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Formation of nanosized carbonaceous clusters has been investigated in 100" kieNadiated poly2,6-
dimethyl-1,4-phenylene oxiddPPQ thin films, using Fourier transfornfFT)-Raman, transmission electron
microscopy and UV-Vis spectroscopy in the fluence range %fl@*>—5x 10'® ions/cnt. Above a critical
fluence of~1x10' ions/cn?, 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
—50 nm. Electron diffraction analysis of these clusters shows a close resemblance to the formation of single
crystalline graphite phase with a zone a§030). 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 frerfB0— 170. Evidence for the signature of fractal
patterns, with dimension 1.370.02, 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.[S0163-182@9)05715-X]

[. INTRODUCTION studies® The ion-irradiated films were compared with a-C:H
(Refs. 7 and Pand cluster sizes evaluated using the model
The onset of electronic conductivity and optical blacken-proposed by Robertson and O'Retfyand based on the op-
ing in the ion-implanted polymers are attributed to the for-tical band gap, were found to be 3-20 nm. In this model,
mation of carbonaceous matrix along the latent track of engraphitelike carbon {p? bonding plays a crucial role in
ergetic ions upon a threshold energy density deposttibn. regulating the electronic properties of the material through
has been propos&d that the small spherical carbon- the 7-bonding electrons whereas tb@® bonding forms the
enriched clusters of 10—50 nm diameter at separations of cross-linked material. Clustering occurs since #g sites
~0.1-20 nm are the carriers of electronic conductivity in have freemr-electrons that tend to agglomerate into graphite-
the implanted polymers between which the charge carrierbke structures/clusters. Raman spectroscopy has been em-
tunnel or hop. The propositions made to the fulfill theseployed to study the bonding nature of the carbonaceous ma-
models were that the conducting clusters were embedded terial of implanted polymer3!? Indirect measurement of
an insulating matrix with minimum cluster to cluster separa-cluster size and intercluster distances from temperature-
tion for attainment of a high hopping probability. The carbondependent conductivity measurements have also been re-
enriched material was reported to consist of graphite plateletgorted by a number of researchéts.
or highly carbon rich organic matter; the suggested structures But the accuracy of the clusters data gained by the above
ranged from amorphous to single crystalline matetishe  mentioned indirect techniques is dependent on the corre-
best model appeared to be that of amorphous hydrogenategonding theories and therefore, these techniques have their
carbon$ (a-C:H) where the graphitic components are linked own limitations. However, in a direct method, the presence
together by different types of polymeric bonds in a dielectricof carbon-enriched zohthas been observed using transmis-
matrix. The diamondlikg DLC) or graphitelike(GLC) na-  sion electron microscopyTEM) in the ion-irradiated poly-
ture of the carbon enriched zone is reported to be presember. A three-dimensiondBD) network of cross-linked poly-
depending on the predominant role of either nuclear or elecmer is assumed as a result of ion irradiation and
tronic modes of energy loss, respectively, as a function otonsequently the solubility of the implanted material be-
incident ion energy. comes difficult. No serious effort has been made to explore
The signature of ion beam-induced cluster formation waghe crystalline nature of these clusters and their growth ex-
detected, for the first time, with the help of neutron diffrac- cept the recent report on microcrystallinity in the proton
tion technique in the 50 MeV boron-implanted Myfa€lus-  bombarded poly vinyl chloride, which has been studied with
ter formation due to the ion implantation in polyethylene andthe help of TEM(Ref. 6 analysis.
polypropylené has been studied by small angle x-ray dif- The mechanism of the electrical conductivity and spin
fraction (XRD), through Raman spectroscopgnd UV-VIS  diffusion in ion-irradiated polymers by using a fractal for-
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malism was discusséd.The variable range hoppingyRH)
process was reported to be governed by the interaction of
electrons with the phonons of the fractal framework. The
fractal concept plays an increasingly important role in the
interpretation of phenomena occurring at grain boundaries
and in the embedded aggregates. The diffusion-limited ag-
gregation(DLA) model®>®in describing fractal growth in
materials has been successfully adopted. As a matter of fact,
DLA model proposed by Meakitf, has been adopted for
two-dimensional growth of fractal patterns in the ion-
irradiated Ni-Zr(Ref. 17 film where the driving force for the
pattern formation has been ascribed to the seeding of small
crystal clusters formed during the energy transfer of incident
energetic ions. So far no clear experimental evidences, to the
authors’ knowledge, have been reported on the fractal aggre-
gation of the carbonaceous particles in the irradiated poly-
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neering thermoplastic, is used widely as electrical insulator. F|G. 1. Raman spectra of as-deposited and implanted PPO films
In a previous repor“tf,5 we have observed 13— 14 orders of  with 100 keV N" ions at various fluences.

enhancement in electrical conductivity as induced by 100

keV N* implantation on PPO as a function of fluence. Fou-are probed by microdiffraction method with a probe diameter
rier transform(FT)-Raman spectroscopic studies clearly in- of 75 nm. The optical absorption spectra of the as-deposited
dicated the formation of graphitelike carb@@LC), which in  and bombarded samples coated on quartz were recorded us-
turn, supports the enhancement of the conductivity in théng UV-VIS-NIR spectrometefShimadzu PC3101
semiconducting range. The temperature-dependent conduc-

tivity measurements showed the presence of the 3D VRH Il RESULTS AND DISCUSSIONS

mechanism following the Mott's equation rather than ther-

mally activated band conduction. In this report, microstruc- PPO, widely used as electrical insulator, is transformed
tural features of the 100 keV Nion-implanted polymer, into a highly conducting material due to 100 keV" Nm-
evidenced by TEM and microdiffraction studies, respec-plantation. The conductivity enhanced by 13 orders of mag-
tively, are discussed in detail. The evolution of clusters andhitude above a fluence of 10ions/cnt, as discussed in our
structural correlation with graphitic materials as a function ofprevious report® The induced conductivity associated with
fluence are substantiated using FT-Raman and UV-Vis spe@n otherwise carbon-enriched matrix, #88€:H, is envisaged
troscopic studies along with TEM analysis. Further, experito be dependent on the characteristic energy-loss mode dur-
mental evidences of the formation of fractal aggregates oing the ion-atom interactions. The Monte Carlo TRIM c8te
nanosized single crystalline clusters in an amorphous baclcalculation revealed the inelastic loss of Mns to be 28.58

ground in the implanted layer is also presented. eV/A at 100 keV with an elastic energy loss of 4.73 eV/A at
100 keV through nuclear interactions with the film constitu-
ents.
Il. EXPERIMENT
Thin films of PPQ[Mol. Wt. 40 000, Aldrich Co(USA)] A. Microstructural elucidation of the N * ion-implanted PPO
were prepared on fused quartz and cleaved crystalline NaCl film

substrates at room temperature by the spin coating method
from a solution of PPO in CHGIl Films grown on quartz
were used for UV-Vis and Raman spectroscopic measure- In order to achieve considerable information on local
ments and films on NaCl substrate were chosen for the TENponding nature in the implanted layer, FT-Raman spectra of
studies. The projected range of 100 keV Nons in this  the pristine film as well as the implanted ones were acquired
polymer was found to be 320 nm; accordingly, the thicknesdor different fluences in Fig. 1. The peaks of pristine flloi
of the films were maintained at400 nm for optical studies. Fig. 1(a)] were assigned at 1603 crhfor -C-C- mode of the
Growth and structural evolution of these films were reportecphenyl ring, 1438 and 1347 cm for the deformation of
earlier’® Thin films of PPO were bombarded with 100 keV CH; group and 1231 cm' due to CH-C mode of the sub-
N* with a beam current ZA under the vacuum of 1 stituted methyl group on the benzene rifigihe Raman ac-
X 10" ¢ mbar. tive peak at 1186 cimt is assigned to C-H bending mode of
FT-Raman(BRUKER FAR 106 Modulg profiles were the ring and the strong maximum at 1112 ¢mdue to
acquired in the wave-number range of 100-3500 tusing  CH;-C mode of the methyl group present on the ring. The
a Nd:YAG laser of 200 mW power. Analytical transmission peak at 832 cm® is due to C-C stretch mode of the ring.
electron microscopyPhilips CM200 along with EDAX de- After bombardment, the original peaks of PPO are com-
tector with super ultrathin windowhas been used to study pletely lost and a broad feature is observed ~a1400
the morphology and crystal structure of the pristine and the-1500 cni ! beyond a fluence of 0 ions/cnt. Upon de-
ion-irradiated samples. Crystalline nature of these clustersonvolution of each experimental curve, as shown in Figs.

1. FT-Raman spectroscopy
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FIG. 3. Bright field transmission electron micrograph of the as-
deposited PPO film showing honeycomblike microstructural fea-
tures. Microdiffraction pattern of the amorphous matrix is shown in
the inset.
1000 1200 1400 1600
@ Raman shift (cm-1) dinates of carbon, i.e., threefoldsi® hybridization and
36 fourfold (sp® hybridization and bond-angle distortion pro-
duce a shift of peaks to lower frequencies. For instance, the
- G line is shifted to 1528 cm* when the bond angle is
wal changed from the ideal 120° to the disordered average of
' 117.7° estimated through computer simulattéithe shift in
% i G line in our experiments, from 1592 cmto 1528 cm ! is
= thus attributed to the bond-angle distortion induced by ion
28 irradiation and the increase Ip /I is interpreted as growth
of the graphitic crystallites in size and/or in number density.
i Therefore, the results of Raman spectroscopy suggest emer-
04 P T B gence of N ion-induced graphitelike crystals in the im-
o) 0 FluenCZ(lxlol 6io;s/cm2) 8 planted layer. The increase g/l ratio is also reported for

ion-irradiated polystyrent
FIG. 2. (a) Deconvoluted Raman spectra of PPO films im-
planted with 100 keV N ions at various fluencesb) ratios of the B. Transmission electron microscopy
integrated intensities of thB and G lines in deconvoluted Raman . . '
spectra as a function of fluence. 1. Imaging of the as-deposited PPO film
For the as-deposited film, coated with5 nm Au for
charge dispersion, a honeycomb structure was observed in
2(a), we find the intensity ratio dd band toG band is raised. the bright field image of the TEMFig. 3). The microstruc-
The change in ratio is plotted against the increment in flutural features might have arisen due to the nonuniformity in
ence and shown in Fig.(8). According to the momentum the film thickness induced by nonuniform evaporation of
conservation selection rule, a Raman band at 1580*¢cm CHCI; during film preparation. The roughness of the as-
known as G band, is observed in graphite with large deposited film surface oo-Si was found to be-120 A as
microcrystals’s Raman spectra of graphite and disorderedestimated with the help of atomic force microscopy. Micro-
carbons show an additional peak at 1360 ¢rknown asD  diffraction studies of the as-deposited films at different loca-
line. ThisD line is attributed to phonons near the Brillouin tions showed broad, diffuse ring pattefimset of Fig. 3
zone boundary active in small crystallites or on the boundwhich is the characteristic of the formation of an amorphous
aries of large crystallites. Both bands are found to be presemhase. Presence of the amorphous phase in the as-deposited
in amorphous carbons and hydrogenated amorphous carborsgin casted film, as indicated by XRD studies, has also been
The linewidth of both bands is related to the bond-anglereported earliet? 34% crystalline PPO powder was dis-
distortion and to the presence of relative amount of crystalsolved in CHC} for growing thin films. The structural trans-
lites in the amorphous matrix. It is reported that both coor-formation of crystalline PPO powder to 100% amorphous
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FIG. 5. Bright field transmission electron micrograph of the 100

N . keV N' implanted PPO film indicating growth of carbonaceous
FIG. 4. Ramified growth of carbonaceous clusters shown in th%lusters in a fractal pattern at a fluence of 10 ions/cn?.

bright field transmission electron micrograph of the PPO film im-
planted at a fluence of110'® ions/cnf.

—6 um) further (Fig. 8 with respect to that for the film
film is explained as a result of possible conformationalimplanted with lower fluence. Figure 9 shows the amplified
change on the CHglsolvated monomer skeletdf. micrograph to that of the previous figure. Figure 10 shows
) o ) 5. darkfield image of the selected zone grown with fractal pat-

2. Imaging of the PPO film irradiated withl x 10°* ions/cn? terns. This image shows the assembly of islands of cluster.

TEM image of the 100 keV N ion irradiated at a fluence The cluster sizes varied from as small-a8 nm to maxi-
of 1X10% ions/cn? showed clearly the presence of two mum~50 nm. Average size as well as the number density
separate phases. The growth of ramified fractal patterns wa these clusters were found to increase with increasing flu-
surrounded by a featureless structure as shown in the briglence indicating enhanced amount of carbon condensation
field image(Fig. 4). A large number of clusters are distrib- with increasing fluence. Microdiffraction pattefoutset of
uted in a matrix that upon overlapping have arranged to givéig. 9 of these clusters clearly shows the single crystalline
rise to the possible fractal pattern. The cluster sizes as me#&ature. Structural analysis of these crystalline particles was
sured from the images are found to vary in the range ofound to be close to that of graphitic carbon and the zone
~2-15 nm.

3. Imaging of the PPO film irradiated withl x 10 ions/cn?

Increasing the ion fluence toX110'® ions/cnt, greater
deposition of inelastic energy results in further increase in
the number density of the above mentioned clusters in the
irradiated film. In addition, there is an increase in their size
throughout the PPO films. The fractal pattern of the im-
planted film at a fluence of210'® ijons/cnt is almost ob-
vious in the bright field image of TEMFig. 5. At this
fluence, coexistence of carbonaceous matrix along with
newly grown fractal patterns are also visible in the bright
field image of TEM(Fig. 6). Interestingly, black particles,
the so-called clusters are seen inside the fractal pattern as
shown in the amplified microstructurgsigs. 4a) and 1b)].
Figure Ha shows cross linking of the clustered regions
among each other while in Fig(B) individual clusters in-
side a single branch of the fractal pattern are evident. The
cluster sizes at this fluence are measured to vary from 3 to 25
nm in the irradiated film.

. . L itHE % 10 | . _ o '
4. Imaging of the PPO film iradiated withs x 10 ions/orr? FIG. 6. Bright field transmission electron micrograph of the

With further increase in the irradiation fluence to 5 PPO film implanted at a fluence of<110'® ions/cn? showing the
X 10'® jons/cnt, size of the fractal patterns enhanced coexistence of featureless matrix and clusters in fractal pattern.
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FIG. 8. Bright field transmission electron micrograph of the
PPO film implanted at a fluence 0b&L0'® ions/cn? showing the
growth of larger fractal patterns containing carbonaceous clusters.

tal pattern was obtained using manual box counting. The

FIG. 7. (a) Cross linking in the clustered region shown in the
bright field transmission electron micrograph of the PPO film im-
planted at a fluence 0f210'® ions/cn?, (b) amplified bright field
transmission electron micrograph of the clustered region in PPO
film implanted at 2 10'® ions/cnt.

axis was found to be alon@®70 direction. Micro-diffraction
study of the matrix outside the clustered feature showed a
broad, diffuse ring patterfnot shown in figurg indicating
presence of amorphous phase in the matrix. Thus, the growth
of single crystalline graphitelike carbonaceous clusters are
confirmed to have been formed as an effect of ion-irradiation
above a critical fluence of 210'® ions/cnf.

area of coverag€A) as a function of radiugR) is given in
Fig. 11 for the sample irradiated at a fluence of 5
X 10 ions/cnt. From the log-log plot in Fig. 10, it is seen

FIG. 9. Amplified bright field transmission electron micrograph

Evidence for the formation of fractal patterns due to ag-of the PPO film implanted at a fluence of&0' ions/cn?. The
gregation of small graphitelike clusters surrounded by arnrystalline microdiffraction pattern of the clustered region is shown
amorphous matrix in the N beam-induced PPO films is in the outset. Zone axis of the spotted microdiffraction pattern is
pointed out in the above sections. The dimension of the fracealculated to bé700).
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FIG. 12. Tauc’s plot for determination of optical band gap of
100 keV N" implanted PPO films. Inset shows the increased num-
ber of ring formation as a function of fluence.

FIG. 10. Dark field transmission electron micrograph of the

> = o
PPO film implanted at a fluence 0b&10'® ions/cn. radiation dose increases, the absorption edge is found to shift

towards the longer wave lengthThe disorder in the irradi-
) ) b ) ) ] ated films was estimated by us following Urbach equéﬁon
thatA is proportional toR™, whereD is the dimension of the 51 q the disorder parameter held a linear relationship with the

fractal. The value oD is found to be 1.320.02(Fig. 11. = cajculated optical band gaps from the spe&trgimilar cor-
This value is comparable to the fractal dimensions of 1.3Qg|ation is reported foa-C:H anda-Si:H2425Tauc’s formula

+0.075 for the two-dimensional growth of clusters as simu-is widely used to determine the optical band gap for amor-

Tauc’s plot for N* beam-irradiated PPO films for the fluence
C. Evidence for clusters from optical spectroscopy in the range of 18—5x 10" ions/cnt. It is obvious that a
progressive decrease in the band gap from 1.5to 0.45 eV is
_Inthe UV-VIS-NIR spectra of N beam-bombarded PPO ) 004 a5 a function of fluence. The Tauc's effective opti-
films, the transmittance increased as a function of wav

L ; . al gap value of the implanted films may be used to charac-
length indicating a resemblance to thataC:H. As the ir- terize their short and medium range order. In particular, sizes
s of the graphitelike $p? bonded regions may be estimated.
This issue has been reported in detail by Robertson and
O'Reilly.!® They proposed that the Tauc’s edge of funda-
D= 137 mental optical absorption of amorphous carbBg, can be
correlated by the equation:

] ° 2B

g 97 12’

£ M

s

< whereM is the number of six member rings that constitute
8 L the sp?-bonded fragments3=—2.9 eV is a constant, more
—

specifically, is the nearest-neighbor interaction between the
7r orbitals of six member rings. Thus, a progressive increase
- in the average size of the clusters as a function ion fluence is
inferred from the above relation. The number of fused rings
oL L, g:alculated gsing the gbove relation, are plotted with the vary-
0 o oo T o0 = 200 250 ing fluence(inset of Fig. 12. Therefore, UV-VIS-NIR analy-
Log, R (arb.units ) sis is consistent with the ion beam-induced agglomeration,
through which the aromatic rings obtain a new stable state.
FIG. 11. Log-log plot for A vs R in determining the fractal The drastic decrease d&, with fluence ranging from 1
dimension of the 100 keV N implanted PPO film at a fluence of X10' to 1x10' ions/cnf suggests the transformation
5x10'® ions/cn?. from separated aromatic rings to a structure similar to graph-
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ethylene aromatic rings over olefinic chains with a preference for
| clustering of the former to graphitic sheets. Thus fused six-
N~foid Tings fold rings are a preferred configuration for the ion beam-
induced formation of clusters.
N=5 | 1 | As discussed earlier, ion-irradiated polymer show precipi-
N=6 | I | tation of either graphitelik GLC) or diamondlike (DLC)
carbonaceous particulate depending on the predominant role
N=7 | [ | of either electronic or nuclear energy loss of the ions. In this
N=8 | I I || | model, Wanget al.l'have assumed a crit!cal trans?tion tem-
fused rings | perature above Whlc_h the thermodynamic re_Iaxatlon process
8} 08 1t 01l will form the graphite structure, below which thermody-
H namic relaxation process behaves like a nonthermodynamic
§ C&) iy LT process to form an amorphous carbon or diamondlike struc-
b . ture. They mentioned that in case of 180 keV*A®n on
° g;‘ugrlthyer polyamideimide(PAl), the electronic energy stopping power
-‘; 300 eV/nm, which was found much less than the critical
5 energy stopping power-3.4x10° eV/nm calculated for
a M=18 critical temperature. Therefore, the graphitelike structure for-
/\/\}/\/\ mation was ruled out for 180 keV Asion irradiation on
PAI. In our case, calculation for 100 keVNon interaction
M=43 I with PPO using TRIM90 cod® showed that the electronic
| energy loss {300 eV/nm) is six times more than the
, nuclear energy loss~50 eV/nm). However, we find the
3 2 1 0 -1 -3 -3 formation of graphitelike clusters in the 100 keV*Non-
Energy () irradiated PPO films beyond the fluence of 1

X 10'° ijons/cnt as analyzed from TEM and FT-Raman
FIG. 13. The density of sta®OS) vs energy plot for various Studies. The possible explanation for graphitelike cluster for-
fused rings and the same is compared with graphitic légetord-  mation from the critical temperature model may be argued
ing to Ref. 21. from the point of view that at high fluence, the time interval
of consecutive ions through the same region of material will
probably be comparable to or even smaller than the lifetime
ite. Similar kind of observations were reported in case 6f B Of the transient temperature pulse. The net temperature,
beam-irradiated polyimides filnfS. Wang et all argued, of this region may reach the critical
The duration that bombarded ions come to stop in thdemperature required to create the graphitic structure. Thus,
surface layer and get dissipated into the matrix is approxiPresence of graphitelike carbonaceous particles in the ion-
mately 10 ° s; consequently, the structural transformationirradiated PPO at high fluences>(x 10** ions/cnf) can
produced by ion irradiation cannot be definitely governed byPe realized from this standpoint.
conventional equilibrium thermodynamic. Liet al?’ sug- The growth process of ion-induced fractal patterns in
gested that the structural similarity, which leads to the readiPolymer films seems to follow the diffusion limited deposi-
ness of structural transformation, plays a much more importion on fibers, as proposed by MeaKinising Monte Carlo
tant role than the thermodynamic factors during the ionSimU|ati0nS. In his model, a particle is introduced in the
beam-induced transformation in solids. Therefore, from thigieighborhood of the fiber and allowed to diffuse by a series
standpoint, the conversion from aromatic rings into hexagoof jumps and eventually gets attached to the fiber. The pro-
nal graphite cells under ion irradiation is also considered t¢edure is repeated many times until a sufficiently large de-
be favorable. This is due to the existence of their high degreBosit has been grown on the fiber. The fragmented polymer
of structural similarity such as bond length and planar hexinolecules, as well as, the cross-linked materials as an effect
agonal symmetry in both the systems. Upon ion irradiation©f ion-irradiation are reportéd to posses fibrous structure,
the originally isolated aromatic rings could condense into thavhich in turn may help in aggregation of nanosized single
clusters of aromatic rings, and then form graphitelike struccrystalline graphitic particles in a fractal pattern according to
ture. DLA model proposed by Meakitf. In the present case, we
The graphitelike nature of the clusters present in a-C:Hind the growth of the fractal patterns for a wide range of
structure was confirmed through Hueckel molecular orbitafluences owing to a large magnitude of energy deposition
calculations considering only the interactions of the planar culminating in precipitation of carbonaceous clusters, which
sp? sites of the ring with minimum coupling between te  iN turn, agglomerate in the fractal pattern.
and 7 states’! The =7 binding energies and the electronic
spectra of a wide range of possible structure were calculated
by Robertsoft and are shown in Fig. 13 along with the
spectrum of graphite. The density of stdf20S) of finite The Raman spectral studies and the TEM images evi-
layers of fused benzene rings with number of ringls+18  dence the presence of two distinct phases in the implanted
already resembles that of a graphite layer wiith-~ and by ~ PPO film: an amorphous matrix and a single crystalline clus-
M =43, the spectrum is smooth. bonding strongly favors ter phase. At a larger ion fluence, the nanosized crystalline

IV. CONCLUSIONS
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