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Some regularities of diamond phase formation
at nonequilibrium transition process of C
vapors with low Ti concentration into
condensed state
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The mechanisms of structure formation of Ti—C system layers have been studied. The
layers have been obtained at nonequilibrium process of transition of vapors with necessary
component ratio into condensed state. Various levels of the condensation process nonequili -
brium have been reached by exposure of the growth surface by electron streams with
different intensities. Some regularities of transition of the metastable compound TiC, into
diamond phase have been determined by complex studies of physical properties of the
condensates using methods of electron diffraction analysis, Raman scattering.

MsyueHbl MeXaHM3MBI CTPYKTYpooOpasoBaHUA CJI0EB cucTeMbl [i—C, I[MOJYYEHHBIX IIpU
HepaBHOBECHOM IIpoIlecce Iiepexojia TMapoB ¢ HEOOXOAMMBIM COOTHOINIEHHMEM KOMIIOHEHT B
KOHJeHCUPOBAHHOE COCTOsSHMe. PasinuHas cTelmeHb HEPaBHOBECHOCTH IIpollecca KOHIeHca-
UM JOCTHUTrajach OOJyUeHMEeM DPOCTOBOM IIOBEPXHOCTU IOTOKAMHM JJEKTPOHOB DPA3IUYHON
WHTEHCUBHOCTH. IlyTeM KOMIJIEKCHOTO M3y4YeHUs (PUBUUYECKUX CBOICTB KOHIEHCATOB C HC-
MOJIb30BAHWEM METONOB 3JeKTpoHOoTpaduu, KOMOWHAIIMOHHOTO PacCCeAHUS OBLIM yCTaHOBJE-
HBI HEKOTOPBle 3aKOHOMEDHOCTH Ilepexojia MeTacTabuibHOro coegmHeHus TiC, B aaMasHyo
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dasy.

At the hydrogen-free synthesis of a-C
layers, the growth surface is exposed to ion
streams, providing local compression
stresses in the sites of interaction with con -
densate, thus facilitating the diamond phase
initiation [1, 2]. In contrast to chemical
deposition, such synthesis of the layers is
less equilibrium, and the transition to
graphite-like structure occurs as the con-
densation temperature (T,) exceeds
100...200°C [3].

Due to small electron mass, the interac-
tion of relatively weak electron streams
with the growth surface does not result in
local stress increase up to levels required
for effective diamond-like structure forma -
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tion. For this reason, aiming the partial
conversion of the formed graphite-like layer
into diamond-like state, a short-term influ-
ence of high-power electron stream is usu-
ally used [1], while continuous irradiation
by a weaker electron stream during the con -
densate growth does not provide a positive
result. At the same time, using nonequili-
brium transition of weak C and Ti vapor
streams into condensed state, it is possible
to obtain the TiC, compound, which is me-
tastable with respect to diamond [4]. Such a
metastability reveals itself under the action
of the electron beam. In this connection, the
idea is offered [5] that under certain condi-
tions, the TiC, may favor the diamond
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phase nucleation. During the realization of
this idea, diamond microcrystals were ob-
tained presumably [5], containing small
amount of Ti (up to 1 at.%). In that case,
the TiC, influence was considered to be lim-
ited only to the initiation of diamond phase
growth, while the main role in layer-to-
layer crystal growth was played by the se-
lective processes occurring at extremely
nonequilibrium transition of matter into
condensed state. However, in this case, one
should not exclude the precursor role of
TiC,, i.e. Ti enriched growth surface forma-
tion, promoting the layer-to-layer crystal
growth. Verification of this statement is
the primary goal of the present work.

The simultaneous deposition of C and Ti
in required ratios along with exposure of
the growth surface to electron stream were
performed using two Ti magnetron sputter-
ers and one C sputterer. The C sputterer
discharge was stabilized using the hollow
cathode effect [6], as well as electric and
magnetic field superposition (Fig. la). It is
also to note that the hollow graphite cath -
ode being sputtered served as a source not
only of carbon plasma, but also of a suffi-
ciently intense secondary electron stream.
Since a fundamentally new engineering so -
lution has been used in the C sputterer, let
its main functional capabilities be consid -
ered in more detail. At first, note that if
the hollow cathode effect is used without
magnetic field, the discharge initiation
shifts to higher working gas pressure re-
gion (Pp, ~ 60 Pa), the initiation voltage
being the same, while the discharge current
decreases by about one order of magnitude.
Besides, the magnetic field assists in focus -
ing the electron stream onto the substrate.

Study of the sputterer voltage-current
characteristics, condensate growth rate R,
and substrate heating temperature by elec-
tron stream, depending on the working gas
pressure Pp, reveals the following regulari-
ties. As P, increases, the discharge current
tends to saturation gradually, and voltage-
current characteristics do not contain typi-
cal knees usually defining glow-to-arc dis-
charge transition (Fig. 1b). Their absence
shows that the internal part of the warm-
ing-up cathode turns in essence into a dif-
fuse arc discharge cathode spot progres-
sively [6]. Besides, when the sputterer
power input (P,) remains constant while Pp,
increases from 0.4 to 40 Pa, the growth
rate R, falls from 4.8 to 0.01 nm/s. This
fall seems to be caused by the corresponding
intensification of sputtered C and Ti outdif-
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Fig. 1. The scheme of the vacuum-sputtering
system (a) and voltage-current characteristics
of the C sputterer at different P, (b): 1 — Ti
magnetron sputterers; 2— C sputterer anode
body; 3 — the magnet; 4 — the magnetic
conductor; 5 — sputtering cathode graphite
body; 6 — the cathode holder; 7 — the isola-
tor; 8 — the substrate; 9 — the flaps; 10 —
the valve, joining the vacuum camera to the
evacuation system; 11 — the valve, joining
the vacuum camera to the rough evacuation
channel; 12 — the ionization pressure sensor;
13 — the vacuum chamber water cooling; 14 —
the mass-analyzer.

fusion [7]. The substrate heating tempera-
ture by the electron stream depends on its
thermal capacity and geometry. Here, in
each specific case, the increase in Pj, from
0.4 to 40 Pa at a fixed C sputterer power
input results in T, reduction by about a
factor of three. This is the consequence of
electron beam dispersion intensification. It
is possible to control the Ti concentration in
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Fig. 2. The regularities of condensate phase
composition changes at decrease in Ti concen-
tration from 50 up to 30 at.% (transition
from TiC (a) to TiC, (b)) and under the influence
of the TEM electron beam (¢ — TiC, + diamond
phase; d — TiC, + diamond phase; e — dia-
mond phase; f — diamond phase, grown from
the acetone vapors).

condensates precisely by varying P, of the
magnetron sputterers while keeping other
process variables constant.

At the initial stage of the experiments,
the vacuum chamber was pumped out, de-
gassed and then cut off completely of the
evacuation system. Then Ar was leaked in
and Ti sputterers were turned on for a long
period of time (about 30 h). In that way,
due to the getter properties of condensed Ti,
the fine purification of Ar [8] and also de-
crease in Ar pressure down to the necessary
value were provided. It is to note that dur-
ing such purification, the graphite sput-
terer was connected and degassed by heat -
ing. These preparatory stages prevented any
further interaction between the deposited Ti
and chemically active components of resid -
ual gases, because the partial pressure of
those came to only 81078 Pa [8].

The Ti—-C system layers were condensed
on freshly-cleaved KCI facets, Si single crys-
tals, glass, and polished stainless steel
plates free of Ti. The condensate structures
were studied using scanning and transmis -
sion electron microscopy (SEM and TEM,
respectively) and electron diffraction. The
chemical composition was determined from
characteristic X-ray emission spectra di-
rectly in the scanning electron microscope.
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Fig. 3. The P, dependence of p at Py, = 10 Pa,

. = 220...350°C, Ti concentration ~1 at.%
(a) and Ti content dependence of p for the
condensates, obtained at P, =210 W, P, =
10 Pa u T, = 250...380°C (b).

Using the electron beam of about 1 pm in
diameter, the local chemical analysis was
carried out when necessary. The layer resis -
tivity p was used as a parameter sensitive
to diamond formation.

First, using Pp, = 4 Pa and selecting Ti
sputterer power input, the layers with
chemical and phase compositions answering
to TiC compound were deposited (Fig. 2a).
Thus, the condensation conditions are effec -
tive for carbide formation, and this fact is
a significant point in this work. At the fur-
ther decrease in Ti sputtering intensity, the
transition to formation of TiC, bcc lattice
[4] in the condensates was provided (Fig.
2b). The subsequent Ti concentration reduc-
ing down to several at.% at other process
variables fixed resulted in a gradual p in-
crease up to about 103 QGh. The conden-
sates were essentially opaque in the visible
spectral range, and the regularity of phase
composition change corresponded to that de -
scribed in [4]. Transition to higher working
gas pressures (Pp, =10 Pa) along with
keeping C sputterer power input unchanged
and Ti concentration up to 1 at.% favored
the increase in p to 1.41108 Q. At the
same time, the visible range transparency
of the 0.4 pm thick layers grew to
70...80 %, and electron diffraction study
evidenced their amorphous state. It should
be noted that the microhardness of the lay-
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ers remained constant being as low as about
150 kgf/mm2. Obviously, such regularity of
physical properties change at increasing Pa,
was due to corresponding decrease in R, and
T., as noted above.

Increase of C sputterer power, the flaps
of Ti sputterers being shut, results in break -
ing-up the diamond-like state formation, as
revealed by high p values (Fig. 3a). At the
same time, the process variables of dia-
mond-like to graphite-like state transition
can be obtained. Evidently, by varying Ti
concentration at these parameters, it is pos -
sible to ascertain the degree of Ti influence
on the diamond formation process. In this
connection, as it follows from Fig. 3b, in-
crease in Ti concentration up to 3 at.% re-
sults in a considerable increase of p, thus,
role of Ti as a catalyst being verified rather
pronouncedly. Besides, the further increase
in Ti content up to 8 at.% results in a grad-
ual decrease of p by 10 orders (Fig. 3b) and
also in almost full loss of the layer trans-
parency. Analysis of the phase composi-
tion of the last experimental series conden -
sates shows the presence of highly dispersed
diamond phase and TiC,, and a regular in-
tensification of diamond phase reflections
taking place as Ti concentration decreases.
The same phase changes can be observed as
the layers with Ti concentration about 3 to
5 at.% are exposed to electron beam di-
rectly in TEM (Fig. 2¢, d, e). The observed
TiC, — diamond transition can be explained
as follows. The TiC, lattice represents a dis-
torted fcc lattice of TiC, with additional C
atoms introduced into some interstices [4].
Hence, the carbon sublattice of TiC, repre-
sents a strongly distorted lattice of dia-
mond. If TiC, is decomposed due to electron
stream action and Ti diffuses to grain
boundaries and surface of the condensate,
then the vacancies become shut by com-
pressing carbon sublattice to diamond form.
Such processes are evidenced to a certain
extent during TEM-investigations by corre -
sponding appearance of contrasts in conden -
sate microstructure patterns visible as more
light stripes and spots (Fig. 4a). Appar-
ently, such sites are enriched in Ti. The
dark regions of this microstructure pattern
represent most likely finely dispersed dia-
mond phase, which scatters electrons more
efficiently. It is necessary to note that, as it
follows from electron-diffraction analysis,
accumulation of Ti between diamond inclu-
sions is not accompanied by carbide forma -
tion. Perhaps the necessary stoichiometry is
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Fig. 4. The microstructure patterns of the
condensates (a — after affecting by the elec-
tron beam in TEM, b u ¢ — dielectric inclu-
sions at large and small enlargements corre-
spondingly).

lacking, and TiC, formation needs special
technological conditions [4].

Using acetone vapors as the working gas
and also the C sputterer proposed in this
work, fully transparent dielectric layers
with enhanced microhardness (about
1200 kgf/mm?2) were produced. Those layers
contained finely dispersed diamond phase.
The electron diffraction patterns for struc-
tures obtained by means of TiC, — diamond
transition were compared to those obtained
using acetone vapors. In spite of principal
difference in approaches to layers forma-
tions, identity of the patterns was revealed
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(Fig. 2e and 2f). However, as it follows
from that comparison, intensity of the dif-
fraction reflections from a-C:H is more con-
siderable, and this fact, together with in-
creased microhardness, points out obviously
a higher content of diamond phase. An at-
tempt to get hard layers with Ti concentra-
tion 3 to 8 at.% Dby their vacuum annealing
at about 500°C for 4 hours did not have
positive result. The microhardness remained
only 150 to 200 kgf/mm? after annealing.
All these facts, taken together, indicate a
specific structural state, when possible su-
perhard nanofragments of the substance are
weakly bound to each other. Most likely,
diamond nuclei, appeared due to the
TiC, - diamond phase transition, did not
get their further development. As prelimi-
nary investigation results showed, Raman
spectra, sensitive to molecular state, have a
complex character dependent on Ti concen-
tration. However, for a series of samples
condensed on Si and glass at Ti concentra-
tion about 3 to 5 at.%, we were succeed to
ascertain the presence of clear maxima at
about 1332 cm™! (Fig. 5) that testifies to
the presence diamond phase.

Summarizing all stated above, we can af -
firm that a low Ti concentration really
stimulates diamond formation. The TiC,
phase, however, acts as a precursor mainly
under electron stream or other possible ac-
tion upon already formed condensate. Here,
it is not excluded that to intensify these
precursor functions during the diamond
phase growing, it is necessary to use such
technological conditions that could provide
continuous synthesis and decomposition of
TiC, on the growth surface. Perhaps it is
just those conditions that were realized in
[6]. But to verify such assumption, it is
necessary to control the Ti vapors coming
onto growth surface very strongly. In [5],
from the technical point of view, such a
task did not seem to be attained. In this
connection, to uncover the precursor role of
TiC,, the nonequilibrium mode of the mat-
ter (Ti and C) transition into condensed
state was first of all increased. To that end,
the C sputterer power input was elevated
up to 650 W, and, respectively, the steel
substrate was heated up by electron beam to
temperatures near 800°C. In addition to
electron stream, negative ions and condens -
ing atoms with increased energy seem to
affect the growth surface as well. All that
in combination was an important prereq-
uisite for intensification of the process non -
equilibrium.
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Fig. 5. Raman spectrums of the condensates,
obtained on Si substrates (a) and glass (b).

As SEM analysis showed, the condensates
obtained in such conditions, consisted
mainly from porous graphite-like structure
with rather low value of p and have a char-
acteristic black color. However, in some
samples, inclusions with features of crystal -
line faceting (Fig. 4b) and Ti content no
more than 1 at.% were revealed. Besides,
SEM analysis showed at low magnifications
that the inclusions accumulate negative
charge, thus creating dark background
about them (Fig. 4c¢). This fact points out
their dielectric properties. Gathering all
mentioned above, it is possible to define
these inclusions as diamond at a high prob -
ability. It should be emphasized that the
formation process of such inclusions oc-
curred under continuous coming of Ti va-
pors in minimum amounts to the growth
surface. If Ti vapors coming was inter-
rupted at a certain stage of the condensate
formation, then further deposition did not
result in formation of the dielectric inclu-
sions. This is what let us to presume that
TiC, performs precursor functions.

To conclude, the metastable compound
TiC, is formed at nonequilibrium transition
of C and Ti vapors taken in certain ratios
into condensed state. The compound can be
transformed into diamond phase under the
action of electron beam. Increasing T, to
800°C by means of more intense electron
stream influence upon the growth surface,
and thus increasing the condensation proc-
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ess nonequilibrium, it is possible to obtain
individual inclusions being presumably dia -
mond. Perhaps their layer-to-layer growth
occurs due to the precursor effect of TiC,
compound.
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Hlesaki 3aKOHOMIpHOCTI yTBOpeHHA aaMa3Hol ¢da3um mpu
HepiBHOBasKHOMY mpoieci nepexoay mapis C 3 maaum
BmictoM Ti y KOHIeHCOBAHUN CTaH

B.1.Ilepexpecmos, I0.0.Kocmincoka, I.B.Anuyx

BuBueHo MexaHi3MM CTPYKTYpPOYTBOpPeHHsA mapiB cucremu [1i—C, oTpuMaHuX Ipu He-
piBHOBa:KHOMY IIpPOIleCi mepexoay HapiB 3 HeOOXiTHWUM CIIiBBiZHOIIIEHHAM KOMIIOHEHTIB ¥y
KOHJIEeHCOBaHMWM cTaH. PisHMIA cCTymiHb HEpiBHOBasKHOCTI IIpollecy KOHAeHcallil mocsarascs
ONpPOMiHEHHSM pOCTOBOI IIOBEPXHiI IIOTOKaMHU e€JeKTPOHiB pisHoi iHTeHcuBHOcTi. Illnsaxom
KOMILJIEKCHOTO BUBYEHHSA (Di3MUHUX BJIACTUBOCTEIl KOHOEHCATIiB 3 BUKODHCTAHHAM METOHiB
eJeKTpoHOrpagii, KoMOiHAIITHOTO PO3CiAHHSA BCTAHOBJIEHO NEesAKi 3aKOHOMIPHOCTI Iepexony

MeracTabinbrao0i cnonyku TiC, B anmasHy (asy.
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