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Diffuse Reflectance Infrared Fourier-transform Study of the Plasma
Hydrogenation of Diamond Surfaces

Toshihiro Ando,* Motohiko Ishii, Mutsukazu Kamo and Yoichiro Sato
National Institute for Research in Inorganic Materials, 1-1, Namiki, Tsukuba, Ibaraki 305, Japan

Plasma hydrogenation of diamond surfaces was investigated using a diffuse reflectance infrared Fourier-
transform (DRIFT) technique. Hydrogenation was carried out under microwave plasma conditions similar to
those used for the chemical vapour deposition of diamond. Surface species chemisorbed on the diamond
surface were characterized by DRIFT spectroscopy. The number of hydrogen—carbon bonds increased and the
structure of the chemisorbed species on the diamond surfaces changed on increasing the temperature of the

plasma hydrogenation.

It is very important for diamond synthesis that the chemical
structure and the chemical reactivity of diamond surfaces are
well characterized. The characterization of both molecules
and atoms chemisorbed on the diamond surface is vital for
an understanding of chemical vapour deposition processes.
This information elucidates the mechanism of diamond for-
mation from the vapour phase.

It is well known that there are three hybrid orbital states
sp?, sp? and sp, of carbon that form different structures i.e.
tetrahedral, planar and linear. Graphite is the most stable
phase of carbon, whilst diamond is a thermodynamically
metastable form at atmospheric pressure and room tem-
perature. It is certain that diamond can be grown from the
vapour phase under thermodynamically metastable condi-
tions e.g. microwave-assisted plasma chemical vapour deposi-
tion.!'? This suggests that the growing surface should be
controlled and allowed to react with the species from the
vapour phase in a highly selective manner. While graphite
has an sp? hybrid orbital state, diamond has an sp® hybrid
orbital state. We consider that the growing surface of
diamond should have only an sp? state. It is very important
that the surface chemical nature of diamond should be under-
stood and controlled.

To date, there have been relatively few studies on chemi-
sorption and the reactivity of diamond surfaces. Marsh and
Farnsworth have reported from low-energy electron diffrac-
tion (LEED) studies that hydrogen enabled high-temperature
cleaning of the diamond surface without degradation.?
Lander and Morrison have found that heating a (2 x 2)/
(2 x 1) surface in hydrogen resulted in a (1 x 1) LEED
pattern.* Pate has found that room-temperature exposure to
atomic hydrogen as sufficient to remove the surface states
from the reconstructed (111) surface.?

Matsumoto and Setaka have studied hydrogen chemisorp-
tion on diamond powders with thermal desorption spectros-
copy.® They have reported two states in chemisorbed with
hydrogen diamond surfaces. Recently, Thomas et al. have
studied thermal desorption from the diamond (100) surface
by combined LEED analyses.”

Mehandru and Anderson have characterized the absorp-
tion and bonding of C—H fragments to the unreconstructed
diamond surface, including the dependence on coverage and
coadsorbed hydogen.® They have also calculated surface
properties of clean and hydrogenated diamond.

Sappok and Boehm have detected the methylene group on
the hydrogenated surface by IR spectroscopy.®''° Butler and
co-workers have employed in situ IR absorption spectroscopy
to study the gaseous and surface chemical species in chemical
vapour deposition processes. They have detected methyl

radical ("CH,), acetylene (C,H,) and ethene (C,H,) above
the growing surface.!'''? Vibrational spectroscopy is
unsurpassed in obtaining detailed information on the nature
of chemisorbed molecules and atoms.!® In particular, vibra-
tional spectroscopy is successful for observing hydrogen
atoms bonded to carbon atoms of the diamond surface.
Recently Dischler et al. have analysed hydrogen in poly-
crystalline diamond films with IR spectroscopy.!* Chin et al.
have obtained vibrational spectra of hydrogen on diamond
(111) surface by IR-visible sum-frequency generation
(SFG).!® Much IR data collected for organic compounds also
allows us to assign the observed spectra with high reliability.
FTIR spectroscopy may be used with other sampling tech-
niques for surface analysis including diffuse reflectance spec-
trometry,'® photoacoustic spectrometry (PAS),!’ and
multiple internal reflection spectrometry.!® We previously
reported that both FTIR-PAS and DRIFT are efficient for
observing the species chemisorbed on diamond surfaces.'®

This paper reports an investigation on the hydrogen-
plasma treatment of diamond powder by DRIFT spectros-
copy. The aim is to characterize species present on the
diamond surface treated under microwave-assisted plasma
conditions.

Experimental

Commercially available synthesized diamond powder of 22.1
m? g~ ! specific surface area was used. Its BET surface area
was determined with nitrogen at 77 K, using a Micrometrics
Digisorb 2600 surface analyser. Before hydrogen-plasma
treatment, the diamond powder was treated in a heated solu-
tion of sulfuric and nitric acids to remove impurities. The
hydrogenation was performed in the microwave-plasma
reactor which was also used for chemical vapour deposition
of diamond.?° The reaction was carried out at 20-40 Torrt
in pure hydrogen (99.9999%). The temperature of the
diamond surface was measured by a radiation pyrometer
equipped with a silicon detector. The reaction conditions are
detailed in Table 1. DRIFT spectra were recorded on an
FTIR instrument (BioRad, Digilab FTS-65), equipped with a
DTGS detector, in the region 4000-400 cm™! with a
resolution of 2 cm™!. The diffuse reflectance accessory
(Spectra Tech) was used for the measurement. 256 scans were
accumulated for each spectrum. A KBr standard powder was
used for the reference spectrum. Diffuse reflectance was con-
verted into Kubelka—Munk units.

T 1 Torr = (101 325)/760 Pa.
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Table 1 Microwave plasma-hydrogenation conditions
H, flow temperature  pressure MW power  time
run /sccm? /°C /Torr /W /min
1 100 400 20 110 30
2 100 500 20 130 30
3 100 600 20 160 30
4 100 700 40 160 30
5 100 800 40 200 30
6 100 900 40 290 30

@1 sccm = 1 cm® min ™! under standard conditions.

Results and Discussion

The DRIFT spectra of microwave-assisted plasma hydro-
genated diamond powders are shown in Fig. 1. From the
spectrum of non-hydrogenated diamond, which was only
washed in acid mixture [Fig. 1(a)], it appears that the
diamond surface was oxidized before hydrogenation by the
oxidizing acid mixture.

This spectrum shows C=0O double bond stretching vibra-
tion of carbonyl at 1773 cm~! and C—O—C stretching
vibration of cyclic ether at 1100-1250 cm™'. The peak at
1773 ecm ™! corresponds to C=Q vibration of carboxylic acid
(COOH), carboxylic anhydride (COOCO), lactone (COO) or
strained cyclic ketone (—CO—) e.g. cyclobutanone. The
temperature-programmed desorption (TPD) mass spectrum
of oxidized diamond powders shows evolution of both CO
and CO,, which suggest that both the carboxylic acid state
and carbonyl state coexist. We also observed the O—H
stretching vibration band over the range 3300-3700 cm™'.
This broad band did not distinguish clearly between the free
hydroxy group bonded to the diamond surface and physically
adsorbed water. As both carboxylic and carbonyl groups
show polarity, water is readily physisorbed in the atmo-
sphere. A large part of this O—H stretching band disap-
peared upon heating the sample ca. 200°C. The C=0
stretching band remained unchanged for temperatures below
400°C under both thermal and plasma-assisted heating.
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Fig. 1 DRIFT spectra of diamond powders treated under micro-
wave H,-plasma conditions. (a) Non-treated and treated at (b) 400,
{c) 500, (d) 600, (¢) 700, (/') 800 and (g) 900°C.
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Hydrogenation of diamond surfaces did proceed above
500°C under microwave-plasma conditions. DRIFT spectra
of diamond treated above 500°C show C—H stretching
vibration bands in the region from 2830 to 2960 cm 1. This
band was assigned to C—H stretching vibrations of the sp®
hybridized bonding. No peak due to C—H stretching vibra-
tions of sp? hybridized bonding was observed in the region
from 3000 to 3200 cm ™! for all the hydrogenation experi-
ments studied. This result indicates that hydrogenated
diamond surfaces have only an sp® hybridized state under
microwave-plasma condition. This result supports the diffrac-
tion studies reported previously.>**

The peak intensity of C—H stretching vibrations increased
with the hydrogenation temperature whilst the peak intensity
of C=0 stretching vibrations decreased. This result indicates
that the extent of hydrogenation is controlled by the reaction
(or substrate) temperature.

C—H Stretching Vibration

DRIFT spectra of the C—H stretching vibration region are
shown in order to compare the species chemisorbed on
diamond surface at different treatment temperatures (Fig. 2).
It became clear that the C—H stretching vibration bands
could be separated into C—H, CH,, CH; groups. The sym-
metric stretching vibration of CH, and that of CH, appeared
in the region of 2840 and 2858 ¢cm ™!, respectively. The asym-
metric stretching vibration band was broad in the region of
2910-2960 cm ™~ !. The assignment of C—H stretching vibra-
tion bands observed in this study is presented in Table 2. We
postulate a possible correspondence between C—H and the
crystallographic face with diamond structure models. As the
diamond surfaces used in this study are not defined crystallo-
graphically, we cannot determine accurately what state of
C—H corresponds to each crystallographic face.

In the spectrum of the hydrogenation of 600 °C, Fig. 3(d), a
sharp band in the region of 2840 cm ™! and a broad band in
the region of 2880 cm™! were observed. The band at 2840
cm~! was assigned to the symmetric stretching vibration
mode of CH, and the broad band at 2880 cm ™! was assigned

asymmetric
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Fig. 2 DRIFT spectra of diamond powders, treated under micro-
wave H,-plasma conditions, in C—H stretching vibration region.
(a)—(g) as Fig. 1.
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Table 2 Assignment of hydrogen chemisorbed species on diamond
surfaces

possible
frequency correspondence to
fem ™! mode assignment diamond surface

2830-2855 CH, C—H stretching (symmetric) (100)

2855-2870 CH, C—H stretching (symmetric) (111) + CH,
2875-2895 CH C—H stretching (111), (100) —2 x 1
2919-2935 CH, C—H stretching (asymmetric) (100)

2950-2960 CH, C—H stretching (asymmetric) (111) + CH,

to the stretching vibration mode of CH. In the spectrum of
hydrogenation at the higher temperature, 900 °C, a new band
appeared at 2858 cm~ ! which was assigned to the symmetric
stretching vibration mode of CH;. It is known that the
absorbance of CH is considerably lower than that of CH,
and/or CH, in common organic molecules. As the absorb-
ance of CH; was higher than that of CH, and the CH stretch-
ing vibration band at 2880 cm~! was masked by the CH,
stretching vibration band at 2858 cm ™! in the spectrum of
diamond hydrogenated at 900°C [Fig. 3(g)]. There were
three chemisorbed hydrogen species, CH, CH, and CHj; in
the case of hydrogenation at 900 °C.

To summarise, the diamond surface was hydrogenated in
the microwave-plasma at 600 °C to give two species of hydro-
gen chemisorption, the CH state and the CH, state with
vibrational bands at 2880 and 2840 cm™!, respectively. The
CH species corresponds to either the (111) ideal face of
diamond or the (100)— (2 x 1) reconstructed face of
diamond. The CH, species corresponds to the (100) — (1 x 1)
ideal face of diamond. Diffraction studies have confirmed that
the (100) — (1 x 1) surface is reconstructed at higher tem-
perature. Hamza reported TPD of H, from the diamond
(100) — (1 x 1) surface correlated with the surface reconstruc-
tion.?! In the present study, considerable amounts of CH,
were observed in high-temperature reactions. A hydrogen
plasma can maintain the (1 x 1) ideal surface up to 900 °C.

When the reaction temperature was increased to 900°C, a
new band appeared at 2858 cm ™!, due to CH; groups chemi-
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Fig. 3 DRIFT spectra 2(d), expanded by a factor of 4 for clarity,
and 2(g) to show the variation in chemisorbed species with tem-
perature
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sorbed on the diamond surface. This effect was noticeable at
temperatures above 700 °C. Almost all the CH, groups were
adsorbed on the (111) face, on the (100) face, steric hindrance
cannot be neglected. Hydrogen molecules and/or hydrogen
atoms caused dissociation of the C—C bond of the diamond
crystal and combined with the carbon atoms.

Mehandru and Anderson showed from a theoretical study
that a high population of adsorbed CH, groups was unstable
due to steric repulsion.® It is difficult to obtain the coverage
of CH; groups on the surface in the present study. Chin et
al.'® have reported two peaks due to C—H stretching vibra-
tion at 2860 and 2830 cm ™! by SFG spectroscopy. They have
observed that the strength of the 2860 cm ™! peak could be
transferred to the 2830 cm ™! peak by annealing the sample
at >700°C. They also reported that the 2830 cm™! peak
grew with increasing H coverage on the diamond (111)
surface. In the present study, we observed a peak at 2880
cm™! by low-temperature treatment (<600°C), and another
peak at 2858 cm ™! grew on heating above 700 °C. Our peak
positions were different from those of Chin et al. Although we
cannot explain the difference in peak positions, increasing
treatment temperature tends to increase the intensity of the
lower wavenumber peak in both studies. Formation of a
surface covered with CH, groups is very interesting as a tran-
sient intermediate in both vaporisation and deposition of
diamond. The amount of chemisorbed CH; increased with
increase in the reaction temperature over the range 700-
900°C. This result suggests that it was easy for the carbon
atom within the methyl group to migrate on the diamond
surface above 700 °C. This range of temperature corresponds
to that in which high quality diamond can be deposited by
the microwave-assisted plasma chemical vapour deposition
method.

C=0 Stretching Vibration

Both the peak position and the peak intensity of C=0 in the
region 16001800 cm ™! change as hydrogenation progresses
(Fig. 4). The peak intensity of the band decreased with
increasing reaction temperature. The concentration of C—H
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Fig. 4 DRIFT spectra of diamond powders treated under micro-
wave H,-plasma conditions in the C=0 stretching vibration region.
(a)—(g) as Fig. 1.
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Fig. 5 Relation between the concentrations of C—H and C=0 and
the treatment temperature

increased while that of C=0 decreased 500 to 900°C. The
increase of the peak intensity of C—H stretching vibrations
paralleled the decrease of that of C=O0 stretching vibrations
(Fig. 5), suggesting that the adsorption of hydrogen pro-
ceeded simultaneously with the elimination of oxygen on the
diamond surfaces.

The peak position shifted from 1773 to 1709 cm ™', The
former peak is due to C=O stretching vibrations of carb-
oxylic acid, carboxylic anhydride, lactone or strained cyclic
ketone, the latter corresponds to strain-free cyclic ketones
such as cyclohexanone.

Two reaction mechanisms may be proposed for the hydro-
genation of C=0 on the diamond surfaces. One is a stepwise
reduction of carbonyl by hydrogen molecules and/or hydro-
gen atoms; the carbonyl group (—CO—) or carboxylic group
(COO) is reduced to aldehyde group (—CHO) and further
reduction produces an alcoholic OH group (—CHOH).
Elimination of the OH group gives C—H. The other is
thermal decomposition of the carbonyl group to give CO or
of the carboxylic group to give CO,, subsequently hydrogen
is adsorbed on the unstable surface carbon atoms.

The peak intensity of the O—H stretching vibration band
in the region 3300-3700 cm~! did not increase. No peak of
aldehydic C—H stretching vibration was observed in the
region 2700-2800 cm~'. Neither alcoholic nor aldehydic
species were produced on the diamond surfaces in the hydro-
genation process. No hydrogenation proceeded at tem-
perature lower than 500°C even when the microwave supply
was increased. This indicates that the desorption of C=0 is
the dominant process in the stepwise hydrogenation.?? Thus
a thermal reaction was dominant. This result also agrees with
TPD studies of diamond powders. The TPD spectra of oxi-
dized diamond powders show that little O, and H,O are
desorbed from diamond surfaces.?? The TPD spectrum of the
oxidized diamond powders. before hydrogen-plasma treat-
ment indicates that oxygen may be desorbed as both CO and
CO, . The desorption peak of CO, is lower than that of CO.
We cannot compare the TPD spectrum exactly with this
plasma hydrogenation, because two different methods were
used for the measurement of reaction temperatures. We can
conclude that at a relatively lower temperature, carboxylic
and lactone structures are decomposed to give CO,, ketone
structures including strained structures change into a strain-
free structure and remain on the diamond surfaces. This
strain-free ketone structure, is decomposed to give CO at
higher temperatures above ca. 600 °C.
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The control of substrate temperatures is essential for
diamond synthesis by chemical vapour deposition. The
importance of reaction temperature is common to this hydro-
genation of surfaces.

Conclusion

DRIFT spectroscopy is an effective tool for observing the
species chemisorbed on diamond surfaces. This study eluci-
dated the changes of chemisorbed species on microwave
plasma hydrogenation. Oxidation of the diamond surface
with H,SO,~HNO, produced absorption due to C=O or
C—O0—C, which disappeared during hydrogen-plasma treat-
ment. CH, CH, and CHj; species were clearly observed on
the diamond surface by the DRIFT method. Mechanisms for
hydrogen chemisorption have been discussed.

The authors thank Professor T. Suzuki for many discussions
and for reading the manuscript. They are also grateful to Mr.
M. Mouri for a gift of diamond powders.
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