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Shear horizontal acoustic plate mode (SHAPM) liquid viscosity sensor with the surface
acoustic wave (SAW) filter for a chosen SHAPM selection was developed. A turnover tempe-
rature and a quadratic temperature coefficient of frequency of about 0°C and —25 ppb/(°C)?,
respectively, were obtained for a delay line on BT-cut quartz (-50.5°YX90°), with gold elec-
trodes. An acoustically coupled resonator filter for a SHAPM selection was designed and
fabricatedon the 38°YX cut quartz. With inductive coils of about 0.5 yH connected in series
with a 50 Q load, the measured IL of about 2 dB at a center frequency of about 100.4 MHz
was obtained for the filter. For a SHAPM delay line with the filter, insertion loss, turnover
temperature, and quadratic temperature coefficient of frequency of about 12 dB, 5°C, and
-30 ppb/(°C)?, respectively, were obtained. Insertion loss and frequency changes against pro-
duct of mass density and viscosity were measured, using water and glycerin solutions. Inser-
tion loss, and frequency changes of about 14 dB, and —18 kHz, respectively, were obtained,
in a viscosity range from about 1 mPa-s to 1000 mPa-s.
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orientation <100> and resistivity ~ 2000 Qcm, obtained by the floating zone (FZ) method, with
the mechanical properties of YO, ceramics. Both materials are characterized by a high value
of transmission coefficient of electromagnetic radiation in the wavelength range from 2 um to
8 um and they can be used as optical windows in a near infrared range. However, the choice
< of a material type for the specific applications may depend on their mechanical properties.
o These properties have been determined both at room temperature and at elevated tempera-
ture, i.e. 700°C for Si and 800°C for Y,0, ceramics. We have found that at room temperature
the fracture toughness of the Si single crystal K, = 1.3 £ 0.1 MPam'?2 and the four-point ben-
ding strength o, = 289 + 61 MPa. For Y, 0, ceramics these parameters are 1.8 + 0.2 MPam™?
and 184 + 20 MPa, respectively. At 700°C the mechanical parameters for the Si single crystal
are: K, =20+ 3 MPam'? and o, = 592 + 86 MPa. For Y,0, ceramics at 800°C, K_=1.7 £
0.1 MPam™ and o, = 230 + 23 MPa. The presented data show that at elevated temperatures
both fracture toughness and bending strength of the Si single crystal are significantly greater
than the values of those parameters found for Y,0, ceramics.

Investigation of oxide crystals by means of synchrotron  w. wierzchowski,

and conventional X-ray diffraction topography A. ya\/'\i/hotWSiaﬁ

. Wieteska,

X-ray diffraction topography, exploring both conventional and synchrotron sources of X-rays, E. Wierzbicka,
has been widely used for the investigation of the structural defects in crystals of oxides. K. Mazur,
The majority of bulk oxide crystals have been grown by the Czochralski method from a et al.

melted mixture of high purity oxides. Some important oxide crystals like quartz and ZnO
have been obtained by the hydrothermal method. In the case of crystals grown by the first
method, synchrotron diffraction topography can be and was used for studying individual
dislocations and their complexes (e.g. glide bands, sub-grain boundaries), individual blocks,
twinning, the domain structure and various segregation effects negatively affecting crystal
properties. What is more, the topographical investigation can provide information concer-
ning the reasons for the generation of the defects, which becomes useful for improving the
growth technology. In the present paper the possibilities of the diffraction topography are
discussed on the basis of several investigations of the oxide crystals, in particular garnets,
orthovanadates, mixed calcium barium and strontium niobates as well as praseodymium
lanthanum aluminates. The majority of the results refer to oxide crystals grown at the Institute
of Electronic Materials Technology (ITME). The synchrotron investigations included in the
paper were performed by the authors at the HASYLAB Synchrotron Laboratory in Hamburg.
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Viscosity sensor with shear-horizontal acoustic plate mode on BT-cut ...

Viscosity sensor with shear-horizontal acoustic plate
mode on BT-cut quartz and surface acoustic wave filter

for mode selection

Waldemar Soluch’, Tadeusz Wroébel'

Shear horizontal acoustic plate mode (SHAPM) liquid viscosity sensor with the surface acoustic wave (SAW) filter for
a chosen SHAPM selection was developed. A turnover temperature and a quadratic temperature coefficient of frequency
of about 0°C and -25 ppb/(°C)?, respectively, were obtained for a delay line on BT-cut quartz (-50.5°YX90°), with gold
electrodes. An acoustically coupled resonator filter for a SHAPM selection was designed and fabricatedon the 38°YX cut
quartz. With inductive coils of about 0.5 uH connected in series with a 50 Q load, the measured IL of about 2 dB at a center
frequency of about 100.4 MHz was obtained for the filter. For a SHAPM delay line with the filter, insertion loss, turnover
temperature, and quadratic temperature coefficient of frequency of about 12 dB, 5°C, and =30 ppb/(°C)?, respectively, were

AN

obtained. Insertion loss and frequency changes against product of mass density and viscosity were measured, using water
and glycerin solutions. Insertion loss, and frequency changes of about 14 dB, and —18 kHz, respectively, were obtained,

in a viscosity range from about 1 mPa-s to 1000 mPa-s.

Key words: quartz, acoustic plate modes, surface acoustic wave, delay line, resonator filter, viscosity sensor

— Czujnik lepkosci z poprzecznym akustycznym modem plytowym na kwarcu BT i filtrem
z akustyczng falg powierzchniowg do selekcji modu

Opracowano czujnik lepkosci cieczy na poprzecznym horyzontalnym akustycznym modzie ptytowym (PHAMP) z filtrem na akustycznej
fali powierzchniowej (AFP) do selekcji wybranego modu. Dla linii opdzniajgcej na kwarcu o orientacji BT (-50,5°YX90°) ze ztotymi
elektrodami uzyskano paraboliczng zalezno$¢ zmian czegstotliwosci w funkcji temperatury. Punkt zwrotny paraboli wystgpit dla
temperatury okoto 0°C a wspotczynnik temperaturowy wynidst okoto —25 ppb/(°C)2. Filtr rezonatorowy z AFP zaprojektowano i wykonano
na kwarcu o orientacji 38°YX. Z cewkami o indukcyjnosci okoto 0,5 uH, potaczonymi seryjnie z obcigzeniem 50 Q, uzyskano ttumiennos$¢
wirgcenia okoto 2 dB na czestotliwosci 100,4 MHz. Dla linii opdzniajacej potaczonej kaskadowo z filtrem, uzyskano ttumiennos¢ wtrgcenia okoto
12 dB, punkt zwrotny paraboli wystgpit w temperaturze 5°C, a wspotczynnik temperaturowy wyniést okoto =30 ppb/(°C)>2.
Do pomiaru zmian ttumiennosci wtrgcenia i czestotliwosci w funkgji iloczynu gestosci masy i lepkosci dynamicznej zastosowano wodne
roztwory gliceryny. W zakresie lepkosci od 1 mPa-s do 1000 mPa-s, uzyskano zmiane ttumiennos$ci wtracenia o 14 dB i czestotliwosci
0 —18 kHz.

Stowa kluczowe: kwarc, akustyczne mody ptytowe, akustyczna fala powierzchniowa, linia op6zniajgca, filtr rezonatorowy, czujnik

lepkosci

1. Introduction

Shear horizontal acoustic plate modes (SHAPMs) in
BT-cut quartz are attractive for the application in viscosity
sensors [1]. However, for the application in an oscillating
system, a low loss and narrow bandwidth filter should be
used to sufficiently attenuate both the surface transverse
wave (STW) and the other SHAPMs. Because SHAPMs
in BT-cut quartz are temperature compensated, the filter
should also possess a similar property. The surface aco-
ustic wave (SAW) in-line acoustically coupled resonator
filter [2] with aluminum electrodes [3] on Y rotated cut of
quartz [4] was therefore chosen for this application. This
paper presents calculations and measurements of such
filter and properties of a viscosity sensor.

2. SHAPM delay line with gold electrodes

It was previously shown that an insertion loss of about
10 dB at a frequency of about 100.4 MHz was obtained [1]
for a sufficiently thick aluminum layer (0.6 pm),
and after compensation of static capacitances of long
interdigital transducers (IDTs) of a delay line by
means of inductors (60 nH). As gold electrodes are more
reliable for the operation of a viscosity sensor, in this work,
the structure of the delay line with a gold layer thickness
of about 0.2 um was deposited on the delay line plane
of a quartz plate, whereas the opposite sensing plane was
covered with a 0.1 um thick continues gold layer (Fig. 1).

Measured spectrum of SHAPMs and amplitude
response of the chosen mode are presented in Fig. 2
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and 3, respectively. Compared to aluminum electrodes [1],
a turnover temperature and a quadratic temperature
coefficient of frequency of the chosen SHAPM are now
about 0°C and —25 ppb/(°C)?, respectively.

D 1 IDTs 2

e

[/ )

BT-cut quartz

Screen

Fig. 1. Structure of the delay line.
Rys. 1. Struktura linii op6zniajace;.

5 dB/REF -12.31 dB 1:-12.476 dB 188.562 60@a MHz

CHL Markers

2:-18.318 dB
91.8250 MHz

b

10,900 804 MHz

START 96.008 06@ MHz STOP

Fig. 2. Amplitude spectrum in the air.
Rys.2. Widmo amplitudowe w powietrzu.

TRN LOG S dB/REF -12.19 dB 1:1-11.926 dB 100.492 508 MHz

=

START 99S.00@ 888 MHz STOP 102.888 BAO MHz

Fig. 3. Amplitude response of the chosen mode.
Rys. 3. Charakterystyka amplitudowa wybranego modu.
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Fig. 4. Relative changes of frequency against temperature for
gold electrodes.

Rys. 4. Wzgledne zmiany czgstotliwosci w funkcji temperatury
dla ztotych elektrod.

3. Calculations and measurements
of SAW filter

The SAW symmetrical in-line acoustically coupled
resonator filter consists of two IDTSs, one center and two end
reflectors (Fig. 5) [2]. The IDTs are apodized to eliminate
SAW transverse modes. Here W is the aperture, p,
and p, are the electrode periods of the reflectors and
the IDTs, respectively, and / is the distance between
the center of the IDT electrode and the edge of the
reflector electrode. The edges of quartz substrate were
cut at an angle of 80° to scatter SAW propagating outside
the reflectors.

End reflector 1 IDT Center reflector 2 38°YX quartz
I I T 7

T

80°

Pi ! + ) 1 Dy -

Fig. 5. Structure of symmetrical acoustically coupled resonator
filter.

Rys. 5. Struktura symetrycznego filtru rezonatorowego ze
sprzgzeniem akustycznym.

The transfer function 4 , of the filter can be written
as [2]:

G P:?

A,= o : 1
2 (Pl o G11P2)2 o (G12P2)2 M
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S, (@,j=1,2,3)are the scattering coefficients of the
IDT [2]; G,, (k, I = 1, 2) are the scattering coefficients
of the center reflector; 7' is the loss coefficient; /" is the
reflection coefficient of the end reflector; v, is the free
surface SAW velocity; v, is the SAW velocity in the areas
of the IDTs and the reflectors and N, is the number of the
IDT electrodes.

Admittance of an apodized IDT with internal reflections,
required for determination of S, can be determined by
the multichannel method [5]. In this method, the IDT
is divided into sufficient number of channels which are
connected in parallel. Admittance of each channel is
calculated from an analytical expression presented in
[6 —17].

Insertion losses /L of the filter can be calculated from
the expression

1L

—20 log |4 | (®)

This filter should possess low insertion loss at a frequency
of the chosen mode, it should suppress the other modes,
and it should be fabricated on a temperature compensated
substrate.

Taking into account the effect of the turnover temperature
changes caused by the aluminum layer [3], the 38°Y X cut
quartz was chosen for the filter [4]. The following data
of SAW on this cut were used for the design of the filter:
v,=3154m/s, v, =3136 m/s, K, =0.125% [4], y = —0.62 h/A,
where v, K, 7, h and 4 and are the free surface velocity,
square of the electromechanical coupling coefficient,
reflection coefficient of a single strip of the IDT, thickness
of the aluminum layer and SAW wavelength, respectively.
It was found that, aluminum layer thickness of about 0.6 pm
should be used to obtain sufficient bandwidth of the
filter. The following data were obtained for the final
structure of the designed filter: W= 2.5 mm, p, = 15.57 pum,
p,=15.45um, N =101, N,=250 and N, = 10, where N,
N, and N, are the number of electrodes of the IDT, the end
and the center reflectors, respectively. The loss coefficient
T.= 1 (no losses) was used for the design.

The filter was fabricated by the lift-off method,
mounted in metal packages and measured (using
Agilent Network Analyzer Type 8753ET, Santa Rosa, CA).
The measured and calculated amplitude responses with

LOG S5 dB/REF -1.397 dB 1:-2.1716 dB 106.466 060 MHz

Marker
2:-1.8300 dB
100.520 MHz

START 99.000 008 MHz STOP 182.000 986 MHz

Fig. 6. Measured (a) and calculated (b) amplitude responses of
the filter.

Rys. 6. Zmierzona (a) i obliczona (b) charakterystyki amplitudowe
filtru.

inductive coils of about 0.5 pH connected in series with
the 50 Q load, are shown in Fig. 6. The measured /L of
about 2 dB at a center frequency of about 100.4 MHz was
obtained. To obtain the same reference level as the one
received in the measurement necessitated, the use of the
loss coefficient 7,= 0.954 in the calculation.

4. Properties of viscosity sensor

The SHAPM delay line and SAW filter with matching
inductors were connected in cascade (Fig. 7) and measured
in the air (Fig. 8 — 9). All other modes were attenuated
by more than 20 dB with respect to the chosen mode.
For the SHAPM delay line with the filter we obtained,
insertion loss, turnover temperature, and quadratic
temperature coefficient of frequency of about 12 dB, 5°C, and
=30 ppb/(°C)? in the air, respectively.

Insertion loss AL and frequency changes Af against
\pn, where p [g/cm’] and 5 [mPa-s] are the mass density
and viscosity of glycerin and water solutions, respectively
and are shown in Fig. 10. In a viscosity range from about
1 mPa-s to 1000 mPa-s, the obtained insertion loss and
frequency changes were about 14 dB, and —18 kHz,
respectively.

Delay
line

Filter

Z=50Q,L,=60nH,L,=0.5uH

Fig. 7. Delay line and filter with matching inductors.
Rys. 7. Linia op6zniajaca i filtr z cewkami dopasowujacymi.
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TRN LOG 16 dB/REF -13.29 dB 1:-13.289 dB 1008.582 088 MHz
L

CH1 Markers

2:-34.883 dB
192.563 MHz

]

START  90.008 006 MHz STOP 440.600 688 MHz

Fig. 8. Amplitude response of sensor with filter.
Rys. 8. Charakterystyka amplitudowa czujnika z filtrem.

20

-30-20-10 0 10 20 30 40 50 60 70 80 90

T, [°C]

>

Fig. 9. Relative frequency changes against temperature.
Rys. 9. Wzgledne zmiany czgstotliwosci w funkcji temperatury.

5. Conclusions

SHAPM viscosity sensor with SAW filter was developed.
A turnover temperature and a quadratic temperature
coefficient of frequency of about 0°C and —25 ppb/(°C)?,
respectively, were obtained for a delay line on BT-cut
quartz (—50.5°YX90°) with gold electrodes. The SAW
in-line acoustically coupled resonator filter for the SHAPM
selection in BT-cut quartz was designed and fabricated on
the 38°YX cut quartz. For the SHAPM delay line with the
filter, insertion loss, turnover temperature, and quadratic
temperature coefficient of frequency of about 12 dB, 5°C,
and —30 ppb/(°C)? in air, respectively, were obtained. Using
water and glycerin solutions, insertion loss and frequency
changes against product of mass density and viscosity.

MATERIALY ELEKTRONICZNE (Electronic Materials), 2016, 44, 4

/{ \\
0 \ -20
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Fig. 10. Insertion loss (A/L) and frequency (Af) changes against
.

Rys. 10. Zmiany tlumiennosci wtracenia (AIL) i czgstotliwosci
(Af) w funkeji Vpn.

In a viscosity range from about 1 mPa-s to 1000 mPa-s,
insertion loss and frequency changes of about 14 dB, and
—18 kHz, respectively, were obtained.
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B Mechanical strength and fracture toughness of brittle
monocrystalline and ceramic materials

Marek Boniecki', Pawet Kaminski', Wiadystaw Wesotowski', Konrad Krzyzak®

The article compares the mechanical properties of a n-type silicon single crystal with an orientation <100> and resistivity
~ 2000 Qcm, obtained by the floating zone (FZ) method, with the mechanical properties of Y,0, ceramics. Both materials
are characterized by a high value of transmission coefficient of electromagnetic radiation in the wavelength range from
2 uym to 8 pm and they can be used as optical windows in a near infrared range. However, the choice of a material type
for the specific applications may depend on their mechanical properties. These properties have been determined both at
room temperature and at elevated temperature, i.e. 700°C for Si and 800°C for Y, O, ceramics. We have found that at room
temperature the fracture toughness of the Si single crystal K, = 1.3 £ 0.1 MPam'2 and the four-point bending strength
0, =289 £ 61 MPa. For Y,0, ceramics these parameters are 1.8 + 0.2 MPam'? and 184 + 20 MPa, respectively.
At 700°C the mechanical parameters for the Si single crystal are: K, = 20 £+ 3 MPam"? and o, = 592 + 86 MPa.
For Y,0, ceramics at 800°C, K,_= 1.7 £ 0.1 MPam'2 and o, = 230 + 23 MPa. The presented data show that at elevated
temperatures both fracture toughness and bending strength of the Si single crystal are significantly greater than the values
of those parameters found for Y,0, ceramics.

I3

Key words: Y,0, ceramics, high-purity silicon, fracture toughness, bending strength

mmm Wytrzymato$é mechaniczna i odporno$é na pekanie kruchych materiatow
monokrystalicznych i ceramicznych

W artykule poréwnano wtasciwosci mechaniczne monokrystalicznego krzemu typu n o orientacji <100> i rezystywnosci ~ 2000 Qcm,
otrzymanego metodg beztyglowa, z wtasciwosciami mechanicznymi ceramiki Y,0,. Oba materiaty charakteryzujg sie duzym wspot-
czynnikiem transmisji promieniowania elektromagnetycznego w zakresie dtugosci fali od 2 um do 8 ym i moga by¢ stosowane jako
okna optyczne w zakresie bliskiej podczerwieni. Wybdr rodzaju materiatu dla konkretnych zastosowan moze by¢ jednak uzalezniony
od ich wtasciwosci mechanicznych. Wiasciwosci te okreslano zaréwno w temperaturze pokojowej, jak i w temperaturze podwyzszonej
do 700°C w przypadku Si oraz do 800°C w przypadku ceramiki Y,0,. Stwierdzono, ze dla Si w temperaturze pokojowej odpornos¢ na
pekanie K, = 1,3 £ 0,1 MPam'2,a wytrzymatos$¢ na zginanie czteropunktowe o, = 289 + 61 MPa. Dla Y,O, parametry K,_i o, przyjmujg
wartosci wynoszace w tej temperaturze odpowiednio 1,8 + 0,2 MPam'? i 184 + 20 MPa. W temperaturze 700°C warto$ci parametrow
K, i o, dla Si sg rowne odpowiednio 20 + 3 MPam'? oraz 592 + 86 MPa, za$ dla ceramiki Y,0, w 800°C K,_= 1,7 + 0,1MPam"?
i 0= 230 + 23 MPa. Prezentowane dane wskazuja, ze w temperaturze pokojowej wytrzymatos¢ na zginanie czteropunktowe
monokrystalicznego Si jest znaczaco wigksza niz ceramiki Y,0,. W podwyzszonych temperaturach zaréwno odpornos¢ na pekanie, jak
i wytrzymato$¢ na zginanie monokrystalicznego Si jest wielokrotnie wigksza niz w przypadku ceramiki Y,0O,.

Stowa kluczowe: ceramika Y,0,, krzem, odpornos¢ na pekanie, wytrzymatos$¢ na zginanie

1. Introduction ned by the strength of the chemical bonds and which can

be theoretically estimated. In practice, such strength is

Polycrystalline ceramic materials and single cry-
stals of semiconductors are characterized by brittle
cracking. It occurs at a minimal plastic deformation,
which leads to an immediate destruction of the ma-
terial. This cracking usually starts from the defects
already present in the material and disturb its structure.
The defects can exist on the surface or in the bulk of
the material. Molecules or atoms of a solid are bound
together by the cohesive forces originating from the
chemical or physical interactions. The cohesive strength
of a material is its maximum strength, which is determi-

rarely measured because of the aforementioned presence
of numerous structural defects in the material. These
defects may be microcracks, pores, inclusions of foreign
phases, etc. If a load is applied to a sample made from
a material containing defects, the stress concentration
at the edges of these becomes many times bigger than
the stress value resulting from the applied force in the
defect free material. Stress concentration exeeding the
material cohesive strength, result in the appearanace of a
crack. The cracking criterion is determined by the state
of the stress field near the edges of the existing defect.

" Institute of Electronic Materials Technology, 133 Wolczynska Str., 01-919 Warsaw, Poland, e-mail: Marek.Boniecki@itme.edu.pl
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The stress field is related to the shape and the size of the
defect (usually understood as a crack that disturbs the
continuity of the material structure) as well as to the type
and the magnitude of the applied load. The analysis of
that problem can be found in many textbooks and articles
[1 - 4]. It presents the concept of stress intensity factor
K, is proportional to the value of the applied load and
depends also on the load type and the microcrack geo-
metry. The load which is intended to destroy the material
can be applied in three different ways [1, 3]. One way is
called opening and it is a displacement perpendicular to
the crack surface, while the other two (edge slip and tear)
are associated with a shift parallel to the crack edge. For
brittle materials (weak for stretching) the most important
is the opening way.

It has been accepted in the literature to denote stress
intensity factor corresponding to the sample destruction
as K, which is expressed as:

K,=o¥c, (1)
where: o is the applied stress, Y is a constant dependent on
the geometry of the sample and the defect (crack), while
c is the crack length.

The maximum value of this factor, for the material
cracking, is marked with the symbol K, and is called
fracture toughness. The value of K, is characteristic
of a given material and thus it is used to compare the
mechanical properties of different materials. The destruc-
tion of a brittle material proceeds suddenly without any
visible symptoms (i.e. a noticeable plastic deformation),
but it is usually preceded by subcritical cracks growth.
It means that under the applied stress, smaller than the
critical stress (i.e. strength of the material), the initial crack
present in the material starts to lengthen, reaching the
critical value c,, at which the material breaks and K, = X, .
This phenomenon is described by the equation [4]:

V=AK;, @)
where: V' is the propagation velocity of subcritical cracks
and 4 and n are the parameters of the subcritical cracks
growth.

The dimensions of the defects in a brittle material ge-
nerated during the technological process of its production
directly affect the strength ¢, of the individual samples
used for the examination of their mechanical properties
by a testing machine. The parameter o, is given by the
equation:

KI
o=

c Y,\/Zk’

A3)

The samples of a material, obtained during sintering
and mechanical machining, differ in respect of the size of
the defect, from which the crack growth begins and further
leads to the sample destruction. Therefore, the values of
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the strength ¢, exhibit a particular statistical distribution.
Usually this is the Weibull distribution [5], although in
practice it happens to be close to the normal (Gaussian)
distribution [6].

With increasing temperature, the plasticity of the
material increases. It may change abruptly as in the case
of a silicon single crystal, for which the temperature of
the transition from a brittle to plastic state ranges from
~ 545°C to ~ 645°C, depending on the deformation rate
ranging from 1.3 X 10 s to 2.6 x 107 s! [7]. This change
is accompanied by a sudden increase in the strength and
fracture toughness [7]. In the case of ceramic materials,
the increase in plasticity occurs gradually as a function of
temperature and it does not have to be accompanied by
an increase in K, and o, as it takes place e.g. in the case
of ALO, ceramics [8]. On the contrary, for Y,O, ceramics
the values of K, and o, increase or remain constant with
increasing the plasticity [9 -10].

The goal of this work is to present the methodology
and the results of the studies on mechanical strength,
fracture toughness and subcritical crack growth for a Si
single crystal of a high purity, obtained by the floating
zone (FZ) method, as well as to compare our data with
the previously determined mechanical properties of Y,0,
polycrystalline ceramics. These materials, despite their
diverse microstructure, are characterized by a high value
of transmission coefficient of electromagnetic radiation of
the wavelength ranging from 2 um to 8 um and can be
utilized for the production of windows transmitting the
radiation in a near infrared range [11 - 12]. The compari-
son of the mechanical properties of these materials is very
important for the selection of the type of material from the
viewpoint of the requirements for the specific applications.

Mechanical properties of a Si single crystal and Y,0,
ceramics were examined both at room temperature and at
elevated temperatures. The obtained results indicate that
the measurement methods based on the theory of brittle
fracture mechanics can be effectively applied to study the
mechanical properties of materials of a very diversified
microstructure.

2. Experimental

2.1. Samples for testing

« Si single crystal samples.

Silicon wafers mirror-like polished on one side, with a
diameter of 100 mm and a thickness of 0.3 mm, were used
for the tests. They were made from an n-type Si single
crystal of high purity, obtained by the floating zone (FZ)
method. The Si single crystal was oriented in the crystal-
lographic direction <100> and doped with phosphorus,
whose concentration was ~ 3 x 10'> cm™. The resistivity
of the single crystal was ~ 2000 Qcm. The concentration
of nitrogen in the single crystal was below 3 x 10 cm?,
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Arrangement of samples on a wafer of 100 mm diameter. Orientation <100>.
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Fig. 1. Arrangement of samples on a wafer made from a high-pu-
rity Si single crystal used for the tests of mechanical properties.
Rys. 1. Uktad probek na ptytce z monokrysztatu Si o wysokiej
czystosci uzytych do badania wlasciwosci mechanicznych.

the concentration of oxygen was ~ 5 x 10" cm?,
and the concentration of carbon was below 5 x 10'5 cm™.
The silicon wafers were cut into the samples of a 4-mm
width and a 30-mm length 30 mm, according to the dia-
gram shown in Fig. 1.

* Y,0, ceramics samples.

In this paper we cite the results obtained in [13 - 14]
for the samples made from Y,O, ceramics. A detailed
description of the preparation of the ceramic samples is
given in [13]. The samples used to test their mechanical
properties were characterized by a density equal to 99% of
the theoretical density, i.e. 5.03 g/cm?, and by an average
grain size of 6 + 3 um.

2.2. Tests of mechanical properties

The mechanical properties of the Si single crystal and
Y,0, ceramics were tested by the determination of three-
and four-point bending strength, fracture toughness and
Young's modulus. Three- and four-point bending strength
o, can be expressed in the form:

1.5P (L))
- 4
o, v “4)
where P _is the fracture load, L - spacing of lower sup-
ports, / - distance of upper pressure rolls, b - sample width,
and w - sample thickness.
For [ = 0, the sample is subjected to the three-point

bending. The fracture toughness K, was determined in
two ways:
(a) by three-point bending of the notched specimen,
(b) by measuring the length of the cracks propagating
from the Vickers impression.

In the case of the method (a), the value of K, was
calculated from the formula:

1.5PL
K, =Y——5c%, ®)

Ic bW2 k

where Y is a geometrical constant calculated according to
the description given in [15], ¢, — the notch depth, while
the remaining designations are as defined above.

For the method (b), K, was calculated from the for-
mula [16]:

ch =0.016 (E/H)* (P/c"%) ©)

where £ is elastic (Young’s) modulus, H - Vickers hardness,
P - load of the Vickers indenter, ¢ - length of the cracks
propagating from the corners of the impression.

A more detailed discussion on the ways of K, measu-
rements with the use of Vickers indenter can be found
in [14].

The value of Young's modulus £ was determined by
the three-point bending method and calculated from the
formula [15]:

L [L +(1 +v)w]’

E= — 7
bwc 4w 2L )

where C = Ay/AP denotes the ratio of the increase in the
sample deflection to the load increase, v is the Poisson
constant, while the remaining designations are as defined
above.

The hardness H was determined from the measure-
ments of the diagonal length of the Vickers impression.
The value of H was calculated from the formula:

H=1.8544 x P/2a)* , 3

where a is the half-length of the diagonal of the Vickers
impression and P is the load of the Vickers indenter.

3. Results

A comparison of strength characteristics for the Si
single crystal and for Y,O, ceramics is presented in Fig. 2
in the form of diagrams of the two-parametric Weibull
distribution. The tests were carried out at the loading head
travelling speed of 1 mm/min at room temperature as well
as at 700°C for Si and 800°C for Y,O,. The measurements
of ¢, for a Si single crystal were performed in a four-point
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bending system using the samples with a thickness of
0.3 mm, shown in Fig. 1. The distance between the bottom
supports was 20 mm, while between the upper supports
it was 10 mm (the stretched surface was polished). In the
case of Y,0, ceramics, the sample width was 0.95 mm,
thickness 1 mm and length 15 mm. The measurements of
o, were performed in a three-point bending system with
the distance between the supports equal to 8§ mm.

The cumulative distribution function of two-parameter
Weibull distribution is represented by the formula [5]:

where P denotes the probability of sample destruction
under stress ¢, o, - the characteristic stress and m — the
Weibull module (distribution shape parameter).

In the coordinate system where the values of In(c)
are on the X-axis and the values of In (In(1/(1 — P)))
are on the Y-axis, the experimental points should follow
a straight line, on which to a point at a position i (the points
are put with ascending strength values) the probability of
a destruction given by the equation (10) [6] is assigned:

i—0.5
= ; (10)
P 1 (O-Ll)’n] 9 N
=1-exp|—(=] |,
P % 2 where N is the number of samples.
a T=20°C b
) 2 ) 2
° [
1 15
~ Orf OF
& 2
E/ -2+ = -2+
\E E
£ 3L T -3t
4l o 4r n o Y,0, (T=800°C)
5 L 1 1 1 1 5 1 1 1 g Si . (= 70000)
5.0 5.2 54 5.6 5.8 6.0 52 5.6 6.0 6.4 6.8
In(s,) In(s,)

Fig. 2. Comparison of the Weibull distribution plots for the strength of the Si single crystal (wafer No. 4, Tab. 1) and Y,0O, ceramics:
(a) at room temperature, (b) at elevated temperature (700°C for Si and 800°C for Y,0, [13]).

Rys. 2. Poréwnanie wykreséw rozktadu Weibulla wytrzymato$ci monokrystalicznego Si (ptytka nr 4, Tab. 1) i ceramiki Y,O,:
(a) w temperaturze pokojowej, (b) w temperaturze podwyzszonej (700°C dla Si i 800°C dla Y, 0, [13]).

Tab. 1. Gaussian and Weibull distribution parameters of the Si wafers strength at 7= 20°C.
Tab. 1. Parametry rozktadow Gaussa i Weibulla dla wytrzymalosci ptytek Si w temperaturze 20°C.

Gaussian
distribution
Wafer min max
number (MPa) (MPa) s fo}
(MPa) (MPa)

1 129.7 3145 202.0 475
2 1521 476.3 300.2 92.0
3 148.3 428.3 309.5 77.5
4 1971 438.8 343.7 59.8
Mean 288.9 69.2

Weibull distribution

N
m o, E, Oys w
(MPa)  (MPa) (MPa)  (MPa)
508 2192 201.2 203.9 465 24
373 3357 303.0 304.3 911 29
434 3418 312.0 314.1 778 30
644 3694 343.5 349.0 655 30
489 3165 289.9 292.8 70.2

The symbols min and max denote the minimal and maximal measurement result respectively, N - the number of measurements.
The Gaussian distribution parameters: arithmetic mean S and standard deviation O. The Weibull distribution parameters: expected
value £ = o, + o /(1 + 1/m), variance square root W= o, {I" (1 +2/m) — I (1 + 1/m)}'?, and median ¢, = ¢ In(2)""™ (I" is Euler's

gamma function).
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Tab. 2. Gaussian and Weibull distribution parameters for the strength of Y,0O, ceramics at 20°C [13].
Tab. 2. Parametry rozktadéw Gaussa i Weibulla dla wytrzymato$ci ceramiki Y,O, w temperaturze 20°C [13].

Gaussian distribution

min max
(MPa) (MPa) S o m
(MPa) (MPa)
149.8 220.0 184.3 20 1.1

Weibull distribution

ao EO 00.5 W N
(MPa) (MPa) (MPa) (MPa)
193.0 184.4 186.7 20.0 30

Tab. 3. Gaussian and Weibull distribution parameters for the strength of Si wafers and Y,O, [13] ceramics at temperatures 700°C

and 800 °C, respectively.

Tab. 3. Parametry rozktadow Gaussa i Weibulla wytrzymato$ci ptytek Si i ceramiki Y,0, [13] w temperaturach odpowiednio 700°C

i 800°C.
Gaussian
. min max distribution
Material (MPa) (MPa) s o
(MPa) (MPa)
Si 327.5 752.1 592.4 85.7
Y,0, 181.6 282.3 229.8 22.7

m

8.88
10.90

Weibull distribution

N
oo EO o.0,5 W
(MPa) (MPa) (MPa) (MPa)
627.3 594.0 601.6 94.6 29
240.0 2291 2321 25.4 30

Tab. 1 and 2 present the calculated values of the
Weibull distribution parameters derived from the plots in
Fig. 2 (a) for the Si single crystal and Y,O, ceramics at
20°C, respectively. The comparison is also presented for
the values of the arithmetic mean S and standard deviation
O (Gaussian distribution) determined from our experimen-
tal data with the expected value £, median ¢, . and variance
square root W, calculated from Weibull distribution pa-
rameters for Si and Y,O, ceramics at room temperature,
respectively. The strength tests of Si were carried out
using the samples made from four different wafers (Tab. 1)
originating from one single crystal. Tab. 3 shows the
comparison of the Weibull and Gaussian distributions
parameters for the Si crystal at 700°C and YO, ceramics
at 800°C, respectively.

Tab. 4 and 5 collect the values of K, E and H, de-
termined for the Si single crystal and Y,O, ceramics,
respectively. Each number given in the tables is the value
of an arithmetic mean for five samples.

The values of K, and H shown in Tab. 4 were deter-
mined using the Vickers indenter at a load P = 4.9 N.
The K, values were calculated from the formula (6), while
the H values was were obtained by applying the equation (8).
The samples shown in Fig. 1 and the three-point bending
method with a support distance of 25 mm were used to
determine the Young’s modulus E. The E values were
determined from the formula (7), assuming v = 0.28.
It is worth adding that the fracture toughness K, for the Si
wafers determined using the notched bar samples was
1.3 £ 0.1 MPam'2. The measurements were carried out on
the samples as shown in Fig. 1 with the notch cut in the
distance of ~ 1 mm from the edge of the specimen with
the support beams spacing of 20 mm.

The K, (Vickers) and /1 values were determined using
a Vickers indenter at a load P =98.1 N. The E values were

12

Tab. 4. Fracture toughness K, , Young’s modus E and Vickers
hardness H for the Sisingle crystal at room temperature 20°C.
Tab. 4. Odporno$¢ na pekanie K, , modut Younga E oraz twar-
dos¢ Vickersa H dla monokrystalicznego krzemu w temperaturze
20°C.

Wafer K, E H
number (MPam'?) (GPa) (GPa)
1 0.73+0.07 161+ 14 9.9+0.8
2 0.79 £ 0.06 172+ 10 9.6
3 0.78 £+ 0.08 178 £ 10 10+ 1
4 0.70 + 0.04 180+9 9.8+04
Mean 0.75 +0.04 173+9 9.9+0.2

Tab. 5. Facture toughness K|, Young’s modus £ and Vickers
hardness H for YO, ceramics at 20°C [14].

Tab. 5. Odporno$¢ na pgkanie K, , modut Younga E oraz twar-
dos¢ Vickersa H dla ceramiki Y,0, w temperaturze 20°C [14].

ch
(MPam'2) E H
(GPa) (GPa)
beam Vickers
1.8+£0.2 1.0+0.1 158 £ 8 75+0.2

obtained using the samples in the form of notched beams
1 mm thick, 4 mm wide and 50 mm long, by applying
the three-point bending method with the support beams
spacing of 40 mm. The values were calculated according
to the formula (7), assuming v = 0.3. The K, value (beam)
was determined using beam-shaped samples with a thick-
ness of w =4 mm, width b = 2.5 mm, length / = 30 mm,
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and with the notch depth ¢, = 1.1 mm, by applying
the three-point bending method with the support beams
spacing L = 20 mm.

It should be added that the fracture toughness K,
measured with the use of the samples in the form of not-
ched beams was 19.9 + 2.6 and 1.7 £ 0.1 MPam'”? for the
Si single crystal at 700°C and Y,0, ceramics at 800°C,
respectively [13].

When comparing the results for Si and Y,0,, it is
necessary to comment on the reliability of the values
of K, obtained by the bending method for the notched
beams, in particular for the Si wafers. In the case of the
Si samples, the ratio of the transverse dimensions of the
samples w/b = 4/0.3 = 13.3, while for YO, , = 4/2.5=
1.6. However, the formula taken from [15] and used for
the calculations of K, can be applied to all cases if the
single condition L/w > 2 is fulfilled. A high w/b value
for the Si samples can lead to erroneous K, results due
to a different distribution of stresses in the samples that
deviate far from the standard dimensions (for w/b ranging
from 1 to 4, according to an ASTM E-399-90 standard).
Unfortunately, since only the 0.3 mm thick Si wafers were
available to the authors, it was not technically possible
to produce samples meeting the condition 1 < w/b < 4.
It should also be stressed that the notches on Si and Y,0,
samples were performed by the same technique (cutting
up to a depth of 0.8 mm with the use of a 0.2 mm wide
disc, and up to around 1 mm with the use of a 0.05 mm
wide disc). The spacing between supports was 20 mm in
both cases.

Among many methods of the measurement of the
values of the subcritical crack growth parameters 4 and
n (formula (2)), we have chosen the measurement of the
bending strength of the beams as a function of the load
application rate [17]. On the basis of the formulas (1) and
(2), the following relationship has been derived in [17]
between the strength ¢, for a given loading rate and the
loading rate do/dt, expressed in the logarithmic form as:

1 1
10gaf— ) log (do/df) + ) log[B(n+1)as-2], (11)

where: B =2/[(n —2) AV K,"?].

In the coordinate system where the values of log (do/dr)
are on the X-axis and the values of log (af) are on the
Y-axis, the experimental points follow a straight line. Fig. 3
presents a comparison of the results obtained at room tem-
perature for the Si single crystal and Y,O, ceramics. The
strength measurements were carried out for four displa-
cement rates of the testing machine head: 0.001, 0.01, 0.1
and 1 mm/min. The corresponding rates of the load incre-
ase were determined on the basis of a digital recording of
the force as a function of time. All the experimental points
shown in Fig. 3 are averaged over 10 measurements. The
parameters of the equation (11) were calculated using the
least squares method, and then the values 4 and n (Tab. 6)
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Tab. 6. Parametry rdwnania (2) opisujacego rozwoj peknigé
podkrytycznych wyznaczone dla monokrystalicznego Si i ce-
ramiki Y,0,.

Tab. 6. Parameters of the equation (2) describing subcritical
crack growth, determined for the Si single crystal and Y,0,
ceramics.

Material .
Parameter = Y;0,
n 75.2 51.7
A (m/s) 1.8 x 10" 4.8 x 1010

The parameters 7 and 4 for Y,0, ceramics were calculated on the
basis of the experimental data given in [13].

400
350 -
300 o oo O
250
g
2 200+ /
© 150} .
n Y203
o Si
100 : L ' '
0.001 001 0.1 1 10 100

do/dt [MPals]

Fig. 3. Comparison of bending strength ¢, as a function of lo-
ading rate do/dt for the Si single crystal and Y,O, ceramics at
room temperature.

Rys. 3. Porownanie wytrzymato$ci na zginanie o, w funkcji
szybkosci obcigzania do/dt dla monokrystalicznego Si i ceramiki
Y,0, w temperaturze pokojowe;.

were obtained using the following values in the calcula-
tions o and K, : 288.9 MPa (a mean S value from Tab. 1),
184.3 MPa (S value from Tab. 2), 1.3 MPam'? and
1.8 MPam'”? for the Si wafers and Y,0, ceramics, re-
spectively. The value of ¢, for the Si wafers corresponds
to the strength measured for the load application rate of
1 mm/min, while for Y, O, it is the value of parameter S
from Tab. 2. The K, values were measured on the notched
beams (Tab. 4 and 5) and Y was taken from the work [3]
as equal to \r (1.8).

4. Discussion of the results

4.1. Comparison of mechanical properties of Si

wafers and Y,0, ceramics at room temperature
In the work [18], the bending strength of Si wa-

fers (diameter ~ 76 mm and thickness 0.69 mm) was

13



Mechanical strength and fracture toughness of brittle monocrystalline ...

2um
| e |
Fig. 4. Microscopic image of the etched surface of a Si wafer.
Rys. 4. Mikroskopowy obraz powierzchni plytki Si po wytra-
wieniu.

tested and the results depended on the method of the
preparation of the wafer stretched surface. The samples
originated from <111> single crystals were obtained by
the FZ method. No nitrogen was detected in these sam-
ples, while the concentration of oxygen was comparable
to the samples used in our study and it amounted to
~ 4 x 10" em?. For the Si wafers with a non-polished
surface the mean strength value equalled ~ 220 MPa
and the value of Weibull module m = 16.2 indicated
a small scatter of the results. On the other hand, for
the polished samples, the average strength value was
~ 1.1 GPa, but there was a large scatter of results (m = 3).
When comparing these results with the data listed in
Tab. 1, in the case of our study the observed difference
can be due to a significant influence of the edge faults,
which probably do not play a role in the load geometry
used in [18]. This fact may signify that the mean strength
of the polished Si samples in our work is slightly higher
than that of the non-polished ones in [18], but at the same
time the scatter of the test results is large. For Y,0,, the
value of m = 11.1 indicates that the scatter of the results
is smaller than in the case of Si wafers, even though the
ceramic samples were not polished. In [19] for the non-
-polished Al O, ceramic samples the value of parameter
m was also ~ 11 (the samples were tested for three-point
bending). The analysis of the defects size, resulting from
the dependence (3), shows that for the Si wafers the value
of critical defect ¢, = 6 pm (K, = 1.3 MPam'” from Tab. 4,
o, = 288.9 MPa from Tab. 1, ¥ = 1.8), while for Y,O,
ceramics ¢, = 30 um (K, = 1.8 MPam'? from Tab. 5,
o, = 184.3 MPa from Tab. 2).

As mentioned in the Introduction, the defects in the
material may be of various form e.g. grain boundaries,
microcracks, pores or inclusions of foreign phases. De-
fects of this kind are commonly present in the ceramic
materials, but they do not exist in a pure Si single crystal.
According to the literature reports [20], the so-called
oxygen precipitates (the regions where inclusions of SiO_
compounds are present) occur in Si. They may have a size
from several nm to dozens of nm, while their concentra-
tion in the bulk may reach ~ 1 x 10° cm™ [21]. Of course,
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the dimensions of these defects are much smaller than those
calculated above, i.e. 6 um, but when ones takes into acco-
unt the value of ¢, = 1.1 GPa from [18], then ¢, = 0.4 pm,
which is much closer to the observed precipitate size.
Fig. 4 presents a scanning electron microscopic image of
the chemically etched surface of the FZ Si sample, where
the etched holes are visible as white spots, indicating the
possible presence of oxygen precipitates.

The mechanical properties of Si are anisotropic [22]
and the cracking energy depends on a given crystallo-
graphic plane. Therefore, the fracture toughness K, also
depends on the crystallographic orientation of the tested
sample [22 - 23]. The results of the tests presented in [23]
indicate that for the plane (001) K, ranges from 0.75 to
1.29 MPam'”, This scatter of the results is mainly due to
the use of different research methods. As evidenced by
the data presented in Tab. 4, the K, value measured by
the Vickers method is 0.75 MPam'?, while the K, value
obtained by the notched beam method is 1.3 MPam'>.
The values of the Young's modulus £ ranges from 130
to 190 GPa, depending on the crystallographic direction
[22 - 23], while the hardness H ranges from 11 - 16 GPa [22].
In Tab. 4, the values of £ and H are 173 and 9.9 GPa, re-
spectively. The mechanical properties of the Si single cry-
stal compare favorably with those of Y,O, ceramics. The
values of the mechanical parameters other than the fracture
toughness are higher for this crystal than those for Y,O,
ceramics. However, it should be noted here that other ce-
ramic materials possess better mechanical properties than
Y,0, ceramics. For instance, Al,O, ceramics is characteri-
zed by the following parameters [24]: o, =413 £+ 43 MPa,
K,=5.0+0.4MPam'?, E=380 GPa,and H=15+2 GPa[8].
On the other hand, for the composite 20% AlLO, -
80% ZrO, [25]: 6, = 1500+260 MPa, K, =5.5+0.3 MPam'?,
E =235+ 12 GPa, H= 15,0 GPa.

The values of subcritical crack growth parameter n,
shown in Tab. 6 for Y,O, ceramics, are close to the values
obtained by the same method for other ceramic materials,
e.g. for ALLO, and AL O, - ZrO, ceramics [24]. However,
the value of n = 75.2 for Si is significantly higher than
the value of n parameter for the ceramic materials. This
fact indicates that the propagation of cracks proceeds here
in a narrow range of K, values, close to the values of X, .
It can be concluded that, compared to the ceramics, mo-
nocrystalline Si is a material more resistant to subcritical
cracks growth.

4.2. Comparison of mechanical properties of Si
wafers and Y,0, ceramics at elevated temperatures

The obtained results indicate that at 700°C the ben-
ding strength of the Si wafers increases more than twice
(an increase by 105%). In other words, the material beco-
mes more plastic, as shown in Fig. 5. which means that
the destruction of the sample is preceded by the plastic
deformation. As shown by the results of the tests presented
in [7], at 700°C monocrystalline Si can undergo a defor-
mation due to the generation of dislocations.
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The tests of our work proved [7] that the temperature
of a Si single crystal transition from a brittle to plastic state
at a deformation rate of 2.6 x 10 s equals ~ 660°C. The
tests were carried out at 700°C with a deformation rate of
~5.6 107 s, It should be added that the temperature of
this transition increases as a function of deformation rate
and depends on the content of the dopants and impurities
present in Si single crystals. It was observed that during
the cracking the silicon samples disintegrated into a do-
zen of even dozens of small pieces (while usually into
no more than two pieces at room temperature). On the
other hand, the K, values (measured on a notched bar)
are approximately 15 times greater at 700°C than at 20°C.
This fact confirms the thesis on the change in the nature
of cracking from brittle to plastic. Due to this change,
the value of the Weibull modulus increased from m =
4.9 (Tab. 1) at room temperature to 8.9 (Tab. 3) at 700°C
which resulted in a significant reduction in the scatter of
the obtained experimental results.

Based on the available literature data [26], the me-
chanism of cracking of silicon samples at 700°C can be
proposed as follow. In these samples, the mobile disloca-
tions are generated at 700°C and when the external force
becomes increased the length of their displacement path
increases too. However, the clusters of oxygen atoms or
SiO, phase precipitations that are present in the material
block the dislocation movement. As a result of the dislo-
cation motion blocking, a large stress may arise in many
areas of the Si wafer leading to the cleavage of covalent
bonds between the neighboring Si atoms. The continuity
of the crystal structure of the material gets broken, which
is manifested by the disintegration of the wafer into many
small pieces.

In the case of Y, O, ceramics, the plastic deformation
of the material does not occur and cracking at 800°C is
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Fig. 5. Relationship between deflection and load, determined du-
ring the bending test of a the monocrystalline Si beam at 700°C.
Rys. 5. Krzywa ugigcie-obciagzenie, wyznaczona w probie zgina-
nia belki monokrystalicznego Si w temperaturze 700°C.
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still brittle. The values of K, parameter does not change,
while bending strength of the material increases by ~25%
in comparison with the strength measured at room tempe-
rature. This increase can be explained by a change in the
mechanism of the material cracking. At room temperature,
cracking takes place mainly inside the grains. At 800°C,
the dominant mechanism of the material destruction is
cracking at grain boundaries [10].

The analysis of the mechanical properties of a the Si
single crystal and Y, O, ceramics at elevated temperatures
leads to the conclusion that monocrystalline Si seems to
be a better constructional material as compared not only
with Y, O, ceramics, but also with other ceramic materials.
First of all, it is characterized by a much greater fracture
toughness than ceramic materials. The value of K para-
meter determined in this paper equals ~ 20 MPam'”. It is
also noteworthy that the high value of bending strength
for the Si single crystal reaches 600 MPa, which is signi-
ficantly higher than that for ALO,, i.e. ~ 413 MPa [24].

5. Summary

This paper presents the results of investigations of
the mechanical properties of Si wafers made from the
high-purity Si single crystal obtained by the floating zone
(FZ) method. The values of bending strength, fracture
toughness, the Young's modulus and material hardness
have been determined. The samples were prepared from
an n-type silicon single crystal with a crystal orientation
<100> and resistivity ~ 2000 Qcm. The concentration of
phosphorus in the Si single crystal was ~ 3 x 10> cm™ and
the concentration of interstitial oxygen atoms was equal to
~ 5 x 10" em?. The bending strength and fracture tough-
ness were determined at both 20°C and 700°C. The me-
chanical properties of the Si wafers were compared with
the properties previously determined for Y,0, ceramics
at 20°C and 800°C. Both materials can be used for the
production of windows transmitting infrared radiation with
the wavelength ranging from 2 pm to 8 um and the choice
of the material for the specific applications may depend on
its mechanical properties. It has been found that at room
temperature, the fracture toughness of monocrystalline Si
is smaller than that of Y, O, ceramics. At the same time,
bending strength of the Si single crystal is greater than that
of the ceramic material. Based on the literature reports, we
have presented a mechanism indicating that the clusters
of oxygen atoms or SiO_precipitates are those defects in
the structure of Si, from which the critical crack can start
to propagate. At 700°C, monocrystalline Si undergoes the
plastic deformation and the dislocations are generated in
the material, accompanied by an abrupt increase in the
values of the fracture toughness and strength. Fracture
toughness and bending strength of the monocrystalline
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silicon at temperatures above the temperature of transition
from brittle-to-plastic state are probably dependent on
the dislocation mobility, and the movement within the
crystal may be blocked by the clusters of oxygen atoms
or SiO_ inclusions.
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B Investigation of oxide crystals by means of synchrotron
and conventional X-ray diffraction topography

Wojciech Wierzchowski'!, Agnieszka Malinowska', Krzysztof Wieteska?, Edyta Wierzbicka',
Krystyna Mazur', Maria Lefeld - Sosnowska3, Marek Swirkowicz', Tadeusz Lukasiewiczﬂ

X-ray diffraction topography, exploring both conventional and synchrotron sources of X-rays, has been widely used for the
investigation of the structural defects in crystals of oxides. The majority of bulk oxide crystals have been grown by the Czo-
chralski method from a melted mixture of high purity oxides. Some important oxide crystals like quartz and ZnO have been
obtained by the hydrothermal method. In the case of crystals grown by the first method, synchrotron diffraction topography
can be and was used for studying individual dislocations and their complexes (e.g. glide bands, sub-grain boundaries),
individual blocks, twinning, the domain structure and various segregation effects negatively affecting crystal properties. What
is more, the topographical investigation can provide information concerning the reasons for the generation of the defects,
which becomes useful for improving the growth technology. In the present paper the possibilities of the diffraction topogra-
phy are discussed on the basis of several investigations of the oxide crystals, in particular garnets, orthovanadates, mixed
calcium barium and strontium niobates as well as praseodymium lanthanum aluminates. The majority of the results refer
to oxide crystals grown at the Institute of Electronic Materials Technology (ITME). The synchrotron investigations included
in the paper were performed by the authors at the HASYLAB Synchrotron Laboratory in Hamburg.

SN

Key words: X-ray diffraction topography, crystal lattice defects, Czochralski method

; Badanie monokrysztatéw tlenkowych za pomoca synchrotronowej i konwencjonalnej
rentgenowskiej topografii dyfrakcyjnej

Rentgenowska topografia dyfrakcyjna, wykorzystujgca zarowno konwencjonalne, jak i synchrotronowe zrodta promieniowania rent-
genowskiego, jest od wielu lat z powodzeniem stosowana do badania defektow strukturalnych w ré6znego rodzaju monokrysztatach.
Szerokg grupe tych materiatéw stanowig krysztaty tlenkowe, ktére w wiekszosci sg otrzymywane metodg Czochralskiego ze stopionej
mieszaniny tlenkdw o wysokiej czystosci. Do otrzymywania krysztatéw tlenkéw, takich jak kwarc i ZnO, stosuje sie metode hydroter-
malng. Rentgenowska topografia dyfrakcyjna moze by¢ wykorzystana do badania indywidualnych dyslokacji i ich kompleksow (np.
pasma poslizgowe, granice niskokatowe), pojedynczych blokdw, zblizniaczen, struktury domenowej i roznych efektow segregacyjnych.
Wszystkie te defekty moga wptywaé negatywnie na jednorodnos$¢ i wtasciwosci krysztatow. Badania topograficzne moga réwniez
dostarczy¢ informacji dotyczacych przyczyn powstawania defektow, co przydatne jest w doskonaleniu technologii. W niniejszej pracy
omoéwiono mozliwosci topografii dyfrakcyjnej na podstawie przeprowadzonych badan szeregu krysztatéw tlenkowych, w szczegolnosci
granatéw, ortowanadiandéw, mieszanych niobianéw wapnia, baru i strontu oraz glinianéw prazeodymu i lantanu. Wigkszo$¢ wynikow
dotyczy monokrysztatéw tlenkéw otrzymywanych w Instytucie Technologii Materiatéw Elektronicznych (ITME). Uwzglednione badania
synchrotronowe zostaty przeprowadzone przez autoréw w Laboratoriom Synchrotronowym HASYLAB w Hamburgu.

Stowa kluczowe: dyfrakcyjna topografia rentgenowska, defekty sieci krystalicznej, metoda Czochralskiego

1. Introduction The majority of oxide crystals are not soluble in water
in normal conditions and they are useful for the prepa-

ration of durable elements, convenient for most of the

The important group of crystals, which is widely used
for several applications, particularly in the laser technolo-
gy and in the technology of electronic devices are oxide
crystals, built either from single oxides or a mixture of
oxides [1 - I1]. These crystals provide an important field
for the application of X-ray diffraction topography explo-
ring both conventional and synchrotron radiation sources.

applications. The majority of the bulk oxide crystals are
therefore grown by the Czochralski method from a melted
mixture of high purity oxides. Only some of them are
obtained by means of the floating zone method (recently
also with optical heating) [5 - 6]. Some important oxide
crystals like quartz and ZnO [7 - 11] are grown by the
hydrothermal method. In the last case the crystal grow

" Institute of Electronic Materials Technology, Wélczynska 133, 01-919 Warsaw, Poland, e-mail: wojciech.wierzchowski@itme.edu.pl
2 National Centre for Nuclear Research, Softana 7, 05-400 Otwock-Swierk, Poland
3 Institute of Experimental Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
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from an aqueous solution, formed under high pressure
at high temperatures. The crystals obtained by means of
the hydrothermal method are to some extend analogous
to those obtained from an aqueous solution, containing
various growth sectors corresponding to some low indexed
crystallographic planes. The differences in growth rates
and segregation parameters for the various growth planes
result in differences of lattice parameters and segregation
effects, usually causing the strains in the growth sector
boundaries. The Bridgman, flux and Verneuils methods
have also been sometimes used [12].

X-ray diffraction topography [12 - 24] is a method,
which can be effectively used for the characterization of
oxide crystals. It includes in fact a number of methods
differing in the experimental arrangement and consequ-
ently in the mechanism of contrast formation and in the
sensitivity. The general principle of the methods consists
in recording contrast inhomogeneities in the diffracted
beam due to long range strain fields related to lattice
defects/crystal deformations with a very high spatial re-
solution. The forward diffracted one could also be used,
but it happens rather rarely.

X-ray diffraction topographic methods enable the
identification of the defects, especially dislocations,
stacking faults and regularly shaped inclusions. The iden-
tification of the defects in X-ray diffraction topography
includes the analysis of contrast extinction in various
crystallographically equivalent reflections and simulation
of the topographic contrasts [12 - 14]. The topographic
methods are usually more effective with the synchrotron
radiation than with the conventional radiation thanks to
the possibility of better resolution, a better collimation
and an access to more suitable wavelength forming the
image [25 - 30]. The numerical simulation of diffraction
contrast [12 - 14] can presently be used practically in the
case of all topographic methods.

A significant new step in the development of the
laboratory based diffraction topography was the recent
introduction of a new Micron XRT apparatus from Ri-
gaku [26 - 27]. The equipment uses a fine focus rotating
generator and a special parabolic mirror forms a nearly
parallel beam. High intensity of the beam enables the use
of a CCD camera with resolution close to 2 pm.

Conventional topographic investigations of the Czo-
chralski-grown oxide crystals have been published in
[33 - 41], while the crystal grown by the hydrothermal
method in [45 - 54]. Synchrotron topographic investiga-
tions of oxide crystals have been published in [36 - 46,
63], in particular by Baruchel et al. [45], Kasper et al. [46],
Yao et al. [47], Muehlberg et al. [48], Prokhorov et al.
[49], Yoneda et al. [50] and by Dudley and Yao [51 - 52]
and Malinowska et al. [55]. An interesting synchrotron
topographic method is so called stroboscopic topography
[53 - 54]. It can be carried out in the piezoelectric crystals,
particularly lithium niobates and it reveals the strain which
appears in the course of the induced oscillations.

The present paper will illustrate the possibilities of
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the conventional and synchrotron X-ray topography for
the Czochralski-grown crystals as well as some more
detailed experimental problems being the result of the
investigations performed by the authors, and published
elsewhere [55 - 72]. These results include synchrotron
topographic investigations performed at HASYLAB, the
details of which are described in [57].

2. Growth of oxide crystals

The most popular method of growing the oxide crystal
is the Czochralski method, in which the crystals are grown
from the suitably composed mixture of melted oxides. Ho-
wever, recently the floating-zone method including optical
heating furnaces instead of the inductive coils [5 - 6] has al-
so been applied. The equipment used for the growth of sin-
gle crystals from melted oxides by the Czochralski method
is shown in Fig. 1a, while the schema of the floating-zone

a) il

Pulling rod

Alumina ceramic cover

Iridium plate

Alumina ceramic pipes

Iridium afterheater

Seed holder
Seed

Window
Heating coils

Iridium crucible

oL eOE 0
OOCOOO\

b)

feed rod

halogen
lamp

molten zone
crystal
seed rod

1
Fig. 1. Most frequently used methods of oxide crystals growth: (a)
the Czochralski method, (b) the optical floating zone method [5, 81].
Rys. 1. Najczeseiej stosowane metody wzrostu krysztatow tlenkowych:
(a) metoda Czochralskiego, (b) metoda topienia strefowego [5, 81].
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method with optical heating is shown in Fig. 1b. In the
hydrothermal method the crystals are grown from aqueous
solutions obtained at high temperatures and under very
high pressure. The last method was used in specific cases,
e.g. for growing quartz and zinc oxide crystals.
Experimental results included in the present paper have
been obtained with crystals grown by the Czochralski
method and by the hydrothermal method in the Institute of
Electronic Materials Technology. In the first case the oxide
crystals were grown in an inductively heated iridium or
platinum crucible and with a passive after heater. Starting
materials with 4N purity were heated at the temperatures
up to 1000°C for 6 hours before weighing, mixing and
melting. The initial composition should compensate the
effects of eventual evaporation. Single crystals with
20 mm diameter were grown on iridium 2 mm rod

with the pulling rate of 3 - 4 mm/h and the rotation of
4 - 6 rpm. Crystals were grown under ambient pressure
in a nitrogen atmosphere, but sometimes the growing
atmosphere contained an admixture of oxygen.

3. X-ray diffraction topography

The X-ray conventional topography of oxide crystals
is usually carried out by means of two most popular me-
thods. The most effective single crystal method (shown
schematically in Fig. 2a) has been proposed by Lang
[15 - 16], while the double-crystal topographic method
(Fig. 2b) has been proposed by Bond and Andrus [17] but

a)

narrow X ray beam l Om T

screening slit

sample film

scan

b)

sample

w film

X-ray source

monochromator

Fig. 2. Schema of the two most important topographic methods of the conventional X-ray diffraction topography: (a) the Lang pro-
jection (and section) topography [15 - 16], and (b) the double crystal topography — the schema of the arrangement, with significantly
asymmetric reflection at the monochromator proposed by Renninger [20].

Rys. 2. Schematy dwoch najwazniejszych metod konwencjonalnej rentgenowskiej topografii dyfrakcyjnej: (a) projekcyjna (i przekro-
jowa) topografia Langa [15 - 16], 1 (b) topografia dwukrystaliczna — schemat uktadu z asymetrycznym odbiciem na monochromatorze

zaproponowany przez Renningera [20].

zero-layer
reflection
topograph

beam l

vertical
slit

white | ﬁ
synchrotron i s —

horizontal
slit

oz | reflection
i I:ﬁ topograph|
e A transmitted and
. forward reflected
ple beams
film

Fig. 3. The scheme of the synchrotron white beam topography in transmission case [57].
Rys. 3. Schemat synchrotronowej topografii w wigzce biatej dla przypadku transmisyjnego [57].
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a)

region around the defect with the
deformation exceeding the reflection
range of perfect crystal

forward diffracted and

incident beam transmitted beam

the defect

sample
film or PSD
diffracted beam

Film
VT jackofthe
" f reflected beam
—

sample with
mosaic structure

sample with
mosaic structure

Fig. 4. Schema of contrast formation in the X-ray diffraction
topography: (a) — reproduction of isolated defects surrounded by
almost perfect crystal (transmission case), (b), (c) formation of
contrast from differently oriented parts of the crystals, respectively
in the monochromatic and white beam of X-rays. According to
[12 - 14, 78].

Rys. 4. Schemat powstawania kontrastu w rentgenowskiej topogra-
fii dyfrakcyjnej: (a) — przypadek transmisyjny dla pojedynczego
defektu w krysztale prawie idealnym, (b), (c) tworzenie kontrastu
dla réznie zorientowanych czg¢sci krysztatu, odpowiednio dla
wiazki monochromatycznej (b) i biatej (c) promieniowania X.
Na podstawie [12 - 14, 78].

effectively used for revealing the dislocations by Bonse
and Keppler [18]. The further extensions of the double-
-crystal method were described in [19 - 21]. The earlier
topographic methods were revealed by Shultz [17], Berg
[18] and Barrett [19].

Bending magnets were the sources of the synchrotron
radiation in the case of presently described topographic
experiments at DORIS III. They allowed obtaining
the photon energy in the range from 5 to 35 keV.
The energy was satisfactory for most of the topographic
investigation. The present investigations of the oxide
crystals were carried out at the two experimental stations
at HASYLAB, the white beam station F1 and the mono-
chromatic beam station E2 [57].

A schema of the arrangement for synchrotron white be-
am topography is shown in Fig. 3. The beam limited by a
system of vertical and horizontal slits is entering the crystals
providing a kind of Laue pattern either in the Laue-case
(transmission) or Bragg-case (reflection). Thanks to
small apparent diameters of the synchrotron source,
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of approximately 0.5 mm in vertical direction and 2 mm
wide and large 18 m distance of the experimental station
from the bending magnet, each Laue spot is a high reso-
lution topograph revealing the defects in the investigated
crystal. At the typical distances of film to crystal of 15 cm
the geometrical resolution is better than 5 um. The syn-
chrotron topographic investigations were usually perfor-
med both in the back-reflection and in the transmission
case, exposing the projection and section topographs.
In the case of the section topography it was possible to
reduce the width of the slit to 5 um.

Most often the so called extinction contrast is formed
in a single crystal white beam projection topography in the
Bragg - case and in the Laue - case at small absorption.
The defects are revealed thanks to the additional intensity
contributed by a region of defect outside the reflection
range fulfilling the condition [24, 54]:

ouF) - i
|4sin®—u(gs) hiss. )

h

Here & (7) is the displacement vector connected with
the defect, /;'is the diffraction vector and s, is the coor-
dinate along the reflected beam. This condition indicates
that wider images of dislocations can be obtained when
the width of the reflection range is small. The very im-
portant parameter, characterizing the possibilities of re-
vealing the defects is the range of reflection predicted by
the dynamical theory [9]:

_ 2 [%
sin (29,) V Ir,| %% @

The polarization factor C = |cos 20| for the
n-polarization in the plane of diffraction and C = 1 for
o-polarization perpendicular to the plane of diffraction, y, ,
are the coefficient of the Fourier expansion of dielectric
susceptibility, proportional to the structural factors.

The anomalous transmission contrast (also called
dynamical contrast) is observed when attenuation is
strong — and the defects become revealed thanks to
the destruction of the anomalous transmission. The last
effect consists in fitting the excited wave-field to the
reflecting planes causing a significant decrease of absorp-
tion. Due to the anomalous transmission it is otherwise
possible to obtain the transmission topographs in highly
absorbing crystals built of the element with large atomic
number, as the anomalous absorption can be even of two
orders lower than the normal photoelectrical absorption.
In addition the synchrotron sources offer another great
help in studying such crystals, as they give the possibility
to use reflections fulfilling the Bragg condition for very
short wavelength and thus with low absorption.

A different contrast mechanism is present in the case
of the double-crystal topography, which may be inter-
preted as the result of local shifts of the rocking curve
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angular position (with respect to a reference area) caused
by the strain field (for example dislocations) or chemical
compositions changes (segregation effects). The observed
change of the reflected intensity A/ may be written [17]:

_ dP©) [Ad ] 3
=76 | g 189TA0,| 3)

The first term describes the change of the Bragg
angle and the second the misorientation component in
the plane of diffraction. The derivative of rocking curve
P(0) is taken at the angular setting where the topograph is
exposed. This means that the contrast strongly depends on
the angular setting. It is the strongest on the steep slopes
of the rocking curve and inverts coming to the opposite
slope. In some cases the topographs taken at the slope
allow to reveal the relative lattice parameter changes Aa/a
on the level 10

An oxide crystal can have different chemical composi-
tion, which influence the width of reflection and the con-
trast of the defect images. In general the X-ray diffraction
topography provides weaker contrast on dislocations and
other defects in the case of the crystals built of the atoms
with larger atomic number.

The images of individual defects are often accom-
panied by some interference effects often caused by the
decomposition of wave-fields. Obtaining the theoretical
simulated images reproducing such fringes is possible
with the use of numerical integration of the Takagi-Taupin
equations [14].

The white beam synchrotron topography is more
strictly equivalent to the Shultz [22] method than to

the conventional Lang method, especially in the case
when the crystal contains several disoriented parts. The
white-beam topographic images of almost perfect crystals
containing individual defects are, however, very similar to
those obtained using the Lang method. The most important
element of the setup used for synchrotron monochroma-
tic beam topography was the monochromator equipped
with two silicon crystals using respectively 333 and 511
reflections, but in many aspects the method is similar to
the conventional double crystal topography.

In the case of highly deformed, e.g. elastically bent
samples, the double-crystal topography and synchrotron
monochromatic beam topography are often highly restric-
ted to a narrow stripe. In such situations the so called zebra
pattern technique [21] is very helpful, where a series of
exposures with step-wise altered angular position is re-
corded on the same film.

4. Discussion of the representative
results

The first representative examples of the use of X-ray
diffraction topography refer to the crystals newly deve-
loped at ITME. Figs. 5 and 6 present the representative
X-ray diffraction topographs of the MgAl O, samples
obtained using the Lang and double crystal method in-
cluding the zebra pattern technique [79]. The crystal in
Fig. 5 contained the core formed of several facets and
a number of volume defects — most of them are solute
trails around the core and close to the crystal bounda-
ries. The representative X-ray diffraction topographs

Lang X-ray transmission diffraction topograph
220 reflection

Diffraction
contrast
connected with
volume defects
inclusions or
"solute trails”

Diffraction contrast
connected with
"cellular structure”

of dislocations

Double crystal topograph in
reflection geometry

X

— »

Region of the topographs with the same

Diffraction contrast connected with "facets" regions where the growth blackening corresponding to the region of

surface is parallel to some low indiced crystallographic planes

on which the growth rate become slower

the sample with identical reflecting
condition

Fig. 5. The representative X-ray diffraction topographs obtained respectively using the Lang transmission method (220 reflection,
MoKa, ) and the double crystal method (533 reflection, CuKe, ) the sample cut out from the MgALO, crystal with 0.135 at. % of cobalt.
The crystal contains the rod formed of several facets and a number of volume defects around the rod and close to the crystal boundaries

— most of them are the solute trails. According to [79].

Rys. 5. Wybrane rentgenowskie topogramy dyfrakcyjne probki MgAl O, 0,135 % at. Co wykonane metoda transmisyjnej topografii
Langa (refleks 220, MoKa, ) oraz metodg topografii dwukrystalicznej (refleks 533, CuKa,). Krysztat zawiera rdzen utworzony przez
obszary sciankowane oraz duzg ilos¢ defektow objetosciowych wokot rdzenia i blisko brzegu krysztalu — wiele z nich to defekty typu

solute trials. Na podstawie [79].
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Projection transmission Lang
topograph

Double - crystal topographs exposed for different
angular setting of the sample

i

Areas with
the same
blackening
. corresponding

to the regions

with the same
reflecting
position

Diffration contrasts connected with mosaic blocks

X "Zebra pattern” topograph

Diffration contrasts connected with facetted
regions located in the vicinity of the core

Series of exposures recorded in one film
at some "step - wise" altered angular
settings of the sample providing a kind
of map of lattice bending in various
regions of the sample

Fig. 6. The representative X-ray diffraction topographs obtained using the Lang transmission method in 220 reflection (MoK, radiation)
and the double crystal method (including the zebra pattern technique) in 533 reflection (CuKe, radiation) of another sample cut out from
the MgAl O, crystal with 0.286 at. % of cobalt. The crystal contains a similar rod as in Fig. 5 and a number of volume defects as solute
trails around the rod and close to the crystal boundaries. Additionally some slightly disoriented grains are revealed. According to [79].
Rys. 6. Wybrane rentgenowskie topogramy dyfrakcyjne probki MgALO, 0,286 % at. Co wykonane metodg transmisyjnej topografii
Langa (refleks 220, promieniowanie MoK, ) oraz metodg topografii dwukrystalicznej (facznie z technika typu zebra pattern) (refleks
533, promieniowanie CuKa, ). Krysztat zawiera podobny rdzef jak w przypadku probki z Rys. 5. oraz duzg ilos¢ defektéw objetoscio-
wych typu solute trials otaczajacych obszar rdzenia oraz wystepujacych blisko brzegu krysztatu. Na podstawie [79].

N S

Diffraction contrasts connected with facetted
regions (facets) corresponding to slower
growth on low indiced crystallographic planes
(probably {112} type)

_ The core is formed of four facets correspon-
L~” ding to the slower growth on the {113} planes,
P and the segrecations observed inside these
- facets correspond to the intersections
-~ of the surface with these planes

Segregation effects connected with
crystallographic planes on which the crystal is

grown inside the facets The segregation fringes connected with

/ subsequent locations of the growth surface

Segregation fringes connected with
the crystallization surface

(i .

Fig. 7. Conventional double crystal topographs in 840 reflection in CuKa, of the samples cut out from two LuYAG crystals, doped
with 0.2 at.% (a) and 0.16 at.% (b) of praseodymium, revealing segregation fringes and some sets of facetted regions corresponding to
various low indexed crystallographic planes, where the growth rate becomes slower. According to [80].

Rys. 7. Konwencjonalne topogramy dwukrystaliczne (refleks 840, promieniowanie CuKa,) probki LuYAG domieszkowanej
0,2% at. Pr (a) i 0,16% at. Pr (b). Topogramy ujawniaja prazki segregacyjne oraz pewne uktady obszaréw $ciankowanych odpowiada-
jacych wolniejszemu wzrostowi na plaszczyznach krystalograficznych o niskich wskaznikach. Na podstawie [80].

of another sample are presented in Fig. 6. It was cut out
from the MgAl O, crystal containing the similar rod.
In this case there was a number of volume defects trails
around the rod and close to the crystal boundaries, but
additionally some slightly disoriented grains were also
visible.

In Fig. 7 we report some representative double crystal
topographs of (Lu,..Y,,),ALO,, (LuYAG-75) crystals
[80], which are new materials developed for modern
scintillator crystals intended to be used for positron gene-
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ration tomography, as well as for some spaceship probes.
In this case, a very high attenuation of the molybdenum
and copper radiation by yttrium, lutetium, and praseody-
mium admixture significantly disturb the possibility of
making the conventional transmission topographs, but
the defects may be successfully revealed by the double
crystal topographic method.

The presently developed technology enabled obta-
ining very efficient (Lu,..Y,,),ALO,, (LuYAG-75) and
Lu,ALO,, (LuAG) scintillators. As it may be seen in Fig. 7,
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the characteristic defects in these crystals are the distinct
segregation fringes and various facets — the regions where
the crystallization surface become parallel to some low
indexed crystallographic planes, on which the growth rate
become slower [80]. The last phenomenon is responsible
for the characteristic appearance of the crystals grown
from solutions, but also from vapour and the melt.

The formation of the facets was effectively followed
by the complementary use of the projection synchrotron
topography and synchrotron section topography, which
allowed fitting the regions of facets and actual inclination
of the growth surface in the case of Yb,Al.O, (YbYAG)
crystals [66]. The topographs presenting a typical set
of facets for two differently shaped growth surfaces are
shown in Fig. 8.

The observed facets formed characteristic patterns,
differing in different samples. It is well known that the

most probable reason of facet formation is the coincidence
of the orientation of growth surfaces with low indexed
crystallographic planes. The growth velocity is usually
slower in the direction perpendicular to these planes
leading to slower growth in facetted regions and the con-
stitutional supercooling. The facets may be identified as
corresponding to {221}, {211}, {311} and {301} planes
as it is shown schematically in Fig. 9. The first three
{221} facets usually form a core, observed in most of the
crystals, sometimes neighbouring with {211} ones. The
third type of facets corresponds to the planes inclined
at 43° and it occurs mostly for convex growth surface.
The identification of the facets was confirmed by the trans-
mission section topographs shown in Fig. 10, that allowed
the observation of the location of the growth bands in the
intersection of the sample with the incident synchrotron
beam. It should also be noted that the topograph in Fig. 10b

Fig. 8. White beam projection reflection topographs of Er-doped Yb,ALO ,

e S
crystals revealing segregation fringes and sets of facets;

doping level: (a) 10 at. % Er and (b) 1.5 at. % Er; (a) 422 reflection, 0.0872 nm radiation, (b) 112 reflection, 0.4 nm radiation. According

to K. Kotodziejak et al. [66].

Rys. 8. Odbiciowe topogramy projekcyjne w wigzce biatej monokrysztatéw Yb,Al.O

., domieszkowanych erbem (10 % at. (a) i 1,5 % at.

(b)) ujawniajace prazki segregacyjne i uktady obszaréw $Sciankowanych; (a) refleks 422, promieniowanie 0,0872 nm, (b) refleks 112,

promieniowanie 0,4 nm. Na podstawie K. Kotodziejak i in. [66].

a)

(13)

%
e

b)

Fig. 9. (a), (b)The schema of identified facets corresponding respectively to the topographs in Fig. 8a, and b. According to K. Koto-

dziejak et al. [66].

Rys. 9. Schematy ukladu $cianek z przypisanymi wskaznikami odpowiadajace topogramom z Rys. 8a i 8b. Na podstawie K. Koto-

dziejak i in. [66].
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Fig. 10. Transmission white-beam section topographs of Er-doped Yb3A15012 samples taken in (T6T1) reflection, of 0.052 nm ra-
diation and revealing the striation fringes corresponding to the successive location of growth surfaces in the plane intersected by
the narrow incident beam perpendicular to the sample. Doping level: (a) 30 at. % and (b) 1.5 at. %. Thickness of both samples is 550 pm,
the horizontal edge of the topographs is 8§ mm. According to K. Kolodziejak et al. [66].

Rys. 10. Transmisyjne przekrojowe topogramy w wigzce biatej monokrysztatéw Yb,Al.O,, domieszkowanych erbem (30% at. (a)
i1,5% at. (b)); refleks (T6TT), promieniowanie 0,052 nm. Topogramy ujawniaja prazki segregacyjne odpowiadajace kolejnym potoze-
niom powierzchni wzrostu w plaszczyznie przecigcia krysztatu waska wiazka padajaca prostopadle do probki. Grubos$¢ probek 550 pm,
szeroko$¢ poziomej krawedzi topogramu — 8 mm. Wedtug K. Kotodziejak i in. [66].

Fig. 11. Representative Lang topograph (direct copy) of the sample cut out along the growth axis from the initial part of the YAG
crystal; 440 reflection, CuKa, radiation. According to K. Mazur and W. Wierzchowski [56].

Rys. 11. Wybrany topogram Langa (kopia bezposrednia) probki wycigtej rownolegle do osi wzrostu z czesci poczatkowej krysztatu
YAG; refleks 440, promieniowanie CuKa,. Wedlug K. Mazur i W. Wierzchowski [56].

Fig. 12. (a) Lang topograph of the sample cut along the
[111] growth axis from the middle part of Nd doped YAG
crystal; 422 reflection, CuKe, radiation. The diffraction
vector is located horizontally; (b) the double crystal to-
pograph of the thicker sample cut close to that shown in
(a); exposition in 620,-888, , . arrangement, direct copies.
According to K. Mazur and W. Wierzchowski [56].

Rys. 12. (a) Topogram Langa probki wycietej rownole-
gle do osi wzrostu [111] ze srodkowej czgsci krysztatu
YAG:Nd; refleks 422, promieniowanie CuKa, . Kierunek
wektora dyfrakcji w poziomie; (b) topogram dwukry-
staliczny grubszej probki wycietej w poblizu probki (a);
ekspozycja w uktadzie 620-888, ., kopia bezposrednia.
Na podstawie K. Mazur i W. Wierzchowski [56].
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Fig. 13. Berg-Barrett topograph of the YAG sample exhibiting re-
flecting and not-reflecting volume defects, corresponding to solute
trails; 751 reflection, CuKe, radiation, direct copy. According to
K. Mazur and W. Wierzchowski [56].

Rys. 13. Topogram Berga-Barretta probki YAG ujawniajacy odbi-
Jajagce i nieodbijajgce defekty objetosciowe odpowiadajace solute
trails; refleks 751, promieniowanie CuKe , kopia bezposrednia.
Wedtug K. Mazur i W. Wierzchowski [56].

reveals some black dot-like contrasts, which may corre-
spond to dislocations [66].

The representative transmission topograph of the sam-
ples cut out from the initial parts of the Y,AlL.O,, (YAG)
crystals is shown in Fig. 11 [56]. We may notice that in
the majority of crystals the growth surface is parabolic. At
the very first stages of the growth, the surface is relatively
flat and the core is not present. It starts to appear when
the growth surface becomes more concave. Inside facets
the growth bands are inclined at approximately 20° to the
(111) plane. That is consistent with the arrangement of
facets seen in the topographs of the samples perpendicular
to the growth axis and points that the facets correspond
to {112} planes. The topographs exhibit sequences of
growth bands, corresponding to the growth conditions
changes. Following the equivalent parts of growth bands
with an analogous pattern from the core inside and in
the rest of the crystal it may be found that the core grew
a little deeper in the melt, probably in the zone where the
stream of convection is pointing down to the melt. In many
cases also the change of the growth bands curvature is
observed at the distance approximately 1/3 of the crystal
radius from the crystal boundaries. This curvature change
also corresponds most probably to the zones with different
directions of convection at the growth surface.

In the transmission topograph shown in Fig. 11 we
may notice that the volume defects have in fact the form
of thin long pipes. We can notice that they are grouped
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into a number of fan-shaped beams, running in different
directions. It is difficult to absolutely exclude the existence
of dislocations between the pipe-shaped volume defects. It
is rather unlikely, however, as no contrasts in the double-
-crystal topographs resemble the rosettes characteristic for
the dislocations outcrops.

In Fig. 12 we report double-crystal and transmission
topographs of the neighboring samples, corresponding to
same intersection of the crystal parallel to the growth axis.
Here the two samples, a thinner one and a thicker, were cut
out one close to the other [56]. The thin sample was used for
the Lang transmission topography, while the other 1.5 mm
thick for the double-crystal topography. The double-crystal
topograph shows significant strains connected with the
core. After cutting out the samples these strains expanded
causing the misorientation of the two parts of the sample
located on both sides of the core, which made one half
of the sample stay out of reflection. We may notice in the
topographs shown in Fig. 12 that the pipe-shaped volume
defects appeared also in the middle part of the crystal.
It seems to be highly probable that the formation of the
volume defects is connected with a strong perturbation of
the growth conditions, appearing as growth bands with
high contrast. The volume defects appear to start a little
bit earlier, but it is in consistence with the interpretation
as solute trails. At the moment of perturbation, there was
probably constitutional supercooling which triggered local
solving of the material inside the already grown crystal.
This perturbation is propagated during the next stages of
growth of the crystal in a form of a pipe, where the melt
crystallize a little later. The other large defect appearing
in the middle part of the sample shown in Fig. 13 seems
to be an irregularly bounded area of the facetted growth.

The important information concerning the observed
volume defects received from the Berg-Barrett topograph
shown in Fig. 13 was that the defects can be divided in
two categories. In the case of the first one, as in the case
of facets in the core, only the extinction contrast at bo-
undaries of the defects becomes visible. It means that the
volume of defects reflects X-rays like the rest of crystal.
It may be concluded that the first category of the volume
defects, similarly to the core contains Y,Al.O ,, probably
differing with the concentration of dopant. The second
category refers to the defects appearing in the Berg-Barrett
topographs as more clear areas; here on the direct copies
with black contrast. Most probably they do not reflect the
radiation, but reflecting of some small intensity cannot
be excluded.

The lack of diffraction may be probably explained
by the presence of a different crystallographic phase or
higher misorientation exceeding 20°. We tried to exami-
ne very carefully the first possibility. For that purpose
we performed a number of investigations including the
powder diffractometry of powdered material from initial
parts of the crystals, X-ray microanalysis and micro Laue-
-method with beam collimated to 0.1 pm. Careful optical
microscopic examination did not reveal any inhomogene-
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Fig. 14. Synchrotron radiation white beam transmission section topograph for the sample cut from Ca, Sr, NdAIO, single crystal,
grown by the Czochralski method in 367 reflection, 2 = 0.047 nm, put = 2.3; D denotes characteristic kinks of the section topograph
which may indicate the deformation of the crystal lattice — according to A. Malinowska et al. [61].

Rys. 14. Synchrotronowy transmisyjny przekrojowy topogram w wigzce biatej probki wycigtej z monokrysztatu Ca Sr; NdAIO,
otrzymanego metoda Czochralskiego; refleks 367 , A = 0,047 nm, pt = 2,3; D — charakterystyczne stopnie topogramu przekrojowego
wskazujgce na deformacje sieci krystalicznej. Na podstawie A. Malinowska i in. [61].

c)

Fig. 15. (a)-(c) Simulated monochromatic beam X-ray topographic images of shrinking rod-like inclusions of 150 pum in diameter for
angular setting respectively at low angle flank, maximum and high angle flank of the rocking curve, taken in 008 reflection of 0.1115 nm
radiation.(d), (¢) monochromatic beam X-ray topographs of volume inclusions in SrLaGaO, (SLG) crystals exhibiting some features
of rod-like inclusions respectively for low and high angle flank of the rocking curve. The contrast of the defects is reversed for the two
flanks. According to W. Wierzchowski et al. [57].

Rys. 15. (a) — (c) Symulowane topogramy (dla wigzki monochromatycznej) walcowatego wtracenia o charakterze $ciggajacym sie¢
i $rednicy 150 um; topogram zasymulowany dla trzech réznych ustawien katowych: na lewym (niskokatowym) zboczu krzywej od-
bi¢ (a), w maksimum krzywej odbi¢ (b) oraz na prawym (wysokokatowym) zboczu krzywej odbi¢ (c); refleks 008, promieniowanie
0,1115 nm. (d), () rentgenowskie dyfrakcyjne topogramy w wigzce monochromatycznej objetosciowych wiracen w krysztale SrLaGaO,
(SLG) wykazujace cechy walcowych wydzieleni z punktow (a) — (c) odpowiednio dla nisko- i wysokokatowego zbocza krzywej odbic.
Widoczne odwrdcenie kontrastu dyfrakcyjnego dla obu zboczy krzywej odbi¢. Na podstawie W. Wierzchowski 1 in. [57].

ities suggesting the presence of another crystallographic ~ kinds of volume defects and in the core. Both transmis-

phase. Powder diffractometry did not reveal any peaks
apart from those of Y,AL O .. It may also be concluded as
an important result, because the volume concentration of
unreflecting defects evaluated from the ratio of their area
to the surface of the sample seem to be greater than 5%,
exceeding the sensitivity of the powder diffractometry.
X-ray microanalysis did not reveal any detectable chan-
ge in the concentration of yttrium or aluminium, but an
increase of niobium concentration was observed in both
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sion and back-reflection micro-Laue investigation of the
nonreflecting volume defects with conventional radiation
did not reveal any traces of additional pattern [56].

The synchrotron investigation can reveal significant
strains associated with the segregation fringes [61]. In
particular they can be revealed in the transmission and
reflection section topography. Characteristic results were
obtained for Ca, Sr, NdAIO, single crystal grown by the
Czochralski method in the [100] direction. The crystal
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Fig. 16. (a) Monochromatic beam topographic images of dislo-
cation outcrops in the sample cut out from Y,ALO , (YAG); 444
reflection, 0.1115 nm radiation; (b) simulated topographic image
of the dislocation outcrop corresponding to the areas limited by
squares in (a). According to K. Mazur et al. [70].

Rys. 16. (a) Rentgenowski dyfrakcyjny topogram w wigzce mo-
nochromatycznej uj$¢ dyslokacji w probce wycigtej z monokrysz-
tatu Y, ALO , (YAG); refleks 444, promieniowanie 0,1115 nm;
(b) Symulowany topogram (dla wiazki monochromatycznej) ujscia
dyslokacji odpowiadajacy obszarowi zaznaczonemu przez kwadrat
na Rys. (a).Wedlug K. Mazur i in. [70].

seems to be very interesting in the view of its very high
lattice parameter changes and strains connected with the
composition changes and the presence of large amount
of volume defects interpreted as the solute trails. The
representative section topograph is shown in Fig.14 [61].

The identification of the solute trails in garnets and
SrLaGaO, (SLG) crystals was confirmed using the si-
mulation based on numerical integration of the Takagi-
-Taupin equations. The simulation was performed with
a model that enabled realistic simulations of the mono-
chromatic beam topographic images of some solute trails
in garnets and the Bragg-case section images of some
defects resembling rod-like inclusions described in [73].
The approximation of the strain field of rod-like disloca-
tions was obtained by a summation of the contributions

MATERIALY ELEKTRONICZNE (Electronic Materials), 2016, 44, 4

from the point-like inclusions used the formulae derived
from those given by Sen [77].

The example of the simulations confirming the
expected presence of rod like inclusions in the case of
SLG crystals is presented in Fig. 15. The simulation cor-
responds to an assumed shrinkage type inclusion at the
angular setting for low angle flank maximum and a large
angle flank respectively.

As the reference in Fig. 16 we quote the experimental
and numerically simulated images of dislocations outcrops
in YAG substrates according to [70].

Representative synchrotron and conventional topographs
of the samples cut out from (CaOAszaO‘n)y(SrO‘ . lBa0.39)1-be206
(CSBN) crystals are shown in Figs. 17 - 18. Contrary to
Sr Ba, Nb,O, (SBN) and Ca Ba, Nb,O, (CBN) crystals
we did not observe any glide bands in the CSBN [74].
The most characteristic defects were segregation fringes
(marked by S and G) and dislocations or some rod-like
inclusions (marked by D) around the core present in the
central part of the samples.

The topographs revealed a very characteristic phenome-
non, which consisted in the presence of two different sys-

Fig. 17. (a) - (d) Synchrotron monochromatic beam topographs
(CaO.ng210.72)y(Sr0‘6]Bao.”)l7be206 (CSBN) in 004 reflection of
0.1115 nm radiation. According to W. Wierzchowski et al. [74].
Rys. 17. (a) - (d) Synchrotronowe topogramy rentge-
nowskie w wiazce monochromatycznej monokrysztatu
(Caolszao.n)y(SrovélBao.m)]’bezo6 (CSBN); refleks 004, promie-
niowanie 0.1115 nm. Na podstawie W. Wierzchowski i in. [74].
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- Fig. 18. (a) Transmission Lang topograph of the whole CSBN sample exhi-

S " biting only the normal segregation fringes; 040 reflection, MoK, radiation.
The additional ghost segregation pattern is not visible here probably because it
corresponds to the more smooth variation of lattice parameter than in the case
of a normal segregation fringes. (b) Conventional double crystal topograph of
the fragment of another CSBN sample exhibiting both types of fringes due to
the direct proportionality of the contrast to the value of the lattice parameter
change; 004 reflection, CuKa, radiation. According to W. Wierzchowski
et al. [74].
Rys. 18. (a) Transmisyjny topogram Langa catej probki wycietej z mono-
krysztalu CSBN ujawniajgcy jedynie zwykle prazki segregacyjne; refleks 040, promieniowanie MoKa,. Brak widocznych ghost
segregation pattern spowodowane jest tagodniejszymi wahaniami parametru sieciowego niz w przypadku zwyktych prazkéw
segregacyjnych; (b) Konwencjonalny topogram dwukrystaliczny fragmentu innej probki CSBN ujawniajacy oba rodzaje prazkow
segregacyjnych dzigki silniejszej zalezno$ci kontrastu od nawet matych zmian parametru sieciowego; refleks 004, promieniowanie
CuKoa,. Wedtug W. Wierzchowski i in. [74].

Surface 1 Surface 2
E s ;'T— 3 I
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Fig. 19. Synchrotron monochromatic beam back-reflection projection topographs for two surfaces of the (001)-oriented sample cut
out from the near-end part of the (Ca,Ba, .,) ,(St,, Ba, ), ,sNb,0, (CSBN-75) crystal: (a) - (c) - front surface and (d), (e) - rear
surface respectively; (a) shows a characteristic three sector pattern of ghost fringes seen also on the other side of the crystal (d); (b),
(c) were taken from the middle region of the sample for two flanks of the rocking curve showing the inversion of the contrast of the
ghost pattern fringes. The middle region of the sample on the other surface is shown in (e); 002 reflection, 0.1115 nm radiation. The
width at half maximum of the rocking curve was close to 8.5 arc sec., S - normal segregation fringes, G - ghost segregation pattern,
D - diffraction contrasts corresponding to the defects in the core region. According to W. Wierzchowski et al. [74].

Rys. 19. Synchrotronowe rentgenowskie odbiciowe topogramy projekcyjne w wiazce monochromatycznej dla dwoch powierzchni
probki o orientacji (001) wycigtej z koficowej czesci monokrysztatu (Ca ,Ba, ), (St Ba ), ,sNb,O, (CSBN-75). (a) - (c) -
przednia powierzchnia (d), (e) - odpowiednio tylna powierzchnia (a) pokazuje charakterystyczny trdjsektorowy uktad prazkow
ghost fringes, widoczny rdwniez na przeciwnej stronie probki. (d); topogramy (b), (c) naswietlone w srodkowym obszarze probki
dla dwu przeciwnych zboczy krzywej odbicia wykazujg odwrdcenie si¢ kontrastu prazkow ghost. Srodkowy obszar przeciwnej po-
wierzchni probki pokazano na topogramie (e); Wszystkie topogramy naswietlano w refleksie 002, dla promieniowania 0,1115 nm.
Szeroko$¢ potdéwkowa maksimum krzywej odbicia wynosita okoto 8,5 sekund katowych, Przez S - oznaczono normalne prazki
segregacyjne, natomiast przez G - prazki segregacyjne ghost, D - oznacza kontrast pochodzacy od defektow w obszarze rdzenia.

Wedlug W. Wierzchowski i in. [74].
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tems of segregation fringes forming a crossing pattern [74].
One of the systems (marked by S in Figs. 17 - 18) is
connected with the subsequent position of the growth
surface being coaxial with the core and the boundaries
of the crystal. The second system the so called ghost se-
gregation pattern, marked by G in Figs. 17 - 19, crossing
the previous one, cannot be connected with the position
of the growth surface. In addition, investigation of the
relatively thick crystal wafers (Fig. 19) confirmed that this
fringe system is changing relatively slowly; hence it can
propagate through large distances along the growth axis.

The inversion of the diffraction contrast in the mono-
chromatic beam synchrotron topographs from white to
black for opposite flanks of the rocking curve (Figs. 19b, ¢)
indicates that the observed contrast of segregation fringes
is caused by the slight crystal lattice parameters fluctu-
ations.

Neither scanning electron microscopic investigations
nor X-ray microanalysis (with the accuracy 0.5 - 1.0 at. %)
revealed any fluctuations of composition corresponding
to the systems of segregation fringes.

The possible explanation of the observed phenome-
non is a kind of ghost segregation pattern reproducing
some chemical composition changes in the new part of
the growing crystal [74]. The other possibility is connec-
ted with the formation of a kind of relief on the growth
surface, which was connected with former segregation
effects and remained after the change of the growth
surface. It is worth to notice that the ghost segregation
fringes were effectively revealed only by means of
the synchrotron monochromatic beam topography and
conventional double crystal topography, but were not
visible in the transmission Lang topography. This may
results from the contrast formation mechanism in the
first two methods, where the contrast depends only on
the relative lattice parameter changes on the level of 10,
Contrary to that the Lang topography reveals the segre-
gation fringes thanks to the lattice parameters gradients,
which may not be large enough in the ghost segregation
fringes, where one can expect a significant smoothening
in course of propagation of the effect along the crystal.
The Lang topograph shown in Fig. 18 reproduced the near-
-edge part of the crystal containing some faceted growth
region (marked by F) similar to the one discussed in [66].

5. Conclusions

Conventional methods of X-ray diffraction topography
have been successfully used in many papers describing the
growth and the defect structure in oxide crystals grown
with various methods especially with the Czochralski me-
thod. The possibility of X-ray diffraction topography was
significantly increased by the use of synchrotron radiation
offering a better resolution and collimation of the beam
as well as the possibility of using more suitable radiation
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wavelengths. For this reason the synchrotron radiation
topography has also been widely used for the investigation
of the defect structure of many crystals particularly the
oxide crystals.

In the present paper the possibilities of the conven-
tional and synchrotron diffraction topography have been
illustrated on the basis of the results obtained by the au-
thors. The paper includes the investigation of the recently
developed crystals as well as examples quoted from the
previous publications illustrating the studies of the defects
characteristic for the oxide crystals in particular the exam-
ples of studies of segregation fringes, mosaic structures
and solute trails shown together with some applications of
the numerical simulations of the defect structure based on
the numerical integration of the Takagi-Taupin equations.
We also included topographs illustrating the new phe-
nomenon of the simultaneous existence of the two types
of segregation fringes called by us the ghost segregation
pattern most probably caused by the transmission of some
chemical composition changes in the growing crystal.
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In memory

In memory

It is with great sadness that we
have learned of the death of Dr.
Eng. Elzbieta Nossarzewska -
Orlowska, who passed away
after a long and serious illness
on November 30, 2016. Dr. Eng.
Nossarzewska-Ortowska in the
years 1972-2007 was the Head of
the Department of Epitaxy at the
Institute of Electronic Materials
Technology (ITME) in Warsaw.
She was an outstanding scientist
and engineer in the field of sili-
con epitaxy for the applications
in the semiconductor electronics;
a co-author of patents and a prize
winner of the state awards for the
technical achievements. Thanks
to her knowledge and a great
involvement in the professional
activity, the quality of silicon
epitaxial layers produced in
ITME gained a wide recognition
among the manufacturers of the
semiconductor devices not only
in Europe but also in the USA, Japan and China.

Elzbieta Nossarzewska-Orlowska graduated from the
Faculty of Chemistry at Warsaw University of Technology
in 1959. Soon after graduation she started to work at the
Industrial Electronics Institute, where she spent twelve
years carrying out research on the preparation and pro-
perties of the luminescent materials. In 1972 she received
her PhD degree in chemical sciences at the Institute of
Physical Chemistry of Polish Academy of Sciences, the
subject of her doctorate thesis being the mechanism and
kinetics of cathodoluminescence. In the same year, she
started to work as the Head of the Department of Epitaxy
at the Semiconductor Materials Science and Production
Center, which was later transformed into the Institute of
Electronic Materials Technology. She held this position
continuously for thirty five years.

Dr. Eng. Elzbieta Nossarzewska-Ortowska created
scientific and organizational bases for the development
of the silicon epitaxy technology to be applied in the
domestic industry of the semiconductor devices which at
that time applied the epiplanar technology. It was under
her supervision, that over a hundred scientific and research
projects were carried out in the field of silicon epitaxial
layers, most of which ended with the practical imple-
mentation in the production of the epitaxial layers of new
properties. The originality of many technological solutions
was reflected in a dozen of patents for the manufacturing
method of the silicon wafers with an epitaxial layer.
Dr. Eng. Nossarzewska - Ortowska was also an author
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or a co-author of a number of
scientific papers published both
in Polish and international jo-
urnals. To appreciate her merits
in the development of the semi-
conductor industry in Poland,
Dr. Eng. Elzbieta Nossarzewska -
Orfowska was awarded numerous
distinctions and national awards.

CEMAT-Silicon is definitely
on the list of her great achieve-
ments. After the reconstruction
of CEMAT'70 in 1989 it become
an employee-owned company
and took over the production
of silicon single crystals. Her
great involvement in the ongoing
changes in the ownership of the
company, helped to maintain high
standards of the advanced tech-
nology of the silicon production
for the semiconductor devices.

Working for ITME in the
years 1993-1996, Dr. Eng. Nos-
sarzewska-Ortowska, contributed
also to the elaboration of a technology used in the produc-
tion of porous silicon layers for the applications in the opto-
electronic integrated circuits. In 1997, she initiated the stu-
dies on silicon single crystal resistance to radiation which
started in ITME, and were conducted as a part of a wide
international cooperation coordinated by CERN. The rese-
arch was supervised by Dr. Eng. Nossarzewska-Ortowska
until she retired in 2007. The investigations, carried out in
a cooperation with the University of Hamburg, helped to
further elaborate the technology of the epitaxial layers
production for high energy particle detectors and develop
new research methods that enabled to determine the pro-
perties of the radiational defects in silicon single crystals.
The research conducted in the cooperation with CERN
have been continued until today and its results have been
highly valued by the international scientific community.

For us, who work for the Department of Epitaxy,
Madam Elzbieta - as she was called - will remain in our
memory as a person who had a great impact not only on
our professional work but also on our personal life. She
expected us to be deeply involved in our professional
duties, but at the same time she was our friend who
often helped us solve our private problems. The funeral
of Madam Elzbieta took place on December 7, 2016.
We paid our last tribute grieving her and her warm smile
will always stay in our memory.

Colleagues from the Department of Epitaxy
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