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ver the past few decades, there have been many
major advances in the field of electronics due, in the most
part, to the continued miniaturisation of Si-based electronic
devices. Regardless of the consistent push for ever small
consumer electronics, we are, however; swiftly reaching the
technological “wall” and will soon encounter both technical
and scientific limits. There have been various attempts to
address this problem by movement away from conventional
device structures. Another approach has been to investigate
the use of alternative material systems, some of which could
be used on flexible substrates. Here we will briefly describe
some of the work carried out over the past couple of decades
in our Department on the realisation of Carbon Based
Electronics as one possible solution to this ubiquitous
problem.
In the late 1980’s, early 1990’s, there was an increasing
interest in the use of carbon based materials for use as an
active electronic material in devices, and also in a plethora of
passive applications. In our laboratory, as we had been

working on amorphous silicon (specifically hydrogenated
amorphous silicon (a-Si:H) for several years), the move to
investigate amorphous carbon, and the various carbon
allotropes, was a very obvious one. Diamond-like-carbon
(DLC) is a metastable form of amorphous carbon (a-C)
containing a significant proportion of sp® bonds. A ternary
phase diagram of bonding in a-C hydrogen alloys’ is shown in
Figure 1.
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Figure 1. Ternary phase diagram of amorphous carbon (a-C).
Adapted from '

Our interest focussed on two variants of DLC, the first
material — hydrogenated amorphous carbon (a-C:H) which
could be produced using plasma enhanced chemical vapour
deposition (PECVD) in a somewhat similar manner to a-Si:H
production and tetrahedrally bonded amorphous carbon
(ta-C) which we produced using a Filtered Cathodic Arc
process.

The high sp® bond concentration of DLC results in a
mechanically hard material that is chemically and
electrochemically inert and has a wide band gap, similar to
diamond itself. This led it to being used in a plethora of
applications including anti fuses,' low dielectric constant
films,! field emitters,? and as the active layer in field effect
transistors (FETs).® However, the performance of DLC in
FETs was poor. DLC typically possesses a large density of
states in the bandgap.® It transpired, that the mechanical
properties of the DLC made it much more useful in
mechanical applications, as for example, in protective
coatings’ and in micro-electromechanical devices where it
could be utilised in the manufacture of novel normally closed
microgrippers, as shown in Figure 2.
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Figure 2. (a) SEM images of a Ni microgripper frame (without a DLC
layer) with a finger length of 100 pm; (b)—(d) SEM images of devices
with various DLC/Ni thickness ratios and finger length. (d) Shows a
fully closed microcage with a diameter of around 40 pm.*

The films were also remarkably smooth and could be
deposited at room temperature with excellent coverage on a
variety of substrates. This led to their use in perhaps its most
major application to date — the protective coating on digital
recording heads and disks'. Thus, although there was some
success in the optimisation of amorphous carbon thin films,
its use in active electronic devices largely failed to
materialise and it is its mechanical properties which have
proven to be of much greater industrial interest.

Our own interest in carbon based materials, however; did not
end there. Just as our work on the electronic applications of
DLC was coming to a conclusion, we began work on carbon
nanotubes (CNTs). CNTs are allotropes of graphitic carbon
with a cylindrical structure. Most single wall nanotubes
(SWCNTs) have diameters of ~ 1 nm and are either
semiconducting or metallic-like. Multiwall CNTs (MWCNTSs)
consisting of several concentric nanotubes (somewhat like a
Russian—Doll structure), which can be ~ 20 - 100 nm
diameter and are always metallic-like in nature. There are a
plethora of potential electronic applications for CNTs but
many such applications depend on techniques of selectively
producing (or post growth separation of) either
semiconductor or metallic CNTs. It is possible using a novel
Chemical Vapour Deposition (CVD) recipe using methanol
and ethanol mixtures to grow > 95% semiconductor tubes,®
but there is still no way to grow 100% semiconducting tubes.

Alongside many other groups, we investigated the use of
CNTs (both individual and networks) to produce transistor
structures (Figure 3).° Since then, various groups have
optimised the process and most recently the group in
Stanford’ have announced the first CNT based “computer”,
with IBM identifying CNTs as excellent semiconductors for
the replacement of Si going forward.®
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Figure 3. Gate transfer characteristics of a top-gate CNT FET
(Vds=50, 100, 200 mV).®

However, our own major interests lies in the use of CNTs for
field electron emission applications and their use in
replacement of copper for interconnects and vias in very
large scale integration (VLSI) circuits because of their high
thermal stability, thermal conductivity and electrical
conductivity. In this instance, although individual CNTs can
carry current densities of order 4x10° A/cm? the main
obstacle to their use is in the ability to produce sufficiently
high areal packing densities to meet the actual currents
required. By careful control of the growth process,®
Robertson and co-workers have successfully produced
inter-connects based on metallic-SWCNTs forests by
controlling the catalyst thickness to increase the CNT overall
areal density from ~10'2 cm2 to ~1.5 x10"° cm2. Of course,
there is still some way to go before such structures can be
made within vias on actual integrated circuits.

Ever since the invention of the micro-tip field emitter source
by Spindt and co-workers,’® there have been numerous
attempts to achieve more efficient and stable electron
sources. Indeed, we spent some time investigating the use of
DLC as field emitters in the 1990's™! but have, more recently
focussed on CNTs because of their high aspect ratio and
near-ideal whisker-like shape. CNTs have other properties
which lend themselves to the fabrication of efficient field
emission sources — they have an exceedingly high room
temperature conductivity and, as they are covalently bonded,
they do not suffer from electro-migration. CNTs have already
been demonstrated in a wide variety of application and in our
particular case we have utilised them in field emission
displays? in collaboration with Samsung and as sources for
electron microscopes’? (Figure 4).
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Figure 4. (a) CNT grown on top of W tip (b) Life-time measurements
of 4 individual CNT electron sources mounted on W tips ( courtesy of
N.De Jonge)."
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We have also investigated the use of CNT-based electron
sources in parallel electron beam lithography,”™® and as
sources in high frequency generators/amplifiers, both in
collaboration with Thales.™ Figure 5 shows schematically a
single element of a writing head for a parallel electron beam
lithography system and an example of a microfabricated CNT
emitter needed for each source is shown in Figure 5(b) where
a 2 pm gate aperture is used and a 100 nm diameter MWCNT
is produced using a self-aligned technology. For a 100x100
array the emitted current which reaches the anode, was 10 p
A, equivalent to 1 nA per emitter.

Figure 5. (a) Schematic of parallel electron beam lithography source
(b) integrated CNT in gate (c) 10x10 mm micro-cathodes.?

In * we described the construction of a microwave diode
where the CNT field emission source was directly driven at
gigahertz (GHz) frequencies. Arrays of vertically aligned
MWCNTSs, as shown in Figure 6(a), were integrated onto a
coaxial post in a resonant cavity. In the device simulation
shown in Figure 6(c), radiofrequency electromagnetic
radiation at the input induces a high, oscillating electric field
at the end of the coaxial post; this electric field is further
amplified by the MWCNT array. Successful operation at 1.5
GHz was obtained at a current density of 12 A/cm?.
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Figure 6. (a) A scanning electron micrograph of a typical MWCNT
array grown by PECVD. (b) Schematic of a microwave cavity design
and corresponding (c) simulation. Adapted from ™.

Most recently we have been investigating the use of CNTs in
X-ray sources and have begun collaboration with Cambridge
X-ray Systems; our aim, to produce stable, long lifetime
sources. In order to do this we have produced individually
ballasted CNT structures. One such silicon-on-insulator (SOI)
ballasted emitter array is shown in Figure 7(a). Here each
MWCNT emitter is connected in series to a single FET formed
from the upper most Si layer and back-gated by the Si.
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Figure 7. (a) A scanning electron micrograph of a fabricated
ballasted array of MWCNTs, and (b) schematic of measurement
process."®

The potential drop across the FET channel tends to limit the
rise in emission current by reducing the tip-to anode potential
difference. The FET is formed from an undoped Si channel on
a 200 nm thick thermally oxidized SiO, gate dielectric with
asymmetric source-drain contacts. The source is formed
from a square W mesh contacting the polycrystalline Si. W is
an abundant source of electrons when connected to the
negatively biased power supply. The drain contact is formed
at the MWCNT/catalyst junction at the base of the MWCNT.
The drain receives electrons in response to transport through
the channel, but cannot source them. As the current
increases, the potential at the drain becomes increasingly
positive. Thus, the gate-drain potential difference reduces
which saturates the emitted current. By electronically
controlling the source-drain potential we have demonstrated
the ability to controllable limit the emission current density by
more than one order of magnitude. The detailed fabrication
procedure is found in 3. CNTs, utilising mis-orientated mats,
have already been used in commercial products by XinRay
Systems in the USA where their CNT x-ray source array based
stationary computed tomography provides high speed, high
resolution, and a small footprint.™®

We continue to look at further commercial applications for
CNTs but our latest interest in carbon based electronics, like
many other groups, is in the production and application of
graphene. Our first effort was in the area of field emission
where we utilised graphene as the field emitter.’” However
our major innovation in this area was to use graphene, not as
an emitter, but rather in a novel gate structure. Here we used
CVD synthesised graphene films as the gate electrode in a
triode field emission source structure and compared it to a
standard mesh gate.’®
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Figure 8. A graphene based gate electrode in field emission triodes.
(a) Integrated intensity maps showing the electron beam divergence
with graphene (top) and without (bottom). (b) Extracted beam
diameters, and (c) simulated beam divergence for gates with (top)
and without (bottom) graphene.®

The highly electron transparent gate electrodes were
fabricated from chemical vapour deposited bilayer graphene
transferred to Mo grids with experimental and simulated
data, showing that emitted electrons (from screen printed
MWCNT films) efficiently traverse the graphene membranes
with transparencies in excess of 50-68% dependent upon
the accelerating voltage. The graphene hybrid gates are
shown to reduce the gate driving voltage by 1.1 kV, whilst
increasing the electron transmission efficiency of the gate
electrode significantly. As shown in Figure 8(a), integrated
intensity maps show that the electron beam angular
dispersion is dramatically improved coupled with a 63%
reduction in beam diameter.™®

In this paper we have reviewed a small selection of the work
that we have carried out on Carbon Based Electronics in the
Electrical Division of the Engineering Department, Cambridge
University, over the past twenty years. We continue to work
on CNTs and graphene in order to continue to develop ever
more functionally enhanced electron sources and novel
electronic devices that may ultimately realise real-world
devices on an all-carbon platform.
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