5. RESEARCH ACTIVITIES

51 NUCLEAR PHYSICS

Themain achievement inthelast few months hasbeen the setting up of the Indian Nationa
GammaArray facility at lUAC. Themechanica structurefor holding the Clover detectorshasbeen
inddledinBeamhdl |1 with motorised precis on movement for thetwo havesof thearray. Thebeam
lineadongwithacylindrica scattering chamber hasbeen sat upwiththebeam dumpinsdetheHY RA
magnet for adequateradiation shielding. Thedetectorsfromthecollaboratingingtitutions TIFR, SINP
and [lUC-DAEF werereceived in Dec, 2007. During fabrication, the alignment of the mounting
platesfor individua Clover detectorswascarried out with excellent precision (~+0.1°) toensurethat
all the 24 detectors could be mounted without difficulty. Cabling work for the el ectronicshasbeen
completed and thetesting of the dataacquisition system hasbeen going on.

A computer controlled LN2 filling system with apressurised dewar of 1000 litre capacity
hasbeen set up. Off-linetesting with radioactive sourceshas started and in-beam testing isexpected
to be carried during the end of Jan, 2008.

A workshopwascarried out in August, 2007 asking for beam time proposalsto be carried
out with thefirst phaseof INGA. Eleven experimentshave been short listed for alocation of beam
timeduring thefirst three months of operation.

Theaccelerated beam from the LINAC was delivered to the neutron array beam linein
beam hall 1. Fission dynamics for the reaction °O + %Pt at 120 MeV was studied with 16
neutron detectorsin coincidence with complementary fissionfragments.

The experiments carried out with Pelletron beamsinclude (i) study of incompletefusion
reactionsusing *°O beam (ii) Fusion-fission reactionsnear Coulomb barrier (iii) entrance channel
effectsinfusion dynamicsand (iv) investigation of multi-neutrontransfer reactionsin“Caon %°Zn.

5.1.1 Fissionfragment angular and massdistribution measurementsfor the system
180 + ¥pt forming the compound nucleus?°Rn" at ener giesabove and below the
Coulomb barrier.
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In heavy ioninduced fission reactionson heavy targets, anomal ous enhancement of the
angular anisotropy over the predictions of the Statistical Saddle Point Model (SSPM) has been
observed near and bel ow the Coulomb barrier [1]. Thisobservationisatopic of extensiveresearch
for thelast few years. Most of the existing model s attribute thisanomaly to the presence of non-
compound nucleusmechanisms, such aspre-equilibriumfisson, fast fisson and quasi-fisson. Itis
asoknown that theentrance channel massasymmetry o=|A_-A_|/ (A +A ) withrespect tothe
Businaro - Gallonecritical value o, playsadecisiverolein the dynamicsof fusion processand
henceintheangular distributions. At abovebarrier energies, for sysemswith oo, , theanisotropies
are consistent with SSPM predictions, whilefor systemswith o<o, ., theanisotropiesarelarge
dueto non compound nucleusfission events. Thisanomaoudy large anisotropy can beexplained
by pre-equilibriumand pre-fisson emission corrections. At bel ow barrier energiesa so, anomaoudy
large anisotropiesare observed for systemsinvolving deformed projectilesor targetsirrespective
of their o values. To explainthis, Hinde et ., [2] proposed the nuclear orientation dependent
quasi-fissonreaction, wherethedi-nuc eusbefore compl eteequilibration movesover theasymmetric
conditional saddlepoint, leadingto anarrow K distribution. Probable effects of thisquasi-fisson
process, apart from the enhancement in ani sotropy, could be an increasein thewidth of themass
digtribution[3].

Inorder tofurther investigatethe above mentioned effects, wehave carried out measurements
onthe**O + **Pt system. Themassasymmetry valueo. for °O + Pt systemis0.847 and o,
is0.856. The present experiment was performed at the Inter University Accelerator Centre, New
Delhi, using pulsed **0O beam with apul se separation of 250 ns. The pulsewidth wasabout 0.9 ns
—1.1 nsand thetarget was 300 pg/cn? thick 4Pt on 20 ug/cm? thick carbon backing [4]. The
target waskept at an angle of 45° with respect to the beam and thefission fragmentswere detected
intwo multi-wireproportional counterswith activeareaof 24 cmx 10cm. Theoperating pressure
was about 3.5 Torr of isobutane gas. These detectorswere kept at 56 cm and 30 cm away from
thetarget, subtending azimuthal angles of about 24° and 43°, respectively. The detectorswere
kept at folding anglesfor massdistribution measurements. Two AE-E telescopes (SSBD) were
also used, one of which (AE ~8 um and E~100 um) wasfixed near the MWPC on the moving
arm (upper arm). The second telescope (AE ~ 14 um and E~ 100 um) wasfixed at backward
angle (174°) to collect the backward scattered particles. Two solid state detectorswere kept at
+10.5° and -9.5°, with respect to the beam direction to detect the el astically scattered 1°0O beam.
Signd from one of these detectorswas used to get a TA C spectrumwith RF asthe stop signal to
obtainthetime structure of the beam and to rule out any timedrift.
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Theangular distribution and mass distribution measurementswere performed at energies
ranging from 10% bel ow the Coulomb barrier to 25% abovethe barrier. Datawere collected at
lab energies 102, 98, 94, 90, 86, 83, 81, 79, 77, 75 and 73 MeV.
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Fig. 1 The timing correlation between the detected fission fragments at 90 MeV (lab)
beam energy. The fission fragments are well separated from elastic
and quasi elastic channels

The MWPC provided very good position and timeresolution. Fission fragmentswere
well separated from the e astic and quasi e astic channels, both intime and energy loss spectra.
Thetime correlation of thefission fragmentsdetected isshowninfig. 1. Themassdistributions of
thefission fragmentswere obtained by knowing thetimeof flight and flight path very accurately.
The massresol ution of the gas detectorswas about 4 atomic massunits. The massdistributions of
thefissonfragmentsat different projectileenergiesareshowninfig. 2.
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Fig. 2 Mass distributions of the fission fragments for the system 0 + Pt at different
projectile energies (lab) (The solid lines are the Gaussian fits to the data)
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5.1.2 Effect of entrance channel massasymmetry in fission of ?°Ra
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The study of fusion-fission reaction dynamicshasemerged asatopic of great interestin
recent years. Thelight particle (neutron, proton, a pha) emission from thefissioning system has
been used as atool to understand these dynamical processes. Most of the experimentsin this
regard have been done using neutron asaprobe. Experimentally measured pre-scission neutron
yiediscompared with the statistical model prediction and theexcessyield, if any, isinterpreted to
be dueto the damping of thefission process. In order to understand these dynamical effectsand
their dependence on the entrance channel, we have measured the pre-scission neutron yield from
2C+2%Ph and F+1%"Au reactions at various|ab energies. Sincethe abovetwo systems popul ate
the same compound nucleus#°Ra, any differencein neutronyield measured fromthetwo channdl's
would reflect the entrance channel dependence of thefusion-fission dynamicsasthetwo systems
under consideration lieon two sidesof Businaro-Gallone point.

The experiment was performed at the 15UD Pelletron of Inter University Accelerator
Centre, New Delhi. Pulsed beamsof 2C and *°F of variouslab energieswere used intheexperiment.
Thetargetswere mounted at the centre of a1.5 m diameter general purpose scattering chamber
(GPSC). Thefissonfragmentsweredetected using two largearea (20 cmx10 cm) position sendtive
multiwire proportiona counters(MWPC). The neutronswere detected in coincidencewithfission
events by four neutron detectorswhich consisted of (12.7 cm diax12.7 cmthick) organic liquid
scintillator. Discrimination between neutrons and gammas was made by using pulse shape
discrimination (PSD) based on zero crosstechnique and TOF. Timeof flight (TOF) of neutrons
and fission fragmentswere measured with respect to RF.

The observed TOF of neutronswas converted into neutron energy by considering the
prompt &peak in the TOF spectrum for time calibration and the energy spectrum was corrected
for neutron detector efficiency using Monte Carlo computer code M ODEFF. The components of
pre- aswedl| aspost-scission neutron multiplicitieswere extracted by least squarefitting of observed
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neutron energy spectrumwith Watt expression [4]. Thecalculationsfor thekinetic energiesof the
fissonfragmentsand thefolding angleswere performed usng the Viola[ 5] systematicsfor symmetric
fisson. The observed pre-scission neutron multiplicitiesfor both thereactionsare showninfig 1.
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Fig. 1. Pre-scission neutron yield from both the reactions. Lines are drawn to
guide the eye

The pre-scission neutron multiplicity isfound to be higher for the system with entrance
channel massasymmetry a< §, . ascomparedtothesystemlyingontheother sidei.e.a> 4, .. This
differencein multiplicitiesincreaseswith theexcitation energy of the CN. Thustheaboveobservation
indicatesthat the entrance channel massasymmetry playsacrucial rolein deciding thefusion-
fission path of the composite system.
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5.1.3 Massgated neutron multiplicity measurement to under stand thefusion- fission
dynamicsfor the system %O+Pt
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After thefusion of thetwo massive nuclel, thedominating channelsinthe decay of heavy
and super-heavy nucle arefus on-fission and quasi-fisson processes[1]. Inthelast decade, there
aresevera experimentsfor studiesof thefusion of massive nuclel and their subsequent decay
processes. Thestudy of propertiesof fus on-fission and quas-fisson productshel psusto understand
thereaction dynamicsand evol ution of severd degreesof freedomin theformation of thecompound
nucleus. Thisfurther hel psinthe selection of the proper target, projectile and bombarding energy
combinationsto maximizetheformation probability of super-heavy nuclel. Measurement of fisson
fragment angular distribution, massdistribution and mass-energy correlation helpsustodistinguish
fuson-fission, quasi-fission and other non-compound nuclear components|2-3]. However, mass
distribution, TKE distribution and mass-TK E correlation are not sufficient to distinguish above
componentsinthefission path of the heavy elements[4-5]. Inthe past it was shown by dynamical
caculationsfor the devel opment of nuclear shape by Langevin equationthat fusion-fisson, quas-
fissonand DIC havetheir own characteristic reaction times devel oping from the contact of the
colliding partnersto the scission point. Thedifferent reaction timemeansthat each reaction process
Isassociated with different pre-scission neutron multiplicity. Theknowledge of the TKE of fission
fragmentsand mean neutron allows usto cal cul ate the energy balance of thereaction. Thisenergy
may depend on the shape of the evolving compound nucleusand might tell uswhether thispath can
lead to compound nucleus component [ 3]. We can expect thetota neutron multiplicity to belower
inthe quasi-fission region and more neutron multiplicity inthefusion-fission region. Though all
these effectshave been studied in great detail sfor entrance channel massasymmetry, the effect of
‘N/Z’ onthedecay of the heavy nuclei hasnot been studied to agreat extent. Keeping thisinmind,
we have started a programme to study the fission properties of the heavy nuclei by choosing
different neutron-rich target and projectile combinations (i.g.2°0, BO+*Pt, 1%pt). As afirst
experiment of this series, we report here the summary of the mass gated neutron multiplicity
measurement for the decay of the °O+**Pt — 2%Rn reaction. Other experimentsareplannedin
thenext cycle.

120 MeV pulsed %0 beam with anintensity of 7to 30 nA, delivered by Pelletron plus
First module of the super conducting linear accel erator facility (LINAC) of IUAC, wasbombarded
on a'**Pt target having athicknessroughly 400 pg/cm?. Timeresol ution of the beam out of the
LINAC was continuously monitored by aBAF, detector positioned at the end of the Faraday
cup. The pulsewidth wasmonitored to be roughly 600 psthroughout the experiment. Thetarget
waslocated at the centre of athinwalled spherical scattering chamber of 60cm diameter. The
fission fragmentswere detected by apair of Multi-wire proportional counter (5” x 3”) kept at
appropriatefolding angle at adistance of 24 cm. from thetarget position.
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Fig. 1. Experimental set up at Beam Hall-I|
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Fig. 2. Neutron Time of Flight Spectrum

14 neutron detectors (NE213 and BC501) of 5” diameter and 5” depth werekept at 2
meter distancefrom thetarget at anglesranging from 30°-150° (Fig.1 Two more neutron detectors
werekept at 15° up and down out of the reaction plane. Because of the requirement of minimum
gammabackground in the neutron spectra, the beam dump was extended about 3m downstream
from thetarget and the beam pipewaswell shielded with lead and borated paraffin. Theabsolute
neutron TOF was determined using the gammapeak in the TOF spectrum asareference (Fig. 2).
Two surface barrier detectorswere placed 16° out of reaction planefor normalization purpose.

For n-y pulseshapediscrimination, 12 [UAC homemade[6] and 4 commercid (Canberra)
PSD moduleswere used. Thetrigger of the dataacquisition wasgenerated by logic OR of thetwo
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fissionfragments(Cathode of thetwo MWPC) and ANDED with the RF of thebeam pulse. The
dataanaysisisin progressusing the CANDL E offline dataanalysis package of the I[UAC.
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Fuson-fisson dynamicsof heavy systemsisatopic of consderablecurrentinterest. Precise
measurementsof neutron, charged particleand GDR y-ray multiplicitieshaverevea ed that these
quantitiesaremuch larger than theva ues predicted by standard statistical modd. Thisimpliesthat
collective massflow from the equilibriumto the scission point ishindered by nuclear viscosity.
However, neutrons, charged particlesand y-raysare emitted by the fused system whileit moves
from the equilibrium position to the saddl e point and then from the saddl e to the scission point.
Therefore, these probesare not sengtiveto whether theemissonsoccur beforeor after thetraversa
of the saddle point. M easurements of evaporation residues (ERS), on the contrary, can reveal
information about pre-saddledissipation. It hasal so been pointed out in our previouswork [ 1-3]
that the ER spin distributionisanother sengtivetool to study dissipationin heavy systems.

To understand further therole of dissipationinfission of heavy nuclel, wecarried out ER
crosssection and y-multiplicity distribution measurementsfor thereaction ®FH3W. Theexperiment
wasperformedin HIRA [4] beam line. Pulsed °F beam, with 4 us pul se separation, intheenergy
range of 90 — 110 MeV was bombarded on a 210 pg/cm? 84W target on 110 pg/cm? carbon
backing. Elastically scattered °F ionswere detected in two silicon surface barrier detectorsplaced
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at 6 =£25° with respect to the beam direction. ERswere detected at thefocal planeof HIRA using
a50x50 mn? two-dimensiona position-sengitivesilicon detector. A 14 element BGO mulltiplicity
filter was placed in close geometry around the target to detect y-raysfrom ERs. For clean and
unambiguousidentification of ERs, aTOF spectrum wasrecorded by setting up aTAC between
thefoca planesignal andthe RF signal, used for beam pulsing. A two-dimensiona plot between
foca planeenergy andthe TOFisshowninFig.1, which clearly identifiesthe ERs, freefromany
background contamination. For constructing y-fold distribution, 14 TDC signalswererecorded
with ER asthe common start and individual BGO signa sasthe stop.
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Fig. 1. Energy vs time of flight distribution for recoil products
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Study of incomplete fusion (ICF) reaction dynamics has been the subject of growing
interest inthe past few decadesintheintermediate energy region. Thefirst observation of PLFsby
Britt and Quinton [1] inthe bombardment of *’Au and 2°Bi using 2C, **N and *°O projectilesat
~10.5MeV/nucleon led to themechanism of ‘ massivetransfer’ of projectileto thetarget nucleus.
Subsequently, Gdinetd. [2] also observed ‘fast’ PLFsinforward coneand termed thesereactions,
leadingto PLFsas‘incompletefusion’ (ICF). Inamuraet d. [3] found more experimentd evidence
of ICF asamechanismfor “N + **Th system at beam energy about ~7 MeV/nucleons, wherein
exclusive measurements of forward-peaked o—particlesin coincidencewith the prompt gamma
raysof thedifferent evaporation res dues have been done. Furthermorethey observed thelack of
sdefeeding at low spinsintheresidua nucle produced through | CF. Someearlier studies[4,5] on
| CF by particle-gammacoincidencetechnique had mainly been focused onyield measurementsin
coincidencewith emitted PLFsinforward cone. Observation of ‘fast’ alphaparticlesinforward
conein coincidencewith prompt y-raysof the popul ated evaporation residues providesan evidence
of ICF.

In order to explain | CF reaction dynamics, several theoretical approaches have been
proposed. Thesum-rulemodel of Wilczynski et a. [6] hasbeen quite successful inexplainingthe
cross-section of al the PLFsat beam energiesabove 10 MeV/nucleon. Accordingtothesumrule
model, | CF reactions arelocalized in the angul ar-momentum space abovethe critical angular
momentum for CF of the projectile and target. The Breakup fusion model [7] of Udgawaand
Tamuraishbased onthedigtorted wave Born gpproximation (DWBA) formalismfor el astic breakup
of theprojectileinthenuclear forcefield of thetarget nucleus, with the breskup amplitude multiplied
by thefactor representing the probability of fusion of oneof thefragmentswith thetarget nucleus.
Thismode qudlitatively explained thekinetic energy spectraand angular distribution of gectiles.
On the other hand, Mermaz et a. [8] could explain the energy and angular distribution of the
projectile-likefragmentsusingamodified DWBA formaismfor surfacetransfer reactions. However,
no model sofar proved successful at energy below 10 MeV/nucleon.

To study the CF and | CF reaction dynamics, we have performed an experiment at Inter-
University Accelerator Centre (IUAC), New Delhi, usng GammaDetector Array (GDA) along
with Charged Particle Detector Array (CPDA) set-up. The particle-gammacoincidence experiment
has been performed with aview to study | CF reaction dynamicsin the 50+2*Sn system at 100
MeV beam energy. Earlier most of the | CF reaction studies have been carried out by particle-
gammacoincidencetechnique, withlow-Z (Z < 10) projectileinduced reactionswith heavy targets
(A>150). However, therearefew studiesat lower beam energiesand with medium massspherica
target nuclel. Inorder toinvestigatetherole of target and residual nucleusdeformation onthespin
populationinincompletefusion reaction, the present experiment hasbeen undertaken. These study
show that theyieldsared most constant up to amaximum angular momentum and thenfallsunlike
incompletefusonwheretheyiddsfalsexponentidly with spin. However, no dataon sde-feeding
population exist for the system 10+ 124Sn, We have made an attempt to extract relative yields of
thelevelsfromtheintenstiesof the gammatransition to deci pher the s de-feeding patterns. More
experimenta dataare needed to haveabetter insight into the reaction mechanismthat isinvolved
at energiesabove Coulomb barrier and below 10 MeV/nucleon. With thisview, we under took
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studieson | CF reactions at beam energies 6.3 MeV/nucleon in thereaction of low-Z heavy ion
180 with spherical target *Sn.

Self-supporting enriched target 1*Sn (enrichment =97.2%) of thickness 2.0 mg/cm?was
mounted at 45° with respect to the beam direction inside the CPDA chamber. The target was
bombarded with the 100 MeV *0 with the beam current =20nA.. Coincidenceswere demanded
between particles(Z=1,2) and the prompt y-raysemitted from theevaporation resduesduring the
interaction of 0 with 2Sn. The CPDA isagroup of 14 phoswich detectors. In the CPDA
scattering chamber, seven CPD were placed on thetop and seven in the bottom of the chamber.
The 14 phoswich detectors of CPDA aredivided inthree angular zones: (i) 4 CPD inforward
cone (10°-60°), (ii) 4 CPD in backward cone (120°-170°) and (iii) 6 CPD in sideways (60°-
120°). Infront of the each forward direction CPD an aluminium absorber of thickness 100 um
wasused to sop thedadtic scattered beam. Thisresultedintheremoval of lower energy ‘ evaporation’
alphaparticlesintheforward direction but allowed the fast a-particles produced in ICF to be
detected.

Dataandyseshave been carried out off-line using software INGA SORT. | dentification of
the CF and | CF channelsin forward and backward cone were achieved by |ooking into various
gated spectra. Themain | CF reaction channd sthat wereidentified in theforward conein coincidence
with ‘fast’ a-particlesare 2Sn(O, 0:3n)**Ba, Sn(O, aidn)**?Ba, 14Sn(O, abn)*Ba,'?Sn (O,
opdn)BiCs, 245n(0, o2pn)i=Xe, Sn(0O, 20:2n)*X e, 24Sn(0, 204n)2Xe and 2*Sn(O,
20ip4n)*?’l. Three neutron channelsproduced in CF reactions2Sn(O, 5n)**Ce, 4Sn(O, 6n)**Ce
and2Sn (0O, 7n)***Ce have a so been identified from the singles spectraand are confirmed from
gammadecay lines. Inaddition to thesereaction channd sidentified in coincidencewith particlesin
backward coneare: 1#Sn(O, p4n)**Laand 2*Sn(O, p6n)**La. Moreover, reactionschannels
identifiedin coincidencewith ‘ compound’ or-particlesinbackward direction are*Sn(O, 0.3n)**Ba,
245n(0, adn)*Ba, Sn(0,abn)BBa, 2*Sn(0, 202n)°Xe, Sn(O, op4n)*Cs and
1245n(0O, 2aip4dn) 271,
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Inthe present work, to study thesidefeeding patternintengties, the spin distribution of the
energy levelsof theevaporation res dues popul ated by CF and | CF processes have been measured.
Asarepresentative case, the measured spin distributionsfor somethe evaporation residues ***Ce,
133Ce, 132Bag, X e and %X e, produced in the 0+*Sn systems are displayed in Figs. 1-2. In
Fig. 1 theevaporation residue ***Ceand **Ce produced in CF and **Ba, produced in coincidence
with‘ compound’ o-particlesemittedin backward cone, have been displayed. Theyiedsof higher
cascades show an exponentia fall to high spin state, which indicatesthe presence of strong side
feeding to thelowest member of yrast linetransgitions. Fig. 2 showsthat the evaporation residues
132Ba, 30X eand 28X e produced by | CF reaction, in coincidencewith ‘fast’ o-particlesemittedin
forward cone. However, theintensities of the cascadetransitions of evaporation residues*?Ba,
130X eand 128X e have been found constant upto J=7h, 9h and 9h respectively and thentheyield
successively decreaseswith high spin states, indicates the absence of side-feeding to thelowest
membersof yrast linetransitions. Itisinteresting to find thespinat half yieldin oe and 20-emitting
channelsassociated with ICF. It comes out to be 9h and 11h respectively, whilefor CFitis7h,
which clearly showsthat the production of ‘fast’ forward PL Fsassociated with | CF areat higher
input angular momentum and leadsto peripherd interaction.
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5.1.6 Disentanglingof completeand incompletefusion: Spin-distribution measurement
at = 4-7MeV/nucleon
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The studiesof incompletefusion (ICF) dynamicsat energiesnear and abovethe Coulomb
barrier (CB) hasbeen atopic of considerableinterest inlast decade or so, where completefusion
(CF) isexpected to bedominant [1]. It isnow an established fact that for incident energiesalittle
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abovethe CB andfor input angular momentumrange0<I1<I ., heavy ioninteractionisdominated
by entirelinear momentum transfer from projectileto target nucleusleading to CF process. Asa
consequence, afully equilibrated excited compound nucleusof pre-determined charge, massand
angular momentais formed, which decays by the light nuclear particle(s) and characteristic
y-radiations. However, at relatively high bombarding energiesand for input angular momentum
| s1<1 . CForadualy givesway to | CF, wherefractional massand chargeaswell asthelinear
momentum of projectilearetransferred to thetarget nucleus, dueto the prompt-emission of o-
clusters predominantly in the forward conewith almost projectilevelocity. Asaresult of such
process, projectile-like and target-like partners may appear in the exit channel. Such kind of
reactionswerefirst observed by Britt and Quinton[2], however, particle-y-coincidence studies
by Inamuraet al., [3] contributed agreat ded to the understanding of underlying processes. Some
of theimportant features of | CF dynamicsare; (i) |CF contributesasignificant fraction to the
reaction cross-section in case of highly mass asymmetric systems|[1]; (ii) the forward mean-
rangesof recoilsshow relatively smaller depth inthe stopping medium than that of CFresidues[4],
(iii) theoutgoing projectile-likefragmentsaremainly concentrated inforward coneand their energy
spectrum essentially peak at the projectile vel ocity; and (iv) the spin-distribution of evaporation
residues populated vial CF arefound to be distinctly different asobserved for CF process[5].

Inorder to explain someof thesefeatures, several dynamica modelshave been proposed,
but none of the existing models gave satisfactory fitting of the experimental data obtained at
bombarding energies =4-7 MeV/nucleon. Moreover, the detailed conclusions regarding the
multiplicity of linear momentum transfer, effect of massasymmetry, roleof different I-binsassociated
with |CF dynamics, could not bedrawn from theavail abl e experimenta data. Assuch, notheoretical
model isavailablewhich canreproduce experimental dataobtained at energies=4-7 MeV/nucleon.
Further, | CF reactionsare considered to be apromising route to produce high spin statesin heavy
residuesat evenlow bombarding energiesdueto itsperipheral nature. Therefore, inorder to have
better understanding of | CF dynamicsintheframework of all these aspects, experimentshave
been carried a theInter-University Accelerator Center (IUAC), New Delhi usng GammaDetector
Array (GDA) aongwith Charged Particle Detector Array (CPDA), employing particlegamma-
coincidencetechnique. Thetarget projectile-combinations used in these experimentswere; (i)
160+19Tm, and (i) *C+Tm. The beam energieswere=90 MeV (**0) and =55-90 MeV (*2C)
with beam current =3-4pnA. The scattered beam was removed by an Aluminum absorber of
appropriatethickness placed in front of each CPD. Fourteen detectorsin the CPDA weredivided
into thethreeangular rings, (i) Forward angle (F) 10°-60°, (ii) Sideways (S) 60°-120° and (iii)
Backward angle (B) 120°-170°. Depending on the fast component of the CPDA signal, proton
and oi-particlesin each angular ring can beidentified. Dueto the extraabsorber thicknessrequired
for stopping the scattered beam, only protonsand o-particles could be detected in theforward
ring. Coincidenceswere demanded between particles (Z=1,2) and prompt y-rays. Dataanalysis
has been carried out using INGA SORT. Selection of axn/2oxn-channelsin forward, backward
and 90° angleswere achieved by looking into various gated spectra; however, xn-channelshave
beenidentified fromthe singlesdata. Themain reaction channd sthat wereidentified intheforward
ring in coincidence with fast o/2oi-particlesare’®*Re (oxxn), W (oypxn), 1"*Ta(2oxn) and &
XHf (2oypxn). Theresidueswhich have beenidentified in backward ring are ®*Re (xn) and #*Os
(pxn). Somexn-channelsin8Ir (xn) reactionshave a so beenidentified from singles spectra.
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The spin-distributions of variousreaction products popul ated viaCF and | CF dynamics
identified from backward-o. and forward-o. gated spectra have been compared in Fig.1. For
better comparison of spin-distributionsof various channelsin awindow, yield of each resduehas
been normalized with the minimum observed spin at themaximumyield. Ascan beseenfromthis
figure, the spin-distributionsaredistinctly different for direct-o/2c-emitting channelsasthat of
fuson-evaporation xn/oxn-channds. It may, however, be pointed out thet, theyield for theresidues
in coincidencewith o/2o.-particlesemitted in forward-directionisa most constant up to J=10-12h
and then fallswith high spin states, indicating the absence of feeding to the lowest members of
Y rast-linetransitions or the popul ation of lower spin statesare strongly hindered in case of ICF.
However, in case of residues populated via CF (xn/oxn-channels) reaction, yield isshowing a
sharp-exponential risewith low spin states, anindication of strong feeding towardsthelow spin
states. It may however be pointed out that spin at half yield for direct-o/20-channel sassociated
with ICF arefound to be=13h and =16h, while, spin at half yield for normal-o-channel isfound
to be=10n, same asin CF xn-channel. This striking feature of spin-distribution indicatesthe
population of direct-o channelsat relatively higher input angular momentum as compared tothe
fusion-evaporation channel. Several such channels have been compared. Onthebasisof above
results, it can beinferred that, input angular momentum increaseswith fusion in-completeness|6].

With aview to have clear picture about the strong-feeding in CF and lessfeeding in ICF
reactions, feeding-intensity for each reaction product has been estimated from experimentally
measured spin-distributions. Asarepresentative case, feeding intensity distribution for various
channelsisgiveninFg.2. Ascan beseenfromthisfigure, thefeeding intensity showsan exponentia
risetoward low spin states, revealing strong-feeding towards band head. 1t may a so be pointed
out that, for 2a//o-channels (ICF), feeding intensity is shows an exponentia rissupto=17a and
~15n, respectively and thenisfound to decreasetowardslow spin states. Thismay beduetoless
feeding probability in | CF processes. Dataanalysesfor both the systems have been compl eted.
Theresultsof above analysishave been submitted for publication [6]. It isalso proposed to carry
out theoretical calculationsfor explaining the experimental data, and more detailed experiments
with other projectile-target combinationsat different energiesto develop somesystematic for ICF
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Fig. 1. Typical spin distribution for (i) *¥2Ir (3n), populated via CF (3n-emission from CN),
(i) **Re (a2n), populated via direct-a and fusion evaporation a-emitting channels, and
(iii) **Ta (2an), populated via direct-2a-channel in forward cone
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Fig. 2. Typical feeding intensity distribution for (i) *¥2r (3n), populated via CF
(3n-emission from CN), (ii) **Re (a2n), populated via direct-o. and fusion evaporation
a-emitting channels, and (iii) Y“Ta (2an), populated via direct-2a-channel in forward cone.

(Thiswork ispartialy supported by University Grant Commission (UGC), New Delhi as
an Emeritus Fellowship to one of the authors)

REFERENCES

[1] PushpendraP. Singh et al., Phys. Rev. C77, 014607 (2008).

[2] H. C. Brittand A. R. Quinton, Phys. Rev. 124, 877 (1961).

[3] T. Inamuraet. al., Phys. Lett. B 68, 51 (1977).

[4] PushpendraP. Singh et al., Euro. Phys. JA34, 29-39 (2007).

[5] PushpendraP. Singh et al., Nucl. Phys. Symp. V52, 361 (2007).
[6] PushpendraP. Singh et al., Phys. Rev. C (RAPID) 2008 submitted
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Itisnow generally recognized that study of heavy ioninduced reactions(likefusion, direct
reaction, transfer reaction and degp inelastic collision) isof great interest at beam energieswell
abovethe Coulomb barrier. Predominant among them are compl eteand incompletefusion reaction
mechanism. For themeaninput angular momentumlyingintherange0<1<I ., completefusionis
considered to be the dominant mode the reaction. On the other hand, if the mean input angular
momentumliesintherangel , <I<I__, nuclear fieldisnolonger holdtoinvolveal thenucleonic
degrees of freedom as aconsequence proj ectile break-up takes place which leadsto incompl ete
fusion reaction along with projectilelike fragments (PLFs) in theforward direction. The PLFs
werefirst observed by Britt and Quinton [1] inthe bombardment of inthe bombardment of *’Au
and 2°Bi by 2C, N and 0O at energies> 10.5 MeV/nucleon. Advancesinthe study of CFand
| CF reaction took place after the measurement of the spin distribution of evaporation residues
produced by *N-beam on *Tb-target by Inamuraet al. [2] at 6.7 MeV/nucleon energy.

Several mode shave been proposed to explain the characteristics of ICF viz, SUMRULE
model [3], BREAK-UPFusion (BUF) model [4], PROMPTLY EMITTED PARTICLES(PEP)
model [5] etc. The SUMRULE model [3] of Wilczynski et a describesthat the | CF reactions
occur inthe periphera interactionsandlocalized in theangular momentum space abovethecritical
angular momentum of the completefusion. The BUF-model of Udgawaand Tamura[4] isbased
onthedistorted wave Born approximation (DWBA), where projectileissupposed to break-upin
thefield of thetarget nucleus. Oneof thefragmentsof the projectileisassumed tofusewith target
nucleusand remai ning fragments moveswith unchanged vel ocity intheforward direction.
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Inorder toidentify the CF and | CF reactions, particle-y coincidence experiment hasbeen
carried out by usng Gamma Detector Array (GDA) along with Charge Particle Detector (CPDA)
facility at IUAC, New Delhi. The GDA consist of thetwelve n-type Germanium detectorsat 45°,
99° and 153° with respect to beam direction and fourteen Charged Particle Detector Array (CPDA)
housed in small scattering chamber, which issurrounded by Ge-detectors. The CPDA weredivided
intothreeannular rings(i) Forward angle (10°-60°) (ii) Sidewaysangle (60°-120°) (iii) Backward
angle(120°-170°), which coversnearly 90% of thetota solid angleso that angular distribution of
the charged particlein 4r-arrangement can berecorded. The self-supporting rare-earth target
100Gd of thicknessabout 1.3 mg/cm? was mounted at 45° in the scattering chamber with specia
target holder. The target was bombarded by the %0O-beam with energy 90 MeV. In order to
distinguish the CF and | CF, Al-absorber of thickness 100 umwasused inthefront of the CPDA -
detectorsto stop the evaporation a-particle and el astic scattered 1*O-beam. The coincidence has
been demanded between prompt gammarays and charger particle (p or o) in forward, 90° and
backward direction.

Data analysis has been done by using INGASORT and CANDL E software. We have
identified fourteen reaction products produced via CF and | CF by looking into various gated
spectra. Theincomplete fusion reaction products have beenidentified from* fast’ o particle gated
spectraintheforward cone are *°Gd(*°O, axxn) Y b, 1°Gd(*°O, oypxn) Tm, 9Gd(1°0O, 204n)SEr
and *Gd(*0, 2ap4n) Ho. The CF reaction products %°Gd(*°O, xn) Hf produced by neutron
emission channel have aso been identified from singles spectra. Thereaction productsidentified
by lookinginto‘compound’ o particle gated spectrain backward cone are expected tofollow the
CF trend and this has been confirmed by spin distribution pattern for the reactions **Gd(*¢O,
oxn) Y b, *°Gd(**0O, apxn) Tm and **Gd(**0O, 20:3n)** Er. The spin distribution of theresidues
produced through CF and | CF have been measured by studying the rel ative population of the
levelsin the deformed band to understand the side-feeding effect. Spindistributionsi.e. relative
yieldsof thelevelsof two residues produced asafunction of level spinsinthecollision of O +
10GdisshowninFigs.land 2. Ascan be seen formthe Fig.1 that relative yields of the neutron
channel from singles spectrashow exponentialy fall with spinindicating hereby that strong side-
feeding occursinthelower membersof theyrast linetransition and the spin at half-yield for two
neutron channels, produced in CF are found to be 71. On the other hand relative yield of the
residue produced in coincidence with o-particlesin forward direction shows constant yield at
certain value of the spin and afterward exponentially fall with higher spinlike completefusion
product isshowninFig.2. It isobserved that thereisabsence of sidefeeding to thelower member
of theyrast line. Moreover, spinat haf yield for ICF productsarefoundtobe9h and 11h inocand
20-channel emission channel srespectively. The angular momentum associated with o, and 2o
emissionsintheprojectile breakup increaseswith decreasesin linear momentum transferred to the
target nucleus, which leadsto peripherascollison.
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5.1.8 Fusion and incompletefusion studieswith heavy targetsusing *O beams
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In recent years, dynamicsof completefusion (CF) and in-completefusion (ICF) processes
inheavy ion (HI) reactions has been atopic of considerableinterest [ 1, 2]. The pointsof interest
are; relative contribution of | CF and CF componentsat agiven energy, their dependence oninput
energy andthetarget projectilepair etc. Themeasurement of excitation functionsfor the production
of reaction residuesviaCF and | CF processes using off liney- spectroscopy [2, 3, 4] hasoften
been used. Angular distribution of theresiduesand their recoil rangedistributionshaveaso|[3, 4,
5] provided information of considerableval ue. In order to obtain the production cross-sections of
theresidues populated via CF and | CF processes an alternate method based on the delayed X-
ray detection techniquemay also beused. Thismethodisparticularly suited for theresidueswhich
decay by electron capture (EC).

Inthe present work, delayed X -ray detection technique has been used to investigate HI
reaction dynamics. A stack having target samples separated by catcher foilswasirradiated by the
incident ions of interest. After irradiation, target and catcher foils were counted by aHP(Ge)
detector. The X -ray spectrum of interest wasstudied to investigatethe evol ution of reaction dynamics.
By measuring thenumber of X-raysfrom variousresidues, onecanfollow thetimeevol ution of the
activities. Fromthis, and by knowing the absoluteintensities of thetransitionsit ispossibleto
extract the cross-sectionsfor different residues.

Experiment for the *O+%'Tasystem hasbeen carried out using 15 UD Pdlletron accel erator
facility of theInter University Accelerator Centre (IUAC), New Delhi. Spectroscopically pure
self-supporting foilsof natural Tawere u sed. Thethickness of samplefoilswere measured by o-
transmi ssion technique. The measured thicknesses of the 8! Tafoilswere=~1.25 mg/cn. Inbetween
two successive B'Tasamplesan Al-catcher of thickness= 1.50 mg/cm? was kept which served
both asenergy degrader aswell ascatcher foil. Two stacks containing threeand one stack containing
four B'Tasampleswereirradiated with a'*0™ beam at H = 88, 98 and 100 M eV, respectively.
Keepinginmindthe half-livesof interest, theirradiationswere performed for = 8h duration each,
inthegenerd purpose scattering chamber (GPSC) of 1.5 meter diameter, having in-vacuum transfer
facility. For the detection of X-rays, a HP(Ge) detector with high gain option was used. The
activitiesinduced invarious sampleswererecorded by counting thetarget and catcher foil stogether
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using HPGey-ray spectrometer coupled toaCAMAC based FREEDOM software. The HPGe
detector was pre-calibrated both for energy and efficiency employing various standard sources.
TheX-ray linesof interest werein the energy range of 55to 73 keV. A typical X-ray spectraof
®1Tabombarded by 100 MeV *QisshowninFigurel.
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Fig.1. X-ray spectrum observed in the decay of reaction products in 160+181Ta reaction

From the decay curvestheresidues %P, 1*Au, *%Hg and **9"T| have been identified.
All the aboveresiduesdecay predominantly by EC respectively to **Ir, 1%Pt, 1%5Au and 1%19"Hg.
It may however be noted that from the X-ray spectrathereis no isotopic selection as X-rays
emitted by different isotopesof agiven element gave acumulative peak. In order to separatethe
contribution of variousisotopes, the observed X-ray spectrum hasbeen fitted by Gaussian peaks
andthe X-ray intengity of the peak hasbeen plotted asafunction of time. Theanaysisof the decay
curve gavethe contribution of individual channels. Further, in order to have the complementary
andyss, EF sfor severd reactionshave a so been measured using theintensity of the characteristic
v-lines. The y-ray analysis has indicated a significant contribution of 1CF process in some
o-emisson channels. Inorder to obtainthereative contribution of CF and | CF channel sexperiment
for recoil rangedistribution (RRD) hasa so been carried out at 100, 94, and 85 MeV energies.
Theanalysisof thedataisin process.

(Theprojectispartialy supported by UGC-Emeritus Fellowship)
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5.2 MATERIALS SCIENCE

There have been alarge number of experimentsin material s sciencewith energeticion
beams, on varioustypes of materiassuch aspolymers, metals, semiconductors, oxide materias,
magnetic materials etc. The problems related to electronic sputtering, ion beam mixing,
nanostructuring of thematerias, surface modifications, materidsmodifications, ion beaminduced
epitaxid crystallization etc. wereinvestigated.

On-line ERDA using large area position sensitive detector was used for astudy onthe
€l ectronic sputtering dependenceonthestrainin LiF thinfilms. The observationswerequalitatively
explained by thermal spikemode assumptions. Theion beam mixing experimentsin Ti/S, Fe/Bi
and metal/polymer, Ni,N/Si systemswere performed. From theion beam mixing experiments
performed at IUAC thisyear and previousyears, it gppearsthat ion beam mixing occursif theion
beam createstrack in one of thetwo systemg/layers. However, if the heat of mixing of the system
isnot favorable, theion beam mixing doesnot take place evenif both the components of the bi-
layer havetrack creation by ion-beam asobservedin Fe/Bi case.

Formation of Ge nanocrystalsin SHI irradiated Ge atom embedded in silicamatrixwas
observed. TheamorphousTiO, film wasshown to get transformed to nanocrystalline asaresult of
swift heavy ionirrediation. Phasetransformation fromamorphous TiO, toamixed rutileand anatase
phasewasobserved by ionirradiation. The nanostructuresappearsat the surface of semiconducting
oxidethinfilmof SnO, after swift heavy ionirradiation. Therewereindicationsof elongation of
ZnSnanoparticlesby highenergy heavy ionirradiation. Thesignatureof nanoscademagneticdomains
wasnoticedintheswift heavy ionirradiated GeO, thinfilm. Theroleof microstructureof CdTethin
filmwasstudied for the swift heavy ion beaminduced modifications. Thedefect creation aswell as
thedefect annealing were observed (by ionirradiation) depending ontheinitial microstructure of
thefilm.

SHI induced modifications werestudiedin NiO, doped NiOthinfilms, Al,O,, YBCO,
Zinc ferrite nanoparticles, silica glass, borosilicate glass, metal polymer nanocomposite,
polypropylene, polyethylenetetraphelate (PET) etc. Freevolume studiesby positron annihilation
techniquewere performed in pristine and irradiated conducting poly ethylene oxide polymers. Li
ion irradiation was shown to create holesin aten micrometer thick polycarbonatefilm on Au
deposited GaA S substrate, without any chemical etching. A large number of experimentsonthe
straggling and energy lossmeasurementswere performed in mylar, polypropylene, polycarbonate
and kapton. Theedlectrical characterization studiesof the pristineand irradiated high speed NPN
power transitionswere carried out. Deep level defectswerestudied intheionirradiated bipolar
junction transistors. The electronic circuitsfor devicesin spacecraft were tested for radiation

damage, to stimul ate the spaceradiation.
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5.2.1 AnEvidenceof Srain Induced I ncreasein Electronic SputteringYield of LiF Thin
Films
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The el ectronic sputtering from LiF thin filmsasafunction of film thickness (10-265 nm
thick) and grain size (10-34 nm) isinvestigated using 120 MeV Ag®* ionsin equilibrium charge
state asprojectiles. The observed sputtering yield is~ 10° atoms/ion. A reductionin sputter yield
isobserved withincreasing thickness/grain size[1-2] asshowninfigure 1. Smaller grainsizeand
lower thicknessof thefilmsrestrict the motion of excited e ectrons (i.e. reductioninmean diffusion
length) resulting in better confinement of thedeposited energy, which findly enhancesthetemperature
and duration of temperature spike, resulting in higher sputtering yield. Numerica cdculation of the
expected common sputtering yield for thickest film under norma ionincidence hasbeen performed
using thethermal spike code[1]. The ca culated value (~7000 atoms/ion) islessthan 1/3“ even of
theminimum observed sputtering yield (for thethickest film) i.e. adiscrepancy isobserved inthe
experimenta and smulated sputtering yields. Therapidincrease of theyield with decreasing film
thickness, however, still remainssubtle.
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Fig. 1. Experimental and calculated sputter yields

Theselatticeimperfectionsinduce strainin thelattice sincethe rel ative atomic positions
related to theimperfectionsare different from the crystal |attice parameter. Thestrain presentin
eachfilmiscaculated anditisclearly evident that the strain (theamount of crystal imperfection) in
theas-deposited filmsthemsa vesincreasesrapidly with decreasing thickness (figure 2). Thecrysta
imperfectionsmust al so reveal themselvesasanincreaseinthedectrical resistivity of thefilms. It
wasobserved that theresgtivity of thefilmincreaseswith reductioninthefilmthickness. Interesting
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results were obtained when natural logarithm of the measured resistivity was plotted with the
calculated strain, which showed alinearly increasing trend of (Inp. with €, asexpected asshownin
inset (a) of figure 2.
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Fig. 2. Increase in strain with reduction in film thickness. Inset (a) shows variation of
(In p) with strain, while inset (b) shows linear increase in logarithm of sputtering
yield with strain

The XRD and resistivity results, thus, verify that the as-deposited filmsinherit | attice
imperfections, theimperfectionsincrease with decreasing thickness. Theselatticeimperfections
areasoresponsiblefor thereduction of A whichinturn, enhancesthe sputteringyield. A part of
thedifferencebetweenthecaculated yield for aperfect crystal and theexperimenta yield evenfor
thethickest film, thus, arisesfromthe (small) strain possessed by thefilm. At thispoint, itisquite
intriguing to seehow the experimenta sputtering yield varieswiththeca culated strain. Thenatural
log of theyieldis, therefore, plotted against thestrain, and it turnsout tofollow astraight line, i.e.,
the sputtering yield increases exponentialy with increasing lattice strain/crystal imperfectionsas
shownininset (b) of figure2.
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5.2.2 Sudy of swift heavy ion induced mixing Ti/Si using X-ray standing waves
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High-energy heavy-ion beamsarewell established aspowerful tool for modifying the
surfaceand interfacesat nanometer scale. X -ray fluorescence measurement under standing wave
condition has been shown to be apowerful techniquefor elemental depth profiling. The depth
resol ution of thetechnique can befurther improved by making use of x-ray waveguide structure
[1,2]. Inthe present work, we have used x-ray waveguide in order to study swift heavy ion
inducedintermixingin Si/Ti/Si tri-layer with different thicknessesof Ti layer.

Two multilayers having structure: substrate (float glass)/ Pt (50 nm)/Si (15.4 nm)/Ti (2
nm)/Ti (9.0 nm)/Pt (3.5 nm), designated as Ti2, and substrate (float glass)/ Pt (50 nm)/Si (14.7
nm)/ Ti (5.8 nm)/ Si (8.7 nm)/Pt (3 nm), designated as Ti6, have been prepared using ion beam
sputtering. Two Pt layersform thewallsof the planar waveguide, whilethetri-layer S/Ti/S forms
the cavity of the planar waveguide. Waveguide modes can be excited in the cavity, whenever the
following conditionissatisfied, i.e. D = nA/2sn6, where 6 isthewavelength of thex-rays, fisthe
angleof incidence of thex-rays, D isthethicknessof thewaveguide cavity, and nistheorder of the
mode. X-ray reflectivity and x-ray fluorescence measurementswere doneusing Bruker AXSD8
Discover diffractometer using CuK  rediation. Reflected x-rayswerecollected using ascintillation
detector, whilethe Ti fluorescence from the samplewas measured usng anAmptek XR100T PIN
diode detector (with an energy resolution of 250 eV) kept vertically abovethe sample. Raman
measurementswere performed on aHoriba JY HR800 micro-Raman system using an 488 nm
Argon laser asan excitation sourceand aCCD detector. Sampleswereirradiated with 120 MeV
Au™ ionsto fluences of 1 x 10* and 2 x 10*® ions cm? using the 15UD Pelletron at Inter-
University Accelerator Centre, New Delhi, India.

Figure 1 showsthex-ray reflectivity and Ti fluorescence of Ti2 and Ti6 pristinesampleas
well asirradiated samplesto afluences of 1x10" ions/cm? asafunction of scattering vector
g=4n sn6/\, Obeingthe scattering angle, A being thewavelength of theradiation. Sharpdipsin
thex-ray reflectivity pattern below thecritical anglefor total reflection fromthe Pt, signalsthe
excitation of waveguidemodes. At the corresponding qvauesTi fluorescenceexhibitswel | defined
peaks dueto resonance enhancement of x-ray intensity insidethe cavity whenever awaveguide
modeisexcited. Figure 2 givesthenormalized Raman spectraof Ti2and Ti6 pristineand irradiated
filmsinthe spectral range 100-700 cm™. In Raman spectra, the broad peak comes at 465 cm'®
duetoamorphous Si inthe pristinesamplesof Ti2 and Ti6. Withincreasingirradiation fluence, the
height of the Si peak at 465 cm* keeps on decreasing, indicating intermixing of S with Ti. The
concentration profileof the Ti marker layer in Ti2and Ti6 pristineaswell asirradiated samplesas
obtained from thefitting of thex-ray reflectivity and fluorescence dataare showninfig. 3. Onemay
notethat in both the casesthe concentration profile getsbroadened asaresult of irradiation. Inthe
case of 2nm thick Ti layer intermixing is stronger as compared to 6nm Ti film, which can be
understood in terms of astronger confinement of the dissipated energy in the Ti layer due to
increased interface scattering of d-€lectronsin the case of 2nmthick Ti layer. In6nmthick Ti layer,
intermixing isasymmetric at thetwo interfaces, which may bedueto apossibleasymmetry inthe
interface structureinthe asdeposited filmitself.
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5.2.3 Smoothening, Rougheningand Sputtering: The Complex Evolution of Immiscible
Fe/Bi Bilayer System
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Theformation of non equilibrium solid phases, including amorphous and metastable
crystalline phases, in binary meta systemswith negative heat of mixing (AH . <0) by ionbeam
mixing and solid state reaction of multiple metal layers, hasbeen extensvely sudied over thelast
two decades by experimentsaswell asby theoretical approaches based on the thermodynamics
of solid and growth kinetics[1,2]. In contrast, the formation mechanism of various metastable
phasesinthesystemwith positive heat of mixing (AH_, >0) hasnot beenthoroughly studied andis
not yet well understood [ 3]. To the best of our knowledge, theimmiscible Fe/Bi bilayer system has
not been studied previoudy by swift heavy ions(SHI). Therefore, itisof interest toinvestigatethe
posshility of mixinginimmisciblebilayer sysemby SHI. Inthiswork, wepresent thefirst experimentd
evidenceof surface smoothening, roughening and sputtering of immiscible Fe/Bi bilayer system by
swift heavy ionirradiation SHI.

Atypicd RBSspectrumof pristineandirradiated Fe/Bi bilayer samplesat different fluences
isshowninFig.1. A detailed analysisshowed that the Bi peak in pristine sample could not befitted
accurately because of largetail, which could be attributed either to theinterface roughnessor to
theasymmetric granular nature of the Bi film. Infact, RBS spectraof the pristinesampleexhibited
alongtail a thelow energy edge of the Bi peak, whichindicatesan extremeroughnesswith anon-
Gaussian height distribution. RBS analysisrevea ed that steepnessof thelow energy edge of the
Bi signal increasesat the fluence of 3x10 ionscm? and beyond thisfluence s ope of rear edge
increaseswith fluence. Theincreased steepnessisdue to smoothening induced at low fluence,
however, theincreasein rear edge beyond 3x 10" ions cm-2fluence shows broadening in lower
energy edgeof Bi. Thebroadening at higher fluencesmay betheresult of interfacemixing, surface
roughening and/or the effect of both. To confirm thiswe characterized our samplesby AFM. We
have extracted the value of surface roughnessusing AFM and investigated the effect of surface
roughening on interface broadening in RBS spectra.

Theresultsobtained in the present work from RBS and AFM analysisof Fe/Bi bilayers
strongly support thisinterpretation. Asmentioned in theliterature [4], the broadening obtained
from RBS measurements, Ac?,,.may contain two contributions: Interface mixing and surface
roughening. When comparing the quantitiesAc? .. and Ac?, | obtained for Au-irradiated Fe/Bi
bilayers, it turnsout that the broadening observed with RBSisto alarge extent dueto anincreasing
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surfaceroughness, ThedifferenceAc? - Ac?, ,, can beregarded asadirect measureof theinterface
mixing or surfaceroughening effect andisplottedin Fig. 2 versusfluence. Itisclear from Fg. 2 that
interface broadening in the RBS spectraisdueto the surface roughening induced by ion beam.

Inessence, wehaveinvestigated SHI irradiation effects: surface smoothening, roughening
and sputtering in case of immiscible Fe/Bi bilayer system. Wedidn't observeany mixinginthis
system, athough Feand Bi are both known to be sengitiveto high e ectronic energy deposition by
SHI. WeconcludefromRBSand AFM resultsthat SHI irradiationinduced the surface smoothening,
roughening and sputtering instead of mixing. Thiscan beexpla ned onthe basisof positive heet of
mixing which prevent theinterdiffus on acrosstheinterface during thetransent therma spike.
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Fig. 1. RBS spectra of Fe/Bi film on S (100) substrate after being irradiated with 120
MeV Au ions of different fluences at RT and inset is showing the variance o? of the
depth profiles and interface broadening Ac?extracted from the RBS
data versus the fluence
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5.2.4 Swift Heavy ion induced modificationsin Metal/polymer system
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lon beam mixing is a versatile method to prepare novel compounds/phases that are
unattai nable by conventiona methods. The study of metal/polymer interfaceisinteresting not only
fromfundamenta point of view, it so playsavitd rolein gpplicationssuch assynthessof metalized
polymers. Metallized polymersare used in varioustechnol ogiesfor awide range of applications
[1,2]. It hasbeen shown that using SHI, mixing at metal/polymer interface can be achieved which
improvestheadhesion [3]. The present investigation primarily dealswith theioninduced sputtering
INnNi/PET system using on-line Elastic Recoil DetectionAndysis(ERDA). To study thechangesin
the polymer structure and phaseformation at theinterface XRD study hasbeen performed. Further
Investigationsare going onto study interface mixing and adhesion. Commercialy available (from
Good Fellow, Cambridge Ltd., England) PET film of thickness0.35 mm (1x1 cm?) wasused asa
substrate. 100nm thin Ni layer was deposited on these using €l ectron beam evaporation technique
inUHV chamber (~107 torr) with adeposition rate of 0.4-0.5 A/s. Sampleswereirradiated with
80MeV Brionsand 100 MeV Agionswereused for onlineERDA a IUAC, New Delhi. Sample
wastilted at an angle of 20°with respect to the beam direction and the recoilsgenerated ion beam
were recorded at an angle of 45’. Irradiated samples were characterized by X-ray diffraction
(XRD) techniquewith CuK  radiation (A= 1.54 A) using Brucker D8 advance X-ray diffractometer
inthe scan range of 2q between 20° to 50° with ascan speed of 1 deg./min.
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Fig.1. Areal concentration of Ni film vs fluence  Fig.2. Sputtering yield vs ion fluence
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From on-line ERDA, aconsistent reductioninareal concentration (N ) of Ni hasbeen
observed withincreaseinionfluencewnhichindicatessputtering of Ni film. Theared concentrations
were determined fromthe counts, y, of therecoil spectrausing formula[4]

N, =
s
N (80 / 20

where N, isthenumber of incident ions, 2 (5x10°*msr) isthe solid angle subtended by
detector, or = 20° isthetilt angle of the sample surface to the beam direction and (d 6/0 Qisthe
recoil crosssection. Thereduction of areal concentration of Ni versusion fluenceisplottedin
Fig.1 Sputteringyield isdetermined from the differencein areal concentration at two consequent
fluencesdivided by the corresponding differenceinthefluences. Fig.2 showsthe plot of sputtering
yield versusion fluence. It showsthat the sputtering yield decreaseswith increasing ion fluence.
Thesputtering yieldisof the order of 10°atoms/ion upto thefluence~8x10%2ions/cm?. Thereafter
it hasnegligiblevariation with fluence. Similar behavior hasbeen reported in case of polymers[5]
where hydrogen loss cross-section has different values at either side of over-lapping fluence.
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525 Auirradiation at Ni,N/S bilayers: Surfaceroughening and interfacemixing
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lon beam mixing [1-4] in elemental metal/metal and metal/semiconductor bilayersand
multilayer systems has been investigated in order to understand theion induced atom transport
processes and the formation of intermetallic phases at theinterface. Therelativeimportance of
variousmixing mechanismssuch asbalistic mixing, thermal spike mixing and radiation-enhanced
diffusion, hasbeen established. Thetransition between these various scenarios concerning theion
parameters (mass, energy and fluence) and thermodynamic properties and temperature of the
samplesare being debated.

Binary nitridesareaninteresting set of compoundsthat display awiderangeof properties
such asthermal stability or electrical conductivity. Technologically important compoundsare BN,
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AIN, Si,N,, WN, TiN and NbN, which have been well characterized. On the other hand, less
known but potentialy important anumber of covaent metd nitridesof limited therma stability are
Sn,N,, Cu,N and Ni,N. These nitrides decomposeinto the el ements, thus suggesting possible
usesin metallization reactions, which could be of importancefor thee ectronicindustry. Sputtering
at low deposition rateand power density can generate crystallinenitrides of tin, copper and nickel.
Inthe present work amore comprehensivestudy of Ni,N/Si bilayersirradiated withAuionswas

designed to combine analytical methods sengitive to surface roughness and phaseformation.

Theirradiation effectsin Ni N/Si bilayersinduced by 100 MeV Auionsusing 15UD
Pelletron Accelerator at IUAC, New Delhi at fluencesup to 1.5x10* ions/cm? wereinvestigated
at room temperature. To investigate the mixing process in more detail, a bilayers system was
formed by 90 nm of Ni,N on Si (110). The deposition was made by Ion beam sputtering at
vacuum 1.2x10* Torr at IUC, Indore.

GIXRD measurements were performed using CuK o (A=1.54060 A) radiation and
irradiation effect on the surface morphol ogy of the Ni_N/Si was been undertaken with the help of
Atomic Force Microscope in contact mode in IUC, Indore. The observed dissociation and
preferential sputtering of Ni N followed by nitrogen out-diffusion wererelated to small binding
energy of thiscompound. Thediffraction pattern of the pristineNi _N/S bilayerssystemand giving
separatecrystaline peskscorresponding to Ni,N (111), (300) and (113), which showsthe hexagond
structureof Ni N. At 1.5x10**ion fluencesof Auions, theformation of NiSi, and Si,N, phasesat
theinterfacewasfound.

Morphologica changesof surface duringirradiation have beeninvestigated by AFM in
contact mode. Scan varioussizesfrom 1x1 wm? wererecorded on pristineand irradiated samples,
and werefound to be 0.34 nm and 1.8 nm respectively.
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5.2.6 Cross-sectional TEM study of ion beam synthesized SIC

Y.S. Katharriat, Sandeep Kumar?, J. Ghatak?, Umanand?, P. V. Satyam? and D. Kanjilal*

Inter-University Accelerator Centre, ArunaAsaf Ali Marg, New Delhi - 67
?|ngtitute of Physics, SachivalayaMarg, Bhubaneswar-751 005, India

The buried continuous 3-SiC layers are promising candidates for application in
microel ectronics. Self-standing stable 3-SiC membranes may be obtained using aselective S
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etching step. These surfacelayers could a so be used as seedsfor growing 3-SiC on S using other
technigues such as chemical vapor deposition, molecular beam epitaxy etc. |on beam induced
epitaxial crystallization (IBIEC) isknown to result in defect free crystallinelayersfrominitial
amorphouslayersin S at temperaturefar below than that required for its solid-phase epitaxia
growth. The requirement of very high temperature (~800°C) as reported in [1] to initiate
crystalizationof SCin Cimplanted S still makesthe process of 1BIEC speculative and further
studiesemploying lower temperaturesare highly desired. Inthe present study, weused 110 MeV
Niionsirradiation at 350°C tolook for IBIEC effect in Cimplanted Si. Si (100) substrateswere
implanted at room temperaturewith 100 keV C*ionsto anion fluence (f) of 6x10*cm2. Oneof
theimplanted sampleswas annealed at 1000°C for 2 hrsunder (Ar+H,) environment.

Fig.1 shows the XTEM images of C implanted S (100) samples after anneding at
1000 °C. Implantation of 100 keV C*ionsresultsinamorphization of Si up to theend of therange
(EOR) lying at a depth ~475 nm. When the samples are anneal ed, the thickness of amorphous
(&) layer decreasesto ~350 nmindicating therecrystalization of S, which start at theamorphous-
to-crysdline S interface. A thick Slicon oxidelayer of 65 nm thicknesswasformed during annedling
duetotheoxygenimpurity intheAr+H, gas. AsshowninFig.1(a), afive-layer structureconsisting
of topoxidelayer followed by &S, 3-SIC, &S and thebase Si layersisformed after anneding. The
interface between oxideand S layer below itisshownin Fig.1(b). Theformation of B-SiC precipitates
isalso confirmed by someother studies[2]. These SIC precipitatesdo not occur with awel l-defined
shape. A latticeimage of onesuch B-SIC precipitateisshowninFig.1(c). Thelattice spacing of 2.19
A found for these precipitates matches closdly with spacing (2.18 A) of (200) planesof B-SiC.
Another planeof these precipitatesthat could beseenis(111) plane having alattice spacing of 2.51
A. TheSIC precipitatesare surrounded by a-Si ascould be seen from Fig.1(c). Thetransformation
of crystdline(c-) S in SIC could beregarded asatopotactic transformation. An amost 20% lattice
mismatch between B-SiC (latticecongtant=4.36 A) and Si (5.43A) leadsto ahighinterfacia energy,
resulting usudly in adefectsrich SIC/Si interface. Conversion of agivenvolumeof Siin3-SiC does
notinvolvealargechangein S atomicdensity ry asS density in3-SiCisonly 3.4 %lessthanr in
S. Therefore, itismainly theaddition of sufficient number of C atomsaccompanied emissonof S
sf-intergtitial sand rearrangement of atomsduring annealing, whichisrequired for SIC formation.
Therma annealing above 600 °C dsotendstorecrystalize S layer damaged by C* ions. However,
acompleterecovery of Cimplanted S latticeisachieved only at anneding temperaturesof ~1200°C
for sufficient durations. At lower temperatures, ahigh density of defectsisusudly seennear the EoR.
Someof these defects such asmissing planes, twin boundaries, and did ocationswhich areformed,
could beclearly seenfrom Fig.1(d).

Inanattempt to observe | BIECinhighdose Cimplanted S at relatively low temperatures,
SHI irradiation with 110 MeV Ni ions at 350 °C was performed. However, ion irradiation at
350°C doesnot result in any significant structural change, suggesting theineffectivenessof ion
irradiationin crystallizing SC from asolid solution of S and C upto 350°C. Theprocessof IBIEC
isexplained mainly onthebasisof therma spikemodd of ion energy lossinsdeamaterid. During
ion passage, amolted zoneiscreated along ion path dueto the energy transfer of theiontothe
materid and el ectron-phonon coupling of themateria. The strength of thisenergy transfer depends
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primarily on el ectron-phonon coupling constant. Though thisconstant isexpected toincreasein
ionamorphized Si, ahugeincreasein St melting point dueto Cincorporation may be one of the
possiblereason for theineffectivenessof Ni ionirradiationin IBIEC of Cimplanted S in present
study. A smilar behavior of Cimplantedlayerin S under ionirradiationisaso showninour earlier

report [3].

Insummary, MeV ionirradiation could not be used as an effectivetool to recrystallize

SiC precipitates
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Fig.l: XTEM images of 100 keV C* implanted Si; (a) after annealing treatment at
1000°C, (b) SIO,-Si interface, (c) B-SIC crystallite, and (d) defected Si lattice
near EoR of C ions.

buried SC layersformed by Cimplantationin S upto anirradiation temperature of 350°C, Further
studies utilizing higher substrate temperature could be useful and are, therefore, required to be
done.
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5.2.7 Eladticrecoil detection analysisof asdeposited and rapid thermal annealed SN :H Films
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Siliconnitride (SIN, ) and silicon oxynitride (S NXOy,) thinfilmsowing totheir widely
tunable propertiesare used in various microel ectronicsrel ated gpplications. Generally, thesefilms
aredeposited by different chemical vapor deposition (CV D) techniquesinwhichsilane(SH,) and
ammonia (NH,) are used as precursor gases. Therefore, the incorporation of hydrogen is an
inherent feature of theresulting filmscausing therma ingtability inphysical and el ectrica properties
[1, 2], which can be overcome by post deposition annealing. In addition to this, hydrogen is
deliberately introducedin S- solar cell by post deposition anneding to passivate defect and thereby
increasetheminority carrier lifetime[3]. Variousattempts|[4, 5] have been madeto examinethe
post annedling effectson thesefilms. Presence of hydrogenisdetrimental or useful fromthedevice
point of view isstill inconclusive. Itistherefore necessary to study the content of hydrogenor its
distributionin the silicon nitridefilms (both as deposited and anneal ed) by asensitive technique
such asElastic Recoil DetectionAndysis(ERDA).

Hydrogenated amorphoussiliconnitridefilms(aSIN :H) weredeposited by Photo-CVD
on n-type <100> silicon wafer using silane (2% in argon) and ammoniaasreactant gases. The
detailsand the basi c Photo-CV D reaction sequence are described elsewhere[6]. Flow rateratio
‘R’ (SH,/NH,) wasvariedin order to deposit filmswith different hydrogen content. Therefractive
index ‘ n* and thickness‘t’ of thefilmswere measured at 6328A using ellipsometer. Rapid thermal
annealing (RTA) wasdonein nitrogen ambient at 945°C for 10sec. The ERDA measurements
have been carried out with 100MeV Ag™ beamat Inter-University Accelerator Centre, New
Delhi. The sampleswere mounted on metal |adder in ascattering chamber, which wasevacuated
with aion pump based pumping system to achieve apressure of 4.5 x 10-° mbar. A collimated
beam of silver ionswith aspot size of 1x1 mm?was madeincident on the asdeposited and RTA
samples. Thetilt angle of the samples with respect to the beam direction was kept 20°. The
hydrogen recoilsfrom the filmswere detected in asilicon surface barrier detector kept at 30°
whereas, nitrogen and oxygen recoilswere detected by AE-E tel escope detector kept at 45° with
respect to the beam direction. A polypropylenefilm of whosethicknesswasestimated usng SRIM
was kept before silicon surface barrier detector to stop all therecoilsexcept for hydrogen. Areal
concentration (at/cn?) of H, N and O of thefilmshave been cd culated using standard formul ation
of ERDA [7]

Film compaction (~20%) and increasein refractiveindex (~17%) was observed after
RTA. ERDA analysisshowsthat thearea concentration of hydrogen changeswithincreaseinion
fluence (Fig.1) withtwo different dopes. Thisisbecauseof hydrogenlossand eventud modifications
duetoionirradiation[7]. Fromtheplot of ‘R’ versusratio of hydrogen/nitrogen concentration
(Fig.2), itisobviousthat for the asdeposited filmsthe hydrogen concentration increasesfor higher
‘R’ vaues. It can beunderstood fromthefact that for high‘ R’ valuessilaneflow ratewasincreased
keeping ammoniaflow rate constant during deposition. In contrast toitinrapid thermal annealed
sampleshydrogen concentrationisdecreased by an order of magnitude, whichimpliesout diffusion
of hydrogen. Moreover nitrogen and oxygen concentration wasfound to be morein RTA films
thanintheasdeposited. The presence of oxygen isdueto theformation of oxidelayer after film
deposition or post heat treatment (RTA). Compaction of thefilmsand enhancement of refractive
index hasthusoccurred partly dueto out diffusion of hydrogen and partly dueto rearrangement of
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chemical bonding. Itisproposed that the presence of hydrogeninfilmsafter RTA could bedueto
incompleteout diffusonof H andit'sindiffus ontowardsthefilm substrateinterfaceleading towards
thepassvation of interfacia chargetarps.
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Fig. 1. Areal concentration (at/cm?) of H versus
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Fig. 2. Hydrogen/Nitrogen vs flow
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5.2.8 Highenergyirradiation studieson11-VI nanocrystallinethin filmsand I-111-VI,
chalopyrites
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Swift heavy ion (SHI) beamsplay avita roleinthefield of modificationsof the properties
of 11-VI and1-11-V1, compounds[1-2]. Inthe present investigation, theeffect of ionbeamirradiaion
onthepropertiesof 11-VI nanocrystallinethin films such as CdSe, CdS deposited using Chemical
Bath Deposition (CBD) and AgGaS, single crystal grown by Chemical Vapor Transport (CVT)
method hasbeen studied. Thethinfilmsand singlecrysta wereirradiated with120MeV Ag* ions
withfluencesof 1 x10%, 5x10%iong'cm? a room temperature (RT) of 300K and 5 x10%ions/cm?
at liquid nitrogen Temperature (LNT) of 77K. Duringirradiation theion beam current ismaintained
constant around one particle nano ampere (pnA). An el ectro-magnetic scanner focusestheion
beam on the sample surface of having scanned areaof 1x1cm?.

The optical absorption spectra of as grown and irradiated CdS thin films have been
recorded at room temperature using aShimadzu UV-1061 spectrophotometer. Thereisnosignificant
changein theband edge dueto theirradiation but theabsorption increasesinthevisbleregion. In
thecaseof CdSethinfilms, thestructural characterizationusing X-ray diffractionisrecorded usng
aPhilips XPERT-PRO (PW3040) X-ray diffractometer with CuK | radiation having wavelength
1.5406A°. The CdSeishaving zinc blende structure. For the pristine sample, the26 valuesare
matched with ICDD data sand their corresponding orientationsare 25.7 (111), 42.7 (200), 50.4
(311). LNT irradiated film has only one orientation (111) corresponding to two thetaval ue of
25.7. But the peak has been widened. Thismay be dueto the defect formed on thelattice dueto
the bombardment of heavy ionswith thelattice. The RT irradiated sampleisfully amorphousin
nature. Whenthe high-energy ionsinteract with thetarget, apart of energy will transforminto heet.
Thisheat amorphisesthe surface of the samples.

Theglancing angle X-ray diffraction (GAXRD) andysisrevea sahugelatticedisorder in
AQGaS, singlecrystd dueto RT irradiation. Thisisobserved formtheincreaseinthefull widthat
haf maximum (FWHM) and decreasein theintensity of theAGS (112) peak. Also, AGS(303)
peak isnot observed for the samplesirradiated with the fluences of 5x10" and 1x10ions/cm?at
RT conditions. The GAXRD resultsshow thedecreasein degreeof crystdlinity uponionirradiation
at RT whilethereisno degradationin crystallinity uponionirradiationat LNT. Atomicforce
microscope (AFM) studiesshow that theroughnessof AGSincreaseson increasing theion fluences.
AFM studiesindicate theincreasein the surface defectswith fluencesof Ag* ionirradiationwhen
comparedto pristineAGS. The photoluminescence (PL) spectrawere anayzed asafunction of
irradiationionfluencesintheAGScrystasat RT. It hasbeenfound that theemissionintensitiesof
band-to-band transition decrease with increase of ion fluences. UV-visibletransmission spectra
shows that the percentage of transmission and band gap energy decrease with increasing ion
fluencesand al so that the peaks are broadened.
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5.2.9 lonbeaminduced phaseseparation and for mation of sillicon nanocrystalsembedded
in silicon oxidematrix
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Swift heavy ioninduced synthesis of silicon nanocrystalsembeddedin siliconoxideis
investigated. Silicon nanocrystalsembedded in aninsulating matrix are of great interest duetoits
stability, charge retention, optoel ectronic property and aboveall full compatibility with existing
dlicontechnol ogy. |on beam induced formationleadsto thechemicaly pureand stablenanocrysas
aswell asgood control over thesizeand sizedistribution.

There are mainly two techniques of synthesis of nanoparticlesviz. top to bottom and
bottom to top but none of these two approachesisableto form consistently sub-10 nm silicon
quantum dotswhich can show theeffect of quantum confinement [1]. Themost gpplicable processes
inthisstream are nucl eation, growth dueto phase separation of suboxidefilmsby someactivation
[2,3]. Wereport the phase separation of high vacuum evaporated silicon suboxidefilms by swift
heavy ion beam irradiation. Commercially availableslicon monoxide (in theform of chunks) was
evaporated in ahigh vacuum (~ 10 mbar) chamber by resistive heating method. The substrates
used werethoroughly cleaned silicon (111) and quartz. Thethickness of the film was 200 nm.
Thesefilmswereirradiated with 120 MeV *Ni beam at variousfluences. The e ectronic energy
loss, nuclear energy lossand projected range of theseionsare calculated by SRIM 2006 and the
valuesare6.122 keV/nm, 9.513x10° keV/nm and 27.04 um respectively.

Swift heavy ion beam depositsalarge amount of energy in thefilmsthrough electronic
energy lossand causesthe decomposition of nanocrystalline silicon and silicon dioxide. Phase
separationof SO, isduetothefact that thissuboxidefulfill sthe.conditionfor spinoda decomposition.
This phase separation due to spinodal decomposition is not due to transport of macroscopic
matter by diffusion, but itisduetothelocal fluctuationsinthe concentration of the constituents.
Thesetrangtionsoccur out of thermodynamic equilibrium or atherma annedlingi.e. by swift heavy
ion beam. Inthiscasethereisno creation of aninterface and hencethereisno nucleation at all.
Spinodd isaregion of metastable state outs dewhich thephysica system becomesunstable. Swift
heavy ion beam quenchesthe materid to the spinoda regionwith very high quenching rate~ 10°
K/s, wherethelocal fluctuationstrigger thetransition and the materid isseparated into two phases
without any nucleation.

Theirradiated filmsare characterized for their structura modification and opticd properties
by FTIR, Raman, photoluminescence and UV-Vis bleabsorption spectroscopy. The FTIR results
indicatetheshift of S-O-Si asymmetric stretching modeto higher frequency after theirradiation.
Thisfeatureof FTIR spectrumindicatesthe structural modificationin thefilm and theformation of
SO, afterirradiation.
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The photoluminescence spectraexhibit two peaks one at 525 nm and second between
650 nm and 700 nm. The peak position of first peak isunaffected by theirradiation andisattributed
to thedefectsinthe material whereasthe peak position of second peak isshifted towardstheblue
region asthefluenceisincreased [4]. Smilar observationsarefound in UV-Vis ble spectroscopy.
Theestimated band gapsaregivenintablel.

Tablel
lon Fluence Band gap (eV)
1x10%2iongcm? 1.8
1x10%iongcm? 2.2
5x10% jong/cm? 2.5

These observationsindicate that the 5 ze of the nanoparticlesthusformed can be controlled
by thefluence of theion beam. Theseare our preliminary observations. More experimentsare
planned to develop the clear understanding of the phenomena and to find properties of the
nanocrysta sthusformed.
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5.2.10 Novd effect of 100 MeV Ni*"ion on Silica coated ZnS quantum dots
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Wereport synthesis, optical absorption and luminescence spectroscopy of ionirradiated
SiO, coated ZnS semiconductor quantum dots embedded in PVA matrix. 100MeV Niionwas
sdlected for theirradiation experiment with different fluences of 1x10%, 3x10™, 1x10%2, 3x10%
and 10%iong/cm?. With anincreasein fluence, the optical absorption edge of irradiated quantum
dotsreveal negligiblered shift with respect to that of unirradiated (virgin) quantumdots. This
phenomenon clearly indicatesno significant changein particlesizeunder ionirradiationwhichis
confirmed from high resol ution transmission dectron microscope (HRTEM) imagesand theparticle
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sizesremainwithin 11 nm. It hasbeen observed that like virgin samples, irradiated quantum dots
producessimilar kind of green luminescence® (Photol uminescence) but the emission intensity
increasesremarkably after irradiation dueto creation of Znvacancies? by ionirradiation.

8wt% D/D water solution of PV OH isprepared and treated in thesimilar way asin case
of CdS quantum dots. Next 1.36wt% agueous solution of ZnCl,,, 1wt% solution of SO, and
0.75wt% solution of Na,Sare prepared. The solutionsof PVA, ZnCl,and SO, aremixedinthe
molecular weight ratio of 1:1:0.5 and then stirred at 250 rpm at 60°C whilewith dropping funnel,
Na,Ssolutionisputintoit, until thewholesolution appears completely milky. Findly, thesolution
iscast over glasssubstrate and then dried in oven at 40°C. Thesamplesizesof 1x 1 cm?werecut
for ionirradiation experiment.
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Fig. 1. UV/VIS absorption spectra of ZnS specimens. a, b, ¢, d, and e stand for
virgin sample and samples irradiated by 1%, 2, 39 and 4" dose respectively

Fig. 2. HRTEM image of ZnS specimens. a, b, ¢, d, and e stand for virgin sample and
samples irradiated by 1%, 29, 39 and 4™ fluence respectively
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Fig. 3. PL spectra of ZnS samples a, b, ¢, d and e stand for virgin sample and samples
irradiated by 1%, 2", 39 and 4" fluence respectively
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5.2.11 HI-ERDA Sudiesof lon-beam Synthesized Buried Silicon OxynitrideL ayers
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Thesilicon-on-insulator (SOI) technology has much attraction for devicefabrication. It
offersmany advantagesover bulk silicon such asradiation hardness, higher operating temperature,
low parasitic capacitance and high packing density. The synthesisof buried insulating layersto
produce SOI structuresby SIMONI (separation by implanted oxygen-nitrogen) process using
high fluence (>1x10%* cm2) oxygen-nitrogenionimplantation into silicon has scope of potential
applicationsin semiconductor technology. In the present experiment, buried silicon oxynitride
(SiXOyNZ) insulating layerswere synthesized by 150 keV nitrogen (**N*) and oxygen (**0*) ion
implantationinto singlecrysta silicon wafersusing low energy ion beamfacility (LEIBF) at the
Inter University Accelerator Center (IUAC), New Delhi. The sampleswereimplantedto total ion-
fluencelevelsof 1x10%, 2.5x10" and 5x10' cm2. The annealing treatment to the sampleswas
givenat 500 and 800°C for 30 minintheflow of dry nitrogen gas. The compositiona depth profile
analysisof theformed structureswas carried out with heavy-ion elastic recoil detection anaysis
(HI-ERDA) using 15 UD Pelletron accelerator facility at Inter University Accelerator Centre,
New Delhi. The ERDA spectraweretransformed into depth versus concentration profileusng the
SIMNRA simulation code.

Fig.1 showstwo dimensiond energy lossversustota energy AEL-E (totd) ERDA spectrum
of the sampleimplanted with fluence 1x 10% cm2. The spectrum clearly showssilicon, oxygen,
nitrogen and carbon (impurity) bands. The concentration vs. depth profilefor asimplanted and
annealed samplesisshownin Fig. 2(a) and 2(b). For the asimplanted sampl es, both nitrogen and
oxygen concentration peakslie at depth 383 nm, closeto the theoretical SRIM projected range
356 nm (of nitrogen) and 340 nm (of oxygen) at 150 keV insilicon. After annealing at 500°C, no
change in the peak position was observed but redistribution of both nitrogen and oxygen
concentration was found at the interface near the surface. On further annealing at 800 °C, the
redistribution of nitrogen and oxygen towardsthe surfaceis observed to be prominent as seen
fromFig. 2 (b) and the peak concentration isfound to have aflat plateau likeregion towardsthe
surface. Sincetheimplantation damage profileismaximum near thesurface[1], amixed oxynitride
phasewill be nucleated and grow by gettering free oxygen and nitrogen from the buried layer
towardsnear surfaceregion[2] inthisenergetic environment.
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Fig.2. [(a) & (b)] Annealing behavior of silicon sample implanted with N: O ratio 1: 1

FromtheHi-ERDA studies, it isobserved that both nitrogen and oxygen redistribute near
surfacesideof thedlicon promating theformation of continuousburied |layer after annedling a 800°C.
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5.2.12 Fagtionirradiation of ultrathin bulk pelletsof someeectronically important oxide
semiconductors
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Threell-VI materials, Cd-oxide(l1b-Vla), Mg-oxide (llaVIa) and Zn-oxide (I11b-V1a),
have been taken up for fast ionirradiation in suitable bulk forms, ultrathin bulk pellets. These
materialshave electronic and optical applications, and the present work focuses on preparation
and 50 MeV Li* ionirradiation [1] of bulk samples, ~ 200 pm thick CdO & ZnO and ~400 pm
thick MgO. Accordingto TRIM calculations, these thicknessesdlow theion beam to passthrough
the samplesas needed for studying radiation damage without any impl antation.

Thewell known advantage of thin film samplesin termsof moreeasily achievablelower
sampl ethicknessand henceachoice of heavier ionshasled to some such thinfilm experimentsat
IUAC and dsawhere. Here, wenote that often thereisasignificant differencein propertiesfor thin
filmsand bulks. So, resultsof radiation damageinvestigationsinfilmsarerelated to but likely tobe
different from such investigationsin thebulk. Here, we carry out afeasibility study of making such
radiation damageinthebulk statewith availablefacilities.

In search of longer ionrange, Li-ion hasbeen chosen and 50 MeV, the highest energy [1]
available at present in IUAC. Pellets of 10mm diameter and different thicknesses were made
under the same palletizing load of 6 ton, from Cadmium Oxide (MaTeck GmbH 99.99+%), Zinc
Oxide (MaTeck GmbH 99.999%), Magnesium Oxide (MaTeck GmbH 99.99%). Extremecare
wasneeded in handling these delicately thin pellets. These and thicker pelletswere heat treated at
800 °C or other temperaturesinair for 36 hours[2] inaCarbolite Furnacewith PID temperature
controller to preparethefind samplesfor ionirradiations. But, curving of these ultrathin pelletson
simple hest treatment (s ntering) hasbeen blocking further progress. Findly, it wasfound[2] that
putting the pelletsunder apressureof 12.1x10*N/m?) during firing, dow cooling after the 36 hour
firing and taking the samples out of thefurnace only below 50°C gaveflat ultrathin pellets.

Doping of I1-VI semiconductors like ZnO with a 3rd element is now a hot topic for
electronicindustry for p-njunction fabrication. However, self-doping possible by non-stoichiometry
in these oxides has been largely unnoticed. Large non-stoichiometry dueto heat treatment at
different temperatureshasbeen observed [ 3] by us. Here, CdO_120& CdO_800imply cadmium
oxideafter 120°C & 800°Cfiring for 36 hours. Latter isfound to be~ 10 times more conducting
than theformer, and so damage studiesin both have been planned. Differenceinresponsetoion
irradiation dueto differenceintheinitid state of the unirradiated samplehasthusbeen studied here
by irradiating differently heat-treated CdO, ZnO and MgO samples. XRD in the Bruker
Diffractometer at IUA C showed the correct phasein each sample.

20flat and ultra-thin pelletsof Cadmium, Zinc and Magnesium Oxideswerethus prepared
and put on threefacesof theall copper [UAC Target Holder (called Ladder). Beam Current for
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the 50 MeV Li* irradiation was never allowed to exceed 3 nA to avoid beam heating of the
sample. A current integrator measured the charge collected by the sample. Thisgavetheirradiation
fluence. Irradiationswere donefor fluencesup to 5x10" Li*/cm? only, and targeted maximum
fluence of ~ 1x10% Li*/cm? could not be achieved.

XRD of al theirradiated sampleshave been done and optical & XPS characterizations
sarted for afull andysisof theresults. Thereisaneedfor irradiationto higher fluences. Irradiation
induced re-distribution of theintensitiesof the XRD peaks, observed for CdO_120and CdO_800
samples, for example, impliessomeatomic re-arrangements. It isclear that with suitable sample
preparation and careful mounting into theladder, pure radiation damagein bulk samples of the
oxidesof Cd, Znand Mg can bestudied with IUAC facilities.
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5.2.13 Sructural and optical characterisation of Swift Heavy lon Irradiated GaN Epitaxial
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[11- Nitride semiconductorsare novel classof materia sfor optoel ectronics, high power
and high temperature device gpplications. A widerange of optical devicesfromBlueLight Emitting
Diode(LED) toviolet laser diode (L D), UV photo detectorsand High Electron Mobility Trangstors
(HEMTs) arepossible. These deviceswere demonstrated for high frequency, power handling and
wide operation range of temperature. Therecent devel opmentsin epitaxia growth by MBE and
MOCVD, processing of materials, relevant device fabrication and possiblefuturetrendshave
beenreviewed extengvely intheliterature[ 1]. Themain problemsin 111-Nitridedevicetechnology
arematerid qudlity, difficultiesin p-typedoping andinterface roughness. The possibility of materia
reconstruction and interface smoothening hasbeen demonstrated usingion beams|[ 2]. Inthiswork
wearereporting the effectsof Swift heavy ionintheGaN bulk epitaxial layers.
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Samples studied are 2 mm thick GaN layers grown on c-plane sapphire by MOCVD.
Samplesareirradiated with 150 MeV Ag'?* ions at afluence of 5 x 10'2 ions/cm?. Theseions
penetrateto depths of approximately 11.03 pum and 11.13 umin GaN and Sapphire respectively,
andloseenergy at therate of 24.79keV/nmin GaN and 22 keV/nmin Sgpphire, through e ectronic
interactions. Surface morphology of the samplesare studied by contact mode Atomic Force
Microscopy (AFM). GaN layer thicknesses are measured by Rutherford Backscattering
Spectrometry (RBS). High resolution X-Ray Diffraction (HRXRD) experimentsare carried out
usingaPhilipsMRD diffractometer. The w20 scan on (0002) direction aredoneondl thesamples.
Optical transmission and reflectance spectra are recorded from 190 to 2000 nm wave length
region, keeping standard samplesin reference beam. Band gaps are calculated from (6 E)* Vs
Eplot.

Asgrown samplesshow surface morphology having larger hillock sizesvarying from 200
to 1700 nmwhich arecommonly observedin GaN films. Ending of threading screw didocation at
thesurfacenormally resultsinthiskind of morphology [3]. Inour samples, asaresult of irradiation,
both hillocksand deep holesare observed in A4. But in A6 thereareno hillocksonly deep holes
areformed, and their sizesare of the order of hillock sizes present in asgrown samples. We have
not observed any qualitative changesbeforeand after irradiationin RE48 asinA4 and A6; but the
sizes of the pinned steps have reduced after irradiation. A4 and A6 samples show different
morphologies, showing hillocksand deep holesafter irradiation. In RE48, it hasthin AIN layer on
thetop of the GaN. Strain energy inthe AIN/GaN interface preventsany changeinthe surface
morphology.

FWHM of XRD peaksof al thesamplesincreased after irradiation which showsthat the
samplesare damaged after irradiation. In the sample RE48, increasein FVHM islesscompared
tothe other samples. InA4, increasein FWHM islesswhen compared to that of A6, indicating
that the damage caused in A6 ismore compared to all other samples. Inall theasgrown samples
both L orentzian and Gaussian broadenings are observed, which showsthat both kinds of defects
arepresentinthesesamplesi.e., didocationsaswell as point defects. Thelayer quaity alongthe
perpendicular direction to the substrate surfaceislimited by mixed dislocationswhich causes
L orentzian broadening [4]. FWHM of all the samplesincreased after irradiation which showsthat
thesamplesare damaged after irradiation. Inthe samplewith AIN cap layer, increasein FWHM is
less compared to the other samples.

The spectra transmittance curves show sharp absorption edgefor asgrown samples. This
isgenerally observedin MOCV D grown GaN in spiteof high defect density. GaN hasvery high
absorption coefficient of theorder of 10° cm* and hencetransmittanceisvery less[5]. Hereour
sapphire substrateissingle side polished so we have only 6-8 % transmittance and the spectrais
normalised to the blank sapphire spectra. After irradiation band edge absorption increases
exponentially instead of sharp increase. Thiskind of behaviour isobserved in highly defected
samplesor at high doping level. From (o E)* vshn plotsband edgesare cdculated. Intheasgrown
samplesmeasured band gap are 3.39, 3.39 and 3.38 eV for RE48U, A4U and A6U respectively.
After irradiation the calculated band gap values are decreased to 3.34, 3.24 and 3.29 eV for
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RE48I, A4l and A6l respectively. Thiskind of broadening of near band edge absorption may be
duetoirradiationinduced point defectsand locally strained regionsor relaxed extended defects.

In conclusion, Damage creation in GaN by Swift Heavy lons (SHI) isacomplex process.
Thehighenergy deposited by theionto thelattice, resultsintwo kindsof damage creationin GaN.
OneisN lossand Garich regions, as confirmed by the Gaussian broadening of X-Ray peak
widthsand small shoulder peaks. Broadening of the optical band-edge absorption also confirms
this. AIN cap layer can be used to reduce the N loss dueto irradiation. The second damageis
dissociation and movement of the stable did ocationsdueto energy deposited by theenergeticion.
Thismay be confirmed by L orentzian broadening of the x-ray peak width and from the AFM
surfacemorphologies. Alsotheinitial defect configuration playsmaor roleinthedamage crestion
by swift heavy ionirradiation.
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5.2.14 RBS/Channedling, HRXRD and AFM studieson swift heavy ionirradiated AlGaN/
GaN heterostructures
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Asemphasized inthe accompanying report, 111- Nitride semiconductorsareanovel class
of materialsfor variousapplicationsin optoel ectronics. Here wereport complimentary work on
AlGaN/GaN heterostructures.

Samples studied in this work are (50 nm) Al ,Ga, ;N / (1 nm) AIN / (1 um) GaN /
(0.1 u m) AIN on SI 4H-SiC irradiated with 150 MeV Agion at fluence of 5x10™ ion/cm?.
[ rradliation was performed at room temperatureusng NEC 15 MV pelletron accelerator at IUAC,
New Delhi. Surface morphology of the samples are studied by contact mode Atomic Force
Microscopy (AFM). Strain measurements and defects characterization on irradiated and
unirradiated sampleswerecarried out by RBS/Channding. Thedechanndling parameter isca culated
fromthenormalized back scattering yid d to seetheenergy dependencefor defect andyss Highresolution
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XRD experimentshavebeen performed using the Philips X’ Pert system. Reci procd gpacemapping has
been carried on 0002 directionintriplecrysta mode. w and -26 scanswereextracted fromthemap.

Surface morphology of AlGaN/GaN heterostructures shows pinned stepsor hillocksand
craters. Thesizeof hillocksrangesfrom 10to 100 nms[1]. Intheirradiated sampleswe observe
similar morphology asinthe unirradiated onesbut with surface blistering. Thismay be dueto the
surface masstransport induced by the swift heavy ions. Apart from thiswe did not observe any
other changes on the surface; thismay be dueto stronger natureof AlGaN layer toirradiation.

o Scans and w-26 scans of AlGaN/GaN heterostructures were extracted from the
reciprocal space map of 0002 direction. These scanswerefitted using Pseudo-Viogt function.
Laterd Corrdationlength (L"), L orentzian shapefunction (h) and defect density (N,) wereca culated
fromthe parametersextracted from thefit and all thevaluesaregiveninthe Table 1. FWHM of
unirradiated GaN layer was0.168° and L orentzian shapefunctionis0.739. Thisshowsthat GaN
has many defects and the broadening ismainly dueto dislocations. L, of GaN layeris191 nm
showsthat thelayer ishaving many defects, cal culated defect density is9.3x107 cm2. AlGaN layer
hasaFWHM of 0.204° and L orentzian shape function is0.597, which impliesthat the defects
fromthe GaN layersaretravelling acrossinterfaceto AlGaN layer. Lateral correlation length of
172 nm showsthat thelayer hasmoredefectsthanthe GaN layer. It may bedueto strain relaxation
that addsmoredidocationsintheAlGaN layer with acal culated defect density of 2.3x108 cm?[ 2].

Sample Lateral Defect Density Tetragonal Defect density
Correlation | (Np) distortion (Np)
Length (L) | HRXRD Stain ( &) RBS/C
Unirradiated 191.51 nm | 9.3933x10’ cm™ 2.1414x10° cm™
GaN Layer
Unirradiated 172.24 nm | 2.3518x10° cm™ 0.55 % 1.9917x10° cm™
AlGaN Layer
Irradiated 275.78 nm | 5.002x10° cm™ 3.6832x10%cm™
GaN Layer
Irradiated 166.63 nm | 2.8505x10° cm™ 0.76% 3.2010x10% cm™
AlGaN Layer

Table.l. Lateral Correlation Length, Defect density and strain obtained from HRXRD
and RBS/Channelling

Afterirradiation, thethick GaN layer showsanincreasein FWHM to 0.207° and reduction
in Lorentzian shapefunctionto 0.345 which clearly indicatesincreasein defects. Latera correlation
lengthisincreased to 275 nm. Irradiation givesenough energy to disocationsto movelaterdly. As
aresult, these didocations cluster and thelateral correlation length increases even though the
defect density increasesto 5x10° cn?. Irradiationintroduces point defectsalsointhe GaN layers,
thisisevident from the decreasein the L orentzian shape function, and the diffraction curve has
more Gaussian broadening. InAlGaN layer, FWHM increasesto 0.223°, L orentzian shapefunction
doesn’t change and defect density of 2.8x10° cn?2. FWHM increaseismainly dueto the defects
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created at theinterface by the straininduced in thelayer and point defectsintroduced by the swift
heavy ions[3].

The Channelling strain measurement showsthat unirradiated samplehasasmall residua
compressivestrain, anditincreases after irradiation. Increase of defect density duetoirradiationin
theAlGaN and GaN layerswere cd culated. AFM surface morphol ogy showsthereisaclustering
of thedefectsat the surface after irradiation. Thiscomplementstheincreasein lateral correlation
length from HRXRD measurements. In conclusion Swift heavy ioninduces moredefectsin GaN
than AlGaN layer andtheAlGaN layer compressvestrainisinduced by the processof saf dynamic
anneding.
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5.2.15 Sructural studiesof Genanocrystalsembedded in SO, matrix
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Si and Ge nano crystals (nc-Ge, nc-Si) embedded in SO, have recently attracted much
attention dueto their possible applicationsin integrated optoel ectronic devices. Although porous
Si isexpected to bethe most promising Si-based light emitting material, Ge nano crystalline (nc-
Ge) embedded in Silicaglasseshavetheir own advantages. These Gedotsare useful ininfrared
detectors. Gehassmaller e ectron and hol e effectivemassesand larger dielectric constant than Si.
Theéeffective Bohr radiusof theexcitonin Geislarger thanthat in Si. Hence Geismuch easier to
changethe e ectronic structure around the band gap than S duetoitslarger exciton Bohr radius.
The present study concentrates on the structural characterization of thefilmsprepared by Atom
Beam Spuittering asafunction of anneding temperatureandionirradiationinduced crystallization.

The sampleswere prepared by fast Atom Beam Sputtering (ABS) method where small
piecesof high purity Ge pieceswereplaced onaS O, target by varying Ge concentration and they
were co-sputtered by Argon atom source. The annealing of the sampleswas performed at 973
and 1073 K in quartz tubefurnaceinAr + H, (5%) reducing atmosphere. We a so irradiated the
as-deposited filmsby 100 MeV Aug* ionswith 1x10% ions/cm? fluence and compared with the
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resultsof anneding. We haveinvestigated the effects of annealing and high energy ionirradiation
using Raman, XRD, FTIR and RBS.
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Fig. la Fig. 1b

The peak around 300 cm'* from annedl ed films appears asymmetric in thelow-frequency
regionwhichisdueto the smaller size of the Ge particles. Theirradiated sample showsasharp
peak around 300 cm* together with ashoulder at low frequency (~270 cmt), corresponding to
thecrystalline Ge and amorphous Gerespectively (Fig 1 a, b). Thisisin contrast to theannedling
results where only sharp crystalline Ge mode was seen and no signal of amorphous Ge was
observed[1]. Theenergy lossof high energy ionsismainly through e ectronic stopping mechanism
(inthe present case~ 17 keV/nm) and hencetheirradiation resultsinlocal heating of the samples
limited to nm dimensions, withinananometrictrack. Themateria withintheiontracksismoltenfor
ashort duration of time 10-?sif theinput energy islarge enough. The obtained result indicatesthat
theheating issufficient for promising short range rearrangementsleading to Ge crystallization. No
Ge peak isobserved from the as-deposited filmswhile high temperature annealing resultsin a
broad Ge (311) peak at 54.5°. From the FTIR spectrathe structure of amorphous GeO, can be
described as Ge-GeO,, tetrahedral connected by bridging oxygen atoms. The asymmetric
stretching vibration mode of Ge-O-Gein stoichiometric GeO, isat 885cm™.
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Swift heavy ionsloseenergy inthetarget mainly viaindastic collisonleading totheexcitation
of thetarget eectron. Theéelectronic energy losshasbeen found to create variousmodificationsin
thetarget materia, whichinclude creation of point defects, latent tracksformation, sputtering and
intermixing of interfaces. Thematerid modification usng swift heavy ionirradiation hasbeen sudied
quiteextensibly.

AgInSe, alloy has been synthesized by mixing the constituentsin stochiometric amount.
TheAgInSe, filmsweregrown onglassand Si substrate kept in temperature range 30°-500°C.
Thefilmsprepared on S substrate are found to be moretextured as compared to those prepared
onglass. Thismay possibly dueto thelattice matching between Si (5.45A°) and AginSe, (a=6.10
and c=11.6 A°). It has been observed that chal copyrite (112) phase dominatesup to Ts300°Cin
caseof filmsdeposited onglassand Si. Agin,Se, phase gppearsto dominateonincreasing substrate
temperature. Thefilmsprepared by thermal evaporationon Glassand S wereirradiated with 200
MeV Ag beam with dose 5 x 10 **ions/cm?using 15 UD Pelletron. XRD, AFM, FESEM and
EDAX techniquesare employed for their characterization. Irradiationinduced crystallizationis
observed for the films prepared on glass kept at Ts 30°C and 200° C. However for the films
prepared on S substrates, the damage of structureisnoticed asevident from X-Ray diffraction
data. Alsorod likegrowth isobserved in somepartsof FESEM imagesof irradiated films prepared
on Silicon substrates. Detailed investigationsarein progress.

5.2.17 Formation of nanostructuresusing swift heavy ion beam

Madhavi Thakudesai!, AMahadkar?, PK Kulariya®, Varsha Bhattacharyyatand D Kanjilal®

! Department of Physics, University of Mumbai, Vidyanagri, Mumbai —400 098
“Tatalnstitute of Fundamenta Research, Homi Bhabha Road Mumbai —400 005
3Inter University Accelerator Centre, ArunaAsaf Ali Marg, New Delhi —67

Inthe present investigation, TiO, nanostructures areformed using swift heavy ion (SHI)
beam. For thispurpose, Ti metal target isevaporated by e-beam evaporation method. Films of
thickness 100 nm are deposited on fused silicasubstrates. Thesefilmsare subsequently annedled
in flowing oxygen in atube furnace. The samples are annealed at temperature 800°C for two
hours. Thesefilmsareirradiated by 100 MeV Au " ion beam. Theirradiation fluenceisvaried
between 1x10" and 1x10%ions.cm?. Both the as-deposited and irradiated films are characterized
by GAXRD and UV-V IS spectroscopy.

Fig.1 shows the GAXRD spectra of as-deposited and irradiated films. The GAXRD
spectrum of as-deposited film shows mostly amorphous nature. After irradiation at afluence of
1x10"ons.cmr? the crystdlinity of thefilmincreasesaong with structural phasetransformation.
Rutilephaseof TiO, isformed after irradiation. The particlesize estimated using Scherrer’sformula
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(FWHM =0.71-0.58) is19-23 nm. When theirradiation fluenceisincreased to 1x10?ions.cm?,
arutile phase mixed with brookite phaseisformed. The particle size estimated using Scherrer’s
formula(FWHM 0.85) is 16 nm. Thisamorphousto crystal line phase transition observed during
irradiation can be attributed to SHI induced athermal annealing. Amount of deposited energy
increaseswithincreasing fluenceleading toincreasein crystalinity. Whenirradiation fluenceisstill
increased further to 1x10%ions.cm again the amorphous phase isformed. At thisfluence as
number of impinging ionsis more and closaly spaced latent tracks are formed. Formation of
amorphous phaseisdueto overlapping of tracks. (Not showninFig. 1).

s 3
50{ ¥ -
(c)
0 . ; :
2 100 5 %0 _ 4 0
g 50 ¥ 2 S
= T b
= 9 v . . (b)
10 30 40 50
50}
0 . : . (a)
30 40 50
20

Fig. 1. GAXRD spectrum of 100 nm thick amorphous TiO, film

(a) as-deposited
(b) irradiated by 100 MeV Au ion beam at a fluence of 1x10"ions.cm2
(c) irradiated by 100 MeV Au ion beam at a fluence of 1x10%ions.cm2
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Fig. 2. UV-VIS absorption spectra of 100 nm thick TiO,

(a) (a) as-deposited film and (b) film irradiated by 100 M eV Auion beam at a

fluence of 1x10%ions.cm?

(b) (a) as-deposited film and (b) film irradiated by 100 M eV Auion beam at a

fluence of 1x10%ions.cm?
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Fig 2 (a) and (b) show absorption spectraof as-deposited and irradiated films. Theblue
shift of 15nmand 20 nmisobserved in absorption band edge of thefilmirradiated at afluence of
1x10%ions.cm? and 1x10%ions.cm respectively. The observed blue shift is due to quantum
confinement of nanostructuresformed after irradiation. The absorption band edge of thefilm
irradiated at afluence of 1x10%ions.cm remains unchanged asamorphousphase of thisfilmis
not changed after irradiation.

We conclude that nanocrystallisation is induced in TiO, films deposited by e-beam
evaporation method by Auion beams. The nanophase formation is observed upto irradiation
fluenceof 1x10%ions.cm? Nanostructureformation can also beinferred from blue shift observed
in UV-V1Sabsorption spectra.

5.2.18 Irradiation led nanoarray patterningfor binary semiconductor nanoparticles

U. Das!, D. Mohanta!, A.Choudhury*?, F. Singh®, A. Tripathi®, D. K. Avasthi® and G.
Stanciu?
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“Department of Physics, University “Politehnica’ of Bucharest, 313 Splaiul Independentei
str., sector 6, 060032 Bucharest, Romania

Recently, el ongated nanostructures (nanowires, nanorodsor nanoneedlesetc.) aregaining
importance owing to anumber of interesting properties. The asymmetric morphology of these
nanostructures has great advantage compared to spherical nanoparticles. These 1-dimensional
nanostructures can display polarized light emission [1], lasing with lower gain threshold [2],
suppressed non-radiative Auger-recombination [ 3] and improved photo-voltaic efficiency [4].
Thereisopportunity infabricating stable e ongated nanostructuresusing swift heavy ionirradiaion
on embedded nanostructured systems, if ion, energy and fluence are selected efficiently.

Asastarting material CdS:Mn nanoparticleswere grown in styrene butadiene rubber
matrix. Previously, we have reported that 80 MeV oxygen ion irradiation led to formation of
CdS:Mn dongated nanostructureswhich were characterized by scanning probe microscopy (SPM)
and photoluminescence spectroscopy [5].

N H

Fig. 1. Elongated ZnS nanostructures due to irradiation
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Next, 150 MeV titaniumionirradiation experiment wasperformed on undoped and trangition
metal doped ZnSnanoparticlesembedded in arigid and atactic polymer matrix (polyvinyl acohol-
PVOH) [6]. Structurd modificationintheform of elongation (oblate and flat shaped nanostructures)
was observed along the direction perpendicular to theion beam path (Fig.1). We specul ate that
the selection of heavy ion has something to do with push-in (pressure) effect which might ater the
shape of the nanoparticles before allowing them to coal esce a ong the beam direction. Electron
microscopic studies have reveal ed that these nanostructures have fluence dependent nanoparticle
growth whereas photol uminescence studiesdisplay luminescence quenching withincreas ng fluence
(Fig.2). Thedetailed mechanism hasbeen published el sewhere[6,7].

Also, wehad considered irradiation with lightions. 100-MeV chlorineion bombardment
on ZnSnanoparticlesin PV OH matrix reveal snanoparticle growth a ong thedirection of thebeam
whichisconsistent to our earlier prediction [5]. The atomic force microscopy (AFM) images
reved ed € ongated nanostructures. Light ion haslesspressureeffect whileimpinginginto thesample
allowing nanoparticle growth along the direction of ion-passage. Thetheoretical considerations
that might help in understanding such experimental observation arein progress.

Uirradiated

5 e10 ionfcm®
2 e11 ionfem’
8 11 ionfem?

PL emission intensity (a.u.)

250 300 400 500 600 700
wavelength (nm)

Fig. 2. PL of unirradiated and irradiated nanostructures
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5.2.19 Nanotrack Formation on MOCVD Grown Gallium Nitride Epilayers using Ni
lonslrradiation
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Metal organic chemical vapour deposition (MOCVD) grown Gallium nitride (GaN)
epilayerswereirradiated with 100 MeV Ni®* ionsand of fluence 1x10%, 1x10% and 510" iong/
cm? at roomtemperature and low temperature. Figure 1 showstheAFM image of GaN irradiated
at room temperatureto afluenceof 5 x 10" iong/cn?. The observed rmsroughnessvaueincreases
withincreasingion fluences, whichare 1.4, 1.7 and 5.8 nm. It isobserved that nano tracksare
produced by Ni®* ionsupon irradiation at higher fluences. Thetotal number of the tracks are
varying by fluences[1,2]. Thedimensionsof thetracksarearound 60 nm.

Fig. 2. PL spectrum of (a) pure GaN and irradiated with 100 MeV Ni *ions at a fluence
of (b) 1x10*%, (b)1x10* and (d)1x10% ions/cm?

XRD resultsreved the Ga,0O, formation after Ni ionsirradiation on GaN. Thisresultsis
matched with thereported literatures[3]. Figure 2 showsthe PL spectraof unirradiated GaN and
Ni® ionsirradiated samples recorded at room temperature. The pristine GaN exhibits anear
band-edge emission peak at 3.4 €V and abroad yellow band centered at 2.38 €V. It isobserved
that after irradiation theyellow emission shiftstowardsthe blue band side centered at 3.7 €V. This
shiftisdueto the nitrogen vacancy creation after ionirradiation [4] and luminescence and band
edgeemission decreasedfter irradiation. Thehigh energy radiation induced defectsarerespongble
for the observed changein PL spectra. At higher fluence, thereisno luminescence observed.

163



(@)

(b)

PL Intensity (a.u)

(d)

14 16 1.8 2.0 22 24 26 28 30 32 34 36
Energy (eV)

Fig. 2. PL spectrum of (a) pure GaN and irradiated with 100 MeV Ni *ions at a fluence
of (b) 1x10%, (b)1x10* and (d)1x10* ions/cm?
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5.2.20 Swift heavy ion irradiation induced modification of semiconducting oxide
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Nanostructured oxide materialsare currently attracting increasing attention dueto the
possibility of their applicationsin solar cells, sensors, photo detectors, field effect transistorsand
microel ectronics. Among metal oxidethinfilmstin oxide (SnO,) thinfilmsarestablelargeband gap
semiconductorswhich haveexcd lent photoe ectric properties, gassenstivitiesand superior chemica
stability. Studiesof structural, morphological and optical propertiesof SnO, nanocrystalinefilms
arenecessary inorder to fabricate high efficiency devices. Inthiswork, modification of tin oxide
nanocrystalline thin films grown on transparent substrates were carried out by energeticion
bombardment. Energeticionscreate Frenkel pairsdeep withinacrystallinesolid whichtypically
have high mobilities, thereby accelerating structural reorganization. Nanostructured thinfilmsof
SnO, were grown by e-beam evaporation on both amorphous (quartz) as well as crystalline
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(sapphire) substrates. Morphology of as-deposited filmsanalyzed by AFM studiesshowswide
variationinsize. Thesefilmswere bombarded by 150 MeV silver (Ag) beams. lon bombarded
filmsaswell asas-deposited filmswerecharacterized by GAXRD, AFM and UV /Visbleabsorption
techniquesfor structura, morphologica and optica characterizations. Shifting of optical absorption
band edge after ion bombardment showsthe effect of quantum confinement in these nanostructured
thinfilms. Changesintheszeand structure of nanocrystalinegrainsby few nanometersinduced by
ion bombardment are analyzed. Uniformity in nanocrystalline grain sizeisachieved after ion
bombardment in thin filmsgrown on different substrates. Effect of substrateand fluenceongrain
szemodificationisstudiedindetail.

Withincrease of fluencefrom 1x 10" to 5 x 10", observation of massflow towardsone
directionisobserved. Thisphenomenonismoreobserved in quartz substrates. It isexpected that
ion bombardment had induced surface diffusion of atoms and had affected the morphol ogy of
nanostructures.
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5.2.21 Role of microstructurein determining the ener gy relaxation processes of swift
heavy ionsin semiconductors
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Thedataon swift heavy ionirradiationin semiconductorsshow that theenergy relaxation
processesareinfluenced not only by the e ectronic energy deposition, but also by severa materia
properties. A combination of material characteristicswill be contributing to theion beaminduced
changesthat maketheinteraction mechanism extremely complex [1,2]. A quantitative picture of
themateria characteristicsthat decidethe energy relaxation mechanism of swift heavy ionswill
also helpin preparing amateria that can be engineered properly for itsapplications. Thisstudy
highlightstheroleof film microstructurein determining the energy rel axation processes of heavy
ionsin semiconductors. Two sets of CdTe polycrystalline thin films prepared using vacuum
evaporation and spray pyrolysisthat differ intheir microstructure areirradiated with with 100
MeV Ag™ionsusing 15 UD Pelletron accelerator at fluences 3x10%°, 1x10", 3x10%, 1x10%2,
3x10%2and 1x10% iong'cm?. The differencesare noticed in the response of thetwo setsof filmsto
thebeam are correlated with the differencesin their microstructure.
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Theevaporated films exhibit an annealing of defectsat |lower fluencesindicated by an
increase of peak intensity and grain size. At higher fluences, being the energy deposited isvery
high, apartial loss of zinc-blende structure is seen dueto the creation of point defects, defect
clustersetc. Anincrease of lattice constant with fluence is observed for these films dueto an
increase of tendle strain within and between thegrains. Theinterplay between the defect annealing
and defect generation noticed in the evaporated filmsisnot seenin spray deposited films. The
crystallinity of thesefilmsfollowsacontinuously decreasing trend withirradiation fluence. The
latti ce constant remains constant with irradiation, asthereisno variation for thestraininthefilm.
The pressure accumulated in the grainsduring irradiation may be easily transported away dueto
the presence of largevoidsin thesefilms. The effectsdueto defect annealingif at al presentin
spray deposited filmsiscompl etely overshadowed by the effectsof defect creation at al fluences
[3,4]. A decreasing trend observed for the bandgap of thetwo setsof films showsthat by suitable
adjugting theion fluence, wemay introduce defect level sinthe materid sband structurein acontrolled

way [5].
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5.2.22 Sructural evolution of TiO, thin film by Thermal Annealing and Swift Heavy lon
Irradiation

H.Rath!, S. Ananda?, M. Mohapatra?, PDash?, T. Som?, P.V. Satyam® U.P. Singh*and
N.C. Mishrat
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Nano-crystalinetitaniumdioxide(TiO,) isoneof theextensively investigated material in
thinfilmform because of itsapplications[1]. It existsin natureinthreemgor crystalinestructures:
rutile, anatase, and brookite. In the present study, we probeinto the structural phasetransition
fromanatasetorutilein nanocrystdlinethin filmsunder therma annedling and swift heavy ion (SHI)
irradiation. TiO, thinfilmswere prepared through chemical route using sol-gel and spin coating
techniqueson silicon (100) substrates. Filmswere characterized by X-ray diffractometer (Bruker-
D8) inagrazingincidencemodewith CuK  radiationand Micro-Raman Spectrometer (Renishaw-
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INVIA).Weshow that annealing of thefilmleadsto crystallization in the anatase structure above
400° C and partia conversionto rutile phase above 700° C. Annealing thefilmsat 1000° C does
not lead to complete conversion from anatase to rutile phase. Thisobservationisin conformity
with earlier observationsof thelack of complete conversiontorutilephaseinfilmsannealed even
upto 1100° C[2]. Irradiating the 1000° C annealed films by 200 MeV Agionshowever ledto
formation of purerutile phaseat afluence of 3x10%? ions.cm. Other phaseslikethetetragonal
dTiO and the hexagonal phasesof TiO evolveat intermediate fluences (Fig.1a). At the highest
fluence (3 x10%ion.cm) of irradiation however, the peak dueto rutile phaseismost intenseand
that dueto all other phasesare suppressed. Raman spectra(Fig.1b) also indicate compl ete phase
transformation from anataseto rutile phasein filmsirradiated at the fluence of 3 x10"2ion/cm?.
Though thermal annealing could not lead to complete conversion from anatase to rutile phase,
irradiation by 200 MeV Agionsresulted in complete conversionto rutile phase.
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Fig. 1. Evolution of (@) GAXRD and (b) Raman spectra of TiO, thin film with 200 MeV
Ag ion irradiation
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5.2.23 In-situ XRD studies on YBa,Cu,O, thin films with SHI irradiation at low
temperature
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The epitaxia YBCO thin films of thickness ~ 150nm were deposited by pulsed laser
depositiontechniqueonsinglecrystal LaAlO, substrateusing KrF Excimer pulsed laser (248nm
wavelength) in oxygen atmosphere. Thefilmswereirradiated at 89 K with200 MeV Agionsusing
the15MV tandem Pelletron accelerator at the [UAC, New Delhi. The XRD datawere collected
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in-situ at different fluences of irradiation at 89 K using Cu K  radiation from Brucker X-ray
diffractometer (Model D8) under identical conditions. Theirradiationfluence, ¢ wasvariedfrom
1x10%ionscm?to 2x10" ionscm. Theion beam was magnetically scanned over thecomplete
samplesurfacefor uniformirradiation. The  scan patternsof thefilms show the sharp (001)

peaks(I=2to7) indicating grain orientation along c-axis. Figure 1apresents some X -ray spectra
after irradiation with different fluencesof 200 MeV Ag ions. The spectraexhibit anoticeable
reductionin pesk intengty of withirradiation, whichisanindication of amorphization of thesample
aong theion path. Along withintensity reduction, theshifting of peak towardslower angle(i.e.
increaseof laticeparameter ‘ ') isshowninfigure 1b. Thisshifting can arisedueto the concentration
of point defectsafter irradiation around theion path at LT, wherethe defect diffusionisrestricted
andtothe strain field imposed by the amorphized track on the surrounding medium. Theformer
process can arise dueto SHI induced secondary electrons| 1, 2]. These defectsare stabilized at
LT, whichanned out on warming the sampleto roomtemperature (RT). Wehavea so donein-stu
XRD at RT onanidentical film at several increasing fluencesfor comparison. Thec- axislattice
parameter shows0.6% increasewith increasing fluence upto ionscm? at RT, whileitis1.3%for
LT irradiated film. Thisresult revealspossibility of point defect creationat LT that providesthe
extracontribution to c-axisincrease.
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Fig. 1. In-situ X-ray 20 diffraction pattern of (a) YBCO thin film at various fluences and
(b) (002) peak only
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Controlling the metal-semiconductor (MS) interface propertiesisacrucia issueindevice
fabrication. lonimplantation hasfound universal acceptancefor thisprocessbecause of itsability
tointroduce dopantswith precise concentration profiles. Thepractica consequenceof thiscongraint
isthe necessary dopant activation after implantation, which requiresare atively high-temperature
therma annedling step. High-temperatureannedling resultsin dopant redistribution and hencepartia
lossof Schottky barrier height control. Any attempt to reduce dopant redi stribution by lowering
thethermal cycling would result inincomplete activation of the dopant aswell asresidual damage
that could manifest itself asanincreasein theleakage current and noise. Therefore, new reliable
processesfor abetter control of the propertiesof Ni/n-Si arerequired. Theam of present work
iIsexaminethepossihilitiesof using high energy swift heavy ions(whenve ocity of ion comparable
to Bohr velocity of electron) totailor the characteristicsof Ni/n-Si Schottky barrier. Inthis paper,
wereport the effectsof 100MeV O*8ionirradiation on Ni/n-Si Schottky barrier asafunction of
ionfluence. Itisshownthat irradiation by high energy oxygenionsresultsinanimproved vaue of
Schottky barrier height accompanied by adecreaseinthevaueof idedity factor.

Schottky diodeswerefabricated on n-type Si (100) wafer. First asilicon dioxidelayer (1
pm thick) was deposited onthewafer front side. The Ohmic contact on the highly doped sdewas
formed by sintering of 2200 nmthick Ti/Aufilm. The Schottky contact wasformed by thermal
evaporation of about 150 nmthick Ni film. Theionirradiation was performed at room temperature
by 100 MeV O*8ion beam using the 15UD Pelletron accelerator facility at Inter-University
Accelerator Centre, New Delhi. 100 MeV O*8 ions have a mean projected range of 95.2um
insdethesilicon after crossing theinterfacewith (S,/S) ~ 1800 a theinterface. Theion fluence
was varied from 1x10° to 1x10% ions cm. The electrical properties of the Ni/n-Si Schottky
barrier wereinvestigated by in situ current voltage (I-V) measurements of thediodes carried out
using aKeithley 2400 source meter unit.

As prepared metal-semiconductor contacts usually exhibit non-ideal current-voltage
characterigtics. Incaseof amoderately doped semiconductor, thermionic emissionisthe dominant
current transport mechanism acrossthebarrier at roomtemperature[1]. Fromafit of linear region
of theforward bias |-V characteristics, the values of ideality factor and Schottky barrier height
were determined.
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For theunirradiated diodethe barrier height is0.59eV. Interestingly, the SHI irradiation
resultsin anincrease of the Schottky barrier height until ®_reachesthevalueof 0.68 eV after
irradiation at fluenceof 1x10%ions-cm? Thevariation of barrier height with theirradiation fluence
isshowninFig.2. Theidedlity factor decreasesfromavaueof 1.3to 1.1 afterionirradiation. Itis
noteworthy that, compared to traditional implantation and heavy ionirradiation studiesonn-Si,
irradiation by 100MeV O?* showsreverseeffectson modifying Schottky rectification characterigtics.
Irradiation by oxygenionsat 100 MeV hasled to significant increasein barrier height and about
two order of magnitude reduction in leakage current. Theincreasein the value of the Schottky
barrier height isconnected to adecrease of theleakage current withincreasing irradiation fluence
(Fig.1). Changein barrier height indicatesachangein electrical propertiesof theMSinterface. An
increasein seriesresistancewasfound for al irradiation fluences, indicating that the product of the
mobility and carrier concentration hasreduced. Thereductioninmobility isduetotheintroduction
of defect centersonirradiation, which act as scattering centers. The capacitance decreasesasthe
ionirradiation fluenceincreases. Decreasein cagpacitanceimpliesawidening in the semiconductor
depletionwidth. Sincethecharge neutraity condition at theinterface should be satisfied, widening
of the depl etion widith resultsfrom areduction of theionized donor concentration (N,,). Oneof the
possible mechanismsisthat ion irradiation produces defectswith energy levelsbelow the Fermi
level inn-typemateria. Thesedefectswill capture e ectronsfrom the conduction band and reduce
theequilibrium e ectron concentration. The carrier concentration decreasesfromava ueof 1.9x10%
cm for unirradiated diode to 6.3x10% cm® after an irradiation fluence of 1x10% ions-cm2.
Thesedefectsresult inthe compensation of the positive shalow donorsin thedepletion region so
that the effective net ionized-donor concentration isdecreased. Thebarrier thicknessdependson
N,, through the depletionwidith (o< N, *2); inthis case, adopant deactivation at near M Sinterface
determinesan increase of the Schottky barrier thickness (d), which contributesto the decrease of
theleakage current inreversebias. Asaconsegquence of the dopant deactivation after ionirradiation
amodification of the potential and el ectricfield distributionwill occur at near-interfaceregion that
can beareason for theincrease of the barrier height.

Inthiswork the effect of 100 MeV O*ionirradiation on Ni/n-Si (100) Schottky barrier
using in-situ current-voltage characterization asafunction of irradiation fluence hasbeen studied.
A significant increase of Schottky barrier height from avaueof 0.59 eV for unirradiated diodeto
0.68eV isachieved after irradiation at afluence of 1x10"iong/cm?. Current-voltage characteristics
reveal that with an optimal choice of theirradiation parametersthese results could find useful
applicationsin the control of the Schottky barrier height of Ni/n-Si (100) structures.
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5.2.25 Growth of nano-pillarsand nano-dotson thesurfaceof copper sulphidethin film
usng 100MeV Auionirradiation
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Recently, there are number of reportson theion beam pattering on the surface of solids
using heavy ions(SHI) of energiesinMeV’s[1, 2]. Inthisstudy, of CuSthinfilmswereprepared
by using solution growth technique at room temperature (298 K) on glass substrates. The post
deposition trestment of ion beamirradiation was performed on 200 nmthick and 1 x 1 cn? targets
using 15 UD tandem Pelletron accelerator at Inter-University Accelerator Center (IUAC), New
Delhi, India. The sampleresistivity was 100 Q-cm. Theirradiation was performed at a90° angle
of incidencewith respect to the surface. |on beam was scanned on the sample surface by magnetic
scanner for uniformirradiation. During irradiation the temperature of the sampleswas maintained
at 300 K. The chamber pressureduringirradiation was 1.2 x 10 torr. Four sampleswereloaded
onthetarget ladder and irradiated at fluencevalues of 10", 5x 10", 10" and 5 x 102 iong/cm?.
Scanning probe microscope (SPM) Nanoscope |11 A from Veeco was used toimagetheirradiated
sample surfaceswith asilicon nitride cantilever and tip radius of 20 nm operated in tapping mode.
Imagesranging from 0.5 to 5 unv were obtained. The photoluminescence (PL) measurements
were performed by using 320 nm LA SER from Cd-He source. The experimentswere performed
indark roomand local softwareisused for the acquisition of data.

Thesurfacetopography of as-deposited (pristine) and SHI irradiated filmsisfirst observed
through AFM. The AFM image of pristine surfaceisfeaturelessand smooth surface. |on beam
induced growth of CuS nanostructure startsfrom first fluence of 10% ionsg/cm?. Irradiating with
5x 10" iong/cy? fluence, the small nanostructures are converted into very well separated big and
vertical nano-pillars. Further, at fluence of 10" ions/cm? the number of heavy ionscoming at the
surface of filmincreases and hence the nano-pillars gets coal esceto form appended pillars.
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The PL measurementscarried out at room temperatureisshowninFig. 1. Therearetwo
pesksnamely P, and P, from CuSsurface. The second peak P, isattributed to band edge emission
a 533 nmfor pristinesample. ThisP, peak isblueshifted from 533 nmfor pristine sampleto 526
nmfor thefluence of 5x 10" iong/cm?, which ismanifestation of formation of nanostructure. The
other peak P, is assigned to excitonic emission [3]. Here, intensity of P, peak increases with
fluenceindicating that emissionisfrom highly co-ordinated nanostructure grown on the surface of
CuSthinfilm.
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5.2.26 Swift Heavy lon Induced Recrystallization of SOl Structures
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Silicononinsulator (SOI) structures have attracted significant research interest for future
nanometer scale devices. The SOI substrates can be obtained by high fluence (>10*"-10% cm?)
ion implantation of nitrogenand/ or oxygenionsinto silicon (Si) at 100200 keV energy. The
anneding isessentia step to removetheimplantation induced damageto recover thecrystdlinity of
thesilicon. Theion-beam-induced epitaxia crystallization (IBIEC) isof current interest asan
dternativemethod for damagerecovery of ion-implanted materids. Swift heavy ion (SHI) irradiation
through anamorphous/crygdlineinterface causes solid phaseepitaxy or layer by layer crysdlization.
IBIEC hasbeen shown to take placein silicon and other materialsat considerably lower target
temperaturesthan necessary for thermal annealing when performed under irradiation. Inthe present
work, SHI induced recrystallization effectsin silicon oxynitridelayers, synthesized by N and O
implantationinglicon arestudied. Therecrystdlization of thesiliconisinvestigated using Fourier
transforminfrared (FTIR) spectroscopy.

In the present experiment, buried silicon oxynitride (SiXOyNZ) insulating layers were
synthesized by 150 keV nitrogen (*N*) and oxygen (**O*) ion implantation into single crystal
sliconwafersusinglow energy ion beamfacility (LEIBF) at thelnter University Accelerator Center
(IUAC), New Delhi. For SHI induced recrystallization of silicon the asimplanted SOI wafers
wereirradiated by 60 MeV Ni**ionsto afluenceof 1x10* cmr?in avacuum of 4.9x107 mbar.
Thetemperature of the samplewasheld at 270°C during theirradiation process. Theirradiation
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was carried out using the beam from 15 UD Pelletron accelerator at I nter University Accelerator
Center, New Delhi. Thetotal fluence of 1x10% cm? was estimated by integrating thetota charge
by current integrator.
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Fig. 1: FTIR spectrum of silicon sample implanted with nitrogen and oxygen

(a) Asimplanted sample (implantation fluence 2.5x10*" cm) beforeand after
irradiation with 60 MeV Ni*®

(b) Comparativestudy of FTIR spectrafor different implantation fluences

Thesllicon sampleimplanted with nitrogen and oxygen at 150 keV with fluence 2.5x10"
cnmr2was characterized by the FTIR spectroscopy before and after SHI irradiation asshownin
Fig. 1(a). Theasimplanted sample shows asingle absorption band in the range 1200-600 cm?
whichisattributed to theformation of slicon oxynitridesructures|1]. Thebroad absorption spectrum
Isassociated with the amorphous nature of the oxynitridelayer formed after implantation. After
irradiationwith60MeV Ni*s, it isobserved that the peak position shiftstowards|ower wavenumber.
Thepeak position at 830 cnresembles Si-N stretching vibration mode[1,2]. The sharpening of
peak indicatestheformation of more ordered oxynitride compound. Therecrystallization of the
layer isalso evidenced by decreasein the FWHM of the FTIR absorption spectra

Sincenitrogenishaving lower solubility inslicon, thedeposition of energy througheectronic
energy |oss phenomenon leadsto the rearrangement of nitrogen atomsmore effectively [3, 4].
Thisresultsinthe structural phase changeintheburied layer. For higher fluence of implantation
structural changesafter irradiation arefound to be more prominent Fig. 1(b).
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5.2.27 Defect Characterization and Its Correlation with the Transport and M agnetic
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Mndoped ZnO haspotentid goplication asroom temperaturedil ute magneti c semiconductor
(DMS) as predicted by Dietl et al. [1]. We prepared Mn doped ZnO (Zn, Mn O) through
conventional solid-state reaction method [2] and characterized them using XRD, UV-Visible
absorption spectroscopy, room temperature PAL spectroscopy and room temperatureresistivity
measurement. Ferromagnetism particularly inthistypeof DM Ssamplesismainly carrier mediated.
In ZnO samples controlled production of defect states by ion beam irradiation might favor in
achieving ferromagnetismthrough carrier generation. lon beamirradiation might aso bevery much
useful for sngle-phaseformation[3]. Sothestudiesof effect of ionbeamirradiation onthestructurd,
transport, magnetic and optical propertiesareimportant.

In thisreport we mainly present our systematic plansto study the irradiation induced
sructural modification and physica propertiesof the systemof 2 & 4 at% Mn doped ZnO samples
(prepared at 96 hour mixing). Thesetwo setsof sampleswereirradiated by 50 MeV Li** ionswith
different fluence of 1 x 10%?, 1 x 10%, 5x 10" and 1 x 10*iong/cm? using the Pelletron
accelerator at Inter-University Acceleration Centre (IUAC), New Delhi.

After irradiationthelow temperatureresistivity measurement of the 2at% Mn doped samples
have been done at IUAC. From resistivity datawe find that the resistivity has decreased with
respect to the unirradiated sample and shows asemiconductor to metal trangition, thetransition
temperature shifted towardsthe lower temperaturewithincreasing fluenceasshowninFig 1.
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Fig. 1. Variation of resistance of 2 at% Mn doped ZnO at different
fluence with temperature

5.2.28 Formation of nanoscalemagneticdomainsin swift-heavy-ionirradiated GeO, thin
films
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Room temperature magnetism in non-magnetic metallic nanoparticles and carbon
nanostructures has been reported by variousresearch groups. We demonstrated the formation of
nanoscale magnetic domainsinionirradiated GeO, thinfilms. Magnetic force microscopy (MFM)
wasemployed to study themagnetic domain sructureinthefilms. Transmission e ectron microscopy
(TEM) revealstheformation of Ge nanostructuresintheirradiated films, whichis supported by
our micro-Raman results. We explain theformation of magnetic domainsintheirradiated filmsas
dueto the presence of Ge nanostructures, which areformed asaresult of phase separationinthe
films. GeO, was deposited on Si substrates by electron beam evaporation under high vacuum
conditions. Thethicknessof thefilmwas 100 nm, which wasmeasured by calibrated quartz crystal
monitor during deposition. Thefilmswereirradiated at room temperaturefor different fluences
starting from 1x10" ions/cm? to 1x 10" iong/cn?. Theion beam was scanned over an areaof 1
cm?for homogeneousirradiation. Thee ectronic energy loss, nuclear energy lossand range of 200
MeV Agionsin GeO are12.3keV/nm, 0.032 keV/nm and 26.1 um respectively, ascal cul ated
by SRIM-2006.02. The range of the ions was greater than the film thickness, so no ion was
implanted in the films and modificationswere expected only dueto passage of ion through the
films. Pristineaswdll asirradiated filmswere characterized by various characterization techniques.
MFM studies are carried out by Nanoscope-111aatomic force microscope with amagnetized
MESPtip.
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Fig 1 showsthe MFM imagesof pristineaswell asirradiated films of GeO, at various
fluences. Pristine GeO, thinfilm (Fig 1(a)) does’t show any contrast indicating the non-magnetic
nature of thefilms. Ontheother hand, filmsirradiated at variousfluences show magnetic ordering.
Imagesweretaken at variouslift heights (distance between tip and sample surface) in order to
ensurethat the contrast appeared in magneticimagesisnot purely of topographical origin.

L el o ] s

Fig. 1. MFM images (1 um x 1 pm) of GeO, thin films (a) pristine (b) irradiated at
1x10" ions/cm? (c) irradiated at 1x10* ions/cm? (d) irradiated at 1x10" ions/cm?

In conclus on, wehave demonstrated controlled formation of nanoscale magnetic domains
inionirradiated thinfilmsof GeO,. MFM studiesreveaed theexistence of sharp magnetic contrast
intheirradiated films. Thistype of irradiation induced formation of Ge nanostructure without
conventiona therma annedling hasthe advantage of control over the pattern and depth of formation
without gppreciablediffusion.

5.2.29 100MeV Ag*ionirradiation effectson electrical propertiesof Li doped NiO thin
films
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Arora’
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Resistive random access memory (RRAM) isone of the candidatetechnologiesfor the

promising next generation non-vol atilememorieswith fast switching speed, low power consumption
and nondestructive read out. The switching phenomenahave been observedin various perovskite
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and binary oxidessuchasPr,  Ca MnO, (PCMO) [1], Cr-doped S'TiO, [2], NiO[3] etc. Among
these oxides, polycrystallineNiO hastriggered alot of interest dueto itsremarkabl e properties
such assmplestructureand non-polar switching, that is, theres stance switching isindependent of
biaspolarity [3], whileres stance switching in most of the other oxidesiscaused by the polarity of
voltages[1-2]. Theobserved repetitive resistance switching internary and binary oxidethinfilms
Isattributed various mechanisms, such asfilamentary model, Schottky barrier model, interface
model, defect statemodel and so on. However, the exact mechanism governing the R-switching
still remainsan open question.

Wehaveinvestigated the effect of SHI irradiation onthestructural and electrica properties

of p-typewideband gap semiconductor Li,Ni Othinfilms; grownon SO, substratesby chemica
solution depositiontechnique.
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Fig. 1. XRD patterns of Li ,Ni O thin films before and after 100 MeV Ag*’SHI
irradiation

Trangparent and semiconducting thinfilmsof Li:NiO wereirradiated by 100 MeV Ag™”
ionswith adose of 1x10% ions/cn?. Fig. 1 showsthe XRD patternsof Li:NiO thinfilms. Single
cubicrock salt NiO structureisobserved, even after Ag*” SHI irradiation of high fluence, such
as1x10® ions/cm?. Average crystallite size were estimated from the XRD isfound to bein the
range of 20-30 nm.

[-V propertieswererecorded by four probetechniqueon Ag/Li:NiO/Ag planner geometry
at roomtemperature using Keithley 4200 Semiconductor Characterization System and resultsare
displayedinFig. 2.

R LENIO thin film 30049107 sy
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Uniradiated 24+ 200 +

200

Fig. 2. 1-V curves of Li:NiO thin films (a) before and (b) after 100 MeV Ag*’
SHI ions irradiation
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Linear |-V characteristicshave been observed for unirradiated Li:NiO thinfilms. Onthe
other hand, well defined hysteresisinthel-V curvesfor thesampleirradiated by 1x10" ions/cm?
Ag™ SHI isobserved. Thissuggest thelow resistance state (LRS) and highresistance state (HRS)
inthefilm. Symmetrical resistanceratio (Rhigh/Rlow) of theorder of ~220% at + 2.4V hasbeen
observed. The observed results may be attributed to SHI induced defect statesin the band gap.
Our findings support the defect statemodel of observed RRAM behaviour. Further investigations
areon.
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5.2.30 Observationgraingrowthin SHI irradiated NiO thin films
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NiOisknownto behavedifferently ascompared to many other oxidesto SHI irradiation.
Atomic and collective masstransport during the excited phase of theion track isknown to occur
thissystem[1]. TheNiOthinfilmson Si (100) were prepared by e-beam evaporation method,
annealed at 700 °C for half an hour and irradiated with 120 MeV Auionsat IUAC, New Delhi.
Sincetheélectronic energy loss (31.7 keV.nm™) of 120 MeV Auin NiO exceedsthethreshold
(~30keV.nm?) [2] for track formation, SHI irradiation should suppress crystallinity. We however
observed improvement of crystalinity and grain growth at somefluenceof irradiation. Thetotal
integrated area, A - under thetwo XRD peaksrepresentstheamount of crystallinity inthefilmsat
different fluencesof irradiation (Fig. 1a). Thefilmsshowed adecreaseof A_at afluenceof 3x10"
ions.cmv®. Further irradiation led to increase of A up to afluence of 1x10%ions.cm® and then
decrease at higher fluence. Theimprovement of crystalinity at thefluence of 3x10% ions.cm?as
compared to the pristinefilmisindicated fromthe higher valueof A _ thanthat of the pristine. The
SHI induced grain growth is also supported by the increased grain size as seen in the AFM
micrograph (Fig. 1 b, c) at thesamefluenceof irradiation.
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Fig. 1. (@) Variation of sum of the area under the XRD peaks, A with fluence for NiO
films deposited on Si (100) and sintered at 700 °C, lumxum AFM image of NiO/S
(b) prigtine film and (c) irradiated with 3x10% ions.cm
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5.2.31 Swift Heavy lon Induced M odification in Zinc Ferrite Nanoparticles
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Thestudy ontheinvestigation of the changeinthe propertiesof nanoferritesirradiated by
swift heavy ionisafield of great interest now-a-days. Inthe present investigation we have used the
100MeV oxygen beam (O™) to observetheirradiation induced effectsin zinc ferrite nanoparticles
of different size. The zinc ferrite nanoparticleswere synthesi zed by the chemical route[1]. The
precursor was sintered at various temperatures for 1 hr ranging from 300°C to 1000°C . The
particlesizefor the sintered sample, estimated from Scherrer’ sformulavariesfrom 10-62 nm. The
€lectronic stopping and nucl ear stopping va uesfor oxygen beam are ca culated by using the SRIM-
2006. For 100 MeV oxygen beamthe parametersare: S = 1.09keV/nm, S =0.618eV/nmand
projected rangeis= 65 um. Thethreshold el ectronic stopping valuefor producing the columnar
defectsinzincferriteis~13keV/nm[2]. Hence, weexpect only the point/cluster of defectsinthis
materia. Weirradiated sampleswith fluence of 1x 10" ions/cm? and 5% 10®2ionsg/cm?in order to
observetheeffect of fluence on the nanoparticlesof varioussizes. The crystall ographic phaseand
particlesizeof theirradiated sampleswere determined by the XRD. EPR and UV-V IS spectraat
room temperature were al so recorded.

Fig 1 showsthe XRD spectrum of theirradiated and pristine sample having particlesize
12 nm. The observed peaksare corresponding to the cubic spinel phase of themateria. The peak
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(200) appearsinal theirradiated samples. It has been observed that the peaks get broadened and
itincreaseswith theincreasein fluence. Thismay beattributed to thedecreaseinthe particlesize
and increasein strain. Thistype of behavior isalso observed for the Ni-Zn and Mn-Znferrite
irradiated by 190 Mev Ag™* ion beams| 3]. Fig 2 showsthe UV-V IS spectraof thesamplehaving
particlesize 12 nm at variousfluences. The pristine sample showsthe strong absorptioninthe UV
region. We haved so recorded the EPR spectraof thepristineandirradiated sample having particle
size 12 nm. Table 1 shows the various parameters estimated from the EPR spectra at room
temperaturefor the sample. The estimated values of optical band gap from Tauc relation hasaso
been colloted in Table 1. The pristine sample shows higher value of band gap in comparison to
bulk zincferrite( E,~19 €V). Theoptica band-gap decreasesafter theirradiation. The detailed
analysisof thedatafor rest of the samplesisin progress.

Table1: EPR and UV-VisParametersfor the Sample (12 nm)

EPR Parameters UV-Vis Parameter
Fluence (ions/cm?) g-value Peak to peak line Band-gap (eV)
width (Gauss)
Pristine 2.02 375 4.1
5% 10" 2.05 400 3.5
'l || Fluence 5 x 10 ﬂlur'-'_.."un
|
| |
|
(A |l
% -I I. --I|I.II | A I-_II I| . I'. 1l
'E W U bmd tad W VT =
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Fig.1. XRD spectra of the pristine and irradiated sample (12 nm)
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Fig.2. UV-VIS spectra of the pristine and irradiated sample (12 nm)
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Swift heavy ion irradiation induced modified surface and optical properties of
nanostructured titaniathin filmsderived from TiCl, solutions
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Nanostructuredtitania(TiO,) thinfilmshaveattracted |ot of attraction duetoitsvariety of

functionaditiessuch as, surface photocatal ys's, n-type semiconducting naturewith wide band gap,
diluted magnetic semiconductorsand so on. Most of thefunctionalitiesof TiO, originatefromits
novel surfacechemidtry. TiO, isoneof themost investigated metal oxidesurfaces[1-2]. Nevertheless,
experimental investigationsof thekineticsof thesurface growth of anatase TiO, are scarce. Here,
wereport onthe 100 MeV Ag*’ swift heavy ion (SHI) irradiation induced modificationsonthe
surfaceand optical properties of nanostructured TiO, films.
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Fig. 1. Three dimensional surface topography of (a) pristine anatase TiO, thin films and
(b) irradiated by 100 MeV Ag ions with a fluence of 1x10% ions/cm?

High quality thinfilmsof TiO, werefabricated on SO, substrate viachemical solution
deposition spin coating technique. Fuming solution of TiCl,wasused asstarting material, contrary
to the most of the reports on titania, where, titanium isopropoxide or butoxides were used.
M onodispersed, nanosi zed titaniafilmswith smooth surface morphol ogieswere obtained. The
surface properties (parameters, such assize of nanoparticles, surface roughnessand morphology)
of thefilmsstrongly depend on the choice of the compound used. A narrow sizedistribution of the
film particlesleadstoreatively smooth films. Thermal treatment to 600°C leadstofilmspresenting
the anatase diffraction peaks. Fig. 1 (a) showsthe AFM image of anatase TiO, film. Uniform
particle size confirmed about ~ 30 nm by the XRD and AFM analysis, whilethe RM S surface
roughnessis~ 1.078 nm, suggesting an excellent smoothness of the CSD grown surface.

Upon SHI irradiation, asharp reduction in the particle sizei.e., ~10 nm, and surface
reconstruction was seen, asshowninFig. 1 (b). Further, anarrow distribution of crystallitesize
wasa s0 observed as compared to the pristine sample. However, thefilm roughnesswasfound to
increase dueto surface atom rearrangementsand SHI induced defects[ 3]. No significant change
inthestructural and scanning probe propertiesof thetitaniafilmswere observed whenirradiated
by two different set of 100 MeV ions, namely, Ag and Ni, suggesting that thetype of swiftion has
littleroleto play for such compound.

Optical measurementsshow excellent trasmittance of ~80 % inthevisiblerangefor pristine
TiO, thinfilmsas can beseenintheoptical spectrographsshowninFig. 2.
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Fig. 2. UV-Vis. transmission spectrographs of pristine and irradiated TiO, films grown on
SiO,substrates
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However, it wasfound to decrease down to ~50% upon SHI irradiation duetoincreased
defect statesand roughness of thefilms. The optical band gap valueswere estimated using Tauc's
plot by plotting (athv)? versushv and extrapol ating thelinear portion of the absorption edgetofind
theintercept with energy axis. The cal culated band gap valuesfor pristineand SHI irradiated ~80
nmthick, TiO, filmswere 3.98 and 3.73 eV, respectively. Thisreductionin theband gap clearly
suggeststhe presence of oxygen vacancy and crystallitesizereduction of Ti-O atoms.
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5.2.33 Effect of SHI irradiation on FeNICr thinfilms
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FeNi based amorphousalloy thinfilmsarecurrently of great interest dueto their potential
applicationsinthefield of sensors, actuatorsand magnetic recording media. Control of magnetic
propertiesin these materialsisessential in order to obtain miniaturized magnetic deviceswith
improved performance characteristics. From afundamental perspective nanocrystallization and
theimpact of swift heavy ionsonthemagnetic and structura propertiesarea so of great interest to
sientigs.

FeNiCr filmswere prepared on glass substrates by thermal evaporation of metglas 2826
under controlled conditionsand werethenirradiated with 108 MeV Ag# ionsusing the 15UD
Pelletron accelerator facility at Inter University Accelerator Centre, New Delhi. Theirradiation
was performed at room temperature with fluence ranging from 3x10* to 3x10" ions/cn®. These
filmswerethen characterised usng the Glancing angle XRD facilitiesat Inter University Acceerator
Centre New Delhi. Atomic force microscopy was used to investigate the evol ution of thinfilm
roughnesswith fluence. Vibrating sample magnetometer was used to study the magnetic evolution
withtheion beamirradiation. Compositiona andysiswasperformed usng XPSand theresultsare
correlated with structural data.

Figure 1 (a) and (b) showsthe 3-D view of the surface of thefilmsirradiated at fluences
3x10% and 3x10® respectively.
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Fig. 1. Three dimensional AFM images of Fe-Ni-Cr thin films irradiated with 108 MeV
Ag® ions at fluences (a) 3x10*2 (b) 3x10% ions/cm?

Thedatigtica analysisindicated that rmsroughnessincreasesfrom 7.49 nmwith fluence
asshowninfigure2.
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Fig. 2. variation of rms roughness with ion fluence

Theroomtemperaturehysteresisloopfor pristineaswell asirradiated samplesisshownin
figure3. Thereisaclear difference between the coercivity of thepristineand irradiated thinfilms.

e | e

.....

Fig. 3. Room temperature hysterisis loop for Fe-Ni-Cr thin films (a) pristine and irradi-
ated with 108 MeV Ag ions at fluences (b) 3x10" (c) 3x10%2 (d) 3x10%

Further work isin progressto understand ion irradiation induced modifications.
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5.2.34 Swift Heavy lon Induced Thermoluminescence tudiesin Pure and Lanthanum
Doped PolycrystallineAluminium Oxide
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Thermoluminescence (TL) istheemission of light fromaprevioudly irradiated insul ator or
semiconductor asaresult of thermal stimulation[1]. The TL intensity enhancesasafunction of
certain dose of radiation absorbed by the sampleand thusisused inradiation dosimetry [2]. Al O,
isoneof theearlier materiasstudied for itspossible application asaradiation dosimeter owing to
itssuperior thermal and chemica stability. Pureand 1 mol% La(lanthanum) doped polycrystaline
auminum oxide was synthesi zed by combustion technique. Pellets of these compoundsof 6 mm
diameter areirradiated with 100 MeV Ni” for thefluenceintherange 1x10" ionscm2to 1x10™
ionscm?, TL measurementsweremade at alinear heating rate of 5 Ks* using based TL analyzer
(Nucleonix SystemsPvt. Ltd Hyderabad, India).

A prominent and well resolved TL glow with peak at 613 K and unresolved shoulder at
510K areobservedinNi™ ionirradiated undoped polycrystalinea uminum oxide. Theglow peak
intensity at 613 K increaseswithincreaseinion fluence up to 1x10 ionscm and thereafter it
decreases. But, the glow peak intensity at 510K decreasewithincreaseinion fluence. However,
the shoulder was completely disappearing at fluence 1x10ionscm. Thismight be dueto the
annihilation of the defect centersresponsiblefor the TL emission. The glow peak temperature
dightly shiftstowardslower temperatureregion with increaseinion fluence. Thisisoneof the
propertiesof the second order kinetics. Itisfound that the width towardsthe higher temperature
Sdeat hdf maximumisgreater than that towardsthelower temperatureside. Thiscan beunderstood
fromthefact that inthe second order reaction significant concentrations of released el ectronsare
retrapped beforethey recombine, resulting delay in theluminescence emission and spreading out
of theemission over awider temperature range[4]. In the case of lanthanum (1 mol %) doped
polycrystallineAl O, irradiated with 100 MeV Ni™ ionsfor thefluenceintherange 1x10* to
5x10" ionscmr? it showsasingleand prominent TL glow with peak at 603 K. It isobserved that
theTL glow peak intensity decreaseswithincreaseinionfluenceand TL intensity iscompletely
absent for thefluence of 5x10% ionscm. Further work isin progress.
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Molybdenum oxideisapotential candidatefor devel oping positivea phanumeric display
devices, high-density memory devices, optical smart windows, and solid-state microbatteries. It
hasa so found applicationsin optically switchable coatings, gas sensors, catdys's, and isa so used
asadiffusonbarrier.

We, inthe present work, investigate the structural and optical modificationsof pulsed laser
deposited molybdenum oxide films doped with 2 % of Fe. A KrF laser (A=248 nm) was used to
ablate molybdenum oxidetarget having 2 % Fe composition. Asdeposited filmsusualy havea
MoO, (with 2<x<3) type composition. To remove oxygen deficiency and obtain MoO, phase, the
filmswereanneded at 450 °C in oxygen environment for 2 hrs. Thefilmswerethenirradiated at
room temperaturewith 100 MeV Ni ionswithion fluence (¢) varying from 1x10% to 1x10* ions-
cm2, Fig.1 showsthevariation of optical band gap of pristineand theionirradiated films. The
previously reported va ues of band gap of MoO, filmsliecloseto 3eV [1]. However, weobtained
aband gap closeto 1.8 €V using Tauc sformulafor indirect band gap semiconductors. Thereason
for thereduction of the band gap inthe present study may liein the defects present inthe MoO,
films. These defectsintroduce energy levelsin theforbidden gap of asemiconductor. Dueto the
trangitionsfrom valence band to theselevelsor from theselevel sto the conduction band, theband
gap of asemiconductor may appear lessthan the actua value.
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Fig.1. UV-Visible absorption curves and optical band gap (inset) of Ni ion
irradiated MoO, films
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Theband gap remainsadmost congtant with Ni irradiationfor ¢< 1x10"ion-cm?. However,
adrastic decreasetoavaluecloseto 1.4 eV isobserved at ¢=1x10*ion-cm? possibly dueto the
formation ion beam induced defects.

Fig.2 showsthe Fourier transforminfrared (FTIR) spectraof MoQ, filmsbeforeand after
Ni ionirradiation. The dotted lines are drawn to show the positions of IR modes of thefilms.
Absorption bandsat 817 cm and 968 cm correspond to stretching mode vibration of bridging
oxygenin Mo-O-Mo and to terminal Mo=0 bond vibrations[2]. The presence of these phonon
modesindicatesthat thefilmshave alayered orthorhombic MoQ, structure. These modesare
broadened and finally get disappeared withincreasing fluence of 100 MeV Ni ionsindicating that
thefilmsarestructurally damaged by theenergy deposition of theincidentions. The FTIR modeat
737 cm* could not beidentified. Thismodeisalso observed in undoped MoO, filmssuggesting
that this mode should be related to MoO, and not with the doped Fe.
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Fig.2. FTIR spectra of Fe doped MoO, films irradiated with 100 MeV Ni ions

Insummary, apreliminary study of MeV ionirradiationisperformed on MoO, films. The
filmswould be characterized further to get detailed modificationsof dectrica and magnetic properties
of thefilms.
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Thehighenergy swift heavy ionslosether energy inthetarget materid mainly viaindastic
collisionsleading to the excitation of thetarget electrons. The electronic energy losshasbeen
found to create various modificationsin thetarget materia, leading to the changesin the structural
[1], optical [1-3] and luminescence[1,4] propertiesof the material.

Glassesaregenerally made of silicaasthe basic material with certain additional trace
elements as per its intended application. Sand made up of silica has been reported as a
thermoluminescence (TL) dosimetric material for high doseand accidenta dosmetry [5,6]. TL in
common natural materids, e.g., natural quartz present in sand providesauseful method for direct
measurement of absorbed radiation [ 7]. Thermol uminescence produced in the soda-limesilica
glassby theimpact of MeV ionirradiationistheam of the present investigation.

TheTL glow curvesarerecorded inthe temperature range of 50to 400°C for thesilica
glass(60% SiO,, 30% Na,0, 5% MgO, 5%Al,0, (all inmole %)) irradiated with 60 MeV C*
ionsusing 15UD Pelletron Accelerator at IUAC, New Delhi inthefluencerangeof 1x 102to 1
x 10%iong/cm?. TL glow curvesrecorded at aheating rate of 5°Cs? have one prominent peak at
180°C and alessintense peak at 360 °C (Figure 1). Itisobserved that the TL intensity of the peak
at 180 °C increases upto adose of 1 x 10 and thereafter decreases; however, the glow peak at
360 °C follows exactly opposite trend. The former peak may be attributed to the [AlO,] hole
center former under irradiation fromitsprecursor [AIO,Na] center asan electronisreleased and
anakali ion migratesaway. The recombination of the el ectron released by heating on thiscenter
leadsthe appearance of TL peak at 180 °C. Thelatter peak may be attributed to the non-bridging
oxygens (NBOs) generated by ionirradiation.
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Fig. 1. TL glow curve of silica glass irradiated with C* ions at different fluences
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Conducting polymersaretheimportant classof materialsdueto their propertiessuch as
high electrical conductivity, large nonlinear optical responsesand thegood therma stability. These
propertiesare very important in variousfieldslikelight emitting diodes, molecular el ectronics,
actuators[1] & gassensors[2,3]. Dueto commercia uses, polymersbecomeasubject of scientific
and commercia interest. Thereforeuseof ionirradiationisof great importanceto modify properties
of thesematerials. In general most of these modifications can betraced back to changestaking
placein chemical structureof polymer.

Pyrrolemonomer (Aldrich 99% used asreceived) and para-tolune sulphonic acid (PTS)
(Lancaster, U.K., 98+ %) both of the normality 0.1M weredissolved in distilled water and the
electrochemical polymerization of the pyrrolewascarried out on Indium Tin Oxide (ITO). The
filmsPolypyrrole (Ppy) of thickness80~100 um wereirradiated by 100 MeV O ionwithabeam
current of 1 pnA availablefrom 15 UD Pelletron at Inter University Accelerator Centre, New
Delhi using variousfluencesranging from 1x10% to 3x10* ions/cn?. XRD of the polypyrrolethin
filmswere carried out for structure determination by aBruker AXS, X-ray diffractometer with
Cu-K  radiation for awide range of Bragg's angle 26 (15<20<40). UV-Visible Spectrawere
obtained using aU-3300 Spectrophotometer.

The XRD pattern of pristineand irradiated Ppy irradiated by oxygen beamisshownin
Fig.1. Thepeak value observed at 26.25 degreeisthe characteristic peak of Ppy and other peaks
observed at 21.5, 31 and 35.5 degrees are values of diffracted X-ray for pure cubic phase of
ITO. Theprigtinepolypyrrole showsthe semi crystaline nature. After irradiation with SHI at low
fluence, intensity of the peaksincreases, which showsthat the polymer crystallinity increases. This
may bedueto crosslinking of thepolymer chainsor by theformation of singleor multiplehelices
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[4], which producesmore crystallineregionsin the polymer film after SHI irradiation. Thedegree
of crygdlinity for thepolymersca culated by following formula

K= i,XlOO%
A

whereA isthetotal areaof the peaks(areaof crystallineand amorphous peaks) andA’ is
thetota areaunder thediffractogram. The% crystallinity calculated by abovereationisshownin
Tablel.

Theelectronic structure and the carrier typein the polymers can be visualized by UV-
visible spectra. The UV-visible spectrarecorded for the O ion beam irradiated polypyrroleis
showninFig 2. The absorption peak around 450 nmis polaron absorption peak of the conducting
polypyrrole[5]. A shift inthe absorption peak towards higher wavelength wasfound indicating a
decreaseintheenergy bandgap of the polymer after SHI irradiation which givesriseto anincrease
inthedc conductivity of polymers. Thisshiftinthe absorption may be producedin creation of free
radicalsor ionsand thushaveacapability of increasing the conductivity of thepolymers. Fromthe
absorption spectrum the direct band gap of the polymerswas calculated by linear part of the
Tauc'splot. Theband gap wasfound to be 3.4 eV for the pristine Ppy, which decrease upto 3.0
eV after irradiation, by oxygen beam. The calcul ated values of band gap areshowninTable 1.
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Fig. 1. XRD- Pattern of Polypyrrole Fig.2. UV-visibleof Polypyrrole

Tablel: The% Crystallinity and theband gap variation in Polypyrrolethin films
irradiated by 100 M eV oxygen beam

0" ion fluences % K Band gap

(Ions/cm?) of Ppy in Ppy
Pristine 23.02 34¢eV
3X101110 26.91
1x10 33eV
3X10" 30.39 32eV
1X10" -- 3.0eV
3X10" 32.21 —-
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In recent years, technol ogical devicesat the nanometer scalearein demand. Therefore,
thereisapractical interest in the composites consisting of diel ectricswith metal nanoparticles,
which are encouraged by potentia applicationssuch asnonlinear optical switches, magnetic data
storages, microel ectronic devices, EMI shielding etc. The electromagneticinterferenceisserious
problemin extremely sensitive el ectronic equipment. Polymer composites, with high dielectric
constant and low loss can be used for the purpose of EMI shielding. Thisrequirement can be
fulfilled by incorporating fillerslike metal powdersi.e. Al, C,Au,Ag, Cu, etc. Highenergy ion
irradiation induces significant modification in the materia by el ectronic excitation or ionization.
[rradiation alsoimprovesthe dielectric propertiesof these composites.

We have prepared polymer composites by doping different concentrations (10, 20, 30
and 40%) of metdslikeAl, Cand CuinPMMA and PV C by chemicad method. Thefilms(thinckness
~0.3mm) were prepared by casting method. Thesefilmswereirradiated with 140 MeV Agtt* ion
beam at thefluences of 10 and 10%? ions/cm?using 15 UD Pelletron facility at Inter University
Accelerator Centre, New Delhi.

Dielectric Constant
1 F { r f# {AA

4 5
Log F (in Hz)

Fig. 1 (a) Dielectric constant vs Log F, AFM of (b) pristine (c) irradiated Al dispersed
composite
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Didectric propertiesand surfacemorphol ogy of pristineand irradiated sampleswerestudied.
It wasobserved that dielectric propertiesof thefilmsvary withionfluence, filler concentration and
frequency of applied field. Thedielectric constant/lossis observed to enhance significantly dueto
irradiation. Thissuggeststhat ion beamirradiation promotes (i) the metal to polymer bonding and
(i) convert the polymeric structure into hydrogen depl eted carbon network. Surface morphology
wasstudied by AFM intermsof average surfaceroughness. Theresult showsthat averageroughness
of thefilmsdecreases after irradiation and surface becomes smoother. The decreasein surface
roughnessduetoirradiation may be attributed to defect enhanced surfacediffusion.

5.2.39 Production of poresby swift heavy ioninduced dewetting of polymer thinfilm on GaAs
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We are reporting atechniquefor generating nano/micro poresinirradiated polymer film
without etching. These poreswere produced in thin polymer films(polycarbonate, 8um) on GaAs
(P-doped) (111) substrateirradiated by heavy ions (50 MeV, Li*) at room temperature (29°C).
Preparation of substrate was carried out at Inter University Accelerator Center (IUAC), New
Ddhi, India. Using thetechnique of resistive heating, athinlayer of gold of thickness(95nm) was
deposited on thewafersthen athinlayer of polycarbonate (Makrofol) by spin coating, thickness
of polymer wasaround 10mm. The prepared sampleswereirradiated at room temperaturewith
50MeV Li*ionsat fluenciesbetween 2x107 and 5x10%ions/cn?. Beforeand after irradiation, the
sampleswere characterized usng AFM and SEM. AFM intapping modeclearly distinguishesthe
poreswith rimfromtherest planesurface. Fig. 1. depictstheAFM picturesof the poresgenerated
by ion assisted dewetting. Pattern formationissurprisingly similar towhat isobserved after heating
thin polymer films on semi-conductor substratesabovether melting point [1-3] and dsoinmeta
oxide coated semi-conducting film bombarded with swift heavy ions[4-6]. TheFig. 1 showsthe
3D image of the poreswith well-defined bright rims around big pores. The holesare surrounded
by therimlike structureswith heightsup to 35 nmand areasymmetricin shape, ascan beseenin
thesectionanaysisshowninthefig. 2.

Fig. 1. 3D AFM and SEM image of 50MeV Li*® ion irradiated Polymer coated GaAs
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Fig. 2.Section analysis of the pores present on the Polymer coated GaAs
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Polypropylene is a well-known polymer because of its low cost, inert nature, good
mechanical properties, weathering resistance and various commercial applications. The
polypropylene samplesfor the present study were obtai ned from Goodfellow Ltd. (England) and
wereirradiated with C>* (70MeV) and Ni'** (150MeV) ions of fluences between 5x10°to 5x10%
ionscm?intheMateria Science Chamber of Inter University Accelerator Center, New Delhi. Itis
observed from UV-V 1S spectroscopy that thereisdecreasein theenergy gap of the polymer with
theincreaseinion fluence. Theoptica band gap of virgin polypropyleneis5.57eV. At thehighest
fleunce of 5x10%ionscmr? of Ni''* (150MeV)ions, the optical band gapisreduced to nearly 57%
i.e., 5.57t0 2.39eV and for C>* (70MeV), it is decreased by 4% i.e., 5.57 to 5.37eV. Earlier
studies haveindicated that the C enriched domains created in polymersduring irradiation are
responsiblefor decreasein band gap [1-3].

XRD Anaysisof virgin samplerevealsfour peaksat 20 = 15.302°, 16.960°, 18.619° and
25.618°. Onirradiation with C>* (70MeV) and Ni'** (150MeV)ionsthereis decreasein peak
intensitiesand increasein FWHM for all four initial peaks. Thisindicatesasignificant |oss of
crystallinity of polypropylenewith SHI irradiation. However, thischangeismore prominent for
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Ni‘*ionthan C*ion. Similar resultshave been observed by Zhu et . [4] in PET irradiated with
35MeV/uArionsandby Liuetd. [5] in PET irradiated with high energy ions (Ar, Kr and Xe)
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High-energy ion bombardment induced modificationsin polymeric materialshave been
attracting much attention nowadays. Polyethylenetetrathalate (PET) ispolyester having ahigh
melting point and very good mechanicd strength dueto the presenceof aromaticringinthepolymeric
sructure.ltisresstant to heat and moisture and virtually unatacked by many chemicals. Irradiation
of polymerswith swift heavy ionsleadsto awidevariety of property changes(1-4).

Ultraviolet-visible spectroscopy isanimportant tool for investigation asit givesanidea
about the value of optical band gap energy (Eg). Ion beam interaction with polymer generates
damage. Weirradiated the PET (100 micron) with Li, Ni and Au. Inthe present study, effect of
swift heavy ionsinoptica propertiesof (PET) had been investigated and observed that band gap
continuoudy decreaseswith increasing fluences.

Intensity
w
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Effect of Au beam in PET

Fig. 1. Effect of Au beam in PET

194



REFERENCES

4 A. Srivastava, T.V.Singh, S.Mule, C.R. Ranjan, S. Ponrathnam, Nucl. Instr. and Meth. B 192 (2002) 402.
2] A. Srivastava, T. Singh, A.L. Sharma, PK. Jain. C.R.Rgjan, S. Ponrathnam, Radiat.Eff. Def. Solids 158

(2003) 561.
[3 JP.Biersack,A. Schmoldt, D.Fink, G. Schiwietz, Radiat. Eff. Def. Solids 140 (1996) 63.
4 P. Sonar, A.L. Shrma, A.Chandra, K. Mullen, A. Srivatava, Curr.Appl.Phys. (2003) 247

5.2.42 Optical band gap study of swift heavy ion irradiated polymers with UV-vis
Spectr oscopy

Rajesh Kumar?!, S. Asad Alit, A.K. Mathur?, H. S. Virk?, F. Singh?, S. A. Khan®* and
RaendraPrasad*

Department of Applied Physics, Z. H. College of Engineering & Technology, Aligarh
Mudim Universty, Aligarh

2360 Sector-71, SASNagar (Mohali), Chandigarh-160071
3Inter University Accelerator Centre, ArunaAsaf Ali Marg, New Delhi - 67

Theeffect of ionizing radiation on polymersisgeneraly classifiedintomainchainscisson
(degradation) and cross-linking. These may initiate modifications such asformation of chemical
bonds between different molecules, intermolecular crosslinking, irreversible cleavage of bonds
(scission) inthemain chain, resulting in to the fragmentation of molecul esand the formation of
saturated and unsaturated groupswith stimul ated evol ution of gases[1]. At very highfluencesof
ions, carbonization may alsotake place[2]. Inthe present study modificationin optical properties
of four polymersinduced by S ion beam irradiation hasbeeninvestigated by UV-Visspectroscopy.

Significant changes of different amounts have been observed in optical response of the
polymersafter irradiation with Si ions. Ultraviol et-visible spectroscopy gives an ideaabout the
valueof optical band-gap energy (Eg) and thus providesanimportant tool for investigation. The
absorption spectrawith UV-Visspectrophotometer are carried out onvirgin and irradiated polymer
samples. Optical absorption spectraof thevirgin sample showsasharp decreasewithincreasing
wavelength up to acertain value, followed by aplateau region except in the case of PTFE spectra
Itisobserved that optical absorptionincreaseswith increasing fluence and this absorption shifts
from UV-Vistowardsthevisibleregionfor al irradiated polymer samplesasthefluenceincreases.
Theincreasein absorption with irradiation may be attributed to the formation of aconjugated
system of bonds dueto bond cleavage and reconstruction [3].

Energy gap decreaseswith theincreaseinion fluencein al thefour polymers. But the
percentage decreaseisdifferent in different polymers. At the highest fluence of ~10" iong/cm?
maximum decreasein energy gap of almaost 40 % has been found for PES polymer samplesand a
minimum decrease of about 2.1% isfound in PET. Thecluster size showed arange of 79to 454
carbon atoms per cluster for the polymersstudied here.

195



REFERENCES

1 D.M. Ruck, Nucl. Instr. and Meth., B 602(2000) 166.
[2] J.P.Durand,A.L. Moel. Nucl. Instr. and Meth. B 105(1995)71.

[3] L. S. Farenzena, R.M. Papaléo, A. Hallén, Araljo de., M.A., R.P. Livi, B.U.R. Sundqvist, Nucl. Instr.
Meth. B105 (1995) 134.

5.2.43 Positron lifetimestudiesof the dose dependence of nanoholefreevolumesinion-
irradiated conducting poly-(ethylene-oxide) salt polymers

Rajesh Kumart, Udayan De?, PM.G Nambissan®, M. Maitra, S. Asad Alit, T. R. Middy’,
S. Tarafdar?, F. Singh® and Rajendra Prasad*

! Department of Applied Physics, Z. H. College of Engineering & Technology, Aligarh
Mudim Universty

2Variable Energy Cyclotron Centre, 1/AF, Bidhan Nagar, Kolkata
3Sahalngtitute of Nuclear Physics, /AF, Bidhan Nagar, Kolkata

4CMPR Centre, Department of Physics, Jadavpur University, Kolkata
®Inter-University Accelerator Centre, ArunaAsaf Ali Marg, New Delhi - 67

Freevolumeor holes, in solid polymer electrolytes (SPES) or polymer solid el ectrolytes
(PSEs) arerequired for ion movement and hence the el ectrical conduction. Sincethe work of
Cohenand Turnbdll [1], thetransport processesin polymersarefrequently described in termsof
redistribution of thelocal free volumethat appears dueto the structural disorder in amorphous
materials[2]. However alimited amount of experimental datahasbeen reported on freevolume
and radiation induced modification dueto lack of suitable probesfor open volumesof molecular
dimensions. Irradiation of polymerswith swift heavy ion beamsresultsinto the change of free
volume propertiesof polymeric materid.

The present work has been carried out on PEO-salt complex with 17% sdlt. Freevolume
study by PAL Sfor pristine sample and the samplesirradiated withionsto different fluenceshas
been undertaken to investigate the SHI induced modificationin free volume properties. Solution-
cast filmseach of totd mass 3g of PEO (BDH, England) and of average molecular weight 600 Kg/
mol complexed withNH,ClO, (FlukaAG, 99.5% purity) were prepared in salt concentration of
17%. Pure PEO isnon conducting whileitscomplex PEO(l_X) (NH,CIO,), withweight fraction x
=17% isanion conducting polymer. Polymer samples were exposed to 95 MeV oxygenion
beam at the 15 UD Pdlletron accelerator at Inter University Accelerator Centre, New Delhi, India
todifferent fluences.

Postronannihilationlifetime (PAL) and Doppler Broadening (DBA) measurementswere

carried out at the Sahalngtitute of Nuclear Physics (SINP), Kolkata, India, usinga?Na source
of approximately strength 400 kBqg and astandard y-y coincidence setup.
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Threelifetime components decomposed from the positron lifetime spectraarisefromthe
annihilation of parapositronium (p-Ps, T,~155-175 ps), free positron annihilation (t,~300-400
ps) and ortho positronium pick-off process (o-Ps, t,~1.5-3.5 ns) [ 3,4]. Based on asemi empirical
model [5], the o-Ps pick off annihilation lifeti met isrelated to the hole (assumed spherical)
radiusr, .

Thefreevolumeradiusr, iscaculated and the mean vaue of thefreevolumeholeV, is

givenas V, = 43 pr 2. Thefractional freevolumeF canbeestimatedasF =CV, I, whereCis

astructural constant is~0.0018[5]. Table 1 showstheresults obtained from o-Pslifetimet, for
thevauesof thefreevolumeholeradiusr, and volumeof freeholesV, for the pristinesamplesand
irradiated with 95 MeV O°* ion beam.

Table 1l : Thelifetime parametersof o-Ps, radius of free volume hole, mean free
volume, fractional freevolumeand Sparameter in poly-(ethylene oxide) salt polymer

Fluence 13 (ns) I3 (%) 1 (A) Vi (A) Fv S
(ions/cm?) Parameter
Pristine 1.702 15.2 2.565 70.68 1.93 0.4059
10™ 1.685 15.0 2.544 68.95 1.86 0.4035
10" 1.623 15.6 2.481 63.96 1.80 0.4040
10" 1.820 14.0 2.684 80.98 2.04 0.4026
10" 1.876 15.0 2.739 86.06 2.32 0.4018

o-Pslifetime t, obtained from PAL studies, freevolumeradiusr, and mean freevolume
decreasefor the fluences 10%° and 10 ions/cm? and then increase with 10*? and 10" ions/cm?.
Theresultsare contrary to our earlier study of SHI induced modificationsin pure polymer [6-8]
carried out through PAL measurements. Theintensity of the o-Pslifetime component |, showsonly
minor variation a highest fluence. The S parameter showed acontinuousdecreasewithincreasing
fluence. Theintermediatelifetime, also showed asimilar decrease. Theseresultsindicatethe
occurrence of scission in the polymer chains and the fragmentation of larger free volumesinto
smdler ones.
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Our group has been carrying out the energy lossand straggling measurements of heavy
ionsindifferent polymericfoilsutilizing Pelletron accel erator facility at Inter University Accelerator
Centre (IAUC), New Delhi. So far we have compl eted the measurementsfor Li, C, O, S and Cl
ionsin Polypropylene, Mylar, Polycarbonate, Kapton and L R-115 polymers, covering the energy
range~ 1.0—6.0 MeV/u. Our measurementsare highly preciseand most of themarenew and are
being reported for thefirst time. Some new and interesting trends have been observed. None of
theenergy lossstraggling formul ations show agreement with the experimental data. WWehavemade
anatempt to devel opfitted andytica expressonfor cadculating theenergy lossstraggling compatible
with theexperimental values.

5.2.45 Effect of Lithiumlon Irradiation on Electrical Characteristicsof High Speed NPN
Power Transistor

C.M Dinesh?, Ramani?, M. C. Radhakrishna!, S A. Khan?and D. Kanjilal?

Department of Physics, Jnanabharati, Bangalore University, Bangal ore-560 056
?Inter-University Accelerator Center, ArunaAsaf Ali Marg, New Delhi - 67

Theeffect of high energy charged particleson the propertiesof microelectronic devices
[1] eg. NPN transistors are of academic interest due to its use in space and radiation rich
environments. BJT’shaveimportant applicationsin anadog and mixed—signa IC'sand BICMOS
(Bipolar Complementary Metal Oxide Semiconductor) circuits because of their current drive
capacity, linearity, and excellent matching characteristics[2]. The present work aimsto study the
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effect of 50 MeV Li** ionirradiation ontheectrical behavior of commercid BJT’s. Anattemptis
madeto explain the radiation degradation based on linear energy transfer (LET), total ionizing
dose(TID), displacement damage (D) and its effect on depl etion/diffusion capacitance, doping
dengty, builtinvoltageand didlectricloss.

Theslicon NPN power trans stor (2N3866) manufactured by Bharat ElectronicsLimited
(BEL), Bangdore, India, isselected for present investigation. Theinsulating silicon dioxide (SO,)
thicknessisof about 600 to 700 nm, thethicknessof the emitter (n*) isabout 1Jum and thickness
of the base (p*) isabout 2 um and intrinsic surface doping is about 5 x 10* to 1 x 10% cm?.
Then epitaxid layer thicknessis 16 um (silicon <111>, 2 Q-cm) and the thickness of n* substrate
is200um (silicon<111>, 0.01 Q-cm).

Thetransistor isirradiated by 50 MeV Li* ion beam using 15 UD Tandem accel erator
facility at Inter University Accelerator Centre (IUAC). Thefluenceisvaried from 1 x 10" to
1.8 x 102ionscm?.
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Fig. 1. Variation of output collector saturation current and collector — emitter saturation
voltage of 50 MeV Li* ion irradiated transistor as a function of D, and TID
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Withlithiumionirradiation, | .isfound to decreasewith increaseinion fluenceand |
decreased initidly for fluenceof 1 x 10" ions/cm?, and thenincreaseswith further fluenceincrease.
TheMeV ioninduced defectsreducethe minority carrier lifetimeand areresponsiblefor theincrease
inseriesresistance and thereby reducing |, andV .. Thedisplacement damageincreasesthe
recombinationintheneutra baseregion, whichlead tothedecreaseof thecollector saturation current.
Itisfound that thenumber of recombination centersproduced insliconisproportiond totheenergy
goinginto atomic digplacement process. Thenon-ionizing energy depositioninduced damagescaing
of thegainvariation of bipolar transstor isaready observed for neutron and carbonions[2,3]. The
fluence dependent total ionizing dose(T1D) and NI EL dependent displacement damage (D) versus
saturation current and saturation voltage are plotted infigure 1. 1t showscorrelation between the
cal culated defectsand measured electrica parameters(l ., andV ). Itisalso observed that from
figure 1, the saturation voltage and current abruptly decreased withion fluenceof 1 x 10" iong/cn??
and it remained congtant withincreasein fluence/dose. The BJT sarefoundto bevery sengtivetothe
ionizing radiation and trans stor gain degradationisthe primary causefor the parametric shiftsand
functiond failures. It isobserved that the capacitanceisreduced after theirradiation from nano-farad
to pico-farad in the emitter-baseregion of thedevice (figure not shown). Thechangein capacitance
isdtributed tothereductioninthecarrier dengity of theemitter-baseregion. Thisreductionincgpacitance
may bemainly duetothechangein seriesresstance. Duetoirradiationtheshiftinthebuilt-in potentid
isobserved, for unirradiated transistor it isfound to be 0.437V and it increased to 0.445 V asthe
deviceisirradiated with 1x10" ions/cm?. The doping density of the emitter-base region decrease
from7.06 x 10" cm®t0 5.92 x 10 cm? at the fluence 1x10 ionsg/cm?. These parametersplay an
important rolein conduction of the device. Figure 2 showsthevariation of carrier remova ratewith
fluence. From thefigurethe carrier removal rates seemsto be small anditisfound to bevarying
linearly withfluenceof irradiation[4].

Figure 3 showstheplot of dielectriclossof the emitter-baseregion asafunction of applied
voltage. It can be seenthat for unirradiated trans stor the diel ectric lossincreaseswith theincreasein
the applied voltage. For irradiated devicethe curve showssimilarity inthedielectricloss. Asthe
fluenceincreasesfrom 1x10' ions/cm?to 1.8x 10" ions/cn? the diel ectric lossincreases, which
indicatesthe decreasein itsconducting property. However, thenew peaks(at-0.05V, - 0.15V, and
0.15V) show the production of new defectswhich areresponsblefor thedecreaseinitscapacitance.
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5.2.46 Influenceof Irradiation Temperatureon thecharacteristicsof Deep L evel Defects
inAg™* lon Irradiated Bipolar Junction Transistor

K.V. Madhu!, Ravi Kumar?, M. Ravindra® and R. Damle?

1 Department of Physics, Jnanabharati, Bangal ore University, Bangal ore-560 056
2| nter-University Accelerator Center, ArunaAsaf Ali Marg, New Delhi - 67
3ComponentsDivision, ICG, ISRO Satellite Centre, Bangal ore-560 017

In recent years, the study of deep level defectsin semiconductor devices has become
important to fabricatethe devicesfor desired applications. In case of abipolar junctiontransistor
(BJT), theswitching timedependson therecombinationlifetimeof thecarrierswhichinturn depends
on the concentration of thedeep level defectsor recombination centers[1-2]. Further, itisknown
that theintroduction rate of the deep energy levelsin silicon dependson theirradiation temperature
[3-5]. Thiswork describesthestudy of deep energy levelsgenerated inthebulk of acommercia
BJT by 200 MeV Ag™*-ionirradiation. ThisBJT manufacturedindigenoudy by Continental Device
IndiaLtd. (CDIL) isplanned for spacegpplications. Inthe present sudy, thetransstorsareirradiated
withAg-ionsat two different irradiation temperaturesto study theeffect of irradiation temperature
onthecharacteristicsof deep level defects.

TheBJT used in the present study isaswitching transistor with standard configuration
(basethicknessis2.0 mmand oxidethicknessis 1.2 mm). ThisBJT issuitablefor low and high
frequency operation. Decapped trangistor isexposed to 200 MeV Ag™tionsusing 15UD 16 MV
Pelletron Tandem accel erator facility at Inter- University Accelerator Centre, New Delhi. The
transistor isirradiated by Ag** ionswith three different fluences 5.0 x 10 ionscm?, 5.0 x 10%
ionscm? and 3.0 x 102 ionscm? at two different temperatures 300 K and 77 K. -V and Deep
Level Transient Spectroscopy (DLTS) measurements are made before and after irradiation to
study radiationinduced transi stor gain degradation and characteristics of deep level defects. After
irradiation, it isobserved that the base current increaseswith silver ion fluence. The extent of
increasein basecurrentishighin case of thetrans stor irradiated at |ow temperature. However, the
collector current decreasesastheion fluenceincreases. The extent of decreasein collector current
isasohighincaseof thetransstor irradiated at low temperature. Itiswell known that thetrans stor
gain degradation can occur dueto the generation of recombination centersin the baseregion due
to displacement damage caused upon irradiation. WWhen recombination centersare generated in
the base region of the transistor, it leads to an increase in the base current by decreasing the
minority carrier lifetime. A decreaseintheminority carrier lifetimewill bereflectedinthedegradetion
of forward current gain of thetrangistor.

Thedeep level defectsgenerated by irradiation of transstorsby Ag™* ionsare characterized
using DLTStechnique. Figures 1 and 2 exhibit the DLTS spectraof thetransistor irradiated with
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Fig. 1. DLTS spectra of slver ion irradiated (at Fi1g. 2. DLTS spectra ot siiver 1on
low temperature) transistor for three different  irradiated (at room temperature) tran-
ion fluences. Rate window is fixed at 51.7 s? sistor for three different ion fluences.

Rate window is fixed at 51.7 s*

Ag**ionsat low temperature and room temperature respectively for three different ion fluences.
Thetrap concentration (N, ) isdetermined by knowing peak height (dC ) inthe DLTSspectrum.
Inthe DLTS spectraof thetransistor irradiated at |ow temperature, four minority carrier and five
majority carrier deep level defectsare observed whereasfive minority carrier and two magjority
carrier deep level defectsare observed inthe DLTS spectraof thetransistor irradiated at room
temperature. A comparison of -V and DLT Sresultsbefore and after annealing suggeststhat the
transstorsirradiated at low temperature aremore vulnerableto high energy silverionirradiation
and thiscould beattributed to in-situ annealing of defectsat high temperature. The defectswhich
annihilatein the temperaturerange 350 °C to 450 °C have mgjor contributionto thechangeinthe
base and collector currentsand hence degradation of theforward current gain of thetransistor.
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5.2.47 SEE Testingof PEM Sand COT Sintegrated Circuits
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All thedectronic componentsused in the satellite system must meet the SEU, SEL & TID
asper thel SRO specification. Somemanufacturersgivethe SEE specificationsfor their components
& some do not. For the components for which no radiation datais available either from the
manufacturer or intheinternet for theview of theusers, SEE testing isdoneby our sideto confirm
If the component withstandsthe | SRO specified SEE limits.

Thedetailsof thedevicesaretabul ated bel ow

SL Device Type Function Package Manufacturer Project Radiation
No. Type specification
1. DS- 512Mb 54 pin Plastic Elpida/ SSR- Oceansat Nil
5104ABTA SDRAM TSOP 3DPlus onwards
2. 28CO011T 1Mb 32 pin DIP Maxwell SSR- Oceansat Rad-Pak
EEPROM onwards
SEU.:1 8MeV-cm2/mg
3. RILV1616 16 Mb 48 pin Plastic Renesas Star Sensor IMS-1 Nil
SRAM TSOP
4. SJA1000 CAN 28 pin DIP Philips Star Sensor IMS-1 Nil
controller
5. HM62VE8100 8 Mb 44 pin TSOP Hitachi Star Sensor IMS-1 Nil
SRAM

512Mb SDRAM

The SDRAM moderegister was configured to operatein Burst writeand read mode. The
datapattern of dternate 1'sand O's (checkerboard pattern) iswritten into and read from thememory
array. Asthe datawidth is 4 bits, a pattern of 5,(0101) and A (1010) iswritten dternatively in
success velocations. Dataisrepestedly read and compared with the expected va ues. In case of data
mismatch error counter isincremented and the dataiscorrectedintheerror location and readingis
further continued. Thesupply current | ismonitored during thetest for recording of any SEL event.

128Mb EEPROM 28C011T
During thetesting of write mode, EEPROM wasin the erase-write mode programming of
al the IMblocations. After the erase-write operation, asingleread was madeto verify the contents

of the memory and again the device is subjected to programming mode. Thel ,, is monitored
during thetest for recording of any SEL event.

RILV1616 & HM62V8100 SRAM

All thelocationsof SRAM arefilledwithaternate*0'sand‘1's(55, & AA,). Thedatais
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continuously read back during irradiation. In the event of any mismatch in theread data, error
counter isincremented and the error dataiis corrected and reading iscontinued. Thetest resultsare
continuously monitored and recorded. Thel , iscontinuously monitored for SEL event.

SJA 1000 CAN controller

The CAN devicewastested for different modes.
1 Monitoring of theregister setinthebasic & Peli-CAN mode.
2. Monitoring the CAN protocol controller in self-test |oop back mode.
3. Theoccurrence of upsets& | are monitored and recorded.

Thetest result of 512 MB SDRAM indicatesthe susceptibility lessthan 17 MeV/mg/cm?
LET and the device ssengitivity to upsetsin the proton energy range. Thisdeviceissenstivefor
SEUs. EDAC (Error Detection and Correction) typeof schemesor any other mitigationtechniques
can beemployed for safer operation.

The EEPROM isfound to be quite rugged and tolerant to heavy ion and proton-induced
effects. Thecommercid 16MB SRAM isfoundto be sengitiveto upsetsand no Latch-up failures
wereobserved. Upsets haveto be mitigated.

The16 MB SRAM device upset LET thresholdislessthan 17 MeV/mg/cm?. The upsets
were observed in command and control and status registers. This deviceisfound to be very
sengitiveto upsetsat lower LET valuesand also pronefor Latch-up failureat higher LETS.

The CAN controller isvery sendtiveto upsets. Asit has state machine, itissusceptibleto
controller failure. Thedevice also exhibited aLatch—up faillure. Thisdeviceisfound to be not
suitablefor the on—board application only with additional Latch up protection schemeto switch
off thedevicein caseof Latch-up.

Test Results
S | Device type ion Ener LET Flux Fluence SEU SEL
1 MeV #pP Plem?
N gy ) fem?/ cm
o MeV 2 S
cm’/mg
1. | 512MB RS ) 17 1500 | 1.0X 10° | i. Errors @ 1 upset / 2k No
SDRAM nibble/3.0 X 10° P/em’
Latch —up
ii. Observed stuck faults
DS - iii. No mode register failures
ST04ABTA o760 31 1500 | 2.0 X 10° | i. Errors @ 1 upset / 2k No
’ nibble/6.0 X 10° P/em’.
Latch —up
ii. Observed stuck faults
iii. No mode register failures
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EEPROM Bl |60 17 1500 | 1.0 X 10° | No upsets in write and read No
28CO11T mode Latch — up
Ni* 1100 | 31 1500 | 2.0 X 10° | 16 upsets / 128k bytes in write | No
) mode Latch—up &
SEGR
16MBSRAM | I | 60 17 1500 | 1.0 X 10° | Errors @ 500 upsets / 64k No
RILV1616 bytes/1.5 X 10* P /em? Latch — up
N [ 100 | 31 1500 | 1.0X 10° | Errors @ 1500 upsets / 64k No
* bytes/3.0 X 10* P /em? Latch — up
CAN BT 60 17 1500 | 1.0 X 10° | Errors @ 1 upsets/ 15 No
controller registers Latch — up
SJA 1000 N [ 100 | 31 1500 | 1.0X 10° | Errors @ Supsets/ 15registers | Latch —up
) With Idd
increased to
450mA
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5.3 RADIATIONBIOLOGY RESEARCH

Theexperimentd partsof the projectsinvolving heavy ionirradiation have been completed
arefromNEHU Shillongand BHU, Varanas . For the project from NEHU, chromosomeaberrations
asafunction of timeare being studied in presence and absence of exogeneousglutathionein CHO
cells. Theproject from BHU involved cellsfrom rat spleen and bone marrow where M e atonin
protectionisbeing studied related to cell survival and apoptotic death under heavy ionirradiation.

Apart fromthese, thefollowing research projectsaregoing to start utlising theheavy ionbeam.

1 Effect of swift heavy ionsin MCF-7 carcinomacell; MMH College Ghaziabad

2. Study of Low Dose Hyper-Radio-Sengtivity (HRS), inmammalian normal and tumour
cellsinduced by heavy charged particlesand the expression of apoptotic genes; Visva
Bharati University, Shanti Niketan

3. Induction of apoptosisby heavy ion beamin Human Cervicd Epithelid Carcinoma(HelLa)
cellsin presence and absence of PARPinhibitor; Kayani University

4. Studieson heavy ionirradiated radiation damagein bacteria; WBUT, Kolkata

5. Studieson nanocrysta formation in microbesundergoing heavy ionirradiation; WBUT,
Kolkata

5.3.1 Modulation of EndogenousGlutathionelevel and itsrolein High LET Radiation
induced cellular damage

G Pyjarit,A. Sarma?, A. Chatterjee®

1 Genetics L aboratory, Department of Zoology, NEHU, Shillong

2|nter University Accelerator Centre, ArunaAsaf Ali Marg, New Delhi - 67
3Molecular GeneticsL aboratory, Dept. of Biotechnology and Bioinformatics, North Eastern
Hill University, Shillong

Glutathione (GSH), atripeptide (o-glutamyl-cysteinyl-glycin), wasoneof thefirst chemica
compounds used asaradio-protector [1]. Intracellular GSH isthe most important subsetsof the
endogenous sulfhydrylsregarding the modification of cellular responsesto both ionizing radiation
and chemotherapeutic agents[ 2, 3]. Most studies of radioprotectors have employedy or X-ray
sourcesand, to alesser extent, neutronsor other high-LET sources. Severd studieshave shown
that chemical agentswhich modul ate radiation sengtivity of mammaian cellsexposedtolow LET
radiation arelesseffectivewith high LET radiation [4, 5]. Inthisinvestigation, an attempt hasbeen
madeto study theinfluence of GSH on high LET radiationinduced DNA damageand delay incell
proliferation.

Objectivewasto evauatetheinfluence of GSH pre-treatment on DNA damageand cell
proliferationin cellsirradiated by Carbonion (**C) beam and theLithiumion ("Li) beam.
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Theresultsandinferenceare briefed asfollowing :

Thefrequency of aberrationsinduced by Carbonion (*C) beamishigher than the Lithium
ion ("Li) beam. Thehigher frequency of aberrationswasscored inion beamirradiated cellsfixed
at delayed hour. The cellswhosedivisonisdelayed are carrying more aberrationsthan cellsthat
enter mitosisearly.

Themost common aberration typeisde etions, however, agood percentageof exchange
aberrationsare observed. Chromosomal aberration such asdel etion and chromatid break showed
anincreaseinthefrequency with theincreasein fluenceand a sointhe presence of BSO. However,
thefrequency of exchange aberrationsdecreased inthepresenceof BSO. Sincehigh LET irradiation
isinducing more DNA double strand breakswhich arespatidly closer thanlow LET radiation and
thereforetherate of rgoining of doublestrand breaksishigher and thus showing moreexchanges.
Reducing the frequency of exchangesindicatesthat thejoining of DNA double strand breaks
induced by high LET-radiation probably needsthe presence of GSH.

No protection was observed when GSH was added before high LET radiation. The
frequency of exchangesisobserved to increase on exogenous addition of GSH. It indicatesthat
thejoining of DNA double strand breaksinduced by high LET radiation probably needsthe
presence of GSH.

Theinduction of ddlay in cdll cyclewasmorewith2C beamthan’Li beamirradiated cdlls.
Both addition of exogenous GSH or BSO did not show any influence onthecell kineticspatter in
theirradiated cells.

It hasaready been reported that theinduction of CA and delay incell kineticsby radiation
may not awaysbeinterlinked (6).Usually both GSH and BSO reduced thedelay induced by low
LET radiation, but inthe present study it failed to show any influence on such delay.
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5.3.2 Sudiesonionizingradiation irradiated metal induced radiation sensitization in
Bacillussubtilis

SDas!, PNandy?, SChowdhury!, A Sarma?, A R Thakur? and S Ray Chaudhuri*

207



1 Department of Biotechnology, West Benga University of Technology, BF-142,
Sector 1, Salt Lake, Kolkata-700064

2Department of Bioinformatics, West Bengal University of Technology, BF-142,
Sector 1, Salt Lake, Kolkata-700064

3Inter University Accelerator Centre, ArunaAsaf Ali Marg, New Delhi-110067

Thegroup hasbeen abletoisolate microbesfrom theenvironmenta origin and characterize
them at length. Thesemicrobeshavethe potentid of metal accumulation and extracd lular enzyme
production. Thisproperty makesthem potentia candidatefor bioremediation[1, 2, 3]. Theability
to withstand radiation exposure woul d enablethem to be used even under adverse conditions. The
am of thestudy istolook at the ability of these naturally occurring microbesto repair DNA DSB
induced onitsgenomefollowing ionizing radiation. Theextent of meta accumulationinsdethecdll
wastested and itseffect on enzyme production aswell asradiosenstization of the cell wasstudied.
Theover dl investigation would give abetter picture on the usability of these microbesfor metal
accumulation aswell asenzymeinduced bioremediation under adverse conditions.

The cellswere grown and characterized as per the protocol of Nandy et al [4]. Metal
sdts of AI(NO,),.9H,0, CuSO,.5H.0, AgNO,, Pb(NO,), NiCl,.6H,0, HgCl,, CoCl.6H,O,
FeSO, Cr,0,and CdCI were u%d for toI erancestudy. Stock sol utlon of eech metal was prepared
on bass of moI ar concentratl on as per formulae M = Moles of solute/VVolume of solution. In
additiontoAgNO, AgCl wasaso usedinform of supersaturated stock solution. Froman overnight
grown culture of as ngle colony, 1% (v/v) wastransferred to 3 ml of mediasupplemented with
each metal separately. Theinitial metal concentration was taken as 1ImM. The tolerance was
measured on the basis of growth observed within 12 to 48 hours using spectrophotometer. I
growth was observed, inoculum was added to the mediawith increasing concentration of themetal
(Lmm, 2mm, 10mm, 100mmand so on). Thisstep wasrepeated for dl themetalsin each gtraintill
Minimum Inhibitory Concentration (M| C) was obtained asvisualized by cessation of growth.

The extent of accumulation was confirmed using EDXEF analysisas per the protocol
reported elsewhere [5]. The localization of the metal inside the cells was confirmed through
Transmission Electron Microscopy according to the protocol sreported earlier [5]. The effect of
meta onthe cell wasanayzed through Scanning Electron Microscopy [5]. For ionizing radiation
study, theinitia standardization wasattempted using ®Coyrays. The DSB induction and itsrepair
was studied using the protocol of Ray Chaudhuri et al [6,7]. 4 X 108 cellswere used per plug for
theAsymmetric Field Inverson Gel Electrophoresisexperiments.

Thecdllsshow maximum accumulation of Pb. Thecellscantolerateupto 6mM of Po(NO,)
intheculturewith an associated accumulation of 421.38 ppb. Thetransmisson eectron micrograph
showsaccumul ation on the periphery and also inthe cytoplasm. The SEM image shows shortening
of thecell in presence of metal indicating it to beastress. The protease productionin presence of
meta sdecreasesbut thiscould aso beattributed to lesscell number. It hasto befurther sudied to
understand the correlation, if any. The DSB induction study indicatesrepairability of DSB by the
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cells. It also emphasizes theincreased damage in presence of metal as evident from the lanes
showing repair in metal containing experiment. Theresult hasto be further analysed through
denstometric scanning for understanding the extent of damageand corresponding repair at different
dosesbothin presenceand in absence of metdl.

By observing thedoseprofile, it seems4 hoursisnot sufficient for therepair mechanismto
takeplace, repair time hasto be further standardized. The possible explanation of the apparent
discrepancy inthetime course study can bethat the evident larger amount of DNA presentin one
of thelanesmight haveligated back to form longer fragmentswhich have receded back towards
thegrooveinlane; still it hasto bereconfirmed and interpreted after densitometric scanning.
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54 ATOMICPHYSICSRESEARCH

We have continued to understand unusua featuresof beam-foil experimentsusingsingle
aswell astwo-foil target. Such featuresindicate new phenomenahaving important relevanceto
astrophysics. Oneout these hintsusadiscovery of anew light sourceto beused for investigation
of H-likehighly chargedions.

Atomic and molecular physicsexperimentsin thelow energy ion beam laboratory have
sarted yielding good results. Position sensitivemulti-hit time-of-flight measurement systemisused
to study thefragmentati on dynamicsof completeand incompl etefragmentation processas presented
below.

54.1 Atomicastrophysicsexperimentsusing highly charged MeV ions
T. Nandi

Intherecent past we have succeeded in obtai ning important resultsfrom aomic experiments
having novel implicationsto astrophysics. Someare mentioned below.

(i) Formation of thecircular Rydbergstatesin ion-solid collisions

We observed thecircular Rydberg states popul ated in H-like Feionsduring fast ion-solid
collisions. Time-resolved x-ray spectraobtained with 164 MeV *Fe, ionscollidingwithacarbon
foil do not show any linesdueto H-like Feionsat small delay timesuntil 600 ps. However, Ly-a
and Ly-b transitions appear after awhileand attain maximum intensity at adelay of 920+5 ps.
Such adelay isattributed to successive cascading from the circular Rydberg levelswhich find
important implicationsin understanding the origin of radio recombination linesfrominterstellar
spaces. Detailed can be seenin The Astrophysical Journal Letters673, L 103-L 106 (2008).

(ii) Direct observation of lar geprobability of collison-induced intrashell transition
and its astrophysical relevance

We have observed intrashell transitionsbetween 1s2s°S and 1s2p °P, levelsinHe-like
Ti ionsby the beam-two-foil time-of -flight technique. The mean intrashell transition probability
between these two sublevel s obtained from thisexperiment isfound to be quitelarge, (0.72 £
0.05), whichisaittributableto thesmal energy splittingsbetween them. A smpletheoreticd estimate
using first Born approximation isfound to bein close agreement with the experimenta vaue. Such
largeintrashell transition probability ishelpful in resolving adisagreement between theory and
experiment ontherdativeintensity of Li-likeC, N, and Oionsininter stellar medium.

(iii) Secondary beam-foil source: Confirmation of circular Rydberg stateswith
projectile-likeparticleions

Wereport the secondary beam-foil sourcefor studying physicsof projectile-likeparticle
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ions. Projectile-like particleions of ®Ni,, and *Cu.,,ions have been produced by Fe- and Zn,
ionsby Ni-ions, at beam energies above the Coulomb barrier, bombarding on thin carbon foil.
Formation of circular Rydberg states hasbeen confirmedin collision experimentswith projectile-
likeparticleionson carbonfoils. Meritsand demeritsof thisnovel technique aredifferent fromthe
beam-foil experiments. Itsimpactson atomic collision physics, astrophysics, and nuclear transfer
reactionsarevery interesting.

(iv) Experimental evidenceof bareionsformed from nuclear reactions:. itspossible
roleson astrophysics

We report that the projectile-like particleions produced from nuclear pick up reactions
arejust bareions. Thex-ray emission spectraof thefoil excited ionsshow asignatureof trangtions
originated from higher charged stateswith dower projectile-like particleionsthan the projectile
ions. Such a novel ionization process can be responsible for producing the bare ionsin the
astrophysical plasma. Thisprocesswill be useful in modeling chemical evolution of matter from
whichthe solar system wasformed.

5.4.2 Atomicand Molecular PhysicsExperimentsat L EIBF

C PSafvan, Sankar De, Jyoti Rgjput andA. Roy

Usng thelow energy ion beamfacility, experimentswere conducted to udy thedissociation
dynamicsof multiply charged molecules. Theexperimentsused thetime of flight gpparatus coupled
with position sensitive detectors and post collision charge state analyser to determine the
fragmentation patternsand dynamics.

Target molecules, intheform of an effusive gasjet were madeto interact with multiply
charged Ar projectiles. Thefragmented molecular ionswere detected with aposition sengtivetime
of flight mass spectrometer and event by event analysi s coupl ed with coincidence map techniques
wereused for datainterpretation.

Molecules such as C H  clusters are abundant in the astrophysical environment.
Spectroscopic studieson comets such asHa e Bopp and Hyakutake, have confirmed theexistence
of C,H,and C,H, but not C H,. Thereforeasystematic study of formation and destruction of such
speciesasaresult of charged particleinteraction isurgently needed to examine whether some
intermediate“exotic” molecular ionisformed in the planetary atmosphere which prohibitsor
bypasses the formation of C H, giving preference to CH, and C,H,. Careful study of the
dissociation productsof C H, asafirst member inthisfamily of moleculesmight giveusinsightinto
some unknown realm of bond formation and rupturing processesto answer the above astrophysica
phenomenon

A detailed study of the dissociation dynamicsof acetylenewascarried out. Fig.1 shows
thefragmentation productsfrom acetylene.
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Fig.1. The fragmentation products from acetylene

Coincidence maps allow usto study the importance and relative ratios of the various
dissociation channds. Fig.2 showsthe coincidence map measured from acetylene.
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Fig.2. The coincidence map measured from acetylene

The projectile charge state dependence of fragmentation insmall moleculeslike methane
wasalso studied.
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