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Electronic era elusive
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DIAMOND seems to attract superlatives:
the atomic density of diamond is the
highest of any terrestrial material, and
this, coupled with its strong, directional
covalent bonding, gives it the highest
known elastic modulus (hence its hard-
ness), the highest room temperature ther-
mal conductivity and the highest speed of
sound. Less well known has been dia-
mond’s potential as a semiconduc-
tor. Diamond is structurally and
electronically analogous to sili-
con. It is a wide-band-gap semi-
conductor and has an unusually
high breakdown voltage and low
dielectric constant. These prop-
erties, coupled with recent adv-
ances in the growth of diamond by
chemical vapour deposition at low
pressure, have led to speculation
that diamond might find wide-
spread application in high-speed
electronic devices and devices de-
signed to be operated at high
temperature. Synthetic diamonds
matching the quality and size of
their natural counterparts have
been a goal of materials scientists
for years, and at the biennial di-
amond conference last month*, it
seemed that this ambition has in
part been achieved.

Predictions of a brilliant elec-
tronic future for diamond have, up
to now, been unfulfilled because of the
poor quality of synthetic diamond grown
from the vapour and because of inherent
problems with doping diamond to achieve
appropriate conductivities. But resear-
chers at Kobe Steel USA have been
growing boron-doped, p-type synthetic
diamond films on natural diamond subs-
trates by chemical vapour deposition, and
have produced films that have hole mobi-
lities approaching those of the best
observed natural diamonds. The mobility
of charge carriers is a particularly sensitive
indicator of the crystalline perfection of
the host lattice (and is essential for effec-
tive conduction of charge). Their
measurements showed hole mobilities of
1,400 cm? V157 at room temperature (J.
Glass, Kobe Steel) which can be com-
pared with typical mobilities in natural
type II-b semiconducting diamond that
range from 500 to 1,000 cm? V! 7! (the
best ever reported is 2,000 cm? V' s7!). Tn
addition, the level of undesired impurities
that compensate the charge has been
reduced to 5 x 10" cm™, equal to that in
typical type II-b natural diamond, the
standard for diamond quality.

*Fourth International Conference on the New Diamond
Science and Technoiogy, Kobe, Japan, 18--22 July 1994.
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One long-term objective of research on
the electronic properties of diamond is the
development of semiconductor devices
that can operate at high temperatures,
taking advantage of diamond’s high band
gap and thermal stability. The Kobe re-
search group can now operate diamond
field-effect transistors up to 400 °C, and
construct simple logic devices.
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Oriented diamond crystallites grown by microwave-plasma-
assisted chemical vapour deposition on silicon (100) after
bias-enhanced nucleation. Further growth under conditions
favouring (100) texture leads to highly oriented mosaic film.
The crystal faces are about 1.5 um square. {Deposition
performed by Yaxin Wang, Case Western Reserve Univ.)
Similar experiments on silicon carbide rather than siliconasa
substrate produce still more highly aligned crystallites.

Diamond films of very high quality can
also be grown on silicon carbide (Hiroshi
Kawarada, Waseda Univ., Tokyo).
Although not technically single crystals,
these films exhibit a mosaic structure in
which the mean angular deviation of the
individual crystals is only 2°. The key to
these highly oriented films is a rather
mysterious pretreatment of the substrate
surface with an in situ bombardment
obtained by imposing a negative bias of
several hundred volts on the surface.
This process, first introduced by Shigemi
Yugo (Univ. Electro-Communications,
Tokyo), has never been satisfactorily ex-
plained, but it provides a large number of
diamond nuclei which are subsequently
subjected to conditions that favour the
growth of crystallites with their principal
cubic axis perpendicular to the substrate.
The result is a mosaic film approaching
single-crystal quality. The figure shows an
intermediate stage in the development of
an oriented diamond film on the cubic face
of silicon. The oriented crystallites have
just started to grow together.

These achievements are particularly
noteworthy because diamond synthesis by
chemical vapour deposition is immature
compared with silicon and gallium ar-
senide technologies. In addition, under
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the growth conditions used for thin-film
diamond, carbon prefers to exist as the
thermodynamically stable phase, graph-
ite. This makes it all the more difficult to
develop synthesis methods and ion im-
plantation processes for doping.

Not all of the reports were so positive.
The goal of n-type diamond, important for
device development, appears as elusive as
ever. In n-type semiconductors current is
carried by electrons donated by dissolved
impurities that contribute a mobile elec-
tron to the crystal. From simple semicon-
ductor theory the group V elements are
expected to form these donor cen-
tres in diamond. Nitrogen, which
is adjacent to carbon in the
periodic table, is readily incorpo-
rated into diamond, but the extra
electron is too strongly bound to
produce significant conductivity.
Phosphorus, the next group V
element, which is widely used for
doping silicon, is too insoluble in
diamond to act as an effective
dopant. In principle, the solubility
limit can be overcome by using ion
implantation, but despite sophisti-
cated ion implantation schemes
(Johan Prins, Univ. Witwaters-
rand, South Africa; Rafi Kalish,
Technion, Haifa, Israel), stable
reproducible n-type doping has
not been achieved.

There has been a history of
over-optimistic predictions for the
application of diamond as an elec-
tronic material and, despite the
real progress reported at the Kobe
meeting, there are no active diamond-
based electronic devices being marketed
(although there is a market for diamond
substrates for heat removal from electro-
nic components). Large-scale application
of active components will probably re-
quire further improvements in quality and
decreases in cost.

Future electronic applications may lie in
other directions. The use of diamond as an
electron emitter was the most promising
application discussed at the Kobe meet-
ing. Properly treated diamond surfaces
show a negative electron affinity: mobile
electrons in the conduction band are at
higher energies than electrons at rest in
the adjacent vacuum, so they can easily
escape from the surface. Possible devices
include flat-panel computer and television
displays, discharge lamps, cathodes and
clectron multipliers. If suitable reproduci-
bility, long-term stability and current de-
nsities can be achieved, the market for
them could be enormous. O
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