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Abstract. Diamond is a crystal with extremely strong hydrocarbon dissociation products, is now being rapidly

atomic bonds. It is characterised by very low equilibrium
parameters of the solubility and diffusion coefficients of
impurities. lon implantation therefore represents a natural
alternative doping method. The published experimental
results show that p-type and p "-type layers can be formed
by boron ion implantation. Implantation of LiTand C~
produces n-type layers. Diamond films grown in the
presence of phosphorus and sodium can also be
electrically conducting. The efficiency of this method of
introducing electrically active centres varies strongly with
the temperature of diamond during implantation and with
the conditions during the subsequent annealing.

1. ‘Shallow’ acceptors and donors in diamond

In very few cases the natural processes of growth of
diamond have led to the formation of boron-doped
semiconductor crystals. It follows that there is a way for
direct imitation of nature. The properties of natural and
synthetic diamonds containing boron have been described
[1—3]. Judging by the available data, doping of synthetic
diamond single crystals during growth with impurities that
can have fairly shallow donor levels has not yet yielded the
results comparable with the donor doping of Ge and Si
crystals. The method of simultaneous prolonged
application of high pressures and temperatures is complex
and costly [1]. Moreover, the technologies used currently to
grow diamonds at high temperatures and pressures result in
an inhomogeneous distribution of boron atoms in a crystal.
An attractive alternative of growing semiconductor
diamond films from a gaseous plasma, containing
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developed [4].

The existing theoretical models described by Bernholc
et al. [5S]are in agreement with the experimental data on the
effects of boron atoms replacing carbon and acting as
acceptors with a fairly shallow energy level (E, + 0.37 eV).
It follows from these models that it would be desirable to
continue the search for nonequilibrium methods that can be
used to introduce impurities with shallow donor levels.
These impurities include Li, Na, and P.

Growth of diamond films from a plasma [4, 6] and ion
implantation are typical nonequilibrium processes. It is
these two methods, developing in parallel, that should
become the foundation for extensive use of diamonds in
technology. Table 1 provides basic information about the
expected and also the experimentally detected impurity
centres with shallow energy levels in diamond.

2. Radiation damage and phase transitions

Some of the experimental investigations of ion
implantation in diamond have been carried out at very
high energies —up to 50 MeV [7], but the majority of the
published results have been obtained under more usual
conditions (40 —350 keV). The range of unchannelled ions
agrees quite well with calculations [8]. There are published
data on the channelling, studied both to check the theory
of the process and to determine the microstructure of
impurity centres and defects; the latter aspect will be
considered later. The parameters in the expression for the
minimum yields of backscattered particles from diamond
are very different from the corresponding parameters of
silicon and germanium: the ratio u;/a, where u; is the
average amplitude of the lattice vibrations and « is the
Thomas—Fermi screening radius, is 0.17 for diamond, but
it is close to unity for Ge and Si. Data on the channelling
of protons in carefully selected highest quality natural
diamond crystals have been reported by Derry et al. [9].
The temperature dependence of this yield on the distance
between the atomic chains in a channel are in agreement
with the theory [10]. In the nearest future we can also
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Table 1. Shallow-level centres in diamond (atoms of N replacing C have deep donor levels).

Acceptors Donors
Theory Ref. [5] Ref. [5] Ref. [5] Ref. [5]
Impurity Boron Lithium Sodium Carbon Substitutional Antimony
(replacing C) (at interstices)  (at interstices) (in complexes) phosphorus
Energy level, eV 0.37 0.1 £ 10% 0.09—0.03
Activation energy 0.37—0.09 0.1 eV
Efficiency of doping
by implanation > 10% ~1% Low Low
Efficiency of doping during
growth of diamond films > 10%

Disappears after
annealing
at > 800 °C

Low solubility

Remarks Boron is acceptor in Substitutional
natural semicon- Li inactive?
ductor diamonds See Table 2
Table 2.
Energy of Dose/ions  Mobility/cm?  Surface Surface
Li* ions/keV cm—2 V-l gl density/cm—2  conduct-
ivity/Q—!
110 40 x 10 870 + 10% 52 x 109 73 x10-°
310 3.0 x 105 650 24 x 100 2.6 x10-°
350 3.0 x 105 1070 23 x 100 40x10-¢
110 2.5 x 10' 1030 23 x 10 38 x
10—

expect data on the channelling in large synthetic diamonds,
which will be very interesting in relation to the task of
determining the quality of their crystal lattice. We cannot
exclude the possibility that the channelling in diamond may
have some practical applications, in view of the data
obtained for Si and GaAs [11, 12].

Very important and only partly understood topics are
related to the nature of the spatial distribution and stability
of radiation defects, which appear unavoidably in diamond
as a result of ion implantation. The method for
identification of such defects has been described in
several monographs [1, 2, 7] and is still being developed.
Many researchers have been justifiably cautious and even
pessi-mistic about ion implantation doping of diamond
because of the existence of other phases (graphite and
amorphous carbon). The first experiments on the
implantation of boron and other impurity ions [13] did
not include the measurements of the Hall effect and the
observed increase in the conductivity could not be
interpreted unambigu-ously as the result of introduction
of shallow acceptors. The conditions under which partial or
complete recovery of the crystal lattice of diamond can take
place have subsequently been identified for the implantation
of boron [14]. References to earlier work can be found in
the monograph by the present authors [2]. The ESR method
used by Brosious et al. [15] has provided an independent
confirmation that thermal (quasiequilibrium) annealing of
ion-implanted diamond restores the crystal lattice. Later
investigations carried out in the USA [16] have revealed
regrowth of diamond films after their structure has been
strongly disturbed by carbon ion implantation. It has been
demonstrated earlier that the implantation of C* in
diamond creates donor centres [17, 18]. The usual pro-
longed annealing restores the lattice if the implantation

dose (fluence) is less than 0.9 x 10'* cm—2 at 350 keV, but
the degree (efficiency) of activation of the impurity centres
is very low [19]. Above a critical dose of 1.5 x 10'* cm—2
350-keV Sb™ ions the accumulation of radiation damage
results in graphitisation of diamond during subsequent
annealing, as observed earlier also after implantation of
other ions [2]. In some cases the effects of radiation damage
have been minimised by implantation of ions in diamond
heated to high temperatures [19—21]. This method can
indeed avoid graphitisation and some of the implanted
impurity atoms then occupy substitutional positions at the
regular sites, but a parallel process is the generation of a
large number of dislocations and possibly also of clusters of
interstitial atoms as a result of the inter-action between
point defects in the implanted layers [22]. Such defect
clusters are very stable, they do not disappear even after
annealing at 1450 °C, and they give rise to deep-level centres
that compensate the effects of the implanted impurity,
which is frequently typical of wide-gap crystals.

In 1988 Prins proposed [23] a qualitatively new method
of double implantation of an electrically active impurity
and carbon ions in diamond crystals kept at fairly low
(liquid nitrogen) temperatures. Prins suggested that a
subsequent brief high-temperature annealing immediately
after implantation may result in a more effective activation
of the impurity because of a high concentration of vacancies
and interstitial atoms, which hardly diffuse at the
implantation temperature. The effects of a brief
annealing of ion-implanted diamond and the critical
doses above which amorphous layers are formed were
investigated by Prins by the method of the Rutherford
backscattering and optical absorption measurements. The
selected highest quality natural diamond crystals were
implanted with C* ions in doses from 10" to 3 x 10'3
cm~2 along a direction excluding channelling and the ion
energy was 200 keV. This was followed by two-minute
annealing in a quartz furnace in a stream of argon at 1100
°C. Similar samples were subjected to conventional
(isochronous) annealing in a vacuum furnace. The
amorphisation dose was found to lie between 1.65 X
105 and 3 x 105 em~—2 for 200-keV C~ ions at 77 K.
At lower doses, both brief annealing at 1100 °C and
isochronous annealing at 900 °C restored the structure.
The results of annealing were however very different after
larger doses. Isochronous annealing at 900 °C resulted in
epitaxial growth, i.e. restoration of an almost perfect
crystalline diamond under a graphitised layer at the
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surface, whereas brief annealing produced a polycrystalline
layer.

Prawer et al. [24] restored the structure of ‘buried’
radiation-damaged layers in natural diamond —the result
of implantation of 2.8-MeV C* ions—by brief annealing
with short (14 ns) laser radiation pulses. The range of these
ions and its scatter were R, + AR, = 1.48 + 0.06 pm. The
laser radiation wavelength was 531 nm. It was estimated
that the energy density in the disturbed layer of diamond
was 200 J cm—2 per pulse. This value was considerably
higher than the melting threshold of graphite (0.6 J cm—2
per pulse) or silicon (2 J cm—2 per pulse) [25, 26]. The
thickness of the disordered layer was estimated to be about
200 nm. These estimates were deduced from the projected
range of ions and its scatter, given by Ziegler et al. [27].
Implantation of C* ions took place in samples kept at
about 77 K when—according to Prins et al. [28]—the
resultant point radiation defects in diamond were
practically immobile, which reduced the probability of
formation of more complex defects that might be more
difficult to anneal.

One of the unexpected results was that a dose of 10'°
cm~—2 of the C* ions, which at an energy of 90 keV
amorphised the surface layer, did not result in
amorphisation when the same C* ions penetrated much
further. This indicated that the existence of a crystalline
layer above a region where implanted ions are stopped
reduces the disordering probability. According to the ideas
of Prawer et al. [24], which are fully justified and date back
to the well known work of Brinkman published in 1954 [29],
each region at the end of the ion range can be regarded as
representing briefly a very strongly excited volume of
matter where the crystal structure is not retained and
which cools in approximately 100 periods of the lattice
vibrations (10~!'" s). No estimates have yet been made of
the probable pressure which the surrounding crystal exerts
on such a region [29].

In the case of the results of Prawer et al. [24] it is worth
noting particularly that if a laser is used in annealing, the
range of energies deposited in the crystal and resulting in
restoration of the lattice is only slightly below the threshold
at which peeling of the whole diamond layer crossed by the
implanted ions can take place (Prawer et al. used the term
ablation). We can see from the results of the optical
absorption and Rutherford backscattering measurements
that annealing with single laser pulses results in only a
partial restoration of the lattice. According to Prawer et al.,
repeated pulsed annealing should be more useful in future
practice. A typical distribution of the implanted impurities
and radiation defects has been reported by Zaitsev [7] many
of whose experiments were carried out with ions of very
high energies (up to 70 MeV). Zaitsev [7] has put forward
the idea of fabrication of arrays of memory elements by
irra-diation of diamond with single high-energy ions, by
anal-ogy with the existing method used for sodium glasses
[30].

3. Characteristics of doping during growth and
of ion implantation in epitaxial and
polycrystalline diamond films

The method of growing epitaxial diamond films on
diamond substrates had been described by Aleksenko
(Alexenko) and Spitsyn (Spitzyn) [6], who employed a

plasma gas discharge in a static electric field. Other
methods have been developed by American and Japanese
authors [4]. Aleksenko and Spitsyn [6] reported that films
grown from a plasma in the presence of boron contained
this impurity and when the concentration of boron was less
than 0.1%, its atoms were located primarily at the lattice
sites. They were able to grow films with a very low
resistivity (up to 1073 Q c¢m), but the carrier mobility did
not exceed 15 cm? V—! s—1 which was approximately 100
times less than the mobility of holes in diamond single
crystals of sufficiently good quality.

Some progress has also been made in the growth of
diamond films containing donor impurities, particularly P
and Sb. Judging by the results obtained in M oscow [6] and
in Japan [31], the efficiency of formation of donor centres is
low, i.e. the majority of antimony and phosphorus atoms
remain neutral or their effects are compensated by simul-
taneously formed deep-level capture centres (traps). This is
in agreement with theoretical predictions [5].

The first report of ion implantation in epitaxial and
poly-crystalline diamond films was presented at a recent
seminar in Moscow [32]. Single-crystal epitaxial films were
grown on oriented diamond substrates from a gaseous
phase by the method of Spitsyn et al. [33]. Films grown
on tungsten substrates were polycrystalline. Semiconductor
films, con-tact regions, and structures for measurements of
the Hall effect were prepared by the methods of
photolithography and ion implantation. The energies of
the ions and the implantation dose were calculated to
ensure that the concentration of boron in the doped
layer was 1.2 x 10%° em~3. The contact regions were
formed by the implantation of boron in a dose of 5 x 103
cm~2. Annealing took place in a graphite container in
~10~% Pa vacuum. An investigation of the dependence of
the con-ductivity of the doped films on the annealing
temperature was in a qualitative agreement with the
results of annealing of B¥-implanted natural and
synthetic diamond crystals.

After annealing at temperatures up to 800 °C the
conductivity of single-crystal and polycrystalline layers
was found to be due to radiation defects, which
disappeared at higher annealing temperatures [2, 23].
Electrical activation of boron began from 1300 °C. It
was found that a further increase in the temperature of
annealing of single-crystal films right up to 1600 °C
increased the conductivity. The activation energy of
conduction was about 0.1 eV and the hole mobility
(deduced from the Hall effect) did not exceed 6 c¢cm~?2
V~! s~ At higher temperatures the films fractured.
Annealing of polycrystalline films at tempera-tures above
1300°C gave rise to a conducting layer over the whole
surface, including the regions outside the doping zone, and
this was evidently due to graphitisation. Therefore,
polycrystalline films similar to those which were
investigated cannot be subjected to high-temperature
technologies.

4. Some aspects of practical applications of
diamond in electronics and related technologies

A brief account will now be given of the currently available
devices made of diamond and of the future trends. A
comparison of the state of the art in 1992 with that in 1978,
when the well-known book of Field (published in 1979) was
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Table 3.

Applications or type

Type of diamond material

Need for ion Remarks

of device essential in applications implantation
Solid wear-resistant coatings Polycrystalline diamond films — Applications are
or diamond-like carbon films expanding fast
Heat sinks in microelectronics Natural and synthetic diamonds; — Already in use (only
diamond films and ceramics natural and synthetic
diamond so far)
Transistors; diodes; Natural diamond (physics); + First positive results
integrated circuits synthetic diamond; epitaxial films
Particle detectors; dosimeters Natural diamond; carly applications + Stable operation
of synthetic diamond and films (natural diamond)
Avalanche-transit diodes Very homogeneous crystals needed + Likely to be available
soon
Photoemitters Crystals and films can be used + "
(ultraviolet range)
Infrared photoresistors " + "

Fast current switches

Natural diamond crystals are used

still in press [1], shows that two varieties of diamond can be
regarded as ‘born again’ after their appearance in the first
edition of this book. These varieties are diamond films and
ceramics [34]. Papers presented at the last two conferences
on applications of diamond held in Moscow in 1991 and
1992 [35, 36] indicate that about ten teams are working in
Russia and the Ukraine on the growth, characterisation,
and practical applications of diamond filmst. In my
opinion the work of these teams and cost of maintaining
such research, the scale of which in Western countries is
incomparably greater [1, 4], are more than justified. The
main technical applications investigated at present are not
in the field of solid-state electronics, but in the production
of wear-resistant, hard, transparent, and chemically stable
coatings for machines and for applications in optics,
including laser technology. The development of
‘electronic’ applications of diamond has been slower, but
some devices are already used systematically. The first
place among them is occupied by diamond heat sinks for
which it is sufficient to use synthetic diamonds [37]. It is
probable that films will soon be employed. Among devices
that are used in biology and medicine it is worth
mentioning particle counters and dosimeters constructed
at the P M Lebedev Physics Institute in Moscow [38] in
which the bulk polarisation is suppressed by injecting
contacts which are formed by ion implantation (Table 3).

The progress in the construction of field-effect
transistors [39] has been hindered primarily by the
inhomogeneity of the available semiconductor diamonds.
However, there is no doubt that, in principle, such
transistors can be constructed.

Other existing and potential types of semiconductor
diamond devices are described in my paper [40] and in a
book by Vikulin and Stafeev [41].

I am grateful to A A Gippius, A M Zaitsev, V F
Sergienko, B V Spitsyn, and R A Khmel’nitskii, as well as
to J Prins (Johannesburg, South Africa) for their comments
on ion implantation and physical phenomena in diamond.

fUnfortunately, there is no space here for reviewing the potential
applications of diamond-like carbon films.
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