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Abstract

The experimental system for synthesizing the diamond films by microwave plasma-enhanced

chemical vapor deposition (MPECVD) technique has been developed at Su}faoe Physics and

Laser Laboratory, Department of Physics,‘ KMITL. The microwave poWef was generated by a

2.45 GHz magnetron located at one end of a rectangular waveguide WR340. The mode

converter being a section of-a cylindrical waveguide couples microwave energy into the plasma

chamber. The quartz plasma chamber was placed on a stainless steel based plate attached to

the one end of cylindrical waveguide. At each the other end of both of wa

equipped with a movable tuning plunger for adjusting the length of the wavegui

impedance matching was controlled by an automatic three-stub tuner with a POWE

was included on the section of the rectangular waveguide betwéen the magn

plasma source. The silicon wafer used as a substrate was placed on a quartz su

in the chamber. Optical em’ission spectroscopy technique was employed to m

species generated in the CH4—H2 plaéma. The diamond film could be for'med«und
elevated temperature of the substrate prétreated surface by abrasion ‘methods
powder before growth process. The substrate surface was pretreated with

methods; hand-scratching and uItrasonio—sCratohihg_ The surface morphology an

eguides was
de cavity. The
r meter which
etron and the
bstrate holder
onitor various
er moderately
wi‘th diamond
two different

] grain size of

diamond film were observed by FE-SEM and the ﬁlm-qualitywas evaluated by Raman

scattering. The results of diamond film growth by the laboratory-made MPECVD1 system have

shown that the decreasing in the ratio of methane to hydrogen from 4.2% to 1.5%

change in the grain size of crystalline structure from grainy structure to columnar

causes to the

structure. The

SEM images show that when the ratio was to be 4.2%, the diamond film was found to be

nanocrystalline diamond film confirmed by Raman spectra. Furthermore, the decrease in the

ratio to be 1.5% leads to the presence of the Raman peak of crystalline diamond at 1333 cm’”.
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Abstract

Diamond thin films were deposited on p-type Si(100) wafers by Bell-jar type microwave plasma
cnhanced chemical vapor deposition using a gas mixture of CH,-H, (1.5:200 scem). Deposition was
carried out at pressure ranging from 110 - 130 mbar while microwave input power ranged from 650 -
700 W resulting in substrate temperature between 790 °C and 810 °C. In order to examine the efi‘egl.t of
pretreatment on the film formation, two methods of substrate-surface abrasion werc performed. The
substrate surfaces were pretreated with diamond powder by the: following two methods: scratching
with 1-3 um-sized diamond powder suspended in isopropyl by ultrasonication and scratching with
0.2-0.5 pm-sized diamond powder by hand. The effect of surface pretreatment on nuclecation dedsity
and surface morphology werc investigated by optical microscope and field emission scanning electron
microscope. The results show that the hand-scratching pretreatment can enhance more nuclcation lhan
ultrasonic-scratching. The results also reveal that, aftcr 2 hours deposition, continuous diamond films
can be formed on the hand-scraiched pretreated surface. Film quality was investigated by mcan}s of
micro-Raman spectroscopy presenting the characteristic diamond peak at 1333 ¢m™'. The XRD pattcrn
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Laser and Swrface Physics Research Laboratory, Department of Applied Physics, Faculty of Science, King Mongkut s Institute of

reveals the presence of diamend (111) and (220) crystallographic planes.

1. INTRODUCTION

In respect of matcrials science and enginecring,
diamond film is one of the most attractive materials
because of its extreme properties. The unique properties of
diamond have led to increasing interest in the growth of
diamond film [1].

Synthesis of diamond at low temperatures is even more
challenging because of the difficulties in the nucleation and
growth. Microwave plasma-enhanced chemical  vapor
deposition (MPECVD) is the most widely used technique
to grow diamond thin films [2]. Various carbon-consaining
gases diluted with H, are being used to deposil these films.

It is known that nucleation is a first process and critical
step of CVD diamond growth. The nucleation occur with
very low probability on non-diamond substrates{3]. The
biggest problem of diamond- film deposited on mirror-
polished nondiamond substrate is that it is more difficult
for diamond nucleation due to its higher surface free
energy(6-9)/m*  for  low-indcx faces) than for
heterosubstrate[4] and also the rclatively low sticking
probability of the precursor of diamond nucleation.
Therefore, the diamond nucleation .density on nondiamond
substrate without pretreatment is very low. In order to
enhance the diamond nucleation  density. on
hetcrosubstrates, many pretreatment methods have been
developed[4-6].

Due to the nucleation is a key process in CVD diamond

. deposition, this paper is focused on the effects of scratching

D"
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methods on diamond nucleation. Diamond films were
synthesized on silicon subsirates by mcarjls of MPECVD,
Three kinds of mirror-polished Si wafer surface were used:
non-scratching, ultrasonication in dlamond pawder
suspended in isopropyl and scratchmgl with diamond
powder by hand. The nucleation density and nuclealion size
which are associated with different pretrca:tmcms of silicon

substrates are presented and discussed in this paper.

2. EXPERIMENTAL

2.1 System configuration

I

A schematic illustration of the experimental apparatus is
shown in Fig. 1. A quartz bell jar of 45 nf1m diameter was
used as the deposition chamber. Thevchar:nber was placed
on a stainless steel base plate attached to the end of
cylindrical waveguide. The 800 W, 2.45 1GHZ magnetron
source was coupled to the standard WR|340 rectangular
waveguide. A 3-stub tuner and power meter are included on
the section of waveguide. The mode cgnverter being a
section of cylindrical waveguide couples microwave energy
into the deposition chamber by means of an antenna.

The chamber was evacuated by.a mechanical pump
cquipped to one port on the base plate. The substratc was
placed on the quartz substrate holder in the chember. The
mictowave induction heating and the plasma-uas collisions
were responsible for the substrate heatmglwnhout external
heater. Substrate temperature was measured by a K-type
thermocouple which was fixed at the backl of the substrate.
Methane and hydrogen gas flow rate |were accurately

controlled by mass flow controllers. !

© 2010 Thai Physics Srciety

32



S.T. Khlayboonme ez al.

2.2 Sample preparation

Mirror-polished  p-type  (100)Si,  approximately
15x25mm’ in size, was used as substratcs. Prior to the
surface pretreatments, the substrate surface was first
carefully cleaned in a H,SO,4 and H,0, solution to remove
organic contaminations. After the pretreatments, the
substrate was then immersed in a diluted HF for 2 minutes
and followed by a de-ionized water rinse to remove native
oxide layer. Finally, the substrate was clcaned with acetone
and methanol under ultrasonic agitation for 15 minutes to
cnsure that the polishing particles were completely
removed. After that the substrate was blown dried with
high purity nitrogen and introduced into the deposition
chamber.

In this work, the substrate surfaces were pretreated with
two diffcrent methods: ultrasonic-scratching and hand-
scratching. By ultrasonic-scratching, the substraies were
agitated in an ultrasonic bath containing isopropyl in which
a small amount of diamond powder with particle size of 1
3 um was suspended, for 90 minutes. By hand-scratching,
the substrates were polished by hand with diamond powder
of 0.2-0.5 um particle sizc for 45 minutes,

Afier the chamber was evacuated to a pressure of 5 x
10 mbar, the substrates were etched in sif in hydrogen
microwave plasma for 20 minutes (o remove the native
surface oxide layer. Then a gas mixture of CH, and H, with
flow rates of 1.5 and 200 scem, respectively, was
introduced into the deposition chamber maintained at
pressure ranging from 110-130 mbar. The microwave
power was maintained at 650-700 W resulting in the
substrate temperature between 790 °C and 800 °C. The
formations of diamond nuclei were observed after 15, 30,
60 and 120 minutes depositions.
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FIGURE 1. Laboratory-made MPECVD System.

2.3 Surface analyses

The effects of scratching methods on diamond
nucleation and the surface morphology of the diamond
films were cxamined by an optical microscope and Hitachi

S-4700 ficld emission scanning electron microscope (FE-

SEM). Nucleation densities were estimated by counting the
number of nuclei from FE-SEM images. The average
diamond grain size of each diamond film, which was
extracted from more than 400 vparticles, was also
determined by FE-SEM. The diamond film quality was
evaluated with micro-Raman spectroscopy excited by 488
nm line of an argon ion lascr. The crystal quality was
investigated by X-ray diffractometer(XRD).

387

3. RESULTS AND DISCUSSION

3.1 Effects of abrasion methods on surface morphology

In Fig. 2 optical microscope images of the flaws on
surfaces pretreated by hand-scraiching and ultrasonic-
scratching are shown. The surface flaws on the pretreated
Si substrates are classified into dents and scratches. The
sharp-edged dents sporadically appear on the surfaccs
which were polished with 1-3 um-sized diamond powder in
ultrasonic bath.

(b)

Optical microscope images of pretreated surface
morphologies of Si substrate (a) Ultrasonic-scratching (b) Hand-
scratching

(a)
FIGURE 2,

The sharp, narrow, deep, long scratches sporadically
appear on the surfaces which were polished with 0.2-0.5
um-sized diamond powder by hand, and dull-edged dents
arc also sporadically present.

3.2 Deposition time dependence of diamond nucleation
density

Fig. 3 shows the SEM images of diamond nuclei after
15, 30, and 60 minutes depositions, respectively, onto the
(100) silicon substrates. The substrates in - Fig. 3(a)-(c)
were pretreated with diamond powder of 1-3 pum particle
size in an ultrasouic bath, and meanwhile the substrates in
Fig. 3(d)-(f) were pretreated with diamond powder of 0.2-
0.5 pm particle size by haud scratching. The nuclei density
and - particle  size were estimated from the SEM
micrographs.

The nucleation density and the average particle size as a
function of deposition time are illustrated in~ Fig. 4. The
nuclei density after 15 minutes depositions is about 1.5 x
10"" em™® onto the both mecthods of pretreated surfaces.
After 30 minutes dcposition onto the ultrasonic pretreated
substrate, the nucleation density decreases rapidly to 9 xl&O’z
cm” and. slightly lowers after 60 minutes deposition.
Whereas the nucieation density after 30 minutes deposition
onto the hand-scratching pretreated substrate decreases to 7
x 10° em™ before decreases to 1.2 x 10° cm? after 60
minutes deposition.

The SEM imagcs also reveal that the nuclei particle size
increases with deposition time. After 15 minutes the
pafticle size was found to be 40 nm on the both of methods
of pretreated surfaces. The particle sizes on the ultrasonic
pretreated surface increase to 200 and 400 nm after 30 and
60 minutes depositions, respectively. Whereas the nuclei on
the hand- scratching pretreated surface were slightly
smaller in particle size.

The accretion of particle size meanwhile decreasing in
nucleation density reveals the diffusion of nuclei on the
surface and the merging of particles simultaneously takes
place. Diffusion coefficient of the surface is affected by the
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surface topography. The effect of the pretreatment methods
on substrate morphology is that hand-scratching can create
larger of defect and greater damage having sharper edges
and deeper scratches than ultrasonic-scratching. Therefore,
the hand-scratching pretreated surface provides more high-
energy nucleation sites or active sites and affects higher
sticking probability to the precursor of the diamond
nucleation.

FIGURE 3. Time dependence of nucieation density on Si{100)
surface abraded with diamond powder in ultrasonic bath; ((a)-(c))
and by hand-scratching;  ((d)~(f)) at different deposition times:
(a) and (d) : 15 min, (b) and (e) : 30 min, (c) and (f) : 60 min.
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FIGURE 4. Effects of deposition time on the nucleation density
and nucleation size of diamond films.
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3.3 Diamond thin film on silicon substrate

After 2 hours deposition, it was found that the
continuous diamond thin films cannot be formed onto the
ultrasonic-scratching  surface. The isolated diamong
crystallites approximately diameter of 500 nm only appear
on the surface. This gives rise to either poor adhesion of
diamond film coating or lcss surface cnergy on the surface,
In contrast, it was found that the continuous diamond thin
films can be formed onto the hand-scratching pretreated
surface after 2 hours deposition as shown in Fig, 5(a).
Diamond particles size is more than 500 nm diameter and
1solated diamond particles also appear in some region on
the surface as shown in Fig. 5(b).

The Raman spectrum of 2 pum thick diamond film after
6 hours deposition onto hand-scratching pretrcated Sj
surface as shown in Fig. 6 clearly demonstrates the
presence of the peak at 1333 cm' which is the
characteristic peak of bulk diamond rising from sp‘ bond.
The 1356 and 1553 cm’™' peaks are from sp’ bonds and are
commonly known as the D and G modes of graphite
respectively [7). The 1480 cm™ peak is from the scattering
of the diamond-like mode with sp® bond. The 1142 cm’
peak is assigned to trans-polyacetylene segments at grain
boundaries[8]. The crystal quality of the film was evaluated
by XRD. Fig. 7 shows the XRD pattern of this diamond
film. The pattern shows the presence of diamond (111) and
(220) crystallographic planes.

FIGURE 5. Surfacc morphology (a) and isolated diamond
particle (b) after 2 hours deposition onto the hand-scratching
pretreated surface.
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FIGURE 6. Raman spectrum of diamond thin film, inset shows
SEM image morphology cross-section of the film after deposition
time of 6 hours.

Surface abrasion is a necessary step in the creation of
nucleation site for diamond films growth on mirror-
polished substrate. Without abrasion, it was found that the
nucleation on the surface was barely discovered by FE-
SEM.
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FIGURE 7. XRD pattern of the diamond film.

4. CONCLUSION

The nucleation enhancement applied in this work is
based on the use of two different ex-situ pretreatments of
mirror-polish  silicon substrates. The two different
pretreatment methods are as follows: ultrasonic-scratching
and hand-scratching. The time dependence studies indicate
that the nucleation decreases and particle size increases due
to the surface diffusion and the merging of the nucleated
particle. SEM, Raman and XRD results indicate that a

diamond film with a thickness of 2 pm-and high quality has
been obtained. This should provide a guideline for research
on the diamond film growth by MPECVD. |

&
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