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Effect of Oxygen for Diamond Film Synthesis with C-Hexane
in Microwave Plasma Enhanced CVD Process

Sang-Bo Han'

Abstract — The purpose of this paper is to decide the optimum synthesis conditions of polycrystalline
diamond films according to the ratio of gas mixture. Diamond films were deposited with cyclo-hexane
as a carbon precursor by the microwave plasma enhanced chemical vapor deposition process. The
optimum oxygen ratio to cyclo-hexane was reached about 125 % under the fixed 0.3% c-hexane in
hydrogen. Oxygen plays a role in etching the graphitic components of carbon sp2 bond effectively. By
OES measurement, the best synthesis conditions found out about 12.5 % and 15.75 %, which is the
emission intensity ratios of CH(B-X) and H3 on H «, respectively. Also, the electron temperature

was similar about 5,000 to 5,200 K in this work.
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1. Introduction

Diamond, diamond-like carbon (DLC), and carbon
nanotube have large application fields. Among them,
diamond has an excellent mechanical and electronic
properties such as high thermal conductivity, the
mechanical hardness and fracture strength, high carrier
mobility, high strength of electric breakdown, the wide
bandgap of 5.45 eV, and so on. Thus, diamond is currently
one of the most promising materials for the useful
application into the electronic and optoelectronic fields
such as high temperature and high power devices, bio-
sensors, mechanical parts, and so on [1-12].

Recently, much research has been carried out for
synthesizing the high quality diamond thin-films using
microwave plasma enhanced chemical vapor deposition
(MWPCVD) [13-17], radio frequency (RF), DC plasma
CVD [18, 19], electron cyclotron resonance (ECR) plasma
CVD [20-22], the hot filament CVD [23, 24], the ion beam
deposition method (IBD) [25], laser ablation, combustion
flame, etc [26-28]. Generally, the low pressure CVD
processes for synthesis of diamond films have been used
with the activating gas phase carbon-containing precursor
of CH,.

In this paper, polycrystalline diamond film was synthesized
with cyclo-hexane (c-hexane, C4H,,) instead of CH, as a
carbon precursor in the low pressure MWPCVD process.

A. Grigonis et al. [25] reported the influence of
hydrogen contents on the deposition of amorphous
hydrogenated carbon films with hexane and acetylene. In
addition, M. Asmann et. al [29] explained that the quality
of diamond films increased by etching graphitic components
from Cl, F and HF. However, the effect of oxygen has not
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been discussed, and their synthesis processes were
completely different with this work. Furthermore, the
analysis of the optical emission spectroscopy (OES)
measurement have not directly compared with the quality
of the synthesized diamond films.

Therefore, effects of oxygen and c-hexane contents
related with the quality of diamond films carried out in
comparison with results of OES measurement.

2. Experimental details

Diamond films were fabricated with c-hexane as a
carbon precursor with hydrogen background gas by the
2.45 GHz MWPCVD process. Plasma was generated inside
the quartz tube, which is 50 mm in outer diameter and 400
mm in height, and the microwave power was maintained at
700 W.

A Si (100) wafer substrate (10 mm by 10 mm in size)
was pretreated to facilitate the diamond nucleation by a
supersonic treatment with diamond pastes of 1 pum in
methanol solution, and cleaned with acetone, methanol,
and distilled water subsequently. It was placed on the Si;N,
sample holer at the inside of plasma reactor. The pressure
and hydrogen flow rate were fixed at 40 Torr and 60 sccm,
respectively.

Gas phase c-hexane was supplied by a mass flow
controller, it was evaporated from liquid in the canister.
Temperature of the canister was controlled at 10 C to
prevent the phase change into liquid on the flow line under
room temperature. The whole growth was performed for 4
hours and the synthesized films were characterized by
raman shift spectra, scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS).

Raman shift spectra (System 2000, Renishaw) is measured
with an Ar laser (514.5 nm), and SEM (CX-100SM) is
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used to investigate the surface morphology and the
thickness of films. In the XPS (Escalab 250, VG Scientifics)
analysis, the energy source is the monochromatic Al-K 4 of
1486.6 eV with the high resolution of 0.45 eV. Prior to
analysis, the surface of samples is etched for 20 seconds to
remove absorbed species by an Ar etching source.

Additionally, OES measurement was carried out by
changing flow rates of c-hexane and oxygen. Total
emission was measured by the optical fiber, and the
acquired light was transmitted to the entrance slit of the
monochromator (Spectrapro 2300i, slit: 20 um). The final
detection was done with a multichannel charged coupled
device (CCD, temp.:-40 C).

Emission intensities of Ha (656.4 nm), Hp (486.3 nm)
and CH (B-X, 388.9 nm) were analyzed. The electron
temperature was calculated using the relative intensity ratio
of hydrogen atomic lines as follows [30],

T, (&) =" (&, ~Ep)x|In [l—ﬁxm] Se))
k I, vgxAdgxgy

Where,

a, f : the subscript for emissions of H, and Hg;

: the plank’s constant (4.135x10' eVs);

: the velocity of light (3x10'° cr/s);

: the boltzmann constant (=8.617 x 10~ eV/K);

: the intensity (arb. units);

: the transition probability ( x107 s™');

: the energy (cm™);

: transition frequency (cm™);

: the statistical weight, it depends on the quantum

numbers of the upper level (g=2J+1).
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Fig. 1. Schematics of MWPCVD process.

Table 1. Constants for the calculation of the electron

temperature

A (nm) v(cm_l) E (cm_l) A(><107 (s_l))
H. 656.285 15237.3 97492.36 6 6.465
Hjs 486.136 20570.4 102823.89 6 2.062

3. Results and Discussions

Table 2 shows the identification of synthesized samples
according to experimental conditions. The first three
samples are fabricated with mixtures of hydrogen and c-
hexane without oxygen. The next four samples are
synthesized to investigate the influence of oxygen. The last
three samples is to investigate the optimum oxygen to c-
hexane amounts under the constant 0.3 % c-hexane in
hydrogen

Table 2. Identification of synthesized samples

Sample c-hexane/H, (%) 0,/H; (%) 0O,/c-hexane (%)
DS1 0.3
DS2 0.7 -
DS3 1.3
DS4 0.3 -
DS5 0.7
DS6 1.3 03
DS7 2.0
DS8 0.4 125.0
DS9 0.3 0.6 175.0
DS10 0.8 225.0

15.8kV X6.80K 'S.80sn

(b)

Fig. 2. Results of SEM measurement: (a) Surface mor-
phology; (b) Cross-sectional views of films.
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3.1 Effects of oxygen and c-hexane contents

Fig. 2 shows the surface morphology and cross-sectional
views of synthesized films by SEM measurement. DSI,
DS2, and DS3 samples are mainly composed of graphitic
components, and DS4 and DS8 samples look like
polycrystalline diamond films. Furthermore, the DS5 sample
seems to be mixed diamond and graphitic components, the
DS9 sample is laregely changed into the rounded grain
boundary. The DS10 sample was not synthezied into films,
therefore, it is not depicted in Fig. 2(a).

In Fig. 2(b), thickness of DS1 and DS4 samples are
approximately 7.8 and 3.7 pm, respectively. Each growth
rate corresponds to 1.95 pmh™ and 0.92 pmh™, respectively.
This implies that the the growth rate is largely affected by
oxygen amounts.

In analysis of raman spectra, the peak at 1335 cm™ can
be assigned to the carbon sp® bond (D band) and the peak
at 1580 cm™ corresponds to the carbon sp? graphitic bond
(G band) [25]. And the peak near 1140 cm™ is populary
known as the nanocrystalline diamond (NCD) [31].

The ratio of the intensity of the D and the G band is
closely related with the carbon bonding ratio of sp* and sp*
in films. Although the intensity of the G band is similar to
that of the D band, this does not mean that the sp* bonded
carbon is dominant in the film, because the cross-section of
raman scattering around the G band is about 50~60 times
higher than that of D band [32-35].

In Fig. 3(a), intensity of the D band was very weak, but
that of G band were so strong. The presence of a weak

peak near 1140 cm™ indicates the evidence of NCD as well.

From these results those films were mainly composed of
graphite with a little NCD as explained in Fig. 2(a).

Therefore, it is necessary for the effective etching of sp?
bond to improve the quality of diamond film. Intensity of
D band increased largely by adding oxygen in Fig. 3(b) in
comparison with Fig. 3(a) as the same ratio of c-hexane
and hydrogen. However, the intensity of the D band
decreased by increasing c-hexane amounts in hydrogen, it
might be ascribed that the supplied oxygen for etching sp?
graphitic bond was not sufficient. Thus, the effect of
oxygen was investigated additionally under the fixed 0.3%
c-hexane in hydrogen as in Fig. 3(c). The intensity of the D
band in the DS8 sample was better than that in the DS4
sample, and the G band decreased a little as well. This
result agrees with the result of Fig. 4(b).

In the case of the DS9 sample, both D band and G band
were removed simultaneously, and it seems to be changed
into DLC. Also, the DS10 sample was not synthesized into
film by the excessive supplement of oxygen.

Intensity ratios of D and G bands were depicted in
details as in Fig. 4. Intensities of the D band in DS4 and
DS5 samples are so strong compared to that of DS1 and
DS2 samples, and it decreased with increasing c-hexane
amounts like in the DS6 and DS7 samples. Thus, the DSS8
sample is the best diamond film in this experiment.
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Fig. 3. Results of raman shift spectra: (a) Effect of c-

hexane content; (b) Effects of oxygen content; (c)
Both effects of oxygen and c-hexane contents.

For the effective synthesis of diamond films, the best
oxygen amounts to c-hexane was reached about 125 %,
which corresponds 0.4% oxygen amounts in hydrogen as
depicted in Fig. 4(b).

Consequently, the synthesis of high quality diamond
films is necessary to control the supplied oxygen amounts
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for enhancing the sp® chemical bond and deactivating the
sp” chemical bond simulataneously.

Fig. 5 shows the result of XPS measurement according
to the ratio of oxygen to c-hexane amounts. In Fig. 5(a),
some peaks correspond to O(1s), C(1s), and Ar(2p 3/2).
Ar(2p 3/2) peak exists by Ar bombardment in the etching
process. After confirming all peaks by survey scan, the
narrow scan was carried out as in Fig. 5(b). Peak areas in
Fig. 5(c) were calculated by a curve fitting method using
gaussian functions as presented in Fig. 5(b). Contribution
of diamond and graphitic components in the binding
energy of C(1s) spectra corresponds to 283.5 eV and 284.6
eV, respectively[35]. The peak area of diamond
components in the case of the DS8 sample is about 58 %,
even though that of graphite is about 35 %. These results
agree well with the results in Fig. 4(b).

3.2 Analysis of OES measurement on effects of oxygen
and c-hexane contents

The effects of c-hexane and oxygen amounts were
discussed with the results of OES measurement. The
measurement was carried out 4 times continuously.
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Fig. 5. XPS results according to the ratio of gas mixture:
(a) Survey scan spectra; (b) C (1s) spectra and the
result of curve fit; (¢) Comparison of curve fitting
results.

Emissions of Ha, Hp, and Hy from hydrogen atom, and
CH radicals in the wavelength of 200~800 nm were
showed in Fig. 6, which is the same experimental
conditions of the DS1 sample. CH (B-X, 388.9 nm)
emission is attributed to the transition between the upper
vibrational level of B (v’=0) and the lower level of X
(v’=0). And the intensity of H, is relatively weak in
comparison with Ha and Hg. Thus, it was not considered
in this work.

Fig. 7 shows the variation of emission intensities on Ha,
Hp, CH (B-X), and electron temperature by changing the
c-hexane amounts in hydrogen without oxygen. CH (B-X)
intensity decreased by increasing c-hexane amounts as
shown in Fig. 7(a) and 7(b). The ratio of the maximum
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Fig. 6. Emissions in the wavelength of 200~800 nm.

intensity of CH (B-X) emission was at 0.3 % c-hexane to
hydrogen. The decrease intendancy of CH (B-X) emission
might be caused by the increase of the recombination
reaction between CH species and the previously
dissociated species such as C,H,, C,Hg, C,Hy (x, y =1, 2,
3,...), etc.

Antother plausible reason is that the electron collision
probability with CH chemical species might be decreased
by the increase of the electron collision with other
chemical species. Also, the presence of relatively weak
CH(B-X) emission at 0 % c-hexane was caused by the
residual hydrocarbons from the previous experiment. It
does not considered in this work.

From Fig. 7(c) and (d), the electron collision probability
with hydrogen atoms decreased as well due to the decrease
of both intensities of H, and Hp. It is ascribed that the
generation rate of hydrogen atom from c-hexane by the
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electron collision reaction does not improved even though
c-hexane amounts increased. On the other hand, the
recombination reaction between hydrogen atoms and
intermediated chemical species from c-hexane might have
taken place. This affects the decrease of Ha and Hp
intensities eventually. This tendency is similar to the result
by S. J. Harris and A. M. Weiner [36]. They found that the
concentration of hydrogen atom increased at low CH,
concentration in comparison with high CH, concentrations.

In addition, the electron temperature was not largely
changed near 5,000 K as shown in Fig. 7(e).

Consequently, the new chemical reaction between
hydrogen atoms and intermediated chemical species from
c-hexane was enhanced to generate new chemical species
and refrained to the generation both CH species and
hydrogen atom at the above 0.3 % c-hexane to hydrogen.

Unfortunatly, the newly generated species could not
detect in this measurement system, because those species
do not emit lights.

Fig. 8 is to investigate the effects of oxygen amounts
under the fixed ratio of 0.3% c-hexane in hydrogen. By
increasing oxygen amounts, emission intensities of CH (B-
X), Ha, and Hjp decreased. Specifically, the emission
intensity of the CH (B-X) largely decreased from 0 to 50 %
in Fig. 8(a). It might be caused that the generation of new
chemical species were formed by the reaction between CH
species and oxygen atoms or molecules. Thereafter it
suppressed the new generation of CH species from the
dissociation of c-hexane.

Another reason is that the electron is easily collied with
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Fig. 7. Variain of emission intensity according to c-hexane amounts without oxygen: (a) CH (B-X); (b) CH (B-X) intensity;

(c) Hya; (d) Variation of electron temperature.
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Variation of the electron temperature.

oxygen because of the electrical negative gas of oxygen.
Oxygen affects the decrease of the excitation possiblity of
CH species by decreaing the electron density. Furthermore,
the decrease of emissions from hydrogen atoms might be
affected by the new generation of chemical species such as
OH and other species as shown in Figs. 8(b) and (c). In the
case of the electron temperature, it was not largely changed
by 5,200 K.

From these results, oxygen plays a role in deactivating
the electronic excitation of hydrogen atom and CH species
through the electron collision reaction, and generate a new
chemical species as well. However, some amounts of
oxygen is necessary to synthesize the diamond films as
discussed in Figs. 4 and 5.

In comparison with the results in Figs. 4 and 5, the
optimum experimental conditions for the synthesis of the
high quality polycrystalline diamond films could not easily
identified by the analysis of emission intensities of CH (B-
X), Ha, and H g. Moreover, it should be considered that the
high quality diamond film did not acquire even though the
hign concentration of CH species. Therefore, the analysis
of OES measurement should be compared with the
experimental conditions of synthesized diamond films.

Based on these results, the optimum oxygen ratio to c-
hexane is confirmed at 125 %, which corresponds 0.4%
oxygen amounts to hydrogen in this low pressure
MWPCVD process.
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Moreover, intensities of CH (B-X), Hs, and Hjy are
about 5X10°, 4X 10, and 6.3X10°. The corresponding
intensity ratio of CH (B-X) and Hy related to that of Ha
are 12.5 % and 15.75 %, respectively.

4. Conclusion

In this work, the optimum synthesis conditions of
polycrystalline diamond films investigates according to the
change of gas mixtures. In addition, analytical results of
OES measurement is compared with the experimental
results.

(1) The effective control of oxygen amounts is important
for the synthesis of the high quality polycrystalline
diamond films with c-hexane in this low pressure
MWPCVD process. The best oxygen ratio to c-hexane was
reached at 125 %, which corresponds 0.4% oxygen ratio to
hydrogen.

(2) Moreover, the electron temperature was not largely
changed as much of 5,000 K ~ 5,200 K according to the
change of oxygen and c-hexane amounts. Specifically, the
ratio of intensity of CH (B-X) and H; related to that of
H. on the optimum synthesis conditions are 12.5 % and
15.75 %, respectively.
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