‘s1o[d N Jeaul] paiqiyxs ,JH Yym paieall j0u SId) g

"(8661) UosIeaq 2 YramouAy) ‘umopyeaiq ajeniul

PINOD Yo1ym $IIIUDI J09Jap ap1a0id p[nos pue Juaiind 23eed[ 20BJINS 9y} 9SLIIOUl P[NOD IIAR[ B yong
“yueys IoNIWA oY) Suofe 1aKe[  [ouueyd,, doeyns e uronpold ‘Suneoy Surmnp sanunduwl Jo uoisnyjip
pIemul 01 anp A[qeqoid sem s1yJ, "yo1e "ONH-JIH Ue Suisn 90eLINS I9))IWI 3y} JO WU([> JO [eAOwl Aq
P2I101Sal 9q P[NOY INOIABYSQ [BUISLIO Y] SB “I9NIW 3y} JO YuryS YY) Juole sa3ueyd d0eLINS J[QISIOAILII
0] anp 9q 0) PAAI[QG SI 109JJ3 SIY], "9ANISUIS JY3I| JO3UO[ OU Sem UOISSIWD ‘Juswiean siy) 10y

‘(aA0qe 99s) Juduneal) siy) Surmor[oy 1oyry opmiudeul JO SIOPIO 0M] 3q 0] PUNOJ SeM JUALINO Y,

"(PL61) 19YIsL] 79 ST pue (6961)
A01035 % AasIng ‘(L96) AOUBAT 29 A9SIn,] 93§ ‘UOISSIUID UO 103} padunouold e 9ARYy SjudWIeas yong

Surddiq 4H -

‘(wnnoea)
ur) D,0St 2A0qe unesy -

‘(wnnoea ur) D,00¢ 18 3uryeq -

:SUOJIDI[A JO UOHBIIUIDUOD
aoejins Junosjje syusuneal], (g

“uo13a1 neaje[d 9y U JUSLIND Y} UO 1) NI SARY SHUSWIRAL Yong

"SUOJID[3 JO UOTIBIIUIDIUOD
yInq Sunoayje syuauneal], (4

neare[d 1uaLInd oY) 105uo] oy} ‘ANANISISaT dJensqns 3yl 1Ys1Y 3y,

Surdo( a1ensqgng (¢

"UONBUIWN]]I Y)1M SISLIIOUT UOI3AI neajeld Ul JUaLIny)

uoneurun|[f (¢

¢ — = (¥ /P :deg pueq = "3 a1oym ‘uonenbs Suimo[[oj ay1 01 uipiodoe sunreradwal
5 5 (gl UDP uoI3NY nedje[d
uo spuadop toniws adA1-d e 10y (1) USLIND UonRINIES SYI Jey) PIMOYS (1L61) v 12 unyseq armjerodwa], (| - 1] uo13dYy
U013
1RGN | julunead], UOISSTU




Chapter 2 - Field Emission and Vacuum Microelectronics

¢) Region III

As the field is increased, a point will be reached where the current will rise sharply, due to
carrier multiplication produced by avalanching in the depletion region. At this point, the
surface charge will increase and 3 will increase in value. Energy distributions obtained from
tips operating in this region are very broad, suggesting that heating (by inelastic scattering)

of electrons by up to several eV occurs.

d) Region IV
With further increases in applied voltage, the rapidly increasing current will again be limited

by the probability of electron tunnelling.

2.4.3 Adaption of Fowler-Nordheim Equation for Semiconductors

Stratton (1955, 1962 and 1964) derived equations for field emission from silicon, taking into
account contributions from the valence band, surface states and the conduction band.
However, this calculation was based on the zero current approximation, which 1s not correct
for most values of applied field. Since then, Baskin et al. (1971), Jensen & Ganguly (1993),
and Jensen & Ganguly (1995) have derived equations which do not assume the zero current
approximation. Their models correctly predict the occurrence of the current saturation effects

described in Section 2.42.

2.5 Effect of Adsorbate Layers on Emission from Semiconductors and
Metals

It is important to consider the effect of adsorbates on field emission from semiconductors
and metals. Adsorbates cannot be easily removed from the surfaces of most working FEA
devices. Even if this were possible, UHV conditions cannot be maintained in packaged
devices and so re-contamination is likely to occur. Adsorbates can influence emission in the

following ways:
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a) Increase in Work Function
Adsorbates affect the work function (¢) of emitters - ¢ can increase due to polarisation of the
adsorbate by the applied field (F). The field causes an induced dipole oF, where

o=polarizability of the adsorbate. The electron affinity then becomes:

Y. = X+ AF (eq. 2.18)
A = factor containing the polarizability and adsorbate coverage; . = electron affinity of clean

surface.

An example is described by Spindt et al. (1991), who found that when the operating pressure
for metal tips was increased from 107 torr to 105 torr, the emission current dropped
drastically to a value ~20 times lower than at 10” torr, see Figure 2.6. This is thought to be
due to adsorption of gas molecules. However, emission was restored after the pressure was
reduced back to 107 torr. The restoration of emission is thought to have been due to
desorption of the adsorbates which caused the initial increase in work function. Busta (1992)

describes similar results for silicon tips.

b) Tunnelling Resonance for Thin Layers

Adsorbates act as discrete atomic potentials lying outside the emitter, see Duke & Alferieff
(1967), Gadzuk (1970), Modinos (1970), Johnston (1991), and Yang et al. (1991). They can
cause a perturbation of the tunnelling electrons by wave-mechanical interference effects. At
certain adsorbate layer thicknesses, a resonance effect will occur. In this case, the emission
current will be higher than if no adsorbate were present. The electronic levels of the
adsorbate lying within the conduction band or valence band can provide windows of
enhanced electron tunnelling, which appear as additional peaks in the field emission
distribution. Figure 2.7 demonstrates resonant tunnelling using an energy band diagram.
However, anti-resonance effects can also be observed, dependng on the adsorbate thickness.
In such cases, the probability of barrier transmission will drop and the emission current will
decrease. The effects of resonance and anti-resonance will be most pronounced on smooth

tips.
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Figure 2.6 - Diagram Showing Effect of Pressure on Emission from

Metal Tips
This graph shows the emission current obtained from a molybdenum emitter when the

operating pressure was increased from 10-9 torr to 10~ torr. The emission current
dropped drastically (by almost 20-fold) over several hundred hours, but was restored

quickly after the pressure was reduced back to 10-9 torr. The initial decrease in current
is thought to have been due to adsorption of gas molecules.

(Ref: C.A.Spindt, C.E.Holland, A.Rosengreen and I.Brodie, IEEE Trans. Electron
Devices, ED-38 (1991), 2355)



(Ref: R.Johnston, J. Phys.: Condens. Matter., 3 (1991), S187)

Figure 2.7 - Field Emission from Silicon Through an Adsorbate Layer
This figure shows the surface band structure and tunnelling potential for an adsorbate
monolayer on silicon. The well of depth Vy(, at a distance z from the surface, models
the potential due to the adsorbate layer. The width of the adsorbate is A.The field in the
regions I, IT and III can have three independent values. Band bending gives an effective
work function of W.

If the energy level in the well is aligned with one of the substrate bands, resonant
tunnelling to the vacuum will occur. The energy level in the well is determined by the
properties of the atomic species and the surface, but also by the high fields and current
densities involved in field emission. This enhanced tunnelling appears as additional
peaks in the field emission distribution.
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2.6 Emission Stability and Lifetimes

2.6.1 Emission Noise

Instability is defined as the current fluctuation divided by the average current within a certain
time period. Emission instability needs to be reduced as far as possible for operating devices.
Recent studies of noise/emission stability have been reported by Spindt (1976), Kirton &
Urens (1989), Brodie (1989), Bakhtizin et al. (1991), Bakhtizin et al. (1993), Tringedes et al.
(1993), Busta et al. (1994), Bintz & McGruer (1994), Py & Baptist (1994) and Li et al.
(1996). In general, instability can be divided into five main components described in the

following sections. These components are superimposed to give the total instability.

a) Surface Diffusion
Diffusion of adsorbates and “loose” substrate atoms across surfaces will cause fluctuations in
the emission current. Current fluctuations are directly related to the diffusion coefficients of

species and to tip temperature. Surface migration is particularly important for more weakly

bonded adsorbates such as molecular H,O.

b) Pulse Instability

Pulse instability is likely to be due to arc discharge. This type of noise consists of pulses ~
10-9-1076 seconds in duration. The height of these pulses is approximately the same as for
the average current. Arc discharges have enough energy to destroy emitting tips, see

Browning et al. (1992) and McGruer et al. (1993). Arc discharge can be caused by:

1) A high gas concentration near the highest voltage point on a tip. This may be due to the
presence of residual gas in the vacuum chamber, or to the field enhanced evaporation of
contamination. Meassick et al. (1994) show that failure rates due to arc discharge, increase

exponentially with emission current and pressure, Zeitoun-Fakiris & Juttner (1991).

i) An imbalance between the surface tension force and the Taylor electric force, can change
the radius of emitting tips. This imbalance can make the tip smaller and smaller until arc

discharge occurs. (This only occurs if high tip temperature permits surface diffusion.)
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c) Bistable

Bistable pulses are due to dipole switching of chemisorbed impurities on the silicon surface,
see Busta (1994) and Greene & Daneshvar (1994). The height of bistable pulses are ~1 tenth
of the average current and last only a few seconds. Migration of bulk impurities to the
surface and migration of surface impurities (such as oxide) can increase the occurrence of bi-

stable pulses.

d) Wavy

Wavy noise is probably due to a periodical change in either work function or tip geometry,
due to slow changes in adsorption, desorption, diffusion and migration of impurities and tip
heating. This type of instability occurs over a period of several minutes and represents a

gentle change in emission current with time.

e) Unidirectional

Unidirectional noise can be positive (i.e. causes current increase) or negative (1.e. causes
current decrease). The tip forming process is positive and will cause tip sharpening, and
hence a gradual increase in emission current, see Busta (1994). Again, this is due to a
balance of the Taylor force and surface tension force. This type of instability causes change
over a few hours or days and is a measure of long-term stability. Negative processes can be
caused by slight contamination of the vacuum system. In the worst cases, emission current
will totally disappear and in order to regain emission, the voltage would have to be

increased, see Li et al. (1996).

2.6.2 Improvement in Emission Stability

a) Reduction in Pressure Level

From the previous sections it 1s clear that if the pressure of the operating vacuum could be
reduced, the level of noise observed would be reduced. For pressures of ~10"® torr, Busta et

al. (1994) found that current fluctuations lay in the range 20-200%.

19
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b) Removal of Adsorbates from Emission Surfaces
From the previous sections, it is also clear that removing contamination should also decrease

the level of noise observed. There are several methods to achieve this:

i) HF Dipping - Contamination can be removed from the surface of silicon samples by using
an HF dip (5% solution). However, although this treatment may remove gross oxide
contamination, the resulting surface may still not be completely clean silicon. Johnston &
Miller (1992) have shown this by studying field emission distributions (FEDs) obtained from

samples before and after HF treatment, see Figure 2.8.

ii) Argon Ion Bombardment - Johnston & Miller (1992) also investigated the effect of low-
energy (500eV) argon ion bombardment, in-situ within UHV apparatus. Ion bombardment

gave atomic cleanliness, but cleaning tips in this way caused blunting of the emitter tip.

iii) Hydrogen Plasmas - A hydrogen plasma operates by bombarding the emitter surface
with hydrogen ions. This technique has been used to clean the surface of molybdenum
emitters, see Schwoebel & Spindt (1993a,b), Sokolich ef al. (1993) and Itoh (1993). These
ions ‘knock off’ adsorbate atoms. However, because hydrogen ions are very light, they do

not alter the surface morphology of the emitter (unlike argon ion bombardment).

iv) Heating - In some systems, oxygen/oxides can be desorbed below the melting point of
the emitter (e.g. tungsten), see Dyke & Dolan (1956). However, for some materials, this may

not be possible.

2.6.3 Tip Protection

Typically, field emitters fail due to sudden increases in current, which cause the tip to over-
heat and self-destruct. Such problems are particularly acute when the vacuum conditions are
poor. However, emitters (either individual tips or an array of tips) can be protected from
sudden current bursts by using a series resistor. Any sudden increase in current, will cause an

increase in voltage to occur. However, if a resistor is placed in series with an emitter, the
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voltage will be dropped across the resistor rather than across the emitter. Values of resistors

typically used are in the tens of megaohms range.

For FEAs, an alternative to using a series resistor is to include a resistive layer at the base of
the emitters. Resistive layers have been used in flat panel displays designed by LETI, see
Baptist (1993), Borel et al. (1990), Meyer (1993) and Levine et al. (1995). A diagram of an
FEA with a resistive layer is shown in Figure 2.9. Testing at LETI has shown that if no
resistive layer was used during operation, 1-10% of tips underwent self-destruction.
However, if a resistive layer was incorporated into the FEA, zero tips underwent self-

destruction during operation, see Levine (1996).

LETI found that tips protected by lateral resistors were extremely robust. Even after
exposure to air, a high voltage could be applied to such FEAs (without carrying out bake-
out), without causing them to self-destruct. However, for FEAs not protected by a resistive
layer, a very slow and gradual increase in grid voltage was necessary to activate them, in

order to prevent destructive arcs occurring.

2.7 Techniques to Reduce Operating Voltage of VME Devices
SiOy breakdown occurs at ~4x106 V/em and Si3N4 breakdown occurs at ~107 V/cm (see
Spindt (1991)). To allow compatibility with other electronic components, and to prevent
breakdown of the gate insulation the operating voltage of FEAs should be kept in the range
10-50V. However, in order to achieve field emission, the local field at the tip must lie within
the range 107-108 V/cm. Starting voltages can be reduced by either:

1) Designing FEAs so that the local field at the tip is as high as possible.

2) Constructing emitters from materials having low work functions.

2.7.1 Techniques to Increase Field at Emitter Tip
a) Decreasing the Emitter-Anode separation
Decreasing the emitter-anode separation will increase the local field at the emitter tip. Hence

the operating voltage required to obtain a particular current could be reduced. The emitter-
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anode separation depends on the limits of microelectronic fabrication. Recent advances in
gating technology have allowed this separation to be decreased down to sub-micron levels.
Bozler et al. (1994) reported gate-to-tip separations of ~0.08um and tip to tip separations of
~0.32um. This produced a current of ~InA per tip at a gate voltage of 25V. Although these
researchers obtained a low starting voltage, costly lithography processes were required to
reduce the dimensions of the FEA. Prior to that, gate-tip spacings were typically ~0.4um or

greater.

b) Increasing the Field Enhancement Factor of Tips
Following Equation 2.7, the aim in manufacturing devices has been to increase the value of

B, by increasing the tip height and decreasing the tip radius.

i) Improving Tip Geometry - Typical manufacturing techniques used to produce FEAs
result in the formation of cone/pyramid-shaped tips. However, some researchers have formed
unusual geometries in an attempt to increase . For example, Yadon et al. (1995) formed tips
having higher aspect ratios than the typical cone/pyramid geometry, by forming columns

0.7um 1n height and 0.4um in diameter with a pyramidal-shaped cone at the top.

ii) Tip Sharpening - Tip sharpening can be carried out once FEAs have been produced, in
order to reduce the starting voltage further. Techniques to sharpen tips (and also to improve
tip-to-tip emission uniformity) include oxidation sharpening, see Marcus et al. (1990); ion
bombardment, see Schwoebel & Spindt (1993a); and tip forming. Oxidation sharpening is
the most widely used technique for sharpening silicon FEAs, although in some cases a high
temperature oxidation step may not be possible. Ion bombardment and tip forming are less
controllable than oxidation sharpening and are difficult to apply gated FEAs, as they could

damage the device.

2.7.2 Techniques to Decrease Emitter Work Function

In order to lower the operating voltage by a factor of ten or more, surfaces with work

functions in the range 1-3 eV must be used. Layers of highly electropositive materials (e.g.
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barium, thorium and caesium, immobilised by electronegative species e.g. oXygen oOr
fluorine) have been adsorbed onto tips, see Sanford et al. (1989), Macauley et al. (1992),
Bozler (1994), Santos & MacDonald (1993) and Macauley (1993). Unfortunately, most low
work function materials are highly chemically reactive and must to be prepared in the
vacuum in which they will be operating. In addition, this vacuum must be devoid of
chemically reactive species. To date, the lifetime of such coated devices is reported to be
very short, even under UHV conditions. This is thought to be due to poisoning of the low

work function layer, which occurs relatively quickly.

Recently, much work has been reported on field emission from diamond FEAs (typically
produced by chemical vapour deposition (CVD)). Diamond is a negative electron affinity
material. For such materials, electrons in the conduction band will be emitted at very low
voltage. However, only n-type diamond should behave in this manner. This is because p-type
diamond should not have electrons in the conduction band, as the Fermi level for this
material lies ~5eV below the vacuum level (band gap of diamond is very large being
~5.5eV). Unfortunately, whereas p-type doped diamond is relatively easy to produce, there is
currently no effective method by which to dope n-type diamond. Curiously, low emission
voltages and high current densities have been observed from both undoped and p-type doped
diamond films, see Wang et al. (1991), Xu et al. (1993), Liu ef al. (1994), Hong & Aslam
(1995) and Zhu et al. (1996). The mechanism of emission is not understood. It is possible
that defect states in sufficient concentrations can form bands with energy gaps close to the
conduction band edge, see Cutler et al. (1996). It is thought that hydrogen-termination of

surfaces may enhance emission from diamond.

2.8 Thesis Aims - Field Emission from Porous Silicon

2.8.1 Background

As outlined in Chapter 1, in this thesis a different approach has been taken in order to lower
the starting voltage and increase the uniformity of emission from silicon FEAs. Anodisation
has been carried out in order to form a high density of sharp emission sites at the apex of

each tip within an array. The intention in doing this has been that emission should be
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controlled by these asperities, rather than by the underlying apex. Therefore, emission should

occur at lower voltages without the need for additional treatments, such as oxidation.

The original idea for anodising emitters came from examining a schematic diagram of
porous silicon published by Canham et al. (1992), see Figure 2.10. In this diagram, the PS
fibrils were found to be very similar in geometry and shape to the “ideal” field emuitter
suggested by Utsumi (1991), see Figure 2.11. In this work, it was decided to investigate
emission from anodised tips, rather than from anodised flat substrates. This was because
field screening would be expected to occur between neighbouring fibrils on a flat substrate.
Initial tests confirmed that emission could not be obtained from a flat anodised silicon

substrate.

2.8.2 Previous Research from Flat Porous Silicon Layers

However, researchers at Texas A&M University investigated emission from oxidised
anodised flat substrates (p" type and n-type), see Yue et al. (1990), Smith et al. (1993) and
Pang et al. (1993). These samples had been vacuum baked at 135°C for 30 minutes and
subsequently oxidised at 900°C for 15 minutes in dry oxygen. By evaporating a metal layer
on top of the oxidised layer (to act as a gate), a sustained diode current of ~20Acm™ was
collected using a bias voltage of ~10V. A diagram of their device is shown in Figure 2.12.
The authors claim that the oxidation treatment insulated the metal layer from the underlying
bulk silicon. However, it seems probable that electrical breakdown could have occurred and
that the reported low voltage “emission” may have been a result of leakage through the oxide
layer. Assuming that true field emission did occur, the authors suggest two reasons for why

emission was obtained at low voltage:

i) Extremely sharp tips were formed at the PS/bulk silicon interface. The researchers believe

that these points emitted electrons at very low voltages.

i1) Emission could have occurred from sharp PS fibrils.
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Although the authors present SEM images of the surface in plan-view, they do not present
any cross-sectional SEM/TEM studies of the PS/bulk interface. Therefore, there is no
evidence to show that there were sharp points on the interface, which were a potential source
of low-voltage emission. The authors do not present any data to show that emission did not
occur from the surface fibrils, which seems a more obvious source of emission than from the
rough interface. Also, very few samples appear to have been examined and little attempt has
been made to investigate the relationship between the pore morphology, PS layer thickness

and field emission properties.

2.8.3 Emission from Anodised Emitters

Although other researchers had previously investigated the effect of micro-protrusions
formed on tips, e.g. Atlan et al. (1992) and Binh & Garcia (1992), anodisation of emitter tips
had not been investigated. Anodisation is a simple way to form a high density of sharp points
at the emitter surface. The work described in this thesis was the first to investigate emission
from anodised emitters. However, since the start of the work for this thesis, some researchers
have also reported studies of anodised emitters (both gated and ungated). In Chapter 7, the
results reported by other researchers is summarised in detail and compared to the results

reported in this thesis.

2.8.4 Aims of Thesis in Relation to Work Reported by Other Researchers

There are several shortcomings in the work reported by other researchers. As work for this

thesis has progressed, investigation has therefore been aimed at:

1) Thoroughly investigating the effect which anodisation has on the field emission properties
of silicon FEAs. Other researchers have only investigated a very small number of samples

and most have not properly compared emission before and after anodisation.

2) Optimisation of the field emission properties by changing the PS layer thickness and

initial substrate doping. Little attempt at this has been reported by other researchers.

o
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3) Investigation of the actual morphology of the anodised tip surface using transmission
electron microscopy (TEM), and relation of the PS morphology to the field emission
properties. Other researchers who have investigated emission from anodised tips have not

published any studies of the morphology of the anodised tip.

4) Identify the true source of field emission and the cause for the decrease in starting voltage,
following anodisation. Other researchers have stated that the operating voltage was reduced
due to either an increase in field enhancement or a decrease in work function. However, they
have not proved that either caused the reduction in starting voltage, and they have not shown
whether emission occurred from the sharp interface or the surface fibrils. Field emission and

field 1on microscope studies
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Chapter 3 - Background to Porous Silicon

3.1 Introduction

As outlined previously, the aim of this work has been to improve the field emission
properties of silicon emitters, by forming a high density of asperities at their apex. This aim
has been achieved by anodisation, an electrochemical etching process by which a layer of
porous silicon (PS) is formed at the surface of bulk silicon. During this process, material is
selectively removed from bulk silicon to form a sponge-like silicon structure. PS structures
were first reported by Uhlir (1956) and then Turner (1958). However, most extensive
research into PS has occurred within the last few years. In particular, research has been
aimed at understanding the ability of certain types of PS to photoluminesce efficiently at

room temperature.
This chapter describes the following:

1) The electrochemical anodisation process used to produce PS.
2) How experimental variables of anodisation process affect the PS morphology.

3) The electrical and electronic properties of PS layers.

3.2 Electrochemical Anodisation

3.2.1 Electrochemistry

In order to anodised a silicon wafer, it must be made the anode of a cell filled with
electrolyte (usually an HF/ethanol solution). During anodisation, holes at the
silicon/electrolyte interface weaken the Si-Si bonds, allowing them to be attacked by F" ions.
Hydrogen gas is evolved from the silicon surface during this reaction. Ethanol in the
electrolyte reduces the surface tension, allowing H, gas to escape from the surface, thereby

improving the homogeneity of the resulting layer, see Bomchil et al. (1984).

The electrochemistry of anodisation is described in detail by Uhlir (1956), Turner (1958),
Memming & Swandt (1966), Unagami (1980), Zhang et al. (1989) and Gaspard et al.
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(1989). Exact details of the fabrication process used in this work, and the problems

associated with it, are outlined in Chapter 6.

3.2.2 Importance of Holes to Anodisation Process

A large concentration of holes must be available in order for the anodisation reaction to
occur, see Lehmann & Gosele (1990). If a silicon atom is removed from an atomically flat
surface by the interfacial reaction, an atomic size dip remains. A large number of these dips
is naturally formed across the semiconductor surface, due to the presence of either surface
defects or impurities. These dips change the electric field distribution, so that hole (h")
transfer occurs preferentially at such locations. A series of hole-rich and hole-depleted
regions are thus formed across the semiconductor surface. Hole-rich regions are eaten away
to form pores, leaving behind hole-depleted silicon wires. Anodisation of p-type silicon can
be carried out without illumination, as holes are the majority carriers. However, in n-type
silicon, holes are the minority carriers. Therefore, n-type silicon requires illumination in

order to generate sufficient concentrations of holes, see Searson & Macauley (1992).

3.2.3 Anodisation Under Non-Standard Conditions
PS can also be formed using non-HF-based electrolytes, see Jung et al. (1993). In addition,
semiconductors other than silicon, e.g. gallium arsenide, may be anodised. Beale er al.

(1985) believe that a porous film can be formed if the following conditions are satisfied:

i) The material is a semiconductor, so that depletion widths have suitable dimensions.

i1) Fermi level of semiconductor is pinned mid-gap at the semiconductor-electrolyte
interface.

iii)Electrolyte attacks the semiconductor only when a current is passed.

1v) Electrochemical reaction products are soluble in electrolyte.

v) Electrolyte is capable of carrying required current density.

Stain etching can also cause the formation of PS, without the application of a current.

However, this process is very slow. Stain etching occurs when an HF-HNO; electrolyte is
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dropped on to a silicon surface, see K.H.Beckmann (1965), Kidder et al. (1992) and Steckl
et al. (1993).

3.2.4 Current-Voltage Plots

A typical current-voltage plot taken during anodisation is shown in Figure 3.1a. Below point
A (which depends on the substrate type), selective dissolution occurs and PS is formed.
Increasing the current past point A leads to electropolishing. If the HF concentration is very
high, this transition point is not so well defined and the region of pore formation can be

extended to higher current densities, without electropolishing occurring, see Figure 3.1b.

3.3. Effect of Variables on PS Morphology
Many different experimental techniques have been used in the literature to study the
dependence of PS morphology on several variables. These techniques and the information

which they supply are summarised in Table 3.1.

3.3.1 Dependence of Morphology on Substrate Type & Doping
The way in which pores grow is highly dependent on substrate doping, see Beale et al.
(1985) and Searson et al. (1992). Three main types of PS structure are obtained from
different silicon substrates:

1) Microporous PS with pore widths 3-10nm

1i1) Mesoporous PS with pore size 10-100nm

iii)Macroporous PS with pore size 100-1000nm
The schematic diagram in Figure 3.2 demonstrates these three types of structure in n, p and

p -type silicon.

a) P-Type Porous Silicon (Non-degenerate) - Microporous
Beale et al. (1985) found that all nondegenerate p-type PS exhibits a pore structure which is
non-directional, consisting of random but interconnected voids. The type of morphology is

microporous, and the porosity of these films lies in the range 40-60%.
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a) Plot of Current versus Voltage During Anodisation

If the voltage is lower in value than at point A, selective dissolution occurs and
porous silicon is formed. However, if the voltage is increased past the value at point
A, electropolishing will occur.
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b) Plot of Current versus HF Concentration

This plot shows that if the HF concentration of the electrolyte is very high, the
region of pore formation can be extended to higher current densities wihout
electropolishing occurring.

(Ref: P.C.Searson and J.M.Macauley, Nanotechnology, 3 (1992), 188)

Figure 3.1 - Plots of Current versus Voltage and Current versus HF
Concentration Showing Regimes of Porous Silicon Formation and

Electropolishing
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This type of morphology is believed to form for the following reasons. In order for pore
growth to occur, charge must cross the Schottky barrier (i.e. the semiconductor-electrolyte
interface at pore tip) by the process of thermionic emission. For thermionic emission, the
barrier height (not barrier width) is important. As the pore tip radii are very small, image
forces will significantly lower the barrier height, thereby causing current to flow
preferentially at the pore tip. As the pore grows rapidly, its radius increases and the image
forces are quickly reduced, thereby slowing down pore growth to produce small pores. At
this point, other pores begin to grow. Any perturbations due to impurities, doping density
fluctuations, the presence of H, bubbles, or the etching process can lead to lowering of the

barrier, and therefore pore growth. As a result, a highly porous structure is formed.

b) P*-Type Porous Silicon (Degenerate) - MesoPorous

Compared to p-type PS, p'-type PS is highly anisotropic, see Beale er al. (1985) and
Berbezier & Halimaoui (1993). This material exhibits long voids running perpendicular to
the silicon surface, separated by silicon rods. These rods are ~10nm in diameter and follow
the [100] direction. There is much side branching, with small buds forming on the sides of

pores. The PS porosity lies in the range 30-80%.

This type of morphology is believed to form because current flow in highly doped silicon
occurs by tunnelling (either direct or Zener), rather than by thermionic emission. Therefore,
the barrier width (not barrier height) is important. The barrier width depends on the width of
the depletion region, with tunnelling being possible for barriers <80A. At the pore tips, the
electric field is enhanced, thus causing a reduction in the depletion layer width. However, the
depletion regions are widest at the pore edges, see Figure 3.3. In addition, if the depletion
regions of adjacent pores overlap, the depletion layer width increases. This further reduces
the current density in that region, preventing the pores growing any closer. Therefore
maximum current flow will occur at the pore tip and little current will flow between pores.

This effect results in the formation of columnar pores.
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Chapter 3 - Background to Porous Silicon

¢) N and N*-Type Porous Silicon

The morphologies of n and n*-type PS depend strongly on illumination. However, as this
material has not been studied in this thesis, detailed descriptions will not be given.
Macroporous PS is formed if anodisation is carried out without strong illumination, see
Albu-Yaron et al. (1993), Searson et al. (1992) and Chuang et al. (1989). However, if
illuminated, n / n* PS morphologies are similar to those formed on p / p'-type silicon of

corresponding resistivity, see Lehmann & Gosele (1992).

3.3.2 Dependence of Porosity on HF Concentration and Current Density

The substrate doping has the strongest influence on PS morphology. However, other
variables, including current density and HF concentration also affect pore size and hence
porosity. (Note that pore size is dependent on increasing film porosity.) Figure 3.4 explains
the concept of porosity, showing an idealised view of the partial dissolution of silicon during
pore formation, see Canham (1990). Beale et al. (1985) have performed detailed
examination of the effect of HF concentration and current density on p-type silicon, for
wafers of different resistivity. The results are shown in Table 3.2 and the main points are

summarised below.

a) Porosity Increases with Increasing Current Density

The PS material will always act to minimise the voltage drop at the interface. The voltage
dropped at the interface is minimised if the current is distributed over a larger interfacial
area. The interfacial area will increase if the number of pore tips at the interface is increased.
If the current density is increased, the voltage drop will also increase. Therefore, the PS will
act to minimise this increase by growing more pores, thereby increasing the porosity of the
material. Figure 3.5 demonstrates this effect for p and p’-type PS, see Frohnhoff et al.

(1995).

b) Porosity Increases with Decreasing HF Concentration
Decreasing the HF concentration leads to an increase in the interfacial impedance. This
increase in impedance causes an increase in the voltage dropped across the interface. The PS

material acts to minimise this increase, and so causes an increase in the number of pores at
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Figure 3.5 - Dependence of Porosity on Current Density Applied During
Anodisation for Different Substrate Doping Levels

This graph demonstrates results reported in the literature, showing the dependence
of porosity on applied current density.
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Figure 3.6 - Dependence of Porosity on HF Concentration of Electrolyte
This graph demonstrates the dependence of porosity on the HF concentration in the

electrolyte, for p*-type silicon.

Substrate was heavily P-doped silicon (resistivity of 0.01Qcm). Porosity was measured using
a gravimetric technique.



Chapter 3 - Background to Porous Silicon

the interface, thereby causing an increase in porosity. Figure 3.6 demonstrates this effect for

p' type silicon, see Herino et al. (1987).

The values of porosity shown in Table 3.2 lie in the range 20-79%. Intact PS layers of higher
porosity are difficult to obtain. It is thought they are under great strain and break up during
evaporation of the electrolyte. However, Canham et al. (1994) believe they have obtained
intact layers with porosities up to 95%, by using supercritical drying to preserve very high

porosity films.

3.4 Post-Anodisation Procedures
Several procedures result in thinning of the PS structure after anodisation has taken place,

see Canham (1990) and Bsiesy et al. (1991). Examples are described below:

a) Open-circuit etching - The PS structure is immersed in HF in the dark for several hours.

The PS structure is thinned by chemical dissolution.

b) Anodic oxidation - The PS sample is immersed in an HCL or KNOj solution and the PS

structure is thinned by oxidation, see Halimaoui et al. (1991).

3.5 Oxidation and Contamination of Porous Silicon Films

Canham et al. (1991) carried out secondary ion mass spectroscopy (SIMS) analysis on PS
layers and found that they contained a high level of impurities. Jung et al. (1993) found very
high concentrations of H, C, O and F (>>10200m'3), in addition to N (~10190m'3). H and F are
believed to be introduced during the anodisation process, while C and O are introduced over
time. It has been found that extended storage in air at room temperature converts the
hydrogen passivated surface to a contaminated native oxide. The PS skeleton is thought to
undergo gradual oxidation over time. Even small amounts of oxidation can produce large
stresses and lead to cracking of the layer, particularly in high porosity PS. One of the reasons
for the adsorption of such a large number of impurities is the large surface area (>500m°cm™
for 55% porosity microporous p-type PS). Oxygen levels in microporous films were found to

be greater than in mesoporous films, presumably due to the larger surface area.
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3.6 Electrical Properties Of Porous Silicon

3.6.1 Resistivity versus Bulk Silicon

For both micro- and mesoporous silicon, resistivity is several orders of magnitude higher
than for bulk silicon. Two and three terminal measurements of n-type and p-type PS films
(while still attached to their substrates), and also four terminal measurements of films

(removed from the substrate) were made by Beale et al. (1985), Unagami (1980) and

Bilenko et al. (1983). High values of resistivity (>105 (2cm) were achieved each time.

3.6.2 Models for Conduction in Porous Silicon

Beale et al. (1985), Lehmann et al. (1995) and Simmons et al. (1995) believe the decrease in
conductivity (following anodisation) results from a depletion of carriers in the PS layer due
to the small dimensions of its skeleton, which are well below the depletion layer width. They
propose that the Fermi level is pinned by surface states on the internal surface. Measured
carrier concentration levels are only ~1019%m-3 at the Fermi level and so are consistent with

this theory, see Ben-Chorin et al. (1993).

3.6.3 Microporous versus Mesoporous

Microporous PS is the most resistive of the different PS structures. The resistivity of
mesoporous PS is in the range ~10°-10°Qcm, compared to the resistivity of microporous PS,
which is in the range ~10%10"'Qcm, see Sculz (1993). This is probably due to the fact that

the dimensions of the structure are larger, and so regions of the material will not be depleted.

3.6.4 Effect of Oxidation and Gaseous Treatments on Resistivity

The conductivity of PS can be altered by certain treatments:

a) Oxidation - Increases resistance of the PS film, due to the formation of an insulating layer

on the PS surface. This effect is demonstrated in Figure 3.7.

b) Gases/Liquids - Ben-Chorin et al. (1994) observed that for microporous PS, an increase

in conductivity of several orders of magnitude occurred on exposure to polar gases and
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Figure 3.7 - Graph Demonstrating Increase in Resistance of Porous Silicon as
Oxidation Occurred

This graphs shows that the resistance of the porous silicon layer increased with
time, due to oxidation of the layer following extended storage in air. These results

are for n*-type porous silicon - the effect would be expected to be more marked for
p-type silicon.
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liquids such as water and ethanol. Lehmann ez al. (1995) explain this effect as a screening of

the surface traps by polar species.

3.7 Quantum Confinement in Porous Silicon

3.7.1 Quantum Size Effects

Quantum size effects are observed when structures become smaller than the Bohr radius of
the free exciton (which is ~5nm in silicon). Structures <5nm are commonly found in p-type
PS structures and so quantum effects should exist in this material. If quantum confinement
occurs, the bandgap will be changed. The bandgap of bulk silicon is ~1.1eV. Canham (1992)
report calculations of the effect of quantum confinement on silicon particles and wires using
simple particle-in-the-box and effective mass theory. The results are shown in Figure 3.8,
showing that for both quantum dots and quantum wires, the bandgap can treble within the
particle size range 1-5nm. An increase in the bandgap width should affect the field emission

properties of an anodised silicon tip, because an increase in bandgap will cause a change in

electron affinity.

3.7.2 Evidence for Quantum Confinement in Porous Silicon

a) Efficient Luminescence

Luminescence from bulk silicon occurs at a wavelength of 1.12eV in the infrared region.
However, efficient luminescence occurs from p-type PS in the energy range 1.4-2.2 eV (from
red to green in the visible spectrum), see Bsiesy (1991), Halimaoui ef al. (1991), Ren & Dow
(1992), Read et al. (1992) and Steigmeier et al. (1992). This luminescence corresponds to a
crystallite size between 2.5 and 4.5nm, which is known to occur in p-type PS structures. The
origin of improved luminescence is therefore believed to be the fine p-type PS morphology.
Luminescence is not observed from p'-type PS. The reason for this is believed to be the

crystallite size within p*-type PS is usually not small enough to cause quantum confinement.

Alternative explanations for photoluminescence have been put forward. These include
surface passivation and the presence of Si-Hxy compounds (see Jung et al. (1993) for a
comprehensive discussion of the possible mechanisms). However, it is now widely believed

that the photoluminescence is caused by the fine PS morphology.
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Figure 3.8 - Diagram Demonstrating Relationship Between Bandgap and
Crystallite Size

This graph shows the relationship between bandgap and crystallite size for 2-D
(quantum wire) and 3-D (quantum dot) confinement. The plots were calculated using
simple particle-in-the-box and effective mass theory. It can be seen that for both
quantum wires and quantum dots, the bandgap can treble within the particle size
range 1-5nm.

Luminescence from bulk silicon occurs at a wavelength of 1.12eV. However,
luminescence from p-type porous silicon has been reported to be in the range 1.4-
2.2eV. According to the plot above, this would correspond to a crystallite size in the
range 2.5nm and 4.5nm. TEM studies have shown that this crystallite size is known
to occur within p-type PS structures.
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b) Blue Shift

Canham (1990) carried out an HF open-circuit etch for several hours. This resulted in
thinning of the PS structure, increasing the porosity to 80%. This subsequently led to an
increase in bandgap, blue shift in the emitted light, and a dramatic increase in luminescent
intensity, see Figure 3.9. Anodic oxidation, which results in thinning of the PS structure, also
produced a blue shift, see Figure 3.10. These effects are attributed to a reduction in the size
of PS quantum structures, and are further evidence that room temperature luminescence 1s a

result of quantum confinement only.

3.8 - Concluding Remarks

In summary, the main differences between bulk and porous silicon are as follows:

1) The structure of porous silicon is completely different - it contains pores in the range 3-
1000nm wide, depending on initial substrate doping, applied current density and HF
concentration.

2) Porous silicon is highly resistive.

3) Porous silicon has a very high surface area, which is easily oxidised.

4) Depending on initial substrate doping, quantum confinement can occur in porous silicon,

leading to a widening of the silicon bandgap.

e
N
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Figure 3.9 - Effect of Open-Circuit Etching on Photo-Luminescence
Open-circuit etching was carried out by placing the anodised substrate in HF for
several hours. This resulted in thinning of the porous silicon structure, increasing
porosity from 65% to 80%. This led to an increase in bandgap, giving rise to a blue
shift in the light emitted and a dramatic increase in phtoluminescent intensity.
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Figure 3.10 - Effect of Anodic Electrochemical Oxidation on Photo-
Luminescence _

Electrochemical oxidation also resulted in thinning of the porous silicon structure.
This also gave rise to a blue shift in the light emitted and an increase in the
photoluminescent intensity. The results shown in Figure 3.10 and Figure 3.11 are
further evidence that room temperature phtoto-luminescence is a result of quantum

confinement only.
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Chapter 4 - Development of SEM for Field Emission Measurements

Chapter 4

Development of SEM for Field Emission Measurements

4.1 Introduction
A Philips 505 scanning electron microscope (SEM) was adapted to enable field emission

tests to be carried out. The main reasons for choosing the SEM were as follows:

a) It was believed that the vacuum required for field emission measurements (~10‘7 torr)
was achievable inside the SEM.

b) A probe could be attached to a micromanipulator arm already fitted to the microscope,
thus allowing a voltage to be applied to individual tips.

c) The SEM primary beam deflection system allowed the position of the probe relative to

individual emitters to be monitored.

4.2 Adaptations Made to SEM for Field Emission Testing
In order to allow field emission measurements to be carried out, adaptations were made to

the SEM. These included the following:

a) A new probe, capable of carrying a high voltage, was constructed.

b) This probe was connected through the wall of the SEM to a high voltage supply.

¢) A computer was interfaced to the high voltage supply, in order to control the voltage
applied by the probe.

d) A computer program was written to measure and record the field emission current.

Figure 4.1 shows a flow diagram of the adapted 505 SEM and the equipment required to
run it. The important aspects of the microscope are summarised in Table 4.1. The initial
adaptations were made during the course of a Part II undergraduate project, see Boswell
(1992). However, during the course of the work for the present thesis, it was necessary to
improve the vacuum system. Following this improvement, it was also necessary to study

the following parameters affecting field emission measurements in detail:
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Chapter 4 - Development of SEM for Field Emission Measurements

a) The reproducibility of emission from plain silicon emitters.
b) The accuracy with which the probe could be positioned above emitters.

c¢) The effect of changing the value of the resistor held in series with the probe.
Results from these studies are described in this chapter.

4.3 Improvement of Vacuum System

At the start of this project, the achievable vacuum inside the SEM was believed to be in the
107 torr range, assuming that the cold trap was regularly refilled with liquid nitrogen. Two
different 1on gauges had originally been used to check this vacuum level. However, field
emission data collected in the SEM exhibited high levels of noise, and the starting voltage
(defined as the applied voltage required to obtain an emission current of 1nA) varied
greatly from tip to tip. Several researchers had reported that they obtained acceptable,
reproducible field emission data at vacuum levels of ~107 torr, 1.€. at a similar vacuum
believed to exist in the SEM, Tringedes (1993). Therefore, such poor emission data was

unexpected.

Approximately 18 months into the project, it was discovered that the two ion gauges
originally used to test the vacuum were faulty, and that the quality of the vacuum in the
505 SEM was, in fact, only 10-6-10-5 torr - i.e. at least an order of magnitude worse than
originally believed. It was thought that this poor vacuum was partly caused by leaks in the
microscope. In order to detect and eliminate any leaks, the entire vacuum chamber had to
be stripped. It was also decided to replace the old pumping system (an Edwards diffusion
pump backed up with a rotary pump) with a turbo-molecular pump. After these procedures

had been carried out, the final vacuum achieved was ~3x10” torr (as checked by a new ion

gauge).

Prior to investigating the effect of anodisation on silicon FEAs, field emission from plain
silicon emitters was studied in the improved vacuum, in order to check that the problems

of emission noise had been substantially reduced. All data collected in the poor vacuum
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was discarded and all anodisation experiments were repeated. All data from the anodised

samples described in this thesis was obtained in the improved vacuum. The following

sections demonstrate how the emission properties were improved following overhaul of

the vacuum system.

4.3.1 Reduction in Emission Noise Following Improvement of Vacuum

Field emission noise was evaluated by applying a constant voltage to the probe, which was
kept at a fixed distance from the emitter. The current was monitored using a digital
voltmeter, see Figure 4.1. Current fluctuations over the course of a few seconds (at
different current levels), a few minutes and over a period of ~90 minutes were studied in
the improved vacuums and compared to the results obtained in the poor vacuum. For each
test/sample examined and described in this chapter, ~20 separate tips were tested in order

to ensure reproducibility.

Noise measurements were taken from two types of emitters:

i) P-type silicon emitters

ii) P-type silicon emitters coated with an evaporated layer of Au/Pd were investigated
It is known that field emission instabilities can be caused by fluctuations in the work
function of an emitting site. In the case of silicon tips, most increases in work function are
due to the formation of a thin surface oxide layer. An Au/Pd layer would not be expected
to form such an oxide layer. Therefore, it was thought that emission from silicon tips with

a Au/Pd layer evaporated onto them, would be more stable than emission from silicon tips.

a) Short-Term Noise (~1 second) After Vacuum Improvement

Table 4.2 summarises short-term noise (i.e. rapid changes in the emission current over a
time <1 second) observed for silicon emitters, before and after improvement of the
vacuum. Data obtained from Au/Pd coated tips was similar to that obtained from silicon
tips.

* This data shows that short-term noise levels dropped by ~10 times after the vacuum was

improved.
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e In both vacuums, the noise levels were found to increase with the value of the current.
This may have been due to desorption of adsorbates from the emitter surface, as
emission caused heating of the tip. Other researchers have also seen this effect, see

Section 2.6.1.

b) Medium-Term Noise (over ~1 minute) After Vacuum Improvement
For both silicon and Au/Pd coated emitters, emission was initially set at a current value
(Lgtart) Of ~0.021A. The amplitude of current deviation (Al = II - Lg,4l) was estimated from

the digital voltmeter readings.

In the poor vacuum, the emission current switched between high and low values several
times over the course of ~1 minute. This type of noise is similar to the bistable noise
discussed in Section 2.6.1. The maximum Al for a silicon tip was ~ 0.2UA, i.e. ~10 times
Lar- The maximum Al for a Au/Pd coated tip was ~1.5uA, which is ~100 times Iy, i.€.

much larger than for plain silicon tips.

For emission in the improved vacuum, sudden current switching between low and high
current values was not observed for either silicon or Au/Pd coated emitters. This indicated

that the degree of contamination had been reduced.

¢) Longer-Term Noise (over ~90 minutes) After Vacuum Improvement

The initial current was set at a value of ~0.2uA and the probe-sample separation was kept
constant. In the poor vacuum, the current obtained from a silicon tip dropped to zero over a
period of ~20 minutes. As the emission current dropped, so did the degree of noise
observed. Over the following 70 minutes, no emission was observed at all. In order to
obtain ~0.2pA from the same emitter again, the voltage had to be increased from 1000V to
1200V. However even at this higher voltage, the emission current eventually decreased.
The voltage then had to be increased to 2000V to regain a current of ~0.2uA. Other
researchers have observed similar behaviour when testing in contaminated measuring

systems (see Section 2.6.1). They attribute the affect to high work function species
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adsorbing onto the emitter surface. The same mechanism could explain the results obtained

here.

The emission current obtained from Au/Pd coated tips behaved differently - the value did
not drop to zero at any time over a 90 minute period. In fact, for one tip, the current
increased up to 80UA at one point and the fluctuations increased with current. These
results are completely different to those obtained from silicon, where an increase in work
function probably occurred with time. It appears that the work function of Au/Pd coated
surfaces did not increase with time. Therefore, there is some advantage to covering silicon
FEAs with Au/Pd. However, emission from Au/Pd coated tips was still extremely noisy. A
possible explanation for the rise in current and increase in fluctuations is as follows. The
electric field at the tip may have caused the transient formation of nanoscale protuberances
at the metal emission surface. The formation of such protuberances is not well understood.
However, it is thought that high local current densities cause tip heating. Heating will
cause desorption from the tip surface, thereby increasing the current fluctuations. Heating
could also cause field-induced build-up by preferential surface diffusion towards the
highest field regions. The protuberances could therefore grow until local heating/sputtering
became excessive. The protuberances could suddenly undergo self-destruction, causing
large peaks in the emission current, as was observed in this work. (Protuberances would be
expected to be present anyway on a surface onto which metal has been evaporated, due to

the polycrystalline nature of the layer. These protuberances could have grown.)

In the improved vacuum, the field emission current obtained from both silicon and Au/Pd-
coated tips did not decrease to zero, but remained at a similar value throughout the 90

minute period.

d) Summary
It is clear that improving the vacuum level reduced the level of emission noise observed. It
was important for the noise to be substantially reduced, prior to carrying out the

anodisation experiments.
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4.3.2 Comparison Fowler-Nordheim Plots in Poor & Improved Vacuum
The large degree of noise observed in the poor vacuum at constant voltage had a
detrimental effect on the Fowler-Nordheim (FN) and current-voltage (IV) plots obtained.
In the poor vacuum, the computer was programmed to average the current 20 times per
second, in an attempt to reduce the level of noise observed in the field emission data.
However, noise was still evident in the FN plots. Figure 4.5 shows FN and IV plots
collected in the poor vacuum. Examples of FN and IV plots collected in the improved

vacuum are shown in Figure 4.6. In general, two different types of plots were observed.

a) Approximately Linear Fowler-Nordheim Plot

This type of plot (Figure 4.6, Tip 1) was not truely linear.

b) Typical Three-Stage P-Type Fowler-Nordheim Plot
The second type of plot (Figure 4.6, Tip 2) consisted of three stages. This behaviour is

typical of emission from p-type semiconductors, see Section 2.4.4.

In the plots obtained in the improved vacuum, noise is not evident to the same extent as in
the poor vacuum. However, if the surfaces had been contaminate free, truely linear FN
plots or typical 3-stage emission plots should have been observed. However, this was not
the case. Johnston & Miller (1992) obtained plots which were non-linear. By studying the
field emission energy distributions (FEDs), they showed that an oxide layer was present at
the surface. In the present work, it is highly likely that an oxide layer was present at the
surface, as the specimen was exposed to air after fabrication and the SEM was not UHV.
The presence of an oxide layer would explain the non-linear FN plots. It should also be
noted that the oxide layer will affect the calculated values of emitting area and render

estimates inaccurate, so care should be taken when analysisng these parameters.

¢) Summary
In summary, the improvement in vacuum improved the FN plots obtained. However, the

situation was still not perfect as the emission surfaces were not completely clean.
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4.3.3 Improvement in Reproducibility Following Vacuum Improvement
In addition to affecting the emission noise, the contaminated vacuum meant that field
emission runs taken from one tip could not be reproduced. This section demonstrates how

reproducibility was greatly improved following the improvement in vacuum.

a) Repeated Up-Down Runs

The computer was programmed to ramp the voltage up and then down again. Figure 4.7
and Figure 4.8 show several up-down runs, obtained in quick succession in both the poor
and 1improved vacuums. For the runs obtained in the poor vacuum, the up and down runs
do not follow the same paths. This gives the appearance of a hysteresis loop. Loops
obtained from different tips exhibited varying degrees of hysteresis and the shape of the
hysteresis loops varied between tips. As the maximum current was increased, the size of
the hysteresis loop became more accentuated. This suggests that as the voltage was
increased, the tip became blunter. A possible cause of blunting is tip sputtering. If tip
sputtering occurred, this would have increased as the voltage increased. Therefore, the
hysteresis would have increased as the tip was ran to higher current values, as was

observed here.

In the poor vacuum, an interesting effect was observed when the temperature of the sample
was decreased to 100K, by cooling the specimen stage with liquid nitrogen. Hysteresis
plots obtained from the same tip before and after cooling are shown in Figure 4.9. The
degree of noise within the higher current region decreased on cooling. However, the degree
of hysteresis was only slightly reduced. This suggests that general emission noise was
linked to surface diffusion; whereas hysteresis was linked to a desorption/sputtering effect.
Diffusion is typically decreased by lowering the temperature, whereas

desorption/sputtering is not affected.

In the improved vacuum, a small amount of hysteresis was observed for the first loop, see

Figure 4.8. However, subsequent plots showed hardly any hysteresis, even in the high
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current range (10—5A). This was a great improvement over the situation in the poor

vacuum.

b) Successive Repeat Up-Runs

In this test, the voltage was increased to a certain value and then dropped to zero (instead
of ramping the voltage down gradually). Field emission runs were taken from the same
emitter several times and the probe-sample separation was kept constant. Emission runs
were obtained from the same emitter in quick succession, with ~1 minute being left
between each run. The starting voltage and slope/intercept of the FN plot were recorded for

each run and compared. The following trends were observed:

i) Starting Voltage - Starting voltage was plotted versus run number, for emitters tested in

the poor and improved vacuum, see Figure 4.10.

e In the poor vacuum, there was a large drop in starting voltage following the first run.
This was probably due to desorption from the tip surface. Starting voltages measured
for subsequent runs fluctuated from run to run. In general, the starting voltage decreased
by up to 50% between the 1st and 9th run.

¢ In the improved vacuum, little variation in starting voltage was observed between runs.
The largest drop in starting voltage was observed between the first and second run
(probably due to some desorption of adsorbates). However, this drop was much less
than that observed in the poor vacuum. The drop in starting voltage between 1st and
I5th run was only 5-15%. This indicates that reproducibility of starting voltage was

much better in the improved vacuum.

i) FN Plots - Figure 4.11 and 4.12 shows successive FN runs obtained in the poor and

improved vacuum.

® In the poor vacuum, the second plot was shifted to the right of the first plot,
corresponding to a decrease in starting voltage. Subsequent plots were positioned either
to the left or to the right along the axis. Differences in the shape, gradient and intercept

of the FN plot were also observed from run to run.
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Figure 4.12 - All Eight Plots from Emitter Shown in Figure 4.11b) in Improved Vacuum
All 8 plots were obtained from the same emitter - all 8 plots are very similar. After leaving for
10 minutes, there was a slight difference in the plot, but this was much improved versus the
situation in the poor vacuum.
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e In the improved vacuum, the reproducibility of plots from run to run was much better.
However, the first plot was still slightly noisier than for subsequent runs. This was
probably due to the presence of adsorbates/protrusions at the beginning of the first run.
These adsorbates may have been evaporated off as the current increased, and therefore
did not affect subsequent runs. All plots obtained from the same tip were similar in
shape. The middle four plots from this series of runs are superimposed on top of each
other, emphasising the similarity between them, see Figure 4.11b.

e Between some runs, emitters were left for up to half an hour before carrying out the
next run (see Figure 4.12 - 5th and 6th plots). The difference in the shape of the plots
before and after these time periods had elapsed was small. Therefore, this is a large
improvement compared to the situation in the poor vacuum, where a change in FN plot

was observed even if tips were left for only 30 seconds.

iii) Slope and Intercept of FN Plot- In the improved vacuum, the FN slope and intercept
were calculated. Figure 4.13 shows these values plotted versus run number for one emitter.
The value of FN slope for the first run was normally higher than for subsequent runs, but
the values for subsequent runs were very similar. This may be connected with the small

decrease in starting voltage observed after the first run, attributed to minor desorption.

iv) Maximum Current - Figure 4.14 shows a plot of the maximum current obtained at
2500V plotted versus run number, for one tip in the improved vacuum. This value dropped
for each subsequent plot. It is not known why this occurred, as the starting voltage did not
change much between runs and hence little tip blunting/work function increase can have

occurred between runs.

4.3.4 Minor Influence of Ramping Rate on Emission Characteristics in
Improved Vacuum

In the poor vacuum, the rate at which the voltage was stepped up affected the data
collected. Therefore, the rate of data collection in the improved vacuum was investigated,

to ensure that this effect had been reduced.
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a) Poor Vacuum

In the poor vacuum, data collected at a low ramping rate (e.g. 2V per second) was noisier
than data collected at a faster ramping rate (e.g. 30V per second). Therefore, in order to
reduce the amount of noise in the data, the tips were ramped at a higher rate. However, one
disadvantage of increasing the ramp rate was that the tips appeared to destruct at a lower
current level. This is probably because they did not have time to become ‘seasoned’, and
so were unstable. Also, the shape of FN plots obtained from the same tip was different for

different voltage ramping rates.

b) Improved Vacuum

In the improved vacuum, this situation was much better. One tip has been chosen to
demonstrate this - see Figure 4.15. Eight plots were taken in total from this tip, using
increments varying from 10V to 100V. These results show that in the improved vacuum,
the voltage step had little effect on the emission characteristics. The shape of the FN plots
taken at different voltage steps were very similar. This was a large improvement over the

situation observed in the poor vacuum.

4.3.5 Summary
Emission in the overhauled vacuum system was much improved, but was still not ideal.
This was probably because although the microscope was less contaminated, the samples

were already coated with oxide layers prior to entering the vacuum chamber.

4.4 Cleanliness of Sample

4.4.1 HF Cleaning of Samples before Entering Vacuum

In the poor vacuum, cleaning the sample with buffered HF before placing into the adapted
SEM did not improve the emission noise. In the improved vacuum, cleaning with HF

appeared to make no difference to the emission noise either.

For a sample stored in air for several weeks, the first emission run occurred at a starting

voltage ~50% higher than for subsequent runs, in either vacuum. This was probably due to
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removal of an oxide layer during the first field emission run, which caused a drop in
starting voltage for all subsequent plots. Similar behaviour was observed by King et al.
(1994). However, if samples were cleaned in HF after storing in air for several weeks, the
mean starting voltage was lowered to that of freshly etched tips. It was believed that

dipping the sample in an HF solution removed the oxide layer, decreasing the emitter work

function, see Makhov (1989).

For this reason, anodised samples were placed into the 505 microscope immediately after
etching and/or anodisation. Non-anodised silicon samples which were not placed into the
microscope immediately after etching, were always given an HF dip prior to insertion in
the microscope. Anodised silicon could not be given an HF dip, as this disrupted the PS

layer (see Chapter 6).

4.4.2 Hydrogen-Plasma Cleaning

While the vacuum was still poor, attempts were made to clean the sample surface in-situ,
using a hydrogen plasma. This method has been used by other researchers to clean
molybdenum tips, see Section 2.6.1. It was thought that the same treatment would have a
similar effect on silicon tips. However, it was found that the emission noise level did not
decrease after the plasma treatment was carried out. Therefore, the use of the hydrogen
plasma was dis-continued. It is thought that the vacuum at the time was too poor to work
properly. This treatment may work in the improved vacuum, but there was not sufficient

time to investigate this further.

4.5 Accuracy of Probe Positioning

The probe-emitter separation is an extremely important parameter in field emission
experiments. This is because the field at the tip is determined by the voltage applied by the
probe and by the probe-emitter separation. It is therefore crucial to know the extent to

which the emitter-probe separation varies both from tip to tip and from sample to sample.

In this work, major issues with the probe included the following:
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a) Mechanical Stability
A tap on the bench outside the microscope caused the probe to oscillate (this could be seen
on the SEM screen). If the probe oscillated during emission, the field at the emitter tip also

oscillated, and caused the emission current to change.

b) Attraction to Surface
As a voltage was applied to the probe, it was attracted down towards the specimen surface.
Therefore, the emitter-probe separation at an applied voltage of 10V and at 2500V were

not the same.

¢) Exact Probe-Emitter Separation Not Known

In this work, the external micromanipulator control wheels were used to position the sharp
tungsten probe tip close to the specimen. Final, more accurate positioning of the probe
relative to individual emitters, was carried out using the X,y,z control on the SEM
specimen stage. Unfortunately, in the adapted SEM, the probe-emitter separation could not
be observed in all three dimensions. Using the normal configuration, the vertical probe-
emitter separation could not be measured. Although the specimen could be mounted

vertically, the lateral probe-emitter separation was then unknown.

These issues were cause for some concern. Therefore, the configuration used in the
adapted SEM was investigated in more detail. Both computer modelling and field emission

tests were carried out - the results are outlined in the following sections.

4.5.1 Computer Modelling - Dependence of Starting Voltage on Emitter-
Probe Separation

In the literature, modelling of an FEA with an extended planar anode has been widely
reported, see van Veen (1994), Mackie er al. (1994), Nicolaescu (1994) and Hong et al.
(1994). However in an experimental configuration, such as exists inside the adapted SEM,
the probe diameter has similar dimensions to the emitter-probe separation (and to the

dimensions of the emitter). Thus the probe can no longer be assumed to be an infinite
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conducting plane and the situation has to be modelled differently. To understand the
influence of emitter-probe distance on field emission inside the 505 SEM, computer
modelling of the dependence of field emission on tip-probe separation was carried out in

collaboration with Dr. Dan Nicolaescu, Institute of Electronic Engineering, Romania.

a)Assumptions
Computer modelling was carried out using the configuration and assumptions shown in

Figure 4.16.

b)Variables Altered

Variables which were changed were the probe-emitter separation and the half angle of the
emitter. Values of probe-emitter separation used were 0.1, 0.2, 0.5, 1, 2 and Sum. Only
modelling results for an emitter half angle 80° (corresponding to a typical 4 sided pyramid)

are presented here.

c¢)Results

The modelling results (both FN plots and IV plots) are presented in Figure 4.17a-c. The FN
plot shifted to the left along the x-axis as the probe-emitter separation increased,
corresponding to emission at higher and higher voltage. The voltage required to obtain
2x10° A (defined as starting voltage here), and the value of FN slope, were recorded for

each emitter-probe separation. These values were plotted versus emitter-probe separation,

see Figure 4.18a and 4.18b.

d) Conclusion

For emitters of the geometry tested in this experimental apparatus, the starting voltage
depended strongly on tip-probe separation - if the probe was positioned 1um away from
the tip instead of 2um, the starting voltage was halved. Therefore, it was very important

that positioning of the probe in the adapted SEM was carried out as accurately as possible.
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a) Fowler-Nordheim Plots for Steadily Increasing
Tip-Probe Separation (0.1um - 3um)
Tip Half Angle = 80 degrees
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Figure 4.17a & b - Results from Computer Modelling of Tip-Probe Separation
Fowler-Nordheim Plots (80° tip only)



Emission Current versus Voltage
(Reduced Vertical Scale)
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a) Starting Voltage versus Tip-Probe Separation
(Starting Voltage is defined as Voltage Required

to Obtain 2x10 °A)
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b) Calculated Value of Fowler-Nordheim Slope
versus Tip-Probe Separation
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Figure 4.18 - Modelling Results Showing Starting Voltage (10°, 50° and 80° tips) and
Fowler-Nordheim Plotted versus Tip-Probe Separation (80° tip only)
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4.5.2 Linear Dependence of Starting Voltage on Vertical and Lateral
Tip-Probe Separation

An experiment was carried out in order to check that the starting voltage increased linearly

as the emitter-probe separation was increased. The separation was increased by the same

increment each time, by using the micrometer attached to the cold stage. The starting

voltage was recorded for each incremental increase.

a) Vertical Separation

Unfortunately, the initial emitter-probe separation was not known. Therefore, it was not
possible to plot the starting voltage versus the exact emitter-probe separation. Therefore,
starting voltage was plotted versus the incremental increase instead, see Figure 4.19. The
plot is not truely linear. Also, the starting voltage did not double as the tip separation
doubled. This suggests that there was some movement of the cold stage in a lateral

direction, at the same time it was moved in a vertical direction.

b) Lateral Separation

In addition, the dependence of emission current on the lateral emitter-probe separation was
investigated. The lateral emitter-probe separation could be approximated from the SEM
image. A plot of emission current versus separation is shown in Figure 4.20. The current
dropped off rapidly within ~1m of the centre of the tip. It is clear that not only positioning

in the vertical direction, but also positioning in the lateral direction was important.

4.5.3 Variation in Emitter-Probe Separation from Tip to Tip

The accuracy with which the probe could be re-positioned above the same tip a number of
times was investigated. This was carried out in order to give an indication of the accuracy
with which the tip-probe separation could be kept constant, from tip to tip across an array
and from sample to sample. To maintain a similar probe-emitter separation, the routine

summarised in Figure 4.22 was carried out for each new emitter examined.
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Starting Voltage versus Incremental Increase in
Tip-Probe Separation in Vertical Direction
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Figure 4.19 - Dependence of Starting Voltage on Incremental Tip-Probe Separation
Measured Experimentally

Data was obtained by measuring the starting voltage as the tip-probe separation was
increased. This plot shows that the dependence of starting voltage on tip-probe separation is
not truely linear. It suggests that when the cold stage was moved, there was some lateral
movement of the stage at the same time as vertical movement.

Emission Current Plotted versus Distance from Tip
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Figure 4.20 - Starting Voltage Plotted versus Incremental Increase in Tip-Probe
Separation

Data for this plot was obtained by keeping the voltage on the probe the same, moving the
probe and reading the emission current off a digital voltmeter. This plot shows that
positioning of the probe in a lateral direction was important, in addition to positioning in the
vertical direction.
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Figure 4.21 - Starting Voltage versus Number of Times that Probe has been
Repositioned

To obtain data for this plot, the probe was re-positioned above the same tip a number

of times, using the routine shown in Figure 4.22. After each re-positioning, the starting

voltage was taken. The intention of these tests was to give a measure of the accuracy with

which the probe could be positioned from tip to tip across an array.



1) The emitter to be tested was selected.

U

2) The probe was placed in contact with an immediate neighbour, causing a
reading on a digital voltmeter (DVM) attached to the specimen earth.

U

3) The probe was moved so that contact with the neighbour was just lost,
i.e. the probe-emitter separation was as small as possible. This was
confirmed by simultaneously watching the probe, which would vibrate
slightly on losing contact with the tip. As the probe lost contact with the tip,
the DVM reading dropped to zero.

U

4) The probe was then moved above the emitter selected to be examined
and field emission tests were carried out.

This routine was carried out in order to keep the tip-probe separation as constant as
possible, from tip to tip and from sample to sample.

Figure 4.22 Routine Carried out to Position Probe Above Emitters
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Figure 4.21 shows a typical plot of starting voltage versus run number. The first starting
voltage was at 500V, dropping to 440V for the fifth starting voltage, i.e. ~12% less than
for the first starting voltage. Therefore, even when this routine was used, there was still

error when attempting to re-position the probe over the same tip.

4.5.4 Summary

In summary, computer modelling and testing has shown that for emitters of the geometry
tested in this experimental apparatus, the probe is very sensitive to emitter-probe
separation. In order to maintain as similar a separation as possible, from emitter to emitter,
the same procedure has been used each time the probe is positioned above a tip. However,
testing also showed that even if this routine was used, there was some variation in probe-

separation when repositioning above the same tip, or when testing across an array.

4.6 Effect of Series Resistance on Field Emission Data

As outlined in Chapter 2 (Section 2.6.3), a resistor placed in series with an emitter should
protect it from premature self-destruction. The effect of series resistance on the maximum
emission current was investigated here. In the poor vacuum, a silicon FEA was examined
with the following values of resistor in series with the probe - 0Q2, 1k, 10k€2, 100kQ, 1M
Q, 10MQ (in poor vacuum). To change the resistor value over, the microscope had to be
re-opened. A plot of maximum field emission current versus series resistor value, is shown
in Figure 4.23. This shows that the resistor value had a significant effect on the maximum

emission current collected in the poor vacuum.

In the improved vacuum, an external 20MQ resistor could be added to the external high-
voltage lead adjoined to the probe. Therefore, one particular tip could be tested with
different values of series resistor, without re-exposing the FEA to air. With the 20MQ
resistor in series, a particular emitter was selected and a field emission run was carried out.
The resistor was then removed, so that only a 0.67MQ resistor was left in series. A second
field emission run was then taken. The I-V plots from one emitter are shown in Figure

4.24. For the first run (with a 20.67MQ resistor in series), 30uA was obtained from the
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Mean Maximum Emission Current versus
Value of Resistor Held in Series with Emitter
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Figure 4.23 - Plot of Maximum Emission Current versus Series Resistor in Parallel with
Probe (Poor Vacuum)
This plot shows that in the poor vacuum, the value of the series resistor had a large effect on

the maximum emission current.
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Figure 4.24 - IV Plots Obtained Using Variable Resistance in Series with Probe
(Improved Vacuum System)
This figure shows that when a large resistance was placed in series with the emitter, the tip

was protected - an emission current up to 30lLA was obtained. However, when this resistor
was removed the emitter blew at 7uA.



Chapter 4 - Development of SEM for Field Emission Measurements

emitter. However, when the resistor was reduced to 0.67M£, the tip blew at ~1uA. Each
time a tip was examined after the series resistance was reduced to 0.67MQ, the tip blew
before reaching the current achieved with a 20.67M£ resistance in series. However, if the

20.67MAQ resistor was left in series, the tip did not blow.

The results from both experiments confirm that the value of maximum emission current
were influenced by the series resistor value. Therefore, the same resistor value was used in
all experiments. Otherwise, it would not have been possible to compare the results from

samples examined with different resistors in series.

4.7 Overall Summary

The reproducibility of the results obtained in the adapted SEM were improved since this

work began. However, the system was not perfect for field emission studies of ungated

FEAs. The main issues were:

» The exact probe-sample separation could not be measured, and this separation still
varied slightly from emitter to emitter. Also, the probe was not as stable as desired.

* The samples were not clean on entering the vacuum and it was not possible to clean
them in-situ. (However, one ‘advantage’ is that the vacuum is close to the vacuum that
may exist in a working device. Therefore, testing was more realistic, than testing carried

out under ultra-high vacuum conditions.)
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Chapter 5 - Specimen Preparation

Chapter 5 - Preparation of Uniform Silicon Field Emitter Arrays
This chapter describes the methods used to fabricate single crystal silicon field emitter arrays
(FEAs). The fabrication of polycrystalline silicon FEAs is also briefly described. The main
steps carried out in order to fabricate silicon FEAs were:

1) Oxidation of the flat silicon substrate

2) Photolithography to pattern the oxide layer, to form square oxide masks.

3) Chemical wet etching beneath the oxide masks to form silicon emitters.

These steps will be described in detail in the following sections.

Although the basic processes are similar to those used during the course of the Part II
project, the resulting structures have been studied in more detail during the present work, in

an attempt to obtain the most uniform FEAs possible, with the equipment available.

5.1 Step I: Oxidation of Wafers

The silicon samples were placed at the hottest zone of a tube-furnace. Before entering the
furnace, oxygen was bubbled through cold water, in order to ‘wet’ it. Ellipsometer
measurements indicated that 0.17um of thermal oxide was formed on the silicon surface if a

sample was left in the furnace for 5 hours at a temperature of 950°C.

Process Issues Included the Following:

a) Before oxidation, samples were cleaned and dried. However, additional dust deposited
onto the specimen surface from the furnace walls, causing non-uniformities in the oxide
layer.

b) The hot zone of the furnace tube was non-uniform. This caused variations in the oxide
thickness, from sample to sample (as well as across samples), manifested as variations in

the oxide colour.

5.2 Step II: Contact Photo-Lithography

Photo-lithography was used to form an array of oxide masks lying on the top surface of the

silicon substrate. Figure 5.1 outlines the individual steps and experimental details of the
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O -1}
1) Deposition of Photoresist

Oxidised silicon samples were cleaned with acetone, in order to remove water vapour. Otherwise, moisture
could prevent good adsorption of the photoresist to the substrate surface.

Samples were baked on a hotplate at 120°C for 30 minutes, to remove any remaining water vapour..
\J
Samples were attached to a chuck by vacuum suction.
l
Photoresist (Microposit S1400-17) was introduced onto the silicon surface via a syringe (see Figure 5.2). A
filter was attached to the syringe in order to to prevent small particles being transferred to the substrate surface
- particles could affect the final pattern defined on the substrate.
\

The chuck was spun in order to distribute the photoresist evenly across the specimen surface. In order to
ensure that the resist thickness was kept constant, the amount of photoresist, the speed (4000rpm) and the time
of spinning (30 seconds) were kept the same from sample to sample. Otherwise, the exposure and
development time were affected.

l
The photoresist-coated wafers were then baked on a hotplate at 85°C for 20 minutes. It was important to bake
the photoresist after spinning, in order to ensure that cross-linking of the polymer chains occurred. However,
if the temperature was too high (i.e. >110°C), too much cross-linking occurred and the photoresist did not

develop properly after exposure.
-—“_—_-—_—L

U

2) Alignment and Contact of Mask with Substrate
The mask was placed in contact with photoresist-covered substrate. It rotated through 45°compared to major
<110> flat of wafer (see Section 5.3.2b) for an explanation).

3) Exposure of Photoresist to UV Light
A MicroZoom UV lamp was held vertically above the samples, to expose the photoresist through the mask.

4) Development of Resist

Samples were dipped into a developing solution (a mixture of Microposit MF-313 developer and distilled
water, in the ratio 1:3). After dipping into the solution for the required time, the sample was washed in
distilled water and examined under an optical microscope. This solution dissolved away the polymer which
had been exposed to UV light, leaving a pattern identical to that on the mask. The exposure time had to be

matched to the development time.
S e —— — —  ————— e e— |

U

S) Hard Baking
In order to increase the resistance of the photoresist to buffered HF, samples were given a final bake at 110°C
for 30 minutes on a hotplate.

P———“—.
6) Buffered HF Dip

After the photolithography process had been completed, polymer squares were left on top of the oxidised
silicon wafers. The next step was to etch square islands out of the oxide. In order to remove the oxide between
the defined polymer squares, the substrate was dipped into a buffered HF solution. This etch was made up
from 140m] HF mixed with 389g of NH4F, with the volume made up to 1 litre with distilled water, see
Maissel & Glang (1979). This treatment left oxide squares (with photoresist on top) on a silicon substrate.

The remaining photoresist was then dissolved away, using several acetone rinses, followed by a propanol
rinse. This final step left just the oxide squares on the silicon surface. (If any photoresist was left on the wafer
surface, it contaminated the silicon etch later on.)

Figure 5.1 Photolithography Process
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photo-lithography process. First, photo-sensitive polymer (photo-resist) was spun onto the
oxidised silicon surface, see Figure 5.2. It was then exposed to ultra-violet (UV) light shone
through a mask. The exposed photoresist was then developed, leaving a polymer copy of the
mask pattern on the top surface of the oxidised substrate. The oxide between the photoresist
squares was removed using a buffered HF dip. The remaining photoresist was then removed

using acetone. This left square oxide masks on the top silicon surface.

A positive resist process was used. In this process, regions of photoresist exposed to light
were preferentially dissolved away using a developing solution, as demonstrated in Figure
5.3. The glass mask through which UV light was shone, was 4 inches wide. In this work, the
mask was patterned with squares of side Sm by Sum and 15um spacing, and was a light-
field mask. When used in conjunction with a positive resist process, a pattern of squares was

defined in the resist, see Figure 5.3.

Process Issues Included:

a) Mask/Substrate Contact - The mask had to make even physical contact with the silicon
wafer during exposure to UV light. Otherwise, vibration of the chuck occurred, causing
an irregular pattern to be defined on the substrate due to poor contact. Unfortunately, a
good contact was sometimes difficult to achieve. This was because the wafer sections did
not cover all the air holes on the chuck surface (original wafers were too large and had to

be cut down for processing).

b) Balance of Exposure and Development Times - There were fluctuations in the ideal
exposure time from session to session, over the course of several months. This was due to
changes in the intensity of the UV lamp. An increase in lamp intensity reduced the ideal
development time. Development time had to be matched to the correct exposure time.
Therefore, if the exposure time changed, the ideal development time also changed.
Keeping the sample in the developing solution longer than the ideal time, resulted in
either partial or complete removal of the photoresist squares, in addition to the unwanted

photoresist.
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¢) Imperfect Replication of Mask Pattern - It was difficult to replicate the mask
pattern exactly. Perfect squares were rarely obtained. SEM studies presented in Section
5.3 show that even if resist ‘squares’ appeared to have equal sides under the optical
microscope, examination at higher magnification in an SEM often showed that one side
of the ‘square’ was longer than the other. Unfortunately, when the etching process was
carried out, these sub-micron scale differences caused variations in the tip geometry

across the sample, see Section 5.3.

5.3 Etching of Silicon to Form Tips

The etching process used to form silicon tips is demonstrated in Figure 5.4 and the
experimental details are summarised in Figure 5.5. Figures 5.6a-e shows optical micrographs
of FEAs at different stages of etching. The intersection of the underlying silicon tip and the
oxide mask decreased as the etch time increased. At the point at which the oxide masks

dropped off, tips were thought to be ~2.5um high.

The aim was to obtain the most uniform FEA possible, with the apparatus available. In order
to do this, TEM analysis was carried out to check the morphology of the tips produced. A
high resolution x4000 JEOL JEM transmission electron microscope was used and operated
at 400kV. A LaBg filament provided an electron beam with high brightness and low energy
spread. This microscope was chosen because selected area images could be obtained at very

high resolution, using a CCD camera and TV screen to help focus the microscope image.

Figure 5.7 summarises the steps required to prepare FEA samples for TEM analysis. In order
to identify the etching conditions which produced the most uniform starting voltage from tip
to tip, field emission measurements from FEAs etched to three different stages were

investigated in the SEM. The results are summarised in the following sections.

5.3.1 Flat-Topped Tips (Etch Stopped with all Masks Still in Place)

These sets of samples were removed from the etch while the silicon tips were still in contact

with their oxide masks. This corresponded to the situation shown in the optical micrograph
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1. 1um Thick Oxide Pattern Formed On Silicon Surface

ve—e—

\ \ (Ref: R.N.Thomas, R.A.Wickstrom,
S D.K.Schroder and H.C.Nathanson,
2, Etch Silicon To Undercut Oxide Discs Solid-State Electronics, 17 (1974), 155)

3. Silicon Etching Continued Until Points Formed.
Oxide Discs Then Removed In HF,

Figure 5.4 - Schematic Diagram of Etching Process Used to Produce
Silicon Tips

1) Etching of Silicon Tips

A silicon etch was used to etch underneath the oxide mask, see Figure 5.4. The etch was a standard
isotropic etch, commonly used to prepare silicon FEAs. It consisted of 48% HF, 70% nitric acid and
10% acetic acid, in the ratios 1:25:10. The etching process was carried out in a teflon beaker - the
sample was simply placed flat on the base of the beaker. At the etch concentrations used, it took ~10
minutes for the etch to be completed, i.e. for the oxide masks to fall off the underlying silicon pyramid.

No stirring was carried out, as this was found to make the etch more non-uniform.
e -}

2) Examination under Optical Microscope

During the course of the etching process, the sample was removed from the solution several times,
washed in water (to stop the etch), dried and examined under the optical microscope. This procedure
was carried out in order to determine the stage to which the etch had progressed.

Figures 5.6a-e show optical micrographs of samples, at different stages of etching. The intersection of
the underlying silicon and the oxide mask, could be observed to decrease as the etch time increased.
Just before the oxide mask fell off the tip, this intersection point could no longer be resolved.

Examining the sample with the naked eye, a change in the appearance of the specimen surface could be
observed. This change in appearance coincided with the time at which the first masks started to fall off

tips at the edge of the sample. At this time, a band of thickness fringes could be seen moving in from all
sides of the wafer. Within the area enclosed by this band, all oxide masks were still in place; whereas

outside this band, all oxide masks had fallen off. Far outside this band, the tips were over-etched.

U

3) Removal of Remaining Oxide and Masks

At completion of the etch, samples were given a buffered HF dip. This treatment was carried out in
order to remove any oxide masks lying on the silicon surface or on the tips themselves.

Figure 5.5 Silicon Etching Process Used to Produce Tips
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in Figure 5.6d. The oxide mask was then removed using a buffered HF dip. Figure 5.8 shows
SEM and TEM images of emitters, before and after the mask fell off. Figure 5.9 shows TEM
images of flat-topped emitters having an apex ~0.5um wide. These images show that in the
apex region the tips were near-vertical. Figure 5.10 shows high magnification images of the
tip corners - the radius at each corner is ~5nm, i.e. very sharp. The etch is not quite isotropic
- an isotropic etch would have been expected to produce a more curved profile similar to that
shown in Figure 5.4. Other researchers have obtained similar geometries by etching silicon

in the same solution, see Thomas et al. (1974), Ravi et al. (1991) and Hariz et al. (1995).

The etch rate varied over the specimen surface. Figure 5.11 shows images of emitters
observed at different parts of the wafer. Tip 1 was from the centre of the wafer, the width of
the apex being ~200nm; whereas Tip 3 was from the edge of the wafer, the width of the apex
being only ~10nm. These images indicate that the etch rate at the wafer edge was faster than

in the centre.

5.3.2 Tips Etched Until Masks at Very Edge Fell Off (i.e. Slightly Over-
Etched - Masks in Centre of Sample Still in Place)

These sets of samples were etched until the masks at the edge of the sample had fallen off.

TEM studies showed that the uniformity of tip geometry across the array was poor for the

following reasons:

a) Non-Uniform Etch

The etch rate was non-uniform across the sample. Figure 5.12b) shows an array of tips
etched until the masks at the edge of the sample had just fallen off. Whereas some emitters
had formed points, others were still under-etched and were flat topped. This sample was
much less uniform than the under-etched flat-topped samples shown in Figure 5.12a).
Similar problems of non-uniformity were observed by Thomas et al. (1974), although they
found that rotating the sample during etching improved the etch uniformity. In this work

agitation during etching was investigated, but appeared to decrease the tip to tip uniformity

further.
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b) Differences in Morphology - Wedges versus Points

Previous experiments during the Part II project had shown that tips with edges lying along
the <100> direction consistently etched to form a point-like apex, see Boswell (1992) and
Boswell & Wilshaw (1993); whereas tips with edges lying along the <110> direction (i.e.
parallel to the flat of the wafer) consistently formed a wedge-like apex, even though the base
of each emitter was originally square. Figure 5.13 shows SEM images of both a point and
wedge-like tip formed on a wafer aligned along the <100> direction. The difference was
attributed to a crystallographic dependence of the etch, although the etch was supposed to be
isotropic. Clearly, a point-like apex was preferred to a wedge-like apex. Therefore, in order
to obtain point-like apexes, subsequent wafers were rotated through 45° so that the edges of
squares were approximately aligned along the <100> direction. (A crystallographic effect of
this etch was observed by Thomas et al. (1974). They found that knife-edged emitters were
obtained on a (110) wafer, but that sharp pyramids were formed on (100) and (111) wafers.
The authors found that although these knife-edged emitters were very sharp, emission was

poor and uneven.)

Unfortunately, in the work for the present thesis, it was found that even if the sample was
aligned along the <100> direction, both wedge and point-like apexes were formed during
etching. The formation of wedges is now thought to have been due to the limitations of the
photolithography process, see Figure 5.13c). Figure 5.14 and 5.15 show SEM micrographs
of point-like and ridge-like apexes respectively. Figure 5.14a) shows that the side parallel to
the direction of the ridge is actually ~500nm longer than the other side. The ridge itself was
~500nm long. The sides of the emitters shown in Figure 5.15 (having point-like apexes),
were equal. Figure 5.16 demonstrates the formation of emitters having wedge-like apexes.
As the emitters (such as tips 1&2) were etched, their masks fell off and they became over-
etched (see tip 3), eventually forming a wedge-like apex (see tip 4). It was possible to tell
that these emitters were ridges because the thickness fringe pattern indicates that the tips are
very thin in the direction perpendicular to the paper, and because the apex was very electron

transparent.

56



Chapter 5 - Specimen Preparation

The formation of ridge-like apexes versus point-like apexes were also reported by other
researchers, and also appear to have been caused by problems with the accuracy of the
optical lithography process. Ravi ez al. (1991) found it was almost impossible to prevent the
formation of wedges with either wet or dry etching. ’In addition, Marcus et al. (1991) found
that the separation of the two parallel edges of a nominal 10um square masking pad could
vary by £0.1um, and that this variation dominated the resulting tip morphology. To prevent
this problem, the authors suggested a switch to a more precise type of lithography, e.g.

electron beam/X-ray lithography. In the current work, this was not possible.

¢) Determination of End Point
Even if the etch rate had been uniform, determining the end-point of the etch would still
have been difficult. The aim was to remove the sample from the etch just at the moment that

the oxide masks fell off. However, this was difficult due to the following reasons:

1) It was easy to miss this end-point and over-etch the tips. The smallest object resolvable
under the optical microscope was ~500nm. However, the dimensions of the apex just before
the oxide mask fell off would have been much smaller than this. As the etch rate changed
from sample to sample, it was not possible to work out the exact etch time and re-apply this
to other samples. Therefore, the progress of the etch on removal from the solution was

different from sample to sample.

i) It was possible for the etch to eat away the silicon, at a distance below the point of contact
with the mask, see Figure 5.17. If this occurred, the overall emitter height was then lower

than neighbouring tips.

1i1) When the contact area between the silicon and mask was very small, it was noticed that
the drying process could blow off the masks. This is believed to be because the mechanical
stability was reduced. This may have occurred during checking of the etch progress,

resulting in tips having different morphology compared to neighbouring tips.
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5.3.3 Very Over-Etched Tips (Etched Until All Masks Across Sample Fell
Off)

For some samples, etching was carried out until all masks across the wafer had fallen off.
Table 5.1 summarises the morphology and tip radius of 14 randomly chosen emitters
examined on one sample. From these 14 tips, 5 had a wedge-like apex and the tip radii
varied within the range 10-35nm. In this case, examination showed that for all tips, the
vertical part of the apex had been etched away. Tip morphology varied from neighbour to
neighbour. Figure 5.18a shows three neighbouring emitters from such a sample, the middle
emitter having a wedge-like apex. In addition, Figure 5.18b shows a tip (tip 2) which appears
to be a sharp point. However, closer examination shows that the tip was actually a wedge.
Figure 5.19 shows higher magnification images of such a tip, which has been tilted to show
the ridge. Figure 5.20 shows six neighbouring tips, each having a different morphology, to

further emphasise the non-uniformity from tip to tip.

5.3.4 Comparison of Field Emission Properties

The field emission properties of FEAs (20 tips tested/FEA) produced by etching for different
times were examined using the adapted SEM. The results are summarised in Table 5.2 and
Graph 5.1. It is clear from these tables, that the lowest starting voltages were obtained from
under-etched (flat-topped) tips; whereas the highest starting voltages were obtained from
over-etched (point/wedge-like) tips. The values of starting voltage for over-etched tips was
almost twice that of flat-topped under-etched tips. The standard deviation and range of

starting voltage for flat-topped emitters were much lower than for over-etched emitters.

It is thought that flat-topped under-etched emitters had the lowest starting voltage because
the aspect ratio was high, (due to very sharp corners ~5nm in radius and near vertical sides in
the apex region). The values of FN slope in Table 5.2 indicate that the field enhancement
was higher than for other samples. In addition, the flat top had 4 corners from which
emission could occur. For over-etched tips, the vertical sides had been etched away and the
tip radii were not as sharp. Therefore, the aspect ratio would have been lower. In addition,

there was only one point from which emission could occur.



Tip Number ! Radius

1 Point 10nm
2 Point 10nm
3 Point 17nm
4 Point 30nm
5 Wedge 20nm
6 Point 10nm
7 Point 20nm
8 Point 35nm
9 Point 20nm
10 Point 20nm
11 Wedge 10nm
12 Wedge 10nm
13 Wedge 10nm
14 Wedge 10nm

Tips were examined by TEM, and were randomly selected from the array.

Table 5.1 Tip Type and Radius Observed on As-Etched Silicon
Array
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For tips etched until the first masks fell off, there was a mixture of under-etched and over-
etched tips across the sample. This would be expected to result in a wider range of starting
voltage than for under-etched tips, where all emitters across the array had the same
geometry. As a result, the standard deviation for over-etched FEAs was ~twice that for

under-etched tips, and the range was much greater.

The plots of Fowler-Nordheim slope and intercept also indicate that flat-topped emitters
have higher field enhancement than for over-etched emitters. This table shows that the
emission current obtained from flat-topped emitters was slightly lower than for over-etched
emitters. This may be due to the difference in thermal stability between sharp and blunt

emitters.

5.3.5 Overall Summary
Summarising, it was clear that the lowest and most uniform emission was obtained from
under-etched flat-topped FEAs. The aspect ratio of the emitter and the tip radius from

emitter to emitter, were more uniform than for FEAs etched until the masks dropped off.

5.4 Oxidation Sharpening

Oxidation sharpening has been used extensively throughout the literature, in order to obtain
atomically sharp silicon tips and wedges, see Marcus et al. (1990) and Liu et al. (1991). It is
reported that this treatment led to a decrease in the operating voltage of FEAs, and to an
improvement in tip to tip uniformity. Oxidation sharpening is believed to improve tip
uniformity for the following reason. During oxidation, stress builds up at regions of high
curvature (e.g. at the apex of an emitter), due to the volume difference of silicon dioxide
with respect to silicon, see Marcus et al. (1982). However, this stress cannot be relieved at
temperatures <1050°C. Kao et al. (1987) have shown that this stress build-up leads to an
increase in the activation barrier for oxidation, thereby suppressing the reaction and slowing
down the oxidation rate. Therefore when one tip becomes sharp, it will not sharpen any
further. However, blunter tips will continue to sharpen, until all tips in an array have similar

radii.
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In the literature, oxidation sharpening was carried out with and without the oxide mask in
place, and was reported to produce similar results. In this work, both methods of oxidation
sharpening were investigated. The tube-furnace, described in Section 5.1.1, was used to

carry out the oxidation process.

5.4.1 Oxidation Sharpening of Tips with Mask Removed

This type of oxidation has been used by Marcus et al. (1990), Liu et al. (1991), Ravi et al.
(1991), Tryjillo & Hunt (1991), Marcus et al. (1991) and Lee et al. (1989). Etching was
carried out until the first oxide masks at the sample edge fell off. The remaining masks in the

centre were removed using a buffered HF dip prior to oxidation.

a) Single Oxidation

Figure 5.21 shows TEM images of neighbouring tips oxidised for 65 minutes at 1000°C. The
oxide layer was left in place during examination - it was ~70-90nm thick. The geometry of
the underlying silicon tip still varied dramatically from tip to tip, even after this treatment

was carried out.

b) Multiple Oxidation Treatments

It was thought that several oxidation treatments would improve the reproducibility of the

emitters. Therefore, further oxidation treatments were carried out (each treatment lasting 4

hours at 950°C). Figures 5.22-5.25 show TEM images of emitters oxidised up to seven

times. The main results are summarised below:

» Emitters with both point-like and wedge-like apexes were sharpened significantly, tip
radii being ~2-3nm following oxidation, compared with up to 35nm for as-etched tips
(see Table 5.1).

* However, oxidation did not appear to improve the tip to tip uniformity. Three distinct tip
morphologies were still observed, even after seven oxidation treatments:

i) Emitters with point-like apexes.
i1) Emitters with edge-like apexes - with ridges parallel to plain of photograph.

iii) Emitters with edge-like apexes - with ridges perpendicular to plain of photograph.
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Similar results were obtained by Ravi ef al (1991), see Figure 5.26.

¢) Field Emission Measurements

The starting voltage of tips which underwent oxidation sharpening 1, 5 and 7 times were
recorded and the results are summarised in Table 5.3. It can be seen that the starting voltages
were not reduced compared to as-etched FEAs, and there was no improvement in emission

uniformity compared to as-etched FEAs.

d) Summary

In this work, it has been shown that oxidation did not improve the emission uniformity or tip
to tip geometry of over-etched FEAs. Many researchers have reported that oxidation did
improve tip uniformity. It is possible that they had access to better lithography and more
uniform etching facilities, in order to obtain more reproducible FEAs, prior to oxidation

sharpening.

5.4.2 Oxidation Sharpening with Mask in Place

Some researchers carried out oxidation sharpening by oxidising while the mask was still in
contact with the silicon tip, see McGruer et al. (1991), Urayama et al. (1993) and Liu et al.
(1992). In this part of the work, oxidation with masks in place was also investigated. The

results are discussed below.

a) TEM Studies

Oxidation was carried out at 1000°C for 2 hours. TEM images of the resulting emitters, are
shown in Figures 5.27a-f. The thermal oxide layer was not removed prior to examination and
was ~200nm thick. [Note: In order to obtain TEM images of the silicon tip still covered in
an oxide layer, it was necessary to tilt the specimen to a major pole and concentrate the beam
down onto the apex region. Otherwise, the silicon inside was only a faint shadow and could
not be easily imaged.] The shape of the underlying silicon tip varied from neighbour to
neighbour. This difference is attributed to either a difference in the etch rate prior to

oxidation, or to the inaccuracy of the photolithography process used to define the mask.
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Figure 5.26 - Similar Results Obtained by Ravi ef al. (1991)

Ravi et al. (1991) also found that wedge-like apexes remained wedges, even after
several oxidation treatments were carried out.

a) Shows top and side view of emitter with rectangular cross-section before and after
two oxidations.

b) Similar illustration for emitter with square-top geometry before and after two
oxidations.

¢) Side view of emitter after successive oxidations, showing increasing separation of
two or four atomically sharpened tips.

(Ref: T.S.Ravi, R.B.Marcus and D.Liu, J. Vac. Sci. Technol. B, 9(6) (1991) 1733)
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The tip shown in 5.27¢ has the ideal tip geometry. An image of such a tip following removal
of the oxide layer, is shown in Figure 5.28. However, most of the tips did not have this
geometry. It would be expected that had oxidation had been continued, all tips would have
oxidised to produce this morphology. Therefore, longer oxidation times were carried out to
see if all the tips in the array would eventually be similar in geometry. However, this was not
found to be the case. This was believed to be for the following reasons:

o It was difficult to match the etch time with the correct oxidation time.

e Errors in the photolithography process caused differences in the width of the flat-top and

so oxidation still produced some wedge-like apexes.
If sufficient time had been available, it may have been possible to eventually optimise these

conditions to produce an array of sharp points.

b) Field Emission Measurements
Results are summarised in Table 5.3 and Graphs 5.2 & 5.3. The mean starting voltage for
these samples were the lowest obtained and were slightly lower than for flat-topped emitters.

However, the range of starting values was larger than observed for flat-topped emitters.

¢) Summary

Oxidation sharpening with the oxide masks kept in place produced tips which had the lowest
starting voltages of any of the emitter geometries tested. However, TEM studies showed that
the uniformity of the apex geometry from tip to tip was still non-uniform. However,
oxidation with the masks still in place was more promising than oxidation without the mask
in place. If more time had been available, it may have been possible to optimise the

processing to obtain very sharp points across the array.

5.5 Overall Summary - Obtaining Most Reproducible Emitters
For this work, it was decided to use flat-topped emitters as the basic arrays on which to
investigate the process of anodisation (although the flat-topped geometry is unusual and

would probably not be used in a working device). This decision was made for the following

reasons:
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i) The uniformity of the tip morphology across the array and from sample to sample was
better for flat-topped emitters than for any of the other FEA geometries produced (even
emitters oxidised with masks in place).

ii) The starting voltage for flat-topped emitters were lower than for emitters etched for
longer times.

iii) The spread of starting voltage values and standard deviation for flat-topped emitters were
lower than for emitters etched for longer times. The range of values was also much lower

than for emitters oxidised with their masks in place.

5.6 Development of Polysilicon Emitters

In addition to single crystal FEAs, polycrystalline silicon FEAs were also investigated. Much
research has been reported in the area of single crystal silicon field emitter technology.
However, it would be expensive to manufacture large area displays from single crystal
silicon wafers, which are at present limited to a size of 12 inches. Therefore, there are
significant advantages to be gained if emitters could be manufactured from polycrystalline

silicon deposited onto a glass substrate.

Although several researchers have produced polysilicon emitters, see Busta et al. (1993),
Aslam et al. (1993) andlMei et al. (1993), little comparison has been made between the field
emission characteristics of single crystal and polycrystalline silicon emitters. Furthermore,

TEM examination of the actual structure of the polysilicon emitter tip has not been

described.

Polysilicon FEAs reported in the literature were produced by evaporating polysilicon using a
Spindt-like process, rather than forming them by polysilicon layer deposition and then
etching. In the present work, wet etching was used to form polysilicon emitters. The tip
morphologies were examined in the TEM. In addition, the field emission characteristics of
polycrystalline and single crystal silicon were compared, in order to find out if there was any

difference in the performance of the two materials.
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The formation of polysilicon layers on silicon wafers was carried out at GEC. The process is
summarised in Figure 5.29. A 0.7um thick layer of polysilicon was formed on top of a single

crystal substrate.

5.6.1 TEM and Field Emission Studies of Polysilicon Tips
The polysilicon wet etched emitters were formed by etching until the majority of oxide

masks had fallen off, as in Section 5.3.3.

a) TEM Examination

Figure 5.30 shows micrographs of typical polycrystalline emitters. A polysilicon cone lies on
top of a single crystal silicon emitter, which has near vertical sides. This image shows that
the polysilicon etched in a different manner to the single crystal silicon. The emitters are
very sharp, being ~5nm in radius. Many individual grains can be seen within each
polysilicon cone, varying in size from 10 to 100nm. At the base of all cones is a layer of very
small grains. These were the original nucleation sites for the growth of the polysilicon layer.
This base layer is ~30nm thick. Within the polysilicon cone itself, the individual grains run

in a vertical direction.

The height of the polysilicon cone depended on the etch time. Figure 5.29a) shows a tip from
which the oxide mask is about to drop off. It is ~400nm tall. If the tip was etched until the
mask fell off, the cone would become shorter (see Figure 5.29b) & 5.29d)), while
maintaining the same base width. Eventually, if etching was continued, only a few grains of
polysilicon were left sitting on top of the underlying single crystal silicon emitter. Several
emitters formed double tips, due to the presence of two separate protruding grains at the

apex, see Figure 5.31. This is the result of inhomogeneous etching of the polysilicon grains.

b) Field Emission Studies
Field emission characterisation was carried out using the adapted SEM. Table 5.4
summarises the results obtained. Distributions are shown in Figure 5.32. The polysilicon

emitters were compared to single crystal silicon emitters which had been oxidised with their
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Chemical Vapour Deposition

A standard chemical vapour deposition (CVD) process, normally used for producing
polysilicon layers on glass substrates, was used. A 0.7um thick polysilicon layer was
grown. The target substrate temperature was 645°C.

.

Doping of Polysilicon

The polysilicon was grown undoped in this particular reactor. It was therefore necessary
to dope the layer subsequently. The layers were implanted with boron at 60keV, in order
to produce p-type silicon.

U

Annealing

Samples were then annealed at 950°C in oxygen for 5 minutes, followed by 2 hours in
nitrogen.

U

_—————————“

Oxide Removal

The oxide formed was later removed by dipping in a dilute HF (5%) solution.

———.

(Processing was carried out by Southhampton University.)

The layer of polysilicon deposited was very thin (0.7um), as the production of a thicker
layer would have been very time consuming. Since both the single crystal substrate

and polysilicon layer were etched during the same process step, this allowed comparison
of the etching of the two materials to be made.

Figure 5.29 Summary of Fabrication of Polysilicon Wafers



Polysilicon Emitters

Single Crystal Silicon
(Oxidised with Masks

in Place)
Mean Starting Voltage 497V 450V
Median Starting Voltage 500V 425V
Range 219V-941V 313V-672V
Standard Deviation +190V (+38%) 195V (£21%)
Mean Maximum Current 24uA 11pA
Median Maximum Current | A 10uA
Range 0.6uA-1001A 1.3uA-37uA
Standard Deviation +37UA (+154%) +31 1A (£100%)
Mean FN Slope -6759 -5489
Median FN slope -5412 -5271
Range (-889)-(-21905) (-1825)-(-10324)
Standard Deviation 15861 (£87%) 12868 (+58%)
Mean FN Intercept -19.2 -18.6
Median FN Intercept -21.2 -18.6

Range
Standard Deviation

(-3.0)-(-26.2)
+5.7 (£29%)

(-12.0)-(-23.5)
+3.7 (£16%)

The results obtained from polysilicon emitters were compared to results obtained from single crystal
emitters oxidised with their masks still in place - such emitters were more similar in geometry to the
polysilicon emitters, than for flat-topped emitters.

The results show that the emission currents obtained from both polysilicon and single crystal silicon
were very similar. However, the values of starting voltage and Fowler-Nordheim slope lie over a
greater range than for single crystal silicon emitters. This may be due to the fact that some polysilcion
emitters had single tips at the apex, while other emitters had double tips at the apex. This depended on
the polysilicon grain structure at the very apex of the tip.

(20 tips examined per FEA)

Table 5.4  Comparison of Field Emission Parameters from P-Type Single

Crystal, and P-Type Polysilicon Tips




a) Comparison of Fowler-Nordheim Plots
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Single Crystal and Polysilicon Emitters
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Figure 5.33 - Fowler-Nordheim and Current-Voltage Plots from Polysilicon
a) and b) compare FN and I-V plots for a polysilicon emitter and a single crystal silicon emitter which
had similar starting voltage. In general, there did not appear to be any difference in the shape of plots
between the two samples. c) shows a 3-stage plot obtained from a polysilicon emitter. This shows that

doping of the polysilicon layer to form p-type material was successful.
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masks in place, as these were closer in apex geometry than the flat-topped emitters. Apart
from a few tips, which exhibited very large maximum emission currents, the maximum
emission current obtained from both single crystal and polysilicon emitters was very similar.
The starting voltages of the single crystal emitters were slightly lower, probably because
these tips were very sharp. In addition, the range of starting voltage values for polysilicon
FEAs was greater than for single crystal silicon FEAs. This may have been due to variation
in the tip morphology across the array, which varied between single and multiple points,

depending on the polysilicon grain structure at the tip.

A comparison of plots obtained from a polysilicon tip and a single crystal tip are shown in
Figure 5.33a) & b). In general, there was no difference in the nature of the plots. Many
polysilicon tips exhibited typical 3 stage p-type-like behaviour, see Figure 5.33c). This

indicates that doping of the polysilicon layer had successfully formed p-type silicon.

3.6.2 Summary
Polycrystalline silicon emitter arrays could easily be formed using a wet etch process.
Polysilicon field emitters fabricated by a wet etching route showed their field emission

characteristics to be very similar to those of single crystal silicon emitters, although the

starting voltage values were more scattered.
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Chapter 6 - TEM of porous silicon
Chapter 6 - TEM Studies of Porous Silicon
6.1 Introduction
This chapter discusses transmission electron microscope (TEM) studies of:
a) Cross-sections of p and p*-type porous silicon (PS)

b) Anodised p and p*-type silicon FEAs

In particular, TEM investigations were carried out in order to:
i) Check that cross-sections of the PS produced in this work matched PS structures
reported in the literature, produced under similar conditions.
i) Check that anodisation did not cause blunting of the silicon tip apex.
iii) Study the structure and arrangement of fibrils at the anodised tip apex, for
different substrate dopings.
iv) Investigate the PS morphology and layer thickness at the anodised apex and on a
flat plane, for a range of anodisation conditions.
v) Investigate the nature of the PS/bulk silicon interface at the anodised tip apex.
vi) Examine the nature of the anodised tip apex after various treatments, such as

oxidation and HF dipping, had been carried out.

6.2 Anodisation - Formation of Porous Silicon Layers

6.2.1 Electrochemical Cell

In the literature, three main types of cell have been used to produce PS layers on
semiconductor wafers. Table 6.1 describes these cells and lists the advantages/disadvantages
of each. After initial testing, samples reported in this thesis were produced using the second

type of single electrochemical cell described in Table 6.1b and shown in Figure 6.1.

6.2.2 Computer Control

Anodisation was controlled by a Hewlett-Packard computer attached to a power pack, via a
lock-in amplifier. This allowed a constant current to be maintained for a known time. Very
thin layers could be formed in this way - the shortest time that anodisation could accurately
be applied was ~0.1 seconds. Current densities could be applied in the range 10-400mAcm ™.

66



SI9JBAA UODI[IS JO UOnesIpouy 10J pas() A[[eddA ], [[9) [e21waYd01)I9[H Jo sadA J, Juaadjji(q

1'931qe],

"S[[99 JoY)0 9y} uey)
91ed1IqR] 0) dAISuUadXa 210U SI 1 - agejueApesi(]

"JOrIUOD
O1AJ01IDJ[2 Y} O} anp ‘s1ake] WIOJIUN JSOW )
sonpoud 0} payrodar st poylowt siy I, - IgejueApy

*$$350.1d Jdfeds-[elIIsnpul Aue
Ul pasn 3q pnoM [[39 Jo 3d 4y s1yj yeys APYI] SI I ‘IIAIMOJ] "WIISAS € Yons
3uIping Jo 3asuadxa 3y} 03 NP ‘SI0M SIY) UI PILI) JoU SeM [[39 Jo adK) sy,

"I9Jem Y3 y3noay) I9y3o 3y} 03 [[39
3Y) JO JIey QU0 WOIJ MO[J P[ROM JUALIND pUR 9JA[0J109[3 3Y) BIA 3pRW 3G P[nom
IoJem 9Y) JO 9IS Yokq Y] YIIM IOBIUOD) "[[29 YOBS Ul P[aY 39 P[NOM pONII 1]
V “SIT99 Jjey 7 2yl 9jeredas 0] pasn 9q pinom pasIpour aq 031 19jem UODI|IS YL,

|| CO RN N

‘9[dures 1xau a9y} uisipour
210J2q padurejoun ojdures ay) pue JH jo pondwa
9q 0) pey I9yeOQq 2INUD Y} St ‘mo[s ounb
sem suawdads jo 1oaouIn) Ay, - Igejueapesi(q

‘1199 9[3uts [ 2dA 1, ay3 uey) s1ake[ wojiun
alow yonw paosnpoid [[99 SIY], - JdSeJuBApY

*S1Say) SIy} ui pajaodaa sajdures Jy) [[e 10] pasn sem [[39 Jo adA) sy,

*19Jem UODI]IS 9Y) JO YOkq Y} O} SpeWl SBM
10BIUOD [eloW Y ‘uonn[os JH 9Y) 0) pasodxa sem JIajem 3yl JO pIS 1UOI] oY)
ATUO “[[99 STy} YA\ “Ioxeaq 2y} ojul parnod uay) sem 91A]01309[9 9y [, ‘Tess Wy3n
-I9em e Sutuo} ‘o[oy SIy) 1oA0 padwe[d sem pasipoue 2q 01 1jem Y], ‘q1'9
IN31,] 99S ‘W0)10q dY) Ul J[0Y B YIIM JINBIQ UO[J2) B JO PIISISUOD [[90 SIYJ,

I12dAY, -

13D 218uIs (q

"(sadur1y ssauydIy) Jo
uonnquUISIp usAdun Y) Aq pajedipur) 1ood sem
I9Ke] Sd oY) jo Anuojiun ayJ, - ddejueapesi(q

‘suawioads Jo Joaouam) YoInb e 10J pamoj[e pue
asn 0] Yoinb A19A sem poylouwl SIYJ, - d3ejueApy

‘Apiqronpoxdal pue AjruLiojiun
PIM SwR[qoId SNOLIIS 0) INP ‘MO[dq PIQIIISIP [[92 I dA L, ayy ym
pade[daa sem I ‘IIAIMOY *YI0M SIY} Ul A[[eIIUI PIsn seMm [[32 Jo adL) sy,

"JoJem ) JO JUOIJ pPUR }Orq 9Y) Y)0q UO POULIO] SEM
Sd "PoAOWAI sem Jajem ay) ‘parejdwod sem uonesipoue 191y “Iojem 3yl jo doy
a1 Je dI[0 9[IPOO0ID B BIA OpBW SBM JOBIUOD [BOLI)O]2 ‘ased SIY) U] "B ‘g 2InJ1]
99S ‘IaYeaq B Ul P[Y AA[0109]2 9y} ol paddip Ajduns sem 1ayem uodIjIS Y

[ odA], -
(13D 3[3uIs (e

sdgejueApesI(J/SI3eIUBAPY

smyeaeddy Jo uondrnsdq

1P Jo 2dA],




Chapter 6 - TEM of porous silicon
6.2.3 Process Details
The process steps which had to be carried out in order to anodise silicon wafers are outlined

in Table 6.2. The process could be used to anodise both FEAs and flat substrates.

6.2.4 Sample Appearance After Anodisation

Only the region which had been exposed to the electrolyte was anodised, see Figure 6.2a.
After formation of a PS layer, this region became brightly coloured. Thickness fringes could
be observed within this coloured region. The fringes could be used to give some indication
of the uniformity of the PS layer. The spacing of these thickness fringes indicated that the
layers were most uniform at the centre of the wafer. Examination under the optical

microscope after drying showed the sample surface had become rough, see Figure 6.2b-d.

6.3 Preparation of TEM Samples

i) Anodised FEAs - TEM specimens of anodised FEAs were prepared in the same way as
plain silicon FEA TEM specimens, see Chapter 5.

ii) Cross-Sections - Samples of porous silicon cross-sections for TEM analysis were

prepared from flat anodised substrates using the steps outlined in Table 6.3.

6.4 Cross-Sections of Porous Silicon

Cross-sections were studied, in order to check that the structures produced were similar to

those reported in the literature.

6.4.1 Difference Between Morphology of P and P+-Type Porous Silicon

Thick PS layers were formed on flat pieces of p-type and p+—type silicon, using the

anodisation conditions shown in Table 6.4.

a) P-Type Porous Silicon

Figure 6.3a-c shows micrographs of p-type PS cross-sections. Main results were:

*  The micrograph in Figure 6.3a shows that p-type PS appears "mottled" - it has a very
fine sponge-like structure, with pores ~1-2nm in diameter (micrograph taken with
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Process Step

Experimental Details

Step 1

The flat anodised sample was covered with a drop of
methanol. If the sample was not wetted, the PS layer
would break up and disperse in the air.

Step 2

A lacey carbon film grid was then taken and touched
onto the substrate. It was dragged gently across the

substrate surface. This transferred fragments of PS to
the TEM grid.

Step 3

The grid was then placed face up on filter paper to dry.
The fragments were attached to the grid by capillary
action.

Step 4

When placed in the microscope, the grid was inserted
so that the fragments were supported by the grid.

Table 6.3 Preparation of Porous Silicon Cross-Sections for TEM

Analysis
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image in focus). Figure 6.3b shows a micrograph of the same area, but taken with the
image under-focused. The structure appears coarser and pores are more easily resolved.

Underfocusing is commonly used in the examination of finely structured PS, see Beale

et al. (198)5).

The micrograph in Figure 6.3d, demonstrates the fragility of p-type PS - this piece has

torn and split following separation from the silicon substrate.

b) P*-Type Porous Silicon

Micrographs of p*-type PS are shown in Figure 6.4.

In contrast to p-type PS, individual p* fibrils could be imaged easily. The p* fibrils are
larger and more widely spaced, see Figure 6.4a. The p+—type PS structure
(perpendicular to substrate) is much more open and directional than for p-type PS.
Pores run vertically and continuously from the top to the bottom of the flake. There is

much side branching, giving the appearance of a dendritic structure.

The fibrils are ~5-10nm thick with sideways separation being ~20-50nm. Figure 6.4b

shows a single fibril standing proud from the rest of the material.

The PS structure paralle] to the substrate is different - Figure 6.4c shows a plan view
micrograph looking down the pores. The PS has a honeycomb structure which has an

average pore diameter of ~20-50nm.

Overall, the p and p+-type PS structures produced in this study correlate well with PS

formed under similar conditions by other researchers, e.g. Beale et al. (1985), Searson &

Macauley (1992) and Berbezier & Halimaoui (1993). Reasons for the difference in

morphology between p and p*-type PS are outlined in Chapter 3.
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6.4.2 Dependence of PS Morphology and Layer Thickness on Applied
Current Density

In order to measure the film thickness formed at a particular value of anodisation current

density, heterogeneous layered structures were formed on p and p+-type silicon substrates.

The layered structures were formed by alternating the anodisation current between low and

high values, using the values shown in Table 6.5. A similar study was carried out by

Frohnhoff et al. (1995). Results are as follows:

. As the current density increased, the porosity of p and p*-type PS increased.
Micrographs of the p-type PS heterostructure are shown in Figure 6.5b). The p+—type PS
heterostructure is shown in Figure 6.5a). The lighter bands in the micrographs correspond to
PS formed at the higher values of current density. The darker bands correspond to PS formed
at the lower values of current density. The darker bands have a more compact, denser

structure.

o The higher the current density, the higher the rate of PS formation. Figure 6.6
shows a plot of PS formation rate versus anodisation current, for both p and p+-type
material. This data is also summarised in Table 6.6. The PS thickness at different

anodisation times can be estimated from this data.

6.4.3 Crystallinity of Porous Silicon Layers

a) P-Type

Figure 6.3e) shows a diffraction pattern taken from a p-type PS sample (1 day old). It
consists of thick, diffuse rings, with very faint diffraction spots superimposed on top. The
diffuse rings are characteristic of amorphous material, indicating that much of the p-type PS

was amorphous.

b) P*-Type
Figure 6.4f) shows a diffraction pattern taken from a p*-type PS sample (1 day old). The

spots are much more intense and well-defined than for the p-type PS sample. There are no
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diffuse surrounding rings, as was the case for p-type material. This indicates that the p+—type
PS was much more crystalline, being closer in structure to the original substrate than to the
p-type material. In addition, TEM micrographs of p*-type PS show lattice imaging, further

evidence of the crystalline nature of the pt*-type PS fibrils.

These results are consistent with those obtained by other researchers.

The diffraction spots from p-type and p*-type PS are significantly streaked. Streaking of
diffraction spots has been reported by many other researchers, e.g. Cullis ef al. (1992) and
Berbezier & Halimaoui (1993). Streaking is believed to be caused by the presence of narrow
quantum sized structures, which can give rise to broadening of the Ewald sphere (due to the
uncertainty principle). P-type PS would certainly be expected to undergo quantum

confinement, as it has a very fine structure.

6.4.4 Ageing/Oxidation of Porous Silicon Samples
Diffraction patterns were taken from p-type and p+—type PS samples left in a dessicator for

~1 year.

a) P-Type
Figure 6.3f) shows that the pattern contains diffuse amorphous rings, but no diffraction
spots. This implies that the p-type PS material underwent almost complete oxidation during

that time, leaving no crystalline material.

b) P*-Type

There is no difference between a freshly anodised sample and a 1 year old sample,
suggesting that p*-type PS did not undergo oxidation to the same degree as p-type PS. As
discussed in Chapter 3, this is probably due to the fact that p'-type PS has a smaller surface

area than p-type PS.
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Beale et al. (1985) also found that aged PS gave rise to amorphous rings, consistent with
oxidation. Oxidation could be deleterious to the lifetime of a field emission device. The
effect which oxidation has on field emission from p-type PS-covered emitters is discussed in

Chapter 7.

6.4.5 Sharp P+-Type Porous Silicon/Bulk Silicon Interface

A few intact sections of p+—type PS were found to be still attached to the underlying bulk
silicon substrate, see Figure 6.7a. It was therefore possible to study the PS/bulk silicon
interface region containing the pore ends. Figure 6.7b, ¢ and d show high magnification
images of this region. The ends of the pores are ~5-10nm in radius and are curved. The
residual silicon between the pores has formed sharp silicon points. These sharp points are
potential field emission sites, as the electric field at them would be enhanced compared to

the field at a flat interface.

6.5  Morphology of Anodised Tip Apex

The morphology of anodised emitter tips has never been reported in the literature previously.
PS layers of different thickness were formed on p-type and p+—type silicon FEAs, using the
anodisation conditions shown in Table 6.7. Both flat-topped FEAs (see Section 5.3.1) and

over-etched FEAs (see Section 5.3.3) were examined after anodisation.

Figure 6.8 shows micrographs of p-type PS-covered apexes, and Figure 6.9 shows
micrographs of the p*-type PS-covered apexes. Comparing and contrasting these two

materials, the main results were as follows:

* Anodisation does not blunt the tip apex of p or p+—type silicon tips.
* The entire tip surface is made rough by the anodisation process. It is covered with

asperities - see the low magnification micrographs in Figures 6.8a and 6.9a. Prior to

anodisation, only a few asperities were present at the tip apex, see Chapter 5.
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o After anodisation, p-type silicon emitters have asperities ~I1-4nm high (and of similar
width) at their apex. Anodised p+-type tips exhibit much larger fibrils, ~5-10nm high and
~5nm thick. Figure 6.9c shows three equally spaced neighbouring fibrils standing proud

of the emitter surface (marked A, B and C on the micrograph).
o The density of p-type PS fibrils is higher than for p+—type PS fibrils.

e Individual p-type pores do not appear to grow in any direction. However, p+—type silicon

pores are highly directional, running perpendicular to the surface of the emitter.

6.6 Structure of Silicon Core

On closer examination of the micrographs shown in Section 6.5, a shadow could be seen
within the PS layer. When samples were rotated to a major crystallographic pole (typically
[001]) and bright-field diffraction mode was used, the contrast was improved. (Rotating to a
major crystallographic pole was achieved by taking a diffraction pattern from the cleaved
side of the sample where there was no PS present). Under these conditions, the shadow that
had appeared within the tip structure was clearly resolved as a core. The core could be
observed more clearly if the electron beam was condensed down to a small spot, in order to

Increase 1ts intensity.

6.6.1 Comparison of Core Geometry for P and P+-Type PS-Covered
Emitters

a) P-Type

Micrographs of the core of a p-type emitter anodised for 30 seconds are shown in Figure
6.10. The core has quite a different geometry to the outline of the original tip. The aspect
ratio of the core is much higher than that of the original tip - the core is only ~10-20nm
thick, but is up to 200nm in length. In the region close to the apex, the core has almost
vertical sides. Further down the emitter, the core runs parallel to the {111} faces. A

schematic diagram of the core is shown in Figure 6.11.
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b) P*-Type
A core was also observed for pt*-type samples anodised for 10 seconds. However, the p'-
type core has a completely different geometry to the p-type core. Figure 6.12 shows bright
and dark field images of p+—type tips, anodised for 10 seconds. The PS layer is ~400nm thick
at the apex. In fact, the formation rate appears to be greater at the apex than up the emitter
sides, where only 300nm was formed. This is the inverse of the situation observed for
anodised p-type tips, where the PS thickness up the emitter sides is much thicker than at the

apex. The p*-type silicon core has a lower aspect ratio than the original tip.

6.6.2 P-Type PS-Covered Core

The p-type core, which exhibited greater enhancement over the original tip geometry, is

discussed in more detail below:

a) Core Dimensions

The cores of a large number of anodised p-type silicon tips, examined across several similar
samples, were studied in both bright and dark field imaging mode, see Figure 6.13. Most of
the cores were very similar in geometry to that shown in Figure 6.10. However, some emitter
cores (shown in Figure 6.13) had unusual geometries and were thicker. However, all cores
had much higher aspect ratios compared to those before anodisation. Even emitters which

were originally blunt, developed a high aspect ratio core following anodisation, see Figure

6.14.

b) Diffraction information
A diffraction pattern taken from the core and the surrounding PS region are shown in Figure

6.14. The results are:

* Diffraction patterns taken from an area which contained only PS and no core, showed

only an amorphous pattern, see Figure 6.14c. No diffraction spots were observed.
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When a diffraction pattern was taken from a region which did contain a section of the

core, silicon diffraction spots were found to be superimposed on the amorphous ring

pattern of the PS layer. This indicated that the core was crystalline.

Some tips were found to have had their apex crushed, leaving the silicon core exposed at
the tip surface, see Figure 6.14. A diffraction pattern taken from this exposed core region
show distinct spots with no amorphous rings, see Figure 6.14d. This confirmed that the

core was crystalline.

¢) Nature of Core for Flat-Topped Emitters

Flat-topped tips (i.e. those formed by stopping the etch before the oxide masks fell off) were

discussed in Chapter 5, and were used for the field emission studies of PS-covered tips

described in Chapter 7. Therefore, anodisation of flat-topped tips was also investigated.

Figure 6.15 shows a flat-topped emitter which has been anodised for 30 seconds. Results

were as follows:

Results for flat-topped emitters are similar to those obtained for point-like emitters, i.e.

there is a high aspect core having a vertical section in the region of the apex.

However, the core is wider than for point-like emitters. This is due to the difference in

starting geometry.

As for point-like emitters, it can be seen that the thickness of PS on the vertical sides of

the apex is much thinner than on the {111} planes.

At the corner of the flat top, the PS is ~25-35nm thick. This is slightly thicker than for

tips which have a point-like apex.
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d) Unusual Appearance of Core

For some point-like emitters, the core appears to be constricted to a very fine wire. For
such cores, it is difficult to determine whether the silicon at the very apex is actually
physically attached to the rest of the core, see Figure 6.16a. In order to investigate this
further, dark field micrographs of the same tip were taken using 3 different diffraction
spots, see Figure 6.16b,c and d. It can be seen that bright and dark reflections occur at
different positions within the core, when different diffraction spots are selected. This
suggests that sections of the core are lying at different orientations to other sections. The
cores of the flat-topped emitters show a similar effect - see Figures 6.17a and b, along
with the bright field image in Figure 6.17c. Possible explanations for this effect are

discussed below:

i) The core could be polycrystalline - Although the core appears to be polycrystalline,
the emitters were originally fabricated from single crystal silicon. Therefore they should

not be polycrystalline.

ii) The core could have broken up under stress existing within the oxidised PS
structure - The sample was 1 year old and it has already been shown that p-type PS
undergoes oxidation within a few weeks. Stress build-up could have been caused by
oxidation of the surrounding PS, which would have a larger volume than fresh PS. If the
core had cracked under the stresses caused by oxidation of the PS layer surrounding it,
different segments could then be left lying at slightly different crystallographic
orientations. Segments lying at different orientations would thus reflect the electron beam
differently, as if the core consisted of separate crystals. It is possible that pore ends acted
as crack propagation sites, once the stress had started to build. In fact, close examination
of the diffraction patterns does show that at each spot, there is a second spot very close to
it. If part of the core lay slightly out of place, a second diffraction pattern would be
generated. This would be superimposed on the main diffraction pattern, giving an effect

similar to that observed in this work.
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6.7  Porous Silicon / Bulk Silicon Interface
The PS/bulk silicon interfaces of p and p+-type anodised tips have been studied. Figure 6.18
show high magnification images of these interfaces (tips are still covered with PS). Results

are as follows:

e The interfaces (for both p and p+—type PS) contain sharp point-like structures, with

roughness on a scale of ~10nm.

e The p+-type PS interface was harder to image because the PS layer was so thick. The best

images of the p+—type PS interface were observed in cross-section, see Section 6.4.5.

A rough PS/bulk silicon interface was also observed by Berbezier & Halimaoui (1993). They

observed a roughness of the order ~6nm for p*-type PS and of the order 3nm for p-type PS.

6.8  Variation In PS Layer Thickness with Anodisation Time
P and p+-type tips were anodised for the times shown in Table 6.7. The thickness of the PS

layer at the apex was measured. It is important to know the PS layer thickness at the tip apex

for the following reasons:

i)  PS s a very resistive material and so a PS layer formed at the apex of an emitter
tip could potentially cause resistive heating to occur during field emission. Such
heating could subsequently lead to premature destruction of the tip. Resistive heating
would be expected to depend on the PS layer thickness.

i1) As described in Chapter 2, certain researchers have placed resistors in

series with tips, in order to protect them from short current bursts. A resistive PS

layer on the surface of a tip apex may act in a similar way to a series resistor. The
extent to which any resistive protection occurs, would be expected to depend on the

thickness of the PS layer.
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Micrographs of emitters anodised for times other than those shown already, are shown in
Figure 6.19 (p-type) and Figure 6.20 (p+-type). For each anodisation time, the thickness of
the PS layer at the apex (A on schematic diagram in Figure 6.11), and on the {111} planes
(B on same diagram) have been recorded in Tables 6.8 and 6.9. In addition, for p and p*-type
tips, a graph of PS thickness at both the apex and on the {111} planes has been plotted

versus the anodisation time - see Figures 6.21a and 6.21b. Main results were as follows:

6.8.1 P-Type Porous Silicon-Covered Tips

o For all anodisation times, the PS layer at the apex is much thinner than on the {111}
planes. As the anodisation time increases, this difference increases. The increase in
thickness at the apex is negligible compared to the change in thickness on the {111}
planes. After ~120 second anodisation, the PS layer at the apex does not appear to grow

any thicker.

* For samples anodised for 120 seconds, the geometry of the silicon core is completely
different to the geometry of the original tip. The core is vertically sided and reaches
almost to the base of the emitter. The overall geometry is ‘bullet-like’ (see Figure 6.19f)
& 6.19g)). The core is much longer than for samples anodised for 30 seconds and the PS
layer on the {111} planes is much thicker, being ~1um (compared to 0.15um formed on

30 seconds samples).

* Tips anodised for 300 seconds had a structure very similar to that observed for the 120
seconds samples, and the thickness of porous silicon on the emitter sides were very

similar.

6.8.2 P+-Type Porous Silicon
Even for a very short anodisation time of 0.25 seconds, a PS layer ~40nm thick was formed
(see Figure 6.20b)). On a flat substrate, a layer ~20nm thick would be expected to form in

this time. Therefore, anodisation of p*-type PS appears to occur faster at the emitter apex,
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Chapter 6 - TEM of porous silicon
than on a flat plane. This is the reverse of the situation observed for p-type PS, where the PS
rate of formation was lower at the apex than on a flat plane. The thickness of the PS layer at

the tip apex is proportional to anodisation time, unlike the case for p-type PS.

6.8.3 Summary

Summarising, the main results from this section are:

e The PS morphology at the tip apex did not change with anodisation time.

¢ For both p+ and p-type silicon emitters, continuous PS layers were formed on tips, even
for very short anodisation times. This may be important for producing anodised devices.
The gate insulation may be eaten away by long anodisation times. Therefore, the time that

a gated field emission device is kept immersed in HF should be minimised as much as

possible.

e A rough PS/bulk silicon interface was identified for all samples, whatever the PS layer

thickness.

o At the tip apex, p+—type PS layers were much thicker than p-type PS layers, for a given
anodisation time. For example, a p+—type silicon tip anodised for 0.25 seconds formed a
layer ~40nm thick at the apex; whereas p-type tips had to be anodised for 120 seconds in

order to form a PS layer of the same thickness.
o At the tip apex, the thickness of p-type PS layers was not proportional to anodisation

time, whereas the thickness of p*-type PS layers was proportional to anodisation time.

6.9 Oxidation And HF Treatments on Porous Silicon

The following treatments were also investigated:

6.9.1 PS-Covered Samples Dipped into HF solution

Figure 6.22a shows an image of a p-type PS tip which was dipped into buffered HF, one day
after anodisation (originally anodised for 30 seconds at a current density of 3OmAcm'2).
Some of the PS layer has been removed, but some remains adhered to the silicon core.

However, it was found that samples left in air for several months, before carrying out this
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HF treatment, were almost completely stripped of PS, (similar to tip shown in Figure 6.22b).
This is thought to be due to oxidation of the PS layer, which was then readily removed by

the HF.

6.9.2 PS-Covered Samples Oxidised and then Dipped into Buffered HF
Fresh p and p*-type PS-covered samples were oxidised at 900°C for 30 seconds and then

dipped into buffered HF. The following observations were made:

o The p-type PS layer was completely removed from all the tips examined, see Figure

6.22b.

o The p+ PS layer was still in place following this treatment and the morphology had not

changed.

6.9.3 Structures Left Behind Following Removal of P-Type Porous
Silicon Layer

The main results are described below:

* High Aspect Ratio Core - The thin (~5nm) p-type core (formed when tips were anodised
for 30 seconds) was found to be intact after PS removal, see Figure 6.22. This result is
important because it shows that the core is continuous. It also shows that it was possible

to remove the PS layer without damaging the fragile core inside.

e Indication of stress break-up of wider cores - For wedge-shaped tips (originally
anodised for 30 seconds), the cores are quite different to the cores observed while the PS
layer was still in place. Figure 6.22c) and 6.22d) show images of double-peaked tips - two
siticon rods are standing vertically, in the position where the sides of the silicon cores
used to be. Between the two rods, there is some debris. In Section 6.6.2d, it was
suggested that thicker silicon cores may have cracked under stress in the oxidised PS

layer. The TEM images after removal of the PS layer indicate that this may have
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occurred. During the HF dip, the mis-oriented silicon grains could have broken apart and
floated away. This would have resulted in total removal of the core centre, leaving behind

two silicon rods, as has been observed here.

o Bullet-shaped cores - Following removal of the PS layer, tips originally anodised for 120
seconds have a very unusual geometry. The tips, which were originally pyramid-shaped,
have become ‘bullet’-shaped - see Figure 6.23. In these images, almost the entire emitter

height could be imaged - the cores had near vertical sides right down to the emitter base.
¢ Rough core - For all anodisation times, the core surface is rough, see Figure 6.24.

6.10 Discussion
6.10.1 Potential Sources for Field Emission

After anodisation, both p-type and p+-type emitters exhibited the following:

1) A large density of surface asperities were present at the apex.

2)  Sharp points were present at the PS/bulk silicon interface
In addition, anodised p-type emitters exhibited:

3) A sharp core which had an enhanced aspect ratio, compared to the original tip

geometry.

Emission could originate at any of these three sites, as they all have the potential to locally

enhance the applied field.

6.10.2  Possible Applications to Micro-Machining
The difference in core geometry between p and p+-type PS-covered tips is interesting in
itself. PS is presently being developed for use as a micromachining technique, by several

researchers, see Smith et al. (1991) and Steiner & Lang (1995). In addition, Kim ez al.
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(1995) used PS as a sacrificial layer, to produce gated FEAs. The fact that p and p+-type
silicon behave differently when anodised, could affect the type of silicon substrate chosen

for certain micromachining applications.

Anodisation of p-type FEAs, followed by HF dipping, could be used to produce more
uniform arrays of tips. This is because the geometry of the core does not appear to depend on
the starting geometry of the tip. At present, processes such as oxidation sharpening at high
temperature are typically used to sharpen tips and increase their uniformity, see Chapter 5. It
may not be possible to give all devices a high temperature treatment. Anodisation could be

used as a low temperature alternative to oxidation sharpening.

6.10.3  Possible Reason for Formation of Sharp Cores

The reason for the formation of sharp cores is not clear. One theory that could explain the
difference in anodisation behaviour between the p and p'-type tips is as follows. When the
PS layer is formed, the etch front is preceded by a depletion region. During anodisation,
depletion regions are formed ahead of the etch front. If the two depletion regions from
opposite sides of the emitter meet during anodisation, then it may not be possible for PS to
form in the overlapping region, as very few holes are available. The depletion region would
be expected to be larger in the case of p-type silicon as it is less heavily doped. Therefore
overlapping of depletion regions would be expected to occur to a greater degree than for p*-
type silicon. The high aspect ratio core may be a region which was depleted of holes during
the anodisation process, and so could not be anodised further. This core geometry may not
have formed within p*-type silicon tips, because depletion of holes did not occur due to the

high conductivity of the material.

Core formation is unlikely to be due to any crystallographic effect. This is because PS layers
formed on low doped p-type silicon are randomly oriented, see Harsanyi & Habermeier
(1987) and Chuang et al. (1989). The p-type PS etch rate is found to be isotropic, depending

only on the availability of holes at the silicon/electrolyte interface, see Steiner & Lang

(1995).
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Nakajima et al. (1993) reported an effect which appears to be related to the results obtained
here. They observed thread-like features ~5-10nm wide and ~400nm long, originating at
sharp points on a flat anodised p-type silicon substrate of similar doping to that used here
(10Qcm). These threads were spaced between 0.5um-2um apart and their orientation lay in
the direction of growth of the PS. Micrographs taken in both bright and dark field showed
that the threads consisted of linked micro-crystals. Diffraction patterns contained double
spots showing that the atomic planes of these microcrystals lay in almost the same direction,
but were slightly rotated relative to each other. However, the authors did not suggest how

this effect occurred.

Further investigations should be carried out to investigate why p-type FEAs formed sharp

cores when anodised. Suggestions for experiments which could be carried out include:

1) Strongly illuminating the surface of p-type FEAs during the anodisation process. It has
been suggested that the sharp cores developed due to the formation of depletion regions
(depleted of holes), which were not present to the same extent during anodisation of p+-
type silicon. If this theory was correct, strong illumination would decrease the size of

depletion regions and hence alter the geometry of the silicon core.

2) Anodisation of n and n+-type emitters may also further understanding of this effect, as
such emitters would have lower concentrations of holes. If this theory was correct, these

structures should form a core similar to p-type silicon when anodised.

6.11 Anodisation of Polycrystalline Silicon Emitters

Anodisation of the p-type polycystalline silicon emitters described in Section 5.6 was
investigated briefly, but the images are not shown here. Studies indicated that the structure
formed was of a different thickness to the PS formed on the single crystal silicon. As tips in
working devices are likely to be fabricated from polysilicon, future work should investigate
anodisation of these polysilicon FEAs in more detail. Studies should check that the

morphology and layer thickness are similar, and that the silicon core structure is similar.
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Chapter 7 - Field Emission from Porous Silicon
Chapter 7 Field Emission from Porous Silicon Covered Arrays

7.1 Introduction

The aim of the work described in this chapter was as follows:

1)To investigate the effect of anodisation (i.e. the formation of a porous silicon (PS) layer) on

the field emission properties of silicon field emitter arrays (FEAS).

2)To understand how, following anodisation, any improvements in the field emission properties
depended on the type of PS morphology and the PS layer thickness. This information was
required in order to understand the origin of any improvements in field emission properties

following anodisation, and the factors influencing the degree of improvement observed.

3) To investigate the effects of ageing and treatment by a buffered HF dip, on the emission

characteristics of porous silicon.

This chapter is arranged as follows:
Section 7.2 - Effect of anodisation on p and p’-type silicon FEAs
Section 7.3 - Effect of thermal oxidation of anodised FEAs and removal of the PS layer
Section 7.4 - Discussion of results described in Sections 7.2 and 7.3
Section 7.5 - Comparison of these results to similar work reported by other researchers
Section 7.6 - Effect of ageing and HF treatment of aged samples

Section 7.7 - Overall conclusions for this chapter

7.2 Effect of Anodisation on P and P*-Type Silicon Field Emitter Arrays
This section describes the field emission properties of both p and p’-type FEAs anodised for a
range of times. Their field emission properties have been compared to those of non-anodised

emitters having the same substrate doping.

All results reported in this chapter were collected in the adapted SEM under the improved
vacuum. At the start of the work for this thesis, many anodised samples were examined before it

was realised that the vacuum conditions inside the adapted SEM and the reproducibility of the
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geometry of the non-anodised silicon FEAs were very poor (see Chapters 4 and 5). These
factors had to be improved before useful studies could be carried out. Therefore, the results
obtained at the start of the work for this thesis have not been included here. All experiments
were repeated once the vacuum system and sample preparation techniques had been improved.

Experimental details are summarised in Table 7.0.

7.2.1 Field Emission from Anodised P-Type Field Emission Arrays

P-type FEAs were anodised using the conditions shown in Table 7.1, for times in the range 5-
300 seconds. The number of samples and the number of tips examined on each sample, for each
anodisation time, are also summarised in Table 7.1. For p-type silicon, two separate sets of
samples were examined. For the first set, 20 tips were examined per sample. For the second set,
10 tips were examined per sample. (For each anodisation time, a new FEA had to be prepared;
the two different sets of samples were prepared several weeks apart.) Data from both sets of
samples are shown here, to give an indication of the reproducibility of the results. The field
emission data obtained from anodised p-type FEAs is summarised in Tables 7.2-7.10. The main

results are outlined in the following sections.

a) Proportion of Tips Tested which Emitted
The proportion of tips tested which emitted within the voltage range which could be applied in
the adapted SEM was found to increase following anodisation. On average, only 80% of non-

anodised tips tested actually emitted, whereas all anodised tips which were tested emitted.

b) Starting Voltage Reduction

During the brief study carried out during the course of the Part II project, the starting voltage for
p-type FEAs was found to be reduced by ~25% following anodisation for 30 seconds. However,
due to the poor vacuum and the poor reproducibility of sample preparation, it was necessary to
confirm these results. It was also important to investigate whether anodisation time and PS

morphology affected the starting voltage.

In all cases, the starting voltage was taken as being the voltage required to obtain 1nA of

current. Figures 7.1 shows distributions of starting voltage for each anodisation time. Table 7.12
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Chapter 7 - Field Emission from Porous Silicon

summarises the starting voltage, the percentage reduction in starting voltage and the range of
values/standard deviation obtained for each anodisation time. In addition, Figure 7.2 shows
starting voltage and percentage reduction in starting voltage plotted versus both anodisation
time and plotted versus PS layer thickness at the tip apex (as determined by TEM analysis - see
Chapter 6). Note that the error bars added to these plots assume an accuracy of *15% of the

measured value of starting voltage. The main results are summarised below:

i) The mean starting voltage was reduced by up to 37% following anodisation. The mean
starting voltage prior to anodisation was ~500V versus ~314V following for a 10 second
anodisation. The lowest starting voltage from an anodised tip was 170V, whereas the lowest
starting voltage for a non-anodised emitter was ~300V. These reductions in starting voltage is

greater than the 25% reduction recorded during the Part II project.

i) There was relatively good consistency between the two sets of samples - similar results were

obtained from both sets of samples.

iii) The starting voltage for samples anodised for times in the range 5-30 seconds (where the PS
layer at the apex was in the range 14nm-25nm thick) were very similar. However, the starting
voltage for anodisation times <30 seconds, increased slightly with increasing anodisation time
and hence increasing PS layer thickness. For samples anodised for 90 and 300 seconds (where
the PS layer at the tip apex of these samples was ~50nm thick), the starting voltage was higher -

there was only 17% reduction versus non-anodised silicon.

iv) The spread of values and the values of standard deviation before and after anodisation were

similar, within the limits determined by the experimental accuracy of the adapted SEM.

¢) Voltage Required to Obtain Higher Current Values and Rate of Increase
of Current with Voltage

In addition to the starting voltage, the mean voltages required to obtain current values of 0.1, 1
and 10pA were plotted versus current for all anodisation times, see Figure 7.3. The results are

summarised in Table 7.13. The main points are outlined below:

85



Specimen Type

Approximate % Tips Emitting / Array

Prior to Anodisation

~80% of tips tested emitted

After Anodisation

100% of tips tested emitted

Table 7.11 Proportion of P-Type and P*-Type Tips Tested which Emitted
Before and After Anodisation

Anodisation | Porous Silicon | Starting Range & Standard Reduction
Time / Seconds Layer Voltage Deviation in Starting
Thickness / Voltage
nm
0 0 500V 300V-670V (370V range) n/a
+ 80V
5 14 335V 200V-500V (300V range) 33%
+ 85V
10 20 315V 170V-500V (330V range) 37%
+ 95V
30 25 340V 215V-505V (290V range) 32%
+ 30V
90 50 355V 290V-500V (210V range) 29%
+ 50V
300 50 395V 220V-700V (480V range) 21%
+ 120V
20 tips Examined per Sample
Anodisation | Porous Silicon | Starting Range & Standard Reduction
Time / Seconds Layer Voltage Deviation in Starting
Thickness / Voltage
nm
0 0 510V 420V-600V (180V range) n/a
+ 60V
5 14 340V 240V-500V (260V range) 33%
+85V
30 25 355V 190V-540V (350V range) 31%
+ 100V
90 50 425V 240V-500V (260V range) 17%
+ 85V
300 50 410V 250V-660V (410V range) 20%
+ 135V

10 tips Examined per Sample

Table 7.12 Reduction in Starting Voltage for Each Anodisation Time




sidwres 1ad sdn gz= J3LeT SNOI0J
SSIUIIYJ, pue uonesipouy SnSIIA ddejoA 3unaes ur doaq 98ejuadiag pue dde)oA Sunaels§ - BZ L ANy

Wy / ssauydy} uodNiS snosogd SpUOD3S / AW UOHIESIPOUY

0s oY Ot 0z ot 0 0SE 00€ 0SZ 00z OSL  O0OL  OS 0
T T T T 0 T T T T T T 0
g - 8 N 1oz &
1’!/’/ B 0z .m W/fll.llf m
- .. wl:!w Hovr § . wvlm ov §
s 4
8 {os £ : {109 &
- 108 & - 108 §
* #
| i | 1 001 L L 1 1 . 1 00t
1aAe uodiIS SNOIOd JO SSAUNDIY) SNSIAA awi] uoflesipouy SNSIdA
abeijoA Buiueis ur uononpay abejusdiag abeijoA bunueis ui uononpay abejuadiad
wu 7 194Ae7 UOSIIS SNOJOd JO SSBUNDIY | SPUO23S / BWI) UONESIPOUY
09 0S ov o€ 0¢e ot 0 0SE 00E 0SZ2 002 OSL O00L OS 0
T T T T T 0 T T T T ¥ T 0
| 1 001 - 1 00t
@ ] v
- 100z § L 00z &
a 3
- . .\A#, 1ooe & - T 00€ §
T -
~ S e - -
i 100y - . 100y 2
- 00S - -1 00§
_ L _ : . i 009 1 I ] 1 1 1 i 009

noiod jJOo SSauydl
194keq m_n.www_w,m mmm%uh_ow_/ umc_tmumv_ L awi] uonesipouy snsian abejjop bBunieasg



srdwes 1ad sdn 1= J9AeT SNOJIO
SSAWRIY], pue uonesipouy snsada agejjop sunuae)s ur doxq adejuddidg pue adejjoA sunael§ - qg°L I3y

wu / 13Ae"] UOdIS SNotod Jo SSaUNIIY | SPUOJ3S / W) UOIIESIPOUY
09 0S ov 0¢ 0¢ 0] 0 0SE 00 0S¢ 002 O0OSlL 00l 0s 0 o
T T T T T 0 b T T T T T T 0 g
| WI////// ] ON am - M M
- i 1ov 2 - 1 0v 3
2 5
- 109 § i oo 3
2 a
nDA ] ow M
B -1 08 mmw .m
| . | | . 001 W 1 1 1 1 ] 1 00t X

awij uolleSIpOUY SNSJI9A

19AeT uodiIS Sn0JOd JO SSaUNIIY] SNSIOA
abeijoA Bunieis ul uononpay obejuadiay

abeiljopn Bunieis ur uononpesy sbejusaiay

wu / 19Ae] UODIS SNOIO JO SSAUNDIY | SPU093S / 3w uohesipouy

09 0S ob o€ 02 ol 0 0S¢ 00€ 0SZ 00Z O0SL 00L OS 0

T T T T T 0 ] T T f T T 0
B 4 oot B 7 oot
- 4 002 w i 1 002 m.,
B 1 7 00¢ ,mm. i il oog W
- w\\\\\\\w 1 ooy 3 - 00b 3
- - 00s - ¥ 005

| _ | | ~ ~ 009 E— _ ————— 009
19Ae7 UON|IS SNOIOd JO SSAUNIYL dwi] uonesipouy snsian abeijjop bunieas

snsiaAn oabejjoA buijieas



0o0zct

paurwiexs sdures 1ad sdiy gz= SIN[EA JUILIND UIBIII) ule)q() 0} paamnbay adejop uedyy - eg'y aandig

00¢1

A 1 8njep eun) ueiqo o) pennbey ebejjop ueepy
000L 008 009 00v o002

0

T T

T \- T
/
\

uoljesipouy 640469

.<.
!
H

N
i
é

d

\ uonesipouy e}y

!

{

0l 000

[}

01 002
01 00y 3
.01 009

.01 008

vV / ueuns uossiwy

501 00'¢

.04 021

H ojdwes - uopesipouy Spuolag Qo€

A / 8njeA ueund weiqo o) panbey ebeljop ueeyy

00¢tL 0001 oo08

009 ooV

00¢
T

0

uoljesipouy eiojeg

T

y
i

i

i

/
/
/

|

4 .01 oov 2

|

\ uonesipouy JeNy

i
$
§
-
+

]

01 000

L0t 002

L0t 009

v / ueuny uoissiwy

01 008

1 904 00'4

N A

4 9jdwesg - uonestpouy

SpUo23s 06

A/ 9njep weund ueiqQ 0l pesnbey ebejjop ueepy

A/ onjeA weund uelqp ol pesnbey ebeljop uespy A / enjep wein) wieiqo o) pesinbey ebejop ueepy
0001 008 009 oovb 00¢ 0 . 00¢t 000F 008 009 0OV A ooe 0 . 0021 0001 008 009 OOF 002 0
T T 1...-....“ = T 04 000 T T ﬁ..—.l.l\ T o0 000 ; _ e ; 0L 000
: ¢ 4
N i ! 1,04 002 - 7 o0t 002 i P 7| o0t 00
uoljesipouy @10j09 \ -w: ... \ m .... \ 9-
- i - 401 007 3 - - .01 o0¥ 2 B H .
....~ s 9 e uoljesipouy e.o_om.... \ 9 g uonesipouy 510108 .... \ — w.o— oo’y :
] 2 H n D N S
B § ] : B 3 41 .0 009 H 3
| 01 009 2 ; / o 2 - / 710l 009 o
H ® § ] R S
B ...." \ uonsspouy 1elv o0 008 2 i \:ozmm%oE oyy 0+ 0082 R -1 .01 008 2
: K > .. k > 5 \ uopesipouy ey 9 ~
i i . B i 4 .01 00'} g
0 001 s = ¢ d g .08 001
. 1 i 1 .
: . _ . L S01 02’} L s0b 02’1 L ) L : . 0L 02’1
o ] w_n—Eﬂm = uopjesipouy spuodas (i
v Q_QENW - uojjesjpouy sSpuodsas g

a 9jdwes - uopesipouy Spuodas o€



paurwexos ospdwes 1od sdy 0]= SaN[EA JUILIN)) UIBLII) Ule)q() 0) PaInbay age)joA UBdA - q¢°L I3y

A / 8NjeA eun) URIGO ©) peinbeyy ebellop ueepy

A [ 8njeA eund uelqQ o) pesinbey ebejjop uespy
Y 002+ 000L 008 009 00v  00Z 0

00cl 000I 008 009 00v o002
I T T Y o0t 000 T T T T SOt o
v H 22

B uoljesipouy elojeq ...... \ 4 (D04 00°C i \. 7 Fo— ¢
/ \ uonesipouy Jely g / vonssposy el g
i / nes) ‘b 3 i ; 1 3
F 1 01 007 2 \.. O 3
i g 3
i / / {00 0090 . \ 10 95
..... . M \ .u/.
B ..... \ g nbw oo's v/v B .... uoyesipouy esojeg 1.0t 8>

= ¢ d 4 o0t 00t i s... {001
1 1 ! L 1 w.o— oc't ] 1 i 1 1 0L 21

| 2idwes - uopesipouy Spuod3Is 00¢ 5 ajdwes - uopesipouy SPuOIIS 06

A / 6njeA weund) ueiqo o} pennbey ebejop uespy
0021 000L 008 009 00V 002 0 A 7 8njep ueung) uiglqO o) peanbey ebejop ueepy
. oL 000 002} 0004 008 009 00y 002 O
T LI ' I R ead T 1} .
A v — e oL 000
- 3 - 5.0L 002 | L
uongsipouy eiopeg ... s 9 upliesipouy e.0j08 ﬂ\ . w.o— 00'¢
i m g
ﬁ i | - 5.0 00% 2 i / W9
; g - 4 501 007 3
H | o> / / ¢
. ] |00t 0090 i ; ] 1,01 0095
K s uonesipouy leyy e H 3
- i - .04 008 s g 3
....~. | ’ > i ; \ uoEsipouy Jely 1 .0t 0082
¢ . >
- . 4 501 00 R ] 1,0t 001t
1 1 1 L I m.o— oc't 1 1 — L L —1L m.o— 02’1

3 ajdwes - uonESIPOUY SPUOIDS (F g aidwes - uopesipouy puosds G



SN[ A JUI.LINY) UIALY) UL} 0) Pa1mbay 38e)[0A Ul uondINPIY ¢I°L dAqelL

gdues Jad paurwex? sdn

(210J9q ma[q dn) dolp %47 doip 967
e/u ASI9 AS6E 0S 00€
Ao.ﬁo.«on 303 QEV owcmso OZ Owao.ﬁuE QRL ~
e/u AOIS A009 0S 06
doip 9¢y doip 9/ ¢ doIp 95/7
ASI9 ASIS AOTY T 0€
doIp 9¢y dolIp 96¢ dolIp g¢¢
A0T9 A00S ASLE vl S
A0901 AOT8 ASSS 0 0
=c_ao=ﬁ@- Q& + :cmauﬂﬁuwm 9, + ﬂamauzﬁum 9, +
vrip1 wreyqQ 0y Vi urejqQ 03 Vi 0 urejqQ 03 wiu / SSauydIy I, SPU0d3S /dwWl],
paambay] a8e)joA paambay ageyjoA PaIIbay ase)oA JIART UOII[IS SNOJO] uornjesipouy
djduwres Jad paurwexd sdi ¢z
(910J9q m3[q dn) doIp o€ doip o€
e/U ASLS AOEY 0S 00€
(910J9q m3[q dn) doip 98] dolIp ‘o€
e/u A0SS AOLE 0S 06
doip %07 do1p 9¢]
AOL9 AOLS /U ST 0¢
doip 91¢ doip 91 ¢ dol1p 901
ASS9 ASSH ASEE 02 0l
doip 90¢ doxp 95/ dol1p 9,01
AOSS AOLY ASEE Al S
AOES ASS9 A09S 0 0
:o_au=ﬁo- e& + :c_au—.-ﬁvwm 9, + :c_“—“v:muwwm 9, +
vriQ1 ureyqQ 03 v1iT ureyqQ 03 vy ureyqQ o) Wi / SSaUNIIY I, SPU0d3S /dwl],
paa11nbay agejjoA paaInbay a8ejjoA paainbay adeyj0A J3Ke ] UOdI[IS SNOI0J uonesipouy




Chapter 7 - Field Emission from Porous Silicon

i) The mean voltages required to obtain current values >1nA, were also significantly reduced
following anodisation. The mean values for non-anodised emitters have been added for
comparison. For example, for one sample anodised for 5 seconds, 10LA was obtained at 580V;
whereas for a non-anodised sample, 10LA was obtained at a much higher voltage of 830V. This

represents a drop of 48% in the voltage required to obtain 10uA.

1i) A similar result was observed for all anodisation times. However, the difference before and
after anodisation, appeared to decrease as the anodisation time increased. For example, for an
anodisation time of 5 seconds, only 469V was required to obtain 1WA, versus 656V for non-
anodised silicon. However, for an anodisation time of 300 seconds, 573V was required to obtain

1pA.

ii1) Similar results were obtained from both sets of samples.

In addition, the rate of increase of current with voltage (dI/dV) (i.e. slope of I-V curve) for
individual plots was calculated before and after anodisation. The value of dI/dV was calculated
at different current levels - in the range 0.1uA-1HA and in the range 1WA-10pA. The results are

summarised in Table 7.14. The main results were as follows:

i) The mean value of dI/dV was ~3 times higher for anodised tips than for non-anodised tips, for

each current level (for anodisation times in the range 5-30 seconds.)

d) Nature of the Fowler-Nordheim (FN) Plot

The nature of the Fowler-Nordheim plots were compared for plain and anodised emitters. In
addition, the current value at the start of the plateau region and the length of the plateau region
(for those emitters exhibiting typical p-type emission) were compared. The results are

summarised in Table 7.15. The main points are outlined below:

1) For both anodised and non-anodised samples, the majority of tips exhibited typical p-type 3-

stage emission (see Chapter 2).
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Chapter 7 - Field Emission from Porous Silicon

ii) The Stage II plateau began at approximately the same current value (i.e. ~0.2uA) for both

anodised and non-anodised samples.

iii) For anodised emitters, the plateau region was on average one third of the length of the

plateau region for non-anodised emitters.

¢) Maximum Current Obtained Prior to Destruction of Emitter
During the early tests carried out during the Part II thesis, it was found that the maximum
emission current obtained prior to tip destruction increased by up to 10 times following

anodisation. However, these results needed to be confirmed.

The maximum field emission current collected prior to destructive failure of the emitter, was
recorded for each anodisation time. Distributions of maximum current for each anodisation time
are shown in Figure 7.4, and the results are summarised in Table 7.16. Figure 7.5 shows mean
maximum current plotted versus both anodisation time and PS layer thickness. In addition, the
proportion of tips blowing below a certain current level was calculated. Figure 7.5 also shows
the percentage of tips which underwent self-destruction at currents <SUA plotted versus the
anodisation time and PS layer thickness at the tip apex. These results are summarised in Table

7.17. The main points are summarised below:

i) Maximum Current Increased Slightly For Very Thin Porous Silicon Layers

For thin PS layers, there was an increase in maximum current versus non-anodised FEAs.
However, there was variation between samples. For one sample anodised for 5 seconds (PS
layer thickness of 14nm at tip apex), the maximum current was 3.9 times higher than before
anodisation; whereas a second sample also anodised for 5 seconds only exhibited a 1.5 times
increase following anodisation. However, for both these samples, 0% of tips blew at current
levels <5UA; whereas at least 25% of non-anodised tips blew at current values <5uA. However,
the increase in emission current following anodisation was lower than observed during the Part
II project and during the early stages of the work carried out for this thesis. In those cases, the

current was found to be ~10 times greater following anodisation. However, those samples were
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Anodisation | Porous Silicon Mean Current (after
Time / Layer Maximum anodisation)/ current
Seconds Thickness / nm Current (before anodisation)
0 0 10 pA n/a
5 14 15uA 1.5
10 20 12nA 1.2
30 25 SUA 0.8
90 50 2.4uA 0.24
300 50 1.2uA 0.1
20 tips examined per sample
Anodisation | Porous Silicon Mean Current (after
Time / Layer Maximum anodisation)/ current
Seconds Thickness / nm Current (before anodisation)
0 0 14 uA n/a
5 14 55uA 3.9
30 25 251A 1.8
90 50 1.1nA 0.08
300 50 1.9uA 0.1
10 tips per sample
Note that: 1) There is some increase in maximum current following anodisation.

2) The maximum current decreased as the anodisation time increased.

Table 7.16 Maximum Emission Currents for Each Anodisation Time
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Anodisation Thickness of Porous % Tips blowing <SuA
Time / Seconds Silicon Layer / nm
0 0 25%
5 14 0%
10 20 20%
30 25 15%
90 50 90%
300 50 100%
20 tips per sample
Anodisation Thickness of Porous % Tips blowing <5uA
Time / Seconds Silicon Layer / nm
0 0 36%
5 14 0%
30 25 0%
90 50 100%
300 50 82%
10 tips per sample

Table 7.17 Percentage of Tips Blowing at Currents <SpA



Chapter 7 - Field Emission from Porous Silicon

examined in a poor vacuum, using a less uniform FEA which had a different basic apex
morphology (tips were over-etched versus square-topped under-etched emitters). These

differences could have significantly affected the maximum emission current recorded.

ii) Maximum Current Decreased As Porous Silicon Layer Thickness Decreased

The maximum current obtained prior to self-destruction peaked at an anodisation time of 5
seconds (PS layer thickness of 14nm at tip apex). For longer anodisation times, the maximum
current decreased. Plots of maximum emission current versus actual PS layer thickness (rather
than versus anodisation time) show that after peaking at a PS layer thickness of 14nm, the
maximum current obtained decreased with increasing PS layer thickness at the tip apex (as
observed in TEM). In addition, the proportion of tips blowing at current values <5pA increased
with anodisation time (after dropping to zero for anodisation times of 5 seconds). For samples
anodised for 90 and 300 seconds, the maximum current obtained before destruction was up to
10 times lower following anodisation, and the proportion of tips blowing at currents <SHA was

100% - i.e. much greater than for non-anodised tips.

f) Slope and Intercept of Fowler-Nordheim Plot and Calculations of Field
Enhancement Factor, Emission Areas and Radii

i) Calculation of Slope and Intercept

If the slope and intercept of an FN plot can be obtained, the field enhancement factor (B),
emission area (o) and emitting tip radius (r) can be calculated (if a value for the work function is
known or assumed). Distributions of slope and intercept before and after anodisation are shown
in Figure 7.6. Figure 7.7 shows FN slope and intercept plotted versus anodisation time. The
slope and intercept of FN plots obtained from samples anodised for times in the range 5-30
seconds are summarised in Table 7.18. Note that for FN plots which did not contain enough data
points, or where Stage I Fowler-Nordheim emission could not be clearly identified, calculation
of the FN slope and intercept were not attempted. For samples anodised for 90 and 300 seconds,
the FN plots were very noisy - therefore, the slope and intercept were not calculated for those

samples either.

The main results are outlined below - both sets of samples show similar results:

88



duily, uonesipouy snsida paypofd 1dadaajuy pue ado[S WIRYPION-II[MO] - L°L AN

SPU0DaS | 8w} uoljes|pouy SPU0DAS / BI| UONESIPOUY
SE€ 0€ G2 o0¢ SI o0t s o© g¢ 0¢ S2 02 S OF S 0
T T T T e oe- T T  EE— T T oe-
B 14 S¢- .m: - 41§¢- W
- Joz- % L {oz- 2
~ z . — z
(=3 o
a le,. 8 -
Sl- & - NEALE
3 b 3
i 100§ : for- 3
& g
- . m - =~ B ] m - ~
1 L 1 i 1 1 0 | 1 | | i N 0
(ojdwes isad paujwexs sdn of) (ardwes s1ad paujwexs sdn 02)
awil uonestipouy snsida 1daosdjul N4 awi] uonesipouy snsiaa (dasssiul N4
SpuUoDas 7 8wl] uojjes|pouy SPUGYas / BWI| UCHESIPOUY
GE 0t GS¢ 0¢ SI 01} S 0 S¢€ 0€E S 0Z SI 01} S 0
T T | _ LOF b — — . . 01 1-
5 ; ooos8-,, - 0008-
< g
© =
3 e
~ 00092 - H 0009-2
g g
g g
] 3 @
- 000v-3 - . { 000v-3
— s ®
. $ N g
- + 0002- - 7 1oo00z-"
] 1 i i 1 1 0 1 L ] L L N 0

(e1dwes iad poaulwexs sdn 0z)

(sjdwes 1ad pasujwexa sdiy ot)
awi] uopesipouy snsida adojs N4

aw} uonesipouy snsida adojs N4



Anodisation FN Slope FN Slope (Before FN Intercept
Time / Seconds Anodisation) / FN After
Slope (After Anodisation
Anodisation)
0 -9360 n/a -12.9
5 -2150 4.4 -18.8
10 -3575 2.6 -18.4
30 -3510 2.7 -21.3
20 tips per sample
Anodisation FN Slope FN Slope (Before FN Intercept
Time / Seconds Anodisation) / FN After
Slope (After Anodisation
Anodisation)
0 -5897 n/a -18.0
5 -2776 2.1 -20.4
30 -2830 2.1 -20.7
10 tips per sample

Note that:

1) Following anodisation, the FN slope decreased.

2) Following anodisation, the FN intercept became more negative.

Table 7.18 Fowler-Nordheim Slope and Intercept Before and After

Anodisation (for Different Anodisation Times)




Chapter 7 - Field Emission from Porous Silicon

1) The values obtained from anodised samples were 2-4 times lower in value than those

obtained from non-anodised tips.

2) The values of slope and intercept did not depend strongly on the anodisation time.

3) The value of the intercept became more negative following anodisation. Distributions of
intercept showed that following anodisation, the majority of values were within the range (-
25) to (-20); whereas prior to anodisation, the majority of values lie within the range (-15) to

(-10).

Both results indicate that emission from anodised tips occurred from sites which were sharper
than for non-anodised tips. In order to obtain further information about the nature of the
emission sites, the field enhancement factor and emitting tip radius needed to be calculated.
(However, it should be noted that the absolute values of slope and intercept would have been
influenced by the fact that the vacuum system in which these results were taken was not UHV
and that the tip surface will not have been adsorbate free. In particular, calculated values of the

emission area will have been affected by contamination.)

ii) Calculation of Field Enhancement Factor
The field enhancement factor could be calculated from the FN slope using equation 2.12 from

Chapter 2:

>

3]

b= 6488x10" &
B
where b = -(FN slope); and ¢ (work function) = 4.5¢V.

Using this equation, the field enhancement factor was calculated for different anodisation times
- these values are summarised in Table 7.19. (Values for anodisation times of 90 or 300 seconds
were not calculated, as the FN plots were too noisy and so the values of slope and intercept
could not be calculated.) Distributions of field enhancement factor for different anodisation
times are shown in Figure 7.8. A plot of field enhancement factor versus anodisation time is

shown in Figure 7.9. The main results were as follows:
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Chapter 7 - Field Emission from Porous Silicon

1) Following anodisation, the mean field enhancement factor increased by 2-5 times.

2) The values of field enhancement for samples anodised for 5 seconds was greater than for

samples anodised for longer times.

iii) Calculation of Emitting Radius

The radius of the emitting tip (r) was calculated using two different methods:

1) The radius could be calculated from the tip emitting area o using the equation o=2mr2. The

emitting area o was calculated from the FN slope and intercept using the following equation
(see Chapter 2):
ab2 2
o= ——l;cm
1.34x10"

where In (a) = intercept of Fowler-Nordheim plot; b = slope of Fowler-Nordheim plot.

2) The radius could also be calculated from the calculated value field enhancement factor [3

1
only. For this method, the equation = P was used, where k~3.
r

In theory, if the tip surface was completely clean, the values calculated from both methods
should have matched. However, under non-UHV conditions, the calculations will have been
influenced by contamination. The results from both calculations are summarised in Table 7.19.
Distributions of tip radius (calculated from both o and ) are shown in Figure 7.10. Plots of tip

radius (calculated from both o and B) versus anodisation time are shown in Figure 7.11.

The main results were as follows:
1) For both calculations, the tip radii were smaller following anodisation (assuming no change

in ¢). The radius (calculated from ) was 2-4 times smaller following anodisation. These results

indicate that emission occurred from smaller sites on the tip surface following anodisation.
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Chapter 7 - Field Emission from Porous Silicon

2) The values of tip radius calculated from o and from  were inconsistent. The values
calculated from o were ~100 times smaller than the values calculated from (3. Also, the
difference after anodisation was greater for values calculated from o (the radius being ~10-100
times smaller after anodisation), than indicated from the values calculated from [ (i.e. 2-4 times
smaller after anodisation). In addition, values for tip radii calculated from o exhibited more
scatter than for values calculated from . Some of values for tip radius calculated from o (for
anodised emitters) suggest that the tip was physically smaller than the dimensions of one atom,
which clearly cannot be the case. These inconsistencies may have been caused by tip

contamination.

h) Specific Examples of Plots Before and After Anodisation

Typical FN and IV plots obtained from individual emitters are shown in Figure 7.12. The key

data for each tip is summarised in Table 7.20.

7.2.2 Field Emission from Anodised P+-Type Field Emission Arrays

As it was possible that emission originated at the porous silicon surface, it was important to
examine the effect of changing the PS fibril morphology. As TEM had shown (see Chapter 6)
that the p'-type silicon PS morphology at the tip apex was much coarser than for p-type PS, field
emission from anodised p’-type silicon FEAs was investigated. An anodisation current of
IOOmAcm_2 was used. All other anodisation and experimental conditions were the same as for
p-type FEAs. Table 7.21 summarises the p’-type samples investigated. Table 7.22-7.26

summarise the data obtained from these samples.

a) Starting Voltage

Distributions of starting voltages for different anodisation times, are shown in Figure 7.13. The
mean values of starting voltage, percentage reduction and range of values/standard deviation are
summarised in Table 7.27. Plots of starting voltages and percentage reduction in mean starting
voltage, versus both anodisation time, and versus PS layer thickness are shown in Figure 7.14.

The main points are as follows:

i) As for p-type FEAs, there was a large reduction in starting voltage following anodisation.
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Figure 7.12 - Examples of Fowler-Nordheim and Current-Voltage
plots collected from FEAs anodised for 5 Seconds Showing Results
from 2 Tips with Lowest Starting Voltages

Emitter Name ex33 (porous) ch39 (porous)
Starting Voltage 200V 240V
Maximum Current 23uA SSUA
Maximum Voltage 485V 510V

E-N slope -2067 -4478

F-N intercept -19.3 -10.0

Length of Plateau 45V 30V

dI/dV at destruction | 0.35 HA/V 0.651A/V

This table summarises the key data for the plots shown in Figure 7.12. Both tips have low
starting voltages. None of the non-anodised tips had such low starting voltages. The best
performing tip was CH39, which produced ~60UA at ~500V. Both tips exhibit a short Stage II
plateau, typical of p-type silicon emission.

Table 7.20 - Summary Table for P-Type Silicon Emitters (Anodised for 5
Seconds) Showing Lowest Starting Voltages



Anodisation Time / Sample Codes Number of Tips Examined
seconds
0 I 16
0.25 J,K,L 15, 15, 10
3.5 M 10
10 N 11

Resistivity of the p+-type silicon wafers used to fabricate the FEAs was 0.01Q2cm.

The results obtained from these samples are summarised on Tables 7.22-7.26.

Table 7.21 Summary of Anodised and Non-Anodised P*-Type Silicon
Samples Examined
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Anodisation | Porous Silicon | Starting Range & Standard Reduction in
Time / Layer Voltage Deviation Starting
Seconds Thickness / Voltage
nm
0 0 505V 300V-700V (400V range) n/a
+ 120V
0.25 40 260V 160V-375V (215V range) 49%
+ 85V
320V 195V-430V (235V range) 37%
+ 70V
265V 160V-500V (340V range) 48%
+ 95V
3.5 125 335V 200V-600V (400V range) 33%
+ 160V
10 400 425V 260V-400V (140V range) 28%
+ 45V
Note that:

1) Following anodisation, the starting voltages were reduced.

2) The values of starting voltage obtained from anodised p*-type silicon tips were much lower
than obtained from anodised p-type silicon tips.

3) Following anodisation, the range of values of starting voltage was lower.

3) The starting voltage increased slightly with anodisation time.

Table 7.27 Starting Voltages for Different Anodisation Times



Chapter 7 - Field Emission from Porous Silicon

ii) The reduction in starting voltage was greater than for anodised p-type samples. For samples
anodised for 0.25 seconds, the starting voltage was reduced by up to 49%; whereas the
greatest reduction in starting voltage for an anodised p-type sample (anodised for 10 seconds)
was 37%. Absolute values of starting voltage were lower for anodised p*-type FEAs, than
for anodised p-type FEAs. For example, the lowest mean value for a p*-type tip was 258V
(0.25 second anodisation) versus 328V for a p-type tip (10 second anodisation). The lowest
recorded starting voltage for an anodised p*-type tip was 160V which is similar to the lowest

value recorded for a p-type FEA (170V).

iif) The starting voltage increased with anodisation time - the starting voltage for 10 seconds
anodisation was 423V, which is 60% higher than the value obtained for an anodisation time
of 0.25 seconds. A similar increase in starting voltage was also observed for p-type FEAs. A
plot comparing both p-type and p'-type anodised FEAs is shown in Figure 7.15. These plots
show that for both p and p'-type PS, the starting voltage increased slightly with porous
silicon thickness. However, comparing the two different materials, a p’-type tip covered with
a PS layer of 400nm had a similar starting voltage to a p-type tip covered with a PS layer of
40nm. The plot of anodisation time versus starting voltage in Figure 7.15 shows that FEAs

with lower anodisation time appear to have lower starting voltages.

iv) Following anodisation, the standard deviation was lower. Also, for most samples, the range
of values of starting voltage was less following anodisation. For example, for 0.25 seconds
anodisation, the range of values was only 200V versus 400V prior to anodisation. The range

of values for p-type FEAs were similar before and after anodisation.

b) Voltage Required to Obtain Higher Current Values and Rate of Increase
of Current with Voltage

The mean voltages required to obtain current values of 0.1, 1 and 10pHA were plotted versus
current for all anodisation times, see Figure 7.16. These values are summarised in Table 7.28.
Following anodisation, a large drop was observed in the mean voltage required to obtain 0.1,
IuA and 10pA. For example, only 400V-450V was required to obtain 10pHA from a p*-type

sample (0.25 second anodisation); whereas 575V was required to obtain a similar current from a
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Starting Voltage versus Porous Silicon Thickness

- Comparison of P-Type and P'-Type Porous Silicon
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Figure 7.15 - Comparison of Starting Voltages for P-Type and P*+-Type Silicon
Following Anodisation

Note the following:

1) These plots emphasise the fact that the starting voltage obtained from p*-type porous
silicon were lower than from p-type porous silicon.

. : : : o voltage as
2) For both p-type and p*-type porous silicon, there 1s some InCrease 1n starting voltag

the thickness of the layer increased. However, anodised pT-type emitters thh thick ES
layers (400nm) still had much lower starting voltages than p-type emutters with muc
thinner PS layers (40nm).

i isation ti As anodised for
3) The plot of starting voltage versus anodisation time suggests that FE _

the sho?test anodisati%n timgs (p+-type PS) had the lowest starting voltages. Tt;lxsfcould
suggest that the etch affected the emitting sites if the sample was left in the etch for

too long.
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Chapter 7 - Field Emission from Porous Silicon

p-type sample (5 second anodisation). A plot comparing p-type and p’-type anodised FEAs is

also shown in Figure 7.16.

In addition, the rate of increase of current with voltage (dI/dV) was calculated before and after
anodisation. The results are summarised in Table 7.29. dI/dV for anodised p’-type silicon was
greater than for non-anodised p’-type silicon. For some tips, the value was as high as 1.5uA/V.
The highest value for p-type silicon tips was 0.11A/V. However, the rate of increase decreased
substantially as the anodisation time was increased. For 3.5 and 10 second anodisation times,

dI/dV was much lower than for the non-anodised samples.

¢) Nature of Fowler-Nordheim Plots

i) Typical three-stage emission, as observed for most p-type silicon tips, was rarely observed for
p+-type silicon tips, either before or after anodisation. When three-stage emission was observed,
the length of the Stage II plateau was very short, being <50V on average. This is much smaller

than the values observed for p-type FEAs.

ii) The plots obtained from p*-type FEAs (both before and after anodisation) were more noisy

than for p-type tips (either before or after anodisation).

d) Maximum Emission Current Prior to Destruction

Distributions of maximum current for each anodisation time are shown in Figure 7.17. Table
7.30 summarises the current values obtained for each anodisation time. Figure 7.18 shows
maximum current plotted versus both anodisation time and versus PS layer thickness. The
percentage of tips blowing at current levels <5SUA is summarised in Table 7.31. The percentage
of tips blowing at current levels <SHA was also plotted versus both anodisation time and PS

layer thickness, see Figure 7.19. The main results are summarised below:

i) After anodisation, the maximum emission current was approximately halved for a 0.25
second anodisation. This is different to p-type FEAs, where the emission current increased by
up to 3.5 times following anodisation, although it is possible that if a shorter anodisation time

had been used, a similar result to p-type silicon would have been obtained.
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Anodisation Porous Silicon | Mean Maximum Current (after
Time / Seconds | Layer Thickness Current anodisation)/ current
/ nm (before anodisation)
0 0 17uA n/a
0.25 40 7.51A 0.5
(shows results 5uA 0.3
from 3 different 62uA 3.6
specimens)
3.5 125 0.1uA 0.006
10 400 0.6uA 0.03

(Median values used instead of mean values due to large deviations in the values)
Note that:

1) Following anodisation, the maximum emission current dropped.
2) The maximum emission current decreased drastically as the anodisation time increased.

Table 7.30 Maximum Emission Currents for Each Anodisation Time

Anodisation Time / Thickness of Porous % Tips blowing
Seconds Silicon Layer / nm <SpA
0 0 0%
0.25 40 46%
(shows results from 3 50%
different specimens) 0%
3.5 125 100%
10 400 100%

Table 7.31 Percentage of Tips Blowing at Currents <SyUA
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Mean Maximum Current at Destruction
versus Thickness of Porous Silicon Layer

Comparison of P-Type and P’-Type Porous Silicon
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Figure 7.19 - Mean Maximum Emission Current and Percentage Tips Blowing at
Currents <5pA - Comparison of P-Type and P*-Type Porous Silicon

Note the following:

1) These plots show that for p-type porous silicon, there was an increase in maximum
emission current following anodisation. However, this did not occur for p+-type

porous silicon.

2) These plots show that for both p-type and p"‘—type porous silicon, the maximum emission
current decreased with the thickness of the porous silicon layer.

3) These plots also show that at the point where the data 'frqm p-type and p*-type porous silicon
both materials would have the same mean maximum emission current.
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Chapter 7 - Field Emission from Porous Silicon

it) As for anodised p-type FEAs, the maximum current decreased as the anodisation time and
hence the thickness of the PS layer increased. As for p-type FEAs, the percentage of tips

blowing <5SUA increased drastically as the anodisation time increased.

iii) Comparing like with like (i.e. a 40nm layer of p-type PS to a 40nm layer of p*-type PS), the
mean current obtained from the p*-type FEA was similar (looking at the point where the two

plots meet) to the mean current obtained from the p-type FEA.

e) Slope and Intercept of the Fowler-Nordheim Plot and Calculations of Field
Enhancement Factor, Emission Area and Emitting Tip Radii

i) Slope and Intercept

Distributions of the FN slope and intercept obtained before and after anodisation are shown in
Figure 7.20 and are summarised in Table 7.32. Figure 7.21 shows both plotted versus

anodisation time. The main points are summarised below:

1) For all anodisation times, the values of slope were less than for non-anodised silicon. All
values for anodised FEAs were < | -10,000 I whereas values for non-anodised silicon were

up to -40,000.

ii) The values of anodised p™-type FEAs were greater than for anodised p-type FEAs, implying

that the emitting sites were blunter.

ii1) For all anodisation times, the mean intercept was much lower than for non-anodised silicon,

also implying that the emitting sites were blunter.

ii) Calculation of Field Enhancement Factor
The values of field enhancement have been calculated in the same way as for p-type FEAs.
Results are summarised in Table 7.33. Distributions of the calculated field enhancement factor

are shown in Figure 7.22. The main results are outlined below:

i) The field enhancement factors were between 1.9 and 3.5 times higher following anodisation.
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Figure 2.2 - Surface Potential Barrier at an N-Type Semiconductor Surface
Band bending must occur in order for emission to occur. When a field is applied, the bottom
of the conduction band will dip below the Fermi level. A pool of electrons collects in this
depression, from which emission can occur.

Ef = Fermi level; y = electron affinity of the semiconductor; F = applied electric field
Ec(x) = energy at bottom of conduction band; Ev(x) = energy at top of valence band

Vacuum
Eq(x)
Effective Fermi level
E.(x)
v -eFx

Depletion Region

Semiconductor

Figure 2.3 - Depletion Region Formation near P-Type Semiconductor Surface
Band bending is greater for a p-type semiconductor. [n additon, a depletion region (depleted
of both holes and electrons) forms next to the surface pool of electrons.



Anodisation Time FN Slope FN Slope (Before F-N Intercept
/ Seconds Anodisation) / FN After Anodisation
Slope (After
Anodisation)
0 -13935 n/a -3.9

0.25 -4795 2.9 -17.6

-4415 3.2 -13.4

-7400 1.9 -11.5

Values for samples anodised for 3.5 and 10 seconds were not included, as the FN plots were
too noisy to take estimates of the slope and intercept.

Note that:

1) Following anodisation, the FN slope was much lower in value - a similar result as for

anodised p-type silicon tips.

2) Following anodisation, the FN intercept was more negative - a similar result as found for
anodised p-type silicon tips.

Table 7.32 FN Slope and Intercept Before and After Anodisation (for
Different Anodisation Times)
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Chapter 7 - Field Emission from Porous Silicon

i) The field enhancement following anodisation was slightly less than for p-type FEAs which
were between 2 and 5 times higher following anodisation. Figure 7.23 shows plots of
enhancement versus anodisation time. A a comparison of field enhancement factor for both p

and p'-type FEAs plotted versus anodisation time is shown in Figure 7.25a.

iii) Calculation of Tip Radius
As for p-type FEAs, the radius was calculated from both o and 8. Results are also summarised
in Table 7.33. Distributions of the calculated tip radius are shown in Figure 7.24. Results are as

follows:

i) Following anodisation, the radius (calculated from B) was ~2-3 times smaller than the case
prior to anodisation. As for p-type FEAs, the difference before and after anodisation was greater

if the values of radius (calculated from o) were compared instead of the values calculate from B.

ii) Figure 7.25b shows a comparison of the radius (both methods) for p and p'-type FEAs versus
anodisation time. Comparing the values calculated from B, the values for p'-type FEAs are
slightly greater than for p-type FEAs. The values calculated from o show that the values for p'-
type FEAs were much greater than for p-type FEAs, by up to 4 orders of magnitude. This
implies that emission from anodised p'-type FEAs occurred from sites having much greater

radius than for p-type FEAs.

f) Comparison Before and After Anodisation - Specific Examples
FN and IV plots plots obtained from individual anodised emitters are shown in Figure 7.26. Key

data from each tip is summarised in Table 7.34.

7.3 Thermal Oxidation of Anodised FEAs and Removal of the PS Layer

Yue et al. (1990) reported obtaining emission from flat PS layers, both before and after
oxidation. They claimed that in both cases, extremely sharp tips were formed at the PS/bulk
silicon interface, which allowed electrons to be collected at very low voltages when an electric

field was applied, see Chapter 2. Apparently, this caused oxidation of the PS layer only, not the
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pp67 - Anodised FN Plot PP69 - Anodlsed FN Plot
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Figure 7.26 - Examples of Fowler-Nordheim and Current-Voltage plots Collected
from P*+-type FEAs Anodised for 0.25 Seconds Showing Results from 2 Tips with
Lowest Starting Voltages

Sample pp67 pp69

Starting Voltage 160V 190V

Maximum Current 30 UA 75 UA
Maximum Voltage 250V 250V

F-N Slope -7399 -6764
F-N Intercept -1.2 82

Both tips show emission starting at very low voltages. High maximum currents
were also obtained at very low voltages. Comparing these I-V plots to those
obtained from p-type silicon emitters, the plots are much steeper. Comparing
PP69 with the anodised p-type tip EX33 in Figure 7.12, both tips have the same
starting voltage of 200V, but the p*-type tip reached 20uA at 250V, whereas
the p-type tip produced 20ULA at 480V (i.e.at much higher voltage).

Table 7.34 - Summary Tables for Comparison Plots of Anodised Samples
versus Non-Anodised Samples (continued overleaf)



Chapter 7 - Field Emission from Porous Silicon

underlying bulk silicon. They also claimed that oxidation sharpened these points, allowing

emission to occur at even lower voltage.

In the present work, two experiments were carried out in order to investigate whether this
bulk/PS interface was the true source of field emission for anodised emitters. Firstly, the effect
of oxidation on anodised FEAs was investigated. Secondly, removal of the PS layer from
anodised FEAs was investigated. (In both cases, there was only sufficient time available to

study p-type FEAs.)

7.3.1 Thermal Oxidation of Anodised FEAs

Oxidation was carried out in order to investigate whether the same results were obtained as for
Yue et al. (1990). If emission had improved following oxidation, this would have indicated that
emission occurred at the bulk/PS interface. Anodised samples were oxidised in a furnace held at
950°C. Two different oxidation times were investigated - 1 minute and 20 minutes. Prior to
oxidation, all samples had originally been anodised for 30 seconds. The field emission
properties of oxidised anodised samples were compared to those of freshly anodised samples.

The results obtained are summarised in Table 7.35. The main points are outlined below:

a) Starting Voltage

Distributions of starting voltage are shown in Figure 7.27. For a 1 minute oxidation, the mean
starting voltage was 1070V which is nearly 3 times the value observed for a freshly anodised
sample. For a 20 minute oxidation, the mean starting voltage was even higher, being ~1720V.
These results are completely different to those obtained by Yue et al. (1990), where a lower

starting voltage was observed following oxidation. Figure 7.28 shows starting voltage plotted

versus oxidation time.

b) Maximum Emission Current
Distributions of emission current are also shown in Figure 7.27. For both a 1 minute and 20
minute oxidation, the maximum current obtained before destruction was only 1.2uA. Emission

was very unstable. Figure 7.28 also shows maximum emission current plotted versus oxidation

time.
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Chapter 7 - Field Emission from Porous Silicon

These results indicate that the nature of the emission from oxidised anodised FEAs was not the

same as proposed by Yue et al. (1990).

7.3.2 Removal of Porous Silicon Layer

The effect of removing the PS layer from the anodised surface was investigated for the
following reason. If emission had actually occurred from the interface between the bulk and
porous silicon, it could be expected that removal of the PS layer should have enhanced the

emission, as the interface would then have been fully exposed.

Samples were oxidised at 950°C for 1 minute. They were then dipped into a buffered HF
solution for ~20 seconds. TEM examination carried out on samples treated in this way showed
(see Chapter 6) that the PS layer was completely removed from the tips, leaving behind a rough
surface (the original PS/bulk silicon interface). Samples which had been originally anodised for
30 seconds were given this treatment. The field emission results are summarised in Table 7.36.
Distributions of starting voltage and maximum emission current after this treatment are shown
in Figure 7.29. Figure 7.30 shows plots of starting voltage and maximum emission current after

this treatment. The main points are outlined below:

i) After the PS layer was removed from the tip apex, the starting voltage increased dramatically
(versus freshly anodised FEAs), returning to a value similar to that obtained from non-

anodised silicon.

ii) The maximum emission current was reduced following removal of the PS layer.

It is therefore clear that removal of the PS layer was detrimental to the field emission properties.
This indicates that the presence of the PS fibrils were necessary for the improvement in

properties observed following anodisation.
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Chapter 7 - Field Emission from Porous Silicon

7.4 Discussion of Results Described in Section 7.2 and 7.3

7.4.1 Possible Reasons for Increase in Proportion Tips Emitting

After anodisation was carried out, an improvement was seen in the number of cathodes emitting
per sample. This was true for both p-type and p'-type FEAs. This could be explained in terms of
the presence of intentional and unintentional asperities, as follows. In the literature, it has been
reported that only a small proportion of plain silicon and metal tips in an array will actually
emit, see Goodhue et al. (1994). This is due to differences in tip radius across FEAs. It is
possible that prior to anodisation, field emission only occurred from those tips containing
randomly occurring unintentional asperities and that those without an asperity at the apex did
not emit at all at the voltages applied. However, the process of anodisation used to form a PS
layer on the tip surface, caused many asperities of similar shape and size to be formed at the tip
apex. These intentionally formed asperities may have allowed field emission to occur from all
tips at low voltage, and that as a consequence, the proportion of tips which field emitted was

greater following anodisation.

7.4.2 Potential Explanations for Decrease in Starting Voltage

For both p-type and p'-type silicon FEAs, the starting voltage was substantially reduced
following anodisation. The largest decrease in starting voltage was observed for anodised pt-
type FEAs. This section discusses possible explanations for the reduction in starting voltage

observed.

From the Fowler-Nordheim equation (see Section 2.1.2), it is clear that the following may have
changed in order to cause the decrease in starting voltage, following anodisation:

a) The work function ¢ may have decreased.

b) The field enhancement factor 3 may have increased.

This section discusses which is more likely to be the case.

a) Possible Cause - Increase in Field Enhancement Factor
First, it is assumed that there was no change in the work function following anodisation. It will

be assumed that the decrease in starting voltage was caused solely by an increase in the field
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Chapter 7 - Field Emission from Porous Silicon

enhancement factor. An obvious source of field enhancement was the high concentration of
small sharp fibrils present at the anodised tip surface, as observed by TEM analysis (Chapter 6).
In order to assess whether the presence of these fibrils caused the decrease in starting voltage,

the following points need to be considered:

i) Using computer modelling, could the theoretical improvement in field enhancement due to the

presence of surface fibrils account for the actual improvement observed experimentally?

i) Did emission appear to occur from points having smaller radius than before anodisation,

which would be consistent with emission from porous silicon fibrils?

i) Theoretical Increase in Field Enhancement Due to Presence of Protrusions at Emitter

Surface

Basic electrostatic theory predicts that a hemispherical protrusion on an infinite flat surface will
cause a field enhancement of 3 times over that of the flat plane, see Miller et al. (1996).
However, the situation at an anodised tip is more complicated than this and requires further

analysis. Factors which complicate the situation include the following:

1) For a protrusion on a finite curved tip, the field enhancement factor will be slightly reduced

versus a flat plane. Therefore the factor would lie in the range 1-3.

2) TEM studies showed that most of the protrusions at an anodised surface were not

hemispherical in geometry (Chapter 6).

3) TEM studies showed that anodised silicon FEAs were covered with a high density of small
asperities/protrusions. Where several neighbouring protrusions were present on a tip, field
screening effects would be expected to have occurred. Screening would have caused a decrease

in the expected field enhancement.

In order to create a better model for an anodised tip, fibril-covered emitter, work was carried out

in collaboration with Nicolaescu & Filip (1996). The assumptions made in their modelling are
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Chapter 7 - Field Emission from Porous Silicon

outlined in Figure 7.31. Using this model, a plot of field versus distance between neighbouring
fibrils (for both the 5nm and 10nm high fibrils) was produced, see Figure 7.31c). The main

results of this modelling are summarised below:

1) For the Snm high fibril, it can be seen that at large fibril separations, the field at the surface 1s
~4 times higher than on a completely smooth surface. For a 10nm high fibril, the field at the

surface is ~6.5 times higher than the field on a smooth surface.

2) As fibrils become more closely spaced, the field enhancement drops. For a 10nm high fibril,
the field enhancement starts to decrease at fibril-fibril separations <80nm (i.e. 8 times the height
of the tip). For a Snm high bump, the field enhancement starts to decrease at a separation <30nm

(i.e. 6 times the bump height).

The modelling showed that fibrils of similar size and separation to p*-type silicon would have
caused a field enhancement in the range 4-6 times. The field enhancement factors for p'-type PS
calculated from the experimental results lie in the range 2-3.5 times. Therefore this is
encouraging, as the theoretical improvement can fully account for the experimental results.
However, these experimentally determined values of field enhancement are lower than predicted
by the modelling results. Possible explanations for why the experimental field enhancement was

less than the value expected from computer modelling were as follows:

1) Unintentional Asperities versus Intentional Asperities - Even non-anodised emitters have
asperities at their emission surface. Emission will occur preferentially at these unintentional
asperities, thereby lowering the starting voltage. This assumption would be consistent with
calculations of emission area presented in the literature, which indicate that emission occurs, in
general, from areas which are much smaller than the total tip surface area, see Spindt et al.
(1976). When tips are anodised, a high density of intentional rather than unintentional asperities
are formed on the emitter surface. As the field enhancement due to intentional asperities will not

be much higher than the value for unintentional asperities, the reduction in starting voltages

could be smaller than expected.
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Eo .
o 7 a) Model of Fibril
X re hf = height of fibril (Snm and 10nm)
] rf = radius of fibril (2nm)
b ¢f = angle of fibril (10°)
£ © ~ p = half-distance between fibrils

bg

Single fibril model
(section in plane YZ)

(Ref: D.Nicolaescu, V.Filip and P.R.Wilshaw, Appl. Surface Science, 94/95
(1996), 79)

Figure 7.31 - Modelling of Theoretical Increase in Field Enhancement Due to
Presence of Protrusions at Anodised Emitter Surface

The situation of a fibril-covered, anodised emitter has been modelled in conjunction
with Dan Nicolaescu at the Research Institute for Electronic Componenets in
Bucharest, Romania.

The emitters were considered as being part of a field emission microtriode. The
assumptions made in this model are outlined below:

1) The protrusions which have been modelled had hemispherical ends ~2nm in radius and
of height 5Snm and 10nm. These protrusions were laid on top of smooth underlying emitters
(1um high with tip radius of 100nm). This arrangement is similar to the morphology of p*-
type PS-covered tips as observed in the TEM. However, this arrangement is coarser than
the morphology of p-type FEAs - modelling of p-type PS could not be carried out.

2) The arrangement of the fibrils in the PS layer had to be approximated as a regular square
array of identical fibrils. However, in reality, the fibrils in a PS layer did not have such a

regular arrangement.
3) Band bending effects were not taken into account.

4) As long as the protrusion radius was at least one order of magnitude smaller than the
underlying emitter, it was assumed that the field from the underlying emitter could be
multiplied by the enhancement from the protrusion.
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log I
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(Ref: D.Schroder, R.N.Thomas, J.Vine and H.C.Nathanson, IEEE Transactions on Electron
Devices, 12 (1974), 785)

Figure 2.4 - Typical 3-Stage Non-Linear Fowler-Nordheim Plot Obtained

from P-Type Silicon Emitters

Stage I - corresponds to emission where the Fowler-Nordheim characteristics are obeyed.
Emission is only limited only by the probability of electron tunnelling.

Stage II - corresponds to the situation when field penetration has occurred, creating a depletion
region. Current is limited by the electron supply.

Stage III - corresponds to the situation where field penetration is strong enough to cause
impact ionization in the space-charge region, causing rapid increase in current to occur.

Stage IV - is not commonly observed, but should occur at high voltage when the rapidly
increasing emission current is again limited by the barrier at the semiconductor surface.

10
104} 107}
.7 -
10 |- - 0’
- [ ]
: £
>
-
10t : 7
c s°r
k- 2
. ¢
B -9
& 10 107 |-
dark
' or 1
10° | L 1 1 ©
0.45 0.7s .05 1.35 1.65 1.95 16 o i T8 55
. o . 2-6

{onode voitagel™ x 10* (v)!

a) Field-emitted current for a 40-Q2 cm
p-type Ge tip at 77K in the dark and
with room lights.

{anode voltage)~! xlO‘.(v)"

b) Field-emitted current for a 40-Q cm
p-type Ge tip at various temperatures
in the dark.
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Figure 2.5 - Plots Showing that Typical P-Type Emission is Strongly
Affected by Temperature and Illumination
As the temperature and illumination are increased, the saturation current in Stage II will
Increase, and the length of the saturation region will increase. These effects occur because the

surface concentration of electrons is increased by carrying out these treatments.
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¢) This graph shows the electric field at the apex of the fibril plotted versus the
half-distance between the fibrils.
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2) Field Penetration/Band Bending - As explained in Chapter 2, field penetration will occur
when the electron supply diminishes. When penetration occurs, the volume of material from
which field emission originates lies below the surface and this volume has a geometry which is

blunter than the original tip shape, see Schroder et al. (1974). This leads to a decrease in the

field enhancement factor.

3) Field Screening - This modelling shows that the distance between fibrils would have to be
~6-8 times the height of the fibril, in order for field screening to be prevented. However, fibrils

separations were typically only 2-3 times greater than the fibril height.

i1) Calculated Values of Tip Radii (r)

For both p-type and p'-type FEAs, the values of tip radius (calculated from both o and B) were
smaller following anodisation. The decrease in emission area which occurred following
anodisation could only have been caused by an increase in field enhancement factor. A
reduction in work function alone could not have caused a lowering of the calculated emission

arca.

Both points discussed above support the proposition that the decrease in starting voltage

following anodisation was caused by an increase in field enhancement.

b) Decrease in Work Function/Electron Affinity

The possibility that the decrease in starting voltage was due to a decrease in work function,
rather than an increase in field enhancement factor, was also considered. A PS layer formed on a
p-type silicon substrate will luminescence if exposed to a laser. It is believed that this is due to
the dimensions of the PS structure, which are small enough to cause quantum confinement. The
result of quantum confinement is that electrons have increased energy and will cause the
bandgap to increase, see Chapter 2. This change will result in a decrease in the electron affinity
relative to bulk silicon. It is thought that the total increase in the bandgap for p-type PS should
be ~1eV (see Chapter 3). This should lead to a decrease in electron affinity of ~0.5eV. As the
usual work function of silicon is ~4.5¢V, the effective work function of luminescent PS could

therefore be lowered to ~4eV.
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i) Evidence for Work Function Causing Decrease in Starting Voltage is as follows:

One method for distinguishing whether the decrease in starting voltage was caused by an
increase in field enhancement or a decrease in work function, is to plot the FN slope versus the
FN intercept. The use of this method has been reported in the literature by Ishikawa et al. (1993)
and Mackie et al. (1994), see Figure 7.32. Their plots show that tips having the same field
enhancement factor lie along one set of lines, while tips having the same work function lie along
another set of lines. If a change in work function had occurred after anodisation, it would be
expected that a plot of FN slope versus FN intercept would have shown points obtained before
and after anodisation lying on different lines. For a decrease in work function, the line of points

after anodisation would be expected to lie above the line of points before anodisation, as shown

in Ishikawa (1993).

For the present work, FN slope was plotted versus FN intercept both before and after
anodisation, for both p and p*-type anodised emitters, see Figure 7.33 and Figure 7.34.
Although there is much scatter, it can be seen that points before and after anodisation do sit
along different lines, and that the lines along which the points appear to sit are equi-work
function, rather than equi-radius lines. This indicates that there was some change in work
function following anodisation. However, the two sets of data are close together and there is
much scatter. If a reference plot had been obtained from a completely clean inert metal surface
such as gold, it would have been possible to calculate the absolute difference in work function.

Unfortunately, this was not possible as conditions inside the SEM were not UHV.

ii) Evidence Against Decrease in Work Function is as Follows:

1) Figure 7.35 shows a plot of field emission current density versus field, for three different
values of the work function (4, 4.5 and 5eV; 4.5¢V is assumed to be the work function of bulk
silicon). It can be seen that a decrease in work function of 0.5eV results in a 25% decrease in the
voltage required to obtain a given current density. A 25% drop in starting voltage 1s less than
most results obtained from p-type PS (up to 37% reduction in starting voltage) and is much
lower than the results obtained from p*-type PS (up to 49% reduction in starting voltage). To
match the experimental results, a leV decrease in the work function would be required.

However, it is unlikely that this value could be achieved, even for p-type PS. Therefore. a
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SLOPE OF F-N PLOT

INTERCEPT OF F-N PLOT

(Ref: J.Ishikawa, H.Tsuji, Y.Gotoh, T.Sasaki, T.Kaneko, M.Nagao and K.Inoue, J.
Vac. Sci. Technol. B, 11(2) (1993), 403)

a) Results Obtained by Ishikawa et al. (1993)
The solid curves indicate the equi-work function lines and the broken curves
indicate the equi-apex radius lines.
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(Ref: W.A.Mackie, R.L.Hartman, M.A.Anderson and P.R.Davies, J. Vac. Sci.
Technol. B, 12(2) (1994), 722)

b) Results obtained by Mackie et al. (1994)
(Families of curves for constant work function ¢ are shown by the dashed lines and

for constant field enhancement factor 3 are shown by the solid lines.)

Figure 7.32 - Fowler-Nordheim Slope Plotted versus Fowler-Nordheim
Iqtercept - Data Reported in the Literature
Tips which have the same field enhancement factor as each other lie along one

horizontal line, while tips which have the same work function as each other lie
along a perpendicular line.
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Chapter 7 - Field Emission from Porous Silicon

decrease in work function could not fully account for the decrease in starting voltage observed

experimentally.

2) Luminescence from anodised p+—type samples i1s much weaker than for anodised p-type
samples, see Chapter 3. This is believed to be because quantum confinement only occurs in p-
type PS. Therefore, even if a decrease in work function caused the decrease in starting voltage
for p-type PS, virtually no decrease in starting voltage would have been expected for p*-type
PS. However, the decrease in starting voltage observed for p*-type PS was much larger than that

observed for p-type PS. Therefore, it is unlikely that a decrease in the work function caused the

reduction in starting voltage, for p’-type PS at least.

3) Few measurements of the work function of PS have actually been reported. However,
Bhoraskar et al. (1994) have measured the work function of PS, using the retarding field method
(Rajopadhye and Bhoraskar (1986)). They report that the work function of PS was actually

increased versus non-anodised silicon, and that it increased with anodisation current density.

¢) Overall Summary

An increase in field enhancement factor could account for the decrease in starting voltage
following anodisation; whereas, a decrease in work function is unlikely to have caused a
decrease in starting voltage. However, it is possible that a combination of both an increase in the

field enhancement and a decrease in the work function caused the decrease 1in starting voltage.

74.3 Possible Explanation for Why Anodised P"-Type FEAs Exhibit
Lower Starting Voltages than Anodised P-Type FEAs

Although the field enhancement factor for anodised p’-type FEAs was similar (although slightly

lower) to that obtained for anodised p-type FEAs, the starting voltage for anodised p'-type FEAs

was lower than for p-type FEAs. A plot of starting voltage versus field enhancement factor is

shown in Figure 7.36. This shows that although p-type PS had higher field enhancement factor,

p-type PS had the lowest starting voltage. Therefore, the lower starting voltage from p’-type PS

cannot have been caused by the fibrils having higher enhancement factor. A plot of starting
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Chapter 7 - Field Emission from Porous Silicon

voltage versus tip radius is shown in Figure 7.37. This shows that the larger the apparent emitter

tip radius (and therefore emitting area), the lower the starting voltage.

An explanation could be as follows. After anodisation, it is possible that the number of actual
emitting sites (fibrils) was higher for p’-type PS, than for p-type PS. Therefore, even though the
p-type fibrils were less sharp and so produced less current at a given voltage, a tip containing
many emitting fibrils (p"-type PS) could have a higher overall current than for a tip containing a
much smaller number of emitting fibrils (p-type PS). This could therefore account for the fact
that anodised p'-type FEAs exhibited lower starting voltages than for anodised p-type FEAs. In
addition, the number of emitting fibrils would influence calculation of the radius of the
individual emitting fibrils. The presence of many emitting fibrils at a p™-type PS tip would have
resulted in a larger apparent value of emitting radius for p"-type PS fibrils than was actually the
case. Therefore, the emitting radius for p'-type PS fibrils could have been closer to p-type PS
fibrils than has been reported in this chapter. As a result, the current obtained from a single p™-
type fibril at a given voltage may have been more similar to p-type PS fibril than originally
believed. If this was true and the actual number of emitting fibrils at the surface of a porous p'-
type tip was higher than the number of emitting fibrils at the surface of for a porous p-type tip,
the overall current from a porous p’-type tip will have been higher than the overall current
obtained from a porous p-type tip. Unfortunately, the exact number of separate emitting fibrils

at the tips could not be determined in the adapted SEM.

This explanation could also be used to explain, to some extent, why the starting voltage was
lower following anodisation of both p and p'-type FEAs. Following anodisation, the number of
emitting sites may have been much greater. Therefore, more current could be obtained at the
same voltage and so the starting voltage (defined as voltage at which 1nA current was obtained)
would appear to be lower following anodisation. However, the increase in the number of
emitting sites per tip is unlikely to be a complete explanation for the decrease in starting voltage
following anodisation. The calculations indicate that either an increase in field enhancement

factor or work function lowering also occurred.
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744 Possible Explanation for Increase in Starting Voltage with

Anodisation Time

For both p and p™-type FEAs, the starting voltage increased with anodisation time. P-type FEAs
underwent the longest anodisation times and exhibited the highest starting voltages. One
possible explanation is that for longer anodisation times, the radii of the PS fibrils was
decreased by etching in the electrochemical solution. If the fibrils were reduced in radii, this
would have decreased the overall emission area and so could have led to an increase in starting

voltage. If this explanation holds, it is possible that if shorter anodisation times were used, the

starting voltage could be lowered even further.

7.4.5 Alternative Source of Field Enhancement

Section 7.4.2 showed that an increase in field enhancement is likely to have caused the decrease
in starting voltage following anodisation. It is possible that there was an alternative source of
field enhancement to the fibrils at the emitter surface of an anodised tip caused the
improvement. This alternative source was the interface between the PS layer and the underlying
bulk silicon. As mentioned previously, Yue ef al. (1990), investigated field emission from
oxidised flat layers of PS and claimed that oxidation sharpened up the PS/silicon interface,
allowing field emission to occur at very low voltage, from extremely sharp points sitting at the

interface.

a) Evidence Indicating that Emission Occurred at Interface

i) TEM has shown that very sharp points existed the PS/bulk silicon e. These points were very

similar in nature and size for both p and p*-type PS, see Chapter 6.

1i)) TEM also showed that the geometry of the bulk silicon underlying the p-type PS layer had a

much higher aspect ratio than the original tip geometry.

iii) Starting voltage increased slightly with anodisation time. If emission had originated at the
interface, the starting voltage would have been expected to increase, as the distance from the

emission source increased.

105



Chapter 7 - Field Emission from Porous Silicon

iv) The calculated value of field enhancement for anodised p-type emitters was higher than for
anodised pt*-type emitters. A sharp core was only observed for p-type emitters, whereas the p’-
type core was relatively blunt. If emission had occurred at the interface, the field enhancement
factor for anodised p-type tips would therefore have been expected to be lower than for anodised
p-type tips - the field enhancement factor was observed to be slightly lower following

anodisation.

b) Evidence to Indicate that Emission did not Originate at Interface

When the PS layer was removed and the sharp core was completely exposed, the emission
characteristics were similar to those obtained from non-anodised emitters. If emission had
occurred from the interface, the starting voltage would have been expected to be lower (or at
least unchanged) after removal of the PS layer. Therefore, the source of field enhancement is

unlikely to have been the sharp PS/bulk silicon interface.

¢) Summary

The evidence shows that is possible that the source of the field enhancement was the high
density of sharp fibrils present at the sharp PS/bulk silicon core interface. However, it is more
likely that emission originated at the PS fibrils. However, in order to confirm this, further
studies were carried out in the field ion / field emission microscope - the results of these studies

are described in Chapter 8.

7.4.6 Discussion of Maximum Field Emission Current Obtained Prior to
Tip Destruction
Following anodisation, two competing factors affected the maximum current obtained before tip

destruction occurred:

a) Increase in Maximum Current for Short Anodisation - For the thinnest p-type PS layers,
the maximum current was found to be 1.5-3.5 times higher following anodisation. However, the

maximum current obtained here was much lower than reported during the Part II studies

(current up to 10 times higher following anodisation).
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b)Decrease in Maximum Current as PS Layer Thickness Increased - For both p and p*-type
PS-covered emitters, a clear reduction was observed in the maximum current obtained at

destruction, as the thickness of the PS layer was increased.

a) Possible Reason for Slight Increase in Maximum Current Following

Anodisation

A well known method of protecting an FEA from destruction, and for increasing the uniformity
from tip to tip, is to introduce a highly resistive layer beneath the individual cathodes, see
Baptist et al. (1993). The tips are then protected from sudden increases in current (current
bursts) by the resistive film, as the sudden increase in voltage will fall across the resistive layer

rather than across the tip.

Values for the resistivity of PS have been obtained by some researchers and can be as high as
106Qcm (depending on dopant type and formation conditions), see Chapter 3. It is therefore
possible that a PS layer at the tip surface could act in a similar manner to a resistive layer such
as that incorporated into devices by Baptist ef al. (1993). Each p-type PS cathode could be
considered to be composed of many nanoscale emitters, each of which is a single asperity,
connected to an underlying substrate by a thin but highly resistive layer, namely the p-type PS.
In this way, the current emitted from each fibril would be to some extent limited by the voltage
drop produced by the current flowing through the underlying resistive layer. As the current
would be limited, the emitting asperity would be less likely to destruct and so would reach a
higher current before blowing. The longer an emitting asperity survived, the higher the
probability that other asperities around it could emit. This in turn would lead to an increase in

the emission current.

However, compared to early results obtained in the poorer vacuum, the increase in maximum
emission current following anodisation, is less dramatic. These early results showed that there
was a ten-fold increase following anodisation. A possible explanation for the difference in
results is that the tip geometry used for these early experiments was different. During the early
experiments, the tip geometry was a blunt, over-etched point or wedge; whereas sharp-cornered

square-topped emitters were used for the experiments reported here. It is possible that
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anodisation affects different tip geometries in different ways. It is possible that anodised
relatively blunt emitters were more thermally stable than anodised sharp-cornered emitters, and
so reached higher maximum currents prior to self-destruction. Further investigation should now
be carried out on blunt anodised emitters (in the improved vacuum), to check whether the
improvement in emission current following anodisation is larger for blunt emitters than for

sharp emitters.

b) Possible Reason for Dependence of Maximum Emission Current on PS
Layer Thickness

PS layers are highly resistive. Therefore, as the thickness of the PS layers increased, the total
resistance of the layer should also have increased. It is possible that when the resistance of the
layer reached a certain value, significant resistive heating occurred, which could have caused the
layer to overheat and break down, causing the field emitter to undergo self-destruction. A planar
resistive layer beneath an array of tips acts as a large heat sink to dissipate heat energy
dissipated. However, in the case of the anodised tip, dissipated energy would have been
confined to a very localised region with no escape and so heating would definitely have
occurred. Following the peak in maximum current at very short anodisation times, the
maximum emission current decreased as the PS layer thickness was increased. This relationship
would support the theory that resistive heating occurred, as resistive heating is proportional to

the square of the resistor value.

It is possible that if pt-type PS thinner than 40nm and p-type PS thinner than 14nm had been
investigated, higher emission currents could have been obtained. However, to produce much
thinner layers (particularly for p*-type PS) more accurate anodisation equipment would have

been required.

7.5 Comparison to Similar Work Carried Out by Other Researchers
Since the start of this work, several other researchers have reported investigations into field
emission from PS. This section compares the results reported in this thesis with the results

obtained by other researchers.
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7.5.1 Emission from anodised un-gated emitters

1) Jessing et al. (1996) formed a thin layer of PS on p*-type silicon cones. They examined the
field emission characteristics in a vacuum of 7x10-7 torr, using a system similar to that reported

in this thesis. An example of a typical FN and IV plot obtained is shown in Figure 7.38. The

main points are listed below:

i) After anodisation, the starting voltage (voltage required to obtain 1nA) was typically ~150V
and 1HA was obtained at ~420V. These results are comparable to those reported in this thesis
(from p'-type FEAs), where the mean starting voltage could be as low as 160V (mean value

~250V) and 1HA was obtained at voltages in the range 320V-410V. It is encouraging that their

results are so similar to ours.

i1) Jessing et al. (1996) claim that the field emission characteristics of anodised tips were more
reproducible and more stable than for non-anodised tips and that they were stable over extended
periods of time. This is encouraging. In the present work, extensive stability tests were not
carried out, due to problems with the apparatus. However, the stability of anodised tips was
certainly no worse than from non-anodised tips. (The emission stability of anodised FEAs needs
to be investigated as part of further work, but this cannot be done until a new measuring

technique (other than adapted SEM) is devised or gated devices are developed.)

i) Unfortunately, these researchers did not report the results obtained prior to anodisation.
Therefore, no comparison could be made to show the extent of any improvement. Furthermore,
the PS morphology at the anodised tip apex was not reported. Therefore, it was not known
whether the fibril structure and PS layer thickness were truly comparable to the results reported
in this thesis. No attempt to optimise the emission properties by varying the PS layer

thicknesses or initial substrate doping was reported.

2) Evtukh et al. (1996) reported tests carried out on anodised non-gated n-type silicon emitters.
They reported an improvement in the field emission properties, observing a 40% decrease in
starting voltage. However, they did not report the morphology of the PS at the tip. As the

emitters were manufactured from n-type silicon, the structure and thickness of their PS layer is
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Figure 7.38 - Emission from Anodised Un-Gated Silicon Emitters - Results
Obtained by Jessing et al. (1996)

The results shown here were obtained by Jessing et al. at the University of Texas
A&M University. The samples were examined in a vacuum of 7x10-7 torr by

positioning a small tungsten probe above the emitters - this testing equipment was
similar to that used in the present work.
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likely to have been different to that obtained from p-type silicon. They claim that the starting
voltage was lowered due to the presence of fibrils at the emitting tip surface. However, they did

not provide any evidence to support this theory.

7.5.2 Emission from Anodised Gated Emitters

Takai et al. (1995) investigated field emission from gated arrays of silicon emitters. This work
is particularly interesting, as the facilities to gate tips were not available during the present
work. It was possible for these authors to anodise the gated FEAs because the insulator between
the substrate and the gate was manufactured from SiO. SiO etches much more slowly than the
SiO72 which is typically used for insulation in gated devices. It is important that the insulator
remains intact in order for the device to operate. In their work, n-type silicon (rather than p-type
silicon) was anodised using a current density of 40mAcm’?, in a solution of HF:water:ethanol in
the ratios 1:1:2. The samples had to be illuminated with an Ar laser during anodisation.
Anodisation was carried out for times in the range 15-60 seconds. Tests were carried out under a
vacuum of 1071V torr. An example of a typical IV and FN plot are shown in Figure 7.39. The

main results are outlined below:

1) Their work confirmed that the improvement in field emission following anodisation could be

reproduced with gated arrays as well as ungated arrays.

ii) The gate voltage required for emission was lowered by ~22% following anodisation. This is
slightly lower than the results reported in this thesis for ungated p-type PS. However, a direct
comparison cannot be made. This is because the FEAs were manufactured from n-type silicon,
rather than from p-type silicon and therefore the PS fibril structure and PS layer thickness may
have been different. Unfortunately, TEM studies following anodisation were not reported and so

the morphology of the anodised apex was unknown.

iii) The current obtained at a given voltage was increased by a factor of 5 following anodisation.
This was higher than observed during the course of this thesis, but was more similar to the

results obtained in this work during early testing.
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Figure 7.39 - Emission from Anodised Gated Silicon Emitters - Results
Obtained by Takai et al. (1995)
The results shown here were obtained by Takai et al. (1995) at Osaka University,
Japan and Mitsubishi Electric Corporation, Japan.
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iv) The field emission properties were dependent on the PS layer thickness - emission was

found to be degraded for anodisation times >30 seconds. This is similar to the results reported

in this thesis.

Although mentioned briefly, no evidence was provided to identify what caused the decrease in

starting voltage observed.

7.5.3 Emission from Flat Anodised Substrates

Yue et al. (1990) investigated the emission characteristics of flat anodised p’-type silicon
substrates. Anodisation was carried out at ~250mAcm™ for 2 seconds, in order to form a PS
layer ~0.4um thick. As mentioned previously, flat PS layers which had been oxidised were also
investigated. The authors claim that in both cases, extremely sharp tips were formed at the
PS/bulk silicon interface, which allowed electrons to be collected at very low voltages.
However, they also suggested that emission could have occurred from sharp PS fibrils. They did

not prove which of these actually caused the decrease in starting voltage following anodisation.

754 Summary

It is encouraging that others have obtained similar results. The work carried out on gated FEAs
is particularly encouraging and it is clear that this should be investigated further when the
facilities for gating are available. Unfortunately, in the majority of cases, the actual morphology
of the anodised tip surface has not been investigated. Therefore, it is difficult to compare
between the results obtained by different authors. In particular, none of these researchers have
thoroughly investigated the true source of field emission or the cause for the decrease in starting
voltage following anodisation. Little attempt has been made to optimise the field emission

properties by changing the PS layer thickness or the initial substrate doping.

7.6 Effect of Ageing and HF Dipping
7.6.1 Results from Aged FEAs

The effect of ageing on the field emission characteristics of p-type PS was investigated (there

was not sufficient time to examine the ageing of anodised p’-type FEAs). An FEA originally
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anodised for 10 seconds, and which had already been characterised, was stored in a dessicator
for a period of ~6 months. Its field emission properties were then re-characterised. Table 7.37

summarises the results obtained. The main points are summarised below:

a) Emission Current

Distributions of the maximum emission current after ageing are shown in Figure 7.40. There
was little difference in the maximum emission current obtained from fresh and from aged
samples. In fact, the value for aged samples was slightly higher than for fresh samples (being
~20uA versus 14UA for fresh samples). The proportion of tips blowing at current levels <SpHA

was similar, being ~20% for the freshly anodised and ~30% for the aged sample.

b) Starting Voltage and Voltage for Higher Current Values

The initial starting voltage was higher than for freshly anodised FEAs. However, the starting run
could be lowered by carrying out a second run. The mean starting voltage on the first run was
570V, compared to 390V on the second run. The mean starting voltage for the freshly anodised
sample (anodised for 10 seconds) was 330V. Therefore, the second run was higher than for fresh
samples, but was still lower than for either fresh or aged non-anodised silicon. A comparison of
current versus the mean voltage required to obtain a particular current, for freshly anodised,
aged anodised and fresh non-anodised samples, are shown in Figure 7.41. The plot from the

freshly anodised FEA and the second plot from aged samples are close.

7.6.2 Results from Aged and HF Dipped FEAs (1 Day Old and 6 Months
Old)

The effect of HF dipping was investigated in order to determine whether this treatment restored
the field emission characteristics of aged anodised FEAs. The emission characteristics of FEAs
aged for different times and then dipped into buffered HF have been compared. Table 7.37 also
summarises the results obtained from aged samples following HF dipping. Table 7.38
summarises the results obtained from freshly anodised PS which was given an HF dip only 1
day after anodisation. The results are plotted in Figure 7.42. The main results are outlined

below:
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Chapter 7 - Field Emission from Porous Silicon

a) For both the day-old and month-old samples, there was a drastic increase in the starting

voltage, following HF dipping.

b) For both the day-old and month-old samples, the emission was very unstable following HF

dipping. FN plots were very noisy following HF dipping, and lower emission currents were

collected.

TEM examination (see Chapter 6) has shown that if the specimen was several weeks old, the PS
layer could be completely removed by dipping into buffered HF, without an oxidation step.
However, if the sample was only a couple of days old, some residual (but discontinuous) PS
material was still left at the tip apex. The difference in the degree to which the PS layer was
removed 18 believed to depend on the degree of oxidation of the PS layer, which depends on the
time since anodisation. However, it is clear that even partial removal of the PS layer from the
surface of FEAs seriously degraded the field emission properties of anodised FEAs. Therefore,
HF dipping cannot be used to restore the low starting voltages of PS samples which have

undergone ageing.

7.6.3 Discussion

Ageing caused an increase in the starting voltage of anodised FEAs. In Chapter 6, it was shown
that the aged p-type PS samples had diffuse diffraction patterns, which implied that they were
completely oxidised. Therefore, the increase in starting voltage relative to freshly anodised
samples, was probably caused by the formation of an oxide layer. The starting voltage could be
reduced again by carrying out a second run (either disruption of the oxide layer or tip sputtering
occurred). However, an HF dip which is typically used to restore the characteristics of aged non-
anodised FEAs, could clearly not be used to completely restore the emission properties of aged

anodised emitters.

In a working device, the emitter should not be exposed to air. However, further work needs to
be carried out to examine the stability of field emission properties with time, following storage
under vacuum. Unfortunately, this was not possible using the apparatus available during the

course of this project, due to the fact that the 505 SEM probe was too unstable. If long term
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emission studies had been carried out over several weeks or months, stability would have been
seriously affected by probe oscillations and creep of the specimen stage. In order to carry out

such testing, a fixed probe and stage would have been needed.

7.7 Overall Summary of Results and Conclusions for Chapter 7

e The operating voltage of both p-type and p'-type silicon FEAs was significantly reduced
following anodisation. It is believed that this was due to the presence of sharp fibrils at the
anodised surface, which caused field enhancement (rather than a decrease in work function).
Further evidence for this is presented in Chapter 8. This is different to the explanation given
by Yue et al. (1990), that operating voltage was lower due to emission from sharp points on

the bulk silicon/porous silicon apex.

e The operating voltage of p'-type silicon FEAs was lower than for p-type silicon FEAs. This
is believed to be due to the fact that the emitting area (due to either larger surface fibrils or

larger number fibrils emitting) were larger for p'-type silicon FEAs than for p-type silicon

FEAs.

e There was an increase in maximum emission current following anodisation, but this increase
was relatively small. However, it is thought that the effect of anodisation on the maximum
emission current may be related to the tip geometry - initial testing in the poor vacuum on

blunt emitters had shown much higher increases in emission current following anodisation.

e The maximum emission current obtained from anodised PS emitters decreased as the
thickness of the PS layer increased. It is believed that that the PS layer acted as a resistive

layer, which broke down when it became too thick.

» Ageing significantly increased the starting voltage of anodised FEAs. A buffered HF dip
could not be used to restore the emission characteristics prior to ageing (even for sample only

1 day old), as this resulted in partial or total removal of the PS layer.

114



Chapter 7 - Field Emission from Porous Silicon
7.8 - Suggestions for Further Work

Further work should be carried out in order to understand the characteristics of anodised FEAs

fully. These include the following:

1) It should be checked whether the nature of the initial tip geometry influences the increase in

maximum emission current following anodisation.

2) The anodisation equipment should be improved so that shorter anodisation times are possible.

Emission from thinner PS layers may allow higher emission currents to be obtained.

3) The long-term stability of anodised FEAs versus non-anodised FEAs should be studied in
detail, as it was not possible to examine stability with the equipment available in this work. In

order to do this, a new measuring system allowing the probe-sample separation to remain

constant (or development of gated devices) needs to be developed.
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FIM/FEM of Anodised Silicon Tips
Chapter 8 - Field Ion/Field Emission Microscopy of Anodised Silicon Tips

8.1 Introduction

Field ion and field emission microscopy (FIM/FEM) have been used to study the effect of
anodisation on silicon field emitters. Although the effect of anodisation was also investigated
using the adapted SEM (see Chapter 7), FIM/FEM studies have been used to confirm that:

1) Anodisation lowers the starting voltage of silicon emitters.

i1) The origin of field emission for anodised tips was the sharp surface fibrils.

The following points are discussed in this chapter:
1) Discussion of main advantages and disadvantages of carrying out experiments in the
FIM/FEM, versus the adapted SEM.
i1) Basic operation of the field ion and field emission microscope.
ii1) Production and anodisation of silicon FIM tips.
iv) Discussion of results from FIM/FEM and TEM studies, before and after

anodisation.

8.2 Advantages/Disadvantages of Field Ion/Field Emission Microscopy

8.2.1 Main Advantages

e In addition to the measurement of field emission current, both field 1on and field emission
images of the surface could be observed. These images could provide important
information about the surface of an emitter. Field ion microscopy is a technique that can
be used to study in detail the overall symmetry of the tip end form and tip surface
topography (the resolution limit of an FIM is 0.25nm). A FIM image is formed when gas
molecules are ionised above prominent atoms on a tip surface held at positive polarity,
and an image is formed when ions are attracted to a fluorescent screen. (A further
explanation of both FIM and FEM imaging is given in Appendix 1.) Therefore, it should
be possible to identify the presence of sharp points (such as porous silicon fibrils) by
examining the FIM image. In addition, a field emission microscope can be formed by
reversing the polarity of an FIM and removing residual gas. An image 1s formed when

electrons are emitted from the tip surface and hit the fluorescent screen (the resolution
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8.2.2

a)

b)
C)

FIM/FEM of Anodised Silicon Tips

limit of an FEM is less than an FIM, being 2.5nm). In a FEM image, the sharpest
conducting points on a tip surface should image first. Comparison of FIM and FEM
images from the same tip allows the field emission characteristics to be directly related to
the structure of the tip surface. From this comparison, it should be possible to identify the

source of emission, thereby determining whether emission occurred from the sharpest

points.

In the FIM/FEM, the specimen-collector separation was known and was kept constant.
Therefore, the applied field for a given applied voltage was identical before and after
anodisation, and between samples. This was an improvement versus the adapted SEM,
where the specimen-collector separation was unknown and could vary slightly before and
after anodisation, and between examination of different samples. It was useful to be able
to confirm the results obtained in the SEM using a known, fixed specimen-collector

separation.

Field evaporation could be used to smooth the tip surface prior to characterisation.
Therefore, the morphology of the tip surface after field evaporation to a given voltage was
known and smooth from tip to tip. This was an advantage versus the situation in the
adapted SEM where the tip morphology before and after anodisation was unknown and

was different from tip to tip.

Field emission measurements could be obtained under UHV conditions (~10_11 torr).
This allowed noise and re-contamination of the surface to be reduced, versus that observed

in the adapted SEM.

Main Disadvantages
Experiments were much more time consuming than those carried out in the adapted SEM.
This was because only one tip could be examined at a time. Therefore the number of
experiments that could be carried out within the time available was limited.
Specimen preparation took much longer than for FEA samples.

FIM tips were much more likely to be destroyed during fabrication than for FEA samples.
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8.3 Experimental Details

In order to examine the effect of anodisation on the field emission properties of individual

silicon tips, and in order to identify the emission source, several steps had to be carried out.

These steps are summarised in Figure 8.1.

8.3.1 Fabrication of P*-Type Silicon FIM Tips

FIM tips were of very different geometry from the FEAs examined in the adapted SEM. FIM

tips were typically ~1.5cm long and ~0.5mm square in cross-section. The individual steps

required to manufacture silicon FIM tips are listed below:

1) Production of blanks by grinding.
2) Fast polishing to form tapered needle.

3) Slow polishing to produce vanishingly sharp tip.

The experimental details of these individual steps are outlined in Table 8.1. The equipment

used to carry out both polishing steps is shown in Figure 8.2 and Figure 8.3.

8.3.2 FIM/FEM Apparatus

A VG FIM 100 atom probe (see Cerezo et al. (1984)) was used to carry out both the FIM and
FEM analysis. The basic construction of a FEM/FIM is shown in Figure 8.4. The FIM 100
contained three chambers. The vacuum inside the main chamber was 1x10™"" torr (i.e. much
better than in the SEM). Once a FIM tip sample had been prepared, the sample was inserted
into the main chamber ready for FIM/FEM analysis. In order to reach the main chamber, the
sample had to pass through both the airlock and the preparation chamber. The preparation

chamber could be used to evaporate metals onto the FIM tip surface.

8.3.3 Anodisation of FIM Tips

The same electronic equipment was used to anodise silicon FIM tips, as was used to anodise
silicon FEAs. However, FIM tips were anodised by dipping the end of the silicon FIM tip into
the electrolyte which was contained in a beaker (similar arrangement to that used for tip

polishing in Figure 8.2a).
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Step 1
FIM tips were polished using a 2-stage process.
(see Table 8.1, Figure 8.2 and Figure 8.3)

Y

Step 2
Tips were made as smooth as possible, using field evaporation.
(see Figure 8.5)

U

Step 3
Field ion microscope images were obtained from the smooth field
evaporated tips.
(see Figure 8.6)

U

Step 4
Field emission microscope images were obtained from smooth field
evaporated tips. Current-voltage emission characteristics were also
collected.
(see Figure 8.9)

U

Step $
Tips were removed from the vacuum system and anodisation was
carried out in order to form a thin layer of PS on the tip surface.
(Similar apparatus to that shown in Figure 8.2 was used.)

U

Step 6
Anodised tips were re-characterised using FIM and FEM.

U

Step 7
TEM characterisation was carried out to check PS was still in place.

U

Step 8
For some tips (which had not been examined in the TEM), nickel was
evaporated onto the fully characterised anodised tips.

U

Step 9
Anodised tips onto which nickel had been evaporated were re-
characterised using FIM and FEM. TEM of these tips was then
carried out.

Figure 8.1 Steps Carried Out in Order to Investigate Effect of

Anodisation on FIM tips, and to Identify the Source of Emission
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Figure 8.4 - Basic Construction of Field-Ion / Field Emission
Microscope

A field ion / field emission microscope consists of a vacuum tube with a needle-like
specimen at one end mounted along its axis. Approximately 10cm away at the opposite
end, is a fluorescent screen and a channel plate electron multiplier of ~7.5cm in
diameter. The channel plate acts as an ion/electron image converter and intensifier. The
specimen is mounted on an electrical insulator so that it can be taken up to a high
voltage. It is kept at cryogenic temperatures, by mounting it on a 'cold-finger' cryostat.

For FIM studies, the specimen was made positive; whereas for FEM studies, the
specimen was made negative.
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Due to the voltage drop along the length of the FIM tip, and the low conductivity of p-type
silicon (10Qcm), it was not believed that a p-type FIM tip could be anodised at the tip end.
For this reason, only p'-type (0.01Qcm) FIM tips were anodised. Calculation showed that
only ImA current needed to flow to the tip (if ~Smm of FIM tip was dipped into the
electrolyte), in order to obtain a current density of lOOmAcm'z, at the tip surface. This was
due to the unusual geometry of FIM tips. However, one problem when anodising FIM tips,
was that it was difficult to ensure that the same tip surface area came in contact with the
electrolyte, from tip to tip. This must have caused variations in the value of applied current
density from tip to tip. As the morphology and thickness of PS layers depend on the

anodisation current density, this situation was not ideal.

8.4 TEM Examination of FIM Tips

A 200CX TEM microscope was used to examine the morphology of FIM tips before and after
anodisation. After field evaporation, FIM tips were thin enough to allow electrons to pass
straight through the tip end. No further sample preparation was necessary. However, a special
attachment had to be used to hold the FIM tip in place, see Warren (1993). The FIM tip was
held in place by a screw and the attachment was slipped into a bulk specimen holder, usually

used for STEM work.

8.5 Characteristics of P*-type Silicon Tips Before Anodisation

8.5.1 Field Evaporation and Field Ion Microscopy

Field evaporation in argon was carried out in order to produce a smooth tip surface. Field
evaporation is a process by which prominent atoms are removed from a rough tip, leaving
behind a smooth surface (see Appendix 1). The steps that had to be carried out in order to
field evaporate a tip are outlined in Figure 8.5. Results from tips of different geometriy are

summarised below:

a) Symmetrical Point-like Tips
At 7.7kV, symmetrical point-like tips produced a bright image on the screen. This image did

not contain any detail - it appeared fogged out. However, on lowering the tip voltage slightly,
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Step 1

11

Once inside the main chamber, the vacuum was ~10 " torr after

pumping for ~1 hour.

U

Step 2
A small amount of argon gas was bled into the main chamber, to a

pressure not exceeding 3x10~4 torr.

U

Step 3
The voltage was slowly turned up using a manual control.

Great care had to be taken as the silicon tips were under considerable
stress when a large field was applied to them. It was quite common
for the tips to ‘flash’ during voltage ramp-up.

‘Flashing’ meant that the tips exploded, destroying the tip end form,
leaving it jagged and non-uniform.

U

Step 4
Once the voltage reached 2.4kV, the voltage could be ramped
upautomatically using the computer. This increased the voltage by 7V
every 5 seconds, until the total voltage at the tip reached 7.7kV. As
the tip voltage increased, field evaporation was occurring.

Y

Step 5
If the image was “fogged out”, the tip had a symmetric point-like
geometry and was smooth. If the image was not “fogged out”, the tip
had a non-symmetric blade-shaped geometry. In order to smooth this
tip further, the voltage was increased to 11kV.

U

Step 6
When the tip was eventually “fogged out”, field evaporation did not
need to be carried out any further. The voltage was reduced until
individual bright spots could be observed. A FIM image was then
taken using a camera.

Figure 8.5 Process of Field Evaporation and Field Ion Imaging
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the FIM image could be seen to contain a uniform distribution of small spots, see Figure 8.6a.

All tips which were fogged out at 7.7kV produced images which were similar.

b) Non-Symmetric Blade-Shaped Tips

Some tips did not exhibit a fogged out image at 7.7kV. Instead, some detail could still be
observed within the image. An example is shown in Figure 8.8a. The distribution of spots is
less uniform, exhibiting streaks across the image. Such images were formed if the tip apex
had a blade-shaped geometry, rather than a symmetric point-like geometry. However,

subsequent field evaporation to 11kV usually improved the FIM image uniformity.

8.5.2 Transmission Electron Microscopy of FIM Specimens
TEM studies show that after simple electropolishing, the FIM tip end was non-uniform.

However, field evaporation made the tip smooth and uniform.

a) Symmetrical Point-like Tips
All tips which were fogged out at 7.7kV had tip radii similar to that shown in Figure 8.7 (i.e.

~100nm). The tip end is very smooth.

b) Non-Symmetric Blade-Shaped Tips

These tips had a wider range of tip radii and geometry. Figure 8.8d) and 8.8e) show TEM
images of a tip which had to be ramped to 11kV, before the FIM image was totally fogged-
out. In d), the tip is ~700nm in radius. However, when this tip was rotated through 90°, the tip
radius was only 0.1um, due to the blade-like geometry of these tips. Although the tips are not

symmetrical, they are smooth.

8.5.3 Field Emission Microscopy

After complete removal of the Ar gas and reversal of the tip polarity, field emission
microscope (FEM) images could be taken. The field emission characteristics of tips were
recorded at 70K, under a pressure less than 1x107! torr. Figure 8.9 explains the process for
FEM characterisation and explains how I-V measurements were collected. Figures 8.6b) and

8.6¢c) show FEM images taken at ~1kV, before and after emission. Note the uniform
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Step 1
After field evaporation and FIM analysis, the gas was pumped out of
the microscope and the polarity of the tip was reversed.

U

Step 2
Following the evaporation process, argon atoms were adsorbed onto
the walls of the cryostat. Therefore, the specimen had to be heated up
to ~110K in order to desorb them. (Complete desorption could take
up to 2 hours.)

U

Step 3
After the background pressure had reduced to <1x10'8Pa, the tip was
cooled down to 70K - this took ~20 minutes.

U

Step 4
The channel plate was turned on and the tip voltage was turned up
slowly. The current was measured using a Keithley 610C electrometer
via the earth return of a Brandenburg Alpha power supply. A 18.2MQ
resistor was in series with the tip.

U

Step 5
The voltage at which the first image was observed was recorded. A
field emission image was taken when the image was bright enough.
However, if the voltage was turned up too high, the image was
blurred.

U

Step 6
Before the image became very bright, the channel plate was turned off
and moved away from the specimen. This prevented further current
increases could overloading the channel plate, which would result in
burn-out.

U

Step 6
As the current was increased, the current-voltage data was recorded

manually. Current was not usually recorded below 10'9A as the
emission noise was too great.

(For further details, see King (1996).)

Figure 8.9 Process of Field Emission Imaging and Current-Voltage
Characterisation
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distribution of small spots. Figure 8.8¢c) shows a FEM image from a blade-shaped emitter -

this image is less uniform.

8.5.4 Field Emission Characteristics
Emission was much more stable than in the adapted SEM. Fowler-Nordheim (FN) plots were

obtained from a number of tips, following evaporation to a range of voltages. An analysis of

the FN plots is summarised in Table 8.2.

a) Point-like Tips

For all tips fully fogged out at 7.7kV, starting voltage (defined as voltage required to obtain
10-9A of current) was very similar from tip to tip. The mean starting voltage was 1.11kV. In
addition, the slope and intercept of the FN plots were very similar from tip to tip. Calculation
(using equation 2.16 in Chapter 2) showed that the mean emission radius was ~1.17x10""m.
This value of radius was very similar to that observed during TEM examination of field-

evaporated point-like tips.

b) Blade-Shaped Tips

Tips which were not fully fogged out at 7.7kV had higher starting voltages. The mean starting
voltage for such tips was 1.62kV (i.e.~45% higher than for those fogged out at to 7.7kV),
indicating that the tips were blunter. The mean FN slope was ~27% higher than for tips fully
fogged out at 7.7kV, indicating that the field enhancement factor of these tips was lower. The
calculated values of tip radii and FN slope were much more scattered than for tips fully
fogged out at 7.7kV. However, all blade-shaped tips had smooth surfaces following field

evaporation.

Ideally, it would have been preferable to use only uniform tips fully fogged out at 7.7kV
during these experiments. However, in reality, tips evaporated to 11kV had to be used due to

limitations of time and equipment.
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a) Uniform Tips evaporated to 7.7kV

Tip Number Starting Voltage Fowler-Nordheim | Fowler-Nordheim | Estimated Emitting
(to collect 10°A) | Slope Intercept Radius
1(27/2/95) 1.12kV -25,180 -12.530 1.23x10"m
2(21/2/95) 1.14kV -24,840 -12.730 1.09x10"m
3(16/2/95) 1.12kV -24,540 -12.730 1.08x107m
4(28/10/94) 1.18kV -26,280 -12.540 1.27x10'm
5(28/10/94) 1.16kV -23,630 -12.510 1.17x10"m
6(20/10/94) 1.10kV -24,990 -12.510 1.04x10"m
7(20/1/94) 1.00kV -24,350 -12.510 1.11x10"m
8(16/9/94) 1.07kV -24,110 -12.490 1.15x10"m
Mean Value | 1.11kV -24,740 -12.570 1.14x10"m
+0.07x10"m

b) Blade-Shaped Tips evaporated to 9kV

1(12/2/95) 1.43kV -30,630 -13.740 0.82x10"m
¢) Blade-Shaped Tips evaporated to 11kV

1 (16/3/95) 2.04kV -32,940 -13.140 1.86x10'm
2 (3/5/95) 1.35kV -19,820 -17.780 6.99x10°m
3 (18/5/95) 1.63kV -31,790 -14.790 5.01x10®°m
4 (16/6/95) 1.37kV -34,920 -15.740 3.42x10°m
5 (16/6/95) 1.54kV -19,200 -17.570 7.5x10°m

6 (22/6/95) 1.72kV -37,210 -12.940 1.48x10"'m
7 (14/8/95) 1.66kV -37,180 -13.560 1.08x10"m
8 (12/11/94) 1.71kV -36,220 -12.960 1.42x10"m
9 (28/10/94) 1.53kV -34910 -12.110 2.03x10"m
Mean Value | 1.62kV -31,580 -14.510 0.88x10"m

+0.72x10"m

d) Blade Shaped Tips Field Evaporated to 12kV

1(28/1/95) 1.67kV -36,370 -13.420 1.34x10"'m
¢) Blade Shaped Tips Field Evaporated to 13kV

1(15/7/95) 1.73kV -42,430 -12.240 2.39x10"m
2(7/10/94) 1.68kV -39,740 -13.050 2.13x10'm

Table 8.2 - Summary of Field Emission Characteristics for P* Type Silicon FIM
Tips Evaporated to Different Voltages
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8.6 Characteristics of Silicon Tips Following Anodisation
After field evaporation and subsequent characterisation, tips were removed from the
FIM/FEM vacuum system and a thin layer of PS was formed on the FIM tip surface by

anodisation. The modified tips were then re-characterised in both FEM and FIM mode. The

results are discussed below.

8.6.1 PS Morphology Following Anodisation

Figure 8.10 shows a TEM micrograph of an anodised FIM tip. TEM examination showed that
it was possible to anodise a FIM tip without damaging the tip itself or altering its overall
geometry. Table 8.3 summarises the TEM results from examining tips anodised for different

times. In Table 8.4, the morphology of anodised FIM tips has been compared to the

morphology of anodised FEA tips:

a) Similarities versus PS Morphology at Anodised P*-Type FEA Tips

e There is a high density of fibrils at the tip surface, see Figure 8.11.

e The pores have a honeycomb structure.

e The PS morphology is not affected by anodisation time.

e A core can be observed within the PS layer. This core has approximately the same
geometry as the original tip, but also depended on anodisation time, see Figure 8.12. Figure
8.12¢) shows the silicon core protruding from the centre of the PS layer (which has been

damaged). It can be seen that the core is rough (Figure 8.12d)).

b) Differences versus PS Morphology of Anodised P*-Type FEA Tips

e The fibrils at the surface of anodised FIM tips have higher aspect ratios than the fibrils at
the surface of anodised FEA tips - the fibrils are almost 10 times longer, see Table 8.4.
While some fibrils stand vertically proud of the tip surface, others are bent over and lie
across the tip surface.

e The average pore size for anodised FIM tips is twice that for anodised FEA tips, i.e. the
structure is much more open, see Figure 8.11a).

e The PS layer at the tip apex is thicker than for FEA tips anodised for the same time, see

Figure 8.12b).
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FIM/FEM of Anodised Silicon Tips

® The PS layer is up to 5 times thicker at the tip than up the emitter sides, see Table 8.3. For

anodised FEA tips, the PS layer was only slightly thicker than up the emitter sides.

8.6.2 Robustness of Porous Silicon Layers

The anodised FIM tips appeared to be more fragile than anodised FEA tips. The highest
current obtained from anodised FIM tips (before destruction) was in general lower than
obtained from anodised FEA tips. In fact, half the anodised FIM tips blew at emission
currents lower than 1nA (regardless of anodisation time). When an anodised FIM tip blew, the
PS layer was completely stripped away at the apex, leaving only the silicon core. However,

there were traces of residual PS much further down the FIM tip shaft.

One possible reason that the anodised FIM tips blew at low current values could be due to the
differences in the PS morphology between anodised FIM and FEA tips. This difference may

have caused the PS formed on FIM tips to be less thermally stable.

8.6.3 Dependence of Stability on Porous Silicon Layer Thickness
Anodisation was carried out for both 0.25 seconds and for 5 seconds. Emission characteristics
collected from tips anodised for these times are summarised in Table 8.5 and 8.6. The

emission behaviour of tips anodised for these times was very different:

e Emission from tips anodised for 5 seconds was very unstable compared to samples
anodised for only 0.25 seconds. The field emission current obtained from these tips was
uncontrollable and increased, with very little increase in the applied voltage. A typical
example is as follows. For one tip, a FIM spot appeared as the voltage was ramped up from
zero. Suddenly at an applied voltage of 800V, the emission current jumped in value from
InA to almost 100nA, without any corresponding increase in the applied voltage. The
applied voltage had to be turned down quickly to 520V in order to prevent damage to the
channel plate. However, the spot still had the same intensity as at 800V. Shortly
afterwards, the tip failed without any further increase in the applied voltage. In contrast,
field emission from tips anodised for only 0.25 seconds was controllable - there were no

sudden increases in current, unless the voltage was increased.
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FIM/FEM of Anodised Silicon Tips

* Very few data points could be collected from tips anodised for 5 seconds, prior to failure.
Therefore, the resulting Fowler-Nordheim and current-voltage plots were very irregular, see
Figure 8.13. In contrast, field emission from tips anodised for ~0.25 seconds produced regular

straight Fowler-Nordheim plots, see Figure 8.14.

The fact that thicker PS layers are less stable than thinner layers is similar to the results
obtained in the adapted SEM. As suggested in Chapter 7, thicker PS layers would have higher
resistance than thin PS layers. Field emission from these thicker layers may have caused

overheating of the tip, resulting in thermal run-away.

8.6.4 Confirmation that Anodisation Lowered Starting Voltage
e The mean starting voltage for field emission from anodised emitters was ~35% lower than

before anodisation.

e The first FEM image was obtained at a voltage ~48% lower following anodisation.

These results confirm the result obtained in the adapted SEM, that the starting voltage was

found to be lowered by 30-60% (although the height of the fibrils was different).

8.6.5 Evidence for Emission from Sharp Points of High Field
Enhancement

Examining the more stable data obtained from tips anodised for just 0.25 seconds
(summarised in Table 9.4), and the FEM/FIM images from anodised tips shown in Figure

8.15, the main results were as follows:

e The first FIM image spots were obtained at a voltage ~72% lower than before anodisation.
The FIM spots were also larger following anodisation. This suggests that very sharp points

were present on the emitter surface, following anodisation.

e Size of FEM spots was larger following anodisation. If emission had occurred from sharp

points of small radius on the emitter surface, it would be expected that larger FEM spots
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FIM/FEM of Anodised Silicon Tips

would have been produced. Therefore, these results indicate that after anodisation,

emission occurred from small points.

» Following anodisation, the slopes of the Fowler-Nordheim plots were ~ 50% lower.

These results indicate that the emission voltage was lowered due to the presence of sharp
points having high field enhancement. However, the experiments did not show whether these

points were present at the tip surface, or whether they were at the sharp interface between the

PS and bulk silicon.

8.7 Control Experiment

8.7.1 Aim of Experiment

The purpose of this experiment was to carry out a control experiment. In the control
experiment, some tips were taken through the same procedure as for anodised tips, but when
dipping into the electrolyte, no current was applied. This procedure was carried out in order to
expose tips to the same chemicals as the anodised tips, but to prevent the formation of a
surface PS layer. There was a concern that the decrease in starting voltage observed for
anodised FIM tips was actually the result of a native oxide layer (formed when tips were
removed from the vacuum to carry out anodisation, exposing them to air), rather being due to
the presence of sharp PS fibrils at the tip surface. King ez al. (1994) studied silicon tips which
had been exposed to air, following field evaporation. They found that the irregularity of
oxidised tips lowered the emission voltage by 50% compared to clean field evaporated silicon.
The control experiment was carried out in order to eliminate the possibility that the decrease
in starting voltage in this work was due to a rough oxide layer. If the non-anodised tips had
displayed identical characteristics to those of the anodised tips, this would have been cause for

concern.

8.7.2 Results
Five control tips were examined and the results are summarised in Table 8.7. The voltage at
which FEM images were obtained did decrease after being dipped into the electrolyte.

However, the emission characteristics were completely different from those obtained from
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FIM/FEM of Anodised Silicon Tips

anodised tips. Emission from the control tips was extremely short-lived and virtually no
emission current was obtained from these tips, prior to tip self-destruction occurring (no
emission current >10°A was obtained). FEM images obtained from control tips were very
unstable and non-localised - they appeared as “sheet-lightening”, with spots continuously
skipping over the channel plate. Anodised tips were much more stable than control tips and in

addition, much higher currents could be extracted from these tips, before destruction.

8.7.3 Summary

The conclusion from the control experiments is that the emission characteristics of anodised

FIM tips cannot be a result of oxidation during exposure to air only.

8.8 Identification of Surface Fibrils as Emission Source

8.8.1 Emission from Anodised Surfaces - FIM/FEM Image Correlation
Figure 8.16 and Figure 8.17 show FIM and FEM images taken before and after anodisation
for 0.25 seconds, respectively. Figure 8.20 shows a TEM image of the tip confirming that the
PS layer was still intact following characterisation (and evaporation of nickel). Figure 8.17
shows that there is good correlation between the FIM and FEM image. The brightest spots in

the FEM image correspond to the brightest spots in the FIM image.

Spots within a FIM image only originate at the tip surface. Therefore, as the FIM spots
correlate well with the position of the FEM spots, it follows that the FEM spots must also
have originated at the tip surface. If electron emission had occurred from the PS/bulk silicon
interface located below the emitter surface instead, this correlation would not have been
expected. Instead, the FEM spots might have been expected to be much more diffuse, due to
scattering of the emitted electrons as they crossed the porous silicon layer. Therefore, these
results indicate that field emission occurred from the surface of the PS layer and hence the PS

fibrils, rather than elsewhere.

8.8.2 Correlation between FIM/FEM Images from Anodised Surfaces

A further experiment was carried out in order to confirm that the sharp surface fibrils were the

source of emission. The idea behind this experiment was as follows. Assuming that field
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emission occurred at the PS surface fibrils, then if a thin metal layer was deposited onto a PS
FIM tip, emission should still occur at the same points as prior to deposition. This should
therefore give further proof that emission originated at the PS surface, rather than at the sharp

PS/silicon interface.

This theory was tested by evaporating a thin layer of nickel onto the surface of an anodised tip
(tip had already been characterised). Evaporation was carried out under UHV conditions in
the microscope preparation chamber, using an electron beam heated evaporation source. After

evaporation, the tip was re-characterised (FIM, FEM and I-V characterisation).

a) Correlation of FIM/FEM Images Before and After Nickel Deposition

The FEM and FIM images after deposition of nickel are shown in Figure 8.19. These images
are very similar to the corresponding images of the tip obtained prior to nickel deposition, also
see Figure 8.17. This indicates that after nickel was evaporated, emission still occurred from
the same sites. If emission had occurred from a buried interface, the good correlation between
the FIM and FEM images before nickel deposition and with FEM images before and after
nickel deposition would not have been expected. Therefore it is concluded that the source of

field emission from anodised emitters was the sharp surface fibrils present at the tip surface.

b) Comparison of Field Emission Data Before and After Nickel Deposition

Emission characteristics before and after nickel deposition are summarised in Table 8.8.
Figure 8.18 compares the FN plots obtained before and after nickel deposition and before
anodisation. The emission characteristics were similar to those obtained prior to nickel
deposition, although some improvement in emission properties did occur. The starting voltage
was ~15% lower than immediately after anodisation and the slope of the FN plot was lower by
~25%. These results suggest that either some sharpening of the emission sites occurred, or
that the work function was lowered. (Note that if the work function was lowered after
deposition of nickel onto the porous silicon layer (rather than an increase in enhancement
factor), the work function of the porous silicon must have been higher than bulk silicon. This

is because the work function of nickel is higher than bulk silicon.)
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FIM/FEM of Anodised Silicon Tips

¢) Confirmation of Presence of Nickel on Porous Silicon Surface

Figure 8.20 shows images of the tip after FIM/FEM characterisation and nickel evaporation.
The presence of nickel on the porous silicon surface was confirmed by the FIM image, which
exhibited small rings (similar to those obtained from a nickel FIM tip). In addition, TEM
examination following characterisation showed the appearance of additional spots in a

selected area diffraction pattern.

8.9 Summary of FIM/FEM Results

The main conclusions from this work are as follows:

1) For anodised emitters, the emission source was the sharp fibrils present at the anodised

surface.

11) Anodisation lowered the starting voltage of tips by 25-50%, confirming the results

obtained in the adapted SEM.

iii)The stability of emission decreased as the PS layer thickness increased, confirming the

results obtained in the adapted SEM.
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Chapter 9 - Conclusions and Suggestions for Further Work

9.1 Decrease in Operating Voltage Following Anodisation

9.1.1 Degree by Which Operating Voltage was Lowered

a) Studies in the adapted scanning electron microscope (SEM) showed that anodisation of p-
type silicon FEAs led to a decrease in starting voltage of up to ~50% compared to before

anodisation. Similar results were also observed in the field emission microscope (FEM).

b) The decrease in starting voltage for p*-type FEAs was greater than for p-type FEAs, which

exhibited a reduction in starting voltage of up to ~40% following anodisation.

These results are important because one of the major challenges in the development of
vacuum microelectronic (VME) devices is to obtain field emission at the lowest possible
voltage. These results agree with similar work carried out by other researchers who examined

both anodised gated and ungated tips.

9.1.2 Source of Lower Operating Voltage Emission
a) Studies in the adapted SEM indicated that the reduction in operating voltage following
anodisation was due to an increase in field enhancement, rather than a decrease in work

function.

b) Transmission electron microscope (TEM) analysis showed that following anodisation,
there were two possible causes for field enhancement:
i) The high density of very small, sharp fibrils present at the anodised surface.

ii) The rough, sharp interface between the PS layer and the underlying silicon.

c) Further studies in the adapted SEM and studies of FIM/FEM images showed that emission
occurred from surface fibrils at the surface of anodised tips, which caused local
enhancement of the applied electric field. This work is an advance on the work of other

researchers, who have not identified why emission improved following anodisation. In
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particular, this work indicates that the explanation proposed by Yue et al. (1990), that

emission occurred from the rough PS/bulk silicon interface, is incorrect.

d) Studies in the adapted SEM showed that the greatest decrease in starting voltage was
observed for anodised pt*-type silicon FEAs. This is believed to be due to the fact that p'-
type PS had a larger emission area, possibly due to the larger fibrils present at the emitter

surface (as observed by TEM).

9.2 Maximum Emission Current
Two different effects appear to have influenced the maximum emission current obtained
before destruction of emitters occurred. One effect acted to increase the maximum current,

whereas the other effect acted to decrease the maximum current;

9.2.1 Increase in Maximum Emission Current for Very Thin Porous
Silicon Layers

For very short anodisation times (i.e. for very thin porous silicon layers), the maximum
emission current increased by up to three times the value obtained before anodisation. This is
an important result, as another challenge in the development of VME devices is to obtain high
currents at low voltages, and to prevent tips blowing at low current values. If the required
current (~0.11A per tip for displays) could be obtained at a low voltage, the tip would be less
likely to experience ion bombardment which could destroy it. However, the effect was not as
great as early results from blunter emitters had indicated (where maximum emission current

was up to 10 times higher following anodisation).

The increase in maximum current was believed to be due to one or both of the following two

effects:

1) The PS layer acted as a protective resistive layer, hence preventing tips blowing at lower

current values.
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2) There was an increase in the number of emitting sites, due to the presence of many fibrils at

the emitting surface.

9.2.2 Maximum Emission Current Decrease with Increasing
Resistance of Porous Silicon Layer

The higher the resistance of the PS layer, the lower the maximum current obtained prior to

destruction of the tip. It is believed that this was due to resistive heating of the PS layer, which

led to over-heating and subsequent tip self-destruction. Resistive heating would have

increased with increasing PS layer thickness, and would thus have caused tips to self-destruct

at lower current values.

9.2.3 Optimum Porous Silicon Layer Thickness

There may be an optimum PS layer thickness, at which point the maximum current is
increased versus non-anodised silicon, but at which destructive resistive heating has not yet
occurred. It is thought that if layers of PS even thinner than investigated here could be
produced, an optimum thickness may be reached and hence higher maximum currents may be

obtained.

9.3 Suggestions for Further Work

The work described in this thesis has advanced the understanding of how anodisation can be
used as a simple treatment to improve the field emission properties of silicon FEAs. The
investigations described in this thesis should be continued. Suggestions for further
experiments and improvements to the existing equipment are described in the following

sections.

9.3.1 Further Optimisation of Field Emission Properties

a) Investigation of Larger Range of Anodisation Conditions

i) For p and p+-type silicon FEAs, a wider range of anodisation current densities should be
investigated. In this work there was only sufficient time to investigate samples anodised

with a current density of 30mAcm-2 for p-type silicon and 100mAcm-2 for p+—type silicon.
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i1) Studies of anodised n and n+—type silicon emitters should also be investigated. The cross-
sectional morphology of n and n+—type PS has been found by other researchers to be very
different from p and p+—type PS (see Chapter 3). Therefore the morphology of the anodised
tip is likely be different from p and p+—type PS, and could potentially have even better

emission characteristics.

b) Search for Optimum Porous Silicon Layer Thickness
Field emission from layers of PS which are thinner than those examined here should be
investigated. An optimum thickness may exist where even higher emission currents than so

far observed can be obtained.

9.3.2 Investigations into Long-Term Stability

Emission stability is an important parameter in the operation of a VME device. Studies in the
adapted SEM and in the FEM showed that the stability of emission from silicon tips before
and after anodisation was similar. However, it has not been possible to compare the long-term
stability of emission from FEAs before and after anodisation. This is because the mechanical
probe used in the adapted SEM was not stable over long periods of time (i.e. several hours)
and would have drifted, thereby confusing any results taken. Also, for both the adapted SEM
and the FIM/FEM, sufficient equipment time was not available. Such studies could be carried
out in a FEM which has been specially designed and dedicated to examining gated FEAs; or
alternatively in another piece of UHV equipment, such as the VME Surface Science System.
However, such studies would also require the development of gated FEAs, as it would not be
possible to apply a voltage to ungated emitters using these systems. This work has been

started by Huang et al. (1997).

9.3.3 Development of Devices

a) Development of Anodised Polysilicon Emitters

FEAs for flat panel displays are likely to be manufactured from polysilicon evaporated onto
glass, rather than from wafers of single crystal silicon. Therefore, investigations should also

be carried out to ensure that polysilicon emitters undergo a similar improvement in emission
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following anodisation, and that the PS morphology at the tip apex of an anodised polysilicon
tip is similar to that at an anodised single crystal silicon tip. This work has been started by

S.Pullen and M.Huang in the Department of Materials, Oxford (see Pullen ef al. ( 1996)).

b) Increase in Emission Current and Stability

If the porous structure was metal rather than silicon, higher emission currents could be
obtained. Conversion of the PS structure to porous tungsten has previously been carried out
for flat PS layers, by flowing WFg gas through the structure, see Groenen et al. (1994). This

treatment should be investigated for anodised FEAs.
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Appendix - Background Theory for FIM and FEM
1) Field Ion Microscopy / Field Evaporation

The field ion microscope (FIM) was invented by Miiller (1953). It can be used to image

the surface protrusions at a tip.

a) Process of Image Formation

When a high voltage is applied to the needle-like tip, gas atoms become polarised and
are drawn towards the tip, colliding with it. In the process of collision, they lose some of
their kinetic energy and become trapped in the high field region. The atoms then “hop”
along the surface, as they become thermally accommodated to the specimen
temperature. At high enough field, the first gas atoms to reach the surface become
adsorbed at the high field sites above prominent surface atoms. Subsequent atoms to
arrive at the surface migrate across the surface of this field adsorbed layer, until they are

ionized by quantum-mechanical tunnelling.

For 1onization to occur, electrons from the gas atoms must tunnel through the surface
potential barrier into the specimen, leaving positively charged gas ions on the surface.
However, electrons can only tunnel if they have an empty state to fill. Therefore, there is
a critical distance within which field ionization will not occur. Gomer (1961), Miiller &
Tsong (1969) and Miller & Smith (1989) give detailed treatments of the equations
governing the field ionization process. Field ionization occurs preferentially above the
most prominent atoms, due to a higher probability of tunnelling (as this critical distance

is decreased) and an increased gas supply.

Following ionization, the gas ions are then repelled from the sample, and travel along
radial paths towards the channel plate. On hitting the channel plate, secondary electrons
are produced in the electron multiplier. Hence, a highly magnified, projected image of
the tip surface is obtained on the fluorescent screen. The magnification of the image is
determined by the ratio of the tip-to-screen distance to the tip-radius, and is ~1 million

times. The maximum solid-angle viewed in a FIM image is 100-120°, depending on the



tip-to-screen distance. The resolution limit of the FIM is 0.25nm (higher than in the

FEM), depending on specimen temperature and the image gas used.

Only the protruding atoms at the tip are imaged. The intersection of each atomic layer
with the specimen surface forms a ring. On the surface of a crystalline material, the most
prominent atoms lie at the edges and corner sites, corresponding to a series of concentric
rings over a curved surface. Successive atomic terraces parallel to a particular
crystallographic plane generate concentric rings in the image. This allows identification
of major crystallographic directions. However, FIM images from semiconductors are
less regular and fainter than for metals. This is due to the fact that field evaporation
from high index regions is irregular, and leads to immediate surface reconstruction of

the remaining atoms.

b) Field Evaporation - Obtaining Smooth Tips

In order to form a good FIM image, the tip should be smooth, and of cylindrical
symmetry, rather than being blade-shaped. Smooth tips may be achieved by the process
of field evaporation. Field evaporation occurs when high fields are applied to the tip.
During field evaporation, surface atoms themselves (not just gas atoms) become
positively charged and are removed from their atomic sites. Prominent atoms are
removed, thereby smoothing out rough surfaces. Detailed accounts of field evaporation
theory are given by Miiller & Tsong (1969), McKinstry (1972), Miller & Smith (1989)
and Forbes (1995). Field evaporation of semiconductors is less uniform than field

evaporation of metals, for the reasons described previously.

2)  Field Emission Microscopy
The field emission microscope (FEM) was invented by Miiller (1937). A detailed
description of the FEM and its various applications are given by Gomer (1961) and

Swanson & Bell (1973).



a) Image Formation
To obtain a FEM image, the emitter is held at negative polarity. The actual field at the
tip is:

F = V/kr (2)
where F=field at tip surface, V=voltage applied, r=radius of tip and k=field factor due to
the fact that the emitter has a conical shrank (rather than being a sphere) - value is in
range 4-7, with a usually quoted value of ~5. Adequate fields for electron emission

should be obtained at 2-3kV, for a tip of radius 100nm.

Electrons travel approximately radially from the specimen surface, through the vacuum
to the channel plate. On hitting the channel plate, they form a field emission image. The
electrons closely follow the lines of force because they have very little energy after

leaving the tip surface.

b) Magnification
When the tip has a hemispherical end form, the magnification of the microscope is
given by:
M = x/Pr (1)
where [ is the image compression factor (B = 1.5-1.8), x is tip-screen distance and r is

5—106. The resolution of

tip radius. Magnifications obtained typically lie in the range 10
a FEM is ~2.5nm (i.e. 10 times lower than FIM). The resolution improves as the tip
radius gets smaller (o< —) and is independent of the tip-screen distance. The resolution

Jr

is mainly limited by the electron velocity at right angles to the emission direction.

¢) Image Contrast

Local variations in the field, e.g. due to asperities, cause emission anisotropies and
therefore provide image contrast. Such asperities, if conducting, will distort and
compress the equipotentials in their vicinity. (A divergence of the lines of force also
occurs which is equivalent to a lens effect.) The result is local field enhancement and

increased emission. The electric field at a hemispherical bump is three times less than



the field at a flat surface (if the bump is on a curved surface, enhancement is slightly
less). The magnification at an asperity, whose shape is approximated to that of a

hemispherical bump of radius p, is given by:
MM = Liwp) % (3)

where M' = magnification from the hemispherical bump, M=magnification away from
bump area and r = radius of underlying emitter. Work function differences on the
specimen surface will also cause image contrast in the FEM, with regions of lower work

function producing higher emission.
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Anodisation Rate on Flat Plane Plotted versus
Anodisation Current
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Figure 6.6 - Anodisation Rate on Flat Plane Plotted versus
Anodisation Current for P-Type and P*-Type Silicon

Data for this plot was obtained from studies of the heterostructures and the porous
silicon layer still attached to the substrate.

Substrate Type Current Density - Formation Rate nms™

P-Type 10mA/cm” 10nms™
120mA/cm’ 30nms'’

P+ Type 10mA/cm’ 35nms™’
120mA/cm’ 80nms™’
250mA/cm’ 100nms”

Table 6.6: Effect of Anodisation Current on Porous Silicon Layer
Thickness on Flat Silicon Substrate
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