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Annotation

Time—of—flight secondary ion mass spectrometry was used to studycluster emission of three kind of Si
samples with different dimensional features — massivesingle—crystal wafer, pressed pellet made of 60 nm in
diameter particles and holographical grating consisted of the columns of 200 nm in height and 160 nm in
diameter. It was shown that under 25 keV Bis ion-beambombardment both nanosized samples exhibited more
intense negative cluster secondary ion emission as compared with massive Si sample. The «nanoscale effect of
sputtering» was found to be more pronounced for large Si,, clusters with n>7 and for pressed nanopowder pellet,
in which individual particles are more isolated than in the columns formed holographic grating.

Key words: cluster; nanoparticles; negative ion emission; silicon; sputtering; time—of-flight secondary
ion mass spectrometry.

AHHOTANMA

BpemsmposnerHas BTOpuYHAas HMOHHAas MAacC—CIEKTPOMETPHUS HCIOJIB30Bajlach Ui  HCCIEIOBAHUSA
KJIaCTEPHOM SMHCCHM TpeX BHJOB 00pasloB Si ¢ pa3iIM4YHBIMH Pa3MEpPHBIMH OCOOCHHOCTSIMH — MacCHUBHOM
MOHOKPHCTAJUTMUECKO} TUIaCTHHBI, IPECCOBAHHOM TaOJIETKH U3 YacTHll aAuaMeTpoM 60 HM U rosiorpaduiaeckon
pemeTky, cocrosimeil u3 koaoHok aAnuHoi 200 HM u BeicoToll 160 HM B anamerpe. bpulo mokaszaHo, 4TO Hpu
MOHHO—ITyueBOi OomOapaupoBke Bi3 + c sneprueit 25 k3B o0a HaHOpa3MepHBIX 00Opaslia JAEMOHCTPUPYIOT
0oJiee MHTEHCUBHYIO OTPHLATENBHYIO KJIACTEPHYIO BTOPUYHYIO HOHHYIO SMHUCCHIO I10 CPABHEHHIO C MacCHBHBIM
obpasiom Si. beito 0O6HapyXeHO, YTO «HAaHOpa3MEpHbIH APQEKT pacrblIeHUs» 0oJiee BBIPAXEH ISl KPYIIHBIX
KJacTtepoB Sin ¢ n—7 M JUIA MPECCOBAaHHOW TaOJIETKM HAHOMOPOIIKA, B KOTOPOH OTIENbHBIE YacTHIBI Oojee
M30JIMPOBAHbI, YeM B CTOJNOIAaX, 00pa30BaHHBIX TONIOTPahUIECKON PEIIETKOM.

KioueBble cioBa: Kkiactep, HAaHOYACTHUIIBI, SMHCCHA (BBIOPOC) OTPHIATEIBHBIX HOHOB; KPEMHHH;
HaIbUICHHUE; BPEMSIIPOJIETHAS BTOPUYHAS HOHHAS MaCC—CIEKTPOMETPHSI.

AHparna

OTKEH yakbIT eJIIEeMiH KaWTaJaWThIH MOHIBI Macc—creKkTpoMmeTpust 60 HM auamerpii OejmeKTep/eH
npecTesireH TabyieTKaaapAblH MacCUBTI MOHOKPUCTAIUIMYECKOW IUTaCTHHAIaphl MeH y3bIHABIFBI 200 HM jkoHe
Ouikriri 160 HM [guameTpyli KOJOHKaJaH  TYPaThlH TroJorpadusuiblk TOpJapAblH — TYpPJdl  ©JIIEeMJIIiK
epeKIIeNikTepiMeH Si yII TYpil YACUIEpiHIH KJIAacTepiliK AMHCCHSCHIH 3epTTey YVIIIH NaiIajJaHblIFaH.
Kepcerinrenneit, 25 k3B aneprusiceiMen Bi3 + nonapi—coynenik 00oMObLIay Ke3iHIe eKi HaHOOMIIeMIl yarici Si
MAaCCHUBTI VJTiCIMEH CaJIBICTBIPFaHAAa KapKBIHABI TEpIiC KJIACTEPIiK EKiHIII HOHIBl dMHCCHACHIH KOpCETEel.
BaiikaranbIMBI3Ial, Oyl «HaHOOJIIEMIi IambIpaTy acepi» n—7/—meH Sin ipi  KjacTepiep IKoHE
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HAHOYHTAKTapBIHBIH MPECTENITCH TabJMeTKalaphl YIIiH oTe OailKamaabl, OHAA JKEKEJICreH OOJIIeKTepi, TY3UIreH
roJorpadusIIBIK Topyiap OaraHalapblHA KapaFraHa aHaFYPIIBIM OKIIayJIaHFaH.

Tyiiinai ce3mep: kiactep; HaHOOOIIKTEPi; TEPiC HMOHTAPIBIH SMUCCHSCH! (IIBIFAPBIHABICH); KPEeMHUH;
TO3aH/IaTy; OTKCH YaKbIT OJIIIEMIH KalTalaiiThiH HOH/bI MACC—CIEKTPOMETPHSL.

Introduction

Study on secondary ion emission (SIE) of silicon has a long story, and a great deal of
the experimental data were collected in this field (see, e.g.," and references cited therein).
From the practical point of view, silicon due to its wide and successful application in micro—
and nanoelectronics continues to be one of the major objects of sputter depth profiling by
means of secondary ion mass spectrometry. From the theoretical point of view, this material is
suitable for fundamental study on the mechanisms of neutral and charged cluster emission
under the bombardment by mono- and polyatomic (cluster)ion—beams in the range of a
several keV. However, there is a lack of experimental data on an influence of the dimensional
characteristics of silicon samples, especially nanometric—sized, on their SIE. Before now, the
most part of studies has been conducted with gold nanoparticles,* and an amplification of
cluster ion emission under the bombardment by different polyatomic primary ions was
revealed (so called “nanoscale effect of sputtering”). In this work, we aimed at understanding
the difference in SIE of silicon samples depending on their dimensional features.

Experimental details

Three kind of silicon samples were studied. Massive Si sample isa part of single—crystal
wafer with (100) orientation and resistivity of 12 Ohm-cm (p-type doping by boron) obtained
from IPM RAS (Nizhniy Novgorod, Russian Federation).Nanopowder Si sample was
prepared by mechanical pressing of spherically—form nanoparticles into a 100-300 pm
thickness pellet. Mean diameter ofthe particles produced at Shanghai Yao Tian New Material
Co. Ltd (Shanghai, China) by plasma arc technique is estimated to be 60 nm with a density of
1.36 g-cmand the bulk oxygen content lower than 2 at.%. Holographical grating sample
consisted of the columns of 200 nm in height and 160 nm in diameter was fabricated at AMO
GmbH(Aachen, Germany) by chemical etching of (100) single—crystal silicon wafer of 2 mm
in thickness.

The SIE study of the above—mentioned Si samples was carried out at IPM RAS using a
time—of—flight secondary ion mass spectrometer TOF.SIMS-5 by ION-TOF (Minster,
Germany). The instrument operates in dual-beam mode employing continuousl keV/80 nA
Cs" ion—beam for the sputtering and pulsed 25 keVBis cluster ion—beam for the probing with
45° incidence angles for both beams.In eachexperiment, the sputter ion—beam was scanned
over an area of 250x250 pum? during 1 min to eliminate surface contaminations. Then, the
probing ion—beam was used for massspectra acquisition within an area of 40x40 um?, that is
ca. 2.5 % in square around the center of sputtered zone. Both positive and negative secondary
ion mass spectra in the range up to 1000 m/zwere collected. In this work, only negative
massspectra are discussed. In our opinion, they are more informative since, in contrast to the
positive ones, were not "polluted” by heavy Cs—contained secondary cluster ions originated
from the preliminary ion—beam cleaning of the samples surface by Cs* bombardment.

Results and discussion

Representative negative mass spectra of the Si samples measured under the steadystate
conditions, where the variation of signal intensities versus the time of measurements was
negligible, are presented in Figure 1.Besides characteristic Si, cluster ions, where n is a
number of silicon atoms in cluster, the spectra contain the peaks of electronegative
contaminations (C, O, OH, F, ClI and hydrocarbons), different oxide and hydroxide Si
clusters. In our experiments, the maximal n—number for massive Si (Figure 1a) was found to
be 11, while for nanopowder Si (Figure 1b) and holographic Si grating (Figure 1c) these
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numbers were 17 and 16, respectively. It is interesting that Ninomiya et al.® in their study on
positive secondary ion emission of massive Si samples under large Ar® cluster ion
bombardment also observed Si," clusters up to n =11.
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Figure 1 Massspectra of negatively charged secondary ions acquired for the different silicon
samples under 25 keV Bis" ion—-beam bombardment: a) massive single—crystal wafer,
b) nanopowder pellet, c) holographic grating
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In Figure 2,the intensities of *®Si,” (n = 2-11) peaks of nanopowder pellet and
holographic grating scaled to the intensity of the corresponding peaks of massive Si sample
are shown. One can see that the intensity of largesilicon clusters, starting from n>7, become
greater for both nanosized samplesas compared with massive Si, andthis difference is more
pronounced for nanopowderpellet. It should be mentioned that all mass spectra presented in
Figure 1 were acquired under the same experimental conditionsincluding the potentials of an
electronic multiplier and the coefficients of amplification/discrimination of the registration
system of a TOF.SIMS-5 mass spectrometer. By that reason, the mass—spectral noise
observed in Figures 1b,c for nanosized samples in the mass range higher than 300 m/z can be
also attributed to the cluster secondary ion emission, but not to the apparatus artifacts of the
measurements.
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Figure 2 Intensity of %Si,” (n = 2-11) clustersofnanosizedsamples scaled to the intensity of
the corresponding clusters of massive Si

In Figure 3a,the total ion intensities calculated for each sample in the mass interval AM
= 56 amu within the mass range from 0.8 to 400 m/z are presented in the histogram form.Each
mass interval, starting from the second one, includes two peaks of the main isotope Si cluster
ions (the first interval, from 0.8 to 57 m/z, includes atomic Si~ and Si, peaks).Up to 169 m/z
(in the initial three mass intervals), the difference in total ion intensity between massive and
nanosized samples is rather small. However, for heavier masses the nanosized samples
exhibitmore intense SIE, especially in case of nanopowder pellet.In Figure 3b we presented
these data scaled to the corresponding intensity of the mass intervals of massive silicon.One
can see that for m/z> 300 the scaled total ion intensities of nanosized samples surpass the
similar data of massive Si more than in an order of magnitude.
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Figure 3 Total intensity of all secondary ions calculated into the mass intervals shown
in the panel: a) as—received data, b) the data scaled to the corresponding intensity of the mass
intervals of massive Si

In the first approximation, the peak intensity I, of siliconcluster secondary ions
composed of n individual atoms can be presented as

Ly o< (Y *B™)n*N, 1)

where Y, is the cluster sputter yield, i.e. an average number of clusters ejected off the
sample per incident primary ion, £, is the negative ionization probability, i.e. the fraction of
the sputtered cluster flux that is ionized, and Nis the atomic density of silicon in the sample to
be sputtered. Of course, this is very schematic approximation, which leaves out of account in
full measure the complexity of the processes occurring during cluster secondary ion emission,
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particularly under polyatomic (cluster) ion bombardment. However, basing of this
factorization one able analyzing and discussing the data obtained in this work.

The atomic density of massive Si sample is higher than that of nanosized samples. It
means that a greater number of atoms are involved in the sputter process in massive Si as
against nanosized samples. However, an efficiency of sputtering, especially for the large
(“populated”) clusters, with bigger n, should be higher for nanosized samples since for
nanoparticles, even not fully isolated as in our experiments, more favorable conditions for the
development of nonlinear collisions cascades inside these particles are realized. Besides, the
channels of energy dissipation of the bombarding ions within the volume of each particle are
limited,which results in higher density of energy released in this volume. In the upshot, an
amplification of cluster SIE is observed, that is “nanoscale effect of sputtering” (see Figure 2,
3).Such effect is more pronounced for nanopowder pellet because of the particles in this
sample are more isolated than in the columns formed holographic grating.In our opinion, the
ionization probability S, of the clusters emitted from nanosized samples is higher as against
massive ones since the charge formation and/or exchange processes mainly occur in the
surface and near—surface region of nanoparticles possessing greater surface energy and the
ratio of surface/bulk atomic concentration.lt should be noted that at present time the
understanding of ionization phenomena responsible for the charge formation of emitted
cluster (or its survival) is at rudimentary stage, and detailed discussion of such topic is beyond
the scope of the present article.

Conclusion

We experimentally showed that nanosized Si samples in the form of pressed pellet made
of ca. 60 nm in diameter individual particles and holographical grating consisted of the
columns of 200 nm in height and 160 nm in diameter under 25 keV Bis" ion—
beambombardment exhibit more intense negative cluster secondary ion emission as compared
with massive Si sample. The “nanoscale effect of sputtering” is more pronounced for large
Sin clusters with n>7 and for pressed nanopowder pellet, in which individual particles are
more isolated than in the columns formed holographic grating.Our further studies will aim
clarifying the dependence of this effect on the size, type and degree of isolation of
nanoparticles, which allows more efficiently using the nanoscale sputtering for the perfection
of ogg sputtering—type high—current sources of homogeneous and heterogeneous cluster
ions.”

Literature:

1. Richter C-E, Trapp M. Atomic and cluster ion emission from silicon in secondary—ion mass
spectrometry: I. Si, and Si,O, ions. Intern. J. Mass Spectrom. lon Phys. 1981; 38: 21-33.

2. Belykh SF, RasulevUKh, Samartsev AV, Stroev LV, Zinoviev AV. High non-additive sputtering of
silicon as large positive cluster ions under polyatomic ion bombardment. Vacuum 2000; 56: 257-262.

3. Ninomiya S, Ichiki K, Nakata Y, Seki T, Aoki T, Matsuo J. The effect of incident cluster ion energy
and size on secondary ion yields emitted from Si. Nucl. Instrum. Meth. Phys. Res. B 2007; 256: 528—
531.

4. Yang L, Seach MP, Anstis H, Gilmore IS, Lee JLS. Sputtering yields of gold nanoparticles by Cgo
ions. J. Phys. Chem C 2012; 116: 9311-9318.

5. Geng S, Verkhoturov SV, Eller MJ, Clubb AB, Schweikert EA. Characterization of individual free—
standing nano—objects by cluster SIMS in transmission. J. Vac. Sci. Technol. B 2016; 34: 03H117-1—
5.

6. Belykh SF, Tolstogouzov AB, Lozovan AA. On the possibility of using the nanosized effect of ion
sputtering in the development of a high—current source of atomic and cluster ions of solid—state
elements. J. Surf. Investigation: X-ray, Synchrotron & Neutron Techn. 2015; 9: 1144-1151.

7. Belykh SF, Bekkerman AD, Tolstogouzov AB, Lozovan AA, Fu DJ. Principle of the construction and
computer simulation of a source of homogeneous and heterogeneous cluster ions. J. Surf.
Investigation: X-ray, Synchrotron & Neutron Techn. 2018; 12: 40-45.



