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[n this paper, an instrument for the characterization of field emission properties of nanostructured surfaces
is described. First presented is an introduction to the theory of field emission followed by a short
derivation of the key equations formulated by Fowler and Nordheim. The system is then described

followed by an analysis of the system’s performance and some example results.
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Section1 Introduction

In 1956, field-induced electron emission placed last when compared to the technical significance of
thermionic emission, photoelectric emission and secondary emission'. Extremely high fields were needed
to induce useful emission current densities, making field-induced emission the least feasible form of
electron emission for emerging technologies. At the time it was understood that topological
nanostructures on an emitting surface could solve this problem by intensifying and focusing the localized
field, thus reducing the field strength one needed to apply to induce emission currents - experimental
results showed local field amplifications by as much as two or three orders of magnitude’. However,
controlling the shape and ordering of nanostructures was still an immature art. The advent of the
Scanning Electron Microscope, the Atomic Force Microscope, and the Scanning Tunneling Microscope
sped up the development of this art and promoted the technological feasibility of field-induced electron
emission. Today field-induced electron emission is used in technologies such as field emission displays’,

. .. . 5
field emission microscopy®, and pressure sensors’.

One of the primary champions of field-induced electron emission is the display industry. Much study has
gone into a technology that promises to rival the top three technologies of our time — the Cathode Ray
Tube (CRT). the Liquid Crystal Display (LCD) and the Plasma Display (PDP). A Field Emission Display

is expected to offer the superior luminescence, fuller color, faster response time and wider viewing angle

! Good RH Jr and Muller EW. (1956). Field Emission. Encyclopedia of Physics. Vol 21, pp 176. Betlin: Springer-
Verlag.

? Good and Muller (1956). Field Emission. Encyclopedia of Physics. pp 180.

*Mann C. (Nov. 2004). Nanotech On Display. MIT: TechnologyReview.com
<http://www.technologyreview.com/articles/04/11/mann1104.asp ?p=0>

* Good and Muller (1956). Field Emission. Encyclopedia of Physics. pp 201.

% Lee HC and Huang RS. (1992). A study on field-emission array pressure sensors. Sensors and Actuators A. Vol.
34 No.2 pp. 313-324.
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of the CRT in a package as thin as a PDP and as light as an LCD'. With the proper materials, field-
induced emission may overtake these display technologies. The instrument presented here allows

characterization and categorization of materials for their potential impact as emitters in such an industry.

In particular the instrument was constructed to allow characterization of a novel nanostructured carbon
films. The film’s nanostructure is obtained through the use of self-assembling block copolymers™. This
chemical process can be used to manufacture nanostructured carbon films on a large scale and has the
potential to replace the current methods of carbon film production: CVD, laser ablation, and arc welding.
Nanostructured carbon films made by variations in the block copolymer processing technique will be
tested for field-emission qualities to determine the optimal processing parameters for generating high

tield amplification field-emission films.

" Mann C. (Nov. 2004). Nanotech On Display. MIT: TechnologyReview.com
? Kowalewski T, Tsarevsky NV, Matyjaszewski K. (2002). Nanostructured Carbon Arrays from Block Copolymers
of Polyacrylonitrile. J. Am. Chem. Soc. Vol.124. pp. 10632-10633.
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Section2 Theory

2.1 Fowler-Nordheim Equation Explained'?

The science of field emission began in 1928, when Fowler and Nordheim presented the first quantum-
mechanical model for describing field induced electron emission from a metallic surface; a model still in
use today. In deriving their model, Fowler and Nordheim first assumed that the conduction electrons in
the emitting metal are describable as a free-flowing ‘electron cloud’ - following Fermi-Dirac statistics -
and are bound to the metal by an energy barrier at the surface. Under the influence of a field, these
conduction electrons can be induced to tunnel through the barrier into vacuum, producing a field-induced
electron emission from the metal surface. Fowler and Nordheim further assumed that the surtace barrier
can be approximated with a one dimensional energy function without losing significant accuracy. (The
equations presented here assume a Fermi-Dirac metal emitting surface. Formulas for field emission from
a semiconductor, specifically from a semiconductor conduction or valence band, can be found in

Stratton’s “Theory of Field Emission from Semiconductors”)".

Eva V(x)=E, ~eFx

vac

1 e

4re, 4x

Vix)=E,, —eFx-

Figure 1: Surface energy barrier at metal-vacuum interface.

! Fowler RH and Nordheim L. (1928). Electron Emission in Intense Fields. Proc Roy Soc Lon: Series A. Vol 119,
No. 781, pp 173-181.

* Good and Muller (1956). Field Emission. Encyclopedia of Physics. pp 181-191.

* Stratton R. (1962). Theory of Field Emission from Semiconductors. Phys Rev. Vol. 125, No. 1, pp 67-82.

Kusne 3 of 40



Assuming that the emitting metal surface lies perpendicular to the x-axis as sketched in Figure 1, the

electron emission current density from the surface of the metal is described by the equation:

I, =[D(e)N (¢,)de, (1]

Where N (&,)dé, is the density of electrons within the metal with kinetic energy £ in the x-direction
within a kinetic energy range d€_, and D(¢€,) is the probability of an electron with kinetic energy

£ tunneling through the surface barrier.

N (€,)de, is determined by solving:

N (g)de, = I I f(&, ky.k)g(€, k. k )de dk dk, (2]
ky k.

Here g(&,)de, is the density of states with kinetic energy €, within a unit volume, f(€,) is the
probability of an electron inhabiting those energy states, and k, and k, represents the electron wave-
numbers in the y and z direction. To find g(€&,)d€, . the phase space representation of the metal is
constdered, where the wave-number vector may be separated into its constituents:

k=k%+k $+k2 (3]
Where k is the wave-vector of an electron.

In each unit volume of phase space, (2r)’, there are two allowed states, one with electron spin up and one

with electron spin down. Within the wave-vector range of dk dk dk ., the number of allowed states with
kinetic energy £, is given by equation [4].

h
glk, .k, .k, )dk dk dk, = (—2—2—L dk dk .dk, [4]

) m,

Here m, is the electron mass and h is Planck’s constant divided by 2.
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Putting g(k) in terms of £, with the substitution suggested by equation [5] gives us equation [6]:

Bk
E=o 5]
2
€,k .k )de dk dk, = de, dk_dk, 6
8K,k )de dk, Qryn e Lo]

The probability of an energy state being filled is given by the Fermi-Dirac probability distribution,

equation [7].

1
[(&)=—— [7]

(8]

Here kg is the Boltzmann constant, T is the absolute temperature, and £, is the metal’s Fermi energy.
Inserting equation [6] and equation [7] into equation [2], making the substitution in the Fermi-Dirac

distribution suggested by equation [8], and integrating over k, and k, gives:

£ —€p

N(e,)de, :ﬂz-jk—Tlog(H-e @) de, (9]

Assuming the absolute temperature of the metal to be low enough that f(£ ) looks like a step function

with value 1 at € < € and a value of zero at €, > €, the following approximation can be made:
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€p -&4 g < ¢p
Ex—€F

kTlog(l+e “ )=

{10]

0 Ex > €

This results in a simpler form for N(& )de, :

4
N(Ex )dgx = ;lunf (gF —Ex )dg,r £, S €I~‘ [1 1]

3

To determine D(&, ), the tunneling probably of electrons with kinetic energy &, ., consider the energy

barrier at the surface, shown in Figure 1.

To escape, an electron inside the metal must contend with the difference in energy between it’s energy
state in the metal and the energy level of the vacuum outside the surface. For the highest energy electron,
at zero absolute temperature, this energy difterence is the difference between the vacuum level and the
Fermi energy. When a field F is applied at the metal surface, the vacuum energy barrier is reduced to a

triangular shape described by equation [12] where x is the distance from the surface, as shown in Figurel.

A more accurate model of the surface energy barrier takes into account the electron image force, which

further alters the energy barrier as described in equation [13] and which is also shown in Figure 1.

Vix)=E,, —efFx [12]

Vix)=E,_ —eFx-

vac

— [13]

Here, £, is the vacuum energy level and x is the distance from the metal surface.

C
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The equation for the energy barrier is inserted into the one dimensional Schrddinger’s equation to
determine the transmission probability coefficient, which yields the probability of an electron tunneling
through that barrter. An equation for the transmission probability coefficient for an arbitrary potential
barrier can be found by applying the Wentzel-Kramers-Brillouin' approximation to the one dimensional

Schrédinger equation giving equation [14], where x; and x; are the zeros of the radicand with x; < x,.

8m,
h2

D(&) = exp(~ | [V (x) — £]dx) (14]

Inserting equation [12], representing the energy barrier observed by the electron in trying to escape the
metal surface, into equation [14]. then inserting D(€) and the N(& )dé&, of equation [11] into the
original equation [1] and solving gives the Fowler-Nordheim result — equation [15]. If instead equation

[13] were used to represent the energy barrier, the more accurate, yet far more complicated set of

equations [16-22] results:

e3 F2 4\/’2_”:¢3/2

i= G e ) [15)
j=ﬁ@exp<—4—‘/—§gﬁvm> [16]
v =2 TV B~ (- T DK ) [17]
,(y):v(y)_%yd_‘;yy_) (18]
Kt =["—2 (19

" Ji—kZsin’
E(k) = L%,/l —k>sin’ gpdg [20]

' Schiff LI (1955). Quantum Mechanics New York: McGraw-Hill pp 184.
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k?= X [21]
1+4/1=y°
e’F

Y= [22]
4

In practice, equation [15] is the most commonly used equation to fit emission data, as there is less than a

5% difference between using equation [15] and the set of equations [16-22].

2.2 Local Field Enhancement Factor

The Fowler-Nordheim equation predicts that a field of 10’ V/cm would be necessary to generate an
emission current density of 10°A/cm” from a tungsten tip. However, experimental emission data tends to
be on the order of ten to one hundred times greater than the predicted emission current density. Schottky
postulated that such an enhancement factor would be due to nanostructures on the tip surface. The
geometry of these nanostructures concentrate the applied field locally and so they are locations of high
electron concentrations. An example of this effect is shown in Figure 2. If a voltage is applied across two

parallel plates separated by vacuum, the field lines will concentrate at small structures, commonly

nanometer scale structures.

N

Figure 2: Local field enhancement due to Figure 3: Model for local field
nanostructure. enhancement.
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To determine the effect of these nanostructures on the applied field, a model is necessary. One such
model is a conductive sphere of charge Q suspended above a flat metal surface'. The sphere and the
metal surface are connected by a thin conductive path — as in Figure 3. The sphere has radius r and the
conductive path has length h. An applied field between two opposing parallel plates creates a potential at

a distance h from the flat surface of:

o=Fh [23]

a

If the charge Q is assumed to be concentrated at the center of the sphere of radius r, the surface of the

sphere has a potential due to the charge given by equation [24] and a field given by equation [25]:

(Y

== 24
¢ dre, r (241
F=1 2.9 [25]

4rme, v~ r

Equating the two potentials represents connecting the sphere to the plate, then the substitution can be

made:

F:ﬂ:ﬁFu:ﬁFd [26]
r

r

The apparent enhancement of the applied field is represented by the 8 coefficient, which has been dubbed
the ‘local field enhancement factor’. The local field enhancement can be considered a product of the
nanoscale protrusion from the metal surface. The local field enhancement can be similarly produced by
other nanostructures.

One example is found for flat metal surfaces coated with a thin insulator layer. If the insulator layer
contains a matrix of thin conductive paths from the metal-insulator interface to the insulator-vacuum
interface, local field enhancement can occur at each of these pathways. Our model for local field

enhancement model is applicable to this situation as well. Here h becomes the length of the conductive

' Gréning O. (1999). Ph.D. Dissertation: Field emission properties of carbon thin films and carbon nanotubes. Diss
No. 1258. University of Freiburg, Germany. pp 29.
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paths and r becomes the radius of the conductive path at the insulator-vacuum interface. More example

geometries and nanostructures found in the literature are listed in Appendix A.

To incorporate the local field enhancement factor into the previous equations, the substitution suggested

by equation [26] is made. The Fowler-Nordheim equation becomes:

3 | 4 ’2 3/2
¢ BF’ e:xp(———me¢

A s a ) [27]
42r) ho 3hefF;

j=

If the applied field is generated by placing a voltage across the emitting surface and a parallel plate that is
held a distance d from the emitter, the Fowler-Nordheim equation can be rewritten as a relation between
the applied voltage and the emission current:

= A e ( ) 4-"2171 d¢

‘4Qn)he d eV,

(28]

Here A, is the area of the emitting metal surface.

In a field emission measurement system a metallic probe tip is used to apply a voltage to the sample. The
metallic probe tip has a spherical geometry with a radius a few orders larger than the dimensions of
emitting surface nanostructures. The probe tip is brought close enough to the surface that the probe tip
can be approximated as plate parallel to the sample surface, allowing the use of equation [28] in fitting
field emission data.

Along with the I-F curve, a ‘Fowler-Nordheim plot’ is generally shown for a material. lIts linearity clearly
illustrates whether or not the non-linear [-F curve can be represented by field emission. This is a plot of
In(U/F?) versus 1/F. If the field emission data is properly described by the Fowler-Nordheim equation, the

plot shows a straight line with a projected y-axis intercept of:

Ae
b =In(——-t-—"—— R*?
(4(27[) h¢ﬂ ) (29]

And a slope of:
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4 lzme ¢3/2

T 130}

A plot of the equation’s [-V curve with a workfunction of SeV, a probe-sample distance of S5um, an
emission area of 10" cm”, and a beta of 1000 is shown in Figure 4. It’s accompanying Fowler-Nordheim

plot is shown in Figures 5.

e 147 [cm/V]
4E8 d=35um 0.0001 0.000x 0.0003 00004 00005
Ae=1E14cend 0.05 -
beta- 1000 \
2E8 A b=-116
-0 \ m=-7.64E5
1E8 N
— 015
§ 9E9 N
= E -02 N
BE9 S .
= 0% \\
49
-0.3 \
2E8
035 .
0 LA e e e s e B B e e s e e N
2E4  4E4 6E4 9E4 1E5 0.4 AN
F (Vicm]
Figure 4: I-V curve of field-induced Figure 5: Fowler-Nordheim plot.

electron emission.

If the sample of interest has a relatively smooth surface, with no structures to contribute to a local
enhancement factor, topographical data of the sample can be taken by field emission measurement
equipment. As the probe is scanned over the sample, variations in the surface height will result in
predictable variations in field emission current density. This information is translatable into topological
data by use of the Fowler-Nordheim equation. However, because of the field emission current’s
dependence on work-function, topological data is best taken of highly homogenous materials or materials

with known work-function variations.
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Section 3 System

A system was built to characterize the emission characteristics of nanostructured metallic surfaces. The
system is currently capable of scanning a probe over the surface of a sample at a user specified distance,
applying a field, and collecting emission current data. The data can then be exported for analysis,

generally using a curve-fitting program to extract Fowler-Nordheim coefficients.

The system layout is presented in Figure 6 and a picture is presented in Figure 7.

Vacuum Chamber
’ NM
Controller ] H Vacuum Controller

Naneo- Probe - le
Manipulator '_’ rebe - Samp

Interferometer F_ Sourcemeter

4’ Computer

D

Figure 6: System Layout

The system consists of 3 subsystems:
e Vacuum Control and Maintenance
e Positioning (including Vibration dampening)

e Voltage Sourcing & Current Measuring

The experiment is conducted within a vacuum chamber maintained at a pressure of 10° Torr or better.
The sample to be characterized is mounted into a holder within the vacuum chamber and a probe is
brought close to the sample’s surface. A nanomanipulation system is used to control the distance between
probe and sample and to scan the probe over the sample surface. A voltage is applied between the probe

tip and the sample and the field emission electrons generated by the sample are collected on the probe.
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