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We present a description and a characterization of an unusual carbon entity which is produced in a combustion flame method. The

process involved is very close to that of a diamond synthesis combustion flame and characterization is via electron microscopy

(scanning and transmission). That carbon entity is revealed to be an sp2 phase that presents a very unusual texture.

Compared to other techniques,1 diamond films prepared by [001] aromatic layers which were oriented edge-on with
respect to the grid surface.oxy–acetylenic flame combustion synthesis2 are relatively inex-

pensive. Diamond-like and other carbonaceous species can
also be produced3 by oxy–acetylenic flame combustion by Results and Discussion
varying the preparation and the source gases composition.5
Diamond films are composed of only sp3 bonded carbon while Previously, Raman, SEM and X-ray di�raction studies estab-

lished the qualitative relation between substrate temperaturecarbonaceous species are composed of sp2 and sp3 bonded
carbon. Since this growth technique involves processes very and structure. In this work we found at substrate temperatures

ranging from 800 to 1050 °C, diamond or diamond-like filmsfar from thermodynamic equilibrium, many uncertainties
arise.4 This paper is focused on carbonaceous species, their were obtained. At temperature >1050 °C, an sp2 carbon phase

began to appear and at a temperature of 1250 °C Si–C andtextures (at the micro- and nano-scale) and their crystalline
order. These species are then compared to pyrocarbons and Si–O films were deposited. Nevertheless, multi-phase deposits

were always obtained. Diamond and diamond-like species orsoots obtained at similar temperature and pressure ranges
under similar flame conditions to obtain more insight into the diamond-like and sp2 carbon species were identified in these

deposits. Some films contained all three phases simultaneously.thermodynamic and kinetic processes controlling the structure
of the deposited film. No precise deposition conditions could be found for each

phase. Systematic variation of the deposition conditions
revealed that while one phase would gradually diminish
another would gradually increase. In particular in the tempera-Experimental
ture range 800–1050 °C, the percentage of diamond decreased

Experimental process with increasing temperature while the diamond-like content
increased. At temperature above 1050 °C the diamond-like

The preparation equipment details have previously been
percentage decreased, while, the sp2 percentage increased reach-

described.6 Note that the oxygen, acetylene and hydrogen
ing a maximum at the highest temperature; these findings are

source gases were metered using a commercially available mass
in accord with the results of Bang et al.8 and Hanssen et al.3

flow meter system. The substrate was mounted on a tempera-
Some unusual structures were found within the sp2 phase at

ture controlled water-cooled copper sample holder. Silicon
deposition temperatures of 1050–1250 °C.

substrates were used in all cases. The combustion flame
The sp2 phase coating appears matt black, similar to soots

deposition was carried out at ambient pressure. The O2/C2H2 obtained by incomplete combustion of hydrocarbons. SEM
gas ratio used in this study was typically 0.90, with C2H2 and studies revealed spherical bodies 5–10 mm in diameter (Fig. 1)
H2 gas flows of 1.6 l and 1.5 l min−1 respectively. During

with a very complex substructure shaped like a gypsum flower
deposition the substrates were placed in the acetylene vertical
flame feather zone (inner flame), 1 mm below the flame cone.
The deposition time was held constant at 5 minutes for all
cases. Substrate temperatures (Ts ) ranged from 800 to 1250 °C
(determined by IR pyrometry).

Characterization

All samples were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). TEM samples were prepared by gently scraping the
deposited film from the substrate. These free standing films
were then fixed to an amorphous carbon coated metal grid for
TEM analysis. All TEM modes (bright field, contrasted bright
field, dark field and di�raction) were used.7 Selected area
electron di�raction (SAD) was used to further probe the
structure and crystalline order. Microtexture and anisotropy
were determined by bright and dark field modes (BF and DF)
whereas the nanotexture was analyzed using the fringes
observed by high resolution electron microscopy (HREM). In

Fig. 1 SEM picture of ‘gypsum flower’-like carbon (1200 °C)the latter case the 002 fringes were obtained by imaging the
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(GF). This striking surface feature can be employed to define
these sp2 carbon structures. The size of the GF spheres, their
compactness and the wall dimensions depend on the deposition
temperature and/or on the local temperature within the sample.
Fig. 2 shows a film prepared at 1200 °C where the GF spherical
structures are clearly evident. The ‘cooler’ parts of the sample
(furthest from the flame centre) show larger and more irregu-
larly shaped GF spherical structures (Fig. 2), which resemble
those seen by Balestrino et al.9 On the other hand, the hotter
parts of the sample (near the flame center) exhibited much
more regularly shaped features (Fig. 1). GF spherical structures
are found both isolated (Fig. 1) and coalesced su�ciently to
have the appearance of a continuous coating (Fig. 3).
Careful removal of the GF spherical structures containing

layers could be easily accomplished using a scalpel and binocu-
lar microscope. The collected powder was then dispersed in
ethanol. The suspension was then applied to the TEM grid
and allowed to dry. Fig. 4 shows the walls of spherical struc-
tures (the global shape of GF spherical structures was too
delicate to disturb without altering its shape). An aperture was

Fig. 4 BF mode picture of a wall (1130 °C)used to block all scattered beams, including that from the sp2
002 plane (contrasted bright field). Taking into account the
di�erent contrasts of the various areas, the lamellae appear to level of graphitization (since 101 is more intense than the 100
have a conical shape with folded edges as illustrated in the reflection in the graphite structure). Interestingly thermally
inset of Fig. 4. The SAD pattern of Fig. 5(a) was taken from treated graphitizing carbons display the opposite intensity
one of these folded parts. This particular SAD pattern is that relation; that is, the reversal of the 100 and 101 intensities (at
of pure sp2 carbon where the aromatic layers are arranged on temperatures well above 2000 °C; 2450 °C is the value given
edge so that the pattern shows only the 002 reflections. There by Monthioux et al.10 ). Fig. 5(b) shows the SAD pattern of the
is a high degree of parallel stacking; patterns corresponding to centre of the sample where the lamellae have pronounced
002 up to 006 are observed. In addition two maxima occur at curvature. This pattern corresponds to that of a powder pattern
the 101 reflection. The 101 peak is more intense than the 100 with a single hexagonal particle. The latter implies that the
peak; this indicates three-dimensional ordering while the rela- single crystal region has a diameter equal to or larger than
tive intensity of the 101 and 100 reflections indicates a high that of the intermediate TEM aperture. The measurable diam-

eters, were therefore limited to 0.6 mm. The powder pattern
seen superimposed on that of the crystal pattern is due to tiny
particles (also observed by SEM) distributed along the edge
of external lamella walls. We assumed these were due to
depositions occurring during the time in which the flame was
extinguished.

A 110 dark-field TEM study was performed on one of the
single crystal regions of the sample. Examining the rotational
moirés patterns, we could determine the minimum size of
coherent domains.7 Rotational moirés are typically produced
by the random superposition of two coherent domains. These
scattered beams interfere producing the moirés fringes. The
length of the fringes is related to the size of the various
superimposed domains. Therefore, it is possible to estimate the
minimum size of the coherent domains. For the GF spherical
structures (Ts=1130 °C), the size of the coherent domain ranges
from 50 to 100 nm.

Fig. 2 SEM picture of GF morphologies in the cooler part of the In the HREM mode (Fig. 6) flat and straight fringes are
substrate (1200 °C) observed. Negligible distortions are also seen in the TEM

contrast. Such characteristics are typically seen in thermally
treated graphitized carbons, prepared at temperatures
>2000 °C. Therefore it is reasonable to assign a 2000 °C
‘equivalent temperature’ to the flame sample produced in this

Fig. 5 SAD of (a) a turned up wall (1130 °C) and of (b) a flat
Fig. 3 SEM picture of a GF coating (1130 °C) wall (1130 °C)
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Fig. 7 Gypsum flower model and characteristic parameters

size. The maximum P value obtainable by heat treatment
increases with particle diameter13 but never exceeds 0.4.14 In
addition, the micro- and nano-texture of the carbonaceous GF
bodies is radial with lamellae approaching those of low-
temperature pyrocarbons15 whereas the carbon black structure

Fig. 6 HREM of a wall seen on the edge shows a concentric texture.16,17 Since the products are so
di�erent in texture and structure, the GF-like growth may

work at Ts=1050 °C. A more precise evaluation of the equival- involve a di�erent kinetic mechanism. Since it is found that
ent temperature can be established by considering the degree chemical reactions occur in the silicon substrate, perhaps the
of graphitization11 (P ). Graphitization is a homogeneous pro- substrate is also responsible for some of the observed e�ects
cess due to an increasing number of pairs of layers acquiring at and above 1250 °C. It is also plausible that the pre-deposit
the atomic arrangement of the graphite. The value of P, equal also influences the subsequent sp2 growth kinetics where the
to 1 for graphite, is related to the probability of finding complex reactions amongst carbon, silicon and oxygen (as
graphite pairs of layers. However, knowing that these samples proposed by Gulbransen and Jansson18 and Maniette and
exhibit a 100 and 101 intensity reversal at ca. 2450 °C (for P= Oberlin19 ) influence the generation of the structures.
0.76), a more precise value of P can be estimated. The thickness Finally, considering the sp2/sp3 phase diagram,4,17 it is
of the GF walls, seen in the SEM micrographs, must be very surprising to find that the films prepared by the combustion
thin (<50 Å). In these lamella folds, the dark bands observed flame method show no clearly defined growth regions where
in the TEM bright field image (Fig. 4) or the bright bands one phase is clearly favored over another. It is reasonable to
observed in the 002 TEM dark field, are seen where the layer expect that further study of these phase transitions will identify
stacks are edge-on. The band widths are consistent with a more favorable conditions for the production of diamond films
minimum wall thickness of 20–25 nm (Ts=1130 °C). Note these from GF precursors.
are minimum values since cleavages certainly occur during
scratching of the deposit prior to TEM preparation.
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