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The effects of 2.245 GeV Au-ion irradiation and subsequent annealing processes on the evolution
of microstructure of diamond films with microcrystalline (MCD) or ultra-nanocrystalline (UNCD)
granular structure were investigated, using near edge x-ray absorption fine structure and electron
energy loss spectroscopy in transmission electron microscopy. For MCD films, the Au-ion
irradiation disintegrated some of the diamond grains, resulting in the formation of nano-sized
carbon clusters embedded in a matrix of amorphous carbon (a-C). The annealing process
recrystallized the diamond grains and converted the a-C into nano-sized graphite particulates and,
at the same time, induced the formation of nano-sized i-carbon clusters, the bcc structured carbon
with a0 ¼ 0.432 nm. In contrast, for UNCD films, the Au-ion irradiation transformed the grain
boundary phase into nano-sized graphite, but insignificantly altered the crystallinity of the grains of
the UNCD films. The annealing process recrystallized the materials. In some of the regions, the
residual a-C phases were transformed into nano-sized graphites, whereas in other regions i-carbon
nanoclusters were formed. The difference in irradiation-induced microstructural transformation
behavior between the MCD and the UNCD films is ascribed to the different granular structures of
C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795507]
the two types of films. V
I. INTRODUCTION

Diamond exhibits several superior properties in comparison to other semi-conducting materials, such as the wide band
gap, high electron hole pair mobility, short carrier lifetime,
and extreme resilience to harsh environments. Diamond films
have been extensively investigated for the application as radiation detectors.1–4 During the growth of microcrystalline diamond (MCD) films, hydrogen is usually incorporated into the
materials and is presumed to reside at the grain boundaries.
Studies have been conducted on the correlation of hydrogen
retention with the bonding,5–7 conductivity,8 and field emission9,10 of diamond films. However, the control of hydrogen
content in the diamond films is difficult. The change in electrical properties of MCD films due to heavy ion irradiation will
be affected by the hydrogen content in the diamond, which
can vary depending on film deposition conditions, and result
in some ambiguity in radiation detection. Ultrananocrystalline diamond (UNCD) film is a special form of
diamond that has recently attracted significant attention from
researchers because of its unique granular structure.11 While
the grains of UNCD films have an sp3 character, the grainboundaries have a mixture of sp2, sp3, hydrocarbon, and amorphous carbon, in which the sp2 character is predominant.12,13
This material shows better potential for application as a radiation detector, as the conductivity of the pristine UNCD films
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can be reliably controlled by carefully adjusting the granular
structure of diamond films.
Many reports have discussed the effects of ion beam
irradiation on the characteristics of diamond and related
materials, such as type IIa diamond,15 diamond-like carbon
films,16 taC,17 graphite,18 and polycrystalline CVD diamond
films.19–21 Pandey et al.22 and Koinkar et al.23 have studied
the field emission enhancement by swift heavy ion irradiation in CVD diamonds. The principle of radiation detection
in diamond relies on the measurement of electron-hole pairs
created within the diamond during the interaction with the
incident particles or photons to be detected. The feasibility
of using these diamond films as a radiation detector is limited when structural defects are induced by heavy ion irradiation. It is known that the presence of point defects
(vacancies) in a semiconductor will lower the mobility of the
electrons through the impurity scattering mechanism, and
that line defects (dislocations) will act as electron traps that
lower the conductivity of the materials by decreasing electron concentration.14 Moreover, the MCD films contain
micron-sized diamond grains with grain boundaries of insignificant thickness, whereas the UNCD films consist of very
small diamond grains (5 nm) with grain boundaries of considerable thickness. The difference in granular structure of
these films might influence largely the behavior of the heavy
ion irradiation effect for diamond films. Such a phenomenon
is still not fully understood.
Here, we report the effect of heavy-ion (2.245 GeV Au)
irradiation on altering the granular structure of MCD and
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UNCD films. The modifications to the bonding structure of
these films due to heavy ion irradiation were investigated in
detail by near edge x-ray absorption fine structure
(NEXAFS) using synchrotron radiation and electron energy
loss spectroscopy (EELS) in transmission electron microscopy (TEM). Special attention is paid to the comparison of
the difference in Au-ion irradiation effects on MCD and
UNCD films due to the different microstructures of these
materials.
II. EXPERIMENTAL PROCEDURES

The diamond films were deposited via microwave
plasma enhanced chemical vapor deposition (MPECVD)
using a cylindrical reactor (Innovative Plasma Systems
GmbH, CYRANNUS-I). Growth time was 60 min for each
film. The film thickness was estimated by cross-sectional
scanning electron microscopic (SEM) observation to be
around 300 nm for each film. Prior to the deposition of diamond films, the silicon substrates were ultrasonicated in
methanol solution, containing nano-diamond powder
(5 nm) and titanium powder, for 45 min to create nucleation sites. In the growth of MCD films, a gas mixture of CH4
and H2 with flow rates of 1 and 99 sccm, respectively, was
excited by 1500 W microwave (2.45 GHz). The total pressure
in the chamber was maintained at 45 Torr. The substrate temperature was estimated to be around 575  C during the
growth of the MCD films. In contrast, in the growth of
UNCD films, a gas mixture of CH4 and Ar with flow rates of
1 and 99 sccm, respectively, was excited by 1200 W microwave radiation at 2.45 GHz, and the total pressure in the
chamber was maintained at 100 Torr. The substrate temperature was estimated to be around 475  C during the growth of
the UNCD films.
The MCD and UNCD diamond films, around 300 nm in
thickness, were subjected to 2.245 GeV Au-ion irradiation
from the Universal Linear Accelerator (UNILAC) at GSI
Helmholtzzentrum f€ur Schwerionenforschung GmbH,
Darmstadt, Germany, with fluence of 8.4  1013 ions/cm2.
The ion flux of Au for irradiating the diamond films is
around 9.38  108 ions/cm2 s over an area about 0.5 cm2.
The 2.245 GeV gold ions have a projected range of 66.4 lm
in diamond with longitudinal straggling of 1.93 lm as simulated with SRIM-2008.24 Therefore, the Au-ions will pass
through the diamond films and get buried deep in the substrate for all the samples. There is no doping effect for the diamond films due to the Au-ion irradiation. The Au-ions have
an electronic energy loss of 3.34  104 eV/nm and a nuclear
energy loss of 28.99 eV/nm, which indicates that the ions
will lose energy mostly through electronic excitations in the
diamond. The lattice damage effects of nuclear energy loss
will be minimal. The annealing process was conducted in a
5% H2/Ar atmosphere at 1000  C for 1 h.
The films were characterized using SEM (JEOL JSM6500 F), Raman spectroscopy (Renishaw, excitation wavelength ¼ 514.5 nm), and transmission electron microscopy
(Jeol 2100). The detailed microstructure and bonding structure of the samples were examined using EELS (Gatan
Enfina) in transmission electron microscopy. The C 1s near
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edge x-ray absorption fine structure measurements were carried out at the Lawrence Berkeley National Laboratory
(LBNL), Advanced Light Source (ALS) at beamline 7.0.1.
The beamline is equipped with a 99-pole, 5-cm period undulator and spherical grating monochromator. The NEXAFS
spectra were obtained in the total electron yield mode by
measuring the photocurrent directly from the sample. All the
samples measured are conducting reasonably well; thus, no
sample charging effect was observed during the experiments.
The resolutions were set to 0.1 eV at 290 eV (in the vicinity
of the C 1s edge). A piece of highly oriented pyrolitic graphite sample was used as the standard samples for energy
calibration.

III. RESULTS
A. Effect of Au-ion irradiation on microcrystalline
diamond films

Raman spectroscopy is a convenient technique for monitoring the change in bonding structure due to the Au-ion irradiation and annealing processes. Fig. 1 (curve I) indicates
that the pristine MCD films contain a sharp D-band resonance peak at 1332 cm1, the characteristic F2g band for diamond lattices. There are also small broad resonance peaks
near 1140 cm1, 1400 cm1, and 1580 cm1, which are associated with the grain boundary trans-polyacetylene (t-PA)
phase of nano-sized diamond grains and the disordered
carbon.25–28 However, since the Raman spectroscopy is several times more sensitive to sp2-bonds than to sp3-bonds, the
presence of sp2-related Raman resonance peak in the Raman
spectroscopy does not mean that the samples contain a large
proportion of disordered or graphitic carbons. Au-ion irradiation markedly decreased the intensity of the Raman resonance peaks (curve II), indicating that some proportion of
the diamond phase was transformed into a non-diamond
phase due to Au-ion irradiation. Annealing the irradiated
samples partially restored the Raman resonance peaks (curve
III), implying that part of the ion-modified non-diamond
phase was re-crystallized into diamond phase. The SEM

FIG. 1. Raman spectroscopy for the MCD films: (I) pristine, (II) Au-ion irradiated (8.4  1013 ions/cm2), and (III) irradiated/annealed (1000  C, 1 h).
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investigation that is not shown here indicates that the Au-ion
irradiation markedly reduced the size of the grains from
900 nm for pristine MCD films to around 300 nm and converted the faceted surface morphology for diamond grains of
the pristine MCD films to roundish in geometry. Annealing
of the Au-ion irradiated films resumed the faceted geometry,
but the diamond grains are still around 300 nm.
To understand how the Au-ion irradiation/annealing
processes alter the characteristics of the diamond films, more
detailed bonding structures were analyzed by NEXAFS and
EELS in TEM. In Fig. 2(a), the NEXAFS spectra are presented. From bottom to top: the pristine MCD film (curve I),
the Au-ion irradiated film (curve II), and the irradiated/
annealed film (curve III). Starting with the pristine film, the
spectra can be divided into two regimes, a prominent peak at
285.3 eV and a relatively broad feature between 290 and
303 eV. The former is assigned to the unoccupied p* bond,
which is characteristic of the sp2 C¼C bond. The latter is
due to r* bond, which is characteristic of the sp3 tetrahedral
C–C bond. The peak at 289.5 eV corresponds to the diamond core exciton, which is the result of the bound electronhole pair. The dip at 302.5 eV is attributed to the second
absolute band gap. Both are characteristics of NEXAFS
spectrum corresponding to the diamond of Fd3m structure.

FIG. 2. (a) NEXAFS of MCD films, (I) pristine, (II) Au-ion irradiated
(8.4  1013 ions/cm2), and (III) irradiated/annealed (1000  C, 1 h); (b) spectral difference constructed by (I) subtracting NEXAFS of pristine film from
that of Au-ion irradiated film and (II) subtracting NEXAFS of pristine film
from that of irradiated/annealed film.
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The exciton peak and the dip are often used to evaluate the
quality of diamond.29 Moreover, two weak bumps a (at
287.5 eV) and b (at 288.8 eV) are observed between the
p* and r* bonds. Feature a is attributed to the C–H bond,
feature b is due to the C¼O bond. The C–H bond originates
from the absorption of hydrocarbon to the dangling bonds at
grain boundaries during the film deposition process,30 while
the C¼O bond is likely due to residual water vapor during
the growth.31 There are different reports regarding the origin
of the pre-edge feature appearing below the p* peak at about
282.5 eV. A couple of groups32,33 have ascribed it to the C
1s exciton located at the surface of diamond grains, i.e., the
grain boundaries, while other reports have speculated that it
originates from disordered carbon.34,35
In the Au-ion irradiated film the intensity of the sp2 feature (p* at 285.3 eV) is slightly increased, while a significant broadening of the peak (FWHM increases by 73%
compared to the pristine film) is observed. The broadening
of the sp2 feature in irradiated film indicates the decrease in
the ordering of sp2-bonds, i.e., the formation of amorphous
carbon.33,36 In the meantime the relative intensity of the
characteristic sp3 feature, the diamond exciton peak
(289.5 eV), and the depth of the second band gap dip
(302.5 eV) are reduced indicating a noticeable structural
modification away from Fd3m structure, i.e., the creation of
point or line structural defects. Also observed is the disappearance of the pre-edge feature at about 282.5 eV, and
bumps a and b, which indicates that most of the constituents
formed at the grain boundaries are removed upon high
energy Au-ion irradiation. The spectrum of the irradiated/
annealed sample (III) is similar to the spectrum II, and the
main difference observed is the feature 285.3 eV (p* peak)
is increased for the case of the irradiated/annealed sample.
Furthermore, the FWHM for the irradiated/annealed sample
is reduced to within 18% of that of the pristine film, which
indicates an increase in the ordering of sp2-bonded structure
(or recrystallization of amorphous carbon into graphitic
phase) with annealing.
The effect of Au-ion irradiation and the subsequent
annealing on the NEXAFS spectra can be emphasized by
subtracting the spectrum of the pristine film from the respective spectra. The difference plots are shown in Fig. 2(b). The
red curve (I) is the spectral difference of the irradiated film
to the pristine film and the blue curve (II) is that of the irradiated/annealed film to the pristine film. The peaks in the red
curve are the features mainly originating from the Au-ion
irradiation, and the dips are the features that have been
reduced by the ion irradiation. The prominent feature near
285.3 eV (p* peak) indicates the increase of the amount of
graphite contribution. The prominent shoulder at 284.8 eV
indicates the development of a considerable amount of amorphous carbon (a-C).37 The sharp dip at 288.8 eV indicates a
decrease in amount of the C¼O bonding in the surface.38
The other dip at 289.5 eV (designated by dotted line) indicates the weakening of the exciton peak, due to the point
defects created by the Au-ion irradiation.39 The negative intensity above this dip indicates the reduced r* (sp3) contribution. The positive intensity between 295 and 302 eV is due
to the broad a-C contribution.40 The peak at 302.5 eV is
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evidence of the significantly reduced magnitude of the absolute second band gap dip, which indicates that the Au-ion
irradiation generates defective crystalline structure in the diamond grains.41 The effect of the annealing on the Au-ion
irradiated MCD film is revealed by comparing the red curve
(I) and the blue curve (II) in Fig. 2(b). Two major differences
are observed. First, the intensity between 295 and 302 eV is
less for curve II. Second, the intensity of the graphite peak
near 285.5 eV in curve (II) is enhanced while the shoulder to
the lower energy side cannot be distinguished. Evidently, the
annealing process not only decreased the proportion of structural defects (or the amount of a-C) but also increased the
graphitic structure in the film.
While the NEXAFS provides valuable information on
the evolution of bonding structure for the MCD films due to
Au-ion irradiation and annealing processes, how such processes affect the granular structure of the films locally is still
not fully understood. To examine the local modification of
the granular structure, the samples were investigated using
EELS in TEM. Fig. 3(a) shows the typical granular structure
of the pristine MCD films, wherein only the grains oriented
near some zone-axes strongly diffract electrons and show
high contrast. The adjacent grains are oriented away from
any zone-axis, showing low contrast. The diffraction spots in
the selected area electron diffraction (SAED) patterns (inset
in Fig. 3(a)) are arranged nearly around a ring geometry,
indicating that the MCD grains are randomly oriented.
Au-ion irradiation markedly alters the microstructure of
the MCD films. Fig. 3(b) shows that, for the as-irradiated
MCD films, in addition to the large diamond grains, which
survive the ion irradiation and still preserve good crystallinity
(region B1), there are regions that consist of small clusters
(region B2). SAED shown as inset in Fig. 3(b) indicates that
there are weak diffraction rings, corresponding to randomly
oriented small diamond grains, as well as strong discrete diffraction spots corresponding to large diamond grains. The
weak diffraction ring indicates that crystallinity of the small
diamond grains has been degraded due to the Au-ion irradiation process. Fig. 3(c) shows that the irradiated/annealed
MCD films also contain bimodal granular structure, viz., they
consist of a mixture of large-grain and small-grain regions,
which are designated as regions C1 and C2, respectively. The
SAED (inset, Fig. 3(c)) contains diffraction rings, instead of
diffraction spots, implying that the small diamond grain
regions are larger in proportion than the large diamond grain
regions. The intensity of the diffraction rings increases compared to those for the as-irradiated films, indicating that the
nano-sized clusters have been recrystallized due to the annealing process. There is a diffused ring in the center of SAED,
indicating the presence of some amorphous carbon (or graphitic phase) for the film. Moreover, clear extra diffraction
rings are present beside the diamond (111), (220), and (311)
diffraction rings, indicating that large proportion of secondary
phase was created by the annealing process. Apparently, the
secondary phase, which is presumably the i-carbon, the bcc
structured carbon with a0 ¼ 0.432 nm,42 was recrystallized
from the amorphous-carbon phase by the Au-ion irradiation.
The selected area EELS spectra corresponding to the labeled regions in Fig. 3 are shown in Fig. 4. The curves I, II,
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FIG. 3. TEM bright field micrographs for (a) pristine, (b) 8.4  1013 ions/
cm2 Au-ion irradiated, and (c) 1000  C(1 h) irradiated/annealed MCD samples. The insets show the corresponding SAED.

and III in Fig. 4(a) are the carbon core-loss spectra corresponding to regions A of pristine, B1 of Au-ion irradiated,
and C1 of irradiated/annealed films, respectively. These spectra show a prominent r*-band near 292 eV with a large dip
near 303 eV. The p*-band near 285.5 eV is not observable.
These features are essentially the same as the NEXAFS spectra shown in Fig. 2(a), except that the r*-band in EELS is
not as sharp as those in NEXAFS. The roundness of the r*band in EELS is presumably due to the interaction of
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electrons with the surface bonding in diamond films. These
EELS spectra clearly indicate that these regions are predominated with diamond.42,43 Curve IV in Fig. 4(a) is the coreloss EELS corresponding to the small grain region (B2) of
the Au-ion irradiated samples. In addition to the r*-band and
the dip, a small p*-band near 285.5 eV is readily observed
indicating the existence of sp2 C¼C bonded amorphous carbon along with diamond in this region. Curve V in Fig. 4(a)
is the core-loss EELS corresponding to the small grain
region (C2) of the irradiated/annealed samples. The r*-band
and the dip, both characteristics of sp3-tetrahedral C–C bond,
were completely demolished. The p*-band near 285.5 eV
becomes markedly lager indicating that the materials in this
region have been transformed into other non-diamond
phases.
The plasmon-loss EELS spectra near 15-40 eV shown in
Fig. 4(b) provide more insight of the phase constituents in
these samples. The broaden peaks can be deconvoluted using
Gaussian function in the vicinity of s1 (22 eV), s2 (23 eV), s3
(27 eV), and s4 (33 eV), as these peaks are the plasmon-loss

J. Appl. Phys. 113, 113704 (2013)

peaks corresponding to the possible phases contained in diamond materials. Notably, the signature of the plasmon-loss
EELS spectra corresponding to diamond consists of a broad
peak centered at 33 eV (s4-band) with a prominent shoulder
at 23 eV (s2-band), which are due to the bulk plasmon and
42
The peak ratio of s2 to s4
surface plasmon,prespetively.
ﬃﬃﬃ
peaks is about 1: 2. On the other hand, the main features of
graphite consist of a peak at 7 eV (not observed in our spectra) due to p electrons alone, and a peak at 27 eV (s3-band)
due to all the valence electrons.42 The plasmon-loss peak at
22 eV (s1-band) is less well-founded. Prawer et al.43 assigned
this peak as the plasmon of an allotropy phase of diamond
with a body-centered-cubic structure, also known as
i-carbons.
Curve I of Fig. 4(b) clearly indicates that the pristine
film (region A) is diamond of Fd3m structure,
pﬃﬃﬃ as it contains
s2- and s4-bands with intensity ratio of 1: 2. The spectral
shapes of curves II and III are similar to curve I, which indicates that region B1 of Au-ion irradiated sample and region
C1 of irradiated/annealed sample are predominated with
diamond.
Curve IV in Fig. 4(b) is also predominated with s4-band
(33 eV) but with a significantly larger shoulder. Since the intensity ratio of surface plasmon of diamond (the s2-band at
23 eV) is supposed to be fixed relative to the bulk plasmon of
diamond (the s4-band at 33 eV), the increase in the intensity
of the shoulder in the vicinity of 22–23 eV is attributed to the
presence of s1-band (22 eV). The emergence of s1-band indicates that some of the materials in region B2 in Au-ion irradiated films were transformed into non-diamond phase. In
contrast, the broad peak in curve V (Fig. 4(b)) can be
assigned to s1-band at 22 eV, since the s2-band (23 eV)
should be completely non-observable if the samples contain
no diamond (i.e., no s4-band at 33 eV). The dramatic alteration of the spectral shape observed in curve V can accordingly be attributed to the absence of diamond phase and the
formation of a non-diamond phase, i-carbon,43 in the irradiated/annealed sample.
B. Effect of Au-ion irradiation on the UNCD films

FIG. 4. Selected area EELS spectroscopy of MCD films: (a) core-loss EELS
spectra, the enlarged region near p*-band is plotted in the inset. (b) The
plasmon-EELS spectra; (I) the pristine, (II) Au-ion irradiated (region B1 in
Fig. 3(b)), (III) Au-ion irradiated/annealed (region C1 in Fig. 3(c)), (IV) Auion irradiated (region B2 in Fig. 3(b)), and (V) Au-ion irradiated/annealed
(region C2 in Fig. 3(c)).

The above observations and previous studies indicate
that the granular structure of MCD films can be significantly
modified if the irradiating Au beams possess sufficiently
high energy and large fluence.44 The Au-ion irradiation
induced the breakdown of some large diamond grains into
nano-sized diamond clusters when the fluence of Au ions
exceeded a certain limit. On the other hand, the UNCD films
consist of ultra-small diamond grains (5 nm) with abundant
grain boundaries. These grain boundaries, which are of considerable thickness and contain trans-polyacetylene (or
amorphous carbon) materials, are expected to be more susceptible to the ion irradiation damage.
The general effects of Au-ion irradiation on the characteristics of the UNCD films, studied by Raman spectroscopy,
are shown in Fig. 5. This figure indicates that the bonding
structure of these films was markedly modified due to Auion irradiation and annealing processes. The Raman spectrum of the pristine UNCD films (curve I) contains  1-band
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FIG. 5. Raman spectroscopy for the UNCD films: (I) pristine, (II) Au-ion
irradiated (8.4  1013 ions/cm2), and (III) irradiated/annealed (1000  C, 1 h).

(1140 cm1) and  2-band (1480 cm1) resonance peaks,
which correspond to trans-polyacetylene at the grain boundaries,25,26 and D*-band (1350 cm1) and G-band (1580 cm1)
resonance peaks, which correspond to disordered carbon.27,28
These Raman spectra are characteristic of UNCD films with
ultra-small grains. The D-band (1332 cm1) resonance
peaks, which correspond to the F2g resonance mode of the
3 C diamond lattice with Fd3m symmetry, are only barely
visible. The Raman spectra are markedly altered due to the
Au-ion irradiation. Curve II shows that all the resonance
peaks corresponding to UNCD materials are diminished,
replaced by a noisy signal with a broadened peak near
G* ¼ 1580 cm1, characteristic of the nano-sized graphite.
This result implies that a large proportion of sp2-bonds were
induced. Again, because visible Raman spectroscopy is more
sensitive to sp2-bonds than to sp3-bonds, an sp2 signal overwhelmingly larger than the sp3 signal does not indicate that
all the sp3-bonded materials have been converted into sp2bonded materials. The Raman spectra were only moderately
altered by the post-irradiation annealing process, i.e., the
Raman signal was still noisy, and contained only the G-band
resonance peak at 1580 cm1, which was slightly narrower
(curve III). The Au-ion irradiation barely altered the SEM
morphology of the UNCD films (not shown). Only deep
grooving was observed, implying that the grain boundary
phase, the trans-polyacetylene, in UNCD films was dissociated due to Au-ion irradiation process. There are no significant modifications observed in the SEM morphology after
annealing of the Au-ion irradiated films at 1000  C (1 h).
Again, NEXAFS and EELS investigations are needed
for the purpose of understanding the genuine factor that
influences the characteristics of the UNCD films due to Auion irradiation and the annealing processes. Fig. 6(a) plots C
K-edge NEXAFS spectra of UNCD films, from bottom to
top, the pristine film (curve I), the Au-ion irradiated film
(curve II), and the irradiated/annealed film (curve III). The
spectrum of the pristine film is much the same as that of the
MCD film except for a much weaker exciton peak, which is
due to the smaller grain size.35,45 The pre-edge peak, the

FIG. 6. (a) NEXAFS of the UNCD films, (I) pristine, (II) Au-ion irradiated
(8.4  1013 ions/cm2), and (III) irradiated/annealed (1000  C, 1 h); (b) spectral difference constructed by (I) subtracting NEXAFS of pristine film from
that of Au-ion irradiated film and (II) subtracting NEXAFS of pristine film
from that of irradiated/annealed film.

C¼O and C–H peaks are not present in UNCD film. This
may be due to a different growing process. The spectral
shape of the irradiated film shows marked differences. The
sp2 peaks are enhanced; the exciton peaks and the second
band gap dips disappeared. Also observed is the apparent
loss of absorption structures in the range of 290 and 310 eV
after Au-ion irradiation, which is associated with the loss of
long-range order.33 The spectral shape of the irradiated/
annealed film is similar to that for the irradiated film.
The difference plots were created by the same process to
those for the MCD films, and are shown in Fig. 6(b). We first
focus our attention on the red curve (I) to study the effect of
Au-ion irradiation. The sp2 feature at 285.3 eV is largely
enhanced, broadened, and slightly shifted to the lower
energy side, which is due to the increased amount of disordered sp2-bonded carbon. A small peak at 286.8 eV is also
related to amorphous carbon. The broad peak at 288.3 eV
was reported by Jeong et al., based on the study of oxygenated diamond surface, and ascribed to O¼C bonding.38
Other reports have assigned this feature to be originated
from the defect induced surface states, based on the studies
on ion beam damaged diamond surface36 and the unoccupied
states at diamond surface.30 We have performed O K-edge xray absorption spectra (not shown), for contamination
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monitoring purposes, which display no significant changes in
the Au-ion irradiated sample or irradiated/annealed sample
relative to the pristine sample. Moreover, the corresponding
C¼O peak at 535 eV45,46 is not present in our O K-edge
data. We therefore assign this feature to the defect-induced
unoccupied surface states. The big dip at 289.5 eV shows
that the exciton peak is diminished upon irradiation. The loss
of the exciton peak may be caused by the decreased core
hole life time originating from the confinement of the electron and core hole in the extremely small diamond particles
(<5 nm), which emerged from the collapsed UNCD grains.47
The peak at 302.5 eV indicates the loss of the absolute second band gap dip indicating the loss of diamond long range
order.48 The post-annealing effect can be studied by comparing the blue curve (II) with the red curve (I). For curve II
(the annealed UNCD films) the sp2 peak is considerably less
intense with a noticeable shift to the higher energy side,
which indicates that the amount of disordered sp2-bonded
carbon is reduced after the annealing.10 The other obvious
change is that the intensity at 287.3 eV is obviously higher
than that at 288.3 eV in curve (II), indicating that the annealing has reduced the surface states and generated more C–H
bonding at the surface.
On the other hand, Fig. 7 shows the evolution of the
microstructure of UNCD films resulted from the Au-ion irradiation and annealing processes. Figs. 7(a) and 7(b) show,
respectively, the bright field TEM micrographs for the pristine
and as-irradiated UNCD films, indicating that the microstructures of the two films are quite similar. But more detailed
examinations show that the diamond aggregates contained in
the Au-ion irradiated films are larger and more obvious.
Moreover, the aggregates within Au-ion irradiated films cannot be separated due to electron irradiation during TEM examination, implying that these aggregates are hard agglomerates.
In contrast, the aggregates in the pristine UNCD films were
separated easily due to electron irradiation during TEM examination, indicating that these aggregates are soft agglomerates.
On the other hand, Figs. 7(c) and 7(d) show two typical
regions of the Au-ion irradiated/annealed UNCD films. These
microstructures are very similar with one another. Annealing
the Au-ion irradiated films seems not to markedly alter the
population of diamond aggregates. However, more detailed
analyses reveal a marked difference in the granular structure
of these regions. SAED in the inset of Fig. 7(d) contains the
diffraction rings larger than the typical (111) diamond ring
(cf. inset, Fig. 7(c)). Such a diffraction ring corresponds to
i-carbon, the bcc structured carbon.42 Presumably, i-carbon
particulates were re-crystallized from the amorphous carbon
during annealing process. The nano-sized graphite is always
present along with the formation of i-carbon that is inferred
by the presence of a strong central diffuse ring in the SAED
of Fig. 7(d).
Fig. 8 plots the selected area EELS spectra corresponding to the TEM micrographs in Fig. 7. The curves I and II in
Fig. 8(a) are the carbon core-loss spectra for the pristine and
Au-ion irradiated UNCD films, corresponding to Figs. 7(a)
and 7(b), respectively. These curves exhibit typical EELS
spectra of diamond with Fd3m structure, as they contain a
r*-band near 292 eV and a large dip near 310 eV. The

J. Appl. Phys. 113, 113704 (2013)

FIG. 7. TEM bright field micrographs of the UNCD films with the insets
showing the SAED patterns. The samples were (a) pristine, (b) Au-ion irradiated (8.4  1013 ions/cm2) and (c, d) irradiated/annealed (1000  C, 1 h),
where (c) is regularly phase transformed region and (d) is the irregularly
phase transformed region.

r*-band for the UNCD films is not as sharp compared to the
spectra for MCD (cf. Fig. 4) indicating that there is a larger
proportion of distorted sp3-bonds located at the surface of
the ultra-small diamond grains. Moreover, there are prominent p*-bonds in both of the core-loss EELS spectra
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FIG. 8. Selected area EELS spectroscopy of UNCD films: (a) core-loss
EELS spectra and (b) the plasmon EELS spectra, where the enlarged region
near p*-band is plotted in the inset of “a”; (I) the pristine, (II) Au-ion irradiated, (III) Au-ion irradiated/annealed spectrum corresponds to the regularly
phase transformed region in Fig. 7(c), and (IV) Au-ion irradiated/annealed
spectrum corresponds to the irregularly phase transformed region in
Fig. 7(d).

indicating the presence of trans-poly-acetylene phase in the
grain boundary regions. The peak intensity of p*-bonds is
larger for the Au-ion irradiated samples. Such a phenomenon
is more clearly illustrated in the enlarged EELS near the p*band (285 eV), plotted in the inset of Fig. 8(a).
Curves III and IV in Fig. 8(a) show the core-loss EELS
spectra corresponding to the regularly phase-transformed
and the irregularly phase-transformed regions of the irradiated/annealed UNCD films, which correspond to Figs. 7(c)
and 7(d), respectively. Curve III is very similar to the coreloss EELS spectrum of diamond (cf. curves I or II), indicating that the regularly phase-transformed region also is dominated with diamond. The p*-band in this curve is larger in
intensity than that of curves I and II implying that this region
contains larger proportion of graphitic (or amorphous carbon). Curve IV is markedly different from all the other
curves and it is similar to the core-loss EELS spectrum corresponding to C2-region of the irradiated/annealed MCD sample (cf. curve V, Fig. 4(a)), which indicates that the phase
contained in this region is mainly i-carbon.

J. Appl. Phys. 113, 113704 (2013)

Fig. 8(b) shows the plasmon loss EELS spectra of the
same regions. It is observed that curve I is dominated with
the bulk plasmon loss (s4, 33 eV)) and the surface plasmon
loss (s2, 23 eV) indicating again that pristine UNCD films
are mainly diamond. Also observed is that this curve contains an additional small peak near 27 eV (s3-band) indicating that the pristine UNCD film contains some sp2-bonded
phase (graphite or amorphous carbon) besides diamond,
which is in accord with the TEM observations. Curve II
shows the plasmon-loss EELS of Au-ion irradiated UNCD
films, which indicates that s2- and s4-bands still dominate
with increased spectral weight of s3-band compared to
curve I. This result indicates that Au-ion irradiation causes
increased content in graphite (or a-C) phase. Curves III and
IV in Fig. 8(b) show the plasmon-loss EELS spectra corresponding to the regularly phase-transformed (cf. Fig. 7(c))
and the irregularly phase-transformed (cf. Fig. 7(d)) regions
of the irradiated/annealed UNCD films, respectively. Curve
III is also dominated with the bulk plasmon loss (s4-band)
and the surface plasmon loss (s2-band) of diamond, but with
larger s3-band (27 eV) than that of curves I and II indicating that this region consists of a larger proportion of sp2bonded phase (graphite or amorphous carbon) besides diamond. Notably, the plasmon-loss peaks corresponding to
amorphous carbon are very similar to those for graphite, and
they are not clearly identifiable by plasmon-loss EELS spectra.42 TEM investigation is needed to differentiate these
phases. In contrast, curve IV shows a plasma-loss EELS
spectrum corresponding to the irregularly phase-transformed
region that is totally different from that of the regularly
phase-transformed region (cf. curve III, Fig. 8(b)). There is
only a large s1-band (22 eV) observed. No characteristic
bulk plasmon-loss peaks of diamond were observable. It
should be reminded that the surface plasmon of diamond,
s2-band (23 eV) is associated with the bulk plasmon of diamond, s4-band (33 eV). The disappearing of the diamond
phase infers that there is no s2-band (23 eV) in this curve.
Hence, the plasmon-loss peak present in curve IV can be
assigned to the carbon phase other than diamond, in accord
with the TEM observations. Therefore, we ascribe the
presence of s1-band (22 eV) to the formation of i-carbon.43
The above-mentioned results imply that the Au-ion irradiation process altered the granular structure of the UNCD
films in a non-uniform manner. In some regions, the UNCD
diamond lattices are only moderately defected. The annealing process healed the defects and induced the growth of
grains. In other regions, the UNCD diamond grains are seriously damaged such that the annealing process has triggered
the phase transformation toward a more stable phase, the
sp2-bonded graphite. The i-carbon is an intermediated phase,
which was induced in accompaniment with the formation of
nano-sized graphite. Such observations account for the modification observed in the NEXAFS spectra caused by the Auion irradiation/annealing processes. The nano-sized graphite/
i-carbon regions are large in proportion such that the characteristics of the NEXAFS spectra, with sampling area of hundreds of square microns, were altered markedly (cf. spectra
II and III, Fig. 6(a)) and were completely different from
those of diamond materials (cf. spectrum I, Fig. 6(a)).
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IV. DISCUSSION

Amidst carbon materials, it would be expected that diamond would be most radiation-hard. However, when the fluence of Au-ions exceeded a certain limit, some of the large
grains were broken into smaller gains and some of them
were even disintegrated into nano-sized clusters.44 These
regions contain nano-sized diamonds embedded in a matrix
of amorphous carbon with a small proportion of i-carbon.
Annealing the Au-ion irradiated films healed partially the
planar defects in the diamond grains and converted the amorphous carbon into crystalline nano-particulates, including
nano-diamond, i-carbon, and nano-sized graphites. The proportion of i-carbon in the annealed films increased markedly,
compared with the as Au-ion irradiated films. The Au-ion
irradiation and annealing processes modify the granular
structure of the UNCD films in a different way from that on
the microstructure of the MCD films. Au-ion irradiation
altered the granular structure of UNCD films nonuniformly.
While in some of the regions the granular structure was
hardly altered, in other regions, a large proportion of a-C
phase was induced. This a-C was converted into nano-sized
graphite and i-carbon clusters during the annealing process.
Generally, for a polycrystalline diamond material, carbon
atoms in the grain boundaries are not bonded as strongly as
those in the bulk materials. Therefore, the grain boundary
regions are more susceptible than the bulk regions to damage
by incident high energy heavy ions. The difference in the ion
irradiation effect on the modification of the granular structure
of the MCD and UNCD films is probably due to the different
microstructures of the two types of films. The grain boundaries
of the MCD films are sharp and contain no amorphous carbon.
In this case, Au ions can only impose irradiation damage on
the diamond lattices, which requires large dissociation energy.
The kinetic energy of the Au ions is only sufficient to disintegrate the diamond grains into smaller diamond grains (or to
nano-sized clusters) with the amorphous carbon as a byproduct. The thermal spike is not sufficient for crystallization of
the a-C phase into graphite. High temperature annealing process is required to repair the atomic defects in the diamond
grains and convert the amorphous carbon located between the
diamond grains into nano-sized graphite (or i-carbon).
In contrast, the UNCD films contain nano-sized diamond grains with abundant grain boundaries of considerable
thickness. The nano-sized grains are not further disintegrated
by the irradiation of the kinetic Au ions. Most of the kinetic
energy of the Au ions acted on dissociating the hydrocarbons
in the grain boundaries and produced large transient thermal
spikes that induced in situ re-crystallization of the grain
boundary phases into nano-sized graphite. The dissociation
of hydrocarbons produced highly active carbon, which was
able to attach to the nano-sized diamond grains, inducing the
coalescence of nano-sized diamond grains into large aggregates. In the meantime, homogeneous nucleation of graphite
clusters occurred. The Ostwald-ripening and homogeneous
nucleation processes are readily triggered by the Au-ion irradiation process in UNCD films but not in MCD films. The
annealing process converts the heavily damaged nanodiamond into i-carbon particulates.

J. Appl. Phys. 113, 113704 (2013)

The above observations indicate that irradiation with
heavy ions of sufficiently high energy and large fluence (i.e.,
8.4  1013 ions/cm2) will result in apparent change in the
granular structure for the diamond films, regardless the grain
size (MCD or UNCD). This phenomenon indicates the regime where the diamond films are not suitable for radiation
detector application. However, it may be appropriate to
apply MCD and UNCD films for radiation detection if the kinetic energy or fluence of the incident ions does not exceed
the limit.44
V. CONCLUSION

The effect of 2.245 GeV Au-ion irradiation and annealing processes on altering the microstructure of MCD and
UNCD films was investigated using NEXAFS and EELS in
TEM. These examinations revealed that for MCD films, Auion irradiation disintegrated some of the diamond grains,
resulting in nano-sized diamond particulates embedded in
amorphous matrix. Annealing process recrystallized the diamond grains and converted the amorphous carbon into nanosized crystalline graphite. In contrast, for UNCD films, the
Au-ion irradiation did not significantly alter the crystallinity
of the grains of the UNCD films, but the grain boundary
phase was transformed into nano-sized graphite. The phase
transformation induced by the Au-ion irradiation/annealing
processes is not uniform. In some regions, the irradiation/
annealing processes recrystallized the residual a-C phase
into nano-sized graphites, whereas in other regions, it
induced the formation of i-carbon. The difference in microstructural evolution behavior for MCD and UNCD films is
intimately correlated to their different granular structure.
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