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We examinedporeformationin thermallyoxidizedsilicon wafers(SiO; / Si) by meansof swift heary ion irradiationfol-
lowed by chemicaletchingof latenttrack zonesin SiO, matrix. The sampleswereirradiatedwith 710 MeV Bi up to the
uencesof (1-5)X10° and5¢L0'° cm' 2. Afterwardsthetargetswereetchedn thedilute solutionsof hydro uoric acidfor var-
iousdurations.Scanningelectronmicroscoly wasusedto probethe processedamplesFromthe geometrigparametersf the
porestheetchrateV; of thetracksandtheetchrateV,, of bulk a-SiQ, wereestimatedTheetchingbehaiour andmorphology
of the etchedtrackshasbeenfoundto changemarledly with uence. Mutual in uence of tracksat their higherdensitiesvas
analysedn termsof radiation-inducednodi cations of materialaroundthe ion path. It wasshavn that the morphologyof
etchedracksdid not changeafterthe annealingat 900* C for 30 min.
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1. Intr oduction

In mostdielectrictargets,swift heary ionscreateir-
reversiblematerialdegradationalongthe ion trajecto-
ries[1, 2] wheneertheelectronicstoppingpower Se is
above acertainthresholdvalueSy, . Thesedamagede-
gions,socalled"latenttracks”,extendfrom thesample
surfaceto the major part of the ion ranges.Thetrack
diametersvary typically between5 and 50 nm. Dif-
ferentcalculationshasedon a thermalspike approach
have beendevelopedto accountfor track formationas
well asto predictthe nanometrdrack radius[3, 4]. It
is necessaryo know the information on morphology
anddepthpro le of thetracksto testtheoreticaimod-
els. On the otherhand,the trackscanbe etchedin a
suitablechemicalagentto produceporesor nanochan-
nelsthat,in turn, canbere lled with inorganic or or-
ganicsubstancesThereis a numberof applicationsof
theion tracktechnologydevelopedgoingfrom ssion-
fragmentdosimetry to molecularsieves,andto a vari-
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ety of electronicand magneticdevices[5—8]. Porous
layersof SiO,, a thermally stableand chemicallyre-
sistantmaterial,can nd applicationsn ervironments
whereplasticmembranearenotapplicable.

The purposeof this work was to investicate the
topograply and depth pro le of the etchedtracksin
SiO, irradiatedwith high and low uence of swift
heary ions. We have estimatedhe in uence of high-
temperaturéreatmenbnthe porousSiO, morphology
too.

2. Experimental details

Samplesusedin this work were cut from the ther
mally oxidized n-doped (100 Si wafer The thick-
nessof SiO, layer was evaluated from Rutherford
backscatteringpectrometryandtransmissiorelectron
microscoy measurementand was equalto 600 nm.
SiO, /Si structureswere irradiated normally to the
surface with 710 MeV Bi ions up to the uence of
(1j 5)@0°® and5@0° cmi 2 at the Joint Institute for
NuclearResearch{Dubna,Russia). Theion ux was
keptconstantandequalto 2608 cmi 2s' . To provide
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Fig. 1. Scanningelectronmicroscopy (SEM)imagesof (a) the surfaceand(b) the cross-sectiownf the SiO, / Siirradiatedwith 710 MeV-Bi
upto the uence of (1-5X10° cm' 2 andafterwardsetchedn 1.2%HF for 20 min.

reliablethermalcontactsthe sampleswere x edon a
massve metallic holderwith a heatconductingpaste.
The irradiated sampleswere treatedin hydro uoric
acid (HF) dilute aqueoussolutionsat room tempera-
ture. Thenthe sampleswere investicated using the
scanningelectronmicroscopeHitachi S-806.A partof
samplesvasprobedby meansof Talysteppro lometer
to evaluatethe etchrateof SiO, in HF solution. To es-
timatethemorphologicaktability of etchedracksdur
ing heatinga partof SiO, por / Si samplesvasannealed
in resistancéurnacein inertatmospherat 900*C dur
ing 30 min.

3. Resultsand discussion

Figurel shavstheholesin SiO; irradiatedwith the
low uence of Bi ionsandetchedin 1.2%HF solution
for 20min. Theirdensity calculatedrom the SEMim-
age,wasequalto 2.3610% cmi 2. This valuecoincides
with Bi ion uence. It wasshavn thateachion impact
at the surfaceof amorphousSiO, leadsto an etchable
trackprovidedthattheelectronicstoppingpower Se of
theion exceedst.OkeV=nm[9]. In ourexperimenthis
criterionis ful lled, asSe =23.8keV=nmfor 710MeV
Bi ionsin a-SiQ, accordingto SRIM'2003 code[10].
Figure 1(b) representglepthpro le of etchedtracks.
Onecanclearly seethe conicalshapeof holesresulted
from the limited ratio betweerthe etchrate V; of the
tracksandthe etchrate V, of bulk a-SiO,. The half
coneangle, , obtainedfrom SEM image was 15*.
Fromthe valuesof the depthsz, the etchingduration,
te, andthe half coneangleof the holes,the track and

bulk etchrates(V; andV,) canbedeterminedisingthe
relations:z = (Vi i Wp)te andsin = V=V [1, 2].
For 1.2% HF solution at room temperature/;=\, =
3.9. Accordingly V,, andV; are6.3and25.5nm=min.
It shouldbenotedthatV, andV; valuesarein areason-
able correlationwith the estimationsof onesgivenin
thepaperqd11,12]. Complementaryneasurementsy
meansof pro lometer wereperformedon virgin SiO,
layersetchedin 1.5% HF solution. By measuringof
the stepheightbetweenetchedand un-etchedegions
of SiO, surfaceV, = 7.7 nm=min was found. This
valueis in agreemenwith the V,, estimationobtained
from the poregeometrydata.

As canbe seenfrom Fig. 1, etchedtrackshave mi-
nor dispersionof diameterand depth. On this con-
dition the knowledgeof V, andV; valuesallows one
to predictetchingtime necessaryor the formation of
throughchanneldn thetrackregion. If V, andV; are
6.3 and25.5nm=min, correspondinglyduringthe 20-
minuteetchingof theirradiatedsamplen 1.2%HF so-
lution, the layer of bulk materialwith the thicknessof
126 nm is dissohed. In thetrackregion, the removed
materialthicknesds equalto 510 nm. SiO, thickness
beforeetchingwasequalto 600 nm. Therefore,after
suchtreatmenthe pore bottomdoesnot reachsilicon
andetchedtrackslook like sharp-pointedones.Sim-
ple calculationshows thatfor theformationof through
channelsin the form of truncatedconesthe etching
time shouldexceed24 min.

The evolution of openingdiameterversusthe etch-
ing time is presentedn Fig. 2. An extrapolationof the
datato zeroetchingtime interceptghe vertical axesat
thevalueDg ¥ 20 nm. This valuecanbe interpreted
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Fig. 2. Meandiameterof the tracksversusthe etchingtime. The
straightline is thelinear t to thedata.

asthe diameterof the track core at the surfaceof the
SiO, tametirradiatedunderthe conditionsof our ex-
periment.The diameterof thetrackcorein a-SiO, has
beenestimatedn [12], too. In accordancevith [12],
D is equalto aboutl0 nmfor 200MeV Au ion irradi-
ation.

In orderto calculatethe diameterof molten phase
in the track region andits lifetime for SiO; irradiated
with 710MeV Bi ions,thethermalspike model[3] has
beenused.Moltenregiondiametelis equalto 15.6nm,
lifetime of themoltenregionis equalto 37.5ps. Calcu-
latedlifetime of the moltenregion allows oneto speak
aboutthe presenceof the liquid phaseandits subse-
guentsolidi cation. Calculateddiameterof the track
region coincideswith theetchingdata.

Figure 3 representshe surface of SiO, irradiated
with the high Bi ions' uence and etchedin 2% HF

(@)

solutionfor 6 min. As gure shows, SiO, surfaceis
essentiallydifferentfrom the surfaceof the sampleir-
radiatedwith low uence of Bi ions. Low- uence ir-
radiationleadsto formationof a systemof poreswith
right conicalshapein SiO,. The poresizesare prac-
tically equal,andtheir densitycorrespondso the u-
ence. Underthe high- uence irradiation the poresin
theform of wide nearthe surfaceasymmetricatones,
with moredeepnarrov porein the centre areformed.
Their sizesdiffer very much,andthe densityis essen-
tially (up to oneorderof magnitude)essthanthe u-
ence.Cross-sectiomf etchedsampleshows that SiO,
region with etchedtracksrepresentgomplicatedsys-
temof multistepconeswith differentheightanddiam-
eter (seeFig. 3(b)). Measuremenbf separateores'
geometricakharacteristicén suchsampleds compli-
catedby theircon uence.Thetrackoverlappingeffects
causethesemorphologicalchanges.For the purposes
of nanotechnologythe smallerthe diameterof the la-
tent track, the better In an ideal scenariothe latent
trackcouldbealineartrail of damagewhile the mate-
rial betweerthetracksremainaunaltered However, the
radialextensionof ion tracksin solidsis nite, andde-
pendsonthetypeof solidandontheenegy densityde-
positedaroundthe track trajectory The dissipateden-
ergy initiatesradiation-inducednodi cations of mate-
rial which becomeavidentduringthe etchingof irradi-
atedmaterial.For therandomdistribution of trackﬁthe
meandistancebetweenneighbourss hai = 1=2" n,
wheren is the meantrack density[13]. It hasbeen
shavn above thatin the conditionsof our experiment
thelatenttrackdensityis proportionako thecurrent u-
enceandfor the uence of 5@0'° cm 2 hai %422 nm.

(b)

Fig. 3. (a) SEMimagesof thesurfaceand(b) thecross-sectionf the SiO, / Siirradiatedwith 720MeV-Bi upto the uence of 5¢0'° cmi 2
andafterwardsetchedn 2% HF for 6 min.
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Thetrack corediameterat the surfaceof the SiO, tar
get, Do, obtainedfrom the etching data (Fig. 2) is
equalto %220 nm. Thus,hai ¥ Dg. Previous study
of polymers,alkali halidesand A3B® semiconductors
shaved thation tracksin solidstypically have a nar
row coresurroundedby ahaloof largerradius[14—16].
Supposedlydistortedchemicalbondsandthe smaller
densityin comparisorwith thevirgin matrix character
ize thematerialin thehaloregion. Hence the etchrate
of materialin the halo may differ from the etchrate
of undamagedulk material. One can concludethat
for the track densityof 5¢0'° cmi ? the neighbouring
tracksin uence eachotherbecausef the overlapping
of halosandpartial overlappingof track cores.For the
track densityof 2.3tL0% cmi 2 (in the caseof samples
irradiatedwith low uence of Bi ions)hai is %330nm.
Thelatteris muchmorethanD . Accordingly, for the
samplesrradiatedwith low uence nointeractionse-
tweenthetrackswererevealed.

In order to use porous SiO, as a template for
nanocompositenaterialdeposition,it is necessaryor
SiOypor to standhigh-temperaturgreatmentwithout
poregeometrychanges.To checkthe in uence of the
annealingon SiO, por morphology the SiO, / Si sam-
plesirradiatedwith Bi andtreatedn 2% HF for 6 min
wereannealedn resistancéurnacein inertatmosphere
at 900*C for 30 min. Figure4 representphotographs
of SiO, surfacewith etchediracksbeforeandafteran-
nealing. As gure shaws, thereare no pore geome-
try changesafter the annealing. Thus, poroussilicon
dioxide canstandhigh-temperatur@annealingwithout
etchedporegeometrychanges.

4. Conclusion

Themorphologyof poresin porousSiO, layersob-
tained by 710 MeV Bi irradiation of thermally ox-
idized silicon wafers (SiO, / Si) followed by etching
in the dilute HF solutionshas beenstudied. It has
beenshowvn that for samplesirradiatedwith uence
of (1j 5)@® cmi 2, poreshave right conical shape.
Their sizesarepracticallyequal,andtheir densitycor
responddo the uence. The etchrateV; of thetracks
andthe etchrate V,, of bulk a-SiG have beencalcu-
latedusinggeometrigparametersf conicalpores.Ac-
cordingly, V; andV, are25.5and6.3 nm=min. Track
corediameterfor 710MeV Bi ion atthe surfaceof the
SiO, tagethasbeenestimatedusingporediameterde-
pendencenetchingtime. Thisvalueis of about20nm.

Fluenceincreasaup to 5¢.0'° cm' 2 changegporous
layer morphology leadingto the formation of system

F.F. Komawov etal. / LithuanianJ. Phys.49, 111-1152009)

@)

(b)
Fig. 4. SEMimagesof theporousSiO, surfacefor (a) un-annealed
sampleand (b) for the samesampleannealedn inert atmosphere
at900* C during30 min. Notethatimage(b) is obtainedat higher
magni cation.

of multistep coneswith different height and diame-
ter. Their sizesdiffer very much, and the densityis
essentially(up to one order of magnitude)lessthan
the uence. Comparisonof track core diameterfor
710MeV Bi ion at SiO, surfaceandmeandistancebe-
tweenneighbouringtracks, calculatedfor the uence
of 5¢0'° cmi 2, allows oneto concludethat obsered
changesn poremorphologyarecausedy track over
lappingeffects.

Thermalstability of porousSiO, hasbeenestimated.



F.F. Komawov etal. / LithuanianJ. Phys.49, 111-1152009) 115

It is shavn that heatingin inert atmospherat 900*C
for 30 min doesnotleadto poremorphologychanges.
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Santrauka

Tirtas poru radimasistermiskai oksiduotuosesilicio bandi-
niuose, juos apsvitinusgreitais sunkiaisiaisjonais ir po to che-
miskaiesdinantiekamuju treku sritis SiO, matricoje.Pavyzdeliai
vitinti 710 MeV Bi (1-5)10® ir 5¢0™ cmi 2 srautais. Veliau
jie esdintiskiestuvandenilio uorido tirpaluivairu laika. Apdoroti
bandiniaitirti skenuojamiu elektroniniumikroskopu. Pagal geo-

metriniusporu parametrusvertintatreku esdinimospartaV; bei
iStisinio a-SiQ; esdinimospartaV,. Nustatyta,kad esdinimasr
grioveliu morfologijalabai priklausonuo Svitinimo srauto. Anali-
zuotatreku, kai jie tankus, savitarpioitakos priklausomyle nuoap-
Svitosindukuoti med iagospokyciu aplink jonu takus. Parodyta,
kad esdint treku morfologija nepasikicia po 30 min trunkartio
atkaitinimo900* C temperairoje.



