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Preface

The Advanced materials and composites are based on achievements of modern
theoretical, experimental, and computational methods, which ensure research and
development of numerous processing techniques. By using the last attainments of
Material Science, Condensed Matter Physics, and Mechanics of Deformable
Solids, novel materials and structures have found broad applications in modern
science, techniques, and technologies working in ranges from nanoscale to
macroscale. The continuous rise in requirements for improvement of material
properties and extension of possibilities of devices, created on their base, support
tremendous interest to fast development of the theoretical, experimental, and
numerical methods. These methods allow us to obtain new knowledge and are
capable to provide control and forecast on development of critical phenomena and
improvement of very fine processes (for example, nanostructure and microstruc-
ture transformations during processing, loading, and working modern materials
and composites in critical conditions, aggressive media, and wide types of physical
and mechanical treatments). Practical applications demand from modern devices
and constructions very high accuracy, reliability, longevity, and extended possi-
bilities to work on broad temperature and pressure ranges. It is evident that the
device characteristics are directly defined by used materials and composites
opening new possibilities in the study of various physical processes, in particular
transmission and receipt of signals under water.

This collection of 30 papers presents selected reports of the 2013 International
Symposium on “Physics and Mechanics of New Materials and Underwater
Applications” (PHENMA-2013), which took place in Kaohsiung, Taiwan, on June
5-8, 2013 (http://phenma.math.sfedu.ru) and was sponsored by the Russian
Foundation for Basic Research, National Science Council of Taiwan, South
Scientific Center of Russian Academy of Sciences, New Century Education
Foundation (Taiwan), Ocean & Underwater Technology Association, Unity Opto
Technology Co., EPOCH Energy Technology Corp., Fair Well Fishery Co.,
Formosa Plastics Co., Woen Jinn Harbor Engineering Co., Lorom Group,
Longwell Co., Taiwan International Ports Co., Ltd.

The theme of the PHENMA-2013 and the Springer Proceedings continues the
ideas of the previous symposium PMNM-2012 (http://pmnm.math.rsu.ru), whose
results have been published in the edited book “Physics and Mechanics of New
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Materials and Their Applications,” Ivan A. Parinov, Shun Hsyung-Chang (Eds.),
Nova Science Publishers, New York, 2013, 444 p. ISBN: 978-1-62618-535-7.

The presented papers are divided into four scientific directions: (i) processing
techniques of advanced materials, (ii) physics of advanced materials,
(iii) mechanics of advanced materials, and (iv) applications of advanced materials.

Into framework of the first theme are considered, in particular, the nanotech-
nology approaches and novel methods in processing of a wide class of ferroelectric
materials and multiferroics, preparation methods, and studies of ZnO nanorod
arrays. Moreover, there are also presented investigations of Cu,ZnSnS, solar cell
materials manufactured on Mo/SLG substrates and processing technology of
sapphire crystals. The first section ends by considering issues of optimization of
the resin transfer molding process for curing large composite structures.

The second direction opens by theoretical studies of relations between domain
states and phase contents in ferroelectrics, and also investigations of ferroelectric
and magnetic phase transitions in multiferroics. Moreover, there are presented
characteristics of Schottky tunneling barrier InP MOSFET and research results of
the magnetic field effect on thermoelectric coefficient and Peltier factor in InSb.

From the viewpoint of mechanics are studied elastic and dissipative properties of
solids on the base of finite-element modeling, and also piezo-excited Lamb waves
in laminated composites. Moreover, there are studies of stress—strain state in lay-
ered anisotropic constructions at pulsed loading, problems of vibration acoustics of
shells, and mechanical testing of polymeric composites for aircraft applications.
The third section ends by investigations of interaction of the circular plate with
elastic inhomogeneous layer and study of dependencies between displacements and
elastic properties in solids of complex shape.

In the main, the presented applications are directly connected with underwater
devices and issues of transmission and receipt of signals under water. In particular,
the book discusses the study of underwater acoustic projector with active elements
made from porous piezoceramics, digital frequency synthesizer for underwater
systems, digital channels, and circuits for underwater communication including
required models and algorithms. Other applied directions cover zinc oxide
applications, investigations and use of cantilever-type piezoelectric generators, and
closed axisymmetric shells.

The book is addressed to students, post-graduate students, scientists, and
engineers taking part in R&D of nano-materials, ferro-piezoelectrics, and other
advanced materials and composites presented in the book, and also in manufacture
of different devices that have broad applications in different areas of modern
science and technique, in particular in underwater communication.

Kaohsiung, Taiwan Shun-Hsyung Chang
Rostov-on-Don, Russia Ivan A. Parinov
Vitaly Yu. Topolov
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Chapter 1
Highly Effective Ferroelectric Materials
and Technologies for Their Processing

L. A. Reznichenko, I. A. Verbenko, I. N. Andryushina,

K. P. Andryushin, A. A. Pavelko, A. A. Pavlenko, L. A. Shilkina,

S. L. Dudkina, H. A. Sudykov, A. G. Abubakarov, M. V. Talanov,

V. V. Gershenovich, A. I. Miller and V. A. Alyoshin

The basis of most commonly ferroelectric ceramic materials (FECMs) used in the
modern industry is solid solutions of complex lead oxides. It should be noted that
due to significant toxicity of lead compounds there has been an intensive search for
alternative materials in recent years. Such efforts resulted from the introduction of a
new legislative base aiming at environmental protection [Directive 2002/95/EC of
the European Parliament and Council by 27 January 2003 on the restriction of the
use of certain hazardous substances in electronic equipment]. In the Research
Institute of Physics of SFedU much work has been done for about 30 years to
investigate and develop of the environmentally friendly FECMs on the basis of
alkali niobate metals. Nowadays such materials are finding more applications in the
defense industry rather than other industries. Therefore it is extremely important to
promote the production of lead low-cost materials and develop new FECMs.

1.1 Introduction

Most of ferroelectric ceramic materials used in production at present are based on
solid solutions (SSs) of Pb-containing systems PbTiO3;—PbZrO; (PZT), Pb(Nb,/;
Mg,3)O5-PbTiO; (PMN-PT) and others. The conventional technology of their
manufacturing includes a solid-state synthesis and sintering at high temperatures.

Intensive studies on the search, designing and investigations of such materials
have been conducting at the Research Institute of Physics of Southern Federal
University for over 40 years. With the assistance of the present authors, more than
30 thousands of multicomponent complex oxides of different structural families
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were synthesized. The crystallochemial conditions of their existence were estab-
lished. A new approach was worked out which enabled one to consider the
problems of stability of structure and ferro-, antiferroelectric states in the above
oxides from single positions. The regular relationships between composition,
structure and properties were determined that allowed the prediction of charac-
teristics of novel materials. On this basis, a methodology of their purposeful search
was developed.

About 200 types of ferro- piezoelectric ceramic materials were engineered and
the methods of their preparation were patented. These materials belong to 9 groups
which distinguish themselves by a set of electrophysical parameters and, as a
consequence, the fields of their application “overlapping”, practically, all the
known piezotechnical directions. The materials designed are as follows:

(1) Electrically and mechanically stable materials (group 1) designated for devices
operating in force regimes (piezotransformers, piezoelectric motors, ultrasonic
radiators, high-voltage generators). These materials possess the following
parameters: T = (505-625) K, &i3/ep = 900-2300, K, = 0.57-0.66,
lds;| = (85-195) pC/N, Igs;| = (8.4-11.7) mV m/N, tan § x 102 (E = 50 V/
cm) = 0.3-0.85, tan 6 x 1072 (E = 1 kV/cm) = 0.4-1.0, Q,, = 630-2000,
where T¢ is the Curie temperature, ¢23/e0 is the relative dielectric permittivity
of poled samples, K, is the electromechanical coupling factor of the radial
mode of vibration, Id3;| is the piezoelectric modulus, Ig3;! is the piezoelectric
voltage constant (piezoelectric response), tan ¢ is the dielectric loss tangent,
E is the strength of electric field, and Q,, is the mechanical quality factor.

(2) Materials having a high dielectric permittivity (group 2) designated for using in
low-frequency receiving devices (hydrophones, microphones, seismoreceivers).
Their main characteristics are as follows: Tc = (430-555) K, &iv/ep =
2800-6000, K, = 0.68-0.71, K33 = 0.72-0.78, Id3;] = (245—380) pC/N, tan
5 x 1072 (E =50 V/cm) = 1.2-2.9, Q,, = 35-80, where K3; is the electro-
mechanical coupling factor of the longitudinal mode of vibration.

(3) High-sensitive materials (group 3) being effectively used in accelerometers,
ultrasonic flaw detectors, devices for nondestructive controlling the objects
by the method of acoustic emission, and ultrasonic medical diagnostic
equipment. Their main characteristics are as follows: T¢ = (620-630) K, &34/
gy = 650-1400, K,, = 0.62-0.68, Id3;| = (95—170) pC/N, Ig3;l= (13.7-16.5)
mV m/N, tan 6 x 1072 (E = 50 V/em) = 1.6-2.0, Q,, = 90-105.

(4) Materials with the medium dielectric permittivity (group 4) designated for
transducers operating in a receiving mode. They possess the following char-
acteristics: T = (5390-395) K, &ly/en = 1900-2200, K, = 0.65-0.67,
lds;| = (205-210) pC/N, g3l = (10.7-12.1) mV m/N, tan J x 1072
(E =50 V/cm) = 1.4-1.6, Q,, = 70-75.

(5) Materials with the high anisotropy of piezoelectric parameters (group 5)
designated for ultrasonic flaw detectors, thickness gauges, medical diagnostic
equipment, accelerometers, piezoelectric indicators with the abnormal sen-
sitivity to hydrostatic pressure. Their main characteristics are as follows:
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T. = (600-715) K, &i3/e0 = 120180, K, =0-0.07, K;5 = 0.44-0.64,
ld3;1l = (0-5) pC/N, dsz = (52-114) pC/N, gzl = (0-3.2) mV m/N,
g3 = (33-108) mV m/N, tan 6 x 1072 (E =50 V/cm) = 1.0-2.2,
0,, = 8-2000, where K;s is the electromechanical coupling factor of the
shear mode of vibration.

Materials with the high stability of resonance frequency (group 6) having a
broad application in filter devices. Their main characteristics are:
Te = (575-640) K, &l3/ey = 400-1400, K, = 0.10-0.53, ld5,| = (6-100) pC/
N, off, ((213-358) K) = (0.15-0.25) %, tan & x 107% (E =50 V/
cm) = 0.2-2.0, Q,, = 300-12000, where fj is the resonance frequency in the
above temperature range, and f. is the resonance frequency at room
temperature.

Materials with the low dielectric permittivity (group 7) designated for the use in
high-frequency acoustoelectric transducers. They possess the following char-
acteristics: T. = (515-595) K, &i/eo = 260-510, K, = 0.20-0.54, Id3;| =
(16-70) pC/N, Ig3;l = (7.0-15.5) mV m/N, tan J x 1072 (E = 50 V/em) =
0.3-1.0, Q,,, = 200-4500, V¢ = (3.60—4.20) km/s.

Pyroelectric materials (group 8) being applied as the operating elements of
indicators of pyroelectric radiant (thermal) energy detectors with the long-
distance measurement of temperature of the heated bodies, including the
moving ones. Their main characteristics are: e33/e0 = 290-420, |dy| =
(27-49) pCIN, 7 x 10* = (5.0-5.5) C/(m*K), (y-elv/e0) x 10° = (1.3-1.7)
C/(m*K), (y-ds)) x 10° = (10.4-18.5) N/(m*K), where 7y is the pyroelectric
coefficient, (y~83T3/80) is the coefficient proportional to the V-Wt sensitivity,
and (y-ds;) is the product that characterizes the vibrational-noise stability of
the piezoelectric.

High-temperature materials (group 9) which distinguish themselves by the
high values of the Curie point and operating temperatures. They may effec-
tively used, in particular, as a base for indicators of controlling the processes
proceeding at the extreme conditions in different industrial power-plants
(internal combustion engines and heated pipelines). They possess the fol-
lowing main characteristics: T¢ = (675-1475) K, T, = (575-1225) K, ey
gy = 48-455, K, = 0.015-0.32, K, = 0.29-0.46, lds5;| = (0.51-35) pC/N,
ds3 = (12-100) pC/N, g33 = (19.0-33.0) mV m/N, tan § x 1072 (E = 50 V/
cm) = 0.1-1.0, Q,, = 1004000 (K, is the electromechanical coupling factor of
the thickness mode of vibration). All these materials were based on the PZT
system and prepared by the hot-pressing method.

Due to significant toxicity of lead compounds there has been an intensive search for
alternative materials in recent years. Such efforts resulted from the introduction of a
new legislative base aimed on environmental protection [Directive 2002/95/EC of
the European Parliament and Council by 27 January 2003 on the restriction of the
use of certain hazardous substances in electronic equipment]. In the Research
Institute of Physics of SFedU great work has been conducted for about 30 years to
R&D the environmentally friendly ferroelectric ceramic materials on the basis of
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alkali niobate metals. Nowadays such materials are finding more applications in the
defense industry rather than other industries. Therefore it is extremely important to
promote the production of lead low-cost materials, develop new ferroelectric
ceramic materials and other high-performance piezoelectric materials.

1.2 Research Results

In the course of our search we have developed a new technique which allows
obtaining a number of lead-free and other high-performance piezoelectric mate-
rials by a common technology, which were previously made using hot pressing
(HP) or exotic methods applicable only in a laboratory such as topochemical
texturing and synthesis in plasma discharge. An attempt has been made to obtain
new lead-free ceramics, using complex scheme of modification and various
methods of additional activation of chemical agent. Recently we have obtained and
examined the materials on the basis of multicomponent system [(Nag sKgs);_,Li,]
(Nb;_,_.Ta,Sb,)O3 with the following electrophysical parameters ehaleo = 330,
K, = 0.34, ld31 =58.3 pC/N, Q,, = 100, Vf = 4.5 km/s; high-performance
PCR-35 on the basis of NaNbO3;—LiNbOj; (with almost zero displacement of
resonant frequency) and PCR-61 on the base LiNbO; (which have record work-
temperature >1000 °C) with parameters ehaleg = 155, K, =0.19, ld;| = 11 pC/N,
VE =55 km/s and e3aleq = 48, K, =0.068, ld5l =3 pC/N, K,=03l1,
respectively. In fact, to produce these materials a new technology was developed
which does not require HP. This group of materials can be used in flaw detectors,
leak detectors and control processes in the critical nodes of power plants under-
water vehicles.

Due to the growing need for high-precision piezoelectric materials, the piezo-
electric transducers used in sonar, ultrasonic flaw detection, and a number of other
devices on the one hand, and the transition to environmentally sound technologies,
on the other hand, is the actual direction of a new generation of lead free materials
with high piezoelectric sensitivity (g33 ~ 30 mV m/N and more). Piezoelectric
sensitivity of industrial materials meets the requirements of modern technology.
The purpose of the work was to establish the influence of ions of the transition 3D-
metals to form electrical properties of the selected lead-free systems and the
creation of polycrystalline materials with high piezoelectric sensitivity. The
objects of study were selected on the basis of solid solutions (Na, Li)NbO5; and
(Na, K)NbOs3, overstoichiometric modified (1.0-3.0) masses %MnQO,, CuO,
MHOQ + CuO and Bi203 + FCQO3 (Flg 11)

The work shows that the modification of solid solutions of (Na;_Li,)NbO3
microstructures are formed with a “cementing” nature of intergranular layers using
liquid phase rich in Cu, Mn and Bi. The growth of Q,,,, g33, as well as reducing e2sleo,
tan ¢ and electrical conductivity in the modified ceramic based on (Na;_Li,)NbO;
caused partial embedding cation modifier Cu** and Ni** to A~, and Mn** in the
B-sublattice of the perovskite structure with the formation of non-stoichiometric
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Fig. 1.1 Schematic of ceramic modification

solid solutions with increased ferroelectric hardness. Increase of piezoelectric
anisotropy in modified TP associated with the formation of textures of the inter-
crystalline layers that hinder the movement of their boundaries along certain
directions. It was found that the growth of ¢33/eo, tan o, as well as reducing the
piezoelectric anisotropy in solid solutions based on (Na,_,K,)NbO; modification
caused by crystal-chemical characteristics of major ions Na* and K*. It is forced out
into intergranular layer modifier that contributes to the process of hydrolysis and
prevents the formation of anisotropic structures and texturing. It was found that a
promising basis for the development of materials with high Q,,, g33, anisotropic
piezoelectric coefficients and low electrical conductivity while maintaining suffi-
cient piezoelectric activity, K, ~ 0.2, were solid solutions of the (Na,;_,Li,)NbOs3.
Developed materials with 1.5 wt% (Bi,O3 4+ Fe,O3), having Q,, > 700 and
K, ~ 0.2, are promising for use in power ultrasonic transducer, with 2.0 wt%
MnO, + 0.5 CuO), of high g33 ~ 40 mV-m/H and d55/ld3;l > 5, promising to
sonar.

Currently, materials with properties of high absorption of microwave (MW),
electromagnetic (EM) radiation are widely used in industrial applications in
microwave technology (phase shifters, filters, communicators), as well as a variety
of radar absorbing coatings. In context of this search, study of such materials is
important.

In this paper the absorption spectra of microwave energy EM field of ferro-
electrics (FE) Sr,Nb,O5 and Ca,;Nb,O, with layered perovskite structure as well as
their solid solutions (TP) with antiferroelectric NaNbOj3 in (1 — x)NaNbO; —
xSr(Cay)Nb,O7 (0 < x < 1.0) were studied.

X-ray studies were carried out by powder diffraction using a DRON-3 and
ADP (FeK,-radiation; FeKg-radiation, scheme focusing on the Bragg—Brentano).
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Crushed ceramic samples were studied. It is possible to eliminate the influence of
surface effects, stress and texture that occur during the production of ceramics.

Set up for measurements of L(f) consists of a generator swept frequency,
broadband microstrip line, operating in the traveling wave and the panorama
measuring voltage standing wave ratio and reducing P2-61 in the frequency range
7.8-11.8 GHz.

It is shown that in the absorption of microwave energy by NaNbOj solid
solutions in areas of co-existence and the layered perovskite phase, and in the latter
case—structures with different multiplicity of cells, there are large (more than
40 dB) typical absorption maxima. It is observed due to both the crystal-chemical
characteristics of the studied ferroelectric compounds (layering of the structure
and, as a consequence, the well-known fragility of chemical bonds), and increased
defectiveness of solid solutions, characterized by structural instability of the areas
of reconstructive and morphotropic phase transitions. These results suggest that the
studied compositions may be a promising basis for radar absorbing materials used
in particular for underwater applications.

Multiferroics, representing a broad class of materials that combine ferroelectric,
ferromagnetic and ferroelastic properties are currently being studied in detail in
connection with the potential for their use in new devices based on mutual control
of magnetic and electric fields [1].

Bismuth ferrite is one of the most studied ferroelectric. He has a higher tem-
perature ferroelectric (T = 810 °C) and magnetic (T ~ 370 °C) ordering. But
its wide application prevents the structural instability (Fig. 1.2). It is a conse-
quence of the boundary position in the perovskite structure type, high conductivity
and thermal instability, connected to the proximity of sintering temperatures (7,,)
and incongruent melting, as well as the spin-modulated structure that prevents
magnetoelectric interaction. The structure of the bismuth ferrite is critically
dependent on the thermodynamic history (processing conditions). It is due to a
narrow concentration range of a phase BiFeOs, a very wide range of crystallization
of compounds, volatility of Bi,Fe,O9, BiysFeOs9, Bi,O3 and complexity of the
reaction in equimolar mixture Bi,O3/Fe,0O5. This leads to the formation during its
synthesis and sintering quite significant (~10 %) difficult-“ballast” phases,
including unreacted starting components. Laboratory methods for single-phase
BiFeOs3 cannot be applied in the industry. The dielectric properties of BiFeO; are
also unstable with respect to temperature. Thus, identification of the causes of this
instability and search of possible ways to fix it in the processing methods that
allow scaling of production in the industrial environment is the goal of this work.

Analysis of the results showed that «BiFeO3» is based on a minimum of five Bi-
and Fe-containing compounds. That is why, all bifurcations (unstable states) are
inherent to them, and it is applied to macroproperties of the analyzed multiferroic.
Determine the mode of processing BiFeO3; with stable dielectric properties at high
temperatures. It is suggested that the use of mechanical activation, is directed to
reducing the size and increasing the volume area of the reactants. “Hardening” is
able to “freeze” the defects and to eliminate the effect of incongruent melting.
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Fig. 1.2 Diagram of parameters based on orientation v and intensity u dependences and the
existence region of OSP (oxides with a perovskite structure) [2]

Thus an increase of the amount of material enters into a full response and it does
not fall out in the form of amorphous phases.

The data obtained can be used for development of spintronics, used in under-
water acoustics.

As the components of these compounds often serve the rare earth elements
(REES), which help to stabilize the structure of BiFeO; and optimize its properties.
The present study is aimed to identification of regularities in the formation of a
polycrystalline (grain) structure of the BiFeO5 samples with some REEs and their
correlation with the macroscopic physical properties of the objects.

The objects of the study were TP binary systems of Bi,_,Re ,FeO3; (where
Re = Tb, Dy, Ho, Er, Yb, Tm, Lu, x = 0.05-0.20, Ax = 0.05). The samples were
obtained by conventional ceramic technology, including a two-step synthesis,
followed by sintering without the application of pressure.

Bismuth-lanthanum manganite Bi;,La;,»,MnO3 (BLM) is a multiferroic in which
the electric and magnetic orders coexist [3]. Earlier, when studying the BLM
ceramics at the temperature of 80 K, we detected non-Debye retardation
of the complex dielectric constant ¢ = ¢ — i¢” with mean relaxation frequency
£,¢ = (2.5-3) x 10® Hz and non-Debye relaxation of the conductivity y = ' + iy
with relaxation frequency f? ~ 5 x 10°Hz. f7 > f? due to an increasing in the
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Fig. 1.3 Dependences & /¢y(f), " /eo(f),M'(f) and M"(f) of the BLM ceramics measured at
the temperature of 80 K

conductivity spectra statistical weight of the relaxation processes with short relax-
ation times [4].

The aim of this work is to expand researches of the BLM ceramics using a
method of impedance spectroscopy for measurements of the frequency depen-
dence and the relaxation of the complex electric modulus M = 1/¢ = M’ + iM".
The ratio of the average relaxation and retardation frequencies is represented as
er / ff = &/ex, where g and ¢, are the static dielectric constant and high-
frequency dielectric constant, respectively [5, 6]. This relation is strictly valid only
for Debye-type dielectrics, semiconductors and ferrites. However, for non-Debye
materials, the aforementioned relation can appear incorrect and, therefore, should
be checked.

It has appeared (Fig. 1.3) that in BLM ceramics there are two non-Debye
retardation and relaxation ranges, namely low-frequency and high-frequency ones.
And for both these ranges er / ff = &/ex. We have revealed that the high-
frequency spectrum of the BLM ceramics can be approximated with the rectan-
gular distribution function f{t) of the relaxation times, where f(t) = h = const
within the interval 1y <t <1, and f(7) = 0 at t <7y and 7 > 1,. Here f(7)d7 is the
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probability that the relaxation time be into interval from 7 to t + dt [4]. A
relaxation oscillator in such a material can be described at a microscopic level by
the model of a deep potential well with two equilibrium positions divided by a
potential barrier (so-called the Frohlich oscillator [5] ). Due to a wide range of
distribution of relaxation times the high-frequency dielectric spectrum of BLM
ceramics has non-Debye character. Just the non-Debye character of the high-
frequency dielectric spectra consists in the large distinction between the dielectric
retardation (£%) and dielectric relaxation (/™) frequencies.

The binary solid solutions (SSs) of the composition (1 — x)PbZrO; — xPbTiO;
(PZT) have hitherto retained their uniqueness and practical value. Multicomponent
systems with their participation became the basis of the most of the industrially
produced ferro-piezoelectric materials (FPM). The aim of the present work is the
determination of correlation bonds “composition—structure—electrophysical
properties” in the whole concentration range of the PZT system.

This work is concerned with the specific features of sintering of SSs. The
microstructure of the ceramics has been found to be a fairly homogeneous, mosaic,
sufficiently close packing of isometric crystallites with a range of section from 3 to
11 pm, but there are a number of special features related to the component and
phase composition of the objects. The sequence of phase transformations in the
system is determined and the real phase diagram of SSs is built. The observed
periodicity of phase formation processes in the rhombohedral (Rh) and tetragonal
(T) regions is explained by the real (defective) structure of ceramics, which is in
many aspects related to the variable valence of Ti ions and, as a result, to for-
mation, accumulation, and ordering of point defects (oxygen vacancies) and their
elimination by crystallographic shifts. Based on high temperature X-ray diffraction
studies the complete (x — T)-phase diagram of system is built, which exhibits
peculiar properties due to the real structure of ceramics: irregularity of the phase
transition line to the paraelectric state, which is more pronounced in the Rh-T
transition region; appearance of intermediate “region of indistinct symmetry” at
0.2 < x < 1.0, which forestalls the transition to the non-polar cubic phase at
temperature increase; formation of two morphotropic regions, contracting
(rhombic—Rh) and expanding (Rh—T) at temperature increase; richness of single-
symmetry phase diagram fragments by regions of coexistence of phase states.

Macro-properties of the system were studied in broad ranges of temperature
(10 < T < 1000 K), frequency (1072 Hz < f < 107 Hz) and strengths of direct
and alternating electric field (0 kV/em < E < 30 kV/cm). Several groups of SSs
were distinguished, which differed by non-monotonic behavior of dielectric
parameters in the cryogenic temperature range and at 7 > 300 K, which results
both from the defective state and from the polymorphism of SSs.

On the basis of the studies, the “soft” ferroelectric compositions from Rh
region close to the morphotropic one are most compliant for devices of underwater
applications.

Materials based on Pb(Mg;sNb,3)03; and Pb(Zn;3Nb,3)03 ferroelectric
relaxor solid solutions and ferroelectric PbTiO5 are of considerable interest for
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Table 1.1 Principal electrical parameters of the ceramics and their known analogs

Solid solution /e, e/ tan d x 107> K, ldsil, p)C/N  VE km/s  Q,,
&0
Modified 7750 9100  3.10 0.57 230 2.85 39
Unmodified 3690 4300  3.26 0.52 210 3.00 37
PCR-7 2150 3500 150 0.68 280 2.68 80
PCR-7 M 2800 5000  2.00 071 350 2.69 60
PCR-73 3200 6000 290 0.70 380 2.64 30
PZT-5H - 3400 2.00 0.65 274 - 65
PZTSB-1 - 2200 1.900 0.54 205 - 70

practical applications in sonars and actuators. Materials with compositions near the
morphotropic phase boundary between rhombohedral and tetragonal phases offer
excellent dielectric and electromechanical properties [7].

Piezoelectric material for use in underwater devices, in particular, in sonars,
must have a set of defined parameters:

(i) high values of the hydrostatic piezoelectric coefficient, d;, and hydrostatic
figure of merit, d,g;, to increase the sensitivity of the devices;

(ii) rather high relative dielectric permittivity, e33/ep, to simplify the signal
preamplifier system and improve transducer agreement with the load;

(iii) low values of the mechanical quality factor, Q,,, to suppress spurious
oscillations.

One of the most promising candidates for materials for underwater applications are
solid solutions of systems based on relaxor ferroelectrics (RF) Pb(Mg;,3Nb,/3)
O3 (PMN), Pb(Zn;,3Nb,/3)O5 (PZN) and classical ferroelectric PbTiO3(PT), near
the morphotropic phase boundary. They are characterized by the ultrahigh values
of piezoelectric responses that are higher than those in the ceramics of Pb(Ti, Zr)
O; (for instance, PZT-5H) [7].

In order to find new materials for underwater applications, we used the above
RF and PT as a basic component in combination with another RF (Pb(Ni,,3Nb,/3)
O3) [8]. Table 1.1 summarizes the room temperature basic electrical parameters of
the ceramics studied and some their analogs (from PCR group) [9] prepared by hot
pressing, and expensive technique. The barium modified ceramics are seen to be
superior in &/gy and 33/e, compared to both the unmodified solid solutions and the
commercially available foreign analogs. Moreover, barium doping allowed us to
improve the piezoelectric performance (K, and Id;l) of the material by 10 % and
reduce tan 6, whereas its Q,, remained not very high.

The most promising compositions for further research have been recognized
those with the content of PT (30-35) mol. %. They are characterized by high
values of piezoelectric coefficients: d33 = (450-530) pC/N, d;, = (50-110) pC/N,
dngn = (200-350) x 107" m?/h and &l3/eo = (3000=7000), and low Q,, (x30).
Thus, we have developed materials that also superior the widespread industrial
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analog PZT-5H on set of key parameters. The studied ceramics were obtained by
using the most accessible and commercially adapted conventional ceramic tech-
nology, no hot pressing (as it was done previously), that significantly reduced the
cost of the final product.
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Chapter 2

The Effect of Mechanical Activation
on the Synthesis and Properties

of Multiferroic Lead Iron Niobate

A. Gusev, L. P. Raevski, E. G. Avvakumov, V. P. Isupov,
. P. Kubrin, H. Chen, C.-C. Chou, D. A. Sarychev, V. V. Titov,
M. Pugacheyv, S. 1. Raevskaya and V. V. Stashenko

>

The present work studies the effect of high-energy mechanical activation using the
planetary-centrifugal ball mill AGO-2 and subsequent annealing on the synthesis
and magnetic properties of PbFe( sNby sO5 (PFN). This technique enables one to
perform the mechanically activated synthesis of PFN at much shorter time. The
results of X-ray phase analysis, electron microscopic studies and transmission
Mossbauer >’Fe spectra measurement are presented and discussed. Mossbauer
studies show that the temperature of magnetic phase transition in PbFe, sNbg 503
powders can be changed by mechanical activation and subsequent annealing.

2.1 Introduction

Lead iron niobate PbFe, sNb, sO3; (PFN) is a ternary perovskite oxide possessing
both ferroelectric (ferroelectric Curie temperature T ~ 380 K) and magnetic
(temperature of antiferomagnetic phase transition, i.e. Neél temperature,
Ty =~ 150 K) properties [1]. PFN is a promising basic material for multilayer
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capacitors, pyroelectric sensors, piezoelectric ceramics and electrostrictive actu-
ators [2—-6]. It is also a component of some novel room-temperature multiferroic
magnetoelectrics [7].

The temperature of magnetic phase transition in Fe-containing oxides is
believed to depend on the number of possible Fe—O—Fe linkages in a crystal lattice
[8]. In ternary PbFegsBg 505 perovskites this number can be governed, e.g. by
changing the degree S of B-cation ordering, as the ordering changes the number of
magnetic ions in the neighboring unit cells and thus reduces the possible number of
Fe—O-Fe linkages. However in contrast to PbB3* (sB>" (505 perovskites with
B3 = Sc, Yb; B>t = Nb, Ta, [9, 10], no superstuctural reflections on X-ray dif-
fraction patterns due to B-cation ordering have been reported for PEN [8, 11]. At
the same time, the experimental value of Ty, for PFN (&~ 150 K) is located
approximately half-way between calculated values of this temperature for the fully
ordered (T = 0 K) and completely disordered (T ~ 400 K) states [8]. This fact
is usually interpreted as an evidence of a partial ordering of Fe** and Nb>* cations
[8]. The possible reason of the absence of superstuctural reflections on X-ray
diffraction patterns is a local character of ordering in PFN, i.e. mesoscopic
domains of several nanometers in size with different values of S coexist in a
crystal. Another evidence of the chemically inhomogeneous nature of PFN was
obtained from the studies of magnetization [1, 11], Nb and 'O NMR [12] and
Mdssbauer >’Fe spectra [13], diffuse neutron scattering [11] as well as from the
results of the first-principal calculations [13]. Long range AFM order seems to
develop in Fe-rich-Nb-poor regions while, a short-range ordered spin-glass-like
state can arise at low (7 =~ 10-20 K) temperatures from the Fe-poor-Nb-rich
regions. AFM and spin-glass states can coexist in a wide temperature range [14].
Magnetic phase transition temperature in PFN is more than 100 K higher as
compared to lead-free AFe(sNbgsO5; (A = Ca, Sr, Ba) perovskites [15, 16]. This
dramatic difference is attributed to the possibility of magnetic super-exchange via
an empty 6p state of Pb>* ions [15, 16] as well as for the clastering of iron ions in
the lattice [13]. Both the degree of B-cation compositional ordering and clastering
of iron ions are known to be influenced by mechanical activation, which has been
successfully used for the synthesis and preparation of ternary lead-based perov-
skite ferroelectrics [17, 18]. This method enables one to obtain nanodispersed
powders with high sintering ability thus lowering substantially the sintering
temperature of ceramic materials. We have found in the literature two works
devoted to the application of the mechanical activation method for synthesis of
PFN [19, 20]. However, the effect of mechanical activation on magnetic properties
of PFN has not been studied yet. Moreover, the energy of mechanical activation,
used in [19, 20], was rather modest and the activation time varied from 20 to 30 h.
Recently the planetary-centrifugal ball mill AGO-2 enabling activation with much
higher energy than in [19, 20] was designed [17]. The aim of the present work was
to study the effect of high-energy mechanical activation using AGO-2 mill and
subsequent annealing on the synthesis and magnetic properties of PFN.
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2.2 Experimental

In order to compare the effect of high-energy milling on PFN synthesis, two
batches were used: stoichiometric mixture of PbO, Fe,O; and Nb,Os oxide
powders (I) and stoichiometric mixture of PbO and preliminary synthesized
FeNbO, precursor (IT). The starting oxides were Nb,Os (the American Society for
Testing Materials (ASTM) code 16-53, 37-1468), monoclinic modification, space
group P2 (no. 3), OSCh reagent grade (high pure); Fe,O; (ASTM code 85-599)
hematite, rhombohedral modification, space group R-3C (no. 167), ChDA reagent
grade (pure for analysis); PbO (ASTM code 72-93) massicot, orthorhombic
modification, space group Pbcm (no. 57), ChDA reagent grade (pure for analysis),
with Pb3O4 admixture (ASTM code 41-1493) minium, tetrahedral modification,
space group P42/mbc (no. 135). The mechanical activation was carried out using
the high-energy planetary-centrifugal ball mill AGO-2 under a ball acceleration of
40 g. A mixture of powdered reagents (10 g) was placed into steel cylinder
together with 200 grams of steel balls 8 mm in diameter. Activation was carried
out for 5, 10 and 15 min. After each 5 min of activation, the mill was stopped, the
cylinders were opened, the powder was taken out and mixed then it was put back
into the cylinders for further mechanical activation. The samples for subsequent
annealing were pressed at 1000 kg/cm? without a plasticizer. Annealing of the
samples, placed into a closed alumina crucible, was carried out in an electric oven
at different temperatures for 2 h. Heating rate was 10 deg/min. The samples were
cooled together with the furnace after it was switched off. X-ray phase analysis
was performed using DRON-3 diffractometer and Cu-K, radiation. Electron
microscopic studies were carried out with a transmission electron microscope
(TEM) JEM-2000FX II (JEOL) at the accelerating voltage of 200 kV. Trans-
mission Mossbauer *’Fe spectra were measured with the aid of MS-1104EM rapid
spectrometer and analyzed using the original computer program UNIVEM. The
sample holder was attached to the closed-cycle helium cryostat-refrigerator Janis
Ccs-850 operating in the 12-320 K range.

2.3 Results and Discussion

The diffraction patterns of the samples of stoichiometric mixture of PbO, Fe,O;
and Nb,Os5 oxide powders (I) before activation (a) and after activation for 5, 10,
and 15 min (b)—(d), respectively, are shown in Fig. 2.1. Amorphization process
indicated by the broadening of the diffraction reflexes and the initial stage of the
formation of perovskite structure of PFN are well seen even after 5 min of acti-
vation. After 15 min of activation, only the lines corresponding to the perovskite
structure are well seen in the diffraction pattern. It is worth noting that the dif-
fraction pattern of the mixture I activated for 15 min using the high-energy
planetary-centrifugal ball mill AGO-2 is very similar to the patterns reported in
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Fig. 2.1 Diffraction patterns
illustrating the effect of
mechanical activation on the
stoichiometric mixture of
PbO, F6203 and Nb205
(mixture I): a initial mixture,
b after mechanical activation
for 5 min, ¢ after mechanical
activation for 10 min, d after
mechanical activation for

15 min; ¥—Nb,O5; +— 600
PbO; @®—Fe,05; *—PFN

Fig. 2.2 X-ray diffraction
patterns illustrating the stages
of the FeNbO, synthesis:
a initial mixture of Fe,O5 and
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reflections belong to Nb,Os;
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[19, 20] for the same mixtures activated in a shaker mill for 30 h or in a SPEX
8000D vibrating mill for 20 h, respectively.

One can see in Fig. 2.1d that besides the PFN reflexes, there are also two minor
reflexes corresponding to Fe,O3 indicating that the synthesis of PFN is not complete.
One can also expect that some amount of FeNbQ, is present, because it appears in
the activated mixture of Fe,O3 and Nb,Os (Fig. 2.2b). However, due to a consid-
erable widening of reflexes on the diffraction pattern, no PbO, Nb,Os, and FeNbO,
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Fig. 2.3 Room-temperature Mossbauer >’Fe spectra: a initial mixture of PbO, Fe,O3 and Nb,Os
(mixture I); b Fe,O3 powder after mechanical activation for 15 min; ¢ mixture of PbO, Fe,O5 and
Nb,Os5 after mechanical activation for 15 min

reflexes could be unequivocally identified. The mean size of X-ray coherent scat-
tering blocks, estimated using the Scherrer formula for the mixture I activated for
15 min, is about 13-20 nm. This value correlates well with the TEM images of the
same powder. To have a deeper insight into the phase content of the mechanically
activated mixture I we studied its room-temperature Mossbauer spectra before and
after the activation (Fig. 2.3).

The spectrum of the initial mixture I is a sextet corresponding to Fe,O3 with a
hyperfine field of 51.4 T. After mechanical activation of Fe,O3; powder for 15 min
the mean size of X-ray coherent scattering blocks decreased from 35 to 14 nm and
the sextet lines have become lower and broader (Fig. 2.3b). After mechanical
activation of the initial mixture I for 15 min in the room-temperature Mossbauer
spectra, besides sextet with a hyperfine field of 51.7 T, there it appears a doublet
corresponding to PFN with admixture of FeNbO,. The analysis of Mossbauer
spectrum shows that 71.5 % of Fe remains in the Fe,O5 phase while 27.5 % occurs
in the PFN or FeNbO, phase. Similar ratio of the Fe,O3 and PFN/FeNbO, phases
was reported for the stoichiometric mixture of PbO, Fe,O3 and Nb,Os5 activated in
SPEX 8000D vibrating mill for 20 h [20].

The diffraction patterns of the disk samples pressed from the mixture I activated
for 15 min and annealed for 2 h at different temperatures within 400-1000 °C
range are shown in Fig. 2.4. After annealing at 400 °C, the diffraction patterns
recorded from this sample exhibit almost no difference as compared to the patterns
of unannealed mechanically activated sample (Fig. 2.1d). Only after annealing at
500 °C diffraction patterns start to differ from each other noticeably. One can see
in Fig. 2.4a that the growth of Pb,Fe,Nb,O,; phase is prevailing. After annealing
at 600 °C, the PFN phase starts to prevail (Fig. 2.4b), and after annealing at
800 °C its amount becomes much larger (Fig. 2.4c). However, after annealing at
900 °C again the growth of the amount of the Pb,Fes;Nb,O,; phase starts to
dominate (Fig. 2.4d). After annealing at 1000 °C this phase is the major one
(Fig. 2.4e) with small reflections of the PFN phase. Even after polishing (Fig. 2.4f)
this is not pure PFN, but it contains noticeable amount of Pb,Fe ;Nb,O,;, that is,
there is obviously a lack of lead oxide in the samples. Thus it seems that for
obtaining the pure perovskite phase using the mechanical activation of the PbO,
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Fe,05 and Nb,Os oxides one needs to add an excess of PbO to the initial stoi-
chiometric mixture.

To synthesize FeNbO, precursor, necessary for obtaining the mixture II, a
stoichiometric mixture of Fe,O3 and Nb,Oj5 corresponding to FeNbO,4 composition
(Fig. 2.2a) was activated for 15 min. One can see in Fig. 2.2b that after such
activation the reflexes on the diffraction pattern become substantially diffused and
chemical interaction between initial components occurs, that is, reflexes corre-
sponding to FeNbO, appear. The powder activated for 15 min was annealed at
1000 °C for 2 h. Iron niobate FeNbO, of monoclinic modification with space
group P*/a (no. 13) was formed, but a small amount of unreacted initial Fe,Oj still
remained (Fig. 2.2c¢).

Then sintered FeNbO, was crumbled and mixed with lead oxide S-PbO. It is
known that the compositions of lead oxides may differ from the stoichiometry.
One can see in the diffraction patterns (Fig. 2.1d) that a small amount of red
tetragonal -Pb3Oy is present in yellow rhombic lead oxide 5-PbO. FeNbO, and
PbO were averaged in a mortar, and then activated in the mill for 15 min. One can
see in the diffraction patterns (Fig. 2.5a) that the product formed at once as a result
of mechanical activation is single-phase cubic modification of PFN (ASTM code
32-522), space group Pm3 m (no. 221).

During annealing the mechanically activated mixture of PbO and FeNbO,
within temperature range 400-700 °C, along with PFN, a small amount of the
cubic phase Pb,Fe,Nb4O,; (ASTM code 50-445), space group F, (no. 0) is formed
in the product (Fig. 2.5b). After annealing at 800 °C, the traces of this phase
disappear from the diffraction pattern (Fig. 2.5c). The samples annealed at
1000 °C (Fig. 2.5d) exhibit the appearance of magnetoplumbite phase PbFe ;019
(ASTM code 84-2046) of hexagonal modification with space group P63/mmc (no.
194). The nucleation of this phase starts at a temperature about 900 °C and
increases with an increase in annealing temperature. However, this phase is formed
predominantly on the surface of the samples. After grinding off the surface layer of
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Fig. 2.5 X-ray diffraction patterns illustrating the effect of annealing on the mechanically
activated stoichiometric mixture of PbO and FeNbO, (mixture II): a mixture of PbO and FeNbO,
mechanically activated for 15 min, b after annealing at 700 °C, c¢ after annealing at 800 °C (pure
PFN), d after annealing at 1000 °C, e after annealing at 1000 °C and subsequent polishing the
sample (pure PFN); €—Pb,Fe,Nb,0,;, &—PbFe,0,9, *—PFN

0.1 mm thick, no traces of this phase are observed in the diffraction patterns
(Fig. 2.5e).

After mechanical activation for 15 min, the both mixtures I and II have rather
small mean size D of the X-ray coherent scattering blocks (10-20 nm) and their
X-ray diffraction patterns are diffused. Annealing at 400 °C and 500 °C does not
change substantially neither the D values nor the degree of X-ray diffraction
reflexes’ diffusion. Annealing at higher temperatures leads to a fast growth of
D values (Fig. 2.6) and sharpening of the X-ray diffraction reflexes with an
increase of annealing temperature 7,. However above approximately 800 °C the
D(T,) dependence saturates. At room temperature, Mossbauer STge spectra of all
compositions studied appear to be doublets with the isomer shift of ~0.4 mm/s
(relative to the metallic iron). This value corresponds to the Fe** ions occupying
the octahedral sites of the perovskite lattice. The quadrupole splitting in PFN can
be caused by the asymmetric environment of the intraoctahedral Fe®* ions
resulting due to local heterogeneities in the compositional ordering of the Fe** and
Nb>* ions. This assumption is supported by the fact that, apart from a doublet, the
Mossbauer spectrum of highly ordered ternary perovskite PbFeq sSby sO3 contains
also a singlet, which is attributed to compositionally ordered regions, whereas the
doublet is related to the regions where a long-range ionic order is disturbed [21].
Quadrupole splitting Q of the Mdssbauer >'Fe doublet spectra of the mechano-
activated PFN powders with small (10-20 nm) mean size D of the X-ray coherent
scattering blocks is substantially larger (Fig. 2.6) than that of the single crystal and
ceramic samples, in which it is approximately the same (~ 0.4 mm/s) [22]. As was
already mentioned, annealing of the mechanoactivated PFN powders leads to the
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growth of D values. This growth is accompanied by gradual decrease of Q values
with increasing the annealing temperature 7, (Fig. 2.6). At T, > 800 °C, the
quadrupole splitting reaches the level typical of PFN single crystals and ceramics.
It is worth noting that large values of quadrupole splitting were reported for the
amorphous PFN and they also decreased as a result of annealing leading to the
crystallization of the sample [23].

Now, we turn to the temperature dependence of the Mossbauer spectrum.
Below Ty, at cooling, the Mossbauer spectrum transforms from the doublet to a
sextet. This transformation is accompanied by a dramatic decrease of the doublet
intensity normalized to its value measured at room temperature (Fig. 2.7). The
position of the abrupt drop in the temperature dependence of the doublet intensity
allows one to obtain the value of T) from the Mossbauer experiment. This method
was successfully used to determine values of Ty in several multiferroics and their
solid solutions and the results obtained were very similar to the data got by
traditional methods such as the magnetization or magnetic susceptibility mea-
surements (see Ref. [22] and references therein). Thus, we have employed this
opportunity to detect the temperature of magnetic phase transition in mechanically
activated powders with the help of Mossbauer spectroscopy.

Temperature dependencies of the normalized intensity of doublet in M&ssbauer
spectra for the powders of the stoichiomentic mixture of PbO and FeNbO,
mechanically activated for 15 min and subsequently annealed at different tem-
peratures are shown in Fig. 2.7. The steps on these dependencies correspond to the
temperature of magnetic phase transition. For comparison, results for the PFN
crystal that was chosen as a reference are shown. One can see that there are two
steps on these dependencies for the powders annealed at 400 and 500 °C: one of
the steps is at about 40-50 K, and the second one is at higher temperature which
depends on annealing temperature T, and shifts upward with an increase in 7,. The
powders annealed at 700 °C and at higher temperatures exhibit only one step. The
highest temperature of magnetic phase transition possesses the powder annealed at
700 °C. With an increase in T, above 700 °C, Ty starts to decrease, that is, the
effect of mechanical activation is annealing, so that for 7, = 1000 and 1100 °C,
the Ty value almost coincides with the one for the PFN crystal.

The low temperature of magnetic phase transition in the unannealed mechan-
ically activated powder is likely to be connected with its «amorphization» . The
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Fig. 2.7 Dependences of the doublet intensity in the Mossbauer *'Fe spectrum normalized to its
value measured at room temperature for the powders of the stoichiomentic mixture of PbO and
FeNbO, mechanically activated for 15 min and subsequently annealed at different temperatures.

Numbers near the curves represent the corresponding annealing temperature. The dashed line
shows the data for PFN single crystal
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Fig. 2.8 Dependences of the mean size D of the X-ray coherent scattering blocks and the Neél
temperature 7 on the annealing temperature 7, for the mixture of PbO and FeNbO,
mechanically activated for 15 min. The dashed line marks Ty value for PEN single crystal

magnetic state in this powder is, most probably, of the spin-glass type, which
means that the magnetic order is only short-range. Actually, as this powder gives a
normal diffraction pattern, though with broadened lines, this most likely means
that the sizes of the regions of the perovskite phase are very small. Annealing is
accompanied by an increase in the size of these regions, and the temperature of
magnetic transition increases; the formation of long-range antiferromagnetic order
is likely to occur. As we suppose, the Ty value depends also on the degree of iron
clustering. Presently it seems that this degree varies comparatively slightly during
annealing at temperatures below 700 °C, while at higher T, the degree of iron
clustering starts to decrease (Fig. 2.8).
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Thus, the present hypothesis explaining the experiment is as follows: for
T, < 700 °C the major factor determining the magnetic phase transition temper-
ature is the coherent length, while for 7,, > 700 °C, it is the decrease in the degree
of iron clustering with an increase in 7.

In order to study if the changes of magnetic phase transition temperature
observed for mechanically activated and subsequently annealed PFN powders are
accompanied by the changes of the ferroelectric phase transition temperature, we
studied the temperature dependence of the second harmonic generation intensity
for the powder annealed at 700 °C and showing the largest increase of Ty as
compared to PFN crystal. The experimental setup used was described in details
elsewhere [24]. The results obtained are shown in Fig. 2.9. One can see that there
is a distinct anomaly in the temperature dependence of the second harmonic
generation intensity at about 110 °C. This temperature nicely correlates with the
literature data for the ferroelectric-paraelectric phase transition temperature both in
single crystals and ceramics of PFN [1, 7, 25]. The character of the dependence of
the second harmonic generation intensity on temperature for the PFN powder
studied shows some differences as compared to the similar dependencies for
BaTiO; powders [24, 26]. However it is known that the shape of this curve may be
changed crucially by changing the conditions of pressing the powders and their
subsequent annealing [26].

2.4 Summary

The use of the high-energy planetary-centrifugal ball mill AGO-2 enables one to
perform the mechanically activated synthesis of PFN at much shorter time (15 min
instead of 20-30 h).

Mossbauer studies have shown that the temperature of magnetic phase transi-
tion in PbFe( sNbgsO; powders can be changed by mechanical activation and
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subsequent annealing. In particular, the increase by more than 50 K was achieved
in the mechanically activated powder of stoichiometric PbO and FeNbO, mixture
annealed at 700 °C. These results are in line with the model assuming that the
temperature of magnetic phase transition in PbFe, sNb, 505 depends substantially
on the degree of Fe** and Nb>* ions clustering [13]. At the same time the second
harmonic generation studies did not reveal any substantial changes of the ferro-
electric phase transition temperature in this powder.
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Chapter 3

Preparation and Investigation of ZnO
Nanorods Array Based Resistive and SAW
CO Gas Sensors

Nikolaev, G. Ya. Karapetyan, D. G. Nesvetaev,
L

A. L.
N. V. Lyanguzov, V. G. Dneprovski and E. M. Kaidashev

Resistive sensors of carbon monoxide based on zinc oxide nanorod arrays were
investigated. ZnO nanorods were produced by pulsed laser deposition (PLD)
method at high pressure of argon and carbothermal synthesis. Several construc-
tions of resistive carbon monoxide sensors are obtained. Their resistive properties
are investigated. The passive wireless CO sensor on surface acoustic waves (SAW)
was studied. The dependence of SAW reflection factor for unidirectional inter-
digital transducers (IDT) loaded by impedance on its resistance value was
investigated. It is shown that the reflection factor varied in linear way versus the
value of the resistance in the range from 50 to 400 Q. The total resistance value for
one of the sintered sample lied in the range from 50 to 250 Q in the case of parallel
junction of ZnO nanorods in array by top electrode. This result corresponds to the
linear range in the dependence of IDT reflection factor from resistance value. This
can be used for determination of small concentrations of CO gas by IDT loaded
with impedance based on ZnO nanorod array, because their resistance value
depends on CO concentration.

3.1 Introduction

ZnO nanorod arrays are considered as the basic elements for a wide range of new
nanoelectronic and nanophotonic devices. In particular, such structures could be
used in photodetectors, light emitting diods, lasers, energy converters, solar cells,
electron emitters and chemosensors [1]. Current area of research is the develop-
ment of wireless CO sensors on surface acoustic waves. As a sensor for CO
adsorption, oriented arrays of zinc oxide nanorods currently obtained with laser
sputtering [2] or carbothermal synthesis [3] can be used.
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Fig. 3.1 Schematic of the experimental setup for the PLD growth ZnO nanorods

3.2 Experiments and Results
3.2.1 PLD ZnO Nanorods Growth

In our study we investigated the growth of ZnO nanocrystal arrays on sapphire
substrates by pulsed laser deposition (PLD) at high pressure of argon [2]. Deposi-
tion was carried out in the vacuumized quartz cell with an external resistive heater
(Fig. 3.1). Laser radiation of KrF laser (A = 248 nm, E = 300 mJ) was focused on
the surface of rotating ZnO ceramic target. The power density on the target surface
was 2 J/cm?. Target-substrate distance was 5-35 mm. The repetition frequency of
the laser pulses was 3—10 Hz. Synthesis of micro-and nanocrystals was carried out
at 12000-24000 laser pulses. The substrate temperature was varied in the range of
850-950 °C. The argon flow was 50 sccm at a pressure of 75-300 mbar. Single
crystal substrates of ¢- and a-sapphire size 10 x 10 x 0.5 mm?® with buffer layer of
ZnO are parallel to the laser plasma plume. To improve the vertical orientation of
ZnO nanorods was deposited buffer sub-layer film of zinc oxide. ZnO film was
deposited at 10,000 laser pulses, the oxygen pressure was 2 x 102 mbar, the
substrate-target distance was 70 mm and temperature was 670 °C [4].

Isolated gold nanoparticles were deposited on the surface of the ZnO buffer
layer and used as a catalyst for the growth of self-organized ZnO nanorods. Gold
nanoparticles (Fig. 3.2) was also obtained by laser deposition in an argon atmo-
sphere (1 =248 nm, Q =2 J/em?, f=10Hz) at Po, = 70 Pa, T = 25 °C, tar-
get-substrate distance was [ = 3.5 cm, the number of laser pulses was N = 500).
This technique is similar to those reported in [5] and allows one to receive the
samples controlling both particle size and number density, virtually without lim-
itations by the nature of the substrate. As seen in Fig. 3.2, gold nanoparticles are
isolated from each other and uniformly distributed over the surface of the ZnO
buffer layer. The size of Au nanoparticles is about 5-7 nm.

Au nanoparticles were used as a catalyst in PLD of ZnO nanorods under the
high pressure of argon [2]. As a result, vertically aligned ZnO nanorods were
obtained (see Fig. 3.3). Diameter of nanorods grown via the vapor-liquid—solid
process was 60—150 nm, height was 1-2 pm.
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Fig. 3.2 SEM image of gold nanoparticles. Top view of the surface. Po, = 70 Pa, N = 500
pulses

Fig. 3.3 SEM image of ZnO nanorods array, obtained by pulsed laser deposition
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3.2.2 Fabrication of the ZnO Nanorods Sensitive Element
of SAW Sensor for CO Detection

We have demonstrated the possibility to construct the SAW wireless and passive
sensors based on hold-up line comprising two unidirectional IDT for parameter
determination of atmosphere [6].

SAW sensor [6] is a delay line (DL) on a surface acoustic wave (SAW) having
two unidirectional interdigital transducers (IDT). Firstly, it is connected to the
transmitter and receiver antenna, and secondly to reflective IDT-IDT, loaded on
the impedance of the sensitive element of the sensor (Fig. 3.4).

Unidirectional IDT produced on substrates (YX/128°-cut lithium niobate) has
17 internal reflectors, and the set of overlapping electrodes with size of 20 lengths
of SAW on the frequency of the acoustic matching. IDT on the central frequency
of 95 MHz has a width of electrodes equals 10 mm and the set of overlapping
electrodes with size of 40 lengths of SAW. As a sensing element for CO we used
zinc oxide nanorods array. Reflection coefficient is determined by the frequency
dependence of the IDT impedance, followed by Fourier transformation. Figure 3.5
shows the dependence of the reflection coefficient on value of the load resistance.
It is seen that this dependence has a minimum of reflection, due to impedance
matching of IDT with a 50 Q load, i.e. most of the energy of SAW is released at
the load resistor. This dependence shows that the reflection coefficient for shorted
and open unidirectional IDT tends to 1.

The sensing element of SAW sensor consists of a parallel combination of zinc
oxide nanorods. Increasing the area of the upper electrode can reduce the total
resistance of the associated array of zinc oxide nanorods. The load value Z depends
on CO concentration. If you change the resistance of the sensor, then due to the
adsorption of CO changes the reflection coefficient of SAW from the reflective
IDT. However, as shown in Fig. 3.5, dependence of the reflection coefficient of the
unidirectional interdigital transducer on the value of R, connected to an interdigital
transducer, is linear load at the site of resistance from 50 to 400 Q.

Therefore, we developed new design-related arrays of nanorods of zinc oxide
having a low total resistance. We have developed a new design of parallel-con-
nected zinc oxide nanorods, the total resistance of which can be varied by
changing the area of the upper electrode. The sensors are designed in several
phases and the final version of the structure is shown schematically in Fig. 3.6.
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Fig. 3.5 Dependence of reflection coefficient of the unidirectional IDT on load resistance
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Fig. 3.6 Schematic view of SAW sensing element of CO sensor. Left top view and right side
view

Then the Au electrodes (upper and lower) were deposited by means of PLD for
the further investigation of gas-sensing properties of this structure. The lower
electrode was deposited on the sample part free from nanorods and the upper one on
the top of nanorods. PLD of the upper electrode was carried out at the angle of 45°.

To complete processing the sensor, it was sprayed a nanostructure contact after
growth. This sample was placed in a vacuum chamber and lock to the target at the
angle of 45° to the target surface. It was also used a masking pattern with a round
hole for the deposition of gold contacts on the limited surface area of the sample.
Deposition of contact was extended obliquely to gold particles settled on the top of
nanorods and not fell to their base. Nanorods screen each other and prevent
covering of nanowires base because of its density. Thus, the gold contact is created
in the upper part of the nanorods and combines them together.

3.2.3 Resistive CO Sensor Characterization

The sensor design was a series of parallel connected with the nanorods “islands”
of Au underlayer. On a quartz substrate was deposited thin-film underlayer by
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Fig. 3.7 Sensor’s photo
obtained by ZEISS Axioskop
40 microscope

pulsed laser deposition through a mask with square holes of the size a = 90 pum.
The distance between the “islands” was b = 40 pum. ZnO nanorods were removed
by sonication in a solution of ethanol. The resulting solution of nanorods was
applied on the sample surface. Nanorods were annealed in the Au conductive
underlayer in Ar atmosphere at + = 200 °C to achieve better electrical contact
between rods and sublayer.

The photo given above clearly shows that the individual ZnO nanorods,
deposited on the surface of the sample overlap the neighboring gold islands. Thus,
as in the case of the above construction sensor of CO, conduction channel from
island to island passes through nanorods. Thus, any change in the conductivity of
the rods associated with a change in the composition of the surrounding atmo-
sphere, can not affect the total resistance of the sample (Fig. 3.7).

Resistance measurement was carried out using a multimeter Keithley 2000 at
constant temperature ¢ = 250 °C. CO desorption from the surface of the sample
was carried out by blowing measuring chamber with nitrogen gas and continuous
UV irradiation of the sample after the measurement. Mutually reversible redox
reaction, adsorption—desorption on the semiconductor surface at a constant con-
centration of CO are in the equilibrium state some time after the lapping CO
(Fig. 3.8). By decreasing the concentration of carbon monoxide, the equilibrium
shifts toward desorption.

The calculation of the gas sensor’s sensitivity occurred by the formula
((Ra — Rp)/R4) x 100% where R, and R;, is the sensor resistance in the presence
of CO and in pure air, respectively. Great gas sensor resistance, however, is caused
by poor contacts of nanorods with the deposited Au islands. Thus, the sensitivity of
the sample was about 250 %. Gas-sensitive properties of the samples are highly
dependent on the number of oxygen vacancies [7].
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The ratio of the intensities of the exciton/green regions of the PL spectrum
(Fig. 3.9.) was 0.3 for the ZnO nanorods on the surface of the gas-sensitive ele-
ment. From this ratio, it follows that the concentration of oxygen vacancies in the
sample is high. As discussed by authors of the article [7], with increasing the
oxygen vacancies sensitivity of the sensor to CO is greatly increased. Chemi-
sorption of Oy, O*>~ and O~ substantially depends on temperature. At low tem-
peratures, mainly occurs O, chemisorption. At a high temperature begins
O~ chemisorption, while O, disappears.

3.2.4 SAW CO Sensor Characterization

ZnO nanorods array is the load impedance of one of the ITDs. We have obtained
the SAW reflection coefficient dependence on the value of load impedance which
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is connected to reflective ITD. This dependence could be used to determine low
concentration of gas, for instance, of carbon monoxide. The main goal of our
research was fabrication and study of ZnO nanorods sensitive element of SAW
sensors for CO detection.

The SAW sensor element sensitive to CO consists of parallel connected ZnO
nanorods. In order to decrease the total resistance of ZnO nanorods array we
changed the area of upper electrode. The impedance value Z depends on CO
concentration. CO absorption influences on the sensitive element resistance
resulting in the change of SAW reflection coefficient.

The authors of [7] have studied cathodoluminescence spectra of ZnO nanorods
in the visible and ultraviolet regions of the spectrum. Obtained at different tem-
peratures nanorods had a different intensity of the broad band in the green-yellow
region of the spectrum of cathodoluminescence associated with oxygen defects in
Zn0O. By comparing the luminescence intensity in visible and UV region of
spectrum, it is possible to make a conclusion about O vacancies in ZnO nano-
structures. The photoluminescence spectra (Fig. 3.10) demonstrate the correlation
between the sensitivity of samples and the number of O vacancies in nanorods.

By varying nanorods growth temperature from 850 to 915 °C can be produced
nanorods with different defectness of oxygen. Because the maximum sensitivity of
ZnO at 250 °C [8], the sensitivity measurements were carried out at room tem-
perature and at 250 °C. During heating nanorods to 250 °C from room tempera-
ture, the resistance of the connected arrays of ZnO nanorods fell to 6 kQ. ZnO
nanorods array had the load impedance of the reflective ITDs and their total
resistance was R = 6 kQ at operational temperature 7 = 250 °C of the sensor.
The time dependence of response difference for SAW sensor was obtained. The
first response was recorded without CO, the second one—through 8 min after the
inflow of gas. These values were normalized with respect to differential response
recorded at the end of the first minute after CO inflow (see Fig. 3.11). This
dependence indicated that the reflection coefficient had changed. Thus, the ZnO
nanostructure obtained could be applied for development of wireless SAW sensors
for CO detection.

The low resistance of ZnO nanorods array leads to the maximum value of ITD
reflection coefficient. This fact allows us to use this nanostructure as a gas-sensing
element of passive noncontact SAW sensor for CO detection. CO was filled with
air in the cell capacity of 500 cm®. Gas was fed from the gas cylinder through a
regulator with flow rate of 50 cm*/min. The reflection coefficient varied in
accordance with the increase of resistance of the nanorods. It happened, appar-
ently, because of the adsorption of carbon monoxide surface of the nanorods.
Dependence of the reflection coefficient on the reflective IDT loaded with an array
of ZnO nanorods in the first 9 min of the inlet CO recorded by the meter complex
transfer «Overview-304/1» with a 1 min interval. To increase the sensitivity of the
measurements were taken differential impulse responses. Figure 3.11 shows the
difference in response time (7 = 250 °C without CO and through 8 min after
lapping CO) relative normalized difference of response removed after 1 min after
lapping CO.
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Fig. 3.10 Room-temperature photoluminescence spectra from samples which were grown at
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Fig. 3.11 Time dependence of response difference of SAW sensor. The first response was
recorded without CO, the second one—through 8 min after the inflow of gas. These values were
normalized with respect to differential response recorded at the end of the first minute after CO
inflow

If get the resistance values of the nanorods within the maximum sensitivity of
the reflection coefficient loaded on IDT resistance [6], it is possible to increase the
sensitivity of the sensor to CO. This can be done either by parallel connection of a
large number of nanorods, either by increasing the radiation resistance of reflective
IDT. However there is a limit, when it is reached the aperture of IDT is decreased.
The resistances of a few kQ would be so small that it will lead to significant
diffraction of SAW and to inability of correct sensor operation.

However, as shown by the measurements, even when the resistance of the
nanorods is 6 kQ, change in the difference signal is sufficient to remove the
dependence of the reflection coefficient of the resistance change on the nanorods,
which is defined as the maximum amplitude of S}, parameter.
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3.3 Conclusions

ZnO nanorods array with c-axis perpendicular to the substrate was grown by
pulsed laser deposition at high pressure of argon and carbothermal synthesis. It
was fabricated and tested sensing element of SAW sensor of CO being an array of
parallel connected zinc oxide nanorods. It is proposed to use the photolumines-
cence method for the optimization of ZnO nanorods growth with maximum sen-
sitivity to CO. We used this method to find synthesis temperature at which the
sensitivity of the device is the highest.
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Chapter 4

Carbothermal Synthesis

and Characterization of ZnO Nanorod
Arrays

N. V. Lyanguzov, D. A. Zhilin and E. M. Kaidashev

An influence of buffer Ar gas pressure and substance-to-source distance on mor-
phometric parameters of vertically aligned ZnO nano- and the microrod arrays
synthesized by a carbothermal reduction process on Si (100) substrates covered by
ZnO sub-layer is determined. Systematical researches of catalyst-free growth, as
well as influence of catalytic agent type (such, as Au and Cu) on formation process
and the morphometrical parameters of the produced rods are carried out. It is
shown that the catalytic agent plays a role only at the initial stage, and does not
participate in the further growth of rods in applied synthesis conditions. Possibility
to control the average diameters, lengths and surface distribution density of the
rods in the ranges of 100-300 nm, 1.5-9 pm and 2.8 x 108-5.3 x 108 cm™2,
respectively, is shown.

4.1 Introduction

Arrays of ZnO filament-like nanocrystals and the nanorods are considered now as
basis element of highly efficient electrooptical devices, electrons emitters, sensors
for chemical and biological substances, micro- and nanoelectromechanical sys-
tems. Morphometric characteristics, such as the characteristic sizes of single ele-
ments, the dispersive level, density and homogeneity of surface distribution,
mutual spatial orientation are defining for the majority of applications. So far in
many presented annuals the possibility to produce the vertically aligned ZnO nano-
and microrods arrays with differing morphometric parameters via a very simple
gas-phase-technique, such as carbothermal reduction process, is shown. However,
comparing these results, it is impossible to create complete and single-digit idea, at
least at empirical level, about influence of temperature of synthesis [1],
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concentration in a gas phase [2], operating pressure [3], existence and type of the
catalytic agent [4], etc. on morphologies of formed products.

Considering above-mentioned features, the purpose of this work was to research
the opportunities of control of the morphometric parameters of ZnO nano- and
microrods arrays during their preparation via carbothermal reduction process. As
the tasks, we studied the influence of such technological parameters of synthesis,
as operating pressure and substrate-to-source distance, on lengths and diameters,
on dispersive level, on surface distribution density and homogeneity of produced
ZnO nano- and microrod arrays on exact values of level.

4.2 Experiment

ZnO nano- and microrod arrays were produced by a carbothermal reduction
process on Si (100) substrates with use of Cu and Au as growth catalyst agents, and
also without catalytic agent, respectively, the technique offered in [1, 2, 5, 6].
Substrates were initially exposed to chemical cleaning. Before the catalytic agent
deposition and nanorods synthesis the substrates were covered by 80 nm-thick
ZnO thin film sub-layers via pulsed laser deposition (PLD) technique under
temperature about of 500 °C. The thickness of the catalytic agent layers deposited
by magnetron sputtering was about 2-3 nm. Three area-equal fields were distin-
guished on each sample: the first one was covered with Cu, the second one covered
with Au, and the third one without any catalytic agent covering. The pumped
quartz tube with inner diameter of 30 mm placed in the horizontal furnace was
used as a reaction chamber for synthesis of ZnO-rod arrays. Source of material, or
precursor (compacted mixture of ZnO and graphite powders in a weight ratio of
1:1) and the prepared substrates were loaded in the chamber by so way that the
precursor was located at the center of furnace. Further the reactor was evacuated
and heated up to working temperature. Pressure value (P) in the chamber was
regulated by means of changing pumping rate and introducing buffer gas (argon)
with the fixed flow of 200 cm*/min. The substrate-to-source distance (L) was
varied stepwise during synthesis, too. Values of substrate temperatures decreased
within range 940-920 °C with increasing distance L. The precursor was heated up
to 950 °C for 35 min, and duration of the synthesis was 10 min. After synthesis
the reactor was naturally cooled down to room temperature. So, the 12 experi-
mental samples of the ZnO rods for L = 3, 4, 5, 6 cm and for P = 150, 50,
15 Torr were produced.

The morphology of the sintered samples was studied by scanning electronic
microscopy on the instrument FE-SEM Zeiss SUPRA 25. Values of average length
of rods were determined from micrographs of cross-sections (Fig. 4.1a) under
shooting at the angle of 90° to an axis of rods. For determination of average value
of rod diameters, the micrographs were registered parallel to a surface (i.e. at the
angle of 0° to an axis of rods) (Fig. 4.2). Further, micrographs were computa-
tionally processed in Image] program [7]. The diameter of circle, whose area was
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Fig. 4.1 The SEM image of cross-sections of the ZnO-rod array synthesized on Si (100)
substrate with pressure of 50 Torr at substrate-to-source distance of 4 cm without the catalytic
growth agent (a). The histogram of statistical distribution of rods on length for this sample (b)

equal to the area of cross-section of the rod, was selected as a value of diameter.
Based on obtained data, the histograms of statistical distribution of rods on lengths
(Fig. 4.1b) and on diameters (Fig. 4.3) were plotted. These histograms were
approximated by logarithmically normal distribution function. As average length
or diameter of rods for each sample the maximum of approximating distribution
function was accepted. The dispersion level of length or diameter of rods was
defined as the expressed in a percentage ratio of FWHM value for correspondent
approximating distribution function to the average value.

The XRD studies of the synthesized samples were carried out on the Rigaku
ULTIMA IV Theta—Theta Type diffractometer (Cu Ko, radiation).

4.3 Result and Discussion

Electron microscopy showed that all of the samples were the arrays of ZnO-rods,
which vertically aligned to the substrate. The average length of the rods varied in a
non-linear way with increasing substrate-to-source distance, reaching the maxi-
mum values at L = 4-5 cm. Similar regularity is observed for dependence of the
rod length on pressure, namely the rods produced at P = 50 Torr have the greatest
average length. So, values of average lengths of ZnO-rods sintered without the
catalytic growth agent under pressure of 15 Torr, reached of 4.5, 7, 8.7 and



40 N. V. Lyanguzov et al.

Fig. 4.2 SEM images (top
view) of ZnO-rod array
synthesized on Si (100)
substrate at substrate-to-
source distance of 4 cm
without the catalytic growth
agent with pressure of

150 Torr (a), 50 Torr (b), and
15 Torr (¢)

5.9 um, with the dispersion level of 13, 7, 4 and 2.5 %, for distances of L = 3, 4,
5, and 6 cm, respectively. In the case of the same values of L, average lengths of
the rods synthesized with P = 50 Torr, reached of 7.5, 8.7, 6.7 and 2.1 um, with
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the dispersion level of 2, 3, 3.5 and 7 %, and with P = 150 Torr they were 3.2,
5.6, 2.9 and 1.3 pm, with the dispersion level of 5, 4.5, 3.5 and 3 %, respectively.

Average diameter of rods increases with evaluation pressure and increasing
substrate-to-source distance. So, average diameters of ZnO-rods produced with the
pressure of 15 Torr, reached of 100, 110, 155 and 195 nm, with a dispersion level
of 5, 4.5, 3 and 33 % for distances of L = 3, 4, 5, and 6 cm, respectively. For the
same values of L, diameters of the rods synthesized with a pressure of 50 Torr,
reached of 180, 195, 225 and 240 nm, with a dispersion level of 8, 28, 29 and
25 %, and with P = 150 Torr, they reached of 225, 230 (Fig. 4.2a), 270 and
300 nm, with a dispersion level of 24, 28, 30, 32 %, respectively. The average
length and diameter of the rods depending on pressure value and substrate-to-
source distance are plotted in Fig. 4.4. In the presence of catalytic growth agents,
Au or Cu, the increase of average length on 7-15 % and reduction of average
diameter of rods on 2-10 % (depending on specific conditions for each sample)
were observed.

Surface distribution density of rods for all fabricated samples changed in the
range from 2.7 x 10%to 8 x 10® cm™, being homogenous for each sample along
the surface. The rods in the transverse sections have a shape of the close-to-regular
hexagons, if their diameters are no more than 150 nm, and of more complex
polygons formed by combination of hexagon-like figures in the case of bigger
diameters.

In 0/20-patterns (Fig. 4.5) there are only the reflexes relating to Si (100) sub-
strate, and reflexes like (00 /) attributed to zinc oxide, such as (002) and (004).
This unambiguously testifies to mutual crystallographic orientation of [001] ZnO ||
[100] Si in the normal to the substrate direction. The FWHM of rocking curve for
Zn0-(002) reflex is obtained about 0.5°. The ¢-scans for asymmetrical ZnO-(114)
reflex approved that the ZnO-rods showed full azimuthal disorientation in the
plane.
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From electron microscopy data for Au-covered areas of the samples it might be
supposed the presence of gold nanoparticles with average diameter about of 30 nm
concentrated near the interface of ZnO-rods with ZnO-sublayer. XRD also con-
firmed the existence of gold nanoparticles. In the areas covered with Cu, metal
particles were absent. This may confirm that copper is evaporated, or embed into
crystalline structure of the ZnO-rods during their formation. Also metal particles
were absent on lateral surfaces and peaks of rods in the case of use both Au, and
Cu as catalyst. These results, along the facts, that rods grow in absence of the
catalytic agent, and only insignificant difference of morphometric parameters,
argue that the catalytic agent plays a role only at the initial stage (forming pref-
erential growth centers), and does not participate in the further growth of rods
under existing synthesis conditions.

Also, an additional series of samples was synthesized with pressure of 50 Torr
at distances of L = 3, 4, 5 and 6 cm, when the temperature was lowered by 50
degrees, i.e. the precursor was been heated up to 900 °C. Preparation of substrates
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here was carried out in a way similar explained earlier. ZnO-rods were not pro-
duced on each of these samples. A zinc oxide layer (no more than 20 nm thick)
formed on surface of the initial ZnO-sublayer was only one resulting product
formed during this experiment.

From the facts of the dependence of rod length and their average diameter on
changing substrate-to-source distance and buffer Ar pressure, it is evident to
assume that by varying with distance and pressure, the gas-phase parameters and
the rate of surface-related processes on a substrate might be changed. Such values,
as partial pressure of Zn vapors, rate of diffusion, oxidation of Zn adatoms and
pressure of residual oxygen in each point of the reaction chamber might depend on
two technological parameters: substrate-to-source distances and buffer pressure of
Ar. By changing and manipulating these two parameters, it is obviously possible to
change and control the kinetic and thermodynamic conditions of growth and,
therefore, the morphometric parameters of formed structures.

4.4 Conclusion

The possibility to control the average diameters, lengths and surface distribution
density of ZnO-nanorod arrays produced by carbothermal reduction process (or
carbothermal synthesis) is shown in the ranges of 100-300 nm, 1.5-9 pm,
2.8 x 108-5.3 x 10® cm ™, respectively. The dispersion level of the synthesized
rods did not exceed of 33 % in diameter and 13 % in length. The growth of rods
was observed in both cases of Cu or Au existence, and without of the growth
catalytic agent. The morphometric parameters of ZnO-rod arrays varied no more
than on 15 % in dependence on the one of these two cases. From the existence of
gold nanoparticles near the interface of ZnO-rods with ZnO-sublayer, it is con-
cluded that the catalytic agent plays a role only at the initial stage of growth.
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Chapter 5
Electro-Deposition of Cu,ZnSnS, Solar
Cell Materials on Mo/SLG Substrates

Min Yen Yeh, Yu-Jheng Liao, Dong-Sing Wuu, Cheng-Liang Huang
and Chyi-Da Yang

Cu,ZnSnS, (CZTS) absorber layers, treated with post sulfurization, were suc-
cessfully grown on Mo/soda lime glass substrates by electro-deposition at room
temperature. Electro-deposition is such a method that has the advantages of high
quality, low-cost, high-efficiency, high production, vacuum-less and good void fill
ability. In this work, a two-electrode arrangement system was used and worked at
galvanostat setting. The CZTS was electro-deposited through single-step processes
using sodium citrate (Na3;CgHs0O-) and tartaric acid (C4HgOg) as the complexing
agents. The as electro-deposited CZTS films were treated with post sulfurization
using sulfur vapor. The crystallinity of the as electro-deposited CZTS was
improved through the post-sulfurization. The as-formed CZTS was analyzed using
FE-SEM, XRD and Raman Spectrometer. The CZTS films exhibit polycrystalline
kesterite structures with preferred XRD orientation on (112), (220), (312) planes.
The optical band gap energy was ~1.25 eV which was a suitable value for solar
cell application.

5.1 Introduction

Humans have achieved a level of material progress based on continuous invention
in science and technology. The endeavor on developing science and technology to
meet the need of comfortable live consumes lots of energy resources. The con-
ventional energy resources include oil, gas, coal, etc. The increase of energy usage
exhausts the storage of conventional energy resources year by year. It is a suffering
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experience of oil crisis happened in 1970s. Today we face more serious global
energy problems which involve not only the shortage of conventional energy, but
the impact to the environment. The insurmountable energy problems challenge
people to find out suitable alternative resources. The choices and development of
alternative resources urge the requirement of recycle and green to our environ-
ment. Nowadays, development of solar energies, wind and hydrogen fuel cells are
the popular subjects.

The application of solar energy is based on the developments of solar cells.
Common use of solar cell devices include silicon based (single, multiple, amor-
phous crystalline), compound (GaAs, CdTe, CulnSe,), and dye-sensitized (TiO,)
solar cells. Since silicon material is abundant in the Earth crust and Si process is a
high developed technology, silicon solar cells are dominant in the commercial
photovoltaic market. Most of the commercial Si solar cells are made of crystalline
Si based on Si bulk substrates. The solar cell structures only occupy few
micrometers of thickness onto bulk Si. Most of raw bulk Si material is wasted and
causing high cost production. High-efficiency thin-film solar cells may hold the
key to the cost consideration.

The development of thin-film compound semiconductor such as CIGS, and
CZTS has the potential to meet the requirements of solar cells. Though, the ZnO/
CdS/CIGS thin-film solar cells had reached 19.2 % efficiency [1], lower reserve of
indium (In) in the earth’s crust and toxic element of Se to our environment would
become the barrier for mass production. In recent years, Cu,ZnSnS, is the most
promising absorber layer material for solar cell to replace CIGS, although CZTS
solar cells have less efficient than CIGS solar cells reported by the National
Renewable Energy Laboratory 19.9 % [2] and the German solar and hydrogen
energy research institutions 20.3 % [3]. Since CZTS constituents of copper, zinc,
tin and sulfur are plenty in the earth and non-toxic, and this makes it a suitable
candidate for replacing CIGS solar cells. Nowadays, non-toxic, low-cost and high
efficiency CZTS thin film solar cells have been developed by IBM 8.4 % [4] and
11.1 % in 2012 [5].

CZTS can be prepared by various methods, such as spray-pyrolysis deposition
[6], electron-beam evaporation [7], radio-frequency magnetron sputtering depo-
sition [8], electroplated deposition [9], pulsed laser deposition [10], and sol-gel
deposition [11]. The advantages of low cost materials, large area deposition, low
temperature process and easy equipment, make electro-deposition an attractive
technique as compared to vacuum system processes like e-beam evaporation, rf-
sputtering, and pulse laser deposition. Generally it is easier to deposit mono-
element by electro-deposition in a single-step. A quaternary compound is more
difficult to deposit in one-step through electro-deposition. Single-step electro-
deposition of CZTS thin films from aqueous is difficult since the reduction
potential range of these metal ions is considerably large [12]. CZTS films prepared
by single-steps electro-deposition remain still a challenge to obtain stoichiometry
composition [12—14]. For obtaining stoichiometric CZTS, complexing agents are
used to decrease the gap in the reduction potentials of species and improve the
lifetime of deposition bath as well as the adhesion of the deposited film on the
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substrate [12, 15]. Tri-sodium citrate (Nas-citrate) was used as the complexing
agent in quaternary electrolytic bath for electro-deposition of CZTS thin films
[14]. In this work, tri-sodium citrate was used as the agent for single-step electro-
deposition on Mo/SLG substrate. The structural properties of the as-electro-
deposited and sulfurized thin films were investigated using X-ray diffractometry
(PANalytical X’pert Pro with CuKa radiation, 2 = 1.5406 A). The morphological
and compositional characteristics of the as-prepared CZTS thin films are charac-
terized using field emission scanning electron microscopy (JEOL, JSM-6700F),
and energy dispersive X-ray spectroscopy (EDX, OXFORD INCA). Raman
spectral analysis was performed by using 532 nm laser exited line. Optical
transmittance & reflectance spectra are performed using N&K UV-visible analyzer
in the range of 190 ~ 1000 nm.

5.2 Experimental Methods

CZTS thin film was prepared by electro-deposition technique through a single-
step process in a non-vacuum system at room temperature. The processes have
several advantages, such as low cost source materials, large area deposition,
cheap capital equipment, solution synthesis and room temperature growth.
Molybdenum (Mo) widely used in industry is suitable used as the back contact for
CZTS solar cells. Most of CZTS thin films deposited on Mo/SLG substrate may
encounter the problems of adhesion and contact resistance between CZTS layer
and Mo metal. The interface quality often affects the solar cell performance. Poor
interface quality will increase series resistance of solar cells, and deteriorate the
device efficiency. Direct electrochemical growth of CZTS onto Molybdenum
surface may be a possible way to improve the interface quality and access higher-
quality CZTS film.
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Fig. 5.2 Surface
morphologies of as electro-
deposited CZTS treated with
post sulfurization
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In this work, the deposition process of Cu,ZnSnS, thin film is shown in
Fig. 5.1. Soda lime glass (SLG) with 2 x 4 cm® dimension was used as sub-
strates. SLG substrates were cleaned in ultrasonic bathes of acetone and D.I.
water, successively, and dried flown nitrogen. Molybdenum layers were chosen as
the starting layer for electro-deposition and prepared on SLG substrates by D.C.
sputtering. The sputtering chamber was pumping down to a back ground pressure
of 5 x 107 torr, and working pressure was kept at 6 mtorr. A 2-inch diameter
and 6-mm thickness Molybdenum with 99.95 % purity was used as the target. A
rotatable substrate holder was fixed at 10 cm from the Molybdenum target. The
electrolyte aqueous for CZTS electro-deposition was prepared using metal sul-
fates (CuSQy, ZnSOy, SnSO,) at 2 : 1 : 2 mol ratios mixed in D.I. water. Sodium
citrate (NazCgHsO-) and tartaric acid (C4HgOg) were used as the complexing
agents. The electro-deposition was carried out at room temperature using a
double-electrode configuration in galvanostat with a maximum current of 3 mA.
The working and counter electrodes dipped into electrolyte were 1 x 1 cm?.
After electro-deposition, the obtained CZTS thin films were treated with sulfu-
rization using a conventional tube furnace filled with nitrogen. Sulfur vapor
sublimated from sulfur powder was used for the CZTS sulfurization process at
400 °C for 10 min.

5.3 Results and Discussion

The surface morphology of the as-deposited and sulfurized CZTS thin films was
investigated by using scanning electron microscopy (SEM). CZTS thin films were
electrochemically deposited in galvanostat at 3 mA. Figure 5.2 presents SEM
surface micrographs of as-deposited CZTS thin films onto Mo/SLG substrate. It is
observed that the film shows non-uniform distribution of agglomerated particles
with dense packing. The agglomerated particles with well-defined boundary reveal



5 Electro-Deposition of Cu,ZnSnS, Solar Cell Materials on Mo/SLG Substrates 49

Fig. 5.3 XRD patterns of as °
. 700 =
electro-deposited CZTS > & Mo
treated with post sulfurization 600 4 ¢ CuS
§ ® SnS
—~ 500 = &
3 2 @
< N 2
< 400+ o (%) —
= 3 S
= O N —
2 300- g e = o
2 & @ 2 e % T ~
£ D ~N %) S =Y
200 - Se 0o = Sy
N [l &) Bz e2is
*© - =1 NhE
100 - ® o[l N
0 .
T T T T T
20 30 40 50 60 70 80
20 (degree)
Fig. 5.4 Raman shift 610 -
spectrum of as electro- 605 £
. . w -
deposited CZTS treated with 600 4 .. ET
post sulfurization = 595 ] 5 23 E
< <] (2 -
3 590 4 o Re 6
£ 3 © g
8 585 S § o
>
2 580 N
c
2
£

CZTS 465cm’

T T T T .
200 300 400 500
Raman Shift (cm™)

rectangle and pebble shapes have a size range of 1 ~ 8 um. The obtained grain
sizes seem to be larger than those reported in literatures [12, 14]. The larger size of
particles might be the effect of sulfurizing process using sulfur vapor in this work,
as comparing to other’s annealing works using ambient gas of nitrogen or Ar. It
had been found that surface morphologies of prepared CZTS thin films were
affected by annealing condition [12].

Structural properties of as electro-deposited CZTS treated with post-sulfuri-
zation at 400 °C were analyzed using XRD measurement with 260 scanning from
20 to 80°. The XRD spectrum of as sulfurized CZTS thin films electro-deposited
from quaternary electrolyte aqueous containing sodium citrate and tartaric acid on
Mo/SLG substrates are presented in Fig. 5.3. The XRD peaks diffracted at the
positions indexed as (112), (200), (220), (312), (008), and (332) attribute to
different crystallographic planes of Cu,ZnSnS,. The XRD pattern of the as
electro-deposited CZTS treated with post-sulfurization reveals polycrystalline and



50 M. Y. Yeh et al.

Weight’s  Atomic%
34.02 59.30
15.07 13.26
9.02 7.7
41.89 19.73
100.00

Fig. 5.5 EDS analysis of as electro-deposited CZTS treated with post sulfurization

kesterite structure. Besides polycrystalline CZTS, other secondary phases such as
CuS and SnS are found in the films. The secondary phases of copper sulfides and
tin sulfides were also frequently observed in CZTS films in other reports [12, 16].

As we can see that it is hard to distinguish some of the XRD diffraction peaks of
CZTS from secondary phases such as CuS, SnS and ZnS since they stand too
close. XRD seems no a very precise way to distinguish CZTS and its secondary
phases. Raman spectroscopy may become an alternative method to identify the
structure of the as-deposited CZTS and secondary phases. Figure 5.4 shows
Raman spectroscopy results of as electro-deposited CZTS treated with sulfuriza-
tion. From the Raman spectrum, we can observe scattering peaks at 288, 331, 335,
362 and 465 cm ™! defined as the characteristic peaks of Cu,ZnSnS, [17-21]. The
existence of SnS peak scattering at 315 cm™ ! is also found in the as electro-
deposited CZTS thin films treated with sulfurization by the Raman test [22-24].
From the XRD and Raman test we know that there are still numerous challenges to
electro-deposit CZTS in which no secondary phase is accompanied.

The composition of the CZTS film was analyzed by EDS. Figure 5.5 shows that
the content of sulfur in the as electro-deposited CZTS film is compensated enough
through the sulfurization treatment. The constituent of copper seems poor in the film.
The content of Zn seems to be lost a little during high temperature process (sulfu-
rization) similar to the report [17]. It can be seen that the as deposited CZTS film
treated with sulfurization does not reveal a close stoichiometric composition. A close
stoichiometric composition was found to relate to an optimal volume of complexing
agent added into the quaternary electrolyte for single-step electro-deposition [12].

The transmittance and reflectance of the CZTS films were examined using UV-
visible spectra from 200 to 1000 nm. Optical absorption coefficients were then
calculated as [27]

a:%[ln(l —R;) —InT}], (5.1)

where ¢ is the film thickness, R, and T, are reflectance and transmittance coeffi-
cients, respectively.
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The absorption coefficients of the CZTS are higher than 1 x 10* cm™' in the
visible range. A high absorption property over the solar radiation band is thought
to be an attractive candidate for solar cells applications. The as electro-deposited
CZTS film treated with post-sulfurization, has a high absorption spectrum over a
larger photon energy region. From [27], we know that the absorption coefficient
related to direct transitions has the following spectral dependence:

o =A(hv —E,)"? (5.2)

where A is a constant, hv is the photon energy and E, is the energy band gap. A

direct transition can then be found by the linear dependence of (ochv)2 versus hv.
Thus optical-energy gap can be determined by extrapolating the linear part of the
spectrum of the square absorption coefficients of the CZTS to zero absorption
coefficient as a function of photon energy. As shown in Fig. 5.6, the CZTS optical
energy gap is ~ 1.25 eV which is suitable to be the absorber layer for solar cells
[25, 26].

5.4 Conclusion

Cu,ZnSnS, thin films were successfully prepared on Mo/SLG substrates at room
temperature by Galvanostat electro-deposition method. The as electro-deposited
CZTS films were treated with post sulfurization using sulfur vapor in a conven-
tional tube furnace filled with nitrogen. The one-step electro-deposited processes
use sodium citrate (NazCe¢HsO7) and tartaric acid (C4HgOg) as the complexing
agents to decrease the gap in the reduction potentials of species. Non-uniform
agglomerated particles with well-defined boundary rectangle and pebble shapes in
a size of 1 ~ 8 um were observed from the as prepared CZTS SEM surface
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morphology. The obtained grain sizes larger than other’s work might be the effect
of sulfurizing. The as electro-deposited CZTS treated with post-sulfurization
reveals polycrystalline and kesterite structure from XRD test. Secondary phases
such as CuS and SnS are found in the CZTS films from XRD and Raman
examination. Using an optimal volume of complexing agent may be a way to
improve the secondary phases, and this may be also useful to obtain a close
stoichometric CZTS. The as electro-deposited CZTS films are suitable to be the
absorber layer for solar cells, since they have high absorption efficiencies in the
visible range with the optical energy gap of ~1.25 eV.
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Chapter 6
Complex Investigations of Sapphire
Crystals Production

S. P. Malyukov and Yu V. Klunnikova

The problem of optimum conditions choice for processing sapphire substrates was
solved with optimization methods and with combination of analytical simulation
methods, experiment and expert system technology. The experimental results and
software give rather full information on features of real structure of the sapphire
crystal substrates and can be effectively used for optimization of technology of the
substrate preparation for electronic devices.

6.1 Introduction

The sapphire crystals have a complex of the certain physical properties so it can be
widely used in microelectronics, quantum electronics, optics of high accuracy,
nanotechnology. The requirements to sapphire structure quality grow with
development of technologies. It is known that sapphire quality is determined by a
set of criteria, and first of all it is the growth conditions. This concept also includes
a set of others, such as temperature distribution in the crystallization camera,
temperature gradient and its change, the processes arising on the interphase
crystal-liquid boundary and their influence on total crystal structure, crystal
annealing process when cooling takes place after growth and the chemical, thermal
and mechanical treatment.

In recent years the certain successes have been achieved in research and
development of crystal formation mechanisms, morphological stability of crys-
tallization front and the role of impurity, the thermal and concentrated streams and
other factors in crystal structure formation. However determination of functional
dependences for real crystal parameters based on conditions of crystal growth
remains the main task because the problem solution of processing a crystal
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material with the set of properties depends on it. The detailed analysis of processes
and environment structure from which crystals grow up is necessary for the
solution of this problem. It is necessary also to develop the mathematical and
information support for fabrication of products from sapphire crystals.

6.2 Growth Methods of Sapphire Crystals

There are many growth methods of sapphire crystals [1, 2]. The most promising
method is the growth method from the melt by horizontal directed crystallization
(HDC), allowing one to obtain large-size crystals (e.g., 350 x 150 x 45 mm?)
with high growth rates if we compare them with crystallization rates from solu-
tions or gaseous media. There are growth methods with crystallization in the
crucible (Verneil’s method) or crystallization without it (Kiropoulos’s method,
Bridgmen-Stokbarger’s method, Stepanov’s method, Czochralsky’s method, HDC
method, and zone melting method).
The crystal growth methods from the melt can be divided into two groups:

(i) the methods with small volume of the melt (Stepanov’s method, Verneil’s
method, and zone melting method),

(i1) the methods with large volume of the melt (Kiropoulos’s method, Bridgmen-
Stokbarger’s method, Czochralsky’s method, HDC method).

The melt volume influences on crystallization character and there are many
methods of sapphire crystals growth [1, 2]. The most promising method from
viewpoint of intensity of the crystal physical and chemical processes in melt is the
HDC method [3-5], which allows one to obtain large-size crystals with high growth
rates. The melt can dissociate, and dissociation products can evaporate in the
atmosphere. For these substances the time of staying into melt is limited, so the
crystals are grown from the small volume of the melt. The similar conditions have
to be applied for substances which interact with container material and atmosphere.
It is necessary to pay attention on differences of convection conditions for the both
groups of the growth methods. In the large melt volume the convective streams
develop early, and the convective transfer plays a noticeable role [6, 7]. In the small
volume convection cannot play such role, and the weight is transferred by diffusion.

It should be noted that Kiropoulos’s and Czochralsky’s methods are brought to
the high technological level. But they also have some features which do not
promote reduction of crystal prices. First of all there are: (i) the high cost of growth
equipment, (ii) the technological difficulties during large diameter sapphire growth
with crystallographic orientation (0001) which is optimal for optics and opto-
electronics on the nitride-gallium structures, (iii) the necessity of expensive use of
the raw materials with high degree of purity (99.996 % Al,03). Many of these
problems are not characteristic for HDC method. This method does not demand
the complex and expensive equipment, and allows one to grow the large-size
crystals of any crystallographic orientation and to use the cheap raw materials with
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Fig. 6.1 Technological scheme of sapphire crystal production by HDC method

higher impurity concentration because of their effective evaporation in the melt
crystallization process. It has allowed one to increase the crystal sizes and to
expand their application. The common scheme of Al,O5 substrate production by
HDC method [8] is presented in Fig. 6.1. It includes crystals growth and substrate

production.

The HDC method has some advantages in comparison with other methods. First
of all consists in that the melt height and its square are constant during a whole
process (see Fig. 6.2). The large melt volume allows one to provide the effective
impurities evaporation. The fuse process and boundary of phase division can be
controlled visually or by means of optical devices. It creates the grounds for

automation process [9, 10].
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6.3 Simulation of Heat Transfer Processes During
the Sapphire Crystal Growth by Horizontal
Directed Crystallization Method

In real conditions of sapphire crystal growth by HDC method the temperature of
fuse decreases that defines the temperature gradient in growth crystal. The simu-
lation of heat transfer processes in the crystal-melt system was carried out for
definition of influence of the sapphire growth parameters on the crystal quality [8].

The pallet and the crucible with powder (see Fig. 6.2) move relatively to the
heater with the speed of 6—10 mm/h. Therefore it is possible to consider the all
process as occurring in the quasi-steady state.

Two stationary positions of crucible with material relatively to the heater were
considered: (i) the crystal, melt and powder be in crucible, (ii) the finish of the
technological process took place, when the crystal and melt were in the crucible
(see Fig. 6.2). The process occurred in the vacuum, so the heat transfer between
free surfaces is caused by radiation [8].

The problem of temperature distribution determination in the system “crystal-
melt-powder” consists of equations set solution [11] including the thermal con-
ductivity equation:

—Vk-VT =g, (6.1)
with the boundary condition for S5St [12]:
0Ty, o7,
B Rl R SN VAR Wit 6.2
/Lkp ax o p;cp /4 ax X:07 ( )

and the heat balance equation, written in accordance with the Stefan-Boltzmann
law for radiation surfaces S{,S,, Sz, S4 [11]:
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Fig. 6.3 The crystal, melt and powder disposed in the container: a The temperature distribution
in the system “crystal-melt-powder”, b The heater temperature

* oo 1), (6.3)
where k is the material heat conductivity, T is the temperature in the system
“crystal-melt-crystal powder”, g is the heat release on the boundary “melt-crystal”,
p is the material density, L is the hide crystallization heat, ¢ is the Stephan-
Boltzmann constant, f is the coefficient of reflection.

The heat balance equation at the boundary S5St, written in accordance with the
Stefan-Boltzmann law for radiation surfaces and Lambert law for an absorbing
medium has the form [11]:

qy = Eo / cos iy - exp(—o - r(y)) - do, (6.4)

where g, is the heat stream density due to radiation, Eg = - ¢ - (T* — T) is the
stream density emitted by the melt in crystal, dow is the angle under which from
the point of emitting it can be visible the elementary crystal surface area, y is the
angle between the normal to the surface and the emission direction, o is the
medium absorbance, r is the distance between the radiation point and the crystal
surface.

The system of differential equations (6.1)—(6.4) is solved by the numerical
method based on the finite differences method [13]. The two-dimensional
numerical model was developed. It includes the translucent crystal area and the
opaque melt area, separated by a diffuse boundary [8].

This model allowed us to conduct the calculation for estimation of effects of the
thermo-physical material properties and external temperature conditions on the
crystallization process in rectangular system “crystal-melt-powder” in the quasi-
stationary approximation.

The results of temperature field calculation in the system “crystal-liquid—powder”
are presented in Fig. 6.3. The results indicate that the temperature in the container
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has the non-linear distribution. The heat streams in the upper part of the crystal are
substantially different from the thermal streams in the bottom part. The pallet-vacuum
gap-container play arole of screen and change the form of crystallization front making
it inclined to the growth direction (see Fig. 6.3).

The crystallization front changes the form with the crystal length increase. It
becomes convex in the melt. This fact embarrasses the bubbles emersion on the
melt surface so the bubbles accumulate at the bottom part of container. The
simulation results showed that the small sapphire absorbance in the solid phase, o,
was the explanation for this solidification front distortion.

The model allows us to calculate the temperature distribution in the system
“melt-crystal” for sapphire crystallization by the method of horizontal directed
crystallization. It takes into the account the radiation from crystal surface and
diffusive front boundary.

Thus the results showed that the sapphire crystal transparency in the solid phase
for thermal radiation made the radiating component prevailing in the thermal
stream from front along the crystal. For this reason the crystal growth rate enlarges
with crystal length increase and the crystallization front form changes also. These
factors are the principal causes of defects formation in crystals.

It is necessary to calculate the temperature distribution in the growth equipment
of sapphire crystals by the HDC method in three-dimensional case for more exact
defect diagnostics. The temperature distribution determination in the system
“crystal-melt-crystal powder” includes solution of the heat conductivity equations
[14, 15]:

aTi(va,ZJ) — (a 'aTi(xayyzvf)_’_ga aTi(xayaZ7T) 0 aTi(&)’Jﬂ))

—a;

ot Ox ox dy dy oz 0z
_ i y,z7) )
Ox

(6.5)
O<x<xr, O<y<yr, O<z<z,

here i = 1,2, 3 is the crystal, melt and crystal powder, respectively, a; is the heat
ﬁ 3
p; is the material density; C; is the specific heat); W is the container movement
speed.

The container movement speed is small enough, so we can conclude that the
growth process is quasi-steady and the temperature distribution can be found by

the following formula [11]:

diffusivity coefficients (a; = where /; is the thermal conductivity coefficient;

div(/;gradT;(x,y,z)) = 0. (6.6)

The boundary conditions for system of (6.6), reflecting continuity of thermal
fields and streams on bounds of media section, can be found by using the following
expressions:
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where o is the Stephan-Boltzmann constant, f§ is the radiation coefficient, T}, is
the function with the heat temperature distribution.

The final volume method on the unstructured grid was used for simulation. The
discrete analog of heat conductivity equation for the final volume (tetrahedron) is:

Z( MT; — T)Ay —0, (6.10)

(5 — x4 (v — yi)miy + (5 — zi)njz

where volume i is the volume for which the heat conductivity equation is solved,
volume j is the volume next for volume i, A; is the area of common face for
i and j volumes, Fj’(njx,njy,njz) is the normal to the next i and j tetrahedrons,

l_j>(xj — X;,¥j — Yi,%j — z) is the direction along which the thermal stream is
defined.

The results of temperature calculation in the system “crystal-liquid-powder”
are presented in Fig. 6.4. The temperature fields in the system “crystal-liquid-
powder” are showed in Fig. 6.4a. The temperature fields in vertical cross-section
of the crystal are presented in Fig. 6.4b.

The calculation results showed that sapphire crystals transparency in the crystal
phase and the opacity in the melt influenced directly on the radiation streams in the
system. Considering their large influence on the common heat exchange, this
factor affects also on the temperature field and the crystallization front location.
The temperature fields influence on the radiation heat transfer intensity. For this
influence estimation, the calculations with temperature increase on 200-300 K in
the system “crystal-liquid-powder” were carried out. The results showed that the
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melt width increased and as result the crystallization front location changed. So we
can conclude that we have possibility to control the crystallization front location
owing to heat temperature increase.

In parallel with consideration of temperature fields, the analysis of mechanical
stresses in the crystal was carried out. The calculations of the heater construction
parameters should be fulfilment on the base of the strain, displacement and stress
fields in the crystal. It means that mathematical simulation and calculations should
be carried out for all equations which are included in system, namely: the equa-
tions of heat conductivity and thermal elasticity. So these equations [15—-17] can be
written as

, 0o o(aT
phut (ot ) oo = =T g,
0o o(aT
v+ (4 5 = -2 R,
6.11
3 T (6.11)
qu+(A+u)a—Z= o2 - F,
0 oT 0 oT 0 oT
a(aia)Jr@(aia—y)Jra—z(ia—Z) 0,

where Fy, Fy, F; are the components of volume sources; u, v, w are the components
of displacements; ¢ = {u,v,w}; a is the coefficient of volume heat expansion; 4
and p are the Lamé coefficients; A is the Laplace operator; i = 1, 2, 3 is the
crystal, melt and crystal powder, respectively; a; is the thermal diffusivity
coefficients.

The boundary conditions for the system (6.11) are written in the form of
relations [15].

The model allows us to make the numerical experiments and to study the
influence of input parameters on the crystals quality. This approach allows one to
improve the crystal growth process and to receive the crystals with reduced defects
level.

6.4 Research of Stages of the Sapphire Crystal Treatment

Reviews [14, 18-20] showed that for the sapphire surface, corresponding to the
substrate requirements for heteroepitaxy, it is necessary to carry out processing in
several stages with the abrasive size decrease. In this case the fixed abrasive tool is
applied on the initial treatment stages, and then the free abrasive with different
granularity is used. The transitions number and the abrasive size are defined
experimentally. The research of different tools and influence of treatment methods
on sapphire surface was carried out for development of treatment method of the
sapphire surface. After cutting the sapphire crystals, the plates were treated
sequentially by three diamond grinding tools which allowed making the roughing
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Fig. 6.5 Photomicrographs of sapphire surface after treatment with diamond powder ACM 28/
20 and ACM 1/0

and finishing surface treatment. The problems of sapphire substrates processing
such as oriented crystal cutting on the plates, substrates grinding, and finishing
chemical and mechanical wafers polishing are considered. The two-sided grinding
technology was investigated for the stage of mechanical treatment. After study of
plates grinding by the free abrasive it was found [8] that these plates had the
smooth matted surface without processing line traces. The free abrasive grinding
provides the better surface quality. The roughness of surfaces is reduced, and their
texture and purity are improved with decreasing diamond powder grain size in the
tool or abrasive suspension (deionized water—66.7 %, glycerol—11.11 %) after
the transition from hard grinding tools to the elastic and soft polishing tools in the
final stages of processing (see Fig. 6.5).

The possibility to use the dependences of crystal microfracture on the singular
abrasive grain for estimation of processing mass abrasive grains was investigated
in [14]. In the real conditions, when the large amount of abrasive grains influence
on the crystal, the final surface dislocation structure is defined by the dynamic
balance between the crystal grinding rates and speed of new dislocations forma-
tion. On the basis of relation between the plasticity zone and depth of grain
implantation into the crystal, it should be noticed that hardness increase of the
abrasive and grinding tools will enlarge the layer with high dislocation density.

The dependences of material grinding tool and the abrasive radius on the depth
of the surface damaged layer and the depth of formed lateral cracks in sapphire are
presented in Fig. 6.6.
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Fig. 6.6 The dependences of material grinding tool (/—brass, 2—cast iron, 3—glass) and the
abrasive radius on the depth of the surface damaged layer (a), and the depth of formed lateral
cracks in sapphire (b)

6.5 Method of Development of the Mathematical
and Information Support for Sapphire
Crystals Processing

Now, there is the intensive development of information technologies. It gives the
unlimited possibilities to use computer possibilities in the crystal production. The
complexity of use these methods is defined by incompleteness of mathematical
description of the technological models for crystallization processes and absence
of information support, which allow optimization of the technology [21].

For successful use of the information technology in the crystal production, it is
necessary to develop new approaches and to improve the existing methods.

The main differences of technique applied in the work are: (i) the use of the
expert estimation and experiment planning methods with the purpose of model
creation. It allows one to receive dependences of the output parameters (levels of
defects, etc.) on basic data (growth rate, heater power, etc.); (ii) the use of specific
crystal growth and treatment database allows us to consider more adequately
technological features; (iii) the complex consideration of three main stages of
production (crystal growth, grinding and polishing) of the sapphire substrates.

As a work result, the method of mathematical and information support for
designing growth of the sapphire crystals was developed. The algorithm is pre-
sented in Fig. 6.7.

The optimization can be divided into three main parts: (i) input data for the
calculation (this process is the most time-consuming), (ii) calculations of param-
eters and defects, (iii) technological process optimization. After receiving the data,
the models of dependence of the defect level on growth parameters of the sapphire
crystals are built. The final part is the construction of model for growth optimi-
zation of the sapphire crystals. The objective function (time, defect level, etc.) is
determined and restrictions (temperature, defect levels, speed, etc.) are entered.
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Fig. 6.7 The algorithm of mathematical and information support for the sapphire production

The purposes of the sapphire production process and optimization criterions are

based on the key process indicators, determining the production efficiency and
competitiveness. These indicators are grouped in two categories: (i) quality indi-
cators, (ii) process cost indicators.

In the modern market the sapphire production should be directed to the reali-
zation of the following objective function:

F(KK,P) — opt,

(6.12)

where KK is the quality criteria for sapphire products, P is the product price.
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The quality indicator is the multifaceted product property. The total estimation
of number of quality indicators is defined by the formula:

n
Y= knty, (6.13)
i=1

where k is the factor taking into account the relative importance of process

n
parameters on the crystal quality (3 k, = 1), a is the factor taking into account
i=1
importance of the processing parameters, n is the number of the considered pro-
cessing parameters.
The formula for translation of the technological parameters [16]:

K = 2 Jmin_ (6.14)

9
Ymax — Ymin
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where y, Vuin» Ymax are the current, minimum and maximum values of the pro-
cessing parameters influence characteristic of the crystal quality, K changes from 0
to 1.

The range of values of the parameters and their importance were identified on
the basis of experimental research [15] carried out in the equipment for the sap-
phire growth by HDC method. The correspondence between the real processing
parameters and the parameters received by us was obtained.

These principles are used in the expert system for sapphire crystal production.
The algorithm of the expert system for selection of decision on optimal solutions is
presented in Fig. 6.8.

The expert system allows us to estimate the obtained crystal quality. The expert
system includes database and knowledge base. It allows one to systematize the
large information volumes. On the basis of the suggested models and algorithms
the computer programs were developed. The interface of developed programs is
presented in Fig. 6.9.

In total, the system consists of three calculating modules: (i) database of
crystals and their parameters, (ii) information system allowing one to define
optimum parameters of the technological process for receiving the best crystal
quality, (iii) expert system allows one to make the expert analysis of an initial
technological situation, to estimate the current technological situation concerning
the database, to present the prediction of category of the processed crystal quality.

The system has the following purposes: (i) to give the exhausting information
on crystals, (ii) to order the scattered information on crystallization processes,
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(iii) to help the engineer-technologist in choice of growth parameters, (iv) to
receive mathematical model for estimation of influence of the parameters on
crystal quality, (v) to receive a prediction of crystal quality.

6.6 Conclusion

The complex investigations of sapphire crystals production for electronic equip-
ment were carried out.

The favourable opportunity to control the crystallization parameters is one of
the HDC method advantages. So the HDC method has the high reproducibility of
growth conditions. It gives a possibility to grow the same crystals according to
qualitative characteristics of serial crystallization experiments.

It was developed the model allowing one to investigate the temperature gradient
influence on the position and crystallization front shape. On the basis of this model
the temperature distribution in the system “melt-crystal” at different growth stages
of sapphire production by the HDC method was studied. The three-dimensional
numerical model for solution of the heat transfer problem in sapphire crystals
allows one to develop computer programs for calculation of the temperature fields.
The developed numerical model allows one to study the influence of thermal and
physical material properties on sapphire crystallization.

In this work, the treatment processes of sapphire surface and investigation of
influence of the different tools and treatment methods on the sapphire surface were
studied.

On the basis of the suggested models and algorithms the computer programs
were developed. The computer programs were based on intellectual support at
decision-making for sapphire growth and treatment. It allowed us to increase the
efficiency of substrate production. The experimental results and software give
rather full information on features of real sapphire crystal substrate structure and
can be effectively used for optimization of the substrate preparation technology for
electronic devices.
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Chapter 7

Multi-Objective Optimization

of Distributed RTM (Resin Transfer
Molding) Process for Curing the Large
Composite Structures with Varied
Thickness

S. N. Shevtsov, M. B. Flek, J.-K. Wu, 1. V. Zhilyaev and J.-P. Huang

At the producing of high loaded composite structures by the autoclave or closed
mould processes a curing schedule includes a pre-warming to the resin viscosity
reaches a minimum, further applying of pressure, and finally consolidation of resin at
elevated temperature to its full polymerization. To ensure the uniformly state of the
composites across the thick-walled products, we propose a mathematical model for
curing an epoxy-based composite structure with varied thickness. The PDE system
linking a kinetic equation with heat transfer equation which takes into account an
exothermic heat, a phase transition of resin from liquid to gel and further to the solid
state, well describes the cure process which is controlled by independent heat
sources. To synthesize the multi-objective optimal control law, we perform the
transient analysis of the developed model using the Pareto points in the 8-dimen-
sional space of design variables.

7.1 Introduction

Closed mould processes are widely used in the composites and aircraft industry for
the fabrication and manufacturing of three-dimensional high loaded components.
This process begins by the placing of a pre-weighted amount of premixed compound
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in a heated mould. As the mould closed and heated, the resin matrix material flows
and fills the mould cavity and the fine crevasses between the fibers in a composite
part. The application of pressure and elevated temperature causes the prepreg
material to make the desired shape, defined by geometry of the mould. Simulta-
neously with the flow stage, curing takes place and it continues while pressure is
applied when the mould is in a closed position. At the first stage of curing the resin
viscosity reaches a minimum, caused by outside heat and the heat of reaction of the
functional groups, and then increases rapidly due to molecular chain extension. The
next step in the reaction is gelation—when the chains start to cross-link, the resin no
longer flows and most individual reaction rates decrease markedly. The third step at
high cross-linking is vitrification, at which point-chain motion stops [1-3]. On the
last step the molded product is cooled down and ejected from the mould.

The dies of the mould, generally made of tool steel, are heated by the set of
electric elements, and their temperature is monitored and controlled by the auto-
matic control loop [4]. Heat-up rates, cool-down rates, and applied pressure are
controlled together to ensure even curing throughout the part and to reduce the
possibility of residual stresses causing structural deficiencies or distortions. The
need for complex heating/pressure cycles is necessary to accommodate the
requirements of the chemical reactions and to ensure that the resin viscosity is
optimum when pressure is increased. So, because the viscosity of the resin falls
with increasing temperature until the resin begins to chemically cross-link (gel), it
is important that pressure is applied before gelation occurs to allow removal of
entrapped gases and excess resin. This would avoid the severe porosity due to
solvents and moisture liberation, and also resin-rich areas [1].

In an industrial process, it is economically advantageous to minimize the cure
time by increasing the cure temperature and providing a faster cross-linking
reaction. But this can lead to significant loss of the composite product quality,
which appears in the forms of large shape distortions and delaminations. In general,
residual stresses and shape distortions will increase with increased cure temperature
[2]. Moreover, at some conditions, in the thick-walled epoxy based composite
pieces that are at high cure temperature, the cracks in the resin can be observed due
to cure shrinkage [2, 3]. To avoid this problem, instead of using a single step cure
schedule, in the some cases gelled the resin at low temperature and slowly increased
the temperature by a linear ramp up to its maximal value [2, 3, 5-7]. The tem-
perature—time law usually incorporates the dwell sections (isothermal hold) to
prolong the time for consolidation and volatile removal. This hold also pre-reacts
the resin and reduces the danger of intensive exothermic reactions that can occur in
thick laminates, and also allow the temperature to become more uniform; this is
very important in components with large variations in thickness.

In this article we consider the problem of optimizing the cure cycle on an example
of a composite spar of the helicopter rotor blade. The manufacturing technology of
fiberglass reinforcement with epoxy resin matrix composite spar includes the
winding of a pre-impregnated unidirectional glass-fiber tape on a steel mandrel;
polymerization of a prepreg in a mould within several hours. After complete cure,
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the mould is slowly cooled and opened, and the component released and removed
from a mandrel.

The complexity of the spar quality assuring is due to liberation of considerable
exothermal heat [8], large variations in the wall thickness near root and main long
part of the spar, and inability monitoring of temperature in the body spar inside the
mould. The presented model of the epoxy based composites curing processes
incorporates the kinetics of the thermoset resin reactions, changing its phase state,
thermal capacitance during cure, heat transfer in the whole technological system
and multi-input control of the heaters. On the basis of this model we formulate and
solve the problem of optimal temperature schedule using the Pareto frontier
approach. The main advantage of Pareto approach as compared with genetic
algorithm, direct search and other methods that minimize one objective which
incorporate two or more functions of quality is a possibility to independently
consider an influence of several design variables on each quality criterion. We
parameterize the time dependencies of the external heat inflow by the eight
parameters (design variables), and we use two objectives—averaged along and
across the cured piece degree of cure, and its standard deviation. The optimization
problem has been formulated and solved in MATLAB—Comsol Multiphysics
environment where simulated in Comsol thermal/kinetics finite element model of
cure is called from MATLAB by an optimization algorithm. The proposed
approach largely eliminates the effect of “unobservability” of high-strength
composites technology, improves process control system, and, thereby, provides
improved quality and reliability of composite structures.

7.2 The Kinetics Model of Epoxy Based Resin Cure

The temperature schedule of a thermoset resin is determined by a triple diagram
“temperature—time—state”, which links the resin state during cure (liquid—gel-
glass) with temperature and time of chemical reactions. Change the phase state of
resin, which occurs in the form of an initial liquefaction and reducing the viscosity
of the liquid transition to the gel-like state (gelation), and the subsequent transition
to the solid state. It is important that, unlike crystalline materials, all epoxy based
polymers change its state at certain temperature range, and location of this range
can be different at variation of thermal—temporal schedule for the same resin
material. Therefore, accepted in the scientific literature and used herein the terms
“gel transition”, “glass transition” refers to a range of temperatures rather than to
a strictly fixed temperature, as is the case in crystalline solids. Another feature of
the thermoset cure reaction is the discharge of the exothermal heat, and the
maximum of the exothermic heat can occur at single (one-step reaction) or more
(two-stage reaction) temperatures.

We use the definition of degree of cure (i.e. conversion) as an amount of evolved
heat during the exothermic reaction o = Q(r)/Qo; o € [0;1], where Q(), Qo
are an actual and the total heat during the polymerization of unit mass, respectively
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[9, 10]. The dependence of conversion rate on conversion is given by the kinetic
equation. The first description of the cure process given by the kinetic equation is
applied by Kamal [9] for epoxy resin and used with some extensions in many
works, e.g. [12—15]. This generalized kinetic model, which is presented in [3], has
9 constants, allowing a good flexibility for description of cure kinetics. For some
kinds of thermoset plastics, different forms of kinetic equations have been pro-
posed and derived using Differential Scanning Calorimetry (DSC) (see e.g. [16]).

Using DSC 