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Chemical vapor deposition of diamond on silicon
substrates coated with adamantane in glycol chemical
solutions
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Diamonds were synthesized on adamantane-coated mirror-polished Si (100) substrates by microwave

plasma chemical vapor deposition (MPCVD) using a gas mixture of H2 and CH4. Before MPCVD deposition,

Si substrates were dip-coated in chemical solutions of ethylene glycol and diethylene glycol with

adamantane. With the coating of adamantane, the diamond nucleation can be enhanced with a density

over 1 6 108 cm22 and the deposited diamond films are shown to be of good crystallinity by scanning

electron microscopy and Raman spectrometry. The study demonstrates a simple and efficient way of

diamond deposition on a smooth Si substrate.

Introduction

The synthesis of diamond has attracted great interest owing to
its outstanding properties such as high hardness, wide band
gap, chemical inertness, and high thermal conductivity.1–5

Microwave plasma chemical vapor deposition (MPCVD) is
commonly used to grow high-quality diamond, and hydro-
carbons of low molecular weight such as CH4, C2H2, and C2H4

are often used as carbon sources.6,7 However, diamond
nucleation rarely occurs on smooth substrates without any
pretreatment. Numerous pretreatment methods have been
applied to enhance diamond nucleation.8,9 Although early
successful methods relied on mechanical scratching of the
substrate to increase the nucleation density,10 more recent
approaches involved with bias-enhanced nucleation method
for diamond deposition to reduce the damage on the substrate
surface.11–14 Previous studies had also used nanodiamond
powder for ultrasonic seeding on substrates to grow diamond
films. Although it can increase the nucleation density, it also
scratches the substrate surface.15–17 Adamantane (C10H16) can
be regarded as a small unit of nanodiamond covered with
hydrogen. From the mechanical properties of adamantane, the
softness of adamantane may not result in damage on the
substrate surface. Recently we have used adamantane as
precursor for diamond synthesis by coating a thick layer of
adamantane on Si wafers.18 However, it easily evaporates from
the substrate surface in vacuum and at high temperature.18 To
reduce evaporation, a hexane solution with adamantane
addition has been attempted for coating and/or pre-seeding
on substrates of glasses and Pt on Si, which results in the

increase of the nucleation density.19 However, significant
evaporation of adamantane may remain as a problem, which
may result in non-uniform distribution of diamond deposi-
tion. Also, the mechanism for diamond enhanced nucleation
with adamantane is far from being understood. In this study,
we demonstrate a novel dip coating method as pretreatment
for enhancement of diamond nucleation on mirror-polished Si
substrate by dissolution of adamantane in glycol-based
chemical solutions which have higher viscosity than hexane
to further reduce adamantane evaporation during diamond
growth.

Experimental

The substrates used in the experiment were mirror-polished
p-type (100) silicon wafers with dimensions of 1 cm 6 1 cm
without any mechanical pretreatment. The substrates were
ultrasonically cleaned with acetone for 15 min and dried with
N2 gas, followed by cleaning in 1% HF solution for 3 min to
remove the native oxide from the Si surface. Then, the
substrates were dip-coated in a highly viscous glycol-based
solution with adamantane powder (purity . 99%) at room
temperature. Two glycol solvents were used. One was ethylene
glycol (C2H6O2) and the other was diethylene glycol (C4H10O3).
The concentration of the solution was 1 g adamantane per 10
mL solvent. After mixing of adamantane with the solvent, the
solution appeared became transparent. Adding a greater
quantity of adamantane into the solution might not result in
complete dissolution. The deposition of diamond on adaman-
tane-coated Si was carried out in an ASTeX-type microwave
plasma CVD reactor.31 The conventional CVD diamond
deposition condition was adopted as following. The pressure
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was at 30 torr, and the deposition time was 1 h. The gas
mixture of 2% CH4 in H2 was used and the total gas flow was
300 sccm. The power used was 800 W. The substrate
temperature during the deposition was roughly estimated to
be lower than 600 uC as measured by optical pyrometer. To
study the individual role of adamantane and solvent in
diamond growth, we prepared another two samples for
comparison. One was dip-coated with the ethylene glycol and
diethylene glycol only without any adamantane addition. The
other one was directly coated with dry adamantane powder
without using any chemical solution on a 1 cm 6 1 cm silicon
substrate. We measured the thickness of the deposited
adamantine by scale, it was approximately less than 1 mm.
Then, MPCVD conditions for diamond growth on these glycol-
only coated samples were the same as mentioned above. The
surface morphology was examined in a field emission
scanning electron microscope (SEM, JEOL JSM-6500F). The
crystallinity of the diamond was evaluated with X-ray diffrac-
tion (XRD) and Raman spectroscopy. XRD patterns were
acquired from a Bruker D2 XRD system using Cu-Ka X-rays.
Raman spectroscopy was performed on a LABRAM HR800
system, which allowed the 488 nm laser beam to be focused to
1 mm diameter for micro-mode operation.

Results and discussion

After dip coating of the silicon substrates in the solutions,
Raman characterization was used to show that adamantane
had been coated on Si. As shown in Fig. 1, the main
characteristic peaks of adamantane in the Raman spectrum
of the coated substrate are clearly observed in comparison
with the spectrum obtained from pure adamantane powder.
Compared with dry coating of adamantane on Si, adamantane
evaporation on dip-coated substrates was found to be
significantly reduced in air and MPCVD conditions. As a
result, enhanced diamond nucleation on the substrate after
MPCVD can be evidenced from SEM and Raman spectra as
shown in Fig. 2 and 3. On the Si substrates dipped into both
ethylene glycol and diethylene glycol solutions, the SEM
images show that the deposited diamond crystallites are
well-faceted with good crystallinity. The average size of well-
faceted diamonds in ethylene glycol and diethylene glycol
solutions are about 1.3–2.2 mm, and the growth rate is
approximately 1–2 mm h21. However, the diamond density
on the substrate dip-coated in diethylene glycol is 3.4 6 108

cm22 and it is 1.4 6 108 cm22 on the substrate dip-coated in
ethylene glycol, as shown in Fig. 2(a) and 2(c), respectively. The
cause of the difference in density may be due to the sticking
ability of the solvent with substrate on which adamantane
evaporation may retard. It is well known that diethylene glycol
has a higher viscosity than ethylene glycol.20 Therefore, it is
likely that there exists larger amount of adamantane on Si
which may act as an embryo for diamond nucleation during
MPCVD.

Raman spectra of the diamond films on Si are shown in
Fig. 3 (a) and (b) for dip coating in ethylene glycol and
diethylene glycol solutions, respectively. In both spectra, the
diamond characteristic peak at 1332 cm21 is sharp, while the
G band at about y1500–1580 cm21 has a low intensity. The
full width at half-maximum of the diamond peak is 19.2 cm21

and 5.7 cm21, respectively, for ethylene and diethylene glycol
cases, indicating that dip coating in diethylene glycol solution
can obtain better quality of diamonds. The speculated reason
for better quality diamond from diethylene glycol solution is
that it contains more oxygen which is known to be able to
improve the CVD diamond film quality by etching the sp2

carbon species.21–24 Also, XRD patterns of the samples from
the ethylene glycol and diethylene glycol solutions show the
diamond (111) peak at 2h = 43.9u in addition to Si peaks
(Fig. 4), confirming that diamond has been deposited.

To distinguish the role of adamantane from glycol on
diamond nucleation in synthesis, we have examined the
surface morphology of the substrate dip-coated in the pure
solvent without any addition of adamantane after diamond
deposition in the same MPCVD conditions. Fig. 5 shows that
the diamond density on the substrate is very low (y105 cm22),
implying that the solvent itself plays a negligible role on
diamond nucleation, and adamantane in solution is essential
for diamond nucleation on Si. Also, we have evaluated the

Fig. 1 Raman spectra of (a) pure adamantane powder and (b) adamantane on
Si substrate after dip-coating from the solution.
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effect of the solvents on adamantane adhesion with Si by
comparing with direct dry-coating of adamantane powder on 1
cm 6 1 cm Si substrate (y1 mm thickness) instead of using
the solution method. As shown in Fig. 6, the diamond density
on the dry-coated sample is 106 cm22 much less than on the
dip-coated samples. Only on some local areas of 10–20 mm size
a high density of diamond particles in continuous distribution
may be observed in Fig. 6(b). Since adamantane has a high
vapor pressure and a low melting point, it can easily evaporate
even at room temperature. Also, vacuum pumping can remove
a large amount of adamantane powders as they have weak
adhesion with Si. As a result, it is difficult to obtain uniform
distribution of adamantane on Si in the case of dry coating. To

increase the diamond density to y1 6 108 cm22, it may be
needed to use a 2 mm thick adamantane layer for dry coating
as our previous report shows.25

According to previous work,18 it is shown that diamond on
Si can be synthesized using a hot-plate method to directly
evaporate adamantane powder onto Si to form a thick layer for
nucleation. However, the growth rate and the diamond density
is less than those obtained in this work. It is because
adamantane easily evaporates from the substrate surface at
high temperature. Thus, less adamantane can be left on the
substrate for nucleation. Also, compared with diamond
deposition on Pt/SiO2/Si substrate using adamantane/hexane
solution shown in another previous work,19 the uniformity and

Fig. 2 SEM of diamond on Si for the case of dipping in (a) ethylene glycol and adamantane solution and (c) diethylene glycol and adamantane solution. (b) and (d)
high magnification of (a) and (c).

Fig. 3 Raman spectra of diamond on Si for the case of dipping in (a) adamantane in ethylene glycol and (b) adamantane in diethylene glycol.
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the nucleation density of diamond are improved by using
glycols, because the viscosity of hexane is less than glycol and
the vapor pressure of hexane is higher than glycol as well.
Thus, with glycol of higher viscosity, there might be more
adamantane left on the substrate which can then act as nuclei
for diamond growth. In this work, it is clear that a high
viscosity solution is more effective on increasing the nuclea-
tion density. Although the exact mechanism for the enhance-
ment of diamond nucleation by dip coating has not been
clearly understood yet, it is worthwhile to discuss the possible
ways for diamond nucleation and growth from the seeding of
adamantane by dip-coating on the substrate in solution.
Because both ethylene glycol and diethylene glycol have no
polarization, they are immiscible in water. Similarly, adaman-
tane has high solubility in the glycol solutions as the
adamantane molecule is covered with hydrogen atoms.26–28

Also, the OH-bond of the glycol can form relatively strong
bonding with adamantane and Si.29,30 Besides, glycol and
diethylene glycol have much higher surface tension,33 hence,
after evaporation of the solvent, adamantane may adhere with
Si and act as an embryo or nucleus for diamond formation
before it evaporates or transforms during deposition by
hydrogen abstraction similar to the mechanism for diamond
growth. When the CH4/H2 plasma is applied to the substrate,
the remaining adamantane might be considered as a seed for

diamond nucleation.15 In addition to nucleation enhance-
ment, another advantage is the improved uniformity of
diamond nucleation by the solution method which may be
due to the uniform distribution of adamantane on the
substrate, in comparison with the bias-enhanced nucleation
method which usually results in relatively non-uniform
distribution due to the interaction of the electric field with
the plasma.32 Then, we may obtain a diamond film in a large
area without complicated pretreatment. Also, the adhesion of
adamantane with Si by glycol solution may help exploring the
nucleation mechanism in future further investigations.

Conclusions

In summary, we demonstrate a simple and effective way to
enhance diamond nucleation on mirror-polished Si by dip
coating of Si substrate into a chemical solution of ethylene
glycol and diethylene glycol with adamantane for diamond
deposition. The results also show that adamantane is essential
for diamond enhanced nucleation in CVD deposition in
comparison with diamond deposition on Si treated with glycol
without adamantane addition. Both the improved diamond
quality and nucleation density can be obtained by dip coating
the Si substrate into the adamantane/diethylene glycol solu-
tion with higher viscosity and lower vapor pressure.

Fig. 4 XRD patterns of diamond grown on Si dip-coated with adamantane in (a) ethylene glycol and (b) diethylene glycol.

Fig. 5 SEM morphology of the substrate dip-coated from the solvent without mixing with adamantane in (a) low magnification and (b) high magnification.
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Fig. 6 SEM morphology of diamond deposits on the dry-coated substrate with adamantane (without dip-coating from the solvent) in (a) low magnification and (b)
high magnification.
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