Chapter 2
Fundamental Theory

2.1 Field Emission from Metals

Field emission is a quantum-mechanical phenomenon in which electrons tunnel
through a potential barrier at the surface of a solid as a result of the application of a
large electric field. Field emission is distinct from thermionic emission and
photoemission in which electrons acquire sufficient energy via heating or energy
exchange with photons, respectively, to overcome the potential barrier. In field
emission external electric fields ;on the order. of 10’ V cm™ are required for
appreciable electron currents. The presence of the electric field makes the width of the
potential barrier finite, and therefote permeable to the electrons. This can be seen with

the Fig. 2.1, which presents a diagram of the electron potential energy at the surface

of a metal.
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Fig. 2.1 Diagram of potential energy of electrons at the surface of metal.
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The dashed line in Fig. 2.1 shows the shape of the barrier in the absence of an
external electric field. The height of the barrier is equal to the work function of the
metal, ¢, which is defined as the energy required to remove an electron from the
Fermi level Er of the metal to a rest position just outside the material (the vacuum
level). The solid line in Fig. 2.6 corresponds to the shape of the barrier in the presence
of the external electric field. As can be seen, in addition to the barrier becoming
triangular in shape, the height of the barrier in the presence of the electric field E is

smaller, with the lowering given by Eq.(1) [1].
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where e is the elementary charge and. &,-1sthe permittivity of vacuum.

Knowing the shape of the energy barrier, one can calculate the probability of an
electron with a given energy tunneling through the barrier. Integrating the probability
function multiplied by an electron supply function in the available range of electron
energies leads to an expression for the tunneling current density J as a function of the
external electric field E. The tunneling current density can be expressed by Eq. (2)

which is often referred to as the Fowler-Nordheitn equation [2]
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Eq. (2)

where y= Ad/¢ with Ad given by Eq. (1), & is the Planck's constant, m is the electron

25



mass, and t(y) and v(y) are the Nordheim elliptic functions; to the first approximation
t*(y)= 1.1 and v(y) = 0.95 — y*. Substituting these approximations in Eq. (2), together

with Eq. (1) for y and values for the fundamental constants, one obtains Eq. (3) [2].

-6
E? 10.4 —6.44x10" ¢
J=142x10 ?exp( ¢1/2 jexp{ 2 ¢ Eq. (3)

where J is in units of A cm™, E is in units of V cm™and ¢ in units of eV. Plotting log
(J/E*) vs 1/E results in a straight line with the slope proportional to the work function
value, ¢ , to the 3/2 power. Eq. (3) applies strictly to temperature equal to 0°K.
However, it can be shown that the error involved in the use of the equation for
moderate temperatures (~300°K)1s negligible.
2.1.1 Field Emission from Semiconductor

To a large degree, the theory for electron emission from semiconductors can be
derived parallel to the theory for metals. However, special effects are associated with
semiconductors due to the state of their surface and the fact that an external field
applied to a semiconductor may penetrate to a significant distance into the interior.
The classic theoretical treatment of electron emission from semiconductors is given in.
For the case when the external electric field penetrates into the interior of an n-type
semiconductor and the surface states are neglected, log(J/E?) is shown to be a linear
function of 1/E, as for metals. However, in place of the work function ¢ in the

Fowler-Nordheim equation one needs to substitute a quantity y- o, where y is the
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electron affinity defined as the energy required for removing an electron from the
bottom of the conduction band of the semiconductor to a rest position in the vacuum,
and & denotes the band bending below the Fermi level. These parameters are
illustrated in Fig. 2.2.

The linear dependence of log (J/E°) on 1/E is expected only if the density of the
current flowing through the sample is much smaller than the current limiting density
Jim = enu,E/g, where u, 1s the electron mobility and n is the electron concentration in
the bulk of the semiconductor [3-4]. At J~J};,, the Fowler-Nordheim character of the
relationship J(E) passes into the Ohm's law (if'the. dependence of electron mobility on
the electric field is neglected) which results inthe appearance of the saturation region
in the emission current vs voltage curve. Such saturation regions were observed
experimentally for lightly doped n-type semiconductors and for p-type

semiconductors [5-6].

Fig. 2.2 Diagram of potential energy of electrons at the surface of an n-
type semiconductor with field penetration into semiconductor

interior.
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Electron emission from semiconductors has been a subject of more recent
theoretical considerations, which takes into account complications due to electron
scattering, surface state density, temperature, and tip curvature [7-8].

2.1.2 Fowler-Nordheim Equation for Gated FEA
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Fig. 2.3 Schematic diagram of‘a.cell-of.a microfabricated gated FEA.

Fig. 2.3 presents a schematic diagram of-a cell in a microfabricated gated FEA. The
emitter height is denoted by h, the gate aperture diameter by d, and the tip radius of
curvature by r.

The emitter has the form of a sharp tip so that advantage can be taken of the
well-known enhancement of electric field at surfaces exhibiting high curvature. If
voltage V is applied to the gate electrode, the electric field E at the tip is given by Eq.
(4).

E=pgxV, Eq. (4)

where the proportionality constant £ is called the field enhancement or field
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conversion factor. If E is in units of V cm™, V is in units of V and Sis in units of cm™.
If the area of which emission of electrons takes place is denoted as « and Eq. (4) is

substituted for E in the Fowler-Nordheim equation Eq. (3), the following expression is

obtained [2].

I =Jxa=AxV;expEB/V,) Egq. (5)
where

A=142x10°xaxf pxexf10.4/4") Eq. (6)
and

B=6.44x10’ x¢3/2/ p Eq. (7)

In Eq. (5) I is in units of A, ‘@ i units of ém”,"4 in units of cm™, ¢ in units of eV
and V, in units of V. Plotting expetimental values of electron emission current vs gate
voltage in the so-called Fowler-Nordheim coordinates, log( I/Vg2 ) vs 1/V, is a
common way of analyzing electrical performance for gated field emitter arrays. As
can be seen from Eq. (5), such a plot will appear as a straight line over a large portion
of the emission region. The constants A and B in Eq. (5) provide a way of comparing
performance of FEAs with different geometrical parameters, emitter materials, etc.
over a wide range of emission currents. The A and B values can be extracted from the
least-squares fit to experimental data with A related to the intercept and B to the slope

of the straight line in the Fowler-Nordheim coordinates.
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2.2. Bias Enhanced Nucleation of Diamond in Microwave CVD

The nucleation of diamond on defect-free non-diamond polished surfaces,

especially on silicon, is difficult in a chemical vapor-deposition (CVD) process. This

is due to extremely high surface energy of diamond; large lattice mismatch of

diamond and silicon; and relative low sticking probability and low surface mobility of

the precursor for the diamond growth.

One pretreatment of the substrate surface, to create active nucleation sites, is thus

required in order to obtain high nucleation densities. Both physical and chemical

methods have been used to roughen the substrate. surface to provide more nucleation

sites. Some of the methods used 'for the substrate pretreatment prior to growth are

mechanical damage of the substrate surface either by scratching it with abrasives,

usually diamond powder [9-10] or by abrasion in an ultrasonic bath of diamond

powder suspension [11], coating od a-C layer in methane-rich hydrogen plasma at low

temperature [12-15], coating of carbon clusters and intermediate layers of SiC, c-BN,

etc.

Because our substrate has been pre-treated, the former methods will damage our

pattern ; other methods must be used in our experiment. From Yugo et al [16-17] have

obtained very high density of diamond nuclei by a pretreatment process employing

negative dc bias to the substrate in a microwave plasma CVD process, using a
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methane-rich hydrogen plasma. An advantage of biasing is that it can be performed in
situ, is reproducible, and easy to control. It is no longer necessary to damage the
substrate surface by abrading it with diamond powder. The power of bias-enhanced
nucleation (BEN) to increase the nucleation density on mirror polished silicon [18]
and to provide nuclei for the growth of almost heteroepitaxal layers [19] has made it a
widely used tool for the nucleation of CVD diamond on silicon substrates. Although
good nucleation results have been obtained all over the world by this process, a lack
of knowledge about the mechanisms and phases involved remains.

On the one hand, nucleation.’enhancement. is thought to the negative bias
accelerates the ions in the plasma toward the substrate, and the resulting collisions
increase the concentration of active species on or above the substrate surface which
enhance the reactions responsible for the generation of diamond nuclei. The
accelerated ions also enhance the bonding of the carbon atoms to the substrates. Katoh
et al [20] have reported that the negative bias accelerates the carbon- containing
cations (C+, CH', CH, , CH;" , etc.) in the plasma to the substrate surface. The
bombardment of cations leads to an increased mobility of the carbon species on the
substrate. This is considered to be favorable for the generation of diamond nuclei. The
formation of a thin a-C layer during biasing pretreatment has been reported in the

literature [21]. It is suggested that the a-C layer is formed by the deposition of
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positively charged hydrocarbons or carbon cations. This a-C layer and the

bombardment of energetic ions cause the creation of diamond nuclei. Some workers

have reported the formation of an interfacial carbide layer covered with a very thin

non-diamond carbon film [22-24].
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