7th Asia-Pacific Electron Microscopy Conference - Physical Sciences Oral Presentation

Microgrid-Shaped Diamond Crystals From Alternating Current 50 Hz Sputtering-Assisted
Chemical Vapour Deposition

Vittaya Amornkitbamrung

Department of Physics, Faculty of Science, Khon Kaen University, Friendship Highway, Khon
Kaen 40002, Thailand.

Alternating current (a.c.) 50 Hz sputtering-assisted chemical vapour deposition method from
methane gas was used to deposit diamond thin films on (100) diamond substrates. It is the first time
“microgrid-shaped” diamond crystals similar to a beehive were observed. Field emission scanning
electron microscopy (FE-SEM) at 5 kV accelerating incident electron beam was used to observe
surface morphology of thin films and crystallites . Laser Raman microprobe spectroscopy was used
to confirm the chemical structure of thin films and crystallites. The Raman peak of a microgrid-
shaped diamond crystal was at 1332.35 cm! ; 0.50 cm? higher than the diamond substrate Raman
peak which is at 1331.85 cm’. This may be caused by strain in microgrid-shaped diamond. Using
laser beam scanning over all of the sample surface showed diamond Raman peak only; no graphite
Raman peak was detected.

The surface energy of diamond is higher than other semiconducting materials i.e. Si, Ge
because diamond has the shortest nearest neighbor interatomic distance. Diamond has a surface
energy (3.7 joule/m?) higher than graphite (3.1 joule/m?) for equilibrium with carbon vapour. It is
necessary to heat the diamond surface during homoepitaxial diamond deposition by some methods
such as hot wire filament in front of the diamond surface or by a heated plate underneath the
diamond substrate. These heating methods may lead to contamination of the diamond substrate
from heating components. A heating method which does not contaminate the surface is using infrared
radiation from CO, laser, but it is not easy to approach high temperatures around 1000 ° C on the
diamond surface because of high thermal conductivity of diamond. It transfers heat from front
surface to back rapidly.

This report presents about the deposition of diamond thin films achieved by using a simple
a.c. sputtering assisted chemical vapour deposition (CVD) system which was developed at my
laboratory. There are two graphite electrodes which are in horizontal orientation. The substrate face
is inclined at about 45° to the gas flowed direction and off-axis of the graphite electrodes. The argon
and methane gases were flowed from the opposite side of the substrate. This configuration set-up
has important phenomena i.e. it is etching all the time with C* and H* during the CVD process and
the mixed gases which are not discharged by a.c. high voltage will be reflected from the diamond
surface and pumped out through the vacuum pump line. The graphite electrodes have two actions
i.e. cleaning electrodes for argon ion etching and supplying a carbon source for saturated conditions
for diamond deposition. This is a flexible system for surface treatment and thin film deposition. A
more detailed set-up will be published in the near future.®” Briefly this set-up has essential monitors
for deposition experiments such as mass flow meters, . in situ ” thickness measurement, optical
pyrometer and residual gas analyzer, etc.

Diamond (100) face of 1.5 mm x 1.5 mm x 0.3 mm size was used as the substrate for the
diamond thin film deposition. Before a substrate was loaded into the load-lock system, it was
etched by boiling in mixed acid, i.e., H,8O,: HNO, = 9:1 by volume for 1 h (the same method as
that used by Ando et al.® ), washed with 18 mega-ohm-cm ultrapure water, and blown dry.by pure
nitrogen gas.

The diamond substrate was loaded into the load-lock chamber which was evacuated by
turbomolecular pump under pressure from the growth chamber of 2.7x10# millibar. The diamond
substrate was transferred into the center of the growth chamber through the gate valve. Before the
CVD process started, the diamond surface was etched with argon ions for 15 minutes. The growth



7th Asia-Pacific Electron Microscopy Conference - Physical Sciences Oral Presentation

condition parameters were 2x 10! millibar, 10 hours deposition time with a.c. 50 Hz sputtering assisted
chemical vapour depisition from methane gas during glow discharge by a.c. power, 3.2kV, 38 mA.

Laser Raman microprobe spectrometer with reflected optical microscope was used to detect the
Raman spectrograph in the same area as the “microgrid- shaped” diamond crystals similar to a “beehive”,
as shown in FE-SEM image in Fig.1. The Raman spectrographs from 4 different points (A,B,C, and D)
from FE-SEM image are shown in Fig. 2, and overlayed with standard(std) diamond Raman spectrograph.
showing small shifts as shown in Fig.3. The peak position has been measured at the position of the centre
at the full width at haif maximum intensity (FWHM). The 4 different points give Raman peaks of points
A,B,C,and Dat 1332.35,1332.10, 1332.72, and 1332.72 cm! respectively. The FWHM of Raman
peaks of points A,B,C, and D are 4.25, 4.25, 3.62, and 3.62 cm* respectively. The standard diamond
gives a Raman peak at 1331.85 cm!, and FWHM is 3.0 cm!. Small shifts in the band wavenumber have
been related to the stress state of crystallites and deposited films.
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Abstract 15a.11

Hot filament chemical vapour deposition and alternating current assisted
chemical vapour deposition for diamond thin film production

V. Amomkitbamrung
Department of Physics, Faculty of Science, Khon Kaer University, Thailand
40002, Thailand. email:vittaya@kku1.kku.ac.th

In this study, a system for the efficient production pf diamond thin films is developed. Films
can be produced both by hot filament chemical vapour deposition (HF-CVD) and alternating
current assisted chemical vapour deposition (AC-CVD), or by a hybrid of the two methods at
the same time. It is a system that can measure the partial pressure of mixed gases, such as
methane, hydrogen and oxygen. The sample can also be changed without disrupting vacuum
because it corporates a load-lock system.The temperature of the hot filament and the
substrate can be measured extenally using an optical pyrometer, thus enabling greater vanatin
of parameters such as temperature, pressure, ratio of gas flows and constitution of gas
mixture. This will allow the reproducible production of diamond thin films in this future.
Thirty-one diamond thin film samples were prepared in this project. It was found that the
production of thin film on diamond substrate by vapour-phase epitaxy (VPE) depends on the
thickness of oxide layer and the method of the oxide layer removal. However since the
number of samples is small, the optimal parameters for complete epitaxy have not been
found. More samples must be prepared in order to remove finely tune the parameters that are
involved in find the optimum set of parameters.

Key words: hot filament, alternating current, chemical vapour deposition, thin film diamond,
homoepitaxial, vapour-phase epitaxy, XPS, Raman, SEM
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Abstract

In this study a system for the efficient production of diamond and diamond-like carbon
(DLC) thin film is produced. Films can be produced both by hot filament chemical
vapour deposition (HF-CVD) and altemating current assisted chemical vapour deposition
(AC-CVD), or by a hybrid of the two methods at the same time. It is a system that can
measure the partial pressure of mixed gases, such as methane, hydrogen and oxygen. The
sample can also be changed without disrupting vacuum because it incorporates a load-
lock system. The temperature of the hot filament and the substrate can be measured
externally using an optical pyrometer, thus enabling greater variation of parameters such
as temperature, pressure, ratio of gas flows and constitution of gas mixture. This will
allow the reproducible production of diamond and DLC thin films in the future. Thirty-
one diamond thin film and twenty DLC thin film samples were prepared in this project. It
was found that the production of diamond thin film on diamond substrate by vapour
phase epitaxy (VPE) depends on the amount of oxide layer and the method of removing
the oxide layer. The quality of DLC thin film depends on the chemical etching time.
However since the number of samples is small, the optimal parameters for complete
epitaxy and high quality DLC thin film have not yet been found. More samples must be
prepared in order to more finely tune the parameters that are involved to find the
optimum set of parameters,

1. Introduction

There are many techniques[1] which have succeeded in diamond and DLC thin film
preparation such as chemical vapour deposition(CVD) from hydrocarbon gas cracking by
using microwave, r.f., hot filament energy sources; or a.c., d.c. sputtering from graphite
target and carbon ion beam deposition. The r.f. hydrocarbon gas discharge technique[2]
gives DLC films which have some impurity contamination from electrode material. Ion
beam techniques[3] can eliminate impurities by using sophisticated technology. The
present authors introduced a simple hybrid alternative method composed of 2.c. 50 Hz
sputtering from dual graphite targets and chemical vapour deposition from CH,: H,
mixed gas, is called AC-CVD; and hot filament chemical vapour deposition, is called HF-
CVD. The a.c. 50 Hz sputtering is similar to the method of Koinuma et al.[4] using for
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deposition of high T, superconducting thin films. The a.c. 50 Hz sputtering technique

was used successfully in deposition of DLC on various substrates[5] and the a.c. 50 Hz
sputtering-MPCVD hybrid technique has succeeded in deposition of DLC on ZnSe
infrared windows[6]. In this paper we discuss the sputtering-CVD hybrid system growth
procedures; the compositional characterization of films on Si and diamond substrates;
surface morphology by scanning electron microscope. The influence of the argon ions
etching the diamond surface and chemical etching Si surface on the growth process is
also discussed. - )
2, Experimental details

Plan view diagram of the a.c. 50 Hz sputtering-CVD hybrid system is shown in
Fig.1. The 12 inch diameter cylindrical growth chamber was made of stainless steel type
no. 316. In this system we flow all processing gases in the horizontal manner. In this
experiment we introduced a substrate holder guide rod also made of stainless steel
horizontally too. The substrate holder plate was made of high purity gold to reduce
impurity contatmnination, especially oxide species. We monitored the substrate
temperature by the chromel-alumel thermocouples. The thickness monitor was close to
the substrate position to measure the suitable growth condition for diamond deposition.
We detected the relative partial pressures of gases such as Hy, CH4, and O during
processing by sampling gas from the growth chamber through a bypass fine metering
control valve.

The diamond substrates, (100) orientation face with size 2.5 mm x 2.5 mm x 0.3
mm in size, type Ib (Sumitomo Electric Co., Japan) were first solvent-cleaned using
acetone and methanol in an ultrasonic water bath, and rinsed with deionized (18

Megaohm-cm) water. The substrates were dried in a stream of nitrogen gas. After
solvent-cleaning treatment, the substrates were treated in boiling mixtures of H»SO4 and

HNO3 , 9:1 by volume, for 1 hour the same as a work of Ando et al. (7] to remove
metallic and graphite impurities, then washed thoroughly in deionized (18 Megaohm-cm)

water.

The Si (100) wafer, 25.4 mm in diameter and 0.45 mm in thickness, was sectioned
into specimens 10 mmx 10 mm and cleaned with acetone and methanol in an ultrasonic
cleaner for 1 h in each solvent, rinsed with deionized water and dried with dry nitrogen.
The clean Si substrate was etched with lactic acid : HNO, : HF by volume for 10 minutes
and rinsed with deionized water until neatralized, then dried with dry nitrogen.

 The growth chamber was evacuated by combined turbomolecular and titanium
pump until the ultimate pressure of about 10-8 torr. The substrate was loaded into the
load-lock chamber which was evacuated by turbomolecular pump. The substrate was
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transferred into the center of the growth chamber through the gate valve.The growth
condition parameters of some samples are summarized in Table 1.
3. Results and Discussion

Fig.2 (a), (b) show the surface morphology from SEM images. For AC-CVD
process, Fig.2(a) shows the facet edges which are registered along the same directions for
different flat crystals. Hence, the growth is epitaxial, not ramdomly seeded. For HF-CVD
process, Fig.2 (b) shows a diamond crystal which has a facet edge parallel to the
substrate. e

X-Ray Photoelectron Spectroscopy (XPS) was used to study the diamond surface
before and after diamond deposition by AC-CVD and HF-CVD methods.The XPS results
were comparative analyzed with other works [8-13] are summarized in Table 2. The
important peaks are at 284-285 eV, 286.8 eV and and 288 eV for C-C, C-OH, and C-O
bonding, respectively. XPS results are shown in Fig.3. HF-CVD shows Cls peak at about
285 eV. There is no significant difference between 30 and 60 minutes heat treatment of
substrate surface at 4x10° torr deposition pressure as shown in Fig.3(a). In AC-CVD
there is Cls peak at 284-285 eV with 15 minutes etching with Argon ion, 5.7x10-1 torr in
deposition pressure, but in the 60 minutes Argon ion efching, at 1.8x10%2 torr deposition
pressure, there is another peak at about 286.6 ¢V which should be from '
C-OH bonding during deposition because of higher deposition pressure as shown in
Fig.3(b).

The laser Raman microprobe spectrometer, renishaw Model Ramascope 2000,
with laser beam from the laser diode set at 782 nm wavelength was used to investigate the
chemical structure of thin films or crystallites through an optical with 500x magnification
for the most of all samples.

The impurity in thin film was not detected by EDS technique in SEM, except
oxygen and gold which should come from gold coating for SEM experiment.

4. Conclusions .

The AC-CVD method appears to be promising for diamond thin film production

in more effective than HF-CVD in epitaxial growth.
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Hi-current

Fig.1 A schematic of the alternating current graphite electrodes (ACGE)
sputtering + hot filament (HF) CVD hybrid system; H.V. = high voltage
feedthroughs, Hi-current = high current feedthroughs, W-fil. = tungsten
filament, RGA =residual gas analyzer.
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Fig. 2 SEM images (a) from AC-CVD and (b) from HF-CVD processes.
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Fig.3 (b) XPS of sm16 from AC-CVD processin 0, 5,15 and
40 seconds argon ion etching in preparation chamber of XPS setup.
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Fig. 3 (a) XPS of sm8 from HF-CVD process in §, 5, 15, and
40 seconds argon ion etching in preparation chamber of XPS setup.
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Table 1 Summary of preparation conditions in this study.

sample no. | base pressure | surface deposition deposition time | deposition
(torr) treatment technique pressure (torr)
smb 6.1x10°* 15 min, heat HF-CVD S hours 3.5x107
sml4 7.8x10* 30 min. heat HF-CVD 5 hours 3.2x10"
smi2 7.8x10° 30 min. heat HF-CVD 5 hours 3.7x107%
sms5 5.9x10° - 30 min. heat HF-CVD 5 hours 3.9x10°
sm8 1.9x10°* 60 min. heat HF-CVD S hours 4.3x10?
sm9 1.8x10°® 15 min. Ar etch | AC-CVD 5 hours 5.7x10"
sml3 3.1x10° 30 min. Aretch | AC-CVD 5 hours 3.5%x10"
smi5 2 8x10°® 45 min. Aretch | AC-CVD Shours 2.2x10%
sml§ 2.1x10* 60 min. Ar etch | AC-CVD 5 hours 1.8x10™

Table 2 Comparison XPS results between our work and other work from literature reviews [8-13].

comment C-O bonding hydrocarbon C-C bonding References

bonding
natural diamond - - 2843 eV (1x}) Shirafuji (1995)
(1n refer Pate (1986)
natural diamond 284 .8 eV Shirafuji (1995)
(111) anneal - - (2x1)-(2x2) refer Pate (1986)
1100 C
CVD diamond 285,5-286.8 eV 2853 eV 284.8eV D.N. Belton (1990)

adsorbed

hydrocarbon
CVD diamond - - 2846 eV Reinke (1994)
CVD diamond 2899 eV 288.7 eV, 287.2eV Shirafuji (1995)
anneal + O2 C-OH
plasma
CVD diamond 2889eV 287.8eV, 286.4 eV Shirafuji (1995)
anneal C-CH
CVD diamond 288.2 eV 287.0eV, 285.4eV Shirafuji (1995)
anneal + Ar etch ’ C-OH
CVD diamond - - 284.4 eV N. Yokonaka

(1996)
CVD diamond 288.1 eV - 284.6eV Karve (1996)
CVD diamond 2873 eV - 2842 eV C. Benndorf{1996)
CVD diamend 2868 eV 284-285 eV present work
- AC-CVD AC-CVD,
HF -CVD
synthetic 288 eV before Ar - 284-285 ¢V after | present work
diamond (100) etch Aretch
L ]
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P2.05.1

Surface and quality modification of diamond-like carbon films by
CO2 laser heating assisted hot filament chemical vapor deposition

V. Amornkithamrung and Ong-On Topon

Department of Physics, Faculty of Science, Khon Kaen University,
Khon Kaen 40002, Thailand

The infrared CO2 laser was used for regional heating to study the heat effect on HF-
CVD of DLC formation on Si(100) face substrates. The micro-Raman spectrometer
and scanning electron microscope were used for characterization of the chemical
bonding types and surface morphology. The silicon substrate was loaded into the
load-lock system and manually transferred into the ultra high vacuum chamber at a
pressure of 10-8 mbar, evacuated by means of combined

titanium sublimation and turbomolecular pump for keeping the silicon surface clean
before the deposition process was siarted. The tungsten filament temperature was
about 1850-1950 o C, detected by optical pyrometer. The substrate surface
temperature was about 450-500 o C, detected by the chromel-alumel thermocouple. A
CO2 laser beam, 2 mm in diameter, continuous wave, was used to heat the substra;te
for a further 20 minutes. The power of laser was varied by biasing the CO2 laser tube
at three different input currents, 6, 7, and 8 mA which raised the temperature of the
substrate locally by 25, 45 and 55 0 C respectively. At the medium laser power, the
central

laser beam region had a broad Raman peak centered at 1438 cm -1 which had higher
intensity than D-peak(1365¢m-1) and G-peak(1720cm-1) at the outer region. It can be
concluded that this region had good quality DLC. This moderate high frequency peak
corresponds to t‘he four-fold rotation symmetry atoms in the amorphous carbon
network from the tight-binding molecular dynamic simulation of C.Z. Wang and
K.M. Hol. The SiC Raman sharp peak at 765 cm-1 was observed. This should be a
phase at the interface between DLC film and Si substrate. We observed this interface
region in the cross-sectional SEM image. In this Raman spectrograph a small peak .
about 1080 cm-1 was observed, which may be the nanocrystalline diamond phase
which corresponds to some nano-DLC particles observed by SEM.

1. C.Z. Wang and K.M. Ho, Structure, Dynamics, and Electronic Properties
of Diamondlike Amorphous Carbon. Phys. Rev. Lett.,71(1993)1184.
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An infrared CO, laser was used for regional heating to study the heating effect on HF-CVDof
DLC formation on Si(100) face substrates, The micro-Raman spectrometer and scanning electron
microscope were used for characterization of the chemical bonding types and surface morphology.
The silicon substrate was loaded into the load-lock system and manually transferred into the ultra
high vacuum chamber at a pressure of 10-® mbar, evacuated by means of combined titanium
sublimation pump (TSP) and turbomolecular pump (Fig.1) for keeping the silicon surface clean
before the deposition process was started. The tungsten filament temperature was about 1850-1950
°C, detected by optical pyrometer. The substrate surface temperature was about 450-500 ° C, detected
by chromel-alumei thermocouple (TC). A CO, laser beam, 2 mm in diameter, continuous wave, was
used to heat the substrate for a further 20 minutes. Ultrapure H, was flowed into the chamber with a
flow rate about 200-215 scem, followed by flowing CH, gas with flow rate about 0.40-0.50 sccm.
The power of the laser was varied by biasing the CO, laser tube at three different input currents, 6, 7
and 8 mA which raised the temperature on the substrate locally by 25, 45 and 55 © C respectively .
These raising temperatures were calculated by the heat conduction equation.

Where k is the thermal conductivity and T denotes the temporal and spatial distribution of temperature.
The deposition conditions were 5 hours and 21-25 mbar of pressure.
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Fig. 1. Plane and sideview diagram of CO, laser heating assisted HF-CVD system.
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(2) Raman spectrum

Fig. 2 (a) Raman spectrum (b) surface morphology and
(c) cross-section of the low-power laser film has
particle size 0.12 micron

Results

The Raman spectrographs, SEM pictures of
surface and cross-section in these depaosition
conditions are shown in Fig. 2, 3 and 4. For medium
laser power, at the central laser beam region a broad
Raman peak centered at 1438 cm ' was detected
which had more intensity than D-peak(1365cm™} and
G-peak(1720cm™") at the outer region. It can be
concluded that this region had a good quality of DLC.
This moderate high frequency peak corresponds to
the four-fold rotation symmetry atom in amorphous
carbon network from the tight-binding molecular
dynamic simulation of C.Z. Wang and K.M. Ho[1].
The SiC Raman sharp peak at 765 cm™! observed
should be due to a phase at the interface between DLC
film and Si substrate. We observed this interface
region in the cross-sectional SEM image. In this
Raman spectrograph a smal! peak about 1080 cm™
was observed. This may be nanocrystalline or
amorphous diamond phase [2,3] in cluster which
corresponds to some nano-DLC partiéles observed by
SEM.

[ - | s L e Lpake
“'This work was supported b

(b) Surface (c) Crss—ection
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Fig. 3 (a) Raman spectrum (b) surface morphology and
(c) cross-section of the medium-power laser film
has particle size 0.20 micron
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(a) Raman spectrum

(b) Surface

Fig. 4 (a) Raman spectrum (b} surface morphology and
(c) cross-section of the high-power laser film
has particle size 0.25 micron

{¢) Cross-section

Conclusion

In DLC deposition by laser assisted HFCVD,
the temperature had more effect on pure DLC phase
and homogenous surface. We observed the most
homogenous DLC deposition condition for coating
on Si substrate which can be applied for
development of solar cell efficiency improvement.
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Initial Diamond Growth Study of the Chemical Vapour
Deposition Process by CO, Laser Heating
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Abstract

Initial diamond growth was studied in a UHV chamber at an ultimate pressure of
10" Torr by online moniioring of the gas mixture composition with a quadrupole mass
spectrometer during the deposition process. The CHas-H; mixed gas, hot filament
chemical vapour deposition method was used in diamond thin film deposition on silicon
(100) substrate in a temperature range of 1,700-1,800 °C and 20 millibar deposited
pressure. A CO; laser beam was used to raise the temperature locally on the substrate
surface. The crystal shape and surface morphology were observed by optical
microscope. An X-ray diffractometer was used to study the stress over the sample by
observing the (311) silicon diffracted peak shift at some incident X-ray beam glancing
angles. The stress distribution on the irradiated sample is more homogeneous than the
normal sample. !

1. Introduction

Diamond is a material which has unique properties better than other materials in
many ways such as optical transparency from X-rays to infrared radiation, high thermal
conductivity five times that of copper, inert for chemical agents, extreme hardness and
can withstand radioactivity. It is a good insulator, but it can be doped to become a
semiconductor for device applications in an aggressive corrosion, high temperature and
high radiation environment.

A laser was used to assist chemical vapour deposition for improved
homogeneity, adhesion to substrate, surface smoothness, and electrical properties [1]-
(8].

In this research, a CO; laser was used to assist the hot filament chemical vapour
deposition (HF-CVD) of diamond thin film on silicon (100) at a low pressure, 10-30
mbar. The optical microscope and X-ray diffractomefer were used to observe surface
morphology and stress distribution respectively. '

2. Experimental Procedure

A Si(100) wafer, p-type, 1 inch in diameter and 0.30 mm in thickness, was
sectioned into specimens 10 mm x 10 mm and cleaned with acetone and methanol in an
ultrasonic cleaner for 1 hour in each solvent, rinsed with!deionized water and dried with
dry nitrogen for a few minutes. The silicon substrate was loaded into the load-lock
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system and manually transferred into the ultra high vacuum chamber at a pressure of
10® Torr, evacuated by means of combined titanjum sublimation and turbomolecular
pump, as show in the photograph of the system in Fig.l. The silicon substrate was
about [-2 mm from a tungsten filament circular coil and the substrate was " in situ "
thermally cleaned with thin hot filament for 1 hour. The filament temperature was about
1,600-1,800°C, detected by optical pyrometer. The substrate surface temperature was
about 500-600 °C, detected by the chromel-alumel thermocouple. A CO- laser beam, |
mm in diameter, continuous wave, was used to heat the substrate for a further 20
minutes. Ultra pure H, gas was flowed into the chamber with flow rate about 180-200
sccm, followed by flowing CHy gas with flow rate about 0.35-0.50 sccm. The

conditions for thin film deposition on seven Si (100) samples are summarized in Table
1.

Fig. 1 The photograph of the system.

Table 1 Summary of preparation conditions.

Sample | Pressure | Tgament | Tsubswae | Hz rate | CHy rate | Deposition | CO; laser
(mbar) (°C) °C) (sccm) | (scem) | time Gt

DILO] 30 1,650 400 180 0.35 3 hr 3 hr
DILO2 10 1:d5 555 210 0.45 4 hr 2 hr
DIL0O3 25 1,700 =r 3] 190 0.40 4 hr 40 min 4 hr
DILO4 20 1,600 560 190 0.50 10 hr 10 hr
DILOS 20 1,800 580 180 0.40 10 hr. -
DILO6 25 1,800 600 180 045 20 hr -
DILO7 20 1,850 570 180 0.50 20 hr None

The surface morphology of the deposited diamond was observed by optical
microscope, 100x and 400x magnifications. Results are shown in Fig.2
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(a)
Fig. 2 The surface morphology of the deposited diamond was observed by optical
microscope (a) 400x of DILOI (b) 100x of DILO2

(b)

The deposited thin film was structurally analyzed by means of a parallel beam
X- ray diffractometer. using a power of 40 kV, 35 mA from Cu anode X- ray tube, with
a divergence slit width of 1/6°. The results were analyzed by comparing peaks with
ASTM standard values as shown in Table 2.

Table 2 Summary of d-spacings, observed values and ASTM standard.

| Material (hkl) | ASTM | DILOI | DILO2 | DILO3 | DIL0O4 | DILOS | DILO6 | DILO7
standard ° o ° o ° o o
0 (A) (A) (A) (A) (A) (A) (A)
| (A)
Si04(101) 3.343 . 2 - 3.1246 . . -
-SiC(310) 2510 | 28235 ; ; ; n :
SiC(101) 2.360 : - - 2.3562 | 2.3394 | 2.3733 | 2.3480
a-SiC(018) 2.320 - . 23562 | 23394 | 2.3733 | 2.3480
SiC(018) 2.317 : " 2.3070 : - - -
Si0,(102) 2.882 : 2.7520 = - - - -
SiOs(111) FEL ) : 2.2384 - 7 : .
o-SiC(01,13) | 2230 | 212355 - - . - - -
SiC(104) 2.179 2 2.1655 . 2.1704 . = :
-8iC(200) 2.170 . - - 2.1704 - s :
Diamond(111) | 2060 | 2.0310 | 2.0339 | 2.0380 | 2.0376 | 2.0376 | 2.0376 | 2.0292
Graphite(111) | 2039 [ 20310 2.0339 | 2.0380 | 2.0376 | 2.0376 | 2.0376 | 2.0292
a-SiC(01,41) | 2030 |[2.0310 [ 2.0339 | 2.0380 | 2.0376 | 2.0376 | 2.0376 | 2.0292
Graphite(101) | 2.027 | 2.0310 [ 20.339 | 2.0380 | 2.0376 | 2.0376 | 2.0376 | 2.0292
0-SiC(01,43) 1.980 . 1.9180 - - z : .
B-8iC(220) 1.540 - 1.5490 b . : r
-8iC(222) 1.260 . 3 g 1.2240 - : 1.2229
Diamond(220) | 1.261 | 1.2511 - 1.2240 - - 1.2229
Graphite(110) | 1.228 i - 3 1.2240 : . 1.2229
Si0,(310) 1.180 - . 1.1610 - . 1.2229
Diamond(311) | 1.075 . ; 1.0540 ; : 1.0126 h
Graphite(201) | 1.050 - - - 1.0126 .
Si0,(223) 1.014 - 3 . 3 - 1.0126 :
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Table 2 Summary of d-spacings, observed values and ASTM standard.(cont.)

Material (hkl) ASTM DILO! | DILG2 | DILO3 | DILO4 | DILOS | DILO6 | DILO7
standard c o e o 0 o o
(:\) (A) (A) (A) (A) (A) (A) (A)
B-SiC(311) 1.000 - - - - - ] 1.0126 -
Graphite(203) 0.9601 - - - 0.9299 | 0.9293 - -
Si10,(410) 0.9280 - 0.9293 - 0.9299 | 0.9293 - -
Diamond{400) | 0.8%916 - - 0.8902 | 0.9299 | 0.9293 - -
Graphite(008) 0.8774 - 0.8675 - - - - -
Graphite(116) 0.8256 - - - - - 0.8200 -
Diamond(331) | 0.8182 - - - - - 0.8200 -

Stress and strain distribution were investigated from the silicon diffraction peak
(311) using an incident X-ray beam at fixed small angles with two- different sample
orientations, which are called normal and parallel to the X-ray beam as shown in Fig.3.
By considering the equation which governs stress and strain by the peak shift plot [9] as
d,, —d
hd 2 = o Osin’ \f
E

dO
where W = incident X-ray beam angle with respect to the sample surface , d,, = d-
spacing calculated from the peak which corresponds to the incident X-ray beam angles

with respect to sample surface, 0 = Poisson's ratio = 0.28 for silicon, E = Young's

modulus = 1.67 x 10" Pa for silicon. By plotting the graph using the relation between
dy —9d,

1+
and sin® Y, we obtain a slope, which is equal to 0. By substitution U

dg

and E for silicon we obtain a stress 0. A summary of the stress of six samples with
two orientations is shown in Table 3.

(o)

|
|

O

ray Xermy

(a) (b)

Fig. 3 An incident X-ray beam at fixed small angles with two different sample
orientations, -
which are called (a) normal to the X-ray beam and (b) parallel to the X-ray
beam for investigation of the silicon diffraction peak (311).

(-49



Table 3 A summary of the stress from X-ray diffraction peak shift plot.

Samples Stress (GPa) Note
DILO2 3,310 Normal to the X-ray beam
3,419 Parallel to the X-ray beam
DILO3 3,424 Normal to the X-ray beam
3,465 Parallel to the X-ray beam
DILO4 3,422 Normal to the X-ray beam
3,402 Parallel to the X-ray beam
DILOS 3,388 Normal to the X-ray beam
3,976 Parallel to the X-ray beam
DIL06 3,437 Normal to the X-ray beam
3,246 Parallel to the X-ray beam
DILO7 3,364 Normal to the X-ray beast
3,439 Parallel to the X-ray beam’

3. Results and Discussion

From the optical microscopic image, 400x in Fig. 2(a), sample no. DILOI,
different grain sizes are seen at the upper right corner of the image which is near laser
beam position. There are different crystallites which are parallel as indicated by the
heteroepitaxial characteristic of crystallites on the substrate. Some big crystallites show
the upper part of octahedral crystals. In the optical microscopic image, 100x in fig. 2
(b), sample no.DIL02 showed different colors, which should come from refractive
dispersion patterns from incident white light on the sample because of thin film
thickness being gradually different from laser position at the upper right comer of the
image.

From the X-ray diffraction analyzed data in Table 2, there are some diffracted
peaks which are comparable with ASTM standard B-SiC and diamond peaks, such as f3-
SiC(220), B-SiC(222), diamgnd(311) and diamond(400). These peaks have d-spacing
values less than ASTM standard values, which occurred because of stress and strain on
the silicon substrate. These effects come from lattice mismatching between the thin
film and substrate materials. The stress distribution is modified from an elliptical area
to a circular area as shown in Table 3 for sample nos. DIL02, DIL03, DIL04 and DIL07,
especially in DILO04 which was irradiated with CO; laser for a loager time of 10 hr.

] &
4, Conclusion

It can be concluded that the CO, laser heating on substrate surface can modify
the early stage of diamond deposition on silicon(100) substrate. The buffer layer phase,
B-SiC crystalline is also qualitatively improved and this makes the diamond layer more
perfect in the crystalline structure. This method may improve the quality of
heteroepitaxial diamond thin films on silicon, and can be used in electronic applications.
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unange. Mnlgnudnurslasedumriaias grurasdaneufeusnes uinilhignudinfunszuaunis HFCVD (hot fiament

chemical vapor deposition) fduinlalnnauussuiadmuduunsdadanfueududiy deulsitilunnignudnde quugiveady
aeafneiaaaau 1900 - 2000 ', goauglininsesTangiures 500 ' ugnuanduagn s Faluafmudy 31 Bedurf nsiensily
radanFiimridsuaulnefirairinuuszniassansemiuuuienna R R A TULAA TSN ATLIOUWTH 1344 cm®

;a:aﬁsunﬁ’umﬂ 1332 em” wisn Mt 17 uasRdananfassownn vnusmmanasiiusadtfidiumuduiinatu i

ez wenantmdusmudurzwinldududanguronu 3392 Gea uns 3532 GPa luiiAneiideanndy

Abstract: The diamond powder was used to scratch surface of silicon (100) substrate for diamond crystal
growth by HFCVD (hot filament chemical vapor deposition) with H; and CH, gas sources. The deposition
conditions were 1900 - 2000 °C of filament temperature 500 °C of substrate surface temperature, 31 mbar in
pressure and 5 hour in deposition time. The Raman spectroscopy and SEM techniques were used to analyze the
film. The diamond Raman spectrum was shift to 1348 cm™ and relaxed to 1334 cm™ after 51 days. The film was
cracked when diamond film stress was relaxed. These results show that the diamond film has stress in the film.
The stress between film and substrate was observed by XRD. The stresses are 1392 GPa and 3532 GPain
normal and parallel orientation, respectively.

Methodology: The vacuum system in pressure 10" mbar was pumped by titanium sublimation pump and
wrbomolecular pump. A Si(100) wafer, p-type, specimen 10 mm x 10 mm was scratched by diamond powder,
cleaned by acetone and methanol in ultrasonic for 1 hour in ultrasonic cleaner in each solvent, etched by lactic
acid : HNO; : HF =25 : 4 : 1 for 10 minutes and dried by dry nitrogen for a few minutes. The silicon substrate
was 1-2 mm from a tungsten filament, 1900-2000 °C in temperature and was thermally cleaned with filament
for 1 hour. The substrate surface temperature about 500 °C. The deposition conditions were 5 hour and 31 mbar.
H; flow rate is 176 sccm and CH, flow rate is 0.44 sccm.

[iesult, Discussion and Conclusion: The diamond film was analyzed by Raman spectroscopy, SEM and XRD.
| The first order peak of standard diamond Raman spectrum was 1332 cm™
standard peak. The film showed 1344 cm’! sharp peak, crystalline
diamond, and 1550 cm™' broad peak, crystalline graphite (Fig. 1a) {1].
The diamond peak was shifted 16 cm™ from standard because of stress
between diamond film and silicon substrate. The film has grain size

(@) The first time 0.3 um and has space between grains that cause of stress {2]. Afier 51
days, the diamond peak was shifted to 1332 cm”? {Fig. 1b) because stress
was relaxed and caused the film cracked [3]. These results showed that
diamond powder scratched technique caused stress in the film. The XRD
technique was used to observe stress between the film and the substrate.
The substrate was orientated in normal and paralle! to the X-ray that
found stress 3392 GPa in normal and 3532 GPa in parallel.

1
1332 em”'

3
1556 em’

1811 em
H

Raman shift (cm”) |

Fig. 1 The Raman spectrums of diamond film.
References: (1) Tydall, George W. Hacker, Nigel P, (1989) Mat. Res. Soc. Sym. Pro. 162, 173-178.
(2) Dowling, D. P. Ahern, M. J. Kelly, T. C. Meenan, B.J. Brown, N. M. D. O Connor, G. M.

Glyn,nT. 1. (1992) Sur. Coa. Tech. 53, 177-183.
(3) Boteler, J. M. Gfupta, Y. M. (1993) Phy. Rev. Lat. T1(21), 3497-3500.

Keywords: diamond film, silicon substrate, stress Raman spectroscopy, SEM
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Surface and quality modification of diamond-like carbon films by CO; laser heating
assisted hot filament chemical vapor deposition

V.Amornkitbamrung and Ong-On Topon
Department of Physics, Faculty of Science, Khon Kaen University,
Khon Kaen 40002, Thailand

Abstract

An infrared CO, laser was used for regional heating to study the heating effect on HF-
CVD of DLC formation on Si(100) face substrates. The micro-Raman spectrometer and
scanning electron microscope were used for characterization of the chemical bonding types
and surface morphology. The tungsten filamenl temperature was about 1850-1950 ° C. The
substrate surface temperature was about 450-500 ° C.The power of the laser was varied by
biasing the CO, laser tube, 30 cm long at three different input currents, 6, 7, and 8 mA
which raised the tlemperature on the substrate locally 25, 45 and 55 ° C respectively. At the
medium laser power, at the central laser beam region a narrow Raman peak centered at 1438
cm ' was detected. It can be concluded that this region has good quality DLC. This
moderate high frequency peak corresponds to the four-fold rotation symmetry atom in
amorphous carbon network from the tight-binding molecular dynamic simulation of C.Z.
Wang and K.M. Ho. The SiC Raman sharp peak at 765 cm™* was observed which should be
a phase at the interface between DLC film and Si substrate. We observed this interface
region in the cross-sectional SEM image. In the Raman spectrograph a small peak at about
1080-1090 cm™ was observed, which may be nanocrystalline diamond phase corresponding
to some nano-DLC particles observed by SEM.

Keywords . DLC; Laser heating; Raman spectroscopy;, SEM; UV-VIS

1. Intreduction

Diamond is a material which has unique properties better than other materials in many
ways such as oplical (ransparency from X-rays (o infrared radiation, high thermal
conductivity five times that of copper, inert to chemical agents, extreme hardness and can
withstand radioactivity. It is a good insulator, but it can be doped to become a
semiconductor for device applications in an aggressive corrosion, high temperature and high
radiation environment.

Diamond-like carbon{DLC) is an amorphous form of carbon which has hydrogen in a
carbon tetrahedral matrix. The DLC is very interesting because it has comparable properties
with diamond. The DLC thin film preparation has been successful since high vacuum
iechnology was developed for thin film deposition. DLC thin films are normally composed
of sp® (graphite phase) and sp® (diamond phase) mixed bonding due to the hydrogen content
in the thin film.

There have been atternpts ih using lasers to assist chemical and physical vapor
deposition processes for improvement of homogeneity, adhesion to substrate, surface
smoothness, structure, deposition rate, electrical and optical properties of diamond and DLC
production [1-9]. There have been some attempts in using pulsed-laser ablation of graphite
for induced transformation of graphite to diamond via an intermediate rhombohedral
graphite [10] and for homoepitaxial growth of diamond in oxygen atmosphere{11].

In this research we used an infrared CO, laser for regional heating to study the heating
effect on HF-CVD of DLC and diamond formation on Si(100) face substrates. The micro-
Raman spectrometer, scanning electron microscope and UV-visible spectrophotometer were
used for characterization of the chemicat bonding Lypes, surface morphology and optical
transparency.

2. Experimental

A Si(100) wafer, p-type, 1 inch in diameter and 0.30 mm in thickness, was
sectioned into specimens 10 mm x 10 mm and cleaned with acetone and methanol in an
ultrasonic cleaner for I hour in each solvent, rinsed with deionized water and dried with dry
nitrogen for a few minutes. The silicon substrate was loaded into the load-lock system and
manually transferred into the ultra high vacuum chamber at a pressure of 10 mbar,



evacualed by means of combined titanium sublimation and turbomolecular pump as shown
in the diagram of the system in Fig.1. The silicon substrate was about 1-2 mm from a
tungsten filament circular coil and the substrate was “ in situ ” thermally cleaned with the
hot filament for 1 hour. The filament temperature was about 1850-1950 ° C, detected by
optical pyrometer. The substrate surface temperature was about 450-500 ° C, detected by the
chromel-alumel thermocouple. A CO; laser beam, 2 mm in diameter, continuous wave, was
used to heal the substrate for a further 20 minutes. Ultra pure H, was flowed into the
chamber with a flow rate of about 200-215 sccm, followed by flowing CH, gas with a flow
rate of about 0.40-0.50 sccm. The power of the laser was varied by biasing the CO; laser
tube 30 cm long at three different input currents, 6, 7 and 8 mA which raised the
temperature of the substrate locally 25, 45 and 55 ° C respectively. These raising
temperatures were calculated by the heat conduction equation [12]. The three different laser
powers were called low, medium and high power heating conditions for the three different
input currents, 6, 7 and 8 mA respeclively. The deposition conditions were 5 hours and 21-
25 mbar in pressure. These samples were characterized by micro-Raman spectrometer,
scanning electron microscope and UV-visible spectrophotometer.

3. Results and discussion

In the low power laser heating condition, there are DLC, mainly graphite-like
carbon and B-SiC phases as observed on Raman spectrograph as shown in Fig.2a. The -
SiC peaks are at 781, 959 cm™ compared with the B-SiC standard peaks of 796, 973 cm’
(Av=-14,-15 el Av=vg-v; v, is the standard wave number, v is the observed wave
number) which may come from tensile stress of f-SiC heteroepitaxial thin film on Si
substrate. The D-peak (1362 cm™*) and G-peak (1579 cm™) are the same as the G and D
standard peaks (1360 and 1580 cm™) and these phases are independent of the substrate
structure.

In the medium power laser heating condition, the single narrow Raman peak of
FWHM about 300 cm™ centered at 1438 cm™' was observed as shown in Fig.2b. This peak
has more intensity than the D-peak (1362 cm™) and G-peak (1579 cm™) which were
observed in the low power luser heating condition. This is the first time in observing a quite
sharp peak of 1438 cm™ from the moderate laser power healing on the substrate surface
during HFCVD of DLC on Si. This peak was predicted by using tight-binding molecular-
dynamic (TBMD) simulation[13]. The TBMD scheme was used to generate diamond-like
amorphous carbon structure by quenching high-density carbon liquid from high
temperatures. The simulation parameters such as carbon density, temperature, cooling rate,
annealing process are comparable with the experimental condition. The simulation
concluded that these high frequency modes (between 1300-1500 cm™) came from the
stretching vibrations between the fourfold and threefold atoms, and between fourfold sites
when bond angles are severely distorted. It was found that this mode was relatively
localized with 20-30% of the vibrational amplitudes on a pair of atoms. It correspond to cur
experiment results of this peak which was observed only from the exact center of the laser
beam region. ’

In the high power laser heating condition, there are two broad bands of Raman
spectrograph centered at 1378 cm™ and 1752 cm! as shown in Fig.2c. These peaks should
come from the distortion of D and G peaks due to high temperature. It is confirmed by
observing the two 3-8iC peaks were broadened and overlapped, becoming a broad peak
centered at 815 cm™.

The SEM from top view and cross section of three different laser powers are
shown in Fig. 3a-c and Fig.4a-c respectively. In the low power laser heating condition, the
particles of DLC, graphite-like carbon and (-SiC are quile nearly the same size of about
120 nm. These particles are distributed homogeneously in the central laser beam region. In
the medium power laser heating condition, there are DLC and B-SiC particles at nearly the
same size of about 200 nim. These particles agglomerated in each group but are clearly
separated in each particle in the central beam region. In the high power laser heating
condition, there are DLC and [B-SiC particles of nearly the same size of about 250 nm.

The deposition rates and grain sizes of thin films in three different laser powers are
shown in Fig.5 (the left axis is the deposition rate, the right axis is the grain size). The
deposition rate decreased when the laser power increased. This result contradicts with the
former results of other researches when the substrates were heated from the back side by a
resistive heater. In this experiment, the thermal energy on the substrate surface from the



laser had the effect of fusing small grain size particles in forming the big grain size particies,
and therefore the deposition rate decreased,

The UV-visible transmission of three different laser powers DLC thin films in
wavelength range 200-1100 nm are shown in Fig.6. The transmission of DLC under
medium power laser heating condition are better than under high power laser heating
condition. This is because the medium power laser heating condition gave the best quality
DLC.

4. Conclusions

At the central laser beam region, the single narrow Raman peak of FWHM about
300 cm! centered at 1438 em ™' (Fig.2b) of the medium laser power condition has more
intensity than the D-peak(1362cm™) and G-peak(1579cm™) which were observed at the
central laser beam region of the iow laser power condition (Fig.2a). It can be concluded that
this region of the medium laser power condition gives good quality DLC. This high
frequency narrow peak at 1438 cm ' corresponds to the four-fold rotating symmetry atom in
amorphous carbon network from the tight-binding molecular dynamic simulation of [13].
This narrow peak al 1438 cm™ may compare with the broad peak at 1465 cm™ from
fullerences in carbon foam(14] and may compare with sharp peaks at 1422, 1447,1467 cm™
from defect structure in diamond implanted with MeV He ions, [15]. In the Fig.2b and 2c of
Raman spectrograph there is a peak at about 1080 and 1090 cnmr™' which may be the
nanocrystalline diamond phase which corresponds to the nano-DLC particles observed by
SEM. The SiC Raman sharp peak at 765 cm™ (Fig.2b) should be the interface phase
between DLC film and Si substrate. We observed this interface region in the cross-section
SEM image in Fig. 4b. Another SiC peak at 909 cm™* (Fig.2b) interfered with the second
order Si square topped peak which usually is at about 950 cm™’. These peaks shifted from
the standard p-SiC Raman peaks at 796 and 973 cm” [16], which should come from the
stress formation between Si substrate and DLC thin film or these peaks may be the «-SiC
Raman peaks.

The cenlral laser beam regions at the three laser power conditions can be compared
from Raman spectrographs among Fig.2a, 2b and 2c. It can be concluded that the low laser
power condition is the initial state of DLC formation. In the initial state of DLC formation;
G-, D- and B-SiC peaks appeared at the same time which implied graphite-like, disordered
carbon and P-SiC assisied DLC formation on Si. In the medium laser power condition in
which the substrate temperature is higher than the low laser power condition by about 20 °C,
the broad Raman peak at about 1480 cm™ was observed. There is a very narrow
temperature range[17), 490-495 ° C , for high ordering of carbon formation similar to defect
structures in diamond. It may be called amorphous diamond in our work.

In DLC deposition by laser assisted HFCVD, the temperature affected the purity of
the DLC phase and made the surface more homogenous. The homogenous DLC deposition
condition for coating on Si substrate may be applied for increasing solar cell efficiency[18].
There are two reasons for this effiect i.e. DLC absorbed UV spectrum and emission of
visible light to enhance the silicon solar cell efficiency. Another reason should be the DLC
particle size which corresponds to UV wavelength of about 200 nm. It can absorb UV more
than other sizes. This application should be used in the near future.
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