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The method was developed, the installation was designed and manufactured for excitation and registra-
tion of damped bending resonant oscillations in SiO2/Si disc-shaped wafer-plates with thickness
hs= 300 + 500-103 nm and diameter D = 60 + 100-10 -3 m with the aim to measure structurally sensitive
internal friction (IF) @-1. The technique for non-destructive testing of the integral density of structural
defects nqs and the depth of the broken layer Ay in disk-shaped semiconductor substrates was developed. The
measurement of IF background @-1o at harmonic frequencies fo, f> allowed to experimentally determine the
nodal lines of oscillating disks. This allowed to make corrections to theoretical calculations of finding these
nodal lines, taking into account the linear dimensions of the disks and the method of their attachment.
Temperature IF spectrum @-1(7) in SiO2/Si disk-like wafer-plates after their X-ray and electron irradiation
was studied. It was found that annealing of Si structural defects changes the shape of the temperature IF
spectrum @ -1(7) in the measurements process. IF peaks @ - !y, which is formed by point defects, could be
observed under the condition that a SiO2/Si wafer-plate was heated with velocity V= AT/At < 0.1 K/c. This
made it possible to determine the activation energy H of the reorientation of radiation defects anisotropic
complexes. The establishment of the stability of IF background parameters @-1o made it possible to deter-
mine the radiation resistance of semiconductor wafer-plates and devices based on them. The proposed meth-
odology can be used as a non-destructive method to control the crystal structure defects of semiconductor
wafer-plates used for microelectronics.
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1. INTRODUCTION

The physical properties of semiconductor crystals
significantly depend on the presence of crystal lattice
defects. These defects primarily affect the electrical and
optical properties of semiconductor crystals. Such char-
acteristics of semiconductor devices as current I, break-
down voltage Usy, noise In significantly depend on the
defect current Ip, defect density nq, defect mobility u
and the interaction between defects. Vacancies (V) in Si
depending on the magnitude of the charge V* have dif-
ferent values of the migration energy Em and annealing
temperature Tu, [1-4].

Parameters of semiconductor crystals essentially
depend on their structural perfection. Since the main
material of semiconductor substrates in various micro-
electronics products is Si, it is first necessary to study
the dynamics of defects in the crystal structure of Si
during irradiation. Among the methods of studying
structural defects in these crystals the promising
method is the structure-sensitive method of internal
friction (IF), which makes it possible to study the dy-
namics of dislocations. The structure-sensitive method
of IF mechanical relaxation was used to study the pres-
ence of structure defects, their dynamics. Mechanical
relaxation of the elastic deformed semiconductor crystal
is manifested as the elastic aftereffect, elastic hystere-
sis o-¢, creep — deformation &) at constant stress ov,
stress relaxation o(f) at constant deformation & [5-8].

The electrophysical properties of semiconductor de-
vices significantly depend on the perfection of their
structure. It is necessary to control the structure of sem-
iconductor disk-shaped wafer-plates in the manufacture
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of large integrated circuits (LIC). The technique was de-
veloped, and the device was made allowing to obtain the
information about structural defects in such disks by at-
tenuating elastic oscillations @ ~ ! to study the defect
density nq and the depth hq of their propagation. This
technique takes into account the position of mechanical
relaxation and that the amount of scattered energy of
mechanical vibrations depends on the number of scat-
tering centers. This is the IF dependence on the crystal
structure defects. It is possible to study the dynamic be-
havior of defects by the IF method and the interaction of
dislocations with point defects by the amplitude-depend-
ent IF. The amplitude-independent IF provides infor-
mation on the resistance force F of dislocations in the
crystal lattice [9-11].

Vacancies V and interstitial atoms Si; can combine
into macroscopic defects up to 1000+2000 nm in size.
Such incorporations can capture impurity atoms whose
radii are significantly different from the radii of Si at-
oms. This process is energetically advantageous, since
impurity atoms within the inclusion contribute to the
reduction of the deformation potential U of the Si lat-
tice near the inclusion. The formation of the V-V va-
cancy by combining two vacancies leads to the reduc-
tion of the broken ties number, which is energy effi-
cient. The interaction of the vacancy V with the inter-
stitial atom Si; is also energetically beneficial, which
leads to the annihilation of these defects. The for-
mation of the vacancy complex V and the impurity
atom V + B also reduces the elastic energy E. of the
crystal lattice distortion, and therefore such a process
is energetically advantageous [12-15].
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2. MATERIALS AND METHODS

The study of structural defects in thin SiO2/Si wafer-
plates with A = 400-103 nm thickness becomes topical
with the development of microelectronics. IF method
makes it possible to study defect formation during the
formation of SiO2/Si structures. The measurements
were carried out at frequencies f1 = 653 Hz, f2 = 1350 Hz
at low strains & = 106+10 - 7, excluding plastic defor-
mation, and at high temperatures 7 on the same sample
during the entire technological cycle of obtaining
Si02/Si structures.

The main characteristics of SiO2/Si wafer-plates
that determine their behavior under irradiation are.

1. Concentration and type of structural defects or
impurity atoms, which capable of interacting with com-
ponents of primary radiation defects (RD) — V-Si;, form-
ing electrically active secondary RD.

2. The concentration of electrically active defects or
impurities that affect RD charge state, the efficiency of
their interaction with each other and with other
charged centers.

3. Concentration and type of impurity or structural
defects-getters, which capable of interacting with pri-
mary RD without the formation of electrically active
secondary RD.

The measurement of IF temperature dependences
@~ Y(T) was performed on p-type Si wafer-plates, orien-
tation (100), boron-doped B, with specific electrical re-
sistance p~ 7.5 Ohm cm, thickness A = 460 ‘103 nm after
application of SiOz layer with thickness Asioz = 100 nm
in Fig. 1 as the result of high-temperature oxidation in
dry Oz at To = 1300 K.

Fig. 1 - 3D atomic-force microscopy image of the SiOz micro-
structure on Si (100) (15 x 15 x 103 nm; 1 x 1 x 103 nm)

The SiO2 surface after laser irradiation is shown in
Fig. 2.

The block diagram of the device for triad attachment
and excitation of bending resonant vibrations in the
Si02/Si wafer-plate surface is represented in Fig. 3.

The measurements of IF temperature dependences
@~ Y(T) were performed in the kHz frequency range of f
at small amplitudes of elastic deformation ¢~ 10~ ¢ be-
fore and after X-ray irradiation dose D, = 102 Gy; 103 Gy;
510 Gy and electron irradiation with dose
D.-= 10" cm~-2, 1015 cm~2,

Atomic-force microscopy (AFM) and optical supervi-
sion of microstructure by means of the microscope
“LOMO MVT” were used. Ultrasound (US) impulse-
phase method using computerized “KERN-4” in Fig. 4,
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Fig. 2 — SiO: surface after nanosecond laser irradiation by the
ruby laser with the intensity I = 400 Mw/cm? with the dose
D = 5xI and the ruby laser pulse duration 7 = 20 ns with the
wavelength A =694 nm (x98)
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Fig. 3 — Block diagram of the device for triad attachment and
excitation of bending resonant vibrations in the SiO2/Si wafer-
plate: 1 — disk-shaped Si02/Si wafer-plate, 2 — triad mounting
of the Si02/Si wafer-plate, 3 — copper capacitive sensor for ex-
citation and reception of bending resonant vibrations,
4, 5 — ceramics, 6 — copper holder body, 7 — steel half-cover of
the holder body, 8 — tungsten furnace, 9 — heat shield,
10 — thermocouple

Fig. 5, with frequencies fL = 0.7 MHz and f) = 1 MHz
was used [16-19]. The measured velocity error was
equal to AV/V=1.5%.

All the molecular dynamics simulations were per-
formed using the large-scale atomic/molecular mas-
sively parallel simulator software. We used the Tersoff
empirical potential to account for the interactions
among silicon atoms. This potential has been shown to
be reliable for studying the structural and thermal
properties of Si nanostructures [20]. The number of at-
oms in the model was 80000. The coordinate systems of
the Si lattice arrangement were set to x [1 0 0], y [0 1 0],
and z [0 0 1]. A time step of 1.0 fs with the Velocity-
Verlet integration algorithm was used in all simula-
tions. To eliminate the internal stress of the system, the
structure was firstly energy-minimized using the conju-
gate gradients method and then equilibrated using iso-
baric (NPT) ensemble MD simulation for 500 ps at
300 K and a pressure of 0 atm.

After this, an NVT ensemble was used to deform the
simulation box in desired directions with constant engi-
neering strain-rate de / dt = 108 s~ 1. During the loading
process, the pressure in the other two directions was al-
ways set to zero except for the z-direction where the de-
formation was applied. Tensile stress of the system at
each strain level in the direction of load is calculated
when the diagonal components of the stress tensor per
atom are summed for all atoms and the sum is divided
by the volume of system, which is explained by the
Virial equation:
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Fig. 4 —Illustration of the window for processing data of elastic
waves velocity V| measurements by echo-pulse method and the
presence of computer device KERN-4
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Fig. 5 — Oscillogram of transverse polarization impulses Vs in
the Si02/Si wafer-plate
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where i and j denote the components of Cartesian coor-
dinates, N is the total number of atoms, re8 is the dis-
tance between two atoms a and S, Axe# = xe — x8, U is the
potential energy, and V'is the volume of the system.
The stress-strain curves contain fundamental infor-
mation about the mechanical properties of the material
during tensile deformation. Fig. 6 shows the stress-
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strain tensile curves of the silicon crystal at room tem-
perature. At initial deformation stage, the stress and
strain increase linearly which is expected from single-
crystalline silicon behavior. After passing the linear de-
formation and with applying a larger strain value, the
curve becomes slightly nonlinear, and the stress
reaches its maximum of about 15 GPa. After the maxi-
mum, the stress has a sharp drop reflecting the brittle
fracture of silicon.

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
(e < 2.0 %). The elastic modulus of single-crystalline Si
was 95 GPa. The results of calculating the elastic mod-
ulus using the linear part of the curves and experi-
mental results show that there is a good agreement be-
tween these predicted results and experimental ones.
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Fig. 6 — The room temperature stress-strain curve of single-
crystalline Si obtained by molecular dynamics. The gray area
corresponds to the elastic deformation stage to determine the
elastic modulus

3. RESULTS AND DISCUSSION

The IF maximum at Twm1 = 330 K increases sharply
after X-ray irradiation with dose D, = 102 Gy; its height
Q@ - s increases almost threefold with a twofold de-
crease in the width AQ -1, as shown in Fig. 7, which
indicates the relaxation process of radiation defects of
the same type.

Relaxation processes in SiO2/Si are caused by pro-
cesses occurring under the action of stress fields o. The
relaxation time 7 of these processes is determined by
their nature and is a material constant. The relaxation
time of the processes associated with the migration of
atoms is described by an exponential dependence [11]:

H
T = ToeksT, (2

where H is the activation energy of this relaxation pro-
cess, 7o 1s the relaxation time constant, ks is the Boltz-
mann constant, 7"is the temperature.

Equation (2) makes it possible to experimentally
determine the activation energy H of the corresponding
relaxation process from the temperature position of the
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Fig. 7 — Temperature dependence of the IF @-(7) in SiOs/Si
wafer-plate of p-type doped with B, KDB-7.5 (100); diameter
D = 76:10 - 3 m, thickness 2 = 460:102 nm with a SiO: layer
thickness hsio: = 100 nm after X-ray irradiation with dose
D,~102 Gy

IF peak @~ 1(T)m. It is necessary to carry out measure-
ments in the frequency range f with a change width Af
of at least one order of magnitude Af/f > 10, which pre-
sents great experimental difficulties, to find the IF peak
@u- ! under conditions of oscillation frequency change
w=2xf. IF Q-1 depends on product wr [12]:
- AE ot
Q t= alﬂozrz’ @)

where Er is the relaxed or isothermal elastic modulus,
En is the unrelaxed or adiabatic elastic modulus,
AE = En — Er is the elastic modulus defect. Therefore,
the measurement of IF depending on @ @ ~(w) at con-
stant 7 can be replaced by the measurement of IF de-
pending on 7 @~ 1(z) at constant frequency w. It follows
from equation (3), that IF value is the symmetric func-
tion of the product wr. There is a frequency range in
which the mechanical energy loss @' and the defect of
the elastic modulus AE have maximum values between
two extreme values of high (w — «©) and low (v — 0)
frequencies. The IF maximum value is Q™! = %, when

wt = 1, but the variable may not be frequency o, but the
relaxation time 7.
For the same IF value @~ 1(7)1 = @ 1(7)e, the equal-
ity wit1 = wet2 should be realized, where indices 1 and 2
refer to different IF curves. Therefore, taking into ac-
count equation (2), the equality takes the form
H H
©,e*T1 = m,e*sTz, (4)

from where we obtain the formula for determining the
value of the activation energy of IF maximum @~ 1(T)m:

_ ka ln(ﬂ)

01

ooyt

®)

The modern methods of measuring IF @ - 1(7) allow
temperature measurements at several fixed harmonic-
frequencies w1, ws.

The activation energy value H1 =~ 0.63 + 0.1 eV was
obtained from equation (5) for the IF peak @u -1 in the
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Si plate at Tm1 = 330 K in Fig. 8. The proximity of the
obtained activation energy Hi at Ty = 330 K to the mi-
gration energy Ho =~ 0.85 + 0.1 eV for positively charged
interstitial atoms Si;* suggests a relaxation mechanism
due to the reorientation of positively charged intersti-
tial atoms Si;*.

After irradiation with the dose D, = 5:10% Gy, the IF
@~y maximum height at Tan = 330 K did not change
significantly in comparison with the IF @ - 1(7T) spec-
trum before irradiation that indicates a special effect of
the dose Dy = 5:103 Gy. The second IF maximum at
Tmz = 450 K, due to the reorientation of neutral inter-
stitial atoms of Si;® complexes in the dumbbell configu-
ration, also increased significantly after irradiation.
The annealing of radiation defects changes the shape of
the temperature spectrum of IF @-1(7). An increase in
the radiation dose D, also leads to a change in @ -1(7),
which is illustrated in Fig. 8.
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Fig. 8 - Temperature dependence of the IF @-1(7) in SiOs/Si
wafer-plate of p-type doped with B, KDB-7.5 (100); diameter
D = 76-10 - 3 m, thickness A = 460:103 nm with a SiO: layer
thickness hsio: = 100 nm after X-ray irradiation with dose
D,~ 5103 Gy when reheated

After electron irradiation in Fig. 9 as a result of the
collision of electrons e- with Si atoms, Frenkel defects
such as vacancy-interstitial atoms V-Si; 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.

The area of the curve in Fig. 10 at the frequency
f =200 + 500 kHz at attenuation « = 70 dB is propor-
tional to the power of the neodymium laser I(:S) and pro-
portional to the acoustic oscillations W(S) energy
[18, 19].

The acoustic emission (AE) is the threshold phenom-
enon, so the certain threshold of the equipment opera-
tion is set. This is done in order to limit the intrinsic
noise of devices and interference, which interfere the
effective registration of the actual AE signals. It is im-
portant to correctly determine the possible AE mecha-
nisms. The sequence in time is as follows: 1) AE at the
melt of the quartz surface is the solid-liquid phase tran-
sition, 2) AE at the solidification of the melt is the lig-
uid-solid phase transition, 3) AE at the crack formation.
The processes at the solid-gas and gas-solid phase tran-
sitions due to relatively "long" nanosecond laser pulse

06029-4



MECHANICAL SPECTROSCOPY AND INTERNAL FRICTION IN S102/SI

can be neglected. Under the conditions of the experi-
ment, the phase transitions occur rather quickly — for a
time that can be compared with the laser exposure time
7 = 20 ns, the formation of the "acousto-emission part"
of the acoustic response is associated with the crack for-
mation. The approach to AE as emission of two types:
discrete (high-energy) and continuous (low-energy) is
leveled for cases when the duration 7 of individual AE
acts exceed the time of the mineral wave 7 > ¢, and the
linear wavelengths A are linear rock dimensions A, L.
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Fig. 9 — Temperature dependence of the IF @-(7) in SiOs/Si
wafer-plate of p-type doped with B, KDB-7.5 (100); diameter
D = 7610 -3 m, thickness & = 460-103 nm with a SiO: layer
thickness Asio. ® 100 nm after electron irradiation with energy
We-~ 1.5 MeV and dose D, ~ 1014 cm -2

The depth of the broken layer Ay and the dislocation
density nq are determined from the IF difference AQ -1
on the nearby harmonics f1 and f2 after mechanical and
heat treatments. The linear dependence of the IF differ-
ence AQ-1 of the SiOz + Si wafer-plate on the depth of
the broken layer Ay = 1000 + 3000 nm is demonstrated
in Fig. 11.

The logarithmic decrement of US attenuation & of
oscillations with the amplitude A = Ape~5% is equal to:

§ = In (A;—n) 6)

The shear modulus G = pV12?, the elastic dynamical
modulus E [10]:

= pVZ|3+ @)

V” 2]

-(7)

where VL is the quasitransversal US velocity.
The Poisson coefficient u is equal to the ratio of the

relative transversal L compression to the relative lon-
gitudinal lengthening & [11]:
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Fig. 10 — Acoustic emission signal after the neodymium laser
irradiation with different intensity: I = 10, 40, 70, 100, 140,
180, 230, 250, 290, 340, 400, 450 MW/cm?2
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Fig. 11 - Dependence of the IF difference AQ-1 of the SiOz+ Si
wafer-plate on the depth of the broken layer A

One oscillator produces 3 waves: 1 longitudinal and
2 transverse. The Debye temperature 6p was deter-
mined by the formula [12]:

1

) 1

= (Map)e (L, 2 )
bp = kg*(mm) *<V"3+VE>’ (10)

where A is the Plank constant, Na is the Avogadro num-
ber, A is the middle gram-molecular mass.

4. CONCLUSIONS

1. The results of evaluation of the dynamic charac-
teristics of interstitial atoms Sij, vacancies V and O-
complexes after X-ray irradiation can be used to take
into account the annealing conditions in order to obtain
specific structural defects in the SiO2/Si wafer.
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2. The study of vibrations of a disk semiconductor at
different harmonic frequencies fo, f2 made it possible to
develop the technique for determining the structural de-
fect density np for the SiO2/Si wafer-plate.

3. Internal friction @ -1, shear modulus G, elastic
modulus E, Poisson coefficient x depend on anisotropy of
the SiO2/Si wafer-plate.

4. The relationship between the internal friction dif-
ference AQ -1 and the depth of the broken layer hy was
established for Si02/Si wafer-plates.

5. The growth of the internal friction maximum
height Q1! testifies the growth of the structural defect
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Mexaniuyna cnexkrpockomnis i BHyTpimue trepta B Si02/Si

A.Il. Onauxol, B.B. Kypumnoxk!, I0.A. Ouauro?, A.M. Kypuaok!, I[.B. Yapuuii2, O.I1. JImurpenkol,
M.II. Kysmim!, T.M. [Tlimuyk-Pyrans!, A.A. Kyssmuu3

1 Kuiscvkuti nHayionanvrull yHisepcumem imerni Tapaca Illesuenka, 8yn. Bonodumupcovra 64/13,
01601 Kuis, Yxpaina
2 ITncmumym 800rHux npobnem i meniopauil, 8ys. Bacunvkiscorka 37, 03022 Kuis, Ykpaina
3 HauionasbHUl yHigepcumem 800H020 20Cho0apcmea ma npupoookopucmysanrs, ays. Cobopra 11,
33000 Pisne, Yrpaina

Poapobiena meroauka, CKOHCTPYMOBAHA TA BUTOTOBJIEHA YCTAHOBKA JIJIsI 30y KEHHS T pPeecTpariii 3aTy-
XaI0UMX 3TUHHUX PEe30HAHCHUX KoauBaHb B Si02/Si nuckomomioHuX migkIagrax ToBImHO© A = 300+-500-103
uM Ta miamerpoMm D = 60 + 100-106 ¥M 3 MeTO0 BUMIPIOBAHHS CTPYKTYPHO-YYTJIUBOTO BHYTPIIITHBOTO TEPTSI
(BT) @-1. Pospobiiena MeToquKa HEPYHHYIOUOr0 KOHTPOJIIO 1IHTETPAILHOI I'YCTUHHU CTPYKTYPHUX TeeKTIB No
Ta TJIMOMHY [TOPYIIEHOT0 MAPY Anw ¥ JACKOIOMIOHNX HAIIIBIPOBIIHUKOBUX MIIKIaAKaX. BuMipoBanus doHy
BT @1 Ha rapMoHINHMX YaCTOTaX fo, f2 JO3BOIUIIO €KCIIEPUMEHTAILHO BH3SHAYNTH BY3JIOBI JIIHII IUCKIB, 1110
KoJIMBAIOTHCS. Lle 103B0JIIII0 BHOCUTH IOIIPABKY JI0 TEOPETHYHUX PO3PAXYHKIB 3HAXOKEHHS IIMX BY3JIOBUX
JIHIA 3 ypaxyBaHHAM JIHIAHUX PO3MIpIB AUCKIB Ta CII0Oco0y IX KpimieHHsA. JociIimKeHO TeMIepaTypHUI
cuextp BT Q-1(7) & SiO2/Si nuckonomibHUX miKIIaAKAX MICIs IX PEHTIeHIBCHKOTO TA eJIeKTPOHHOTO OIIPOMi-
HenHs. B mporteci BUMiproBaHb 0yJI0 BCTAHOBJIEHO, 0 BiJIaJl CTPYKTYPHUX jJedekTiB Si aMmiHioe dhopMy Tem-
nepatypaoro cuexrpy BT @ - 1(T). Iliku BT @ -y, 1110 yTBOPIOOTHCS TOYKOBUMU JePeKTaMU, MOMKHA 0YJIO
CIIoCTepiraTy IMpy YMOBI, KOJIX miaraaaka Si marpisanacs 3i meuaricrio V= AT/At < 0.1 K/c. Ile nossomuiio
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MECHANICAL SPECTROSCOPY AND INTERNAL FRICTION IN S102/SI J. NANO- ELECTRON. PHYS. 14, 06029 (2022)

BU3HAYUTH eHeprio akrusailii H mepeopieHTallil aHI30TPOITHUX KOMILIEKCIB paaiaiiifiuux gqedexTis. Berano-
BJIeHHs cTabliapHOCTI napamerpi dory BT @ -1 mae MokIMBICTh BUSHAUNTH PANIAIiiHy CTIMKICTH HAIIBII-
POBIIHUKOBHUX IIKJIAJIOK T BUPOOIB HA IX OCHOBI. 3aIIpOIIOHOBAHA METOQUKA MOKE BUKOPHCTOBYBATHUCH SIK
HEPYHHYIOUUH MeTO/ KOHTPOJTIO Te)eKTHOCTI KPUCTAJIYHOI CTPYKTYPH HAIIBIPOBITHUKOBUX IIIKJIAOK, 110
3aCTOCOBYIOTBCS JIJIsT TIOTPEO MIKPOEIeKTPOHIKH.

Knrouori cimora: Mexauniuna cmekrpockoris, Pemakcamiiianmii mexaniam, [ligxmamka, Mirpaiis aTomis,
BuyTpimnise Tepra.
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