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Transparent polycarbonate samples were implanted with 1 MeV Ag+ ions to various
doses ranging from 5 × 1014 to 3 × 1016 ions cm−2 with a beam current density
of 900 nA cm−2. Modification in the structure of polycarbonate as a function of the
implantation fluence was investigated using micro-Raman spectroscopy, glancing angle
X-ray diffraction, and UV-Vis spectroscopy. Raman spectroscopy pointed toward the
formation of graphite structures/clusters due to the ion implantation. UV-Vis absorption
analysis suggests the formation of a carbonaceous layer and a drastic decrease in optical
band gap from 4.12 eV to 0.50 eV at an implanted dose of 3 × 1016 ions cm−2. The
correlation between the decrease in band gap and the structural changes is discussed.
Keywords glancing angle X-ray diffraction, optical band gap, polycarbonate, Raman
spectroscopy, UV-Vis spectroscopy

Introduction
Ion implantation is a powerful method to modify various properties of polymers,[1]
such as optical characteristics,[2–4] conductivity,[5,6] biocompatibility,[7–10] mechanical
properties,[2,11–13] etc. The alteration of the polymeric properties is both due to the presence of the implanted impurities, which change the polymer composition, and due to the
irradiation-induced effects initiated by them, which alter both the chemical composition and
the structure of a polymer by causing chain scission, cross-linking, free radical formation,
dangling pair production, etc.[14–16]
Polycarbonate (PC) is widely used in optical applications due to its combination of
chemical stability and optical and mechanical properties. It is a potential material for
fabrication of optical sensors, light emitting diodes, integrated optics for communication
and signal processing, antireflective coatings, etc. Thus, the study of the effect of ion
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Figure 1. Monomer structure of PC.

implantation on optical properties of PC, such as absorption and band gap, is of immense
importance from both fundamental and technological points of view.
The modification of mechanical,[2,12,13,17] and optical properties[17] of PC by gaseous
ions has been investigated extensively. Yap et al.[2] examined the effect of Ar and H ions on
UV-Vis absorption and mechanical properties of PC. They found that mechanical properties
improved as a result of irradiation with both ion species but H implantation produced a
yellow-brown material with optical properties similar to amorphous hydrogenated carbon,
whereas Ar implantation produced a material with optical properties more like evaporated
amorphous carbon. Rodrıguez et al.[12] studied the effect of silicon, nitrogen, deuterium,
and hydrogen ion beams on surface mechanical properties of PC. Although their results
showed harder surfaces in all cases, except for silicon implantation, the biggest increases in
hardness corresponded to hydrogen and deuterium implantation at high fluence. Jinfu San
et al.[13] utilized C, Al, Ti, Fe, and Ni ion implantation for improving surface hardness and
wear resistance of PC. Radwan et al.[17] studied the effect of He and Ar ion implantation
on the optical and electrical properties of PC. They showed that the optical band gap
decreases with increasing fluence of both He and Ar ions whereas conductivity increases
with increasing fluence of both the ions. In the present study, we expanded the work to
include the metallic ion implantation. This work explores the potential improvements in
the optical properties of PC by chemically inert silver ions.
The present work examines the effect of silver ion implantation on the structural
and optical properties of PC. The chemical and structural changes in PC as a result of
implantation were revealed using micro-Raman spectroscopy and glancing angle X-ray
diffraction (GXRD). The modification in the absorption and optical band gap of Agimplanted PC was studied by UV-Vis spectroscopy. The monomer structure of the PC used
is shown in Fig. 1.

Experimental
The PC samples of size 2 × 2 cm2 were cut from the 250 µm thick, commercially available,
and optically transparent sheet. Some of these samples were implanted using a 1 MeV Ag+
ion beam. The implantation was preformed using an ion flux ranging between 5 × 1014 and
3 × 1016 ions cm−2 on the 1.7 MV Tandetron accelerator facility available at Indira Gandhi
Centre for Atomic Research, Kalpakkam, India. The beam current density was kept ∼900
nA cm−2 and the spot size of ∼10 mm diameter. During implantation the vacuum inside
the chamber was ∼10−7 Torr.
The changes in structure and composition of PC as a result of implantation were
examined using a Wi Tec Confocal Micro-Raman Spectrometer (available at IIT Kanpur)
with excitation wavelength λ = 532 nm. To ascertain the changes in the structure of PC,
GXRD measurements were carried out using a Seifert 3003TT X-Ray Diffractometer (Cu
Kα: λ = 1.5405 nm) available at UGC-DAE, Consortium for Scientific Research, Mumbai
Centre, Bhabha Atomic Research Center, Mumbai, India. The angle of incidence between
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the beam and the sample surface was kept at 0.2◦ in order to characterize the thin surface
layer affected, and the diffraction pattern was recorded from 10◦ to 60◦ at a scan speed of
.2◦ /minute.
The optical absorption measurements were performed on virgin and implanted samples
using a Shimadzu Double Beam Double Monochromator Spectrophotometer (UV-2550),
equipped with an Integrating Sphere Assembly ISR-240A in the wavelength range of
190–900 nm with a resolution of 0.5 nm. All the absorption spectra were recorded keeping
air as the reference.

Results and Discussion
Micro-Raman spectroscopy is a sensitive technique for probing the local atomic bonding in
the implanted samples and hence is a very useful tool to study the microstructural changes
in the surface layers of the implanted specimens with a thickness spatial resolution of a few
micrometers.
Figure 2 depicts the Raman spectra of pristine and 1 MeV Ag +-implanted PC samples
with various fluence ranging from 5 × 1014 to 3 × 1016 ions cm−2, probed with a 532 nm
wavelength beam. For unimplanted PC, the observed frequencies and assignments are summarized in Table 1. The assignments were aided by group frequency considerations.[18–20]
The micro-Raman spectrum of PC contains an intense band at 3071 cm−1 that can be

Figure 2. Raman spectra of PC unimplanted (a) and implanted with 1 MeV to a dose of (b) 5 ×
1014 Ag+ cm−2, (c) 5 × 1015 Ag+ cm−2, and (d) 3 × 1016 Ag+ cm−2.
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Table 1
The assignments of the Raman modes of PC[37–20]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

3212w
3071s
2973m
2764w, 2722w, 2587w, 2462w
1775m
1601s
1517w, 1450m
1296sh, 1232s
1200s, 1100s
1015w
921sh
880s
825m
711m
638m, 565w

O H stretch
sp2 C H stretch
sp3 C H stretch
overtone & combination band
C O stretch
Ring stretch
CH3 deformation
C O C stretch
C O C stretch, C H waging (i.p.)
Ring stretch, C H bend (i.p.)
C CH3 stretch, C H bend (i.p.)
C CH3 stretch, O C(O) O stretch
Phenyl ring vibration (o.p.), C H bend (o.p.)
Phenyl ring vibration
Phenyl ring vibration

Note: s, strong intensity; m, medium intensity; w, weak intensity; i.p., in plane; o.p., out of plane.

ascribed to a C H stretching mode. A series of weak bands in the region 2400–2800 cm−1
are attributed to overtone and combination bands. The band at 1780 cm−1 is assigned to a
C O stretching mode of PC. At frequencies in the range below 1600 cm−1, a considerable
number of bands, largely overlapped, are observed. The bands in this region are associated
with stretching of the O−C(O)−O group and modes due to phenyl rings.
After the implantation, the characteristic peaks of PC are completely lost, which
suggests that the chemical structure of PC has changed completely. At an implantation
dose of 5 × 1014 ions cm−2 (Fig. 2b) an asymmetric band, which extends from 900 to
1800 cm−1 with two peaks at 1575 cm−1 (graphite peak) and 1350 cm−1 (disordered peak)
became dominant. Such peaks are observed in the first-order Raman spectra of graphite.
The relatively sharp, intense peak at 1575 cm−1 (G-peak) is assigned to the C−C stretching
mode within the graphite basal plane with E2g symmetry, and a disorder peak (D peak) at
1350 cm−1 results from the first-order Raman scattering from a zone-edge phonon with
A1g symmetry.[21,22] The G peak originates from the ordered hexagon rings consisting of
sp2-bonded carbons and is observed in graphite with large microcrystals,[23] and the D peak
in carbon-based materials has been observed for the disordered graphite, such as the clusters
of hexagonal rings. In implanted PC samples, an asymmetric band with peak positions at
2800 cm−1 is also observed. This broadband at 2800 cm−1 is observed in the second-order
spectrum of polycrystalline graphite.[22,24] When the dose is further increased to 5 × 1015
ions cm−2 (Fig. 2c), G peak becomes broader with only a shoulder at D peak position. At
a dose of 3 × 1016 ions cm−2, the D peak starts appearing again (Fig. 2d) and the band at
2800 cm−1 disappears.
Thus, as a result of implantation, dehydrogenation occurs and the original peaks of
PC are completely lost resulting in the formation of a graphite-like structure. At a dose of
the order of 5 × 1014 ions cm−2, a pronounced D peak emerges concurrent with intense G
peak, implying that a structural change occurs around a dose of 5 × 1014 ions cm−2 from
a polymeric material to one which contains a significant fraction of sp2-bonded material
with good in-plane ordering. At a higher dose of 5 × 1015 ions cm−2, both D and G peaks
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become broadened and less well-defined, indicating that the increased ion bombardment has
decreased the in-plane order within the graphite layer with a simultaneous increase in sp2
sites.[25] With the further increase in implantation dose, to the order of 3 × 1016 ions cm−2,
the intensity of the D and G peaks seems to increase. This can be due to the increasing size
and/or increasing number of graphitic clusters.[26,27] The increasing numbers of graphitic
clusters hence indicates a rise in the number of clusters of hexagonal rings made up of
sp2-bonded carbons. The high-fluence implantation also leads to the evolution of more
hydrogen and transformation from the sp3 phase of carbon to the sp2 phase of carbon,
considering that high temperature treatment of carbon films containing hydrogen give rise
to these consequences.[28] The increase in sp2 carbon sites is also confirmed by the darkening
of the sample.[27] Thus Raman spectroscopy indicates toward the formation of a graphitic
network.
Figure 3 shows the GXRD spectra of the pristine and implanted PC. In case of the
pristine PC, one broad peak at 2θ = 17.17◦ has been observed, which indicates the amorphous nature of the polymer. As seen in the figure, the peak area increases with fluence
up to an implantation dose of 5 × 1015 ions cm−2. This increase in the peak area indicates
some degree of ordering in the carbonaceous layer, which may be due to the oxidation
in PC after irradiation.[29,30] When the fluence is further increased to 3 × 1016 ions cm−2,
the implantation-induced damage increases; as a result the peak area decreases, indicating
some degree of disordering resulting in the formation of carbonaceous network.
The UV-Vis spectrum of pristine and Ag+-implanted PC with various doses is shown
in Fig. 4. Absorption peaks in the UV region are due to electronic transitions between
occupied and unoccupied molecular orbitals and the spectrum in this region is particularly
sensitive to conjugated bonds. The strongest peaks in the UV are generally due to π –π ∗
transitions, which are likely to be associated with the phenyl groups in PC.[30] The strong
π –π ∗ peak at 290–300 nm is characteristic of aromatic compounds and is sometimes
referred to as the α-peak of the phenyl group. The π –π ∗ peak is known to shift to higher
wavelengths as conjugation is increased. The carbonyl group in PC is also a chromophore

Figure 3. GXRD spectra of PC unimplanted (a) and implanted with 1 MeV to a dose of (b) 5 ×
1014 Ag+ cm−2, (c) 5 × 1015 Ag+ cm−2, and (d) 3 × 1016 Ag+ cm−2.
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Figure 4. UV-Vis absorption spectra of of PC unimplanted (a) and implanted with 1 MeV to a dose
of (b) 5 × 1014 Ag+ cm−2, (c) 5 × 1015 Ag+ cm−2, and (d) 3 × 1016 Ag+ cm−2.

and the absorption peak at 280–290 nm is consistent with the PC carbonyl group n–π ∗
transitions.[31] From Fig. 4 it is clear that as a result of Ag+ implantation the absorption
increases and the absorption edge shifts to longer wavelengths; the shifting of the onset of
absorption to longer wavelength indicates that the band gap energy is reduced as a result
of implantation. This has been interpreted as an indicator of the formation of carbonaceous
clusters or networks of conjugated unsaturated bonds.
The optical band gap energy (Eg ) value of the PC and Ag+-implanted PC samples
were determined from its absorption coefficient (α), obtained from the linear portion of
the fundamental absorption edge of the UV-Vis spectra. The absorption coefficient of a
material with α of the order of 10−5 to 10−6 cm−1 is related to Eg by the equation (αhν) 1/2 ∼
(hν − Eg ).[32] The Eg value can therefore be obtained by plotting (αhν) 1/2 vs. hν, and then
extrapolating the linear portion of the plot to (αhν) 1/2 = 0. Figure 5 shows such plots
for pristine PC and Ag+-implanted PC. The optical band gap energies for pristine PC and
Ag+-implanted PC samples were estimated along with their standard error and results are
presented in Table 2. The optical band gap energy of pristine PC was estimated to be 4.12 eV

Table 2
Optical band gap and cluster sizes for the PC samples implanted at different fluence
S. No.
1
2
3
4

Implanted dose
(Ag+ cm−2)

Optical band
gap (eV)

No. of carbon
atoms

Unimplanted
5 × 1014
5 × 1015
3 × 1016

4.12 ± .01
0.81 ± .03
0.64 ± .02
0.50 ± .01

1793
2872
4706
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Figure 5. Plots of (αhν)1/2 vs. energy (hν) used to determine optical band gap in PC unimplanted
(a) and implanted with 1 MeV to a dose of (b) 5 × 1014 Ag+ cm−2, (c) 5 × 1015 Ag+ cm−2, and
(d) 3 × 1016 Ag+ cm−2.

and it drastically declines to a value of 0.50 eV for Ag+-implanted PC to a dose of 3 ×
1016 ions cm−2.
During implantation, hydrogen and other gases are released from polymeric materials,
which cause the enrichment of carbon atoms leading to the formation of hydrogenated
amorphous carbon.[33] The implantation results in rearrangement and bond shifting, which
leads to ring opening in which C≡C terminals are formed. In this process the resulting
product having conjugated unsaturated bond structure causes a decrease in the optical band
gap.[34]
The optical band gap value of the implanted films may be used to characterize their
short- and medium-range order. In particular, sizes of graphite-like (sp2 bonded) regions
may be estimated. This issue has been reported in detail by Robertson and O’Reilly.[35]
They proposed that from the fundamental absorption edge of amorphous carbon, Eg can be
correlated by the following equation:
2β
Eg = √ ,
M
where M is the number of six-membered rings that constitute the sp2-bonded fragments;
β = −2.9 eV is a constant, more specifically, is the nearest-neighbor interaction between
the π orbitals of six-membered rings. But Fink et al.[36] showed that the Robertson equation
underestimates the cluster size in irradiated polymers. Hence, they assumed that the cluster
size is like a buckminsterfullerene structure, i.e., C60 ring instead of C6 ring. With this
assumption, they formulated the following expression:
34.3
Eg = √ ,
N
where N is the number of carbon atoms per cluster. By using this relation, the number of
carbon atoms in the graphitic clusters for irradiated PC was calculated and is shown in
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Table 2. Thus, a progressive increase in the average number of carbon atoms per cluster as
a function of the ion flux is inferred from the above relation. Therefore, UV-Vis analysis
is consistent with the ion beam–induced agglomeration through which the aromatic rings
obtain a new stable state. The drastic decrease of Eg from 4.12 eV for pristine PC to a
value of 0.81 eV for PC implanted to a dose 5 × 1014 ions cm−2 and finally to a value
of 0.50 eV at an implantation dose of 3 × 1016 ions cm−2 suggests the transformation
from separated aromatic rings to a structure similar to graphite (sp2 bonded). Similar kinds
of observations have been reported by other studies also[3,37] for different ion–polymer
combinations; however, the decrease in band gap was not as drastic as it is in our case.
The changes observed in the UV spectra directly correspond to those seen in the microRaman spectra. Therefore both Raman spectroscopy and UV-Vis spectroscopy indicate the
formation of graphite clusters as a result of Ag+ implantation.

Conclusions
Raman spectroscopy and UV-Vis spectroscopy show significant modification in the optical
and structural properties of PC samples implanted with Ag ions. The disappearance of
the characteristic peaks of PC in the Raman spectra of Ag-implanted PC implies that the
chemical structure of PC changed completely. The analysis of UV-Vis studies indicate that
the optical band gap of PC was reduced drastically from a value of 4.12 eV (unimplanted)
to a value of 0.50 eV due to 1 MeV Ag+ ion implantation at a fluence of 3 × 1016 ions
cm−2. Further, the structural characterization using Raman spectroscopy, GXRD, and UVVis spectroscopy clearly point toward the formation of carbonaceous graphite-like layer
containing a network of graphitic clusters. The sharp decline in band gap is the consequence
of the structural changes observed in the PC matrix as a result of silver implantation.
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