THE CHOICE OF DIAMOND FOR SOME SCIENTIFIC APPLICATIONS
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Three scientific uses of diamond are reviewed. These are as heat sinks and similar substrates for the microelectronics
industry, as high pressure anvils, and as optical components. Each requires specific types of diamond for specific
applications within the general field of use. Accordingly the spectroscopic typing of diamond is discussed, as well as
classifications based on impurity and defect content and the variations in stable isotope ratio.

1. Heat sinks

The use of diamond as a heat sink for microelec-
tronic devices dates back to the late 1960’s"?. The
earliest use was as a substrate for semiconductor
microwave generators—IMPATTs, TRAPATTS,
Gunn diodes, and the like—but during the past
decade fiberoptics have overtaken microwaves as
the medium of choice for long distance telecommu-
nications and diamond heat sinks are now primari-
ly used as substrates for diode lasers. The function
of the heat sink is to spread the heat from a small
area where it is generated to a larger area, usually
an interface with copper, whence it can be dissi-
pated to the surroundings. Optimum heat conduc-
tivity is the essence of the diamond heat sink, and
accordingly the choice of diamond material and
design of the heat sink are important.

The high thermal conductivity of diamond is not
unusual in itself, the curve of conductivity against
temperature being of normal shape, but because of
the strong atomic bonding displaced towards
higher temperatures (Fig. 1). The effect of impuri-
ties in the diamond is to reduce the conductivity
(Fig. 2). The numerals 4, 13 etc. in Fig. 2 show
relative N levels”.

Since 1934, diamonds have been classified in
two types based on their spectroscopic absorp-
tions”. The absorptions are due to impurities,
primarily nitrogen, and it is not surprising that the
purest diamonds (type 2) have the highest thermal
conductivities. The reduction in conductivity is
caused by scattering of phonons by impurity atoms
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Fig. 1. Thermal conductivities of several materials as func-
tions of temperature. Data compiled by Berman. Figure

courtesy of Industrial Diamond Review.

or atom clusters, and the effect of these depends on
the amount, cluster size, and nature of the
impurities”.

The commonest diamonds are the so-called type
1. Probably more than 999% of natural diamonds
are of this type, together with virtually all commer-
cially produced synthetic diamonds. The nitrogen
in type 1 diamonds may be in different states of
aggregation and may range in amount from a few
parts per million to more than 0.5%. The different
aggregates have characteristic infrared signatures
and can be classified in terms of specific absorption
peaks in the range 7 to 11 um. The initial sub-
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the base. On the other hand, anvils which are too
steep will, if unbevelled, have a large angle between
the culet and flank faces which will concentrate
stress. Both the modified brilliant and Drukker
standard'” anvil designs have flank slopes in the
required range.

Since anvil failure is by cracking, usually on the
natural {111} cleavage planes of the diamond,
anvil orientation and material properties are
important. A {100} orientation is usually chosen,
as this disposes the cleavage planes symmetrically
with respect to the applied force. The choice of
diamond material is less clear. Type 2A diamond
has the smoother and easier cleavage””'® though
with fine lamellae®. Type | diamond may perhaps
be stronger, though discussions of this point in the
literature are to some extent contradictory and
generally relate to other measures of strength (e.g.
wear) and to other applications (e.g. turning tools).
In the anvil case other factors are usually more
important. These include price (type 2A is usually
more expensive than type 1) and the presence or
absence of stress concentrators such as inclusions,
growth horizons, or micro-cracks. Such defects are
usually detected by examination of the diamond
between crossed polarisers. Low birefringence and
gradient of birefringence are commonly specified
requirements for anvils intended for generation of
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the highest pressures.

Specific applications may impose specific require-
ments on the diamond materials. Infrared studies
on samples in the range of wavelengths from 7 to
11 um obviously necessitate the use of type 2A
anvils. Similarly for Raman studies, Raman or
fluorescence background from impurities in the
diamond should not interfere with the measure-
ments. This is a particular problem with synthetic
diamonds which generally show fairly large Raman
and fluorescence backgrounds. The yellow colour
of synthetic diamond can also interfere with experi-
ments by absorbing the laser light used in ruby
fluorescence pressure calibration.

The maximum stresses usually occur in the
region of the small (culet) face, and the polishing
quality of this and of the bevel face is important. It
is possible with care to obtain roughnesses (Ra) in
the order of 1 nm and peak-to-valley differences
less than 10 nm on small culet faces. These para-
meters can be measured by phase-shift interfer-
ometry; Fig. 6 illustrates a very well-polished anvil
culet. Generally, however, roughnesses and peak-
to-valley differences some ten times worse are
adequate for investigations below 1 Megabar.

In this connection it should be noted that not all
investigations need the highest pressures, defined
here as those above 1 Megabar. If one is seeking to
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Fig. 6. Phase-shift interferogram of well-polished anvil culet. Note vertical scale totalling 8.57 nm peak-to-valley.
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produce metallic phases of the stable gases, or
otherwise is interested in super-condensed phases,
then clearly one does. In these cases very careful
selection, polishing, and bevelling of the diamond
are required. However, there are many other inves-
tigations where pressures need only be in the range
100 kilobars to 1 Megabar. Investigations of phase
changes which occur in minerals in the Earth’s
mantle are an example. Here most low birefringent,
well-made, bevelled diamond anvils will be ade-
quate. There is also a range of interest below 100
kilobars (e.g. for forensic work) where simple
anvils without bevels can be used.

3. Optical components

These have traditionally been transmissive ele-
ments, the material having been selected for its
high strength, corrosion resistance, spectral range
of transmission, and heat conductivity. Strength is
important in, for example, some types of diamond
window in that it makes it possible to reduce
thickness and thus absorption to very low values,
and yet have a window which will withstand one
atmosphere pressure differential. Depending on
the safety factor, thicknesses as low as 20 um can
be used for windows of several millimetres dia-
meter having this requirement. In a higher pressure
range, an 18.2 mm window only 2.8 mm thick was
used in the Pioneer Venus spacecraft, where pres-
sures of 100 atmospheres at 500°C were expected
in the Venusian atmosphere'”. Competitive soft
materials such as infrared transmissive ionic salts
would have to be more than 10 cm thick to meet
this requirement, even had their use not been
precluded by other considerations. Diamond bolom-
eter substrates, though not transmissive compo-
nents, also have the requirement of being extremely
thin (to minimise thermal capacity) and of large
area (to maximise energy collection). Such sub-
strates need to maintain their integrity when
supported minimally at their edges and thus must
be strong.

Corrosion resistance is of major importance.
Many diamond components are chosen for use in
extremely hostile environments—hot high pressure
acids, molten fluoride salts, combustion exhaust
gases, molten polymers, etc. The extreme heat

conductivity of diamond is also relevant to such
applications in preventing damage from thermal
shock. In other circumstances it is essential for
dissipation of the energy absorbed in diamond
windows used for the transmission of very high
power laser beams.

Finally, their wide spectral transmission range is
of course the essence of the usefulness of diamond
windows. Type 2A diamond transmits well from
near the ultraviolet absorption edge at 230 nm
(corresponding to the 5.4 eV gap between filled
and valence bands) out to the far infrared (at least
to 40 um and probably to 100 um and beyond).
There is an absorption system due to vibration
modes of C-C bonds which extends from about
2.5 um to about 6 um wavelength, but this is fairly
weak, the absorbance of the strongest peak being
about 12 cm™". This system thus has little effect on
the infrared transmission of diamond windows of
below approximately 0.25 mm thickness.

Type 1 diamond gives a different story. The
nitrogen impurity causes absorptions in the 7-11
um range, as mentioned above. These absorptions
can be quite strong—to 95 cm' in an extreme
case—and thus prevent the use of type 1 diamond
for spectroscopy in that range, a very significant
one in organic and atmospheric chemistry.

The applications of diamond in optics have
recently been reviewed more extensively by Seal
and van Enckevort®, and it is worth noting here
that diamond radiation detectors are again becom-
ing of interest’". Also fast optoelectronic switches
made of diamond**** show promise for the future.
These switches have response times in the range of
picoseconds and should permit the rapid switching
of electric current by sharpened laser pulses.

4. Conclusions

The three applications illustrate the general point
that diamond is a material with many variations.
Diamonds need to be selected or engineered for
specific applications. The “New Diamond” is an
infant with much promise, but it will need careful
training for each of its many future jobs!
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