DIAMOND FILMS: SYNTHESIS, PROPERTIES AND SOME FIELDS OF

APPLICATION

Boris V. SPITSYN

Institute of Physical Chemistry of the U.S.S.R. Academy of Sciences, Leninsky Prospect 31, Moscow 117915, U.S.S.R.

The paper starts with a brief history of diamond synthesis, particularly by the method of chemical crystallization from the
gaseous phase. Some regularities of the growth of epitaxial and polycrystalline diamond films and peculiarities of dopings
of the epitaxial diamond films during their growth process are also considered. The properties of synthetic diamond films
are similar to the properties of natural diamond. Due to this fact, synthetic films can find some practical applications,

especially in the tool industry and electronics.

1. Introduction

Evidently the scientific history of the synthesis
of diamond should be started from the work on its
chemical analysis.

A qualitative chemical analysis of diamond was
performed by the famous French chemist A.
Lavoisier, who determined for the first time that
graphite and diamond are different forms of
carbon. Later, at the very end of the 18th century,
the English scientist S. Tennant performed a quan-
titative analysis. According to his data, equal
masses of diamond and pure ash-free graphite
when burning in oxygen produce equal quantities
of the combustion product—carbon dioxide.

The way to diamond synthesis was long and
extremely difficult. Only in 1939 did Prof. O. L.
Leipunsky' publish his remarkable paper which
formed the scientific basis for modern diamond
synthesis in the field of its thermodynamic stability
at ultra-high pressures and high temperatures
(UHP-HT). In the 1950s, diamond was synthe-
sized in the U.S.A., Sweden, the U.S.S.R and
Japan.

Although synthetic diamond prepared by the
classical UHP-HT method meets industrial require-
ments, there still exists the necessity to work out
alternative methods of diamond synthesis.

2. Carbon crystallization in the form of diamond
under the conditions of its thermodynamic
metastability

Metastability or relative thermodynamic stability
of diamond can be determined quantitatively as
the difference in the Gibbs energies of diamond
and graphite. The degree of the diamond meta-
stability” increases with temperature. The Gibbs
energy of diamond is higher than the Gibbs energy
of graphite by 600 and 2500 cal/mol at 300 and
2000 K, respectively.”

The transformation of diamond into graphite,
however, is connected with the necessity of over-
coming the energetic barrier, the value of which is
determined by the energy of the simple chemical
bond between the carbon atoms (85 Cal/mol).
That is why the graphitization process of diamond
does not occur at rather high temperatures.
According to the LEED data,” the graphitization
process is not observed on the surface of a diamond
crystal in pure hydrogen or ultra-high vacuum, at
temperatures =1700 K. Such stability makes it
possible to crystallize carbon from a gaseous phase
in the form of epitaxial diamond film in a wide
temperature range.

Due to a number of factors, the gaseous phase
containing free carbon atoms cannot insure the
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entrance of boron atoms into the (III) face at 19
Cal/mol is energetically preferable to them entering
the (100) face.

The considerable difference mentioned in the
formation energy of the surface solid solution
should cause a difference in the equilibrium boron
concentration in the diamond layers grown on the
(I11) and (100) faces by factors of 10°~10*. This fact
agrees with the experimental values. During inves-
tigation of the epitaxial film growth on the dia-
mond (III) faces in boron doping, we discovered
non-monotonous dependence of the specific resis-
tance on 7..*!

Minimal specific resistance in highly doped dia-
mond films deep blue in colour is equal to 2107
Ohm-cm. The boron concentration determined by
X-ray spectral analysis data®® also proved to have
non-monotonous dependence on T.. Up to 800°C
the formation of non-equilibrium solid boron solu-
tion in the diamond occurs; boron concentration
at T.. 800°C is 2.6 wt.%.”” At T.>800°C a solid
solution is obtained under conditions close to
equilibrium and its concentration sharply decreases
with 7.

An acceptor type of conductivity of diamond
films which is observed by the Hall effect,’® testi-
fies to the fact that boron enters a substitution
position in the diamond lattice. By X-ray topo-
graphy it was found that doping by boron (up to
0.1 wt.%) caused a decrease in the parameter of the
diamond lattice by 6.10™* A. When the concentra-
tion of boron increases (up to 1 wt.%) the boron
atoms enter the interstitial sites. This causes the
expansion of the diamond lattice and the internal
stress equals zero. By the RBS method it was
confirmed that almost all the boron entering heavy
doped (—~1 wt.%) samples occupied tetrahedral
interstitial sites.

4. Diamond growth on non-diamond substrates

The presence of atomic hydrogen in the gaseous
medium effectively interacting with graphite gives
the possibility of spontaneous nucleation and
diamond growth even on non-diamond
surfaces.®"'?*¥™9 The frequency of centers of
nucleation of diamond crystallization is higher on
carbide-forming materials (W, Mo, Si) than on

non-carbide ones (Cu and Au).*”

The dependences of the growth rate of diamond
films from activated (thermally and electrically)
gaseous phases (Fig. 7) on the temperature of the
substrate are similar. This can be explained by the
similarity of the above processes. In particular, the
decrease of the growth rate at high temperatures
seems to be caused by considerable acceleration of
the etching process of the subdiamond clusters by
the atomic hydrogen.'®

5. Properties of diamond films

The concentrations of impurities in diamond
films is similar to those in natural diamond.””
Hydrogen is an exception;*""*? its concentration in
mono- and polycrystalline diamond films is equal
to a thousandth and tenth part of the at.%.*"*?

The aim of the studies of the structure and
physical properties of diamond is to prove the
diamond nature of films.

The HEED method”'""'*"'® is the most informa-
tive for the determination of the structure of
grown diamond layers. The original method for
determining the diamond nature of a newly obtain-
ed diamond enriched by heavy isotope *C was
according to the change of Raman-frequency elab-
orated in.*"

800 900 ra00 100  T,°C

Fig. 7. Dependence of the growth rate of the polycrystalline
diamond films on the temperature of crystallization: 1) thermal
activation of the gaseous phase: p=1 atm; 2) electrical activa-
tion of gaseous phase, p=0.1 atm.
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PROPERTIES AND APPLICATIONS CF
DIAMOND FILMS

PROPERTIES APPLICATICNS
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Fig. 8. Possible fields of diamond films application.*”
Properties and applications of diamond film

K. Nishimura a.o. Kobelco Technology Review, 1987, No. 2,

pp. 49-52.

According to the accumulated physical, chem-
ical and mechanical data of diamond
films,2*»*»1O19192D the practical similarity of their
properties to the properties of natural diamond is
obvious.

It should be noted that the sum of properties of
diamond layers differs radically from that of so-
called diamond-like carbon. Only some macro-
scopic properties of this material (hardness and
chemical stability) correspond to diamond proper-
ties. At the same time, its thermal stability usually
does not exceed ~400° C in a vacuum (1400° C for
diamond films as well as for natural diamond) and
the optical band gap of natural diamond is about

1.5-2.0 eV in comparison with the optical band
gap of 5.5 eV for diamond films.” The thermal
conductivity of diamond films may exceed 410
W/m.K.'®

6. Practical application

The relative simplicity and adaptivity of the
methods of chemical crystallization from the acti-
vated gaseous phase and the accumulation by the
diamond films of practically all the extreme proper-
ties of natural diamond”¥? %12 offer out-
standing prospects*” in many fields of science and
technology. Among these we note as obvious
wear-resistant coatings on tools and most promi-
sing, the use of diamond films in electronics. All
the above-mentioned make us believe in many
other prospects of diamond films in the very near
future.

Acknowledgements. The author expresses his apprecia-
tion to L. L. Bouilov, A. E. Aleksenko and A. A. Botev
for performing experiments and discussions. A. E.
Gorodetsky and A. F. Beljanin are greatly acknowledg-
ed for HEED and X-ray analyses, and G. A. Sokolina
and T. D. Ositinskaja for electrophysical and thermal
conductivity investigations.

REFERENCES

1) O. l. Leipunsky, Uspekhi Khimii 8, 1518 (1939) (in
Russian).

2) B. V. Spitsyn, In: Crystal Growth, Ed. E. 1. Givargizov,
Vol. 13, 58 p., Consult. Bureau, N.Y., 1986.

3) J.J. Lander and J. Morrison, Surf. Sci. 4, 242 (1966).

4) B. V. Spitsyn, L. L. Bouilov, and B. V. Derjaguin, J.
Cryst. Growth 52, 219 (1981).

S) B. V. Spitsyn and B. V. Derjaguin, Inventor’s Certificate
N 339134 (in Russian), A Technique of Diamond Growth
on Diamond’s Face. Filed 10.07.1956.

6) W. G. Eversole, US Pat. N 3030187 (1962), Synthesis of
Diamond. Filed 23.07.1958.

7) W. G. Eversole, US Pat. N 3030188 (1962), Synthesis of
Diamond. Filed 23.07.1958.

8) B. V. Derjaguin, B. V. Spitsyn ez al., Second All-Union
Symposium on Growth and Synthesis of Crystals and
Films of Second Compounds, Thesis, Novosibirsk, pp.
34-35, 1969 (in Russian).

9) B. V. Derjaguin, B. V. Spitsyn, A. V. Lavrentyev et al., In:
Physico-chemical Problems of Crystallization, Issue 2,
Alma-Ata, 90 p., 1971 (in Russian).



10)
1)
12)
13)

14)

15)

16)

17)

18)
19)

20)
21)

22)

23)
24)

25)

26)
27)

28)

B. V. Spitsyn | Diamond Films: Synthesis, Properties and Some Fields of Application 7

B. V. Spitsyn, In: Fourth All-Union Meeting on Crystal
Growth, Erevan: Vol. 2, part 1, 97 p., 1972 (in Russian).
V. P. Varnin, B. V. Derjaguin, D. V. Fedoseev et al., Zh.
Eksp. Teor. Fiz. 69, 1250 (1975) (in Russian).

L. I. Avramenko, J. Phys. Chem. 20, 1299 (1946) (in
Russian).

J. C. Angus et al., In: Synthetic Diamonds in Industry,
Ed. V. N. Bakul, Kiev, 30 p., 1974 (in Russian).

B. V. Derjaguin, B. V. Spitsyn, A. E. Aleksenko, A. E.
Gorodetsky et al., Dokl. AN SSSR 213, 1059 (1973) (in
Russian).

B. V. Derjaguin, B. V. Spitsyn, A. E. Gorodetsky, A. P.
Zakharov. L. L. Bouilov, and A. Aleksenko, J. Cr. Gr. 31,
44 (1975).

L. L. Bouilov et al., Dokl. AN SSSR 287 888 (1986) (in
Russian).

B. V. Derjaguin, L. L. Bouilov et al., In: Fifth All-Union
Meeting on Crystal Growth, Tbilisi, v. 1, 122 p., 1977 (in
Russian).

V. P. Varnin, I. G. Teremetskaya et al., Dokl. AN SSSR
276, 367 1984 (in Russian).

S. Matsumoto, Y. Sato, M. Tsutsumi, and N. Setaka, J.
Mater. Sci. 17, 3106 (1982).
M. Kamo et al., J. Cryst. Growth 62, 642 (1983).

A. Sawabe and T. Inuzuka, Appl. Phys. Lett. 46, 146
(1985).

J. Hirose and J. Terasawa, Jap. Appl. Phys. 25, L. 519
(1986).

R. Roy et al., Thin Solid Films 153, p. 1 (1987).

N. A. Bulienkov, V. P. Martovitsky, et al, Second
European Conf. of Crystal Growth, 101 p., 1979.

H. Nakazawa, et al., Thin Solid Films 131, 199 (1987).

V. S. Vavilov, Phys. Stat. Sol. (C)31, 11 (1975).

B. V. Spitsyn and B. V. Derjaguin, In: Problems of
Physics and Technology of Wide-Gap Semiconductors,
Second All-Union Meeting on Wide-Gap Semiconductors,
Leningrad, 22 p., 1979 (in Russian).

H. P. Wentorf and R. H. Bovenkerk, J. Chem. Phys. 36,

29)

30)

3D

32)
33)

34)
35)
36)
37)
38)

39)

40)
41)
42)
43)

44)

1987 (1962).

V. S. Vavilov, M. A. Gukosjan, M. L. Guseva, and E. A.
Konorova, Physics and Technique of Semiconductors 6,
856 (1972) (in Russian).

A. S. Vishnevsky, A. G. Contar and A. A. Shulzhenko,
Thesis Int. Seminar Superhard Materials, Kiev., 1, 120
(1981) (in Russian).

J. R. Van Wazer, Phosphorus and its Compounds, Vol. 1,
Chemistry, 1958.

R. M. Chrenko, Nature, Phys. Sci. 229, 165 (1971).

A. E. Aleksenko, V. S. Vavilov, B. V. Derjaguin, M. A.
Gukosjan, T. A. Karatygina, E. A. Konorova, V. F.
Serigienko, B. V. Spitsyn, and S. D. Tkachenko, Dokl.
AN SSSR 233, 334 (1977) (in Russian).

A. 1. Kozlenkov, Optics and Spectroscopy 48, 390, (1980)
(in Russian).

B. V. Spitsyn and A. E. Aleksenko, Seventh Conf. of
Cryst. Growth, Stuttgurt, FRG, 1, 25 p., 1983.

B. V. Spitsyn and A. E. Aleksenko, Archiwum Nauki o
Materialach, Warsaw, 7, 201 (1986).

M. O. Kliya er al., 12th Int. Congr. Crystallogr., Ottawa,
c-141, 1981.

B. V. Derjaguin, B. V. Spitsyn, A. E. Gorodetsky et al.,
Dokl. AN SSSR 233, 333 (1976) (in Russian).

B. V. Derjaguin, B. V. Spitsyn, and L. L. Bouilov, Sth
Conf. on Cryst. Growth, Collect. Abstr., Boston, 177 p.,
1977.

B. V. Derjaguin, B. V. Spitsyn et al., Dokl. AN SSSR
244, 388 (1979) (in Russian).

L. D. Kislovsky and B. V. Spitsyn, Sov. Phys. Cristallogr.
25, 239 (1980).

L. G. Karaseva et al., Russian J. Phys. Chem. 57, 302
(1983).

K. Nishimura, K. Kobashi, Y. Kawate, and T. Horiuchi,
Kobelco Technology Review 2, 49 (1987).

Y. Sato, M. Kamo, H. Kanda, and N. Setaka, Jap. J.
Surf. Sci. 1, 60, (1980).



