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Measurement of temperature dependences of internal friction (IF) was performed on identical Si p-type
substrates, orientation (100), doped with boron B, with specific resistivity o~ 7.5 Ohm-cm and thickness
h=4.7-10° nm. The samples passed the same technological route after deposition of a SiO: layer with
thickness A = 600 nm because of high-temperature oxidation in dry Oz at To = 1300 K. It was found that the
annealing of structural defects in Si changes the shape of the IF temperature spectrum @-1(T). The IF
peaks Qu-! formed by point defects could be observed under the condition that Si was heated at a rate
V=AT/IAt <0.1 K/s. After X-ray irradiation with a dose y=104 R, the IF maximum at Ti = 320K
increases sharply; its height @-mi increases almost threefold with a twofold decrease in the width
AQ-11, which testifies to the process of relaxation of radiation defects of the same type. The activation
energy value H; = 0.63 eV was obtained for the IF peak QM -1 in the Si plate at Ty = 320 K. The proximity
of the obtained activation energy Hi at Ti1 = 320 K to the migration energy Ho~ 0.85 eV for positively
charged interstitial atoms Sii+ suggests a relaxation mechanism due to the reorientation of interstitial
atoms Sii. Upon electron irradiation, as a result of the collision of electrons with Si atoms, Frenkel defects
are formed. Calculations show that the electron energy W= 1 MeV, which corresponds to the experiment,
is sufficient to shift Si atoms from their equilibrium positions. After irradiation with a dose y~ 105 R, the
IF @-y1 maximum height at Tin = 320 K did not change significantly in comparison with the IF @-1(T)
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spectrum before irradiation that indicates a special effect of the dose y~ 105 R.
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1. INTRODUCTION

It is known that upon annealing of solid-state
mixtures, the release of vacancies V from the material
is observed. Defect annealing leads to a change in the
shape of the internal friction (IF) temperature
spectrum @~ Y(7) [1-3]. The non-destructive IF method
allows to set the spectrum of structural defects by
analyzing the positions of the IF maxima, the duration
of the relaxation time 7, and their deposition during
damping of elastic vibrations. The criterion of
structural relaxation does not determine the
magnitude of the relaxation effect. Total deformation
consists of elastic and inelastic constituents
ey =¢g +eag [4-6]. Elastic deformation &g occurs
“instantly”. Inelastic deformation e4g is conditioned by
the motion of dislocations [5-7].

A method to control structural defects by
measuring IF and elastic modulus E after laser
radiation was developed. Studies of the influence of
structural defects on damping of vibrations in Si/SiO2
plates with diameter D = 100+60 mm and thicknesses
hsioz = 600 nm and hsi = 400000 nm allow estimating
the degree of perfection of the crystal structure.
Measurement of the amplitude dependence of IF
allows to establish the moment of separation of
dislocation segments from stoppers.

The effects of acoustic emission (AE) under laser
thermal-mechanical strains in SiO2/TiO2/ZrOz films
are investigated.
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PACS numbers: 82.33.Ln, 82.70.Gg, 83.80.Kn

2. MATERIALS AND METHODS

The IF inelastic @' and elastic E characteristics
significantly depend on the morphology of the surface
layer. A 3D atomic-force microscopy (AFM) image of
the SiO2 microstructure on the Si(100) surface is
represented in Fig. 1.

-

Fig. 1 - 3D AFM image of the SiO2 microstructure on Si (100)
(1x1x103 nm)

The SiO2 surface after laser irradiation is shown in
Fig. 2. This process in a set of time phases mimics the
"volcanic eruption".

The AE technique at f| =0.2+0.5 MHz, a="70dB
was used to measure elastic wave velocities V| and V1.
The amplification of the recording equipment based on
a specialized acoustic emission device AF-15 was
a=60dB. The pulse power of the ruby laser was
I1=300 MW/cm?2, the pulse duration of the ruby laser
was 7~ 20 ns with a wavelength 1=694 nm, and the
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area of the laser spot was So~ 1x1 mm?2. Fig. 3 shows
the AE pattern after irradiation of SiOz with the ruby
laser.

Fig. 2 — SiOz surface after nanosecond laser irradiation with
the ruby laser with intensity I~ 300 MW/cm2, dose D = 4xI,
ruby laser pulse duration 7~ 20 ns, wavelength 4 =694 nm.
The circle indicates the area of laser irradiation (x56)
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Fig. 3 — (a) AE after nanosecond laser irradiation of SiO:
with the ruby laser with =300 MW/cm2, 2 V/p, 250 ps/p;
(b) ruby laser pulse width 7 = 20 ns, wavelength 4= 694 nm
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Fig. 4 — Nllustration of the window for processing the data of
measurements of the elastic wave velocity V| in the SiO2/Si
plate by the echo-pulse method at frequency f| = 1 MHz and
in the presence of computer device KERN-4

Metallographic optical observations of the micro-
structure by means of a microscope LOMO MVT, AFM
were used. Ultrasonic (US) pulse-phase method using

USMV-LETI, modernized USMV-KNU and
computerized “KERN-4” (Fig.4 and Fig.5) with
frequencies f|j~*1MHz and fr=0.7MHz, US

invariant-polarization method to determine effective
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acoustic i and elastic Cjjr constants were used [8, 9].
The measured velocity error was AV/V = 0.5+1.5 %.
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Fig. 5 — Disturbance source and receiver — piezo quartz (US
sensor), sound in Si

The deformation behavior of the Si crystal was
investigated using a Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS). The Tersoff
empirical potential was used to account for the
interactions among silicon atoms. This version of the
potential turned out to be reliable for studying
strained silicon [10]. In the present simulation, silicon
structures are initially annealed at a temperature of
T'=300 K using a Nosé-Hoover thermostat for 5105
time steps, where each step is separated by an interval
of 1fs. The velocity-Verlet algorithm is employed to
integrate the equations of motion. After equilibration,
the tensile simulations are performed using an NVT-
ensemble at a constant rate de/dt = 108 s -1, typical of
molecular dynamics (MD) simulations. Strain was
created by continuously increasing the length of the
simulation cell along the z-direction and remapping
the coordinates of all atoms to a new cell after every
1 fs of MD simulation. To obtain the global stress o of
the whole Si structure during deformation, the
average stress per atom was computed from the virial
theorem as follows:

11N o AXPAXSP
Gij =\7 EZZU(I' B)FT] s (1)

a=1B=a

where N is the total number of atoms, r## is the
distance between two atoms «a and B, Ax®’=xa— x5,
U is the potential energy, and V is the volume of the
structure.

Fig. 6 shows the stress-strain o(e) curve of bulk Si
subjected to uniaxial tensile loading at a temperature
of 300 K, obtained with the Tersoff model. The model
structure starts with a linear relation between stress o
and strain & values in accordance with Hooke's law
o=E ¢ where E is the elastic modulus. After the
elastic region, the stress-strain curve becomes non-
linear as the strain increases. The stress continues to
rise to a peak point followed by a sudden drop, which
is caused by the brittle fracture of silicon.
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Fig. 6 — Stress-strain curve of single-crystalline Si obtained
by MD simulation with Tersoff potential. On the inset: a
simulated silicon cell

We then performed the estimation of the elastic
modulus E from the slope of the stress-strain o(e)
curve presented in Fig. 6 in the elastic deformation
range (¢<0.5%). The elastic modulus E of single-
crystalline Si was 81 GPa, which is in agreement with
the experimental data.

3. RESULTS AND DISCUSSION

An illustration of the measurement data on the
"fast" quasi-transverse elastic wave velocity
V110011 = 3200+£10 m/s in Si by the echo pulse-phase
technique at a frequency of fL=0.7 MHz is shown in
Fig. 7. The obtained shear modulus is equal to
Goo1 =p V100112 == 23.86 GPa. The logarithmic
decrement of UsS attenuation is

5=1In| 2ea | 1n[Ej ~(1.47£0.1)x107".
A 63
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Fig. 7 - Pulse waveform with quasi-transverse "fast" polari-
zation V1 in the Si (100) plane. Logarithmic decrement of US

attenuation & =1In A | _ ln(ﬁj ~(1.47£0.1)x10™
A 63

The quasi-longitudinal US velocity V|oo1) = 5870 m/s
and the elastic modulus Eoo1 =p V|01 = 80.28 GPa
were determined for SiO2/Si from the oscillogram. The
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temperature dependence of IF @-1(7) (Fig. 8) and the
elastic modulus E(7) (Fig. 9) (indicatory surface of the
inelastic-elastic body) of SiO2/Si is shown in Fig. 10.
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Fig. 8 - Temperature dependence of IF @-1(T)-! for SiO2/Si

plate
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Fig. 9 - Temperature dependence of the square of the
resonance frequency f2 ~ E for SiO2/Si plate

The dependence of the height of the IF maximum
on the radiation dose also indicates a relaxation
process of reorientation of complexes of radiation
defects. A small background value of IF @Qo-1~2-10-6
at T=385K 1is observed in the temperature
dependence of IF @-1(7T) and the elastic modulus E(T)
(indicatory surface of the inelastic-elastic body) of SiO2
after mechanical treatment in the initial state and
annealing at Tan = 670 K for tan = 2100 s in Fig. 10.
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Fig. 10 — Temperature dependence of IF @-1(7) and the
elastic modulus E(7) (indicatory surface of inelastic-elastic
body) for Si02/Si plate

05017-3



A.P. ONANKO, V.V. KURYLIUK ET AL.

ln(g—;)

-1 -1_p-1
IF Q' = —22 IF defect ‘& = a2k jp
s Q? Qsk
Fig.11 and the US attenuation coefficient
-1 -1 In(4e
a = QT = QT = % were determined from the

7
oscillogram of pulses with the corresponding
polarization V|pory in "dry" SiOgz skeleton in Fig. 7
before and after saturation Vjooy® from the logarithm
of amplitude ratios A1, Az, (Ao — no sample).
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Fig. 11 - Correlation dependence of the IF defect AQ-1/Q-1
in SiOs on the open porosity coefficient Kpo = Vpol V

The complex elastic modulus of Si E* is equal to
the sum of the dynamic elastic modulus E’' = pV”2 and

the loss modulus E" = E'S [5]:

E* = E'(1+6) = pV”2(1+6) = pV”2(1+nQ—1), Q)

where § is the logarithmic decrement of the US
attenuation, p is the Si specimen density, V| is the
quasi-longitudinal US elastic wave velocity, and IF is
equal to @1 = 6/m.

= =§=nQ!'= x1= x

) 3)

=<

where a is the US attenuation coefficient, A is the US
wavelength, f is the US frequency. The logarithmic
decrement of US attenuation 6 of oscillations with
amplitude A = Aye~% is equal to

§=1In (AA"—+) (4)
The shear modulus G =pV:2 the dynamic elastic
modulus E [5]:

— 2 1
E = pV2|3+ 1_(@)2 , (5)
Vo
where VL is the quasi-transverse US velocity.
The Poisson coefficient i is determined by the ratio

of the relative transverse compression &L to the
relative longitudinal elongation & and is equal to [6]:

[T x AX l
ar

= Ta o ©
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1V2_V2
U = 2] = (7

vZ_ye °
=

One oscillator produces 3 waves: 1 longitudinal and
2 transverse. Debye temperature 6p is determined by
the formula [7]:

) 1
= L (Rarys, (L2 ’
b = P (41'L'A * <V||3 + Vf) ’ ®)

where kg is the Boltzmann constant, & is the Plank
constant, Na is the Avogadro number, A is the average
gram-molecular weight.

For SiO2, the Poisson coefficient x=0.2996 and
Debye temperature 6p=267.0 K. For Si, the Poisson
coefficient x=0.2097 and Debye temperature
6p =309.3 K.

The longitudinal wave velocity in liquid SiO2 with
an aqueous solution of NaCl with a concentration of
p~38.125¢g/1 was V| ~2830m/s, the shear wave
velocity was VL~ 2300 m/s, the Poisson coefficient was
41 =0.3032 measured by AE technique.

4. CONCLUSIONS

1. The elastic modulus E, the shear modulus G, the
Poisson coefficient ¢ and IF @-! depend on the
anisotropy of SiO2/Si plate.

2. The value of IF background Qo-! after thermal
and mechanical treatments describes the changes in
the elastic stress oi fields in SiO2/Si plate.

3.1t is found that, as a result of annealing of
structural defects, IF background @o-! significantly
decreases when  measuring the temperature
dependence of IF @-1(7), which indicates an
improvement in the crystal structure of S102/Si.

4. The study of vibrations of Si/SiO2 disk plate at
different harmonic frequencies fo, f2 made it possible to
develop a technique for determining the density of
structural defects np for semiconductor wafers-
substrates.

5. The relationship between IF @-1, the logarithmic
decrement of US attenuation § and the dislocation
density np is established for disk-shaped semiconductor
wafers-substrates.

6. An increase in the IF maximum height @u-!
indicates an increase in the concentration of structural
defects, and the broadening of the IF maximum AQa !
here is a process of relaxation of new types of structural
defects in Si02/Si plate.

7. The crater fusion depth Ah at a constant intensity
I and laser irradiation time ¢ is limited by local thermal
conductivity and the establishment of “time-
equilibrium” distribution of temperature gradients AT
perpendicular to the crater axis and along it.

8. Outcomes of the evaluation of the dynamic
characteristics of interstitial atoms Sij, vacancies V and
O-complexes can be used to account the condition of
annealing with the purpose of revealing specific
structural defects in SiO2/Si after laser radiation.
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OcCo006/IMBOCTI HENIPYIKHUX Ta MPYsKHUX xapaxkrepuctuk Si ta Si02/Si crpykryp

A.Il. Onauro!, B.B. Kypuok!, J0.A. Onanro?, A.M. Kypuoxk!, JI.B. Hapuwuii?, O.I1. JImurpenko?,
M.II. Kysmim!, T.M. [Tinuyk-Pyramus!

1 Kuiecvruli HaulonanvHuil yrisepcumem imeni Tapaca Illesuerka, 8yn. Bonodumupcora, 64/13,
01601 Kuis, Yxpaina
2 Inemumym 800HuUx npobsem i meniopauii, 8ysi. Bacunvriscora, 37, 03022 Kuis, Yikpaina

BuwmiproBanus TemmepaTypHuX 3aseskHocTed BHyTpimHBOro Tepts (BT) mpoBommiocs Ha 1meHTHYHHX,
10 ITPOMIILIN OJMH 1 TOM K€ TEeXHOJIOTIYHUN MapIIpyT, MOKIagkax Si p-Tuiry, opierrarii (100), serosaxoro
6opom B, 3 muromum enexrpoomopom p= 7,5 Om-cm, ToBIMHOW A = 4.7-105 HM mmicis HAHECEHHS HA HUX
mapy SiO2 ToBmmHOB A~ 600 HM B pe3ysbTaTl BHCOKOTEMIEPATYPHOTO OKMCJIeHHs B cyxomy O mpm

To=1300 K. B mporieci BumipooBaHb 0yJI0 BCTAHOBJIEHO,

10 BiAmAJ CTPYKTYpHUX aedekTiB Si aMiHe

dopmy Temmeparypaoro cuexrpy BT. ITiku BT @-1u, 1110 yTBOpIOOTECS TOYKOBUMU fed)eKTaMU, MOKHA 0YJI0
CIIOCTEpIraTH IIPH yMOBI, KOJM MMakjaamka Si HarpiBamaca 3i mBuarictio V=AT/At<0.1 K/e. Ilicaa
PEHTreHIBCHKOro OIpoMiHeHHsI 103010 ¥~ 104 P makcumym BT mpu Tin = 320 K pisko 3pocrae; itoro Bucora
Q-1 30LIBIIyeThC Maiske y 3 pasu OpU 3MeHIIeHH] BaBiul mmpuHU AQ -1y, 10 CBITUUTH IIPO
IPOXOIMKEHHA MPOIlecy pesIaKcallii oaHoro THIly pamamiiuanx gedektis. Jua mika BT B migkmammi Si mpu
Ty = 320 K Oyso orpumano 3mauvenHs ewmeprii akrmsamii Hi= 0,63 eB. Bimsbricts orpumanoro Hamm

3HaveHHs eHeprii axrwBamili H: mpm Twmi =320 K mo

eHepril Mirpaifii Ijid IOJATHO 3apAIKeHUX

miskBy3s0Bux atomis Siit Ho = 0,85 eB mo3Bosisie mpumycrutu pesiakcaiiiHuil MeXaHi3M, 10 00yMOBJIEHUN
mepeopieHTAIli€l0 MiKBY3JI0BUX artoMmiB Si;. Ilpu eseKTpoHHOMY OHpOMiHEHHI B pe3yJibTaTi 3ITKHEHHS
€JIEKTPOHIB 3 aTOMaMu Si BiI0yBaeThesaA yTBopeHHs mederTis mo Openkenio. OLIHKN HOKA3yI0Th, 110 €HEPrisa

enexTpoHiB W= 1 MeB, saka BiamoBigae eKCIIEpHMEHTY,

ocTaTHA IJs 3MIIIeHHs aToMiB S1 13 C€BOIX

PIBHOBaKHUX MM0JI0sKeHb. [licia onpominenHs no3ow0 y~ 105 P Bucora makcumymy @1y mipu T = 320 K B
mopiBHaHH] 31 cmexrpoMm BT 10 ompomiHeHHS iCTOTHO He 3MIHWJIACA, IO CBiAUYMTEL PO OCOOJIMBHUN BILIUB

nosu y ~ 105 P.

Knrouori ciosa: Bayrpimse teprs, CtpyrrypHi gedextu, Yiabprpassykosuii, MikpocTpyKTypa.
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