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We reportedtheformationof nanosizedInAs crystallitesin silicon wafersby meansof As (245keV, 4.1¢1016 cm¡ 2) and
In (350 keV, 3.7¢1016 cm¡ 2) implantation. The implantationwascarriedout at 25 and500±C. In orderto verify the effect
of getteron precipitatesgrowth anadditionalprocedurewascarriedout for thesamplesimplantedwith As andIn speciesat
the room temperature.This procedureincludedthe implantationof H+

2 ions with the energy of 100 keV at 1.2¢1016 cm¡ 2 .
Afterwards,thesampleswereannealedat 900±C for 60 min in inert ambient. In orderto characterizethe implantedlayers,
Rutherfordbackscatteringspectrometryin combinationwith thechannelling(RBS/ C) andtransmissionelectronmicroscopy
(TEM) techniqueswereused.TEM hasrevealedInAs nanocrystalsin implantedsamplesaftertheannealing.It hasbeenshown
thataveragesizeandsizedistributionof InAs clustersdependon implantationtemperatureandannealingduration.Signi�cant
diffusionalredistributionof implantedspecieshasbeenrevealedafter“hot” implantationandpost-implantationannealing.We
have suggestedthat it is causedby non-equilibriumdiffusion. Theradiation-enhanceddiffusivities at “hot” implantationhave
beendeterminedfor theabovementionedexperimentalconditions.
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1. Intr oduction

InAs is a narrow-gapA3B5 semiconductorwith di-
rect gap. Synthesisof InAs quantumdots inside the
crystallineSi is of interestfor applicationsin optoelec-
tronic devicesoperatingin IR range. MBE-technique
hasbeenusedfor theformationof anensembleof InAs
clusterson theSi (001)[1]. Suchclusterscoveredwith
a Si caplayershow intenseluminescenceat 1.3 ¹ m at
7 K. Theothertechniquefor fabricatingof III-V quan-
tum dotsis high-�uenceion implantationfollowedby
thermaltreatment.InAsnanoclustershavebeenformed
using this methodin Si and SiO2 [2, 3]. The advan-
tageof ion implantationis its compatibility with in-
dustrial device productionlines. In our previous pa-
per [4] we have reportedthe formation of InAs nan-
oclustersin Si matrix by high-�uenceion implantation
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at the elevatedtemperaturefollowed with the anneal-
ing. Modifying the regimesof implantationandpost-
implantationannealingmay provide a way to control
the sizeandcrystallinequality of the compoundpre-
cipitatesthusformed.

The aim of this work is to study the effectsof the
implantationandannealingregimeson ion-beamsyn-
thesisof InAs nanocrystals.We alsopresentthedepth
concentrationpro�les of In andAs atomsimplantedin
silicon at roomandelevatedtemperatureandanalysea
diffusionalredistribution of embeddedimpurity dueto
thepost-implantationannealing.

2. Experiment

Single-crystallinen-doped(100) Si waferswereim-
plantedsubsequentlywith As and In ions. In accor-
dancewith [3] sucha sequenceof implantationresults
in the formationof smallerInAs crystalswith a more
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Fig.1. RBSspectraof theSi sampleimplantedat theroomtemperaturewith As (245keV, 4.1¢1016 cm¡ 2) andIn (350keV, 3.7¢1016 cm¡ 2).

uniformsizedistributionin comparisonwith thecaseof
In ions implanting�rst. In orderto evaluatetheeffect
of the implantationtemperaturea partof sampleswas
implantedat the room temperatureandanotheroneat
500±C . Theion energiesand�uenciesfor arsenicwere
245 keV and4.1¢1016 ¹ m¡ 2 andfor indium 350 keV
and3.7¢1016 ¹ m¡ 2. In orderto obtainmaximumim-
purity concentrationsof ¼4.5¢1021 cm¡ 3 at a depthof
approximately150–180nm for both ion species,the
distributionsof speciesto beimplantedwerecalculated
by theSRIM'2003code.In orderto verify theeffectof
getteron precipitatesgrowth an additionalprocedure
wascarriedout for thesamplesimplantedwith As and
In ions at the room temperature.This procedurein-
cludedthe implantationof H+

2 ionswith theenergy of
100 keV at a �uence of 1.2¢1016 cm¡ 2. It was per-
formedto createa deepdamagedlayeractingasanin-
nergetterduring thepost-implantationannealing.Af-
terwards,thepartof sampleswereannealedin aninert
ambientat 900±C for 60 min. Thedepthdistributions
of As andIn into thesilicon matrix wereanalysedus-
ing RBS.In all casestheRBSmeasurementswereper-
formedwith 1.4MeV He+ . Thestructural-phasemodi-
�cations afterannealinghavebeenstudiedby meansof
transmissionelectronmicroscopy in cross-section(X)
geometryusinga Hitachi H-800 instrumentoperating
at200keV.

3. Resultsand discussion

3.1.RBSdata

Figure1 representsRBS spectraof as-implantedat
room temperatureandannealedsamples.At the ran-
dom spectraonecanseethe implantationat the room
temperatureresultsin anamorphouslayerformationin
subsurfaceregion. In theregion of He+ ionsbackscat-
teringat impurities(channelnumbersfrom 340to 460)
a superimposingof peaksfrom As andIn is observed.
TheRBSspectraof roomtemperatureimplantedsam-
pleswith getterandwithout it areentirely coincided.
Dueto this reasontheRBSspectraof thesampleswith
the getter are not shown. A comparisonof random
spectraof as-implantedandannealedsamplesreveals
theimpurity redistributionowing to intensivediffusion
towardsthesurfaceandinto thebulk duringtheanneal-
ing. Analysisof randomandalignedspectraindicates
theincorporationof morethanahalf of impurity atoms
into the regular lattice sitesfor the room temperature
implantedsamplesaftertheannealing.

Figure2 shows RBS spectraof as-implantedat el-
evatedtemperatureandannealedsamples.At the ran-
dom spectruma “downfall” in the region of channel
numbersfrom 180 to 200 is less expressedin com-
parisonwith a caseof theroomtemperatureimplanted
samples.Theintensitiesof embeddedimpuritiespeaks
aresmaller, too. An increasingof theyield of backscat-
teredHe+ ions in theregion of channelnumbersfrom
170 to 190 is related,in our opinion, to the existence
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Fig. 2. RBSspectraof theSi sampleimplantedat500±C with As (245keV, 4.1¢1016 cm¡ 2) andIn (350keV, 3.7¢1016 cm¡ 2).

of adefectzonelocateddeeperthantheimpurity maxi-
mum.Fromtheanalysisof randomandalignedspectra
one can seethe incorporationof impurity atomsinto
theregular latticesitesduringthe implantation.These
peculiaritiesof “hot” implantationwere observed in
our previousexperimentson InAs nanocrystalsforma-
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 annealedsamplesresemblesthe random
spectrumyield morethanthatfor theroomtemperature
implantedandannealedsamples.In otherwords, the
crystallatticerecovery after theannealingof theroom
temperatureimplantedsamplesis moreexpressedthan
thatfor implantedat500±C samples.

Thedepthdistributionsof In andAs in theimplanted
sampleswereevaluatedusingRBS/ C. Strictly speak-
ing, the analysisof As and In depthpro�les was im-
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 separatepeaksfrom As and
In and calculatethe depth pro�les for the both im-
plantedspecies. In order to calculatethesepro�les,
theRBSspectraweresimulateduntil thewholecoinci-
dencewith theexperimentalspectraregisteredfor two
anglesof ion incidence.

Figure3 representsthe calculated(SRIM) andob-
tainedfrom RBS spectradepthpro�les of As and In
atomsimplantedin silicon at 25 and500±C. It should
benotedthatat givenion energiestheGaussiandistri-
bution describesratherwell boththeexperimentaland
thetheoreticaldepthpro�les. Thus,thenoticeabledif-
fusion redistribution of impurities embeddedat room
temperatureis not revealedeven under high-�uence
implantationconditions. One can seethat “hot” im-
plantationis accompaniedby the signi�cant diffusion
redistribution of embeddedatoms. The diffusion of
both speciestowardsthe surfaceasthe mosteffective
sink for structuredefectsis predominant. The diffu-
sion into the bulk of Si crystal is observed, too. The
analysisof Fig. 3 revealsthe lossof essentialpart of
implantedatomsduring “hot” implantationtreatment.
The calculatedloss of As and In atomsamountsto
11.2and4.8%,respectively. Thecalculationshave not
predictedany noticeableimpurity redistribution dueto
equilibriumthermaldiffusionat the implantationtem-
peratureof 500±C. The impurity redistribution under
the in�uence of equilibriumthermaldiffusionstartsat
Timpl = 900±C only. Theradiation-enhanceddiffusiv-
itiesof In andAs atomsin Si at500±C werecalculated
using a numericalmodel describedin Ref. [5]. The
modeltakesinto accounttheeffectsof ion-beamsput-
teringandradiation-enhanceddiffusion.Theradiation-
enhanceddiffusivitiesweredeterminedby meansof �t-
ting of depthconcentrationpro�les to the experimen-
tal ones.In thecaseof implantationat 500±C we ob-
taineddiffusivity valuesof D ¤

As = 2.06¢10¡ 17 cm2=s
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(a) (b) (c)

Fig. 3. (a) Calculated(SRIM 2003)andobtainedfrom RBSspectradepthpro�les of As andIn atomsin silicon implanted(b) at theroom
temperatureand(c) 500±C.

andD ¤
In = 6.94¢10¡ 18 cm2=s. Thesevaluesaremuch

largerthanthecalculatedequilibriumthermaldiffusiv-
ities of In and As atomsat 500±C. Apparently, em-
beddedspeciesredistribution experimentallyobserved
at Timpl = 500±C is resultedfrom non-equilibrium
radiation-enhanceddiffusion causedby the migration
of “impurity atom– radiationdefect”complexes. Fig-
ure4 shows thedepthconcentrationpro�les of As and
In atomsimplantedin silicon at 25 and500±C andan-
nealedat900±C samples.Onecanseefrom Fig. 3 that
a rateof the implantedimpurity lossincreasessigni�-
cantlydueto theannealing.

Thehigh-�uenceco-implantationof heavy ionssuch
as In and As into silicon matrix leadsto creationof
systemwith high concentrationsof implantedspecies
aswell ashighdensitiesof radiationdefectcomplexes.
Obviously, a decompositionof complex structurede-
fects (microtwins and dislocation loops) takes place
during theannealing.It is accompaniedwith thegen-
erationof greatamountof point defectssuchasinter-
stitial silicon atoms.It might stimulatethediffusional
redistribution of implantedimpurity by meansof the
diffusion of complexes “interstitial silicon atom–As”
and“interstitial silicon atom–In”via interstitialmech-
anism.

3.2.TEMdata

XTEM measurementsshow theformationof aheav-
ily damagedcrystallinelayerwith a thicknessof about
300 nm after the (As+ In) implantation(not shown).

The disorderedlayer containsmicrotwinsandprecip-
itates.Theannealingresultsin a rearrangementof the
defectstructureof thedamagedlayercombinedwith a
noticeablerecoveryof thecrystallinestructure.

Figure4 representsbright-�eld XTEM imagesof the
precipitatesfor the annealedsamples.The TEM im-
ageof thesampleimplantedat 500±C shows thepres-
enceof facetednanocrystalswith the sizesfrom 2 to
70 nm. An interestingresult has beenobtainedfor
theannealedsampleimplantedattheroomtemperature
with As+ In ionsandafterwardsadditionallyimplanted
with H+

2 ionsto createagetterlayer(Fig. 4(a,c)). One
canseethehigherlevel of disorderin comparisonwith
thesampleimplantedat500±C. Indeed,thesubsurface
damagedlayer includesinclined dislocationsandmi-
crocrackswhile the deepdamagedlayer at a depthof
about500 nm is characterizedby a higherdensityof
dislocationloops (seeFig. 4). At the sametime the
smallestclustersare registeredin this sample. Their
sizerangesfrom 2 to 10 nm. A detailedinvestigation
revealsthat theseprecipitatesare identical oneswith
thesmallestclustersobservedin thesampleimplanted
at 500±C (Fig. 4(d,e)). The crystallinenatureof the
precipitatesis provedby thepresenceof moirécontrast
in theTEM images.Wehaveanalysedthedistancebe-
tweenthe moiré bandsusing the proceduredescribed
in [4]. The experimentalvalue of distancebetween
the moiré bandsis 1.8 nm (seeinsert in Fig. 4(c)).
It is in a good agreementwith the calculatedone of
1.818nm for the superpositionof InAs andSi { 220}
planes.Thus,a layer with InAs crystallitesis formed
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Fig. 4. Bright �eld cross-sectionimagesof theInAs precipitatesin siliconmatrix. Siliconhasbeenimplantedat (a,c) roomtemperatureand
(b,d) 500±C with As (4.1¢1016 cm¡ 2) andIn (3.7¢1016 cm¡ 2) andthenannealedat900±C for 60min. (e) Imagewith highermagni�cation
of theprecipitatesin thesampleimplantedat 500±C. In orderto verify theeffect of getteron precipitatesgrowth anadditionalprocedure
wascarriedout for thesamplesimplantedwith As andIn speciesat theroomtemperature.This procedureincludedtheimplantationof H+

2
ions(100keV, 1.2¢1016 cm¡ 2) beforethehigh-temperaturetreatment.

in theannealedsamples.In ourpreviouspapertheInAs
nanocrystalformationin Si matrix implantedat500±C
with 5¢1016 As+ =cm2 and4.5¢1016 In+ =cm2 andan-
nealedat 900±C for 45 minuteshave beenstudied[4].
Undertheexperimentalconditionsusedin [4] thesize
of the precipitatesrangesfrom 2 to 50 nm. However,
most of the clustershad dimensionsbetween3 and
6 nm. Thusanincreaseof annealingdurationresultsin
a broadernanocrystalsizedistribution andlargeraver-
agenanocrystalsizes.A possiblereasonfor thatcould
be the Ostwald ripeningprocessin which larger clus-
ters grow at the expenseof smallerclusters. So the
clustersize seemsto be controllablein certainlimits
via theannealingtime.

4. Conclusion

InAs nano-precipitateshave beenformed in crys-
tallinesiliconby high-�uenceimplantationat theroom

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
comparisonwith the resultsof [4] hasshown that the
sizeof nanocrystalsimplantedat elevatedtemperature
is in�uencedby theannealingtime.

Interestingresultshave beenobtainedfor the sam-
pleimplantedattheroomtemperaturewith As+ In ions
and afterwardsadditionally implantedwith H+

2 ions.
The higher level of disorderin comparisonwith the
sampleimplantedat 500±C has beenfound for this
sampleaftertheannealing.At thesametimethesmall-
est InAs clustersare registeredin this sample. Their
size rangesfrom 2 to 10 nm. Thus, for samplesim-
plantedat the roomtemperaturewe have obtainedthe
mostnarrow sizedistribution andthe smalleraverage
clustersize. The possiblereasonof thesephenomena
maybeaneffectof getterlayerformedasaresultof H+

2
implantation. A detailedstudy of InAs precipitation
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in samplesimplantedat the room temperatureis in
progress.

RBSdataanalysisshowsthebettercrystallinelattice
recovery after the annealingfor the room temperature
implantedsamplesin comparisonwith thesamplesim-
plantedat500±C.

A signi�cant lossof bothimplantedspecieshasbeen
revealedas a result of “hot” implantationconditions
and post-implantedannealing. We have suggested
that it is causedby non-equilibriumenhanceddiffu-
sion. The radiation-enhanceddiffusivities have been
determinedfor implantationat 500±C. The diffusiv-
ity valuesof D ¤

As = 2.06¢10¡ 17 cm2=s and D ¤
In =

6.94¢10¡ 18 cm2=s have beenobtainedusingthemodel
that takesinto accounttheeffectsof ion-beamsputter-
ing andradiation-enhanceddiffusion.
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c Al-Farabi Kazachijosnacionalinisuniversitetas,Almaty, Kazachija

Santrauka

Aprašytasnanomatmen�u InAs kristalit �u silicio matricoje su-
sidarymasimplantuojant As (245 keV, 4,1¢1016 cm¡ 2) ir In
(350keV, 3,7¢1016 cm¡ 2) atomus.Implanatuotaesant25ir 500±C
temperat̄urai. Norint patvirtinti geterio(sutraukimo)reiškin�i nuo-
s�edomsaugant, As ir In implantuoti pavyzd�eliai papildomaiap-
doroti kambariotemperat̄uroje: jie apšvitinti 100 keV energijos
1.2¢1016 cm¡ 2 H+

2 jon �u srautu. Po to pavyzd�eliai buvo 60 min
atkaitinamiinertin�ejeaplinkoje 900±C temperat̄uroje. Implantuo-
tiems sluoksniamsapib̄udinti naudotiRezerfordoatgalin�es sklai-

dosspektrometrijossukanaliniunukreipimu(RAS/ K) beiperšvie-
timo elektronin�esmikroskopijos (PEM) metodai. Implantuotuose
pavyzd�eliuosepo atkaitinimoPEM rodoesantnanomatmen�u InAs
kristalus. Išsiaiškinta,kadvidutinis InAs klasteri�u dydis ir dyd�i �u
pasiskirstymaspriklausonuo implantavimo temperat̄urosir atkai-
tinimo trukm�es.Rasta,kadpo „karšto“ implantavimo ir poimplan-
tacinioatkaitinimo�ivyksta�ymus implantuot�u med�iag�u difuzinis
persiskirstymas.Kai esantaukš�ciaumin�etomseksperimentos�aly-
gomsimplantavimasyra „karštas“,d�el apšvitosišsklidimaspadi-
d�eja.


