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Abstract

Polycrystalline diamond thin films grown by hot-filament chemical vapour deposition (CVD) process were irradiated with 100 MeV
I7 + ions. The as-deposited and irradiated films were characterized using micro-Raman spectroscopy, glancing angle X-ray diffraction
(XRD), resistivity measurements and scanning electron microscopy (SEM) techniques. Defects and non-diamond carbon phases were seen
to develop on irradiation up to a fluence of 1.3 X 1014 ions/cm2. The extent of damage to the films was found to be critically dependent
on the crystalline quality of the film. The resulting changes were correlated with the hydrogen concentrations in the films as studied by
elastic recoil detection analysis.
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1. Introduction

Because of its extreme properties, such as high hard-
ness, IR transparency, resistance to radiation, chemical
inertness, etc. [1-3], diamond has been proposed for a
wide variety of electronic applications involving intense
high-energy irradiation [4]. Some of these applications are
based on the radiation hardness of diamond compared
with, for example, silicon. By virtue of its bond strengths
alone, diamond should be much more resistant to radiation
damage than silicon. For potential application of diamond
in superconducting supercollider, it is essential that the
systems detectors withstand the extreme radiation fields
from high-energy and high-intensity beams anticipated
during its operation [5],

Due to the fact that diamond is a metastable form of
carbon, there is a limit to the extent of the damage an
irradiated layer would suffer before the occurrence of
irreversible structural changes, which, in extreme case,
may lead to its eventual graphitization. Exposure to radia-
tion environments will cause lattice damage in diamond.
Unlike silicon and other semiconductors, post-processing
annealing may not repair lattice damage completely [6,7].

Important factors governing the irradiation-induced dam-
age are ion dose, type of ion, ion energy, etc. [8]. Massive
ions generate more damage than lighter ions due to their
larger stopping powers.

Although high-energy irradiation damage studies have
been carried out on natural diamonds [9-16], very little
data have been reported on irradiation damage effects on
the structural properties of chemical vapour deposited
(CVD) diamond. As a result of irradiation of single crystal
diamonds with 100 MeV C and 3 MeV electrons, Maeta et
al. [10] have shown the formation of defects and defect
clusters into dislocation loops leading to strained planes.
Irradiation effects on natural diamonds by high energy
(60-80 MeV) ions of Co, Cu, Ne, C and Ni have also been
studied by Erchak et al. [11,12]. The paramagnetic 01
centres were associated with the point defects of intersti-
tial, impurity and vacancy cluster type produced due to
inelastic ion collisions. They also observed amorphous
regions with non-tetrahedral long-range atom order. The
irradiation of type Ila natural diamonds with 5 MeV He+

was investigated by Ager et al. [13]. The production of H3
color centres corresponding to nitrogen vacancy and nitro-
gen complex were observed. Diamond powders, when
irradiated with 1-3 MeV noble gas ions, showed lattice
expansion with increasing ion fluence and ion mass [14].
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Raman measurements on these samples showed them to be
a mixture of diamond and non-diamond carbon compo-
nents. Single crystal diamonds implanted with 1 MeV Ar
ions revealed a broad amorphized region underlying a thin,
partially crystalline layer [15]. Han et al. [5], on the other
hand, irradiated both type Ila natural diamonds as well as
CVD diamond by 5 MeV a particles. Their Raman and
photoluminescence (PL) studies showed the occurrence of
nitrogen vacancy complexes as a result of irradiation of
natural diamond. Raman studies on CVD samples showed
an increase in PL background in irradiated samples due to
vacancy production. The polycrystalline films were found
to be more sensitive to radiation damage than the natural
diamonds. Lattice damage was found to be apparent above
fluences of 1014 cm*"2. —

In view of the above, the irradiation studies on the CVD
diamond thin films as a function of film quality still need
to be addressed in detail. The CVD diamond thin films
contain a small amount of hydrogen incorporated during
the growth process [17]. This also plays an important role
in determining the radiation hardness apart from being a
major contributor to the film quality.

We have irradiated polycrystalline diamond thin films
by 100 MeV I7 + ions. High-energy heavy ion was chosen
due to higher electronic stopping powers. The chosen ions
have electronic losses of the order 928 eV/A while the
nuclear stopping is only 11 eV/A. The projected range of
the ions at normal incidence in diamond films is ~ 16 jim
as calculated by "TRIM" Monte-Carlo simulation code
[18]. The as-deposited and irradiated samples were charac-
terized by micro-Raman spectroscopy, glancing angle X-
ray diffraction (XRD), resistivity measurements and scan-
ning electron microscopy (SEM) techniques. The resulting
structural and property changes were correlated to the film
quality and the hydrogen concentration in the films ob-
tained by elastic recoil detection (ERD) analysis.

2. Experimental

The polycrystalline diamond films used in the present
study were deposited on (100) p-type single crystal silicon
wafers by a hot-filament CVD technique. The details of
the experimental setup are described elsewhere [19]. The
temperature of the tungsten filament as measured by an
optical pyrometer was approximately 2000°C and the sub-
strate temperature, measured by a chromel-alumel thermo-
couple was maintained at 760-790°C. The reactant gases
were a mixture of H2 and 10% CH4 + 90% Ar. The
concentration of CH4 in the carrier gases was typically
1.5-2.0 vol %. Prior to loading in the chamber, the
substrates were pretreated by scratching with 0.5-|xm dia-
mond paste followed by thorough degreasing and cleaning.

Table 1 gives the deposition parameters used to deposit
the films studied. Sample 1 was deposited at a CH4:H2

Table 1
Details of deposition parameters for polycrystalline diamond thin films
used for the present study

Sample
no.

1
2
3
4
5
6

CH4:H2

ratio

2.5:100
2.5:115
2.5:105
2.5:100
2.5:90
2.5:85

Substrate
temperature

CO
790
760
760
760
760
760

Working
pressure
(Torr)

30
30
30
30
30
30

ratio of 2.5:100 and a substrate temperature of 790°C. The
thickness of this film was 3 |im. Samples 2-6 were
deposited at a lower temperature of 760°C and a CH4:H2

ratio varying from 2.5:115 to 2.5:85. The thickness of
these samples was 1.0 to 1.5 (xm.

The films were irradiated with 100 MeV I7+ ions
generated by 15 UD NSC pelletron accelerator in a scatter-
ing chamber evacuated to a pressure of < 5 X 10~6 Torr.
A beam current of 1 pnA and a beam area of 4 X 5 mm2 at
a target angle of 30° was employed for irradiation. Sam-
ples 2-6 were irradiated with a dose of 0.9 X 1014

ions/cm2. Detailed characterization was carried out for
these films as discussed below. The effect of increasing
fluence on structure and properties was studied for sample
1. It was cut into eight parts and each part was irradiated
with a different dose ranging from 10u —1014 ions/cm2.
The projected range of the ions as calculated by "TRIM"
analysis is about ~ 8 |xm at 30° incidence which is much
higher than the film thickness. The radiation damage ef-
fects are, therefore, expected to be predominantly due to
electronic stopping only and the lattice damage effects of
nuclear stopping are thus minimized.

The as-deposited, as well as irradiated samples were
characterized by various techniques. The Raman spectra
were recorded on a micro-Raman spectrometer (Triplemate
Model 1877). The 514.5 nm line from an Ar ion laser was
used as the excitation source. The SEM micrographs were
obtained by a scanning electron microscope (Philips 525M).
The XRD patterns were obtained by a glancing angle
X-ray diffractometer (Rigaku, DMAX RB300) at an angle
of 3°. The resistivity measurements were made by two
probe method with a Cu electrode on the film and Ag
contact on the substrate side.

The hydrogen concentrations in all the samples were
determined by ERD measurements [20,21]. A surface bar-
rier detector with its aperture covered with 18 (xm
polypropylene foil was mounted in the chamber to collect
hydrogen recoils from the samples. The counts obtained
are proportional to the concentration in the film. The
absolute concentration of hydrogen in the films was ob-
tained by extrapolating the dose vs. hydrogen yield curve
to the zero-dose axis.
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3. Results and discussion

Fig. l(a) shows the SEM micrograph of sample 1 in
as-deposited condition. It shows dense faceted growth of
diamond particles. The substrate is uniformly covered with
these particles. Fig. l(b) and (c) shows the surface mor-
phology of as-deposited samples 2 and 6, respectively.
Sample 2 shows fine grains with sharp facets. Various
shapes of diamond particles ranging from cubo-octahedral
to icosahedral, as well as twinned particles were also
observed in this sample [22]. The deterioration in the
crystalline quality from highly faceted crystallites to blunt
crystallites is apparent as the CH4:H2 ratio increases from
sample 2 to sample 6. Thus, the samples grown at higher
supersaturation of hydrocarbon gas are seen to result into
defective grains.

Fig. l(d) shows the surface morphology of sample 1
after irradiation with a dose of 0.9 X 1014 ions/cm2. The
faceted morphology clearly appears to deteriorate as com-
pared to the as-deposited sample. Fig. l(e) and (f) shows
the irradiated samples 2 and 6, respectively. As evident in
Fig. 1, sample 2 does not show much noticeable damage
and the crystals largely retain their shapes. The degree of
irradiation damage however, appears to increase with dete-

rioration in the crystalline quality. Sample 6, having
rounded crystalline morphology, is seen to undergo drastic
changes. As can be seen from the figure, the particles seem
to crack as a result of irradiation. The surface morphologi-
cal changes due to irradiation in samples 3, 4 and 5 also
showed similar changes and are, therefore, not shown.

The glancing angle XRD patterns for samples 1, 2 and
6 (as-deposited and irradiated) are shown in Fig. 2. The
XRD patterns for the as-deposited films show prominent
peaks at 2© = 43.9° and 75.4° which correspond to diffrac-
tion from the (111) and (220) planes in the diamond
lattice. The irradiated samples also show essentially the
same peaks. No peaks corresponding to development of
any new phase (e.g. graphite) are observed. It is clear from
the figure that the diffraction peaks corresponding to dia-
mond phase remain intact even after irradiation. There are
no observable changes in the diffraction patterns for other
samples and are, therefore, not presented.

The resistivity values of as-deposited samples 2-6 as a
function of CH4:H2 ratio are plotted in Fig. 3. The high
crystalline quality of sample 2 is again reflected in the
resistivity values. Resistivity for as-deposited sample 2
was 3.26 X 108 fl cm which is quite high. Resistivity falls
steadily with the increase in CH4:H2 ratio and was the

Fig. 1. Scanning electron micrographs of as-deposited and irradiated samples: (a) as-deposited sample 1, (b) as-deposited sample 2, (c) as-deposited sample
6, (d) irradiated sample 1, (e) irradiated sample 2, (f) irradiated sample 6.
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Fig. 2. Glancing angle X-ray diffraction patterns of (a) as-deposited
sample 1, (b) irradiated sample 1, (c) as-deposited sample 2, (d) irradiated

\ple 2, (e) as-deposited sample 6 and (f) irradiated sample 6.
sami
sam

lowest for sample 6. The resistivity values for irradiated
samples follow the same pattern as for the as-deposited
samples, although the relative fall is higher in samples
4-6. The decrease in resistivity after irradiation indicates
introduction of disorder/defects and the formation of con-
ducting regions arising due to high electronic stopping
powers of the incoming ions in the carbon matrix. Resistiv-
ity has been reported to be related to loss of hydrogen
from the films as a result of irradiation. The loss of
hydrogen results in depassivation of dangling bonds and a
rise in the number of intergap states. The latter results in
reduction in resistivity [23].

109

5x1016

HYDROGEN FLOW (seem)

Fig. 3. Dependence of resistivity and hydrogen concentration on the
hydrogen flow for CH4 flow = 2.5 seem, pressure = 30 Torr and sub-
strate temperature = 760°C.
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Fig. 4. Variation of resistivity for sample 1 with increasing fluence of 100
MeV I7 + ions. The vertical dashed line corresponds to the threshold dose
above which rapid fall in resistivity takes place.

The effect of variation of irradiation dose on the resis-
tivity of sample 1 is shown in Fig. 4. Resistivity is seen to
decrease by four orders of magnitude from 109 to 105 D.
cm as a result of the increase in irradiation dose from
3.7 X 1011 to 1.3 X 1014 ions/cm2. Prawer et al. [23] also
found a decrease in the resistivity of DLC films with
increasing fluence of 6.4 MeV fluorine ions. They at-
tributed the fall to defects produced by electronic energy
loss of the bombarding ions. The change in resistivity
monitored as a function of irradiation dose shows an
initially slow fall followed by a rapid reduction up to a
dose of 1.3 X 1014 ions/cm2. Thus, continued accumula-
tion of ion flux is seen to give a cumulative damage effect.
The onset of the sharp drop in resistivity is clearly seen
beyond the dashed line shown in Fig. 4. Ingram and
McCormick [24] also observed this threshold for drastic
fall in resistivity of DLC films and argued that this empiri-
cal threshold may correspond to that at which, on an
average, every atom in the irradiated region will have
interacted with the incoming ion or its cascade.

The above characteristics are intricately related to the
deposition conditions employed, as well as the amount of
hydrogen incorporated into these films. These observations
were made on the basis of detailed ERD studies carried out
on these samples. It is well established that atomic hydro-
gen is of crucial importance in deposition of diamond thin
films by CVD processes and inevitably gets incorporated
in the films during the growth process. It etches off the
non-diamond nucleating species preferentially and stabi-
lizes the sp3-coordinated structure by attaching itself to
unsaturated bonds preventing tetrahedral to trigonal trans-
formation. Thus, its influence on the film properties is of
critical importance. Fig. 5 shows a typical hydrogen recoil
profile obtained for our polycrystalline diamond thin films.
It shows higher hydrogen yield from the surface as com-
pared to the bulk. This is a consequence of surface passiva-
tion of sp3 dangling bonds by atomic hydrogen leading to
termination of the growth matrix. The hydrogen concentra-

t ions obtained from the hydrogen recoil yields showed
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Fig. 5. Typical hydrogen depth profile for a polycrystalline diamond thin
film. Higher yield at the surface occurs due to passivation of the growing
network by atomic hydrogen.

clear dependence on the deposition parameters. It was
found that with an increase in CH4:H2 ratio from sample 2
to sample 6, the amount of incorporated hydrogen in-
creased significantly. The dependence of hydrogen concen-
tration on the flow of H2 is easily seen in Fig. 3. An
increase in hydrogen concentration with a decrease in H2

flow rate occurs due to higher supersaturation of hydrocar-
bon species resulting into higher growth rates of diamond.
These high growth rates, however, yield higher defects and
lower etching rates during deposition. This, in turn, leads
to atomic hydrogen getting attached to the unsaturated
bonds and results into higher hydrogen concentration. The
above observations are similar to those of Dischler et al.
[25] who concluded that hydrogen is incorporated in non-
crystalline and defective regions of polycrystalline dia-
mond thin films (e.g. grain boundaries and dislocations). It
is also observed that a decrease in the amount of hydrogen
incorporated into the diamond films leads to an increase in
the resistivity of the as-deposited films. Landstrass and
Ravi [26,27] also reported an increase in the resistivity of
diamond thin films when the hydrogen was annealed out.
Atomic hydrogen passivates the defect and trap states in
the films. These traps are expected to be larger in number
in blunt/defective crystallites rather than in perfectly
faceted crystallites. The resulting resistivity values are,
therefore, higher in samples containing lower amounts of

1100 1300 1500 1700

RAMAN SHIFT (cm

Fig. 6. Raman spectra for (a) as-deposited sample 1, (b) irradiated sample
1, (c) as-deposited sample 2, (d) irradiated sample 2, (e) as-deposited
sample 6 and (f) irradiated sample 6.

hydrogen. Yagi et al. [28] also studied the hydrogen near
the surface of CVD diamond films but could not deduce
any relationship between resistivity and hydrogen distribu-
tion.

The irradiation-induced changes described above were
correlated with Raman spectra. Raman spectra were
recorded for as-deposited as well as irradiated samples 1, 2
and 6. The Raman spectra of as-deposited and irradiated
sample 1, 2 and 6 are shown in Fig. 6(a)-(f). These were
fitted with a Voigt function. The resulting peak frequencies
and the line widths are listed in Table 2. Sample 2
(deposited at lower CH4:H2 ratio) in as-deposited state
shows a sharp peak at 1331 cm"1 corresponding to dia-
mond and a weak broad feature at 1530 cm"1 which is

Table 2
Details of Voigt fit to the Raman spectra for as-deposited and irradiated diamond thin films

Sample no.

1

2

6

Raman shift (cm ')

As-deposited

1333.0
1534.0
1331.0
1530.0
1332.0
1569.0
1481.6

Irradiated

1333.0
1521.0
1330.0
1537.0
1333.0
1541.3
-

Line width (cm ')

As-deposited

18.45
113.90

14.96
275.00

18.64
99.61
77.21

Irradiated

19.053
249.97

19.634
305.08

19.33
144.4

-

k/ht
As-deposited

-

1.705
—
3.867
-

1.165
-

Irradiated

—

1.189
-
2.217
-

0.972
-



N. Dilawar et al. / Thin Solid Films 305(1997) 88-94 93

attributed to non-diamond carbon phase in amorphous
form. In comparison, the Raman spectrum of as-deposited
sample 1 (grown at higher CH4:H2 ratio) shows the 1534
cm"1 feature to be more prominent than in sample 2. In
addition to these peaks, sample 6 in as-deposited state also
shows a broad peak at 1481.6 cm"1. This line has been
observed in so-called nano-crystalline diamond and has
been suggested to occur as a result of the breakdown of
Raman selection rules [29,30].

Yoshikawa et al. [31], in their study of Raman spectra
of amorphous carbon films, concluded that 1530 cm"1

band originated from carbon clusters with sp2 configura-
tion. This has been proposed to predominantly manifest
itself at the grain boundaries of the diamond crystallites
[32], This non-diamond/amorphous carbon could not be
observed in the XRD results. Raman spectroscopy is known
to be a very sensitive technique to detect short range
disorder in diamond thin films [33] and can detect very
small amounts of non-diamond carbon which are not easily
detected by the XRD technique. According to Nemanich et
al. [30], Raman scattering and XRD from micron-scale
composites exhibit properties that are linear combinations
of orientation-randomized bulk spectra. If one component
is crystalline and the other is amorphous, the X-ray scatter-
ing would be dominated by the crystalline structure. Be-
cause of resonance effects, Raman scattering (RS) from
absorbing materials is enhanced. The absolute RS cross-
section of graphite being 50 times that of diamond [34], RS
is expected to emphasize graphitic structures; hence, the
difference in XRD and Raman patterns.

The post-irradiation Raman spectra of samples 1, 2 and
6 highlight the damage suffered by these films when
subjected to high-energy ions. A broadening of the Raman
peak for sample 2 by about 5 cm"1 amounts to a 31%
increase in the line width. The intensity of the peak at
1530 cm"1 is also seen to increase. On the other hand, for
sample 1, the line width increase, from as-deposited to
irradiated sample, is only about 2% but the relative in-
crease in non-diamond carbon content is larger. Sample 6
shows a broadening of ~ 5% after irradiation, but the
broad band at 1541 cm"1 increases significantly in inten-
sity. The peak amplitude ratio of diamond (7d) to non-di-
amond (7nd) carbon, /d:/nd is seen to decrease for all the
samples after irradiation as shown in Table 2. But the
relative fall in /d:/nd in sample 2 is lower than that of
sample 1 and 6 which implies that larger amount of
non-diamond component is produced in samples 1 and 6 as
a result of irradiation.

Ager et al. [35] argued that in perfect crystals, e.g.
natural diamonds, the Raman line broadening is related to
the decay of the optical phonon, created in the Raman
process, into two acoustic phonons with opposite wave
vectors. However, in imperfect crystals such as in CVD
grown polycrystalline diamond films, the phonon may also
decay at defect sites and grain boundaries, leading to
broadening of the line widths. One would, therefore, ex-

pect the line widths to increase with increasing defect
density as well as decreasing crystallite size. No significant
variation in the crystallite size could be found by XRD.
Therefore, the increase in Raman line width in the irradi-
ated samples is a clear evidence for introduction of defects
in the diamond crystallites.

The decrease in Id/Ind indicates the onset of amor-
phization due to bond breaking by high-energy incident
ions. As pointed out earlier, Wong et al. [14] also found
that diamond powders irradiated with MeV ions were a
mixture of diamond and non-diamond carbon phases, while
Maeta et al. [10] argued that most of the radiation damage
in their self ion-irradiated diamonds occurred in the form
of interstitial dislocation loops and vacancies in the ion-
irradiated specimen. They did not carry out Raman mea-
surements to identify the structural manifestation of these
damages in their samples.

The damage induced by 100 MeV I7 + ions predomi-
nantly takes place by electronic energy deposition. Very
high electronic energy deposition leads to the breaking of
C-C and C-H bonds and loss of hydrogen takes place.
Bond breaking and recoil of hydrogen from the films leads
to production of vacancies/dangling bonds in the film
which render the tetrahedral-coordinated structure unsta-
ble. These carbon atoms recombine to the lowest stable
binding configuration that is trigonal. Thus, as the ion
fluence increases, the development of sp2 clusters takes
place. Belykh et al. [36] proposed defect mechanisms
occurring due to high-energy ions and argued that the
electronic relaxations are most efficient on atoms located
at grain boundaries, defect and interstitial sites which gain
mobility as a result of irradiation. A passing energetic ion
also produces vacancies and defects along the ion track,
thus leading to structural and property changes as ob-
served. The density of defect formation increases as the
projected range is approached. Thus, in order to increase
the resistance of CVD grown polycrystalline diamond
films to high energy radiation, it is essential to achieve
high degree of crystallinity and low non-diamond compo-
nent in the as-deposited films, i.e. low density of defects.

4. Conclusions

Polycrystalline diamond thin films deposited by hot-
filament CVD technique were irradiated with 100 MeV
I7+ ions. The resulting microstructure and property changes
were studied. It was concluded that defects and non-di-
amond carbon produced by electronic energy loss of the
bombarding ions are responsible for the microstructural
changes observed. It was found that up to fluences of
1.3 X 1014 ions/cm2, no graphitization occurred and the
damage was limited to introduction of defects and increase
in non-diamond carbon in the films. The amount of non-di-
amond carbon formed varied critically with the crystalline
quality of the films. Highly crystalline films with very
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small amounts of non-diamond phase and with lower
defects were seen to be relatively more resistant to radia-
tion damage. The resulting changes were correlated to the
hydrogen concentration in the films. Films containing lower
amounts of hydrogen showed better resistance to radiation
damage.
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