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PIEZOSPECTROSCOPIC ANALYSIS OF MECHANICAL STRESSES IN SizsN4 AND AIN
IRRADIATED WITH HIGH-ENERGY BISMUTH IONS

Depth-resolved Raman piezospectroscopy was used to study residual mechanical stress profiles in
polycrystalline silicon and aluminum nitrides irradiated with 710 MeV bismuth ions to fluences of 1x10%?,
2x10%?, and 1x10* cm™. It was found that stress fields of opposite signs are formed in the irradiated SizsNs4
layer, separated by a buffer zone located at a depth coinciding with the thickness of the sample layer,
amorphized at high ion fluences due to multiple overlapping of track regions. At great depths, tensile stresses
witch magnitude reaches their maximum value in the region of the end of the ion range are detected. In
contrast to SisN4, radiation-stimulated changes in mechanical stresses in AIN were within the measurement
error throughout the entire thickness of the irradiated layer, except of the near-surface region. The observed
effect is associated with the different structural sensitivity of silicon and aluminum nitrides to high-density
ionization - the formation of amorphous latent tracks in Si3N4 and their absence in AIN.

Key words: silicon nitride, aluminum nitride, swift heavy ions, Raman spectra, mechanical stress,
piezospectroscopy.
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HKorapbl aHepruAnbl ayblp MOHAAPMeH cayneneHreH SisNa xaHe AIN
MeXaHWKaNbIK KepHeynepAai Nbe30CNeKTPOCKONUANLIK, Tanaay

KeHiCTIKTIK aXblpaTblAbiMAblAbIFbl 6ap PamaHablk nbesocnexktpockonua agictepi 1 x 1012, 2 x 10% skaHe
1 x 108 cm? dtoeHcke aeitin sHepruacsl 710 M3B ofapbl SHEPruAibl BUCMYT MOHAAPbIMEH CayNeNeHreH by
YMbICba NOANKPUCTANAbI KPEMHUIA MEH a/IOMUHUA HUTPUATEPIHAET KandblK MexaHWKablK KepHeynepaiH,
npodunbaepiH 3epTTey yuwiH nanaananbingpl. Coynenenrer SisNg KabaTbiHAA TPEK ayAaHAaPbIHbIH, BipHelle
peT KabaTTacybl ecebiHeH WMoOHAAPAbIH Kofapbl GAtOEHC KesiHae amopdu3aumsanaHFaH yar KabaTbiHbIH
Ka/IblHAbIFblHa COMKEC KeNeTiH TepeHAIKTe OpHanackaH TPEKTIK aiMmakneH 6eniHreH Typai benrinepain kepHey
epicTepi Ka/biNTacaTblHbl 3ePTTey HITUXKECIHAE aHbIKTaNAbl. YIKEH TEPEHLIKTE CO3blNY KepHeynepi TipKeneTiHi
KepceTinai, onapapiH AeHreni MOHAAP KYTipiCiHIH COHbIHAAFbI alMMaKTafbl MAKCMManbl MaHre KeTeTiHi
aHbIKTaNAbl. SisNa- TeH alblpMalLLblNbIFbI, AIN - peri MeXaHWKasblK, KepHeynepain,
paaMauMANbIK - bIHTaNaHAbIPbIAFAH ©3repy AeHreni HeTTiK aliMaKTbl KocnafaHaa, CoyaeneHreH KabaTTbiH,
BYKiN KanbliHablFbl OOMbIHIWIA B/1liey KaTeciHiH, weriHae 6onapl. balikanaTblH acep KPEMHUA MeH aTtOMUHWIA
HUTPUATEPIHIH KOFapbl TbIfbI3AbIKTafbl MOHW3ALUMA SCEPiHe 3PTYPAI KYPbIAbIMAbIK CE3IMTANAbIFbIMEH —
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Piezospectroscopic analysis of mechanical stresses in SisN4 and AIN irradiated with high-energy bismuth ions

Siz Nz - Te amopdTbl NATEHTTI TPEKTEPAiH, Ty3inyimeH KaHe onapabid, AIN-ge 6onmaybimeH BannaHbICTbl AereH
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A.T. ymaskarosa®?, LLL.T. TnHuaTosa®’, A.K. Mytanu'?3, A.1.N6paesa®??,

B.A. Ckypatos®>*°, A K. Jaynetbekosa?, E.A.KopHeesa®, A.T. Akunbekos’, M.B. 3goposen>®
'EBpasuiickuii HaumoHanbHbI yHuBepcuTeT um. J1.H. T'ymunesa, Kasaxcran, r.Hyp-CyntaH
2AcTaHUHCKMI dunman MHcTUTyTa agepHoit usmnkn, KasaxcraH, r.Hyp-CyntaH
3NabopaTopua agepHbix peakumnii um. M.H. dneposa,

O6beAMHEHHbI MHCTUTYT AAePHbIX UccaeaoBaHuii, Poccus, r.lybHa
*HaumoHaNbHbIN UCCAe0BATENLCKUI AAEPHBIN YHUBEPCUTET « MUDW», Poccus, r.MockBsa
>YuusepcuteT «[lybHa», Poccus, r.lybHa
5Ypanbckuii egepanbHbIl yHMBepcuTeT, Poccus, r.EkaTepnHbypr
*email: giniyat_shol@mail.ru

Mbe30CNeKTPOCKONUYECKUIA aHANN3 MeXaHUYeCKnxX HanpsaxeHuit B SisNa u AlN,
061y4eHHbIX TAXE/IbIMU MOHAMM BbICOKUX SHEPTUIA

MeTofbl PaMaHOBCKOWM MbE30CMEKTPOCKONUM C MPOCTPAHCTBEHHbIM pa3pelleHnem B AaHHoW paboTe
66l MCMONBb30BaHbl  ANA  M3ydeHMs  MNpodUaer  OCTAaTOUHbIX  MEXaHMYECKMX  HanpsskeHwihn B
NOJIMKPUCTANINYECKMX HUTPUAAX KPEMHMA U aIOMUHUA, 0O/yY4eHHbIX BbICOKOIHEPreTUYECKMMMN MOHAMM
BMCMYTa C 3Hepruen 710 MaB fo ¢patoercos 1 x 102, 2 x 1012 1 1 x 103 cm™. Mo pesy/bTaTam yCTaHOBIEHO,
4TO B 061y4eHHOM cnoe SisNg GOPMUPYOTCSA MOAA HANPAXKEHWIA Pa3IMYHOIO 3HaKa, pasdeneHHble bydepHoi
30HOM, HaxoAsLLEencs Ha rybuHe, coBnaatoLien ¢ TOAWMHOM cios 0b6pasLa, aMopdM30BaHHOIO NPU BbICOKMX
bnloeHcax MOHOB 3a CYET MHOTOKPATHOTO MepeKpbITUS TPeKoBbix obnacteil. Ha 6o/bWwnX raybuHax
PErMCTPUPYIOTCA PacTArMBaloLLME HaNPsXKeHUs, YPOBEHb KOTOPbIX AOCTUraeT MaKCMMasibHOMO 3HayeHus B
obnactM KoHua npobera wuoHoB. [loKasaHo uTo, B OT/AM4YMe oOT SisNs, ypoBeHb padnaLMOHHO-
CTUMY/IMPOBAHHOIO M3MEHEHUA MeXxaHMYecKnx HanpsaxeHuit B AIN 6bin B npeaenax oWnbKM U3MepeHmnii no
BCEW TOJILIMHE 06/YYEHHOrO C/OA, TObKO 33 MCKKYEHMEM NPUNOBEPXHOCTHON obnactn. Habnopaemslit
3bdeKT CBA3bIBAETCA C PA3HOM CTPYKTYPHOW YyBCTBMTENLHOCTbIO HUTPUAOB KPEMHMA W aIOMUHUA K
BO3EMCTBMIO MOHM3ALIMW BbICOKOM MAOTHOCTU — 0Bpa3oBaHneM aMopPbHbIX NaTEHTHbIX TPEKOB B SisNa 1 UX
oTcyTcTBnem B AIN.

KnoueBble €0Ba: HUTPWUA KPEMHMUSA, HUTPUA aNtoMUHUA, ObICTPble TAMKENble WOHbI,
KOMBMHALMOHHOIO pacceaHms, MexaHMYeckne HanpaKeHns, Nbe30CneKTPOCKoNus.

CNeKTpbI

Introduction

The effect of heavy charged particle irradiation
in solids, as a rule, is accompanied by generation of
mechanical stresses in the irradiated layer, which, in
own turn, affect the defect formation processes.
Assessing the stress level and establishing the
relationship between the nature of radiation damage
and stresses are very important for a correct
description of the evolution of a defect structure
under various experimental conditions. First of all,
such problems were considered for low-energy ion
implantation into semiconductor materials. These
issues have been studied to the least extent for high-
energy (E > 1 MeV /amu)ion irradiation, the
possibilities of which for solving practical problems
are beginning to be in demand only recently. Such
research are, in particular, of considerable interest for
predicting the long-term radiation stability of ceramic
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and oxide materials, showing promise for nuclear
applications, against fission fragments impact. The
main  experimental methods for measuring
mechanical stresses are usually the following -
curvature measurement method, X-ray, electron and
neutron diffraction, electromagnetic and ultrasonic
methods [1].

The stress level in a variety of materials can be
determined using an approach based on the use of the
piezospectroscopic effect. As is known, this effect
connects the changes in optical absorption,
luminescence, or Raman scattering spectra with the
magnitude of mechanical stresses (see, for example,
[2-4]). As known, in general, the change in the
radiation frequency with stress level can be expressed
as [4]:

AV=HinO'l‘j, (1)
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where [1;; are the so-called piezospectroscopic
coefficients, and o;; are the stress tensor components.
Piezospectroscopic coefficients are determined using
of appropriate calibrations, during which a known
stress is applied to the material and the corresponding
change in frequency relative to the unstressed state is
registered [4,5]. In contrast to the methods listed
above, which provide information on the stresses in
the entire investigated volume of the sample,
piezospectroscopy makes it possible to determine the
stress level with a spatial resolution up to several
hundred nanometers, that is especially important in
the case of irradiation of materials with ions of fission
fragment energies for which the projected range does
not exceed 10 microns. In [6], this approach was used
to measure the stress profiles in SisN4 irradiated with
high-energy xenon and bismuth ions. As is known,
silicon nitride is the only nitride ceramic in which
latent tracks of swift heavy ions have been revealed
[7-16]. At the same time, no tracks were detected in
aluminum nitride even at very high specific ionization
energy losses [17]. This paper presents the results of
a comparative analysis of residual mechanical stress
profiles in AIN and the previously obtained data on
SisN4 [6] — nitride ceramics with different structural
responses to the high-energy heavy ion impact.

Materials and Methods

The objects of study of this work were
polycrystalline silicon and aluminum nitrides
samples manufactured by MTI Corporation. The
grain sizes ranged from several hundred nanometers
to several microns. The samples were irradiated with
710 MeV 2Bi ions at room temperature to fluences
of 1x10%2, 2x10*?, and 1x10%* cm2. The irradiation
experiments were carried out at the U-400 cyclotron
of the FLNR JINR (Dubna, Russia). According to
calculations, the projected range of bismuth ions in
AIN was 29.8 um.

Irradiated samples were studied by Raman
spectroscopy using Solver Specrtum, NT-MDT laser
confocal scanning microscope. Raman spectra
excited at a wavelength of A=473 nm were recorded
on the edge of polished sample along the ion
trajectory with a spatial resolution of ~ 1 um. The
measurement time was optimized for maximum
intensity and was 60 seconds.

Results and Discussion

Raman spectra of intact silicon and aluminum
nitride specimens excited at a wavelength 473 nm are
shown in figure 1.
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Figure 1 — Raman spectra of initial SisN4 and AIN
polycrystals.

Without stopping on the nature of the vibrational
modes represented by the corresponding peaks in the
Raman spectra studied in detail in [18-23], we note
that in piezospectroscopic studies, the most often
used is the measurement of the position of the peaks
at 862 cm* (SisN4) [24] and 658 cm™ (AIN) [25].

The piezospectroscopic coefficients for these
peaks are 2.22 GPa/cm™ and 2 GPa/cm’?, respectively
[24, 4]. The 658 cm™ line in AIN is most significant
since because exhibits the greatest stress sensitivity,
resulting in the shortest acquisition time for Raman
measurements and the highest signal-to-noise ratio.
Another advantage of using this band is that the
frequency of the E, (high) mode, in contrast to the
A1(LO) phonon mode, does not depend on the
concentration of free carriers; therefore, only the
stress will affect this phonon frequency for measuring
the residual stress. All values of the peak frequencies
in the Raman spectra in aluminum nitride known
from the literature are presented in table 1.
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Table 1. Experimental data on Raman spectra in AIN

Position 248.69 612.87 658.26 671.12 892,52 910.81 cm?
Phonon
mode E}  A(TO) E}  E(TO) A(LO) E(LO)

Figure 2 shows the changes in the position of the
658 cm™ (AIN) line, which were measured at a depth
of 5 um. First of all, it should be noted that
mechanical polishing of AIN introduces defects,
which leads to both broadening and a shift of the main
peak relative to the initial position from 658.26 cm'1
to 657.78 cm®. To take this circumstance into
account, the frequency value measured at a distance
of ~ 100 microns from the surface was taken as the
initial position of the peak, which significantly
exceeds the depth of the irradiated layer. As can be

40000 . ; . ;

seen from the part of the spectrum shown in the inset,
irradiation with bismuth ions leads to the signal
intensity decrease and the peak broadening, which is
associated with the general disordering of the crystal
lattice. In addition, a shift of the peak towards lower
frequencies is also observed. A negative value of Av
indicates that compressive mechanical stresses are
detected at a given depth of the irradiated layer of the
aluminum nitride sample.

35000 -

30000 -

25000

- -1
20000 Raman shift, cm

Intensity

15000 AIN + Bi 710 MeV

10000 +

5000 +

A

600 620 640 660 680 700

— Initial
— 1el2
— 2el2
— 1e13 i

initial 5 umA__]

T T T T
0 200 400

T T T
600 800 1000

Raman shift, cm™

Figure 2 — Raman spectra measured at a depth of 5 um from the surface of AIN irradiated with bismuth ions
to various fluences. The inset shows the spectral region near the 658 cm™ line.

The generation of compressive stresses in
ceramics irradiated with high-energy ions was
previously revealed not only in SisNa4 [6], but also in
oxides Al,Os3 and ZrO.:Y [26-28]. In all these
materials are formed latent tracks as disordered
regions around ion trajectories, both amorphized
(completely or partially) and retaining the crystalline
structure. In all cases, an important feature of the
tracks is their reduced density in comparison with the
density of the surrounding matrix. Their
accumulation with an increase in the ion fluence leads
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to a decrease in the density and, as a consequence, to
an increase in the volume of the sample layer in which
the tracks are formed, which is the source of
compressive stresses due to the difference between
the volumes of the irradiated and unirradiated parts of
the material. The appearance of stresses in AIN, in
which the tracks are not detected by transmission
electron microscopy, indicates that defects formed in
elastic collisions also lead to mechanical stresses but
much lower magnitude in comparison to silicon
nitride.
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Figure 3 — Variation of the spectral position of the 862 cm™ (SisN4) - a) and b) - 658 cm™ (AIN) lines via the
Bi ion fluence and the depth of the irradiated layer

Figures 3a and 3b show the change in spectral
position of lines used for evaluation of stress level in
the silicon (a) and aluminum (b) nitrides irradiated
with bismuth ions with respect to the values for the
non-irradiated  material.  The  corresponding
piezospectroscopic coefficients for frequencies 862
cm? (SisN4) and 658 cm™ (AIN) according to [24,4]
are 2,22 and 2,0 GPa. As can be seen, stresses in AIN
are detected only at the highest fluence of bismuth
ions - 1x10® cm?, which clearly indicates the
differences in the formation of structural defects in
these ceramics. The data shown in fig. 3b, do not also
allow drawing a conclusion about the correlation of
the stress profile in AIN obtained for a fluence of
1x10* cm? with the profiles of ionization and nuclear
energy losses. Although tracks in aluminum nitride
are not observed, it cannot be ruled out that a high
level of specific ionization energy losses can affect
the evolution of the defect structure, which requires
further detailed studies.

Conclusions

Polycrystalline SisNs and AIN irradiated with
high-energy (710 MeV) bismuth ions to fluences of
1x10%2, 2x10*2, and 1x10** cm?® were studied by
Raman piezospectroscopy with spatial resolution
about one micron. In the irradiated silicon nitride
layer, stress fields of different signs are formed,
separated by a buffer zone located at a depth
coinciding with the thickness of the sample layer,
amorphized at high ion fluences due to multiple
overlapping of track regions. Deeper, tensile stresses
are registered and reach its maximum in ion end of
range. Compared to SisN4, mechanical stresses in
AIN are found to be out of experimental inaccuracy
only at a bismuth ion fluence of 1x10® cm2,
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