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We examinedporeformationin thermallyoxidizedsilicon wafers(SiO2 / Si) by meansof swift heavy ion irradiationfol-
lowed by chemicaletchingof latent track zonesin SiO2 matrix. The sampleswere irradiatedwith 710 MeV Bi up to the
�uencesof (1–5)¢108 and5¢1010 cm¡ 2 . Afterwardsthetargetswereetchedin thedilutesolutionsof hydro�uoric acidfor var-
iousdurations.Scanningelectronmicroscopy wasusedto probetheprocessedsamples.Fromthegeometricparametersof the
porestheetchrateVt of thetracksandtheetchrateVb of bulk a-SiO2 wereestimated.Theetchingbehaviour andmorphology
of theetchedtrackshasbeenfoundto changemarkedly with �uence. Mutual in�uence of tracksat their higherdensitieswas
analysedin termsof radiation-inducedmodi�cations of materialaroundthe ion path. It wasshown that the morphologyof
etchedtracksdid not changeaftertheannealingat900±C for 30min.
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1. Intr oduction

In mostdielectrictargets,swift heavy ionscreateir-
reversiblematerialdegradationalongthe ion trajecto-
ries[1,2] whenever theelectronicstoppingpowerSe is
aboveacertainthresholdvalueSth . Thesedamagedre-
gions,socalled“latent tracks”,extendfrom thesample
surfaceto the major part of the ion ranges.The track
diametersvary typically between5 and 50 nm. Dif-
ferentcalculationsbasedon a thermalspike approach
have beendevelopedto accountfor trackformationas
well asto predictthe nanometretrack radius[3,4]. It
is necessaryto know the informationon morphology
anddepthpro�le of the tracksto testtheoreticalmod-
els. On the otherhand,the trackscanbe etchedin a
suitablechemicalagentto produceporesor nanochan-
nelsthat, in turn, canbe re�lled with inorganic or or-
ganicsubstances.Thereis a numberof applicationsof
theion tracktechnologydeveloped,goingfrom �ssion-
fragmentdosimetry, to molecularsieves,andto a vari-
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ety of electronicandmagneticdevices [5–8]. Porous
layersof SiO2, a thermallystableandchemicallyre-
sistantmaterial,can�nd applicationsin environments
whereplasticmembranesarenotapplicable.

The purposeof this work was to investigate the
topography and depthpro�le of the etchedtracks in
SiO2 irradiated with high and low �uence of swift
heavy ions. We have estimatedthe in�uence of high-
temperaturetreatmentontheporousSiO2 morphology,
too.

2. Experimental details

Samplesusedin this work werecut from the ther-
mally oxidized n-doped(100) Si wafer. The thick-
nessof SiO2 layer was evaluated from Rutherford
backscatteringspectrometryandtransmissionelectron
microscopy measurementsand was equalto 600 nm.
SiO2 / Si structureswere irradiated normally to the
surface with 710 MeV Bi ions up to the �uence of
(1¡ 5)¢108 and 5¢1010 cm¡ 2 at the Joint Institute for
NuclearResearch(Dubna,Russia). The ion �ux was
keptconstantandequalto 2¢108 cm¡ 2s¡ 1. To provide
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(a) (b)

Fig. 1. Scanningelectronmicroscopy (SEM) imagesof (a) thesurfaceand(b) thecross-sectionof theSiO2 / Si irradiatedwith 710MeV-Bi
up to the�uence of (1–5)¢108 cm¡ 2 andafterwardsetchedin 1.2%HF for 20min.

reliable thermalcontactsthe sampleswere �x ed on a
massive metallic holderwith a heatconductingpaste.
The irradiated sampleswere treatedin hydro�uoric
acid (HF) dilute aqueoussolutionsat room tempera-
ture. Then the sampleswere investigated using the
scanningelectronmicroscopeHitachiS-806.A partof
sampleswasprobedby meansof Talysteppro�lometer
to evaluatetheetchrateof SiO2 in HF solution.To es-
timatethemorphologicalstabilityof etchedtracksdur-
ing heatingapartof SiO2 por / Si sampleswasannealed
in resistancefurnacein inertatmosphereat900±C dur-
ing 30min.

3. Resultsand discussion

Figure1 shows theholesin SiO2 irradiatedwith the
low �uence of Bi ionsandetchedin 1.2%HF solution
for 20min. Theirdensity, calculatedfrom theSEMim-
age,wasequalto 2.3¢108 cm¡ 2. This valuecoincides
with Bi ion �uence. It wasshown thateachion impact
at thesurfaceof amorphousSiO2 leadsto anetchable
trackprovidedthattheelectronicstoppingpowerSe of
theion exceeds4.0keV=nm[9]. In ourexperimentthis
criterionis ful�lled, asSe = 23.8keV=nmfor 710MeV
Bi ions in a-SiO2 accordingto SRIM'2003 code[10].
Figure 1(b) representsdepthpro�le of etchedtracks.
Onecanclearlyseetheconicalshapeof holesresulted
from the limited ratio betweenthe etchrateVt of the
tracksand the etch rateVb of bulk a-SiO2. The half
cone angle, ¯ , obtainedfrom SEM image was 15±.
Fromthevaluesof thedepths,z, theetchingduration,
te, andthe half coneangleof the holes,the track and

bulk etchrates(Vt andVb) canbedeterminedusingthe
relations:z = (Vt ¡ Vb)te andsin¯ = Vb=Vt [1, 2].
For 1.2% HF solution at room temperatureVt =Vb =
3.9. Accordingly, Vb andVt are6.3and25.5nm=min.
It shouldbenotedthatVb andVt valuesarein areason-
ablecorrelationwith the estimationsof onesgiven in
thepapers[11,12]. Complementarymeasurementsby
meansof pro�lometer wereperformedon virgin SiO2
layersetchedin 1.5% HF solution. By measuringof
the stepheightbetweenetchedandun-etchedregions
of SiO2 surfaceVb = 7.7 nm=min was found. This
valueis in agreementwith the Vb estimationobtained
from theporegeometrydata.

As canbeseenfrom Fig. 1, etchedtrackshave mi-
nor dispersionof diameterand depth. On this con-
dition the knowledgeof Vb andVt valuesallows one
to predictetchingtime necessaryfor the formationof
throughchannelsin the track region. If Vb andVt are
6.3 and25.5nm=min, correspondingly, during the20-
minuteetchingof theirradiatedsamplein 1.2%HF so-
lution, the layerof bulk materialwith the thicknessof
126nm is dissolved. In the track region, the removed
materialthicknessis equalto 510nm. SiO2 thickness
beforeetchingwasequalto 600 nm. Therefore,after
suchtreatmentthe porebottomdoesnot reachsilicon
andetchedtrackslook like sharp-pointedcones.Sim-
ple calculationshows thatfor theformationof through
channelsin the form of truncatedconesthe etching
timeshouldexceed24min.

The evolution of openingdiameterversusthe etch-
ing time is presentedin Fig. 2. An extrapolationof the
datato zeroetchingtime interceptstheverticalaxesat
the valueD0 ¼ 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 coreat the surfaceof the
SiO2 target irradiatedunderthe conditionsof our ex-
periment.Thediameterof thetrackcorein a-SiO2 has
beenestimatedin [12], too. In accordancewith [12],
D0 is equalto about10nmfor 200MeV Au ion irradi-
ation.

In order to calculatethe diameterof molten phase
in the track region andits lifetime for SiO2 irradiated
with 710MeV Bi ions,thethermalspikemodel[3] has
beenused.Moltenregiondiameteris equalto 15.6nm,
lifetime of themoltenregionis equalto 37.5ps.Calcu-
latedlifetime of themoltenregion allows oneto speak
aboutthe presenceof the liquid phaseand its subse-
quentsolidi�cation. Calculateddiameterof the track
regioncoincideswith theetchingdata.

Figure 3 representsthe surfaceof SiO2 irradiated
with the high Bi ions' �uence and etchedin 2% HF

solution for 6 min. As �gure shows, SiO2 surfaceis
essentiallydifferentfrom thesurfaceof thesampleir-
radiatedwith low �uence of Bi ions. Low-�uence ir-
radiationleadsto formationof a systemof poreswith
right conicalshapein SiO2. The poresizesareprac-
tically equal,andtheir densitycorrespondsto the �u-
ence. Under the high-�uence irradiation the poresin
theform of wide nearthesurfaceasymmetricalcones,
with moredeepnarrow porein thecentre,areformed.
Their sizesdiffer very much,andthedensityis essen-
tially (up to oneorderof magnitude)lessthanthe �u-
ence.Cross-sectionof etchedsampleshows thatSiO2

region with etchedtracksrepresentscomplicatedsys-
temof multistepconeswith differentheightanddiam-
eter (seeFig. 3(b)). Measurementof separatepores'
geometricalcharacteristicsin suchsamplesis compli-
catedby theircon�uence.Thetrackoverlappingeffects
causethesemorphologicalchanges.For the purposes
of nanotechnology, the smallerthe diameterof the la-
tent track, the better. In an ideal scenariothe latent
trackcouldbea lineartrail of damage,while themate-
rial betweenthetracksremainsunaltered.However, the
radialextensionof ion tracksin solidsis �nite, andde-
pendsonthetypeof solidandontheenergy densityde-
positedaroundthe track trajectory. Thedissipateden-
ergy initiatesradiation-inducedmodi�cationsof mate-
rial whichbecomeevidentduringtheetchingof irradi-
atedmaterial.For therandomdistributionof tracksthe
meandistancebetweenneighboursis hai = 1=2

p
n,

wheren is the meantrack density[13]. It hasbeen
shown above that in the conditionsof our experiment
thelatenttrackdensityisproportionalto thecurrent�u-
enceandfor the�uence of 5¢1010 cm¡ 2 hai ¼ 22 nm.

(a) (b)

Fig. 3. (a)SEMimagesof thesurfaceand(b) thecross-sectionof theSiO2 / Si irradiatedwith 710MeV-Bi upto the�uence of 5¢1010 cm¡ 2

andafterwardsetchedin 2%HF for 6 min.
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Thetrackcorediameterat thesurfaceof theSiO2 tar-
get, D0, obtainedfrom the etching data (Fig. 2) is
equalto ¼20 nm. Thus, hai ¼ D 0. Previous study
of polymers,alkali halidesandA3B5 semiconductors
showed that ion tracksin solids typically have a nar-
row coresurroundedby ahaloof largerradius[14–16].
Supposedly,distortedchemicalbondsandthe smaller
densityin comparisonwith thevirgin matrixcharacter-
ize thematerialin thehaloregion. Hence,theetchrate
of material in the halo may differ from the etch rate
of undamagedbulk material. One can concludethat
for the trackdensityof 5¢1010 cm¡ 2 theneighbouring
tracksin�uence eachotherbecauseof theoverlapping
of halosandpartialoverlappingof trackcores.For the
track densityof 2.3¢108 cm¡ 2 (in the caseof samples
irradiatedwith low �uence of Bi ions)hai is ¼330nm.
Thelatter is muchmorethanD 0. Accordingly, for the
samplesirradiatedwith low �uence no interactionsbe-
tweenthetrackswererevealed.

In order to use porous SiO2 as a template for
nanocompositematerialdeposition,it is necessaryfor
SiO2 por to standhigh-temperaturetreatmentwithout
poregeometrychanges.To checkthe in�uence of the
annealingon SiO2 por morphology, the SiO2 / Si sam-
plesirradiatedwith Bi andtreatedin 2% HF for 6 min
wereannealedin resistancefurnacein inertatmosphere
at 900±C for 30 min. Figure4 representsphotographs
of SiO2 surfacewith etchedtracksbeforeandafteran-
nealing. As �gure shows, thereare no pore geome-
try changesafter the annealing.Thus,poroussilicon
dioxide canstandhigh-temperatureannealingwithout
etchedporegeometrychanges.

4. Conclusion

Themorphologyof poresin porousSiO2 layersob-
tained by 710 MeV Bi irradiation of thermally ox-
idized silicon wafers (SiO2 / Si) followed by etching
in the dilute HF solutionshas beenstudied. It has
beenshown that for samplesirradiatedwith �uence
of (1¡ 5)¢108 cm¡ 2, poreshave right conical shape.
Their sizesarepracticallyequal,andtheir densitycor-
respondsto the �uence. TheetchrateVt of the tracks
andthe etchrateVb of bulk a-SiO2 have beencalcu-
latedusinggeometricparametersof conicalpores.Ac-
cordingly, Vt andVb are25.5and6.3 nm=min. Track
corediameterfor 710MeV Bi ion at thesurfaceof the
SiO2 targethasbeenestimatedusingporediameterde-
pendenceonetchingtime. Thisvalueisof about20nm.

Fluenceincreaseup to 5¢1010 cm¡ 2 changesporous
layer morphology, leadingto the formationof system

(a)

(b)

Fig. 4. SEMimagesof theporousSiO2 surfacefor (a)un-annealed
sampleand(b) for the samesampleannealedin inert atmosphere
at 900±C during30 min. Notethat image(b) is obtainedat higher

magni�cation.

of multistep coneswith different height and diame-
ter. Their sizesdiffer very much, and the density is
essentially(up to one order of magnitude)less than
the �uence. Comparisonof track core diameterfor
710MeV Bi ion atSiO2 surfaceandmeandistancebe-
tweenneighbouringtracks,calculatedfor the �uence
of 5¢1010 cm¡ 2, allows oneto concludethatobserved
changesin poremorphologyarecausedby trackover-
lappingeffects.

Thermalstabilityof porousSiO2 hasbeenestimated.
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It is shown that heatingin inert atmosphereat 900±C
for 30min doesnot leadto poremorphologychanges.
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Santrauka

Tirtas pór �u radimasis termiškai oksiduotuosesilicio bandi-
niuose, juos apšvitinusgreitais sunkiaisiaisjonais ir po to che-
miškai �esdinantliekam�uj �u trek �u sritis SiO2 matricoje.Pavyzd�eliai
švitinti 710 MeV Bi (1–5)¢108 ir 5¢1010 cm¡ 2 srautais. V �eliau
jie �esdintiskiestuvandenilio�uorido tirpalu �ivair �u laik �a. Apdoroti
bandiniaitirti skenuojan�ciu elektroniniumikroskopu. Pagal geo-

metriniuspór �u parametrus�ivertinta trek �u �esdinimospartaVt bei
ištisinio a-SiO2 �esdinimospartaVb . Nustatyta,kad �esdinimasir
grioveli �u morfologija labaipriklausonuošvitinimo srauto.Anali-
zuotatrek �u, kai jie tank̄us,savitarpio �itakospriklausomyb�enuoap-
švitosindukuot�u med�iagospoky�ci �u aplink jon �u takus. Parodyta,
kad �esdint�u trek �u morfologija nepasikei�cia po 30 min trunkan�cio
atkaitinimo900±C temperat̄uroje.


