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The influence of Arþ implantation induced disordering in the surface layers of the CR-39 polymer
on its optical properties and surface hardness has been studied. The specimens were implanted at
130 keV to the doses of 5  1014, 1  1015, 1  1016 Arþ cm2. The structural behavior of the
pre- and postimplanted specimens was investigated using UV-Visible, Raman, and x-ray diffraction
techniques. Formation of disordered graphitelike structures in the implanted layers of polycarbonate
has been observed using Raman and UV-Visible spectroscopy. A significant increase in the value of
disorder content (Urbach energy) from 0.77 eV to 1.48 eV and a continuous decline in optical
bandgap (from 3.43 eV to 2.32 eV) with increasing implantation dose have been observed. This
decrease in optical bandgap has been found to have linear dependence on the increase in the Urbach
energy, which points toward the formation of disordered structures in the implanted layers of CR-39
polymer. Further, Knoop microhardness is found to be enhanced by a factor of 7 (at a load of 9.8
mN) after implantation. The possible correlation of the increase in Knoop surface hardness with the
C 2011 American
changes observed as a result of implantation has been established and discussed. V
Institute of Physics. [doi:10.1063/1.3573480]

I. INTRODUCTION

Polymers offer unique properties, application prospects,
and diversity in performance and characteristics, which cannot be matched by any other class of material. Polymers are
extensively used in making optical fibers, optical filters,
sensors, lenses, etc., and have immense importance, as they
are widely replacing metals in various disciplines. Some
polymers are also used in bulletproofing as a result of their
high strength.1–3 Yet sometimes their industrial applications
are limited by undesirable surface properties like low density,
high elasticity, chemical inertness, poor electrical conductivity, low hardness, etc. All these properties of polymers need to
be modified without altering their bulk properties.4–6
Interest in ion beam induced improvement in the surface
of various polymers has increased in recent years. As the energetic ions used for the modification have limited penetration
depth up to a few lm or nm (depending upon their energy
and Z) therefore, they can be used for modifying the surface
of the polymers without altering the bulk structure. During
the ion implantation process, the incident ion loses its energy
via nuclear and electronic stopping processes. Nuclear energy
loss arises from collisions between the incident ions and
the target nuclei causing atomic displacements and phonons,
whereas electronic energy loss arises from the interaction
between the incident ions and target electrons resulting
in electronic excitations and ionizations. All these processes
in the target surface lead to the formation of a disordered

network, which contains structural disorders in the form of
free radicals, broken chain segments, and dangling bonds.7,8
The implantation of noble gaseous ions eliminates the
doping effect of impurities and makes it possible to study the
radiation effects of ions on the polymer without bonding
with the polymeric chains.4,9,10 Therefore, these beams have
gathered great attention from researchers, as they can
produce far superior products in terms of improved surface
hardness, reduced wear, increased corrosion resistance,
better biocompatibility, improved optical properties, altered
electrical/electronic properties, etc. We have chosen argon
ions to modify the surface structure of the CR-39 polymer,
basic monomer structure of which is shown in Fig. 1. CR-39
is a transparent, thermosetting resin (aliphatic polycarbonate)
that combines an exceptional range of qualities that are not
available in other transparent plastic materials. It is used in
making lenses, solid-state nuclear track detectors, sensors,
photographic filters, etc.11–13
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FIG. 1. Monomer structure of CR-39 polymer.
C 2011 American Institute of Physics
V

083513-2

Shekhawat et al.

Some reports are present in the literature on similar ion–
substrate combinations (but with different ion beam parameters like energy, dose, current, etc.).12–16 Yap et al. have
measured changes in optical and mechanical properties of
the CR-39 polymer as an effect of 50 keV argon ion implantation. They have shown a drastic decline in optical bandgap
and a nearly five times hike in the nanohardness of the
implanted specimens.12–14 Abdul-Kader et al. have also
studied changes in the optical bandgap and Vickers microhardness of the CR-39 polymer after subjecting it to 320 keV
argon ion implantation. They have reported a continuous
decrease in optical bandgap and a nearly three times
enhancement in the microhardness of the implanted specimens.15,16 The disordering produced during implantation is
largely responsible for such changes in the properties.12–16
The measurement of disorder content using the Urbach edge
method and the intensity ratio (ID/IG) of the D and G bands
observed in Raman spectra is an important concept, and has
not been addressed clearly in available reports.
The aim of our present work is to study the disorder
content in surface layers of the CR-39 polymer as a result of
argon ion implantation and to establish correlations with the
changes observed in its optical bandgap and surface hardness. The study of microhardness and UV-Visible absorption
in implanted specimens provides information regarding
change in its strength and energy bandgap. Alteration in the
bandgap of implanted specimens enhances the electronic
applications of this polymer whereas modifications to the
microhardness can improve its application in situations
where common polymers suffer mechanical failure due to
unwanted conditions. In the present case, we have studied
the effect of 130 keV Arþ implantation with different ion
fluences on the optical bandgap and Knoop microhardness of
the CR-39 polymer. The structural and chemical changes as
a result of ion implantation have been investigated by using
glancing angle X-ray diffraction (GXRD), UV-Visible, and
Raman spectroscopy. The possible correlations of the disorder parameters with optical bandgap and microhardness have
been established and discussed.
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bly ISR-240A in the wavelength range of 190–900 nm with
a resolution of 0.5 nm. All absorption spectra were recorded,
keeping air as the reference.
The chemical and structural changes as a result of
implantation were recorded using a Wi Tec, Confocal
Micro-Raman Spectrometer having Arþ laser (k ¼ 532 nm)
for excitation.
The near surface structure in both virgin and implanted
samples was investigated by glancing angle x-ray diffraction
(Cu Ka; k ¼ 0.154 nm) on a Seifert 3003 TT X-ray diffractometer. The angle of incidence between the beam and
sample surface was kept at 0.1 and the diffraction patterns
were recorded in the range of 14 –30 .
Surface hardness measurements were carried out on a
UHL Microhardness Tester using a Knoop indenter. Test
loads from 9.8 to 98.1 mN were applied for a dwell time of
30 s. The indentation depth was calculated using the relation:
Depth of indentation s ¼

d
lm;
30

where d is the long diagonal of the Knoop indentation mark.

III. RESULTS AND DISCUSSION
A. Estimation of implantation induced disordering

Ion beam treatment creates disordered structures within
the implanted layers of polymers in the form of distorted
carbon rings. The values for this disorder content in implanted
polymers can be calculated from optical absorption spectra by
measuring the Urbach energy (Eu) using the Urbach edge
method. Eu is related to the statistical distribution of sp2 clusters and chains of different shape and size. Therefore, the disorder content present in the polymers as a result of the lack of
ordered ring structures can be evaluated in terms of Urbach
energy (Eu) from the optical absorption spectra.
Figure 2 presents the UV-Visible absorption spectra of
virgin and Ar1 implanted (fluences of 5  1014, 1 3 1015,
and 1 3 1016 ions cm2) CR-39 polymer. In the virgin

II. EXPERIMENTAL DETAILS

1  1 cm2 samples were cut from 1 mm thick sheets of
optically transparent CR-39 polymer supplied by M/S TASTRAK (Bristol, England). Some of these samples were
implanted with 130 keV Arþ ions under a vacuum of
7.5  107 Torr, using the 150 kV Linear Accelerator facility
available at Materials Science Division, Indira Gandhi
Centre of Atomic Research, Kalpakkam, India. A low beam
current density of 0.35 lA cm2 was used to achieve fluences of 5  1014, 1  1015, and 1  1016 ions cm2. The average range of implanted argon was 180 nm as per Stopping
and Range of Ions in Matter (SRIM) simulations. The value
of electronic and nuclear losses was 2.66 eV/Å and 2.70 eV/
Å, respectively.
UV-Visible transmission and absorption studies in the
pre- and postimplanted specimens were carried out using
Shimadzu Double beam double monochromator spectrophotometer (UV-2550), equipped with Integrated Sphere Assem-

FIG. 2. UV-VIS absorption spectra of CR-39 polymer: (a) virgin, and
implanted at 130 keV to (b) 5  1014, (c) 1  1015, and (d) 1  1016 Arþ
cm2.
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CR-39 sample, two absorption bands are observed at 208
and 240 nm. These bands generally arise from n!p* and
p!p* transitions taking place as a result of the double bonds
between carbon and oxygen with the lone pair of electrons
present on oxygen.17
After Arþ implantation, the two bands in the virgin sample merge to one band with increased intensity and absorption spectra that shows a shift of the absorption edge from
ultraviolet to the visible region. In the UV-VIS spectrum of
the implanted CR-39 (Fig. 2, curves b, c, and d), the sharpness of the band edge is destroyed and as a result the edge
flattens out with increasing ion fluence. The experimental
data after Arþ implantation in Fig. 2 indicate an exponential
tail extending below the bandgap edge. Ion implantation creates dangling bonds, free radicals, and saturated bonds
resulting in disorder accumulation in the implanted matrix in
the form of localized states between bandgap levels. These
irregularities in the bandgap level of the polymers are usually
depicted in terms of Urbach energy.18 The Urbach energy Eu
is the width of the absorption edge and is a measure of the
disorder content.19 Below the bandgap edge, the subedge
exponential absorption corresponds to the Urbach edge.20
The Urbach energy can be obtained by the Urbach edge
method21 using the following equation:


hv  E00
;
(1)
aðvÞ ¼ a00 exp
Eu
where a is optical absorption coefficient, hv is the energy of
the incident photon corresponding to the exponential subedge below the bandgap edge in the absorption spectra, Eu is
the Urbach energy, and E00 and a00 are fitting parameters.
Eu is calculated as the reciprocal of the slope from the linear
fit of a semilog plot of a(v) vs hv. All such plots for the virgin state and the different implantation doses in CR-39
(curves a, b, c, and d) have been depicted in Fig. 3.
A sharp increase in the value of Urbach energy from
0.77 eV (virgin sample) to 1.48 eV (at a fluence of 1016 Arþ
cm2) has been observed. As Urbach energy is a measure of
disorder content,19 therefore, it can be inferred from Fig. 3

FIG. 3. Plots of ln(a) vs (hm) used to determine the Urbach energy in CR-39
polymer: (a) virgin, and implanted at 130 keV to (b) 5  1014, (c) 1  1015,
and (d) 1  1016 Arþ cm2.
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that disorder in the form of localized states within the band
tails of electronic states is enhanced with increased ion fluence. The extrapolations to higher energy of the absorption
edge data (curves a, b, c, and d in Fig. 3) converge to a focal
point called the Urbach focus, described by the coordinates
(E00, a00).21 The results are shown in Fig. 3 as the solid lines
and their converging point has been found to be approximately (E00, a00) ¼ (5.83 6 0.01 eV, 205 cm1). The energy
corresponding to the Urbach focus seems to indicate the
value of energy in a nearly disorder-free material. In the
present case the disordering has been induced by varying
doses of implantation and has been compared with the values
corresponding to unimplanted specimens of polymer materials. The Urbach focus arises due to a mathematical result of
the fact that the Urbach slope and the optical bandgap in the
polymeric matrix both depend in the same way on the activity of the phonon modes.22
To study the effect of disorder accumulation in the form
of localized states within the band tails on the optical properties of implanted specimens, the optical bandgap from the
UV-Visible absorption spectra has been calculated using
Tauc’s relation:20


(2)
ðahvÞ1=2 a hv  Eopt :
Here hm is the energy of the incident photon corresponding
to the fundamental absorption edge and Eopt is the optical
bandgap. For the determination of optical bandgap, (ahm)1/2
was plotted as a function of photon energy (hm), taking into
account the linear portion of the fundamental absorption
edge of the UV-VIS spectra (curves a–d in Fig. 2). Figure 4
shows the bandgap plots of virgin and implanted (at different
fluences) CR-39 polymer, and the results are presented in
Table I.
A continuous decline in the bandgap with increasing ion
fluence has been observed. The creation of unsaturated bonds
in the implanted regions generates more delocalized p electrons,11,12,18 which need less energy to promote electronic
transitions between these levels. As a result the absorption

FIG. 4. Plots of (ahm)1/2 vs (hm) used to determine optical bandgap in CR-39
polymer: (a) virgin, and implanted at 130 keV to (b) 5  1014, (c) 1  1015,
and (d) 1  1016 Arþ cm2.
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TABLE I. Variation of optical bandgap (Eopt), Urbach energy (Eu), number of carbon atoms per cluster (M),
and number of carbon atoms per conjugation length.
Fluence
(ions cm2)
Virgin
5  1014
1  1015
1  1016

Optical band
gap Eopt (eV)

Urbach energy
Eu (eV)

No. of carbon
atoms per cluster M

No. of carbon atoms per
conjugation length N

3.43 6 0.03
3.28 6 0.01
2.84 6 0.01
2.32 6 0.02

0.77 6 0.05
0.90 6 0.02
1.18 6 0.04
1.48 6 0.02

–
110
146
218

–
5
6
8

edge shifts to the longer wavelength (lower energy regions)
causing the reduction in bandgap.
The dependence of optical bandgap on the disordering
parameter (Eu) has been established, and results are shown
in Fig. 5. A linear correlation Eopt ¼ 4.67  1.57 Eu has been
obtained between the value of the Urbach energy and the
optical bandgap for virgin and Arþ implanted CR-39
specimens, as depicted in Fig. 5. The influence of Eu is
nearly 1.5 times on the value of Eopt in the present case of
CR-39 polymer. Hence, it can be inferred from the above
correlation that changes in the optical bandgap are due to the
disordered structure formed by the accumulation of defect
states (unsaturated bonds, dangling bonds, p electrons, etc.)
on the surface of the implanted CR-39 polymer.
The visual examination of implanted specimens indicate
a sharp change in color from transparent (virgin) to dark
brown at the highest fluence (1  1016 Arþ cm2). It is clear
from the transmission spectra (Fig. 6, curves b, c, and d) that
the transmittance gradually decreases with increasing ion
dose, which can be a result of the formation of unsaturated
and conjugated bonds as an effect of disordering produced
on the surface of the CR-39 polymer due to Arþ implantation. The broken carbon-hydrogen bonds result in the formation of conjugated carbon-carbon double bonds to which
surface color is sensitive. The decline in optical transmission
with increasing ion dose implies growth of the carbon clusters, which are the basic absorbing centers in the implanted
polymers.10 At the highest dose (Fig. 6, curve d) the UV
region is almost blocked. This behavior is generally interpreted as being caused by the abrupt increase in UV absorp-

FIG. 5. Plot of Urbach’s energy (Eu) vs optical bandgap (Eopt) values for
virgin and implanted CR-39 specimens.

tion as a result of the formation of conjugated bonds
in polymers as an effect of implantation.23,24 The color of
organic species is mainly due to the extent of conjugation in
its structure.17 Hence, changes in both the optical transmission and absorption spectra indicate enhancement in conjugated bonds in implanted specimens, which may cause the
change in color of these specimens.
Furthermore, the dependence of bandgap energy on the
number, type, and structural arrangement of the carbon
bonds in the conjugated chain structure, or per carbonaceous
cluster network—whatever is formed as an effect of implantation in CR-39 polymer—can be analyzed.25 In the present
case, as seen from SRIM calculations, both the electronic
(2.66 eV/Å) and nuclear (2.70 eV/Å) energy losses are comparable, which gives equal probabilities of chain scissioning
and cross-linking taking place.3 This results in the increase
of conjugation length and formation of carbon clusters. The
number of carbon atoms per conjugation length N can be
estimated from Eopt values using the following relation:26
N¼

2bp
:
Eopt

(3)

During implantation these carbon atoms couple together and
give rise to a carbonaceous network in the form of carbon
clusters. The number of carbon atoms present per cluster,
assuming that the structure of the cluster is like a buckminsterfullerene, i.e., C60 ring, in these structures can be calculated by the following formula:27

FIG. 6. UV-VIS transmission spectra of CR-39 polymer: (a) virgin, and
implanted at 130 keV to (b) 5  1014, (c) 1  1015, and (d) 1  1016 Arþ
cm2.
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34:3
Eopt ¼ pﬃﬃﬃﬃﬃ ;
M
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(4)

where M is the number of carbon atoms per cluster. The
number of carbon atoms per conjugation length and number
of carbon atoms per cluster have been calculated from the
above formula, and values are shown in Table I.
The determination coefficient was 0.99 for all the
calculations. Table I indicates an increase in the disordering
parameter and conjugation length with simultaneous clustering of carbon atoms in the CR-39 polymer after ion implantation and, hence, supports the change in color and decrease
in bandgap of the implanted specimens.
The virgin and implanted CR-39 specimens were further
characterized using Raman spectroscopy and x-ray diffraction techniques. The results of Raman spectroscopy give
additional details on damage accumulation in the implanted
specimens in the form of carbon clustering, whereas the
results of x-ray diffraction only detect the increase in disorder
content with increasing ion fluence.
B. Evaluation of implanted/damaged layers through
Raman analysis

The structure of virgin and implanted CR-39 samples
was determined using the Raman spectroscopic technique.
Figure 7 shows the Raman spectra of virgin and implanted
CR-39 samples. Raman spectra of the virgin CR-39 sample
(Fig. 7, curve a) contains several peaks at 820, 891, 961,
1032, 1130, 1292, 1461, 1644, 1744, 2913, and 2962 cm1.
The highest intensity bands at 2913 and 2962 cm1 are due
to sp3 C-H stretching, whereas strong intensity bands at
1032, 1130, and 1292 cm1 can be attributed to the C-O-C
stretching vibrations. The other strong intensity band at 1461
cm1 is due to CH3 deformation. The medium intensity
bands at 820, 891, and 961 cm1 originate from C-H out-

FIG. 7. Raman spectra of CR-39 polymer: (a) virgin, and implanted at 130
keV to (b) 5  1014, (c) 1  1015, and (d) 1  1016 Arþ cm2.

of-plane bending modes, while the bands appearing at 1644
and 1744 cm1 mark the presence of C ¼ C and C ¼ O
stretching.28 The presence of all these bands confirms the
fundamental monomer structure of the CR-39 polymer.11 After argon ion implantation all these bands disappear, which
indicates polymer chain scissioning. The disappearance of
all these bands as a result of implantation points toward the
reduction of hydrogen content and evolution of gaseous
products from the surface of the CR-39 polymer.11,29,30
As a result of implantation, the appearance of two
bands at 1597 cm1 and at 1363 cm1 has been observed.
These two bands are named graphitelike G and disorder
D bands of the disordered carbon structure.11,29–32 The
G band corresponds to the optically allowed E2g zone center mode of graphite whereas the D peak around 1363 cm1
is a breathing mode of A1g symmetry involving phonons
near the K zone boundary. This mode (D band) is forbidden
in perfect graphite and only becomes active in the presence
of disorder.33 The G band belongs to the in-plane bondstretching motion of pairs of C sp2 atoms, whereas the
D band is an indication that the sp2 sites are organizing into
graphitic rings.31,32
All the curves of implanted spectra (curves b, c and d in
Fig. 7) show a second-order Raman feature at nearly 2750
cm1 which is assumed to be a counterpart of the 1363 cm1
(2  1363) band.33,34 The appearance of this band may be
due to the formation of graphitic clusters on the order of
nanometers in implanted regions. Indication of strong photoluminescence (PL) can be seen from the Raman spectra of
implanted specimens. This may be ascribed to the increase
in defect density in the CR-39 polymer caused by the
implantation of energetic particles.35 This PL intensity can
be predicted using the ratio of the slope of the Raman spectra
to the fitted intensity of the G peak.34 It is clear from Fig. 7
(curves b, c, and d) that the slope of the Raman spectra
decreases with an increase in ion fluence, which points toward the reduction in PL intensity. This continuous decrease
in PL intensity with increasing ion fluence may be due to the
production (creation) of nonradiative recombination sites
(e.g., dangling bonds) formed as a result of the decrease in
hydrogen concentration on the surface of implanted specimens.36 To analyze structural changes in the implanted
specimens, all the Raman spectra were fitted with Gaussian
following background subtraction. After deconvolution with
Gaussian fit, the D and G bands were exactly separated in
the spectrum (see Fig. 8). Different parameters such as positions and intensities of D and G bands were calculated from
these deconvoluted curves and are given in Table II.
It is clear from Table II that the ratio of relative intensities of the D and G bands (ID/IG ratio) increases with
increasing ion fluence. Because the D peak corresponds to an
increase in the amount of unorganized carbon in the
implanted specimens and a decrease in the crystallite size of
graphitic zones, therefore, an increase in ID/IG ratio indicates
enhancement in the disorder content in implanted specimens
with increasing ion fluence. This result is consistent with the
increase in disorder parameter (Eu) calculated from UV-VIS
analysis. It is clear from Table II that the width of the D peak
increases with a simultaneous decrease in the width of G
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FIG. 9. Plots of ID/IG ratio vs optical bandgap (Eopt) and Urbach energy
(Eu) values, respectively, for implanted CR-39 specimens at varying doses.
FIG. 8. Deconvoluted Raman spectra of CR-39 polymer implanted at 130
keV to 5  1014, 1  1015, and 1  1016 Arþ cm2.

are shown in Fig. 9. A linear correlation Eopt ¼ 5.45  2.82
ID/IG has been obtained between the value of the optical
bandgap and ID/IG ratio for Arþ implanted CR-39 specimens
as depicted in Fig. 9. The influence of ID/IG ratio is nearly
1.7 times on Eu and 3 times on Eopt, respectively, in the present case of implanted CR-39 polymeric samples. Hence, it
can be inferred from the above correlations that changes in
the optical bandgap are due to the disordered graphitic structure formed by the clustering of carbon atoms on the surface
of implanted CR-39 polymer.

peak. This indicates that more sp2 C atoms are organizing
into rings (carbon clusters) with increasing disorder.
The crystallite size La (in nm) of graphitic zones for disordered amorphous carbon materials can be calculated using
the ID/IG ratio from the relation:34,37,38
La ¼

4:95
:
ID =IG

(5)

The values of crystallite size calculated from the above formula are given in Table II. A continuous decline in crystallite size with increasing ion fluence has been observed. This
also supports the increase in unorganized carbon with
increasing ion fluence in the graphitic layers formed on the
surfaces of implanted CR-39 specimens and, hence, supports
enhancement in disorder content. The results of Raman analysis also point toward the formation of disordered graphitic
zones on the surface of implanted specimens. Because it
indicates the formation of carbon clusters in implanted
regions, this study also supports the change in color and
decline in bandgap of implanted samples with increasing ion
fluence.
A correlation between both of the disordering parameters (Eu and ID/IG ratio) has been established, and results are
shown in Fig. 9. A linear correlation, Eu ¼ 1.72 ID/IG  0.41
has been obtained between the value of the Urbach energy
and the ID/IG ratio for Arþ implanted CR-39 specimens with
varying doses, as depicted in Fig. 9. The dependence of optical bandgap on the disordering parameter (ID/IG ratio) for
implanted specimens has also been established and, results

C. Analysis of disorder accumulation by x-ray
diffraction method

The study of x-ray diffraction patterns of virgin and
implanted CR-39 specimens reveals the disordering present
in the structure. The XRD patterns of virgin and argon
implanted CR-39 samples with different fluences are shown
in Fig. 10. It can be seen clearly from Fig. 10 (curve a) that
the XRD spectra of the virgin CR-39 sample mainly consist
of a broad peak extending from 14 –27 and nearly centered
at 20.33 . This kind of feature is generally seen in the x-ray
diffraction patterns of amorphous polymers and is termed an
amorphous halo.39–41 Therefore, the structure and shape of
the diffraction pattern of the virgin CR-39 sample indicate
that it is amorphous in nature. Only small changes were
obtained in the XRD pattern of the implanted samples. After
implantation with a dose of 1015 Arþ cm2, a slight decrease
in the intensity of this halo (curve b) has been observed. The
peak intensity of this amorphous halo further decreases with
increase in ion fluence (curve c). This decline in the intensity
of the amorphous halo with varying ion fluence indicates the

TABLE II. Values of position and intensity of D and G bands calculated from the deconvoluted Raman and value of crystallite size calculated from intensity
ratio of D and G bands of implanted CR-39 specimens.
Sample
(ions cm2)
5  1014
1  1015
1  1016

Center of
D band

Center of
G band

Width of
D band (cm1)

Width of
G band (cm1)

Peak Intensity
of D band

Peak Intensity
of G band

ID/IG

Crystallite
size (nm)

1358
1381
1373

1589
1595
1593

263
295
323

96
87
83

1203.7
1930.3
4212.6

1549.7
2082.1
3799.9

0.77
0.93
1.11

6.43
5.32
4.46
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FIG. 10. GXRD patterns of CR-39 polymer: (a) virgin, and implanted at
130 keV to (b) 1015 and (c) 1016 Arþ cm2.

FIG. 12. Hardness–depth profile of (a) virgin, and implanted at 130 keV to
(b) 5  1014, (c) 1  1015, and (d) 1  1016 Arþ cm2.

enhancement in structural disorder inside the polymeric matrix as an effect of ion implantation.42–44
The results of XRD analysis are in agreement with
enhancement in disorder parameters (Eu and ID/IG ratio) with
increasing ion fluence.

measured hardness is not the true hardness of the implanted
layer itself but is given by the deformation stress of the modified surface layer. With an increase in load the depth of indentation increases and becomes more than the thickness of
implantation-modified layers, causing more contribution from
the substrate and, hence, lowering the hardness values nearer
to the unimplanted specimen, as seen in Figs. 11 and 12.
At higher loads when the indenter penetrates beyond the
implantation-modified layers, microhardness values suddenly
drop as a soft cover comes in the way of the indenter. This
implies that the measured hardness values at these loads are
somewhat less than the value of the original modified layer.4
The change in hardness of implanted specimens may be due
to the structural and bonding changes which are taking place
inside the polymeric specimen due to ion implantation.
In the present case, the dependence of the Knoop microhardness number (KHN) at the applied load of 9.8 mN for
virgin and implanted (with varying doses) CR-39 polymer
on the disorder parameter Eu and the intensity ratio (ID/IG) of
D and G bands observed in the Raman spectra, respectively,
has been established, and results are presented in Fig. 13.

D. Microhardness analysis

The change in Knoop microhardness with different
applied loads in the CR-39 polymer due to Arþ implantation
with increasing ion fluence is shown in Fig. 11. It is clear
from Fig. 11 that Knoop microhardness number (KHN)
increases with increasing ion fluence and at the highest fluence of 1  1016 Arþ cm2, the value of KHN becomes
nearly seven times that of the virgin CR-39 polymer at the
applied load of 9.8 mN. Figure 12 shows the changes in
microhardness with penetration depth corresponding to different applied loads for CR-39 samples. Figure 12 (curve a) indicates that the surface hardness of the pristine CR-39 sample
was almost the same up to the 2.9 lm (depth of indentation at
highest load) level. But after Arþ implantation, Knoop microhardness varies with the depth of indentation corresponding
to different applied loads and it is maximum, nearly seven
times its original value, at a depth of 0.35 lm with a load of
9.8 mN for the highest ion fluence (1  1016 Arþ cm2). The

FIG. 11. Hardness–load curves of (a) virgin, and implanted at 130 keV to
(b) 5  1014, (c) 1  1015, and (d) 1  1016 Arþ cm2.

FIG. 13. Plots of Urbach energy (Eu) and ID/IG ratio, respectively, vs KHN
(GPa) values at the applied load of 9.8 mN for virgin and implanted CR-39
polymer.
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Linear correlations of the types KHN ¼ 1.48 Eu  1.02 and
KHN ¼ 2.81 (ID/IG)  1.93, respectively, in these cases have
been found, as depicted in Fig. 13. From theses correlations
the dependence of KHN on disordering produced due to implantation is clearly signified.
Significant effects of ion bombardment in polymers are
ionization and bond breakage, leading to cross-linking,
branching, chain scission accompanied by radical formation,
and gas evolution.12–14 The main factor that plays a key role
in the enhancement of the Knoop microhardness is the creation via cross links of carbon-rich clusters with disordered
graphite structure in the implanted surface, which is supposed to be very hard compared with a purely graphitic
structure.45 The bathochromic shift of the absorption spectra
(Fig. 2), increase in Urbach energy, and continuous reduction
in the values of the optical bandgap (Table I) indicate the
formation of a three-dimensional network of conjugated
bonds and carbon clusters. Furthermore, the increase in the
ID/IG ratio (Table II) gives an idea about the formation of
disordered graphitelike structure having distorted carbon
rings in it. X-ray diffraction also gives signs of increase in
disorder in implanted specimens. Hence, the outcome of all
the characterization techniques discussed in the above sections proposes the idea of the formation of disordered/distorted carbon clusters in implanted specimens and, hence,
supports the increase in Knoop microhardness values with
increase in Arþ ion fluence in the CR-39 polymer.
IV. CONCLUSIONS

The presence of disorder on the surface of Arþ
implanted CR-39 polymer has been corroborated using UVVIS, Raman, and x-ray diffraction techniques. A sharp
increase in the value of disorder (Urbach energy) from 0.77
eV (virgin sample) to 1.48 eV (at a fluence of 1016 Arþ
cm2) has been observed using UV-VIS absorption spectroscopy. The disorder in the structure of the implanted specimens was further indicated by the appearance of disorder (D
band) of amorphous carbon in the Raman spectra of
implanted specimens. The linear dependence of optical
bandgap (Eopt) with disorder content (Eu) has been observed
and the influence of Eu is nearly 1.5 times on Eopt. Furthermore, Eopt correlates linearly with the ID/IG ratio, the influence of which is found to be nearly 3 times on it.
The increase in Knoop microhardness number (KHN) is
correlated linearly with the disorder parameter Eu and the
intensity ratio (ID/IG). These correlations clearly signify the
dependence of KHN on the disordering produced due to
implantation. The outcome of all the characterization techniques indicates an increase in disordering parameter and
conjugation length with simultaneous clustering of carbon
atoms in the CR-39 polymer after ion implantation and, hence,
supports the change in properties of the implanted specimens.
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