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Fractal nature of p-bonded nanocrystalline clusters:
A N1 beam-induced phenomenon in poly„2,6-dimethyl-1,4-phenylene oxide…
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Formation of nanosized carbonaceous clusters has been investigated in 100 keV N1 irradiated poly~2,6-
dimethyl-1,4-phenylene oxide! @PPO# thin films, using Fourier transform~FT!-Raman, transmission electron
microscopy and UV-Vis spectroscopy in the fluence range of 1310152531016 ions/cm2. Above a critical
fluence of;131016 ions/cm2, the energy density transferred to the implanted layer resulted in a molecular
construction/self-organization process with the evolution of graphitelike clusters of varying size;2
250 nm. Electron diffraction analysis of these clusters shows a close resemblance to the formation of single
crystalline graphite phase with a zone axis^070&. The deduced band gaps from the optical spectra using Tauc’s
approximation provided information on the electronic structure of the fused hexagonally clustered aromatic
rings with varying sizes; the number of the rings varying from;202170. Evidence for the signature of fractal
patterns, with dimension 1.3760.02, during aggregation of small particlelike clusters in the polymer implanted
layer is presented; analysis of the data suggests the growth process to follow a diffusion-limited-aggregation
model.@S0163-1829~99!05715-X#
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I. INTRODUCTION

The onset of electronic conductivity and optical blacke
ing in the ion-implanted polymers are attributed to the f
mation of carbonaceous matrix along the latent track of
ergetic ions upon a threshold energy density deposition1 It
has been proposed2–6 that the small spherical carbon
enriched clusters of;10250 nm diameter at separations
;0.1220 nm are the carriers of electronic conductivity
the implanted polymers between which the charge carr
tunnel or hop. The propositions made to the fulfill the
models were that the conducting clusters were embedde
an insulating matrix with minimum cluster to cluster sepa
tion for attainment of a high hopping probability. The carb
enriched material was reported to consist of graphite plate
or highly carbon rich organic matter; the suggested structu
ranged from amorphous to single crystalline material.3 The
best model appeared to be that of amorphous hydrogen
carbons7 ~a-C:H! where the graphitic components are link
together by different types of polymeric bonds in a dielect
matrix. The diamondlike~DLC! or graphitelike~GLC! na-
ture of the carbon enriched zone is reported to be pre
depending on the predominant role of either nuclear or e
tronic modes of energy loss, respectively, as a function
incident ion energy.1

The signature of ion beam-induced cluster formation w
detected, for the first time, with the help of neutron diffra
tion technique in the 50 MeV boron-implanted Mylar.3 Clus-
ter formation due to the ion implantation in polyethylene a
polypropylene4 has been studied by small angle x-ray d
fraction ~XRD!, through Raman spectroscopy5 and UV-VIS
PRB 590163-1829/99/59~16!/11069~8!/$15.00
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studies.8 The ion-irradiated films were compared with a-C:
~Refs. 7 and 9! and cluster sizes evaluated using the mo
proposed by Robertson and O’Reilly10 and based on the op
tical band gap, were found to be 3-20 nm. In this mod
graphitelike carbon (sp2 bonding! plays a crucial role in
regulating the electronic properties of the material throu
the p-bonding electrons whereas thesp3 bonding forms the
cross-linked material. Clustering occurs since thesp2 sites
have freep-electrons that tend to agglomerate into graphi
like structures/clusters.11 Raman spectroscopy has been e
ployed to study the bonding nature of the carbonaceous
terial of implanted polymers.5,12 Indirect measurement o
cluster size and intercluster distances from temperat
dependent conductivity measurements have also been
ported by a number of researchers.13

But the accuracy of the clusters data gained by the ab
mentioned indirect techniques is dependent on the co
sponding theories and therefore, these techniques have
own limitations. However, in a direct method, the presen
of carbon-enriched zone11 has been observed using transm
sion electron microscopy~TEM! in the ion-irradiated poly-
mer. A three-dimensional~3D! network of cross-linked poly-
mer is assumed as a result of ion irradiation a
consequently the solubility of the implanted material b
comes difficult. No serious effort has been made to expl
the crystalline nature of these clusters and their growth
cept the recent report on microcrystallinity in the prot
bombarded poly vinyl chloride, which has been studied w
the help of TEM~Ref. 6! analysis.

The mechanism of the electrical conductivity and sp
diffusion in ion-irradiated polymers by using a fractal fo
11 069 ©1999 The American Physical Society
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malism was discussed.14 The variable range hopping~VRH!
process was reported to be governed by the interactio
electrons with the phonons of the fractal framework. T
fractal concept plays an increasingly important role in
interpretation of phenomena occurring at grain bounda
and in the embedded aggregates. The diffusion-limited
gregation~DLA ! model15,16 in describing fractal growth in
materials has been successfully adopted. As a matter of
DLA model proposed by Meakin,16 has been adopted fo
two-dimensional growth of fractal patterns in the io
irradiated Ni-Zr~Ref. 17! film where the driving force for the
pattern formation has been ascribed to the seeding of s
crystal clusters formed during the energy transfer of incid
energetic ions. So far no clear experimental evidences, to
authors’ knowledge, have been reported on the fractal ag
gation of the carbonaceous particles in the irradiated p
mers.

Poly~2,6-dimethyl-1,4-phenylene oxide! @PPO#, an engi-
neering thermoplastic, is used widely as electrical insula
In a previous report,18 we have observed;13214 orders of
enhancement in electrical conductivity as induced by 1
keV N1 implantation on PPO as a function of fluence. Fo
rier transform~FT!-Raman spectroscopic studies clearly
dicated the formation of graphitelike carbon~GLC!, which in
turn, supports the enhancement of the conductivity in
semiconducting range. The temperature-dependent con
tivity measurements showed the presence of the 3D V
mechanism following the Mott’s equation rather than th
mally activated band conduction. In this report, microstru
tural features of the 100 keV N1 ion-implanted polymer,
evidenced by TEM and microdiffraction studies, respe
tively, are discussed in detail. The evolution of clusters a
structural correlation with graphitic materials as a function
fluence are substantiated using FT-Raman and UV-Vis s
troscopic studies along with TEM analysis. Further, expe
mental evidences of the formation of fractal aggregates
nanosized single crystalline clusters in an amorphous b
ground in the implanted layer is also presented.

II. EXPERIMENT

Thin films of PPO@Mol. Wt. 40 000, Aldrich Co.~USA!#
were prepared on fused quartz and cleaved crystalline N
substrates at room temperature by the spin coating me
from a solution of PPO in CHCl3 . Films grown on quartz
were used for UV-Vis and Raman spectroscopic meas
ments and films on NaCl substrate were chosen for the T
studies. The projected range of 100 keV N1 ions in this
polymer was found to be 320 nm; accordingly, the thickn
of the films were maintained at;400 nm for optical studies
Growth and structural evolution of these films were repor
earlier.19 Thin films of PPO were bombarded with 100 ke
N1 with a beam current 1mA under the vacuum of 1
31026 mbar.

FT-Raman~BRUKER FAR 106 Module! profiles were
acquired in the wave-number range of 100–3500 cm21 using
a Nd:YAG laser of 200 mW power. Analytical transmissio
electron microscopy~Philips CM200 along with EDAX de-
tector with super ultrathin window! has been used to stud
the morphology and crystal structure of the pristine and
ion-irradiated samples. Crystalline nature of these clus
of
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are probed by microdiffraction method with a probe diame
of 75 nm. The optical absorption spectra of the as-depos
and bombarded samples coated on quartz were recorde
ing UV-VIS-NIR spectrometer~Shimadzu PC3101!.

III. RESULTS AND DISCUSSIONS

PPO, widely used as electrical insulator, is transform
into a highly conducting material due to 100 keV N1 im-
plantation. The conductivity enhanced by 13 orders of m
nitude above a fluence of 1016 ions/cm2, as discussed in ou
previous report.18 The induced conductivity associated wi
an otherwise carbon-enriched matrix, thea-C:H, is envisaged
to be dependent on the characteristic energy-loss mode
ing the ion-atom interactions. The Monte Carlo TRIM code20

calculation revealed the inelastic loss of N1 ions to be 28.58
eV/Å at 100 keV with an elastic energy loss of 4.73 eV/Å
100 keV through nuclear interactions with the film constit
ents.

A. Microstructural elucidation of the N 1 ion-implanted PPO
film

1. FT-Raman spectroscopy

In order to achieve considerable information on loc
bonding nature in the implanted layer, FT-Raman spectra
the pristine film as well as the implanted ones were acqu
for different fluences in Fig. 1. The peaks of pristine film@cf.
Fig. 1~a!# were assigned at 1603 cm21 for -C-C- mode of the
phenyl ring, 1438 and 1347 cm21 for the deformation of
CH3 group and 1231 cm21 due to CH3-C mode of the sub-
stituted methyl group on the benzene ring.19 The Raman ac-
tive peak at 1186 cm21 is assigned to C-H bending mode o
the ring and the strong maximum at 1112 cm21 due to
CH3-C mode of the methyl group present on the ring. T
peak at 832 cm21 is due to C-C stretch mode of the ring
After bombardment, the original peaks of PPO are co
pletely lost and a broad feature is observed at;1400
21500 cm21 beyond a fluence of 1015 ions/cm2. Upon de-
convolution of each experimental curve, as shown in Fi

FIG. 1. Raman spectra of as-deposited and implanted PPO fi
with 100 keV N1 ions at various fluences.
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2~a!, we find the intensity ratio ofD band toG band is raised.
The change in ratio is plotted against the increment in
ence and shown in Fig. 2~b!. According to the momentum
conservation selection rule, a Raman band at 1580 cm21,
known as G band, is observed in graphite with larg
microcrystals.21 Raman spectra of graphite and disorder
carbons show an additional peak at 1360 cm21, known asD
line. This D line is attributed to phonons near the Brillou
zone boundary active in small crystallites or on the bou
aries of large crystallites. Both bands are found to be pre
in amorphous carbons and hydrogenated amorphous carb
The linewidth of both bands is related to the bond-an
distortion and to the presence of relative amount of crys
lites in the amorphous matrix. It is reported that both co

FIG. 2. ~a! Deconvoluted Raman spectra of PPO films im
planted with 100 keV N1 ions at various fluences,~b! ratios of the
integrated intensities of theD andG lines in deconvoluted Rama
spectra as a function of fluence.
-

d

-
nt
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dinates of carbon, i.e., threefold (sp2 hybridization! and
fourfold (sp3 hybridization! and bond-angle distortion pro
duce a shift of peaks to lower frequencies. For instance,
G line is shifted to 1528 cm21 when the bond angle is
changed from the ideal 120° to the disordered average
117.7° estimated through computer simulation.22 The shift in
G line in our experiments, from 1592 cm21 to 1528 cm21 is
thus attributed to the bond-angle distortion induced by
irradiation and the increase inI D /I G is interpreted as growth
of the graphitic crystallites in size and/or in number dens
Therefore, the results of Raman spectroscopy suggest e
gence of N1 ion-induced graphitelike crystals in the im
planted layer. The increase inI D /I G ratio is also reported for
ion-irradiated polystyrene.12

B. Transmission electron microscopy

1. Imaging of the as-deposited PPO film

For the as-deposited film, coated with;5 nm Au for
charge dispersion, a honeycomb structure was observe
the bright field image of the TEM~Fig. 3!. The microstruc-
tural features might have arisen due to the nonuniformity
the film thickness induced by nonuniform evaporation
CHCl3 during film preparation. The roughness of the a
deposited film surface onc-Si was found to be;120 Å as
estimated with the help of atomic force microscopy. Micr
diffraction studies of the as-deposited films at different loc
tions showed broad, diffuse ring pattern~inset of Fig. 3!
which is the characteristic of the formation of an amorpho
phase. Presence of the amorphous phase in the as-depo
spin casted film, as indicated by XRD studies, has also b
reported earlier.19 34% crystalline PPO powder was dis
solved in CHCl3 for growing thin films. The structural trans
formation of crystalline PPO powder to;100% amorphous

FIG. 3. Bright field transmission electron micrograph of the a
deposited PPO film showing honeycomblike microstructural f
tures. Microdiffraction pattern of the amorphous matrix is shown
the inset.
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11 072 PRB 59A. DAS, S. DHARA, AND A. PATNAIK
film is explained as a result of possible conformation
change on the CHCl3 solvated monomer skeleton.19

2. Imaging of the PPO film irradiated with131015 ions/cm2

TEM image of the 100 keV N1 ion irradiated at a fluence
of 131015 ions/cm2 showed clearly the presence of tw
separate phases. The growth of ramified fractal patterns
surrounded by a featureless structure as shown in the b
field image~Fig. 4!. A large number of clusters are distrib
uted in a matrix that upon overlapping have arranged to g
rise to the possible fractal pattern. The cluster sizes as m
sured from the images are found to vary in the range
;2215 nm.

3. Imaging of the PPO film irradiated with131016 ions/cm2

Increasing the ion fluence to 131016 ions/cm2, greater
deposition of inelastic energy results in further increase
the number density of the above mentioned clusters in
irradiated film. In addition, there is an increase in their s
throughout the PPO films. The fractal pattern of the i
planted film at a fluence of 131016 ions/cm2 is almost ob-
vious in the bright field image of TEM~Fig. 5!. At this
fluence, coexistence of carbonaceous matrix along w
newly grown fractal patterns are also visible in the brig
field image of TEM~Fig. 6!. Interestingly, black particles
the so-called clusters are seen inside the fractal patter
shown in the amplified microstructures@Figs. 7~a! and 7~b!#.
Figure 7~a! shows cross linking of the clustered regio
among each other while in Fig. 7~b! individual clusters in-
side a single branch of the fractal pattern are evident.
cluster sizes at this fluence are measured to vary from 3 t
nm in the irradiated film.

4. Imaging of the PPO film irradiated with531016 ions/cm2

With further increase in the irradiation fluence to
31016 ions/cm2, size of the fractal patterns enhanced (;5

FIG. 4. Ramified growth of carbonaceous clusters shown in
bright field transmission electron micrograph of the PPO film i
planted at a fluence of 131015 ions/cm2.
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26 mm) further ~Fig. 8! with respect to that for the film
implanted with lower fluence. Figure 9 shows the amplifi
micrograph to that of the previous figure. Figure 10 sho
darkfield image of the selected zone grown with fractal p
terns. This image shows the assembly of islands of clus
The cluster sizes varied from as small as;3 nm to maxi-
mum ;50 nm. Average size as well as the number dens
of these clusters were found to increase with increasing
ence indicating enhanced amount of carbon condensa
with increasing fluence. Microdiffraction pattern~outset of
Fig. 9! of these clusters clearly shows the single crystall
nature. Structural analysis of these crystalline particles w
found to be close to that of graphitic carbon and the zo

e
-

FIG. 5. Bright field transmission electron micrograph of the 1
keV N1 implanted PPO film indicating growth of carbonaceo
clusters in a fractal pattern at a fluence of 131016 ions/cm2.

FIG. 6. Bright field transmission electron micrograph of t
PPO film implanted at a fluence of 131016 ions/cm2 showing the
coexistence of featureless matrix and clusters in fractal pattern
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PRB 59 11 073FRACTAL NATURE OF p-BONDED NANOCRYSTALLINE . . .
axis was found to be alonĝ070& direction. Micro-diffraction
study of the matrix outside the clustered feature showe
broad, diffuse ring pattern~not shown in figure! indicating
presence of amorphous phase in the matrix. Thus, the gro
of single crystalline graphitelike carbonaceous clusters
confirmed to have been formed as an effect of ion-irradiat
above a critical fluence of 131016 ions/cm2.

Evidence for the formation of fractal patterns due to a
gregation of small graphitelike clusters surrounded by
amorphous matrix in the N1 beam-induced PPO films i
pointed out in the above sections. The dimension of the fr

FIG. 7. ~a! Cross linking in the clustered region shown in th
bright field transmission electron micrograph of the PPO film i
planted at a fluence of 131016 ions/cm2, ~b! amplified bright field
transmission electron micrograph of the clustered region in P
film implanted at 131016 ions/cm2.
a

th
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n

-
n
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tal pattern was obtained using manual box counting. T
area of coverage~A! as a function of radius~R! is given in
Fig. 11 for the sample irradiated at a fluence of
31016 ions/cm2. From the log-log plot in Fig. 10, it is see

-

O

FIG. 8. Bright field transmission electron micrograph of t
PPO film implanted at a fluence of 531016 ions/cm2 showing the
growth of larger fractal patterns containing carbonaceous clust

FIG. 9. Amplified bright field transmission electron micrograp
of the PPO film implanted at a fluence of 531016 ions/cm2. The
crystalline microdiffraction pattern of the clustered region is sho
in the outset. Zone axis of the spotted microdiffraction pattern
calculated to bê700&.
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thatA is proportional toRD, whereD is the dimension of the
fractal. The value ofD is found to be 1.3760.02 ~Fig. 11!.
This value is comparable to the fractal dimensions of 1
60.075 for the two-dimensional growth of clusters as sim
lated by Meakin for diffusion limited aggregation on fiber.16

C. Evidence for clusters from optical spectroscopy

In the UV-VIS-NIR spectra of N1 beam-bombarded PPO
films, the transmittance increased as a function of w
length indicating a resemblance to that ina-C:H. As the ir-

FIG. 10. Dark field transmission electron micrograph of t
PPO film implanted at a fluence of 531016 ions/cm2.

FIG. 11. Log-log plot for A vs R in determining the fracta
dimension of the 100 keV N1 implanted PPO film at a fluence o
531016 ions/cm2.
0
-

e

radiation dose increases, the absorption edge is found to
towards the longer wave length.23 The disorder in the irradi-
ated films was estimated by us following Urbach equatio24

and the disorder parameter held a linear relationship with
calculated optical band gaps from the spectra.23 Similar cor-
relation is reported fora-C:H anda-Si:H.24,25Tauc’s formula
is widely used to determine the optical band gap for am
phous and carbonaceous materials. Figure 12 shows
Tauc’s plot for N1 beam-irradiated PPO films for the fluenc
in the range of 10152531016 ions/cm2. It is obvious that a
progressive decrease in the band gap from 1.5 to 0.45 e
observed as a function of fluence. The Tauc’s effective o
cal gap value of the implanted films may be used to char
terize their short and medium range order. In particular, si
of the graphitelike (sp2 bonded! regions may be estimated
This issue has been reported in detail by Robertson
O’Reilly.10 They proposed that the Tauc’s edge of fund
mental optical absorption of amorphous carbon,Eg, can be
correlated by the equation:

Eg5
2b

M1/2
,

whereM is the number of six member rings that constitu
thesp2-bonded fragments;b522.9 eV is a constant, more
specifically, is the nearest-neighbor interaction between
p orbitals of six member rings. Thus, a progressive incre
in the average size of the clusters as a function ion fluenc
inferred from the above relation. The number of fused rin
calculated using the above relation, are plotted with the va
ing fluence~inset of Fig. 12!. Therefore, UV-VIS-NIR analy-
sis is consistent with the ion beam-induced agglomerat
through which the aromatic rings obtain a new stable st
The drastic decrease ofEg with fluence ranging from 1
31015 to 131016 ions/cm2 suggests the transformatio
from separated aromatic rings to a structure similar to gra

FIG. 12. Tauc’s plot for determination of optical band gap
100 keV N1 implanted PPO films. Inset shows the increased nu
ber of ring formation as a function of fluence.
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ite. Similar kind of observations were reported in case of1

beam-irradiated polyimides films.26

The duration that bombarded ions come to stop in
surface layer and get dissipated into the matrix is appro
mately 10210 s; consequently, the structural transformati
produced by ion irradiation cannot be definitely governed
conventional equilibrium thermodynamic. Liuet al.27 sug-
gested that the structural similarity, which leads to the rea
ness of structural transformation, plays a much more imp
tant role than the thermodynamic factors during the
beam-induced transformation in solids. Therefore, from t
standpoint, the conversion from aromatic rings into hexa
nal graphite cells under ion irradiation is also considered
be favorable. This is due to the existence of their high deg
of structural similarity such as bond length and planar h
agonal symmetry in both the systems. Upon ion irradiati
the originally isolated aromatic rings could condense into
clusters of aromatic rings, and then form graphitelike str
ture.

The graphitelike nature of the clusters present in a-C
structure was confirmed through Hueckel molecular orb
calculations considering only thep interactions of the plana
sp2 sites of the ring with minimum coupling between thes
and p states.21 The p binding energies and the electron
spectra of a wide range of possible structure were calcul
by Robertson21 and are shown in Fig. 13 along with th
spectrum of graphite. The density of state~DOS! of finite
layers of fused benzene rings with number of rings,M518
already resembles that of a graphite layer withM→` and by
M543, the spectrum is smooth.p bonding strongly favors

FIG. 13. The density of state~DOS! vs energy plot for various
fused rings and the same is compared with graphitic layer~accord-
ing to Ref. 21!.
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aromatic rings over olefinic chains with a preference
clustering of the former to graphitic sheets. Thus fused s
fold rings are a preferred configuration for the ion bea
induced formation of clusters.

As discussed earlier, ion-irradiated polymer show prec
tation of either graphitelike~GLC! or diamondlike~DLC!
carbonaceous particulate depending on the predominant
of either electronic or nuclear energy loss of the ions. In t
model, Wanget al.1 have assumed a critical transition tem
perature above which the thermodynamic relaxation proc
will form the graphite structure, below which thermod
namic relaxation process behaves like a nonthermodyna
process to form an amorphous carbon or diamondlike st
ture. They mentioned that in case of 180 keV As1 ion on
polyamideimide~PAI!, the electronic energy stopping powe
300 eV/nm, which was found much less than the critic
energy stopping power;3.43103 eV/nm calculated for
critical temperature. Therefore, the graphitelike structure f
mation was ruled out for 180 keV As1 ion irradiation on
PAI. In our case, calculation for 100 keV N1 ion interaction
with PPO using TRIM90 code,20 showed that the electroni
energy loss (;300 eV/nm) is six times more than th
nuclear energy loss (;50 eV/nm). However, we find the
formation of graphitelike clusters in the 100 keV N1 ion-
irradiated PPO films beyond the fluence of
31015 ions/cm2 as analyzed from TEM and FT-Rama
studies. The possible explanation for graphitelike cluster f
mation from the critical temperature model may be argu
from the point of view that at high fluence, the time interv
of consecutive ions through the same region of material w
probably be comparable to or even smaller than the lifeti
of the transient temperature pulse. The net temperat
Wang et al.1 argued, of this region may reach the critic
temperature required to create the graphitic structure. T
presence of graphitelike carbonaceous particles in the
irradiated PPO at high fluences (>131015 ions/cm2) can
be realized from this standpoint.

The growth process of ion-induced fractal patterns
polymer films seems to follow the diffusion limited depos
tion on fibers, as proposed by Meakin16 using Monte Carlo
simulations. In his model, a particle is introduced in t
neighborhood of the fiber and allowed to diffuse by a ser
of jumps and eventually gets attached to the fiber. The p
cedure is repeated many times until a sufficiently large
posit has been grown on the fiber. The fragmented polym
molecules, as well as, the cross-linked materials as an e
of ion-irradiation are reported11 to posses fibrous structure
which in turn may help in aggregation of nanosized sin
crystalline graphitic particles in a fractal pattern according
DLA model proposed by Meakin.16 In the present case, w
find the growth of the fractal patterns for a wide range
fluences owing to a large magnitude of energy deposit
culminating in precipitation of carbonaceous clusters, wh
in turn, agglomerate in the fractal pattern.

IV. CONCLUSIONS

The Raman spectral studies and the TEM images
dence the presence of two distinct phases in the implan
PPO film: an amorphous matrix and a single crystalline cl
ter phase. At a larger ion fluence, the nanosized crystal
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clusters increase in size and in number density. Microbe
diffraction patters of these clusters indicate their structure
resemble the crystalline graphitic structure with zone a
along^070& direction. The evolution of graphitic clusters a
supported by the FT-Raman and UV-VIS spectroscopic
sults. The aggregation of these clusters forms fractal patte
which shows a dimensionality of 1.3760.02 indicating pos-
sible DLA model for cluster growth.
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