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Abstract—In this paper, the growth of Lonsdaleite diamond using hot-filament chemical vapor deposition (HFCVD)
on flashed and reconstructed Si (100) is reported. Surface morphology studies using scanning electron microscopy
(SEM) show that the film is composed of decahedron and icosahedron diamond particles. The X-ray diffraction (XRD)
pattern has a strongest peak atatil a peak at 41which is indicative of Lonsdaleite nature of the grown diamond
film. The Raman spectrum of the film shows a broadened diamond peak at wave number of 1,328icmhas
shifted towards the peak position corresponding to Lonsdaleite nature of the diamond (13326 cm
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INTRODUCTION various methods of nucleation enhancement, i.e., mechanical scrat-
ching (or grinding) and bias enhancement nucleation (BEN), sur-
Since the determination of X-ray structure of the diamond, it hadface carburization, ion-implantation, use of carbon seeding layer
been known that the diamond is a tetrahedral network of carbormtc. are used [Yugo et al., 1991; Stoner et al., 1993]. The property
atoms and these atoms are arranged in a cubic lattice. Furthermomf, CVD-diamond strongly depends on the nucleation enhancement
it is also well known that there exist two isomers of diamond, i.e.,method and the depositing parameters. Therefore, such flexibility
the cubic diamond and the hexagonal diamond (also called Lonssf CVD techniques can enable us to produce the CVD diamond
daleite). The Lonsdaleite diamond is found only in the bulk naturalfilm with various structures, properties and qualities. To our knowl-
diamond. It has broadbands and is mostly observed in shock wawedge, reports are not available for the growth of Lonsdaleite dia-
produced diamonds. The peaks in the Raman spectra are positionetbnd except the work of Lee et al. [1998] reporting the growth of
in the wave number range from 1,315 to 1,326.dmfact, various  Lonsdaleite-like Carbon using HFCVID.this paper, we report the
amorphous metastable and crystalline phases of carbon such as dividence of the Lonsdaleite diamond grown by HFCVD on clean
amond, nano-tube, and fullerene likg €n exist; and most of them  (flashed and reconstructed) Si (100) at specific deposition condi-
have been grown under non-thermal equilibrium conditions [Speation based on SEM, XRD and Raman spectroscopy results.
and Dismukes, 1993]. Diamond is a metastable form of carbon com-
pared to graphite at low pressure growth. The structure of graphite EXPERIMENT
was formed by two-layer stacking sequences ...ABABAB...of flat
hexagonal (0001) carbon atomic planes, but diamond structure was Diamond films were deposited on Si (100)-2x1 surface using
formed by three-layer stacking sequences ...ABCABCABC...of hot filament CVD technique. Prior to diamond growth Si surface
the same hexagonal, but puckered (111) carbon atomic planes.Was flashed and reconstructed. The p-type Si (100) wafers of di-
has been reported that the Lonsdaleite diamond is detected in meiensions 13x7x0.5 mm were used as a substrate. For cleaning Si
teorites. Although Lonsdaleite was found in bulk diamonds of me-substrate, they were first degreased, then chemically etched by re-
teorites, but it is not clear whether it exists in the CVD diamondpeated oxidation and etching processes and finally protected by a
[Lawrence and Kania, 1995]. In thermal equilibrium conditions, the thin oxide layer (using the so-called Shiraki method) [Ishizaka and
diamond phase is stable under a high temperature of about2,300 Shiraki, 1986]. The cleaned substrate was then transferred to the
and a high pressure of about 40-50 KBar. But under a normal cherhigh-vacuum chamber (pressure of ~I%XT0rr) by using a spe-
ical vapor deposition (CVD) growth condition, i.e., under a low pres-cially designed substrate holder suitable for passing current to the
sure of a few tens Torr, the nucleation and growth of diamonds casubstrate for flashing purpose. Thin oxide layer was removed by
occur in non-equilibrium conditions, and hence the nucleation ancheating (known as flashing process) the substrate to°C200H,
growth will be controlled by kinetic laws rather than by thermody- atmosphere (30 Torr pressure) until the oxygen species from the
namics. However, because of relatively large surface free energgurface was completely removed. This was confirmed by X-ray
of diamond and its small lattice constant compared to other semiphotoelectron spectroscopic study (ESCALAB250, VG Microtech,
conductors, diamond nucleation on semiconductor or non-diamontlK) without exposing the substrate to ambient atmosphere. At the
substrates is hardly achieved [Wurzinger et al., 1986}efore, final flashing stage, the surface was reconstructed by slow cooling
from 1,000°C to room temperature at the rate &€&ec. The sur-
To whom correspondence should be addressed. face cleanliness was confirmed by XPS, and the surface reconstruc-
E-mail: hsshin@chonbuk.ac.kr tion was confirmed by the two-fold 2x1 low electron energy dif-
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fraction (LEED, model ESCALAB250) patterns. Previously we tron microscope (JSM-6400, JEOL, Japan), X-ray diffraction (Rigaku
reported that the diamond could be nucleated on such a flashed afitiA Type) and Micro Raman spectroscopy (Renishaw) using He-
reconstructed Si (100) with high nucleation density of et Ne laser {=632.8 nm).

by HFCVD where a detailed experimental description is also given

[Chiem et al., 2002]. RESULTS AND DISCUSSION
For this work, a 15 mm wide filament with 5mm cross sec-
tional diameter was used. A mixture of high purity(D.999%) Fig. 1 shows the SEM images obtained from the samples grown

and CH (99.95%) gas was injected inside the chamber from theon clean Si (100)-2x1 after flashing and surface reconstruction. In
bottom. The reaction gas consisting of 1vol% of, @s sup-  Fig. 1a, it can be clearly seen that the grown film is composed of
plied in a total flow rate of 100 sccm, and the pressure (30 Torr) irparticles of different sizes with the same (111) facet. This implies
the reaction chamber was kept constant throughout the depositiathat the particles favor (111) growth direction. Existence of the di-
process. Filament temperature was monitored by optical pyrometeasmond particles with various sizes implies that during the growth
(Minolta TR-630, Japan), whereas the substrate temperature waseriod either an additional diamond nucleates or generates defects
measured by K-type thermocouple arranged in such way that itsuch as twins and stacking faults. It can also be seen that there is
tip was in contact with the back side of the substrate. Filament temsecondary nucleation of diamond grains in between the existing di-
perature was maintained at 2,06y using CV/CC source, and amond crystal, where surface energy is low. It can be said that the
the substrates were kept at 90My adjusting the distance between secondary nucleation fills up the surface irregularities and results in
the filament and substrate. During growth process, substrate was smooth fim. The secondary nucleation is expected to be due to
heated by filament radiation and temperature was continuously mormethane gas since increase in methane gas pressure may result in
itored throughout the deposition period of 2 hours. secondary nucleation.

The deposited diamond films were analyzed by scanning elec- Fig. 1b shows the magnified image obtained from the periphery
of the sample, where typical decahedrons and icosahedrons of di-
amond can be seen clearly. It is well known that these particles are
not single crystals, but they are multiply twinned particles (MTPs)
[Lawrence and Kania, 1993herefore, the presence of these par-
ticles evidenced that the film is defective.

It is known that adsorption of foreign atoms on the surface can
significantly modify its physical and chemical properties. In some
cases impurities act as a “surfactants” can greatly modify the mor-
phology of the film. An example is the heteroepitaxial growth of
semiconductors. Hydrogen is a common impurity that plays a sig-
nificant role in semiconductor growth as well as diamond growth.
A conventional CVD diamond growth process typically consists
of few stages, viz. (I) incubation period, (Il) 3-D surface nucle-
ation, (lll) termination of nucleation and 3-D growth of nuclei to
grains, (IV) faceting and coalescence of individual grains and for-
mation of continuous film, and finally (V) growth of continuous
film. In the first step of the growth process, carbon clusters are formed
on the substrate surface and a change in the bonding structure from
sp to s occurs. In step |l, $fponded carbon atoms are converted
into a relatively stable network of*dponded carbon. The continu-
ous molecular rain of activated hydrocarbon and atomic hydrogen
on the substrate surface provides sufficient energy for sp—
sp' conversion. After this, a transition of bonding state in the car-
bon network occurs from a disordered domain withepded car-
bon to diamond with $ponded carbon. Crystallization also includes
chemical reactions such as hydrogen abstraction, dehydrogenation
of absorbed surfactants, recombination of hydrogen atoms etc. Dur-
ing crystallization, the carbon atoms rearrange towards {111} planes
to achieve minimum surface energy and this crystallized region then
acts as a nucleus for subsequent growth of diamond (i.e., further
growth steps).

Fig. 1. SEM images obtained from the film grown on the flashed r In Eg' f'2|, the (t:]orresp_lc_)g ding )k(-ra%/ac;fcfjragglon g(R?) tc;]btal.'? ed
and reconstructed Si (100) (a) Image from the center of the om the im IS shown. The peaks a are aue o the si-

sample, where the film is uniform and continuous; and (b)  icon substrate [Woo et al., 1998; Meng et al., 19@jording to
Magnified image from the periphery of the same sample,  the JCPDS (the Join Committee on Powder Diffraction Standards)
where the film is discontinuous. card, the peaks at445, 91°, 119, and 148(2-theta) characterize
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Fig. 2. X-ray diffraction pattern of the film grown on the flashed by BEN growth process with bias voltage of280 V (25 mA)
and reconstructed Si (100). fir 30 min.

a cubic diamond but the Lonsdaleite diamond is characterized bthe sp- bonds of diamond is about 50 times smaller than that from
additional peaks at 4147, 61°, 82, and 93compared to the cubic  the sp- bonds of non-diamond (graphite or diamond-like) [Glass
diamond [Lee et al., 1998]. From Fig. 2, it is seen that there exiset al., 1990}the fact that the peak height at 1,600'dssmaller

clear peaks at 4-nd 47 in 2-theta angle. The peak at°43 the than that at 1,329 cmimplies that the film is mostly composed of
strongest peak with 100% intensity ratio. Thus from the XRD pat-diamond phase even though there also exists a small portion of non-
tern of the deposited diamond film shown in Fig. 2, it can be con-diamond phase. This shows the possibility of formation of a non-
cluded that the nature of the grown film is mostly Lonsdaleite with diamond phase between the diamond planes and thus causes a shift
a slight mix of cubic diamond grains. in positions of all surrounding carbon atoms and introduces strains

The Raman spectrum obtained from the corresponding film isin the grown film. This intrinsic strain therefore causes broadening
shown in Fig. 3. Two peaks at the wave numbers of 1,32%rih in the diamond peak (at 1,329 ¢mwave number), which can be
1,600 cnt correspond to diamond and non-diamond phases, respeseen in the spectra and a slight shift in peak position from the ex-
tively [Stockel et al., 1996]. The peak at 940timdue to the Sil-  pected Lonsdaleite position (1,326 m
icon substrate. Considering that the Raman scattering efficiency from Fig. 4 shows the Raman spectrum obtained from the film grown
by using the BEN method under the deposition conditions as men-
tioned in experimentation. In the BEN method, the substrate was
negatively biased with a bias voltage-@380 V (25 mA) and the
bias period was 30 min (for initial nucleation). The experimental
configurations were kept the same in order to compare the two kinds
of diamond film grown by different nucleation enhancement meth-
ods. It can be noted that the Raman spectrum (shown in Fig. 4) has
1600 only a very sharp cubic diamond peak at a wave number of 1,333
cmt,

Comparing spectra shown in Figs. 3 and 4, it is clearly observed
that the Raman peaks appear at different positions, i.e., at 1,329 cm
and 1,333 cmand with different peak widths (FWHM=53 and
940 10 cm™), respectively. These two distinct differences, i.e., shift in
peak position and peak broadening, in Raman peaks imply that the
film with hexagonal diamond structure (Lonsdaleite) has more de-
fects than the film with cubic diamond structure as the optical pho-
—_——r non frequency of hexagonal structure is different from that of cubic
800 1000 1200 1400 1600 1800 structure. It was previously proposed that the nucleation of Lons-

. a daleite layers on a diamond surface is equivalent to nucleation of a
Raman shift (cm™) stacking fault or twin plane during diamond growth [Spear and Dis-
Fig. 3. Micro-Raman spectrum obtained from the film grown on ~ mukes, 1993; Lawrence and Kania, 1995]. In general, such a pro-
the flashed and reconstructed Si(100). cess causes intrinsic strains during the growth process. Hence, the
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intrinsic strain causes broadening of the Raman peak as shown lmawrence, S. P. and Kania, D. R. (Eds.), “Diamond: Electronic Proper-
Fig. 3. Therefore, the broadened Raman peak shown in Fig. 3 also ties and Applications; Kluwer Academic Publisher (1995).

evidences the Lonsdaleite nature of the present film. Lee, Y.H., Chen, C.H., Chung, S. R,, Chen, S. H. and Wung, Y. T., “Pre-
paration and Properties of Lonsdaleite-like Carbon by HFCVD' In-
CONCLUSION ternational Symposium of Carbon, 554-555, 1998 (Tokyo).

Meng, Q. B., Fei, Y. J., Kang, J., Xiong, Y. Y., Lin, Z.D., Feng, K.-A.,
In the present experiment, diamond film mostly consisting of Lons-  Wu, Z.J. and Zhang, S. Y., “Study on the Interface Structure: Dia-
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