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Diamond films of up to 12 um thickness have been deposited onto single crystal silicon
substrates by CVD method in CH,/H,/Ar glow discharge plasma stabilized by magnetic
field. X-ray diffraction analysis and atomic force microscopy have shown the films consist
of about 1 um in diameter conglomerates of 30-40 nm average size diamond nanocrystals.
The conglomerate size increases by a factor of 2 as the film thickness grows from 1.7 up
to 11.7 um. At the same time, the nanocrystallite size remains essentially unchanged. In
the diamond films, texture, compressive residual stresses and high concentration of crys-
tal structure defects have been revealed.

AsMazHble IJIEHKM TOJIUHON M0 12 MKM IIOJyUeHBI Ha MOAJ0MKKAX U3 MOHOKPUCTAJIJIM-
4YecKOro KpeMHHUA MeTozoM rasodasuoro ocamxaenus B CH,/H,/Ar nnasme Tieromero paspsaza,
CTaOMIMBUPOBAHHOTO MArHHUTHBIM mojeM. MeTomaMy PEeHTreHOCTPYKTYPHOIO aHaamsa u
aTOMHO-CHJIOBOM MHKPOCKOIIMM YCTAHOBJEHO, UTO IIJIEHKU COCTOST M3 KOHIJIOMEPATOB K-
meTpoM ~1 MKM, 00pasoBaHHBIX HAHOKPHCTAJNJIAMU ajiMasa co cpegHuMm pasmepom 30—40 M.
C pocroM TOIIIMHLL IIeHKX oT 1,7 1o 11,7 MKM pasmep KOHIJIOMEPATOB yBEIWYMBAETCA B 2 pasa.
IIpu sroM pasmep HAHOKPHCTAJLIOB IPAKTUYECKU He MEHseTCs. B ILUIeHKaX BBHISIBJIEHBI TEKCTypa,
OCTATOUHBIE HAIIPSMKEHUs] CIKATUS M BBICOKOE comep:KaHue ned)eKTOB KPUCTAJINUECKOrO CTPOSHMS.
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Recently, the materials in nano-crystal-
line state attract a great attention of re-
searchers. These materials possess a number
of unique properties as compared to single-
and micro-crystalline ones, that extends
both the application field and effectiveness
thereof [1, 2]. In this respect, the diamond
coatings are not an exception. One of the
ways to achieve the grain refinement down
to nano-size in the diamond films prepared
by CVD is partial or full hydrogen substitu-
tion in the CH,4/H, gas mixture with argon.
Thus, the deposition process is followed by
an intense secondary nucleation hindering
the diamond crystallite growth and holding
their nano-sizes even at a significant (mi-
crometers and tens of micrometers) film
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thickness. As a result, the films show a low
roughness, high homogeneity of mechanical,
thermo-physical and other properties being
of importance for various film applications
in tribology, optics, in manufacturing of
planar non-heated cathodes, electronic emis-
sion devices, acoustic-electronic systems,
etc. [3]. Nowadays, the microwave discharge
is most often used for the working gas acti-
vation, but the equipment necessary for the
process is expensive enough and compli-
cated. The synthesis method can be substan-
tially simplified if the magnetic field stabi-
lized glow discharge is used to excite the
gas mixture [4-6]. It was found that in
such discharge type, the transition from
coarse-crystalline to micro- and further to
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nano-crystalline diamond coatings is real-
ized at 20-40 % Ar concentrations in the
gas mixture, that being substantially lower
than the typical Ar contents in microwave
discharge being at least 80 % [7, 8]. How-
ever, the peculiarities of structure and prop-
erties for such coatings are still not studied
enough. The purpose of this work is to study
the surface morphology, structure, and stress
state in nano-crystalline diamond films pre-
pared in CH4/H,/Ar glow discharge plasma.

The diamond films of 1.7 to 11.7 um
thickness were deposited in the glow dis-
charge in the CH,/Hy/Ar atmosphere stabi-
lized by magnetic field onto the substrates
of polished single-crystalline silicon with
[111] orientation. Before deposition, the
substrate was "sown” by mechanical indent-
ing the ultra-disperse diamond (UDD) parti-
cles of 3 to 5 nm into its surface. According
to microscopy data, such a preparation of
the silicon surface provides the initial den-
sity of diamond nucleation up to 5-108 cm 2
[56]. Before the sowing, a part of the sub-
strates were cleaned from the surface oxide
layer using abrasive sandpaper and diamond
paste. The gas mixture composition and
pressure were selected both to provide the
stable process of nano-structured film for-
mation and to exclude glow discharge com-
bustion failure due to micro-arc discharges
on the cathode surface. The mixture pres-
sure was (1.1-1.2)-10% Pa at CH,4 concentra-
tion of 0.8 to 1.0 % and Ar one of 40 %.
The substrate temperature was kept at 890—
920°C. The deposition rate was ~ 0.5 pm/h.
The film effective thickness was determined
from the deposited carbon amount using the
gravimetric method. The diamond surface
morphology was studied using a NT-206
atomic-force microscope.

The X-ray examinations including the
analysis of phase composition, texture, sub-
structure, and the residual stress evaluation
in the films were carried out using a
DRON-8 instrument in the copper anode fil-
tered radiation. The diffraction patterns for
the phase analysis were obtained by 6-26
scanning with Bragg-Brentano focusing in
the 26 angle range from 20 to 80 degrees
using the continuous automatic recording
onto chart strip. To study the film sub-
structure and stress state, the diamond
(111), (220), (311), (331) reflections were
measured by point-wise intensity registra-
tion with A(26) scan step of 0.02 to 0.1° and
the 10-20 s pulse accumulation duration
for a point (depending on diffraction max-
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Fig. 1. Some parts of the diffraction patterns
for diamond films of different thickness,
um: I — 1.7, 2 —4.6, 3 —9.8 01 (CuKa radia-
tion).

ima intensity and width). After preliminary
treatment of diffraction patterns and dou-
blet separation, the diffraction lines were
approximated by Cauchy function. The co-
herence lengths (CL) in the diamond films
were estimated using the Selyakov-Scherrer
relation using the broadening of (220) re-
flection taking into account the line instru-
mental broadening of the standard and
Scherrer constant. The residual stress in the
coatings were analyzed by sin?y method meas-
uring the interplanar spaces during repeated
oblique scans of (331) reflection positioned in
the accuracy area of diffraction angles.
According to X-ray phase analysis data,
all the coatings under study show the dif-
fraction lines belonging to the only poly-
crystalline diamond phase (Fm3m space
group of cubic syngony). As the film thick-
ness grows, the line intensities increase
(Fig. 1). However, the line intensity ratios
differ substantially from the values typical
of the powder samples with chaotic crystal-
lite orientation, where the most intense line
is (111). The most intense line observed in
the film diffraction patterns corresponds to
(220) reflection.That is connected with pres-
ence of texture in the films with the crys-
tallite preferential <110> orientation along
the normal to the substrate surface. It has
been established that as the film thickness
grows, the texture perfection increases.
This is indicated by (220) line amplification
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Fig. 2. Some parts of diffraction patterns for
the sample of 9.8 pm thickness after the pre-
liminary processing and Cauchy approxima-
tion. Reflections: (111) (a) and (220) (b).

in comparison with other reflections. Thus,
the intensity ratios of (111), (220), and
(311) lines for the sample of 1.7 um thick-
ness are 60:100:37, respectively, while for
11.7 pm thick sample, it is 22:100:4. The
(220) reflection rocking curve width de-
creases from 19 to 15 degrees as the thick-
ness grows.

The analysis of true physical broadening
for different diffraction lines has shown
that the (220) line is narrower than (111)
one in all diffraction patterns. Thus, the
line broadening is caused not only by the
dispersity of the coherence areas and the
elastic micro-strains in the films, i.e. not
only by the dislocation defects of crystal
structure. One of the causes of such abnor-
mal broadening may be the presence of
packing defects, which are formed in {111}
planes of the diamond structure. It is
known that the packing defects may result
not only in the line broadening but also in
their asymmetry and displacements which
values depend on the interference indices
[9, 10]. In Fig. 2, the parts of the diffrac-
tion pattern for a 9.8 um thick sample are
shown. The (111) and (220) diffraction lines
are presented after the preliminary treat-
ment and Cauchy approximation. It is seen
that the experimental points for (220) line
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Fig. 8. Sin2y plots for diamond films con-
structed using the oblique scanning results of
(331) reflection. Film thickness, um: 9.7 (1),
11.7 (2).

are well described by the symmetric Cauchy
function, while the (111) line is rather
asymmetric. Such the asymmetry of (111)
line at the small-angle side is typical of all
the samples studied, the asymmetry increas-
ing as the thickness decreases. Moreover,
the diamond crystal lattice constants calcu-
lated from the positions of different dif-
fraction lines are different. This difference
reaches 0.8 % and indicates the (220) line
displacement to the large-angle side relative
to the (311) line, that is typical of the dis-
placements caused by the packing defects in
FCC crystals. The above-mentioned effects
support the assumption on the presence of
numerous packing defects in the diamond
films. In this connection, the average coher-
ence length L in the diamond films was cal-
culated from the Selyakov-Scherer equation
using the narrowest and most intense (220)
reflection. At the 1.7 pm film thickness,
the crystallite size is 80 nm; as the film
thickness increases to 9 um, this grows
slightly, then being stabilized at 40 nm.
An important feature of the films on the
substrates is the residual stress level. X-ray
tensometric determination of the stress in
the coatings was carried out by sin?y
method using multiple oblique scans of the
(331) reflection positioned in the 26 diffrac-
tion angle range near 141 degrees. Even for
the scanning with focusing (y = 0), the dif-
fraction lines were found to be very broad
(1.5 to 2 degrees), thus additionally con-
firming the high film defectness. Due to
both low intensity and large width of the
reflections, it was impossible to determine
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X:5.8|um Y:5.8 um Z: 572.1 nm [1.0:1] Z,nm

Ra:67.4 nm Rq: 85.1nm

X:4.6 um Y:3.8 um Z: 352.3 nm [1.3:1]
Ra:46.2 nm Rq: 55.1 nm

Fig. 4. Surface morphology of diamond films on silicon surfaces untreated (a) and polished (b) prior

to UDD sowing.

the stress degree in the films with thickness
less than 5 pm, however, these measure-
ments have been carried out for 9.7 um and
11.7 um thick films. The d—sin?y plots ob-
tained for these samples after the diffrac-
tion pattern treatment are shown in Fig. 3.
The experimental points fall well onto the
straight lines, the slope thereof indicating
the diamond films are compressed. Using
the technique described in detail in [6], the
residual stresses were calculated from the
d—sin?y plots, and the diamond film crystal
lattice period corresponding to non-stressed
state was obtained. The stress value in the
film of 9.7 um is —-0.3 GPa, that corre-
sponds to the lower limit of stress registra-
tion for X-ray tensometric method. In the
11.7 ym film, the stress is higher and
reaches —0.7 GPa. Such the stress level
variation in the diamond films of different
thickness seems to be due to the different
relaxation extent of thermal compressive
stress, o;, caused by different thermal ex-
pansion coefficients of the coating and the
substrate when the deposition takes place at
a high temperature. The o; calculations de-
scribed in [11] give ~ 38 GPa compressive
stresses that is substantially higher than
our experimental values. Perhaps the stress
relaxation is easier in the thinner film than
in the thicker.

The crystal lattice parameter was
found to be somewhat lower than the ref-
erence value for the natural diamond (a =
0.3567 nm) and was 0.3563 nm for the film
of 9.7 um, and 0.3565 nm for 11.7 pm film.
Such lowering may be due to different
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causes. In the present case, the most sub-
stantial factor seems to consist in the influ-
ence of packing defects mentioned above.
The existence of the packing defects results
in the diamond (331) diffraction line dis-
placement to larger angles, which results in
decrease of the lattice parameter. The
higher is the defect concentration in the
thin film, the stronger this effect is.

It is to note that the diamond films pre-
pared in multi-component CH,/Ho/Ar gas
mixture differ considerably from the films
deposited in the CHy/H, mixture, studied
before and being non-textured diamond
films with the lattice parameter close to the
reference value and relatively low content
of the defects such as dislocations and dis-
location walls [2—4]. Thus, the working gas
content change stimulates the texture for-
mation and increases the defect concentra-
tion in the diamond films. At that, the sur-
face morphology is changed cardinally. Intro-
duction of argon into the gas mixture results
in loss of the morphology stability of the
facet type growth: the films with distinct fac-
ets and block structure are transformed into
nano-crystalline ones [7, 8].

In Fig. 4-6, the atomic force microscopic
images of the diamond coatings synthesized
in the CH4/H,/Ar mixture are presented at
various magnifications. The coating micro-
structure appears as intergrown round sec-
tion clusters of sizes exceeding one pm with
surface coated with smaller nano-sized for-
mations. A similar structure, the so-called
"cauliflower”, was observed for nano-crys-
talline coatings described in [12]. Depend-
ing on the technique of the silicon substrate
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X:11.3pum Y:11.3 um Z:406.7 nm [1.1:1]
Ra:56.9 nm Rq:68.6 nm

Z,nm  X:12.0um Y:11.3um Z:760.4 nm [1.1:1] Z,nm
Ra:87.2 nm Rq:114.5 nm

Fig. 5. Surface morphology of 1.7 um (a) and 7.8 pm (b) thick diamond films.

X:1.0um Y:1.0um Z:106.8nm [1.0:1]
Ra:8.8 nm Rqg: 11.3 nm

Z,nm  X:1.0pum Y:1.0um Z:129.1nm [1.0:1] Z,nm
Ra:16.1 nm Rq: 19.3 nm

Fig. 6. Growth surface structure of 1.7 um (a) and 7.8 um (b) thick diamond films.

preliminary preparation, the micrometer
size clusters are either strongly convex
(Fig. 4a) or flat enough (Fig. 4b). The con-
vex formations grow on the substrates not
polished prior to UDD "sowing”. The simi-
lar surface morphology is also typical of the
films deposited on molybdenum substrates
[8]. The flatter formations are observed in
the films deposited onto silicon substrates
polished prior to the UDD sowing using
abrasive sandpaper and diamond paste.

No substantial morphology differences
have been revealed in the films of different
thickness (Fig. 5, 6). This concerns the
films deposited onto both the polished and
unpolished substrates. Noteworth is only
the difference between the microstructure
elements, which diameter increases almost
twice as the film thickness grows from 1.7
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to 4.6 ym. However, a further thickness in-
crease does not result in any significant
changes (Fig. 5a and 5b). For all the films
studied, the average surface roughness R,
does not exceed 100 nm. As to the nano-
structure element size, those have no sub-
stantial differences for the films of differ-
ent thickness (Fig. 6a and 6b), that indi-
cates the stability of the nano-structure
formation process. The cluster surface mi-
croroughness R, is 10 to 20 nm for all the
films. The profilogram analysis shows that
the structure formations atn the micro-clus-
ter surface have diameters in the range of
20 to 60 nm. The average values are close
to the coherence lengths L determined by
X-ray diffraction method, this suggests to
consider the L value as the diamond nano-
grain average size in the films.
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The “cauliflower”™ structure formation
can be explained by the growth of diamond
primary nuclei indented into the substrate
by "sowing”, and the simultaneous rapid
formation of secondary nuclei at the growth
surface. As a result, the film consists of
agglomerates consisting of diamond nano-
crystals. The increase of the agglomerate
size continues until they encounter other
similar formations, as in the case of the
island film growth. Indeed, the microstruc-
ture formation size is about 1 um, corre-
sponding to island sizes to the instant of
their coalescence into a continuous film at
the nuecleation density about ~ 108 ecm™2 at
the substrate surface. As the film thickness
grows, a fraction of the conglomerates are
associated forming larger clusters. The size
of cluster forming nano-crystallites is prac-
tically unchanged and defined by the depo-
sition parameters.

The mechanism described above allows to
explain not only the peculiarities of the
coating morphology, but also the origin of
the texture formation in the films. In [13],
the texture formation is supposed to be
caused by oriented nucleation and growth of
secondary nano-crystals at the surface of
the growing clusters. As a result, the mi-
crometer size clusters shaped as hemi-
spheres are formed by the diamond nano-
crystals with <110> direction oriented
along the sphere radius. The thicker the
film and larger the cluster radius, the
larger is the part of nano-crystals oriented
with <110> direction near the normal to
film surface, and more intense are the (220)
lines on the diffraction patterns. Our ex-
perimental results on the deposition of
nano-crystalline diamond films in the glow

discharge agree well with the growth model
suggested.

The authors are very thankful to the co-
workers of the Laboratory of Analytical Op-
tochemotronic headed by Prof.N.N.Rozhit-
skiy at Kharkiv National University of Ra-
dioelectronics for the measurements using
atomic-force microscope.
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Mopddooria moBepxHi Ta CTPYKTypa HAHOKPHMCTAJIYHHUX
anMa3HuX NIiBokK, orpumanux y CH,/H,/Ar nnasmi
TIiI0YOTO PO3PAXY

I1.I.Buposeyw, B.I.I'puyuna, C.®.Jyonix, 0.A.Onanes,
O.M.Pewemnax, B.€.Cmpenvrnuyvruil

AnvasH]l miaiBKM TOBIIMHOIO 40 12 MKM OTPMMAHO HA MiAKJIAJKaX 3 MOHOKPHCTAJIIYHOI'O
KpemHiI0 MeTozmoM rasodasuoro ocamenns y CH,/H,/Ar mrasmi Tairouoro pospsamy, cra6ini-
30BAHOI0 MAarHiTHuUM IoseMm. MeTomaMyu PeHTreHOCTPYKTYPHOI'O aHAaJidy Ta aTOMHO-CHJIOBOIL
MiKpocKomil BCTaHOBJIEHO, IO ILIIBKM CKJIAZAIOTHBCS 3 KOHIJIOMepaTiB giamerpom ~ 1 MKM,
YTBOPEHUX HAHOKpHCTAJaMu anmasdy is cepeauim poamipom 30—40 HM. 3 poCTOM TOBIIMHU
naiBgu Bix 1,7 mo 11,7 mMEM poamip KoHriaomepariB 36imbmyersca y 2 pasu. I[Ipu npomy
Po3Mip HAHOKPHCTANIB HPAKTUYHO HE 3MIHIOEThCA. ¥ ILIIBKAX BUSBJIEHO TEKCTYPY, BaJIMIII-
KOBi HAIIPy:KEeHHS CTHCKY Ta BHCOKUU BMicT medeKTiB KPUCTAIIYHOI CTPYKTYpPH.
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