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We reportedthe formationof nanosizednAs crystallitesin silicon wafersby meansof As (245keV, 4.1¢10'® cm' 2) and
In (350keV, 3.7¢10™ cmi 2) implantation. The implantationwas carriedout at 25 and500*C. In orderto verify the effect
of getteron precipitateggronth an additionalprocedurewas carriedout for the samplesmplantedwith As andIn speciesat
the room temperature This procedurencludedthe implantationof H} ionswith the enegy of 100keV at 1.2410™ cmi 2.
Afterwards,the samplesvere annealedat 900* C for 60 min in inert ambient. In orderto characterizeéhe implantedlayers,
Rutherfordbackscatteringpectrometryn combinationwith the channelling(RBS/ C) andtransmissiorelectronmicroscoy
(TEM) techniquesvereused. TEM hasrevealedinAs nanocrystalén implantedsamplesftertheannealinglt hasbeenshovn
thataveragesizeandsizedistribution of InAs clustersdependnimplantationtemperatur@andannealingduration.Signi cant
diffusionalredistrilution of implantedspecieshasbeenrevealedafter“hot” implantationandpost-implantatiorannealing We
have suggestedhatit is causedy non-equilibriumdiffusion. The radiation-enhancediffusivities at “hot” implantationhave
beendeterminedor theabo/ementionedxperimentakonditions.
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1. Intr oduction

InAs is a narrav-gap AB® semiconductowith di-
rectgap. Synthesisof InAs quantumdots inside the
crystallineSi is of interestfor applicationsn optoelec-
tronic devicesoperatingin IR range. MBE-technique
hasbeenusedfor theformationof anensemblef InAs
clustersonthe Si (001)[1]. Suchclusterscoveredwith
a Si caplayershawv intenseluminescencat1.31 m at
7 K. Theothertechniqudor fabricatingof IlI-V quan-
tum dotsis high- uenceion implantationfollowed by
thermaltreatmentInAs nanoclusterbave beenformed
using this methodin Si and SiO, [2,3]. The adwan-
tage of ion implantationis its compatibility with in-
dustrial device productionlines. In our previous pa-
per [4] we have reportedthe formation of InAs nan-
oclusterdan Si matrix by high- uenceion implantation
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at the elevatedtemperaturdollowed with the anneal-
ing. Modifying the regimesof implantationand post-
implantationannealingmay provide a way to control
the size and crystalline quality of the compoundpre-
cipitatesthusformed.

The aim of this work is to studythe effects of the
implantationand annealingregimeson ion-beamsyn-
thesisof InAs nanocrystalsWe alsopresenthe depth
concentratiorpro les of In andAs atomsimplantedin
silicon atroomandelevatedtemperaturandanalysea
diffusionalredistribution of embeddedmpurity dueto
the post-implantatiorannealing.

2. Experiment

Single-crystallinen-doped(100) Siwaferswereim-
plantedsubsequentlyith As andIn ions. In accor
dancewith [3] sucha sequencef implantationresults
in the formationof smallerinAs crystalswith a more
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Fig. 1. RBSspectraf the Si sampleémplantedattheroomtemperaturavith As (245keV, 4.1¢10'° cm' 2) andIn (350keV, 3.7¢€10*6 cmi 2).

uniformsizedistributionin comparisowith thecaseof
In ionsimplanting rst. In orderto evaluatethe effect
of theimplantationtemperature part of samplesvas
implantedat the room temperatureand anotheroneat
500*C . Theion enegiesand uenciesfor arseniovere
245keV and4.1410'6 1 mi 2 andfor indium 350 keV
and3.7¢10'% 1 mi 2. In orderto obtain maximumim-
purity concentrationsf ¥:4.5(10%! cmi 3 ata depthof
approximatelyl50—-180nm for both ion speciesthe
distributionsof speciego beimplantedwerecalculated
by the SRIM'2003 code.In orderto verify the effect of
getteron precipitatesgrowth an additional procedure
wascarriedout for the samplesmplantedwith As and
In ions at the room temperature. This procedurein-
cludedtheimplantationof H} ionswith the enegy of
100 keV at a uence of 1.210'% cmi 2. It was per
formedto createa deepdamagedayeractingasanin-
ner getterduring the post-implantatiorannealing.Af-
terwards,the partof samplesvereannealedn aninert
ambientat 900*C for 60 min. The depthdistributions
of As andIn into the silicon matrix wereanalysedis-
ing RBS.In all casesheRBS measurementsereper
formedwith 1.4MeV He" . Thestructural-phasmodi-
cations afterannealinchave beenstudiedby meansof
transmissiorelectronmicroscopy in cross-sectiorfX)
geometryusing a Hitachi H-800 instrumentoperating
at200keV.

3. Resultsand discussion
3.1.RBSdata

Figure 1 represent®kBS spectraof as-implantecht
room temperatureand annealedsamples. At the ran-
dom spectraone canseethe implantationat the room
temperature@esultsin anamorphougayerformationin
subsuréceregion. In theregion of He* ionsbackscat-
teringatimpurities(channehumberdrom 340to 460)
a superimposingf peaksfrom As andIn is obsened.
The RBS spectraof roomtemperaturemplantedsam-
pleswith getterandwithout it are entirely coincided.
Dueto thisreasorthe RBS spectraof the sampleswith
the getterare not shavn. A comparisonof random
spectraof as-implantecand annealedsampleseveals
theimpurity redistritution owing to intensie diffusion
towardsthesurfaceandinto thebulk duringtheanneal-
ing. Analysisof randomandalignedspectrandicates
theincorporationof morethana half of impurity atoms
into the regular lattice sitesfor the room temperature
implantedsamplesaftertheannealing.

Figure 2 shovs RBS spectraof as-implantedat el-
evatedtemperatureandannealedsamples.At theran-
dom spectruma “downfall” in the region of channel
numbersfrom 180 to 200 is less expressedn com-
parisonwith a caseof theroomtemperaturémplanted
samplesTheintensitiesof embeddedmpuritiespeaks
aresmallertoo. An increasingf theyield of backscat-
teredHe" ionsin theregion of channelnumbersfrom
170to 190is related,in our opinion, to the existence
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Fig. 2. RBSspectraof the Si samplemplantedat 500* C with As (245keV, 4.1¢10' cmi ) andIn (350keV, 3.7¢10'® cm' 2).

of adefectzonelocateddeepethantheimpurity maxi-
mum. Fromtheanalysisof randomandalignedspectra
one can seethe incorporationof impurity atomsinto
theregular lattice sitesduringthe implantation. These
peculiaritiesof “hot” implantationwere obsered in
our previous experimentson InAs nanocrystalf§orma-
tion, too [4]. In the caseof “hot” implantationthe
incorporationof more than a half of impurity atoms
into the regular lattice sitesis registeredafter the an-
nealing. It shouldbe notedthat the alignedspectrum
yield of backscatteredHe® ions of the implantedat
500*C and annealedsamplesresembleshe random
spectrunryield morethanthatfor theroomtemperature
implantedand annealedsamples.In otherwords, the
crystallatticerecovery afterthe annealingof theroom
temperaturemplantedsampless moreexpressedhan
thatfor implantedat 500*C samples.

Thedepthdistributionsof In andAs in theimplanted
samplesvereevaluatedusingRBS/ C. Strictly speak-
ing, the analysisof As andIn depthpro les wasim-
practicabledueto an overlappingof As andIn peaks.
In order to solve this problem, the RBS spectraof
1.4 MeV He" ions were registeredat two anglesof
ions' incidence:normally andat 50* in respectof the
surface. It allowed us to separatgeaksfrom As and
In and calculatethe depth pro les for the both im-
plantedspecies. In orderto calculatethesepro les,
theRBS spectraveresimulateduntil thewholecoinci-
dencewith the experimentalspectraregisteredfor two
anglesof ion incidence.

Figure 3 representshe calculated(SRIM) and ob-
tainedfrom RBS spectradepthpro les of As andIn
atomsimplantedin silicon at 25 and500*C. It should
be notedthatat givenion enepgiesthe Gaussiardistri-
bution describegatherwell boththe experimentaland
thetheoreticaldepthpro les. Thus,the noticeabledif-
fusion redistritution of impurities embeddecdat room
temperaturds not revealed even under high- uence
implantationconditions. One can seethat “hot” im-
plantationis accompaniedy the signi cant diffusion
redistribution of embeddedatoms. The diffusion of
both speciegowardsthe surfaceasthe mosteffective
sink for structuredefectsis predominant. The diffu-
sioninto the bulk of Si crystalis obsenred, too. The
analysisof Fig. 3 revealsthe loss of essentiapart of
implantedatomsduring “hot” implantationtreatment.
The calculatedloss of As and In atomsamountsto
11.2and4.8%,respectrely. The calculationshave not
predictedary noticeabl@mpurity redistritution dueto
equilibriumthermaldiffusion at the implantationtem-
peratureof 500*C. The impurity redistritution under
thein uence of equilibriumthermaldiffusion startsat
Timpl = 900*C only. Theradiation-enhancediffusiv-
ities of In andAs atomsin Si at 500*C werecalculated
using a numericalmodel describedin Ref. [5]. The
modeltakesinto accountthe effectsof ion-beamsput-
teringandradiation-enhancediffusion. Theradiation-
enhancediffusivitiesweredeterminedy meanof t-
ting of depthconcentratiorpro les to the experimen-
tal ones. In the caseof implantationat 500*C we ob-
taineddiffusivity valuesof D = 2.060 17 cnP=s
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Fig. 3. (a) Calculated SRIM 2003)andobtainedfrom RBS spectradepthpro les of As andIn atomsin siliconimplanted(b) at theroom
temperatureand(c) 500*C.

andD|, = 6.94110 18 cn?=s. Thesevaluesaremuch
largerthanthe calculatedequilibriumthermaldiffusiv-
ities of In and As atomsat 500*C. Apparently em-
beddedspeciegedistritution experimentallyobsered
at Tinp = 500*C is resultedfrom non-equilibrium
radiation-enhancediffusion causedby the migration
of “impurity atom- radiationdefect” complees. Fig-
ure4 shows the depthconcentratiorpro les of As and
In atomsimplantedin silicon at 25 and500*C andan-
nealedat 900*C samplesOnecanseefrom Fig. 3 that
a rateof the implantedimpurity lossincreasesigni -
cantlydueto theannealing.

Thehigh- uenceco-implantatiorof heary ionssuch
asIn and As into silicon matrix leadsto creationof
systemwith high concentration®f implantedspecies
aswell ashigh densitiesof radiationdefectcomplees.
Obviously, a decompositiorof comple structurede-
fects (microtwins and dislocationloops) takes place
duringthe annealing.It is accompaniedvith the gen-
erationof greatamountof point defectssuchasinter-
stitial silicon atoms. It might stimulatethe diffusional
redistritution of implantedimpurity by meansof the
diffusion of complees “interstitial silicon atom—-As”
and‘interstitial silicon atom—In"via interstitial mech-
anism.

3.2.TEMdata

XTEM measurementhav theformationof ahear-
ily damagedrystallinelayerwith athicknessof about
300 nm after the (As+ In) implantation(not shown).

The disorderedayer containsmicrotwins and precip-
itates. The annealingesultsin a rearrangemeruf the
defectstructureof the damagedayercombinedwith a
noticeablerecovery of the crystallinestructure.
Figure4 representbright- eld XTEM imagesof the
precipitatesfor the annealedsamples. The TEM im-
ageof the sampleimplantedat 500*C shows the pres-
enceof facetednanocrystalsvith the sizesfrom 2 to
70 nm. An interestingresult has beenobtainedfor
theannealedamplamplantedattheroomtemperature
with As+ In ionsandafterwardsadditionallyimplanted
with H3 ionsto createa getterlayer (Fig. 4(a,c)). One
canseethehigherlevel of disorderin comparisorwith
thesampleimplantedat 500*C. Indeed the subsuréice
damagedayer includesinclined dislocationsand mi-
crocrackswhile the deepdamagedayer at a depthof
about500 nm is characterizedy a higher density of
dislocationloops (seeFig. 4). At the sametime the
smallestclustersare registeredin this sample. Their
sizerangesfrom 2 to 10 nm. A detailedinvestigation
revealsthat theseprecipitatesare identical oneswith
the smallestclustersobsenedin the sampleimplanted
at 500*C (Fig. 4(d,e)). The crystallinenatureof the
precipitatess provedby the presencef moirécontrast
in the TEM images.We have analysedhedistancebe-
tweenthe moiré bandsusingthe proceduredescribed
in [4]. The experimentalvalue of distancebetween
the moiré bandsis 1.8 nm (seeinsertin Fig. 4(c)).
It is in a good agreementvith the calculatedone of
1.818nm for the superpositiorof InAs and Si {220
planes. Thus, a layer with InAs crystallitesis formed
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Fig. 4. Bright eld cross-sectioimagesof thelnAs precipitatesn silicon matrix. Silicon hasbeenimplantedat (a,c) roomtemperaturand

(b,d) 500* C with As (4.1¢10*® cm 2) andIn (3.7¢10'® cm' 2) andthenannealedt900* C for 60 min. (e) Imagewith highermagni cation

of the precipitatesn the sampleimplantedat 500* C. In orderto verify the effect of getteron precipitatesyrowth an additionalprocedure

wascarriedout for the samplesmplantedwith As andin speciesattheroomtemperatureThis procedurdncludedtheimplantationof H;
ions(100keV, 1.2€10' cm' ?) beforethe high-temperatur&reatment.

in theannealedamplesin ourpreviouspaperthelnAs
nanocrystaformationin Si matriximplantedat500*C
with 5¢0'® As* =cnm? and4.5¢10'¢ In* =cn? andan-
nealedat 900*C for 45 minuteshave beenstudied[4].
Underthe experimentalconditionsusedin [4] the size
of the precipitatesangesfrom 2 to 50 nm. However,
most of the clustershad dimensionsbetween3 and
6 nm. Thusanincreasef annealingdurationresultsin
abroademanocrystakizedistribution andlargeraver-
agenanocrystakizes.A possiblereasorfor thatcould
be the Ostwald ripening processn which larger clus-
tersgrow at the expenseof smallerclusters. So the
clustersize seemsto be controllablein certainlimits
via theannealingime.

4. Conclusion

InAs nano-precipitatehiave beenformedin crys-
talline silicon by high- uenceimplantationattheroom

temperatureand at 500*C followed with the furnace
annealing. In the caseof the implantationat 500*C
the clustersize rangesfrom about2 up to 70 nm. A
comparisorwith the resultsof [4] hasshavn thatthe
sizeof nanocrystal$mplantedat elevatedtemperature
is in uenced by theannealingime.
Interestingresultshave beenobtainedfor the sam-
pleimplantedattheroomtemperaturavith As+ In ions
and afterwards additionally implantedwith H; ions.
The higher level of disorderin comparisonwith the
sampleimplantedat 500*C has beenfound for this
sampleaftertheannealing At the sameime thesmall-
estInAs clustersare registeredin this sample. Their
sizerangesfrom 2 to 10 nm. Thus, for samplesm-
plantedat the room temperaturave have obtainedthe
mostharrov sizedistribution andthe smalleraverage
clustersize. The possiblereasonof thesephenomena
maybeaneffectof getterlayerformedasaresultof H;
implantation. A detailedstudy of InAs precipitation
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in samplesimplanted at the room temperatures in
progress.

RBSdataanalysisshavsthebettercrystallinelattice
recovery after the annealingfor the roomtemperature
implantedsamplesn comparisorwith thesamplesm-
plantedat 500*C.

A signi cant lossof bothimplantedspeciefiasbeen
revealedas a result of “hot” implantationconditions
and post-implantedannealing. We have suggested
that it is causedby non-equilibriumenhancediffu-
sion. The radiation-enhancediffusivities have been
determinedfor implantationat 500*C. The diffusiv-
ity valuesof D3, = 2.0610 17 cn?=s and D}, =
6.94110 18 cmP=s have beenobtainedusingthe model
thattakesinto accounthe effectsof ion-beamsputter
ing andradiation-enhancediffusion.

Acknowledgement

This work was supportedby the BelarusianRe-
publicanFoundatiorfor FundamentaResearcligrants
TO8R-175andF 08-150).

References

[1] R. Heitz, N.N. Ledents®, D. Bimbeig, A.Yu. Egoro,
M.V. Maximov, V.M. Ustinos, A.E. Zhukov,
Zh.l. Alferov, G.E. Cirlin, I.P. Soshnilov, N.D. Za-
kharos, P Werner and U. Gésele,PtysicaE 7, 317
(2000).

[2] A.L. Tchebotarea, J.L. Brebner S. Roorda, and
C.W. White, Nucl. Instrum. MethodsB 175-177 187
(2001).

[8] FFE Komarw, L.A. Vlasukova, O.M. Milchanin,
PI. Gaiduk, V.N. Yuvchenlo, andS.S.Grechryi, Vac-
uum78, 361(2005).

[4] F. Komarw, L. Vlasukova, W. Wesch, A. Kamarou,
O. Milchanin, O. Grechiyi, A. Mudryi, and A. Iva-
niukovich, Nucl. Instrum.MethodsB 266, 3557(2008).

[5] P. Zukowski, C. Karwat, F.F. Komarw, A.F. Komaro,
and A. Latuszyhski, Phys. StatusSolidi A 157, 373
(1996).

IMPLANT ACIJOS IR ATKAITINIMO REIM U ITAKA JONU PLUOSTELIU SINTETINANT InAs
NANOKRISTALUS

F. Komaro/ 2, L. Vlasukova?, O. Milchanin?, A. Komaros @, W. Wesch, A.K. Togambaye&a®

2 Baltarusijosvalstybinisunivesitetas Minskas Baltarusija
® Frydricho Silerio universitetoJenojeKietojo kiino zik osinstitutas,Jena, Vokietija
¢ Al-Farabi Kazadijos nacionalinisunivesitetas Almaty Kazadija

Santrauka

ApraSytasnanomatmem InAs kristalitu silicio matricoje su-
sidarymasimplantuojant As (245 keV, 4,1410'® cmi 2) ir In
(350keV, 3,76€10" cmi 2) atomus.Implanatuotaesan®5ir 500*C
temperatrai. Norint patvirtinti geterio(sutraukimo)reiskin nuo-
sedomsaugant, As ir In implantuoti pavyzdeliai papildomaiap-
doroti kambariotemperatroje: jie apSvitinti 100 keV enegijos
1.2010" cm' 2 H} jonu srautu. Poto pavyzdeliai buvo 60 min
atkaitinamiinertineje aplinkoje 900* C temperaiiroje. Implantuo-
tiems sluoksniamsapibudinti naudoti Rezerfordoatgalines sklai-

dosspektrometrijosukanaliniunukreipimu(RAS/ K) beipersvie-
timo elektronires mikroskopijos (PEM) metodai. Implantuotuose
pavyzdeliuosepo atkaitinimoPEM rodo esanthanomatmem InAs
kristalus. ISsiaiSkintakad vidutinis InAs klasteru dydisir dyd iu
pasiskirstymagpriklausonuo implantarimo temperafirosir atkai-
tinimo trukmes. Rastakad po ,karsto" implantavimo ir poimplan-
tacinio atkaitinimoivyksta ymus implantuoti med iagu difuzinis
persiskirstymasKai esantauk&iau minetomseksperimentaaly-
gomsimplantarimasyra ,karStas®, del apSvitosiSsklidimaspadi-
deja.



