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Effect of distribution of field enhancement factor on field emission from
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Abstract

In this paper, the electron emission from a cathode with a large number of emission sites is discussed by introducing a distribution
function of the field enhancement factor . After accounting for the distribution of the field enhancement factor, the field electron
emission from the cathode deviates from the classical Fowler—Nordheim (F-N) theory, the F-N plot is not a straight line and bends up
in region of low electric field. A good agreement of the calculated results with experimental results was achieved by employing a

reasonable distribution function of f.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Vacuum microelectronics has attracted much interest in
the field of electron devices due to its high potential
application [1-4]. A cathode with a large number of
emission sites usually favours the increase and stabiliza-
tion of the emission current. Besides conventional field
emitters, such as Spindt-type metal emitters [5] and Si
conical emitters [6], many kinds of new emitters
including carbon nanotube [7], polycrystalline diamond
[8] and porous Si [9] are intensively studied to achieve a
high and stable emission current. However, in some case,
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the emission characteristics experimentally observed do
not follow the classical Fowler—-Nordheim (F-N) theory
[8,10—-12], and several reasons for this disagreement have
been suggested, such as space charge [13] and three-
dimensional effect [14,15]. Diamond and related materials
are strong candidates as cold cathode materials, but there
is a large difference in emission characteristics observed
by different groups and the emission mechanism is still
far from being understood. One of the reasons for
variation among the reported results of emission charac-
teristics may be non-uniformity or scatter in geometrical
shape of emission sites.

This paper discusses the effect of scatter in the
geometrical shape of emission site for an emitter with a
large number of emission sites by introducing a distribu-
tion function in field enhancement factor f. In addition,
the paper shows that the calculated results agree well with
the experimental results obtained in molybdenum emitter
arrays coated with diamond-like carbon by employing a
reasonable distribution of f5.
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2. Calculation model

The total emission current J for an emitter with a large
number of emission sites can be expressed as the sum of
emission current from the individual emission site,

J(E)= S i(E) (1)
1

where E is the average field, defined as value of the gate
voltage divided by the gate-emitter distance for a triode
structure, or the anode voltage divided by the anode-
emitter distance for a diode structure, j; (E) is the emission
current from one of the emission sites and N, is the total
number of emission sites.

When the electric field is not uniform over the area of an
emission site, the j; (E) is expressed as an integral formula,
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where F; is the electric field on the surface of emission site,
S; the emission area of the emission site, and j, the emission
current density given by Fowler—Nordheim formula as
shown in the following,
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where ¢ is the work function in eV.

Usually the field electron emission easily occurs at a
sharp tip called emission site. The electric field at the
emission site is generally enhanced over the average electric
field by a factor according to the geometrical structure of the
individual emission site and the factor is almost inversely
proportional to the curvature radius of the tip of the
emission site. Then, the electric field on the surface of
emission site is simply taken as F;=f;-E, where f3; is the
field enhancement factor of an emission site and £ is the
average electric field as defined above.

After introducing the field enhancement factor, Eq. (2)
can be simplified for individual emission sites as,

Ji(E) =jo(Bi E) Si(B;) (4)

where jo(f;,E) and S,(f;) are the current density and the
emission area for an emission site with a field enhancement
factor f3;, respectively. Furthermore, f3; is almost inversely
proportional to the curvature radius of the tip of emission
site, the emission area S;(f5;) is simply assumed to be a
quarter of spherical surface and then to be inversely
proportional to the square of f3;. Then, Eq. (4) becomes
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where d is the distance between emitter and gate for a triode
or emitter and anode for a diode structure.

It is reasonable that the f; varies in every emission site
depended on their geometrical structure and distributes
surrounding a certain value. Therefore, we introduce a
distribution function of N(f) for the scatter of f, and
Gaussian distribution is accessible for N(f3).

Finally, the total current can be expressed by following,

°° 6 4 (~6.83x10747)
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(6)

where the J(E) is the total current in mA, E is average field
in V/cm, d in cm and ¢ in eV.

Here, the effects of image force and three-dimension on
electron tunneling was neglected for simplification.

3. Results and discussions

Fig. 1 shows the F-N plots of the calculated results under
various Gaussian distribution of  as shown in following,
and the work function ¢ was taken as 4 eV as a conventional
emitter material,

;2
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where the centre value of f§ is 200 denoted as ff, and the full
width at half maximum (FWHM) of the distribution
function, w, are taken in 100, 200 and 400, respectively.
Although the Gaussian distribution spreads out into negative
values, here the values larger than 1 were employed in the
calculation and the normalization constant C of each
distribution was determined for the f§ value larger than 1.
As shown in Fig. 1, Gaussian distribution of # modified the
F—N plots from a conventional straight line and bended up
especially in low field region. The straight lines extracted
from high field region are also shown in Fig. 1 for the
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Fig. 1. The calculation results of the F-N plots under Gaussian distribution

£0o=200 and w=100, 200 and 400, respectively. The straight lines are
extracted directly from the calculated F-N plots in high field region.
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Fig. 2. The experimental and calculated F-N plot, inset, is the suitable
distribution N(@B used for calculation, N(f) :0.994exp(<ﬁ3;§,?3 )+

0.006exp (00

comparison. The bending in the F-N slop observed in the
low electric field becomes remarkable with increase in w.
Because the emission sites with high f values mainly
contribute to total emission current in the low electric field,
while in the high field many numbers of the emission sites
with low [ values contribute to the emission current, a
deviation of the F-N plots from a straight line can be
expected. A straight line in F-N plot, observed experimen-
tally in Spindt emitters and other materials including
diamond films and nano-tube carbon, may be the result of
the narrow distribution in f3, or the emission from only a few
emission sites with similar f value.

The bending in F-N plots at low field have been
observed experimentally by Jung et al. [11], who has
carried out measurements using a molybdenum Spindt
emitter with 1200 tips coated with 20 nm thick DLC. The
F-N plot was fitted by employing a reasonable Gaussian
distribution, as shown in Fig. 2, where the work function of
DLC was taken as 3 eV from our previous experiments [16].
The distribution of 5 used in the calculation is shown in the
inset in Fig. 2. As shown in Fig. 2, both calculation and
experimental results agree well especially at low electric
field, though the calculation deviates slightly from the
experiment in the high field region. The distribution of f is
acceptable considering of the actual emitter configuration.
In addition, the calculation suggests that the DLC coating
increase the emission sites by about 1.25 times compared
with that of Mo emitter tips. The above results indicate the
variation in emission properties of diamond films and/or
DLC come partly from non-uniformity in geometrical shape
between emission sites. Especially, the bending in F-N plots
is more apparent in the low field region as shown in Fig. 1,
in other words, the field emission from DLC is observed in
low electric field region and that indicates there is a large
potential to obtain a high emission current from DLC at
higher field.

Then, the distribution of f§ is useful to describe the scatter
in geometrical structure of the emission sites. A simple way
to measure the distribution of f§ experimentally is to observe
the images of the emitted electron impacted on a phosphor-
esce screen and count the number of emission spots for the
respective brightness [17,18], since the emission sites with
large £ illuminate the phosphor at low electric field, while
that with smaller f appear at high field.

On the other hand, the work function of individual
emission site varies by absorption and contamination of gas
molecules, and there is a distribution of work function
among electron emission sites. The effect of the distribution
of work function on electron emission from cathode with a
large number of emission sites can be treated by the similar
way as above.

4. Conclusion

The field emission from cathode with a large number of
emission sites was discussed by introducing a distribution
function of field enhancement factor . The F-N plots will
deviate from a conventional straight line especially at low
electric field. The calculation results based on the model
shows to agree fairly well with the experimental results and
are able to explain the emission behaviour of a field
emission from cathode with a large emission sites.
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