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a b s t r a c t

In this study, high-temperature stability of nanocrystalline diamond films prepared by hot filament
chemical vapor deposition (HFCVD) was investigated through differential thermal analysis/thermal
gravimetric analysis (DTA/TGA), thermal analyses, visible and UV Raman analysis, and XPS analysis.
Nanocrystalline diamond films with crystalline size of about 25 nm were obtained, which possess high
density of grain boundaries with a high sp2-bonding of non-diamond carbon. In the initial stage of oxida-
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tion, grain boundaries with non-diamond carbon and graphite phase were preferentially etched away by
oxygen, which carries on with a faster rate. Then, a slower oxidation rate was continued through reacting
the carbon atoms in rigid diamond structure with oxygen. The activation energies for former and the lat-
ter, calculated from the thermal analysis, are 195 and 217 kJ/mol, respectively. Both the results of in-situ
Raman spectra and XPS spectra indicate that the carbon with sp2-bonding significantly decreased with

nd so
aman analysis increasing temperature a

. Introduction

Diamond possesses excellent mechanical properties (hardness,
trength, wear resistance), physical properties (high acoustic wave
elocity, electron mobility, thermal conductivity, and optical trans-
ission), and chemical properties (chemical and thermal stability,

nd radiation hardness) [1–3]. Diamond has many electronic and
echanical applications at high-temperatures, such as mold, cut-

ing tool and heat sinks, and diamond stability is a critical parameter
or engineering design. Among many film deposition routes, com-

on diamond films were prepared via chemical vapor deposition
CVD). However, high surface roughness of these CVD diamond
lms places a major roadblock for various applications [4,5,6], such
s SAW filters, laser window and field emission display [7–10]. This
s the reason why efforts in CVD diamond films have diverted from
onventional microcrystalline films to nanocrystalline films in the
ast few years.

Early studies have found that diamond grown under non-
ptimum conditions, such as lower hydrogen concentration or high
ethane concentration in the plasma [6,11], gives films with small

rain size (e.g., several nanometers). Also, ions are not considered

o be good for diamond growth since they enhance lattice dis-
rder and also promote graphitic content in the deposit [11,12].
anocrystalline diamond films have large surface area and high
ensity of grain boundaries which introduce abundant defects into
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the lattices [13,14]. Chen et al. and Balzaretti et al. used Raman spec-
troscopy to investigate the oxidation and graphitization of diamond
films during heat treatment. They proposed that peak position,
peak width, and intensity of Raman spectra changed with soak-
ing time in air. The amount of non-diamond carbon phase reduces
while the diamond grains remain stable as soaking time proceeded
[15,16]. Taking advantage of its enhanced sensitivity, researchers
[17,18] have shown that graphitization and oxidation of DLC result
in decreasing the ID/IG ratio (intensity ratio of D and G bands of
DLC), at high-temperatures. Studies of nanocrystalline diamond at
high-temperature has increasingly drawn researchers’ attention
in recent years. Xu et al. used XRD to analyzed structure of the
nanodiamond powder annealed in argon and found nanodiamond
powder oxidation at 633 ◦C and graphitization at 751 ◦C. The cubic
carbon structure decreases while the graphitic structure gradually
increases with increasing annealing temperature [19,20]. Gogotsi
et al. studied structural changes in nanodiamond after sintering
at 1400 ◦C and 7 GPa. It indicates a strong increase in the relative
intensity of the diamond peak and decrease of sp2 carbon con-
tent in the nanodiamond sample, and increase in the average size
of diamond grains [21]. Although substantial studies have been
preformed on the critical factors that affect the thermal stability
of diamond or DLC material, information on nanocrystalline dia-
mond films is still critically lacking. It is therefore our motivation

to investigate the variation of crystalline quality for nanocrys-
talline diamond films during annealing. Nanocrystalline diamond
oxidation is important from application point of view. Oxidation
of nanocrystalline diamond may be influenced by thermal treat-
ment, reactive gases, and metal reaction at high-temperature. On

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sfwang@ntut.edu.tw
dx.doi.org/10.1016/j.jallcom.2009.09.140
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bers of 1360 and 1550 cm−1, are the D and G bands, respectively.
The D band referred to as the disorder structure of and non-
diamond carbon phases, or nanocrystalline graphite. It is believed
that the D band resulted from grain boundary defects. The G band
J.-C. Pu et al. / Journal of Alloys

ther hand, oxidation limits the temperature range and condi-
ion where nanocrystalline diamond can be effectively used. In
his study, the diamond crystal, nanocrystalline diamond films,
nd graphite powder were prepared. The nanocrystalline diamond
lms were deposited on the (1 0 0) Si substrate using hot filament
hemical vapor deposition (HFCVD) process. High-temperature
tability properties, including morphology and structure of the
anocrystalline diamond films were investigated using differential
hermal analysis/thermal gravimetric analysis (DTA/TGA), in-situ
igh-temperature Raman analysis with UV and visible lasers. Also,
he results were interpreted through the effects of crystal size, crys-
al quality, structure and defects of the nanocrystalline diamond
lms. The relationship between the sp3 and sp2 bonds ratio and
xidation rate of nanocrystalline diamond films were discussed.

. Experimental procedure

Nanocrystalline diamond films for this study were prepared using HFCVD
ethod. Mixed source gases, hydrogen (H2) with methane (CH4), were fed into the

hamber with a total reactor pressure of 20 Torr. Silicon wafer with (1 0 0) direc-
ion was used as substrate in this experiment. Ultrasonic pre-treatment by 0.5 �m
iamond powder for 30 min was performed on the surfaces of silicon wafers to

ncrease the nanocrystalline diamond nucleation [22]. Typical deposition conditions
re as follows: filament temperature of 2000 ◦C, methane concentration of 5%, and
he substrate temperatures at about 800 ◦C were used. The substrate temperature

onitored by a Pt–Rh thermocouple was set just below the substrate. The deposi-
ion time read 60 h and the film thicknesses of nanocrystalline diamond films were
4 �m. More details about the preparation of diamond thin film can be found in our
arlier reports [23].

Examinations were performed on the nanocrystalline diamond films. Crystallo-
raphic structure and crystallinity of the nanocrystalline diamond films were also
haracterized by X-ray diffraction (XRD, Rigaku D/max-B) using CuK� radiation.
urface morphological feature of the nanocrystalline diamond films were investi-
ated by field emission scanning electron microscopy (SEM, HITACHI S-4700) and
tomic force microscopy (AFM, Digital Instruments Nano Scope IIIA). Crystal quality
nd bonding structure of the nanocrystalline diamond films were further clarified
y Raman spectroscopy (Jobin Yvon HR800UV). Visible and ultraviolet (UV) Raman
pectra were excited using the 514 nm line of an Ar laser and 325 nm line of a He–Cd
aser, respectively. Ratios of sp3 and sp2 bonds for the nanocrystalline diamond films

ere determined by the standard fitted on the five corresponding peaks (v1 and
3 mode, sp3 peak, D and G bands) with Lorentzian-shaped band after subtract-
ng background signal [24–28]. Binding energy and chemical composition of the
anocrystalline diamond films were characterized using high-resolution X-ray pho-
oelectron spectrometer (XPS, PHI Quantera XPS Microscope) with a hemispherical
nalyzer.

DTA and TGA were subsequently performed on the nanocrystalline diamond
lms using a DTA/TGA system (PerkinElmer Pyris Diamond TG/DTA). Silicon sub-
trate under the nanocrystalline diamond films was etched away using a 25 wt.%
OH solution at 80 ◦C before the DTA and TGA study. Samples, including single crys-

al diamond (De Beers, MBS-970), CVD nanocrystalline diamond films, and graphite
owder (SHOWA, graphite, amorphous, −200 mesh, ((assay (as C) 80.0%, ignition
esidue 17.0%), were heated from room temperature to 1300 ◦C in air, at a heating
ate of 50 ◦C/min. Oxidation kinetics were evaluated in the temperature range from
50 to 850 ◦C, using TGA analysis. Isothermal oxidization behaviors interpreted in
erm of weight-loss versus time for various samples were also characterized. The
ntensity change ratios of sp3 and sp2 bonds (v1 and v3 mode, sp3 peak, D and G
ands) of the samples were calculated, using a high-temperature visible and UV
aman analysis were compared at different temperatures in air for a soaking time
p to 2 h, to provide the information of high-temperature oxidation.

. Results and discussion

Fig. 1 shows the XRD patterns of the nanocrystalline diamond
lm, deposited using HFCVD method. The peaks at 2� = 43.9◦,
5.4◦ and 91.8◦ represent the diffractions from (1 1 1), (2 2 0) and
3 1 1) planes of diamond, respectively. It indicates that the (1 1 1)
lanes grow faster than other planes. Fig. 2 shows the surface SEM
icrographs of nanocrystalline diamond film. Diamond phase with
ell-defined nano-scale crystalline facets was observed on the top
urface. The predominantly surface morphology was ballast-like
tructures consisting of nanocrystalline size of about 25 nm, and
igh density of grain boundaries. The surface roughness of the
urfaces of the nanocrystalline diamond films is about 72.7 nm
ccording to the AFM results.
Fig. 1. XRD patterns of the nanocrystalline diamond film, deposited using HFCVD
method.

Fig. 3 shows the Raman spectra of the nanocrystalline dia-
mond film, measured by excitation energies of 514 nm (visible)
and 325 nm (UV) laser. sp2 bands contained in the nanocrystalline
diamond films have a low band gap and are easily excited by visi-
ble light. So, the Raman scattering by 514 nm laser excitation from
sp2-bonded carbon should be ∼100 times stronger than that from
diamond regions. High sensitivity of visible Raman to the sp2-
bonded carbon phase was observed [28]. The visible Raman spectra
of the nanocrystalline diamond film sample consist of bands near
1140, 1360, 1470, and 1550 cm−1 and a weak peak at 1335 cm−1.
A shoulder appears at approximately 1140 cm−1 in the spectra is
due to the presence of nanocrystalline diamond [26,29]. Ferrari
and Robertson proposed that two Raman features (1100–1200 and
1400–1500 cm−1) are corresponding to trans-polyacetylene, or in
other words, to sp2-bonded carbon with the present of hydrogen
[24]. They refer to the 1140 cm−1 peak as v1 mode, and to the
1470 cm−1 peak as v3 mode. These modes are roughly sum and
difference combinations of C C chain stretching and CH wagging
modes [24–26,30,31].

The broad features of the visible Ramon spectrum at wavenum-
Fig. 2. SEM micrograph of the nanocrystalline diamond film.
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ig. 3. Raman spectra for the nanocrystalline diamond film, measured by excitation
nergies of 514 and 325 nm lasers.

1550 cm−1) is a relatively sensitive feature with respect to vol-
me defects or graphite-like structures present in diamond films
6,27,29]. The weak broad peaks at 1335 cm−1 corresponds to dia-

ond sp3 bonds. The spectra in Fig. 3 indicate that the presence of
he nanocrystalline size diamond with substantial amount of grain
oundary and amorphous carbon (sp2) in the films because it was
repared at high methane concentration [13,14].

In the UV Raman spectra from the 325 nm laser excitation, the
eaks corresponding to sp3 of diamond phase, non-diamond phases
nd graphite in the nanocrystalline diamond film are evident. Care-
ully comparing the Raman spectra from the 514 and 325 nm laser
or the nanocrystalline diamond films, the intensities and the loca-
ions of the peaks for the sp3 peak, D and G bands, v1 and v3 modes
re different. The visible (514 nm) Raman spectra for the nanocrys-
alline diamond film have a weak sp3 peak and an asymmetrically
roadening of D and G bands, v1 and v3 mode. The peaks of v1
ode, D band, v3 mode, and G band at visible Raman spectra (1140,

360, 1470, and 1550 cm−1) for the nanocrystalline diamond film
re shifted to lower wave numbers compared with those in UV
aman spectra (1170, 1362, 1530, and 1572 cm−1). However, the
p3 peak at 1335 cm−1 is not shifted in UV Raman spectra, due to
he shorter C–C bond lengths and the higher vibrational frequencies
25,26]. The intensity of v1 mode (≈1170 cm−1) decreases and the
3 mode (≈1530 cm−1) disappears as the measurement performed
sing 325 nm laser excitation. This behavior is expected for sp2-
onded configurations due to their smaller band gap. The intensity
f sp3 peak is higher in UV Raman spectrum than that in visible
aman spectrum because sp3 sites have a wider band gap (5.5 eV)
equiring a higher excitation energy [24–26].

Oxidation experiment of nanocrystalline diamond film was con-
ucted at temperatures between room temperature and 1300 ◦C at
heating rate of 50 ◦C/min in air. Fig. 4(a) shows the DTA curves of
iamond crystal, nanocrystalline diamond film, and graphite pow-
ers. It is evident that the oxidization of the diamond crystal begins
t about 674 ◦C and finishes at about 1115 ◦C. The graphite powder
egins at about 590 ◦C and maximizes at about 765 ◦C. The oxida-
ion of predominantly graphite phase in nanocrystalline diamond
lm maximizes at about 726 ◦C, which is indicated by the knee in

he DTA data. It is due to the oxidation of graphite and non-diamond
hase preferentially located at surface and grain boundaries. Then
he nanocrystalline diamond phase oxidizes at about 920 ◦C, which
as lower than that of diamond crystal. This is because of more
Fig. 4. (a) DTA and (b) TGA results of diamond crystal, nanocrystalline diamond film,
and graphite measured in air.

grain boundaries and defects and larger surface area-to-volume
ratio in nanocrystalline diamond films [20].

Fig. 4(b) shows the corresponding TGA results of the
nanocrystalline diamond films. The temperatures, at which rapid
weight-losses occur due to oxidation, are coincident with the DTA
results. The atomic oxygen reacts with nanocrystalline diamond
film at the surface and forms CO and CO2 products, that etches
the carbon atom away from the surfaces [20,32]. Oxidation rate
of the nanocrystalline diamond film lies between those of the
graphite and diamond, because the contents of non-diamond car-
bons, defects and grain boundaries in nanocrystalline diamond film
are more than those in diamond crystal. It thus leads to a lower
oxidation temperature [13,14,26].

Fig. 5 shows the isothermal TGA curves of the diamond crystal,
nanocrystalline diamond film, and graphite powder at 650 ◦C for
soaking time up to 3 h. The results indicate that the weight-loss
proceeded with soaking time, due to oxidation of the materials.
Oxidation of the graphite powder at 650 ◦C is the fastest among
the materials tested and then the nanocrystalline diamond film the
second, and the diamond crystal the last. For the nanocrystalline
diamond film, the slope of the weight-loss versus time curves, cor-
responding to the oxidation rate, changes with time. In the initial

stage (first stage), the oxidation proceeds at a faster rate, which
is probably due to the oxidation along non-diamond carbon and
graphite phase. After the first stage, the rate of the weight-loss
become small (second stage), which represents a different oxida-
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ig. 5. Isothermal TGA results of diamond crystal, nanocrystalline diamond film,
nd graphite measured at 650 ◦C in air.

ion mechanism. It might be due to the oxygen reacts with carbon
toms in nanocrystalline diamond structure and etches through
he rigid structures, which significantly lowers the oxidation rate.
n the other hand, the diamond crystal sample does not have a
etectable weight-loss and thus oxidation reaction when they were
eated in air atmosphere up to 650 ◦C.

Fig. 6 shows the dependence of the oxidation rate on tempera-
ure in Arrhenius coordinates. The data points in Fig. 6 represent the
xidation rates, K, which is the slope of the weight-loss curve with
espect to time, for the nanocrystalline diamond films and graphite
owder from 550 to 850 ◦C. After curve-fitting, it was found that
he activation energies, the slope of the line, for the nanocrys-
alline diamond films in the first stage and second stage were
95 and 217 kJ/mol, respectively. The activation energy of the first
tage (195 kJ/mol) for the oxidation of nanocrystalline diamond
lms is close to that of graphite powder (173 kJ/mol), because the
anocrystalline diamond films contain non-diamond sp2 phases.
he oxidation activation energy for the second stage (217 kJ/mol)
pproximately coincides with that of the oxidation of CVD diamond

lms (211 kJ/mol). This is the same Johnson et al. reported data
213 kJ/mol) for CVD diamond films [32]. And other, the oxidation
ctivation energy for the single crystal diamond is 258 kJ/mol. The
wo stages of oxidation with substantially different activation ener-

ig. 6. Arrhenius plot of the isothermal oxidation for nanocrystalline diamond films
nd graphite in air.
Fig. 7. (a) Visible (514 nm) Raman spectra for the nanocrystalline diamond film
observed in air, (a) at different temperatures and (b) at 650 ◦C for various times.

gies for nanocrystalline diamond films confirm the existence of two
oxidation mechanisms [33,34].

Fig. 7(a) shows the variations of in-situ visible Raman spectra
for the nanocrystalline diamond film observed at different tem-
peratures in air. The five main features, v1 and v3 mode, sp3 peak,
D and G bands in Ramon spectra for the nanocrystalline diamond
film, it indicates that the peak positions were shifted to a higher
wave number and peak widths were broaden as the temperature
increased. For instance, peaks located at 1140, 1335, 1360, 1470,
and 1550 cm−1 at 20 ◦C were shifted to 1128, 1321, 1327, 1460, and
1543 cm−1 as the temperature increased to 600 ◦C. This is due to the
thermal-expansion contribution, agreed well with those reported
by Ferrari and Pfeiffer [24–26]. Fig. 7(b) shows the variations of in-
situ visible Raman spectra for the nanocrystalline diamond films
observed at 650 ◦C in air for various times up to 2 h. There was no
noticeable shift of Raman peak position as soaking time increases.
However, both Fig. 7(a) and (b) shows that the intensities of v1 and
v3 mode decrease with increasing the temperature as well as the
soaking time. Also, an increase in the relative intensity of sp3 as a
result of the selective oxidation of non-diamond phase and grain

boundary defects [26,35,36].

Fig. 8(a) shows the variations of the UV Raman spectra for the
nanocrystalline diamond film observed at different temperatures
in air. It was known that UV Raman at 325 nm is directly sen-
sitive to the sp3 sites in diamond, which allows a direct probe
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tion on the surfaces of the nanocrystalline diamond film changes
the crystal quality. However, It is more efficient for the oxygen to
remove the graphite phase and non-diamond carbon from grain
boundary at high-temperatures. Nanocrystallite diamonds embed-
ig. 8. (a) UV (325 nm) Raman spectra for the nanocrystalline diamond film
bserved in air, (a) at different temperatures and (b) at 650 ◦C for various times.

f sp3 bonding. UV laser with high photon energy of 3.8 eV can
xcite both the � and � states, and so is able to probe both the
p2 and sp3 sites. The spectra in Fig. 8(a) consist of four main
eatures, v1 mode, sp3 peak, D and G bands. There is no sign
f v3 mode, because the v3 mode (≈1530 cm−1) is indistinct at
25 nm laser excitation [24–26]. The peaks corresponding to v1
ode, sp3 peak, D and G bands for the nanocrystalline diamond

lm are shifted to lower wave number and peak widths were
roaden with increasing temperature. Fig. 8(b) shows the varia-
ions of in-situ UV Raman spectra for the nanocrystalline diamond
lms observed at 650 ◦C in air for various times up to 2 h. Dur-

ng isothermal 650 ◦C for 2 h, positions of Raman peaks were no
ound noticeable changes, but the relative intensity of the sp3 band
as increases and the sp3 peak became sharpen as the soaking

ime increased. It was due to the oxidation of sp2 bonded carbon
hich was easier than sp3 bonded carbon.

Fig. 9 shows the variations of I(sp3)/I(sp2) ratios for the
anocrystalline diamond films observed at isothermal 650 ◦C in
ir for soaking time up to 2 h. The I(sp3)/I(sp2) ratios were cal-
ulated from UV Raman based on the sp3 peak intensity versus
he total intensity (sp2) of v1 mode, D and G bands. Increase in

he I(sp3)/I(sp2) ratios with soaking time for the nanocrystalline
iamond film was observed when they were oxidized in air. The

(sp3)/I(sp2) ratio increase with time, in which it begins at 0.6
nd then saturated at a constant level of 0.74 after 20–40 min.
Fig. 9. The variation of I(sp3)/I(sp2) ratios for the nanocrystalline diamond film
calculated from UV (325 nm) Raman spectra of Fig. 8.

The increase in the I(sp3)/I(sp2) ratio indicates that the oxidiza-
Fig. 10. XPS C 1s peak of the nanocrystalline diamond film: (a) as-deposited and (b)
after oxidation in air at 650 ◦C for 1 h.
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ig. 11. SEM micrographs of the nanocrystalline diamond film, after oxidizing at
50 ◦C for (a) 10 min and (b) 30 min in air.

ed in a matrix of amorphous carbon [13,14], while oxidation for
h removes mainly amorphous carbon and other non-diamond

pecies. This observation is consistent with that reported by Pfeiffer
t al. [25,26,35,36].

Fig. 10(a) presents the XPS spectra of the as-deposited nanocrys-
alline diamond film. C 1s peak is located at 285.2 eV. The spectral
ine shape of the nanocrystalline diamond film suggests that it is
omposed of several components. The spectra were thus curve-
tted into four components with a Gaussian line shape. The binding
nergy of 284.4 eV is attributed as the sp2 carbon bands and the
inding energy of 285.8 eV is denoted as the sp3 carbon bands.
eaks located at 286.3 and 289 eV are attributed to some C–O and
–N bonding formed at the surface of the nanocrystalline diamond
lm due to the absorption in air [37,38,39].

Fig. 10(b) shows the XPS spectra of the nanocrystalline diamond
lm after oxidation in air at 650 ◦C for 1 h. The C 1s photoemission
pectra indicate an obvious structural change after oxidation reac-
ion. The C 1s core level shifted 0.7 ± 0.1 eV toward high binding
nergy, which is correlated with a decrease in the sp2 in the C 1s
PS spectra. A significantly decrease in the intensity of sp2 peak

n the nanocrystalline diamond film after oxidation was observed
ecause the carbon atoms of sp2 bands have been removed by oxy-
en atoms at high-temperature. The results are in good agreement
ith those obtained by Aleksenskiı̆ et al. [37].

Fig. 11 shows the SEM micrographs of nanocrystalline diamond
lms, after isothermally oxidized at 650 ◦C in air for 10 and 30 min.

flake-like structure shown in Fig. 11(a) was obtained when

he carbon atoms with weakly bonds at grain boundaries were
referentially etched away by oxygen during high-temperature
xidation [32]. Since nanocrystalline diamond grains are embed-
ed in a-C matrix and grain boundaries are mostly decorated
y sp2-bonded carbon [13,14,26], which eventually leads to a

[

[
[

mpounds 489 (2010) 638–644 643

sponge or branch structure as the oxidation process proceeds
[Fig. 11(b)].

4. Summary

In this study, nanocrystalline diamond films were prepared
by HFCVD. High-temperature stability of nanorystalline diamond
films was investigated through DTA/TGA, thermal analyses, visible
and UV Raman analysis, and XPS analysis. The results are summa-
rized as follows:

1. The predominantly surface morphology of nanocrystalline
diamond film was ballast-like structures consisting of nanocrys-
talline size of about 25 nm, and high density of grain boundaries.
It possesses a higher sp2 phase ratio of non-diamond carbon
phase. During oxidation process, grain boundaries were pref-
erentially etched away by oxygen at high-temperatures, which
eventually leads to a sponge structure.

2. The initial stage of oxidation for nanocrystalline diamond film
carries on with a faster rate which is probably due to the oxida-
tion along non-diamond carbon and graphite phase. Then, the
rate of the oxidation becomes small (second stage), which might
be due to the oxygen reaction with carbon atoms in rigid dia-
mond structure. The activation energies for former and the latter,
calculated from the thermal analysis, are 195 and 217 kJ/mol,
respectively.

3. In the in-situ Raman spectra of the nanocrystalline diamond
film, the intensities of v1 and v3 mode, corresponding to trans-
polyacetylene, decrease and the relative intensity of sp3 bonds
increases with increasing the temperature as well as the soaking
time, as a result of the selective oxidation of non-diamond phase
and grain boundary defects.

4. C 1s peak of XPS spectra were curve-fitted into four components
with a Gaussian line shape. The binding energy of 284.4 and
285.8 eV are attributed to the sp2 and sp3 carbon bands, respec-
tively. Peaks located at 286.3 and 289 eV are attributed to some
C–O and C–N bonding formed at the surface of the nanocrys-
talline diamond film due to the absorption in air. The intensity
of sp2 peak in the nanocrystalline diamond film after oxidation
was significantly decreased, due to the carbon atoms of sp2 bands
removed by oxygen atoms at high-temperature.
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