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C O M M U N I C A T I O N SC O M M U N I C A T I O N S

Dear reader,
While, on the one hand, almost all the teachers working in technical departments of our university

are convinced that natural sciences and especially physics are necessary for development of new tech-
nologies and realization of new technical applications, on the other hand, more and more frequently we
come across opinions that diminish the role played by physics in contemporary development of science
and technology and, consequently, in educating new technicians.

Discussions whether physics conditions the development of technology or vice versa are useless and
never ending. The debates of this kind have no value as there is some truths in both of them. The path
from physics to new technical applications is not straightforward, it is more or less spiral. Physics enables
development of new technologies and new technologies enable to gather newer knowledge in physics thus
creating conditions for new technologies - and the cycle is repeated over and over.

Let us take the following example: a hundred years ago there were no electronic components. Today
we can hardly find any electrical device without them. With the birth of quantum mechanics and its
applications in a periodic structure the development of electronic materials began. This opened the way
to discovery of the transistor, which was followed by a modern era of electronics, computers and com-
munications. This era is today called the „age of informatics“. The investigation in stimulated and spon-
taneous excitation led to the construction of laser, which in turn, serves for transfer of information by
means of glass fibers, after the study of interaction of light with condensed matters had been accom-
plished. Physical studies of nuclear magnetic momentum finally led to magnetic resonance imagining.
Many other similar examples showing mutual interconnection of physical and technical research could
be mentioned.

It can be concluded that there is a close interrelationship between physics and technology. Although
each of them has its own specific principles and procedures, their mutual communication is necessary.
They must be bridged with knowledge, objectives and also with personal contacts.

We are grateful for the opportunity given by the editorial board of the Communications to present
on the pages of the journal at least a part of results achieved by physicists, mostly from the Department
of Physics at the Faculty of Electrical Engineering of the University of Žilina. The papers are evidence of
mutual interrelation between physical research and possible technical applications, thus fostering mutual
communication between physics and technology, communication among physicists and technicians.

Peter Bury
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1. Introduction

Semiconductors are the fundamental materials of the elec-
tronic industry because their properties can be manipulated over
wide ranges through the control of impurities and other imperfec-
tions. While shallow impurities generally contribute extra charge
carriers, electrons or holes and introduce minor perturbations in
the crystal other impurities and a variety of lattice defects (vacancies,
antisite defects, self-interstitials, etc.) constitute a more severe local
perturbation, give rise to bound states that are considerably more
localized, and often have energies deep in the band gap. We know
all such impurities, lattice defects, and impurity-defect complexes
as deep centers. Unlike shallow impurities the role of which is pri-
marily to control the type and magnitude of conductivity, deep
centers act primarily as carrier traps or recombination centers.
The deep centers can control the lifetime of charge carriers and as
such, deep centers are undesirable in devices where carriers must
have long lifetimes, e.g., solar cells. On the other hand, they are
useful when the carrier concentration needs to be reduced sharply
on a short time scale, as in a fast switch. In addition, when the
recombination or carrier-capture energy is released as light, deep
centers are used in making light-emitting diodes (LEDs). Finally,
many deep centers (vacancies, interstitials, vacancy-impurity com-
plexes, etc.) play a major role in diffusion processes and in reactions
that underlie materials modification (e.g., oxidation, recrystalliza-
tion, etc.).

During the recent past, the semiconductor interfaces in metal-
semiconductor contacts, semiconductor-insulator interfaces and
semiconductor heterostructures are most important concepts in
semiconductor devices and circuits that play a revolutionary role

in microelectronics. New technologies, however require smaller
devices, sharper transitions and higher number of preparation steps.
Narrower transitions require sharper dopping profiles and subse-
quently lower temperatures during the preparation processes. Lower
temperatures introduce defects that hardly can be removed by
thermal treatment. These defects represent another new group of
fabrication-induced defects.

The microscopic properties and the role of shallow impurities
were already quite well understood through combination of theory
and experiments in silicon and germanium. Deep centers on the
other hand, proved far more difficult to investigate. Over the last
thirty years, great progress has been achieved. Many experimental
and theoretical techniques were developed and applied to particu-
lar systems. The choice of systems was dictated sometimes by tech-
nological concerns and sometimes by sheer academic curiosity. In
many cases, as new techniques were developed, they were applied
to systems that had been extensively studied with earlier techniques.
The new information would either confirm, complement and expand
existing knowledge about the center, or contradict it and thus lead
to new understanding.

The interface deep states of semiconductor structures have
been extensively studied and many useful experimental methods
have been developed to characterize them [1 – 6]. Following the
work of Lang [7], deep-level transient spectroscopy (DLTS) has
become most powerful technique commonly used for the charac-
terization of semiconductors and semiconductor structures because
it reveals information about several characteristics of electrically
or optically active defects present in such materials. Several useful
variants of DLTS have been developed [8 – 11] and many attempts
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Two basic versions of the acoustic deep-level transient spectroscopy (A-DLTS) technique based on the acoustoelectric effect resulting from
the interaction between an acoustic wave and  interfaces have been used to study deep centers in semiconductor structures. The former uses
the high frequency transverse acoustoelectric signal (TAS) arising from the interaction of surface acoustic wave electric field and free carriers
at the structure interfaces. The latter uses an acoustoelectric response signal (ARS) produced by the structure interface when a longitudinal
acoustic wave propagates through the structure. An additional version of A-DLTS uses the acoustoelectric effect on light beam generated
interface in high resistivity and along with photosensitive semiconductors. Planar Si MIS structure and GaAs/AlGaAs heterostructure
capacitors and high resistivity GaAs were investigated by these versions of the A-DLTS technique. Several deep centers were found and their
activation energies and corresponding cross-sections determined. Both the appearance of some A-DLTS peaks and the shift of practically all
peaks of the A-DLTS spectra with increasing bias voltage in investigated structures can be considered to be the characteristic features of
interface states. The polarization and the propagation direction of acoustic waves generated on the light  beam produced interface appears as
important condition of detected deep centers.
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to improve the defect resolution capabilities of DLTS introducing
different types of transient analysis procedure have been reported
[12 – 17].

Recently, the acoustoelectric effect in semiconductor struc-
tures has been shown to be a useful tool for the experimental study
of deep centers and two basic modifications of acoustic deep-level
transient spectroscopy (A-DLTS) were introduced. The former
surface acoustic wave (SAW) technique uses a nonlinear acousto-
electric interaction between the SAW electric field and the free
carriers in an interface region which generates a transverse acous-
toelectric signal (TAS) across the structure. Transient measure-
ments of the rise or fall times of the resulting dc and hf part of the
TAS have been used to study charged traps [18 – 21]. The latter
longitudinal acoustic wave (LAW) technique uses an acoustoelec-
tric response signal (ARS) observed at the interface of the semi-
conductor structure when a longitudinal acoustic wave propagates
through the structure [21 – 23].

Both ARS and TAS are extremely sensitive to any changes in
the space charge distribution in the interface region especially due
to the trapped charge after an injection pulse has been applied.
Their time development represents acoustoelectric transients, which
reflect relaxation processes associated with the thermal recombi-
nation of excited carriers moving towards their equilibrium state.
Using a method of computer evaluation of isothermal acousto-
electric transients by applying a data compression algorithm [24]
the activation energies and corresponding capture cross-sections
can be determined from transient measurements of acoustoelec-
tric response amplitudes as a technique of A-DLTS.

The technique of acoustic transient spectroscopy based on the
utilization of space charge inhomogenity in high resistivity semi-
conductors produced by non-uniform illumination can be used to
bulk deep centers investigation, too. The space charge inhomogen-
ity can generate in proper conditions both the longitudinal and
transversal or surface acoustic wave by applying a high frequency
electric field [25]. The acoustoelectric transient technique con-
sists then in the analysis of the amplitude time development of
such generated acoustic wave after the light is turned off and that
is detected by the receiving transducer. The trap states inside the
semiconductor band gap are either filed or emptied by an optical
illumination. After the external stimulus is removed, the traps either
emit or capture charges to move forwards their equilibrium state.

In this contribution we present the principle of the A-DLTS
technique as the acoustic spectroscopy technique using both SAW
and LAW and describe the experimental procedures based on the
computer- evaluation of isothermal acoustoelectric transients by
applying a data compression algorithm and method of digital fil-
tering by convolution. The A-DLTS technique has been applied for
several kinds of semiconductor structures including Si and GaAs
MIS structures, GaAs/AlGaAs heterostructures and high resis-
tivity semiconductors to determine deep center parameters and
proved to be an effective method to study deep centers that can
play an important role in substrate materials used for electronic
devices.

2. Experimental principles and details

The principle of A-DLTS techniques is based on the fact that
the time development of the amplitude of the measured acousto-
electric signal (both TAS and ARS) after an injection pulse (elec-
trical or optical) has been applied to the semiconductor structure
(p-n junctions, MIS structures, heterostructures, …) is proportion
to the nonequilibrium carrier density, so that the decay time con-
stant associated with the relaxation of the acoustoelectric signal
amplitude is a direct measure of the time constant associated with
the relaxation processes of injected carriers. The release of carri-
ers from deep center levels that leads to the thermal equilibrium
on a new steady state has the time dependence [19]

�n(t) � �nt0e� , (1)

where �nt0 represents the variation in trap occupancy due to the
acoustoelectric field and � is the time constant associated with the
release of the carrier from deep centers when injection pulse is
turned off.

The ARS produced by semiconductor structure when a high
frequency LAW propagates through the structure is proportional,
as in the case of electromechanical capacitance transducer, to the
voltage and relative change of capacitance induced by the acoustic
wave. For the case of thin planar structure (d �� �) [22] is given
by
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where in the case of MIS structure Ci , C	 are the capacitances of
insulator and space charge region and in the case of GaAs/AlGaAs
heterostructure they are the capacitances of the insulating layer
between two dimensional electron system (2-DES) and the electrode
and the channel capacitance, respectively, C is the total capacitance
of the structure, Q is the accumulated charge, p is the acoustic
pressure and K is the elastic modulus assuming that elastic modules
of the structure layers Ki and K	 are approximately equal. When
a quiescent reverse bias voltage UG is applied to the MIS structure
so that the structure is in deep depletion then for a short time
a forward biased injection pulse is superimposed that results in
filling of the interface states with majority carriers. After the filling
pulse a new non-equilibrium depletion condition is established
and due to the thermal emptying of the interface states the accu-
mulated charge and simultaneously the capacitance of the struc-
ture is changed. As the ARS is able to reflect changes in the charge
distribution in the interface region very sensitively the time devel-
opment of the ARS after an injection bias pulse reflects relaxation
processes associated with the thermally activated emission of excited
carriers. From the acoustoelectric investigation of both MIS struc-
tures [22] and heterostructures [26] we can conclude that the ARS
follows the accumulated charge behavior over the capacitance one.

By presenting the semiconductor structure capacitance as
the equivalent capacitance of the series-connected capacitance of
the dielectric and depletion layer in the case of MIS structure or
the capacitance of insulating and channel layer in the case of

t
�
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GaAs/AlGaAs heterostructure, the measured acoustoelectric res-
ponse signal amplitude can be expressed then as follows

U0
ac(t) � U0 exp(�t/�) , (3)

Since this relation was obtained assuming only one deep center,
the result can be readily generalized.

Non-destructive A-DLTS technique represented as SAW tech-
nique is based on the fact that the transversal acoustoelectric signal
(TAS) arisen from the interaction of SAW electric field and free
carriers in semiconductor structures reflect also any changes in
the space charge distribution in the interface regions. The resulting
electric field that develops across the structure can be expressed
by the relation

E � E0 � E1 e�i(	t�kx) , (4)

where E0 is dc part and E1 is hf part of TAS, respectively. Using
hf part of TAS the acoustoelectric response signal is given by

Uac � �d

0
E1 sin(	t � kx)dx , (5)

where d is the window width.

The special case occurs under the illumination of some part
of high resistivity semiconductor by the weekly absorbed light of
proper energy when free carriers are generated and the population
of trapping centers in the illuminated part alters by the filling or
emptying the deep center levels for electrons and holes. The non-
equilibrium carriers then can immigrate from the illuminated to
dark part of semiconductor and the space charge region arises
producing the interface and internal electric field

Est � � �
e(n0
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�n)
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d

d

�

x

n
� , (6)

where n0 is the equilibrium concentration of free carriers and �n
is the concentration of excited electrons or holes. In piezoelectric
semiconductor such as high resistivity GaAs, the sample being in
the form of bar with its piezoactive direction orientated along the
bar, the application of a hf electric field on the region with non-
uniform distributed space charge can then lead to the periodic accu-
mulation of electric charge that provides an additional hf electric
field [25, 27, 28] and generates an additional acoustic wave. After
the illumination is turned off the photo-excited carriers recombine
thereby establishing thermal equilibrium by the same way as in the
previous cases so that the effect can be used to study deep centers
in bulk semiconductors.

The present measurement technique compared with the orig-
inal A-DLTS that uses the analysis of the acoustoelectric transient
signal after an injection pulse similarly as in the Lang’s DLTS devel-
oped for the capacitance transient by means of a set of emission
rate windows [7], the present measurement technique is based on
the computer-evaluated transients measured at fixed temperatures.
The technique allows a single transient to be sampled at up to 8
different sample rates permitting 3 to 4 decades of time constants

to be observed in one thermal scan. The differential ARS or TAS
�Uac can be then monitored as a function of temperature and peaks
with maxim of the temperature for which the emission rate is the
same as the adjusted sample rate. Because it is necessary to analyze
only enough data to obtain the required information, specifically,
the time constants of the transient at each temperature, a data com-
pression algorithm was applied. For example, if 32 767 data points
are taken at a base sample rate 4 kHz, one could store the first 256
points, the extract another 256 points from the same transient by
128 averages of 2 points each, followed by extracting 512 points
by 128 averages of 4 points each, etc. This storage scheme allows
the transient to be observed at 4 kHz for 64 ms, 2 kHz for 128 ms,
1 kHz for 256 ms etc. up to 31.25 Hz for 8.192 s. Thus many
decades of time can be sampled from the same transient without
permanently storing or processing redundant data. Sixteen transients
were averaged per temperature. The temperature is then decreased
to next temperature and the process is repeated. Additionally, the
hard disk memory required to store such data does not need to
exceed 2.3 kbytes per temperature comparing with 64 kbytes
without data compression.

The software for the calculation has been thoroughly checked
by performing a series of evaluations on computer-generated sim-
ulated transients. The purpose of this was to test the capability of
the program to properly reveal the emission rates of the transients
and the resolution of the method. The computer-evaluation of the
observed isothermal ARS transients could be provided by both using
Lang’s original scheme [23] and correlation procedure with higher
order on-line filters and rectangular weighing function [13].

Using the well known relation expressing the temperature depen-
dence of the relaxation time characterizing the acoustoelectric
transient [22]

�
1

�
� � 
�vth�Nc e � , (7)

the activation energy, ET , and corresponding capture cross-section,

, can be determined. Here �vth� is the mean thermal velocity and
Nc the effective density of states at the bottom of the conduction
band. 

A block diagram of the experimental arrangement of the A-
DLTS techniques is shown in Fig. 1. The computer system was
used to trigger the apparatus, to generate excitation pulses as well
as to record and evaluate the isothermal transients of the acousto-
electric signals. A SAW of frequency 10 MHz was generated using
an interdigital transducer (IDT) evaporated on the LiNbO3 delay
line and the structure to be investigated was placed on the top of
the LiNbO3 and pressed against the window (detail-A). A LAW of
frequency 4.6 or 13.2 MHz was generated using a LiNbO3 trans-
ducer in the arrangement illustrated in detail-B. A fast and slow
mode of shear acoustic wave or longitudinal acoustic wave of fre-
quency 13 MHz were generated on high resistivity GaAs through
both the piezoactivity and additional acoustoelectric effect on space
charge inhomogenity by applying hf electric field pulses along its
�110� direction and detected by shear and/or longitudinal quartz
transducer (detail-C). The schematic illustration of the time arrange-

ET
�
kT
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ment of some experimental parameters corresponding to the
isothermal transients scanning process is given in Fig. 2.

Fig. 1. Block diagram of the experimental arrangement for A-DLTS
measurements. The detailed sample configurations are illustrated in 

A-detail (TAS measurement), B-detail (ARS measurement) and 
C-detail (illumination generated interface).

The both quiescent bias voltage pulse and illumination pulse
with pulse width of 100 – 200 ms filling traps completely were
applied to the structures and semiconductors, respectively using

the computer with analogous – digital converter. The IR-LED with
the maximum in spectral characteristic of 900 nm was used for
the illumination The acoustoelectric signal produced by the struc-
ture after detection in the receiver was selected by the box-car inte-
grator and then recorded and stored by computer.

Fig. 2. Schematic illustration of the time arrangement of some
experimental parameters, to is the injection pulse width, fw � 1/Tw the

rate frequency and t+ the transverse time through the buffer rod.

The well known Si MOS structures were firstly investigated
to verify the principles of the above described method – Acoustic
DLTS. The Al-SiO2-Si capacitors were fabricated both on n-type
Si substrates with (100) surface orientation and 2.6 to 2.8 �cm
resistivity and on p-type Si substrates with the same orientation and
8.0 to 8.7 � cm resistivity. The oxide layers were grown by CVD
technique to thickness 80 nm. Aluminum was deposited onto the
insulator layer using a vacuum evaporation. Oxide from the back-
side of the wafer was removed and Al or Ag was deposited to
provide the back contacts.

We have also investigated three different GaAs/AlGaAs het-
erostructures, which have been grown by MBE on semi-insulating
(SI) GaAs substrates and prepared in the form of planar structure
with two dimensional electron system – 2 DES (NU 169 and NU
1787) and two dimensional hole system – 2 DHS (NU 1323) at
heterojunction. The first relatively simple investigated heterostruc-
ture (NU 169) consisted of the following layers: SI buffer layer, 
2 �m; undoped AlGaAs spacer layer, 20 nm; n-type doped AlGaAs
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layer with 1 
 1018 cm�3 Si, 40 nm; SI GaAs capping layer, 20 nm.
The 2 DES was located at the interface between the SI GaAs layer
and the AlGaAs spacer layer. Two ohmic contacts were made to
reach the 2 DES layer. The schematic illustration of the heterostruc-
ture arrangement is in Fig. 3.

Fig. 3. Schematic illustration of experimental and layers arrangement
of investigated GaAs/AlGaAs heterostructure (NU-169).

Another two heterostructures, NU 1787 and NU 41323 had
similar layer structures consisting of superlattice. The layer struc-
ture of the sample NU 1787 consisted of the following layers:
undoped GaAs, 1 �m; superlattice GaAs (2.5 nm)/AlGa (2.5 nm),
50
; undoped GaAs, 0.5 �m; undoped AlGa, 50 nm; n-type doped
AlGa with n � 5.1017 cm�3, 80 nm; undoped GaAs, 17 nm. The
third heterostructure (NU 1323) with 2 DHS contained: undoped
GaAs, 1 �m; superlattice GaAs/AlGa, 5 nm (50
); undoped GaAs,
0.5 �m, AlGa layer, 80 nm; p-type doped AlGa layer with n �
� 5 
 1017 cm�3, 80 nm; undoped GaAs, 17 nm. The 2 DES and
2 DHS were located between undoped GaAs and AlGa layers.

The fast and slow mode of transversal acoustic wave (T1 and
T2) and longitudinal acoustic wave (L) of frequency 13 MHz were
generated through the acoustoelectric effect on space charge inho-
mogenity produced by illumination through the metal screen on
high resistivity Cr-doped GaAs applying hf electric field pulses in
�110� direction and detected by transverse and longitudinal quartz
transducers, respectively. The surface acoustic wave (SAW) of fre-
quency 10 MHz was generated in �001� direction and detected by
IDT evaporated directly on the sample rod.

3. Results and Discussion

Using the above-described techniques the development of the
ARS as a function of temperature was for the first time investi-
gated for Si MIS structures mentioned in the previous part. Fig. 4
shows typical ARS transients measured at various temperatures
and the same bias voltage conditions for p-type Si MIS structure.
These transients contain only one exponential component corre-
sponding to 0.3 eV trap. Fig. 5 represents a series of A-DLTS

signals calculated from the isothermal ARS transients for various
time constants (sampling times) using the correlation analysis with
first order filter. Fig. 6 shows the series of A-DLTS spectra for dif-
ferent bias voltages applied to the Si MIS structure and the same
time constant. As indicated by both the C � UG and Uac � UG

measurements, by increasing UG towards negative values the SiO2

� Si interface region passes from deep depletion to nearly accumu-
lation state. As it is shown in Fig. 6, peaks of the A-DLTS spectra
are shifted to lower temperature with the increasing bias pulse
voltage, that is characteristic features of the interface states [8].

Fig. 4. Typical ARS transients recorded at various temperature.

Fig. 5 A set of A-DLTS spectra calculated from isothermal transients 
for various relaxation times �, from 18,4 ms (1) to 1,178 s (7) 

measured at UG � 4 V.

The activation energies and corresponding capture cross-sec-
tions were determined from the Arrhenius plots (Fig. 7) constructed
for the individual peaks from the A-DLTS spectra at different biases
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using the relation expressing the temperature dependence of the
relaxation time characterizing the acoustoelectric transient. The
obtained energy levels 0.47, 0.30 and 0.25 eV above the valence
band edge with the cross sections 4.8 
 10�17, 1.0 
 10�19 and
1.5 
 10�20 cm2 corresponding to the bias voltages 2, 4 and 6 V,
respectively confirm the energy distribution of the interface states
that is in a reasonable agreement with the many results found by
DLTS and other techniques and are attributed to various defects
[5, 6, 29 – 31]. The measurement in the inversion state (UG � 9 V)
showed the energy level 0.60 eV with corresponding capture cross-
section 4.8 
 10�13 cm2. As the A-DLTS signal originates from
the capture of electrons from the valence band into the trap level
(hole emission process) and this appears as the negative signal in
A-DLTS spectra [22], we believe that observed levels are deep
acceptor levels.

Fig. 6 A-DLTS spectra obtained from ARS transients as a function of
bias voltage applied to the p-type Si MIS structure, � � 0.2945 s.

Fig. 7 Arrhenius plots constructed and calculated from the positions 
of the peak maxim using the A-DLTS spectra at different biases 

UG � 2,4 and 6V.

Fig. 8 represents a series of A-DLTS signals calculated from
the isothermal acoustoelectric transients for various bias voltages
applied to the n-type Si MIS structure. Both the C � UG and 
Uac � UG measurements indicate that by increasing UG towards
positive values the SiO2-Si interface region passes from the deple-
tion state to the a state close to accumulation. The decreasing of 

Fig. 8 A-DLTS spectra obtained from ARS transients as a function of
bias voltage applied to the n-type Si MIS structure, � � 0,1472 s.

UG under -6V indicated that an inversion state is created. The
peaks of the A-DLTS spectra were shifted to lower temperature
with the decreasing bias pulse voltage that again represents the
characteristic features of the interface states. The obtained energy
levels 0.52, 0.59 and 0.67 eV and the cross sections 2.1 
 10�15,
8.0 
 10�14 and 4.6 
 10�12 cm2 corresponding to bias voltages
�3, �5 and �6V, respectively, confirm the energy distribution of
the interface states that is in a reasonable agreement with the results
found by DLTS and other techniques [6, 32]. In spite of the fact
that the energy level position 0.54 eV below the conduction band
edge agrees with values mostly found for the bulk impurities and
some structural defects it seems to be characteristic also for inter-
face states. The measurements for the inversion state (UG �  �9V)
showed the energy levels at 0.35 eV and 0.32 eV with correspond-
ing capture cross sections 1.8 
 10�17 cm2 and 5.9 
 10�19 cm2,
respectively. While the former energy level represents interface
traps of donor character, the latter represents hole trap observed
in the inversion layer [22].

Representative optically induced A-DLTS spectra of all investi-
gated samples GaAs/AlGaAs with both 2 DES and 2 DHS obtained
from acoustoelectric transients are illustrated in Fig. 9. The A-
DLTS spectrum of NU-169 sample contains three evident peaks
representing three deep centers. The activation energies and cor-
responding capture cross-sections determined from the Arrhenius
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plots constructed for the individual peaks of A-DLTS spectra have
the values: 0.29 eV (1), 0.26 eV (2), 0.21 eV (3) and 2.9 
10�16

cm2 (1), 5.2 
 10�16 cm2 (2), 1.8 
 10�15 cm2 (3), respectively.
While two of them, (1) and (2), have a donor character, the last
center is of an acceptor type.

Fig. 9. A-DLTS spectra of investigated GaAs/AlGaAs heterostructures
obtained for a relaxation time � � 0.0368 s.

All obtained deep centers are well known from the measure-
ments obtained by DLTS or other techniques, however never in the
same composition. The deep centers with the energy level 0.29 eV
were detected in GaAs/AlGaAs heterostructures [33], but also in
GaAs layers prepared by MBE technique [34]. The deep center
with energy 0.26 eV is known also as DX center [35], sometimes
with energies of 0.25 – 0.28 eV. Deep center of acceptor character
with energy 0.21 eV was detected in both GaAs/AlGaAs or GaAs
layers prepared by MBE technique [35, 36]. Some measurements
[35] indicated even internal structure of obtained peaks like super-
position of two different peaks similar as in our optically induced
A-DLTS measurements [38].

The appearance of two broader peaks corresponding to deep
centers of different type with some structure of smaller peaks is
the characteristic feature of A-DLTS spectra obtained on NU
1787 sample containing also 2 DES. The activation energies of
0.29 eV (a) and 0.10 eV (b) with corresponding cross-sections of
2.2 
 10�18 cm2 (a) and 5.5 
 10�21 cm2 (b), respectively were
determined as parameters characterizing these deep centers. It
should be noted that the A-DLTS signal at this case was much
smaller (presented A-DLTS spectrum is even � 2
 amplified)
comparing to previous spectrum and smaller peaks could not be
easily used to deep centers characterization. The deep centers of
acceptor type characterized by activation energy close to the value
0.1 eV and not detected in previous sample were obtained in
GaAs/AlGaAs heterostructures by SAW technique using dc TAS
[18] and also by ordinary DLTS measurements [33].

The A-DLTS spectrum of NU-1323 sample with 2 DHS
recorded by applying an optical injection pulse contains one dom-

inant peak (A) and three weaker ones (B-D). Using Arrhenius
plots, the following activation energies and corresponding capture
cross-sections were determined: 1.29 eV (A); 0.33 eV (B); 0.73 eV
(C); 0.61 eV (D) and 1.8 
 10�19 cm2 (B); 9.2 
 10�12 cm2 (C);
1.5 
 10�12 cm2 (D), respectively. In spite the fact that some of
the obtained deep centers (B-D) were registered also by other tran-
sient techniques using both electrical and optical pulse excitation
[33, 36, 37], they are typical for acoustical transient measurements
[2, 10] and deep center (A) characterized with relatively high acti-
vation energy, 1.29 eV and large cross-section (� 10�4 � 10�6 cm2)
is known, except acoustic transient measurements [20, 28], only
from TSC measurements [39].

As it can be seen the obtained values of activation energies
are mostly in good agreement with the values found by both optically
induced and other transient spectroscopy techniques and attributed
to deep centers or other defects. The experimental arrangement
indicates that detected deep centers should be localized close to
the 2 DES or 2 DHS. However, some features found only by acoustic
transient spectroscopy still remain unclear.

Fig. 10 and Fig. 11 show a typical A-DLTS spectra obtained
for Si MIS structures and GaAs/AlGaAs heterostructures by non-
destructive SAW A-DLTS technique, respectively. Using the above
mentioned procedure, the activation energies and capture cross-
sections, summarized in Table 1, were calculated from the Arrhenius
plots constructed for individual peaks of A-DLTS spectra.

Fig. 10. A-DLTS spectra of Si(n) and Si (p) MIS structures 
obtained by SAW technique.

The obtained values are mostly in good agreement with the
values found by DLTS or others techniques [18, 24, 29, 30, 32, 40].
Comparing the presented results with those obtained by A-DLTS
technique using longitudinal acoustic wave (Fig. 6 and Fig. 8) the
energy levels are shifted because of the acoustoelectric transverse
dc voltage is added to the excitation bias voltage.

Fig. 12. represents A-DLTS spectra of Cr-doped GaAs obtained
for various generated acoustic waves (fast transversal T1, slow trans-
versal T2, longitudinal L and SAW) and calculated from the isother-
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mal acoustoelectric transients. The activation energies and corre-
sponding capture cross-sections determined from the Arrhenius
plots are summarized in Table 2.

Fig. 11. A-DLTS spectra of GaAs/AlGaAs heterostructure obtained 
by SAW technique.

Summary of the deep centers parameters detected Table 1
by SAW A-DLTS in Si MIS and GaAs/AlGaAs heterostructures

Fig. 12. Optically induced A-DLTS spectra of Cr-doped GaAs obtained 
for various acoustic waves (fast transversal T1, slow transversal T2,

longitudinal L and SAW)

Summary of the centers parameter detected Table 2
in high resistivity GaAs for various acoustic waves

Most of the obtained energy levels of deep centers are in good
agreement with the values found by the other techniques [36, 37,
42] that have been already compared and discussed [41].

The comparison of the results obtained for different acoustic
waves (T1 , T2 , L, SAW) generated on the same sample and mostly
for the same screen indicates that the interaction of acoustic wave
and deep centers depends both on the propagation direction and
on the polarization of generated acoustic wave.

4 Conclusion

In conclusion, the acoustoelectric investigation using the
acoustic transient spectroscopy technique represented by several
various versions we presented can be successfully used to study
the deep centers in semiconductors and semiconductors structures.
Several deep centers attributed to the interface states in Si MIS
structures, GaAs/AlGaAs heterostructures with both 2 DES and
2 DHS and high resistivity GaAs were discovered and their para-
meters were determined. 

The presented and for deep centers investigation used acousto-
electric transient technique induced also some advantages compar-
ing with the other transient techniques: the acoustoelectric signal
is produced directly by a heterojunction containing space charge
so that any changes in its distribution are immediately reflected by
the ARS and/or TAS; the number and thickness of individual
insulating layers at the heterostructure does not influence obtained
acoustoelectric response; the quality of the ohmic contacts does
not play so important role as in electric techniques.
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erostructures) for the growing of the layers and Mr. F. Černobila
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No.1/8308/01 of the Slovak Ministry of Education.

Label Structure E[eV] 
[cm2] �UG [V]

1 Si(n) MIS 0.37 7.8 
 10�17 3.0

2 Si(n) MIS 0.21 4.7 
 10�19 3.0

3 Si(p) MIS 0.49 3.3 
 10�13 4.0

4 Si(p) MIS 0.67 5.2 
 10�11 4.0

5 Si(p) MIS 0.47 6.5 
 10�13 4.0

6 Si(p) MIS 0.61 3.4 
 10�6 4.0

7 GaAs/AlGaAs 0.47 1.3 
 10�14 5.0

8 GaAs/AlGaAs 0.39 6.6 
 10�16 5.0

9 GaAs/AlGaAs 0.67 2.7 
 10�12 7.0

Propagation Polarization Deep Centers
Direction E [eV] 
[cm2]

[110] [001] (T1) 1.28 3.1 
 10�4

0.72 2.4 
 10�13

0.47 3.0 
 10�15

0.31 4.8 
 10�18

0.27 2.1 
 10�18

0.35 1.7 
 10�16

0.22 4.1 
 10�18

[110] [11�0] (T2) 1.10 1.6 
 10�6

0.79 1.1 
 10�11

[110] [110] (L) 0.74 5.1 
 10�12

0.32 2.0 
 10�7

[001] (SAW) 0.77 2.5 
 10�17
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1. Introduction

The meaning of the term “dispersion” is not determined unam-
biguously. In the papers devoted to physics problems it is used for
expression of the fact that some quantity depends on the wave-
length (frequency) of the light [1] or on the wavelength of the wave
used at a quantity determination. This term is often used for expres-
sion of derivation of particular quantity on the wavelength. Most
often the term dispersion is used for expression of derivation of
material refractive index or derivation of phase velocity of the light
on the wavelength – i.e. dispersion d (taken as quantity) is deter-
mined by relation

d � ∂n/∂� .

For telecommunications purposes, the wavelength dependence
of pulse transition time is important, so the critical parameter is
not the phase velocity, but the group velocity of transmitted signal.
Since the group velocity vg is equal to 

vg � v � k �
∂
∂
k

v
� � v � � �

∂
∂
�

v
�

where v is the phase velocity and k is the absolute value of the
wave vector. So the spectral dependence of the pulse delay, deter-
mined with the group velocity dispersion, is characterised by the
dispersion constant [2, 3] 

D � �
c

�

0

� ∂2n/∂�2

where c0 is the velocity of light in vacuum. 

The phase velocity dispersion as well as the group velocity dis-
persion can be determined from the known wavelength depen-
dence of the refractive index. There are a lot of sufficiently accurate
methods for determination of the refractive index wavelength depen-
dence in bulk materials. However, if it is to determine the disper-
sion of optical fibres, the problem arises. For determination of the
core or cladding refractive index it is necessary to localise the
lighting to an area smaller than the core diameter, that is, to the

area with diameter of a few �m. The sufficient illumination of so
small area is possible, practically, only with lasers. But lasers are
usually not wavelength-tuneable and tuneable only in a small region
of wavelengths, respectively. To avoid the problems at determina-
tion of the material dispersion of optical fibres the investigation of
intermodal interference of optical fibre can be used.

2. Influence of dispersion on interference of modes

As it is known, a study of the intermodal interference in
optical fibres can be performed if the signal dependence given by
interfering modes is detected with non-uniform sensitivity. The
detection sensitivity in places where the phase of detecting modes
is the same should differ from the places where their phases are
opposite [4 – 7]. At such detection the influence of orthogonality
of interfering modes is eliminated.

Taking into account the different phase constants of the modes,
we can express the output of the quadratic detector located at the
end of the fibre of length z as follows:

s(z) � �0

S
c(x, y) � �

0

i

�i(x, y, z) � �
0

i

�*
i (x, y, z) � dxdy (1)

where c(x, y) is the detector sensitivity, �i(x, y, z) are the functions
describing the propagating modes and are equal to �i,0(x, y) �
� exp(j�i z), where �i,0 are the modal functions, �i are the phase
constants of particular modes, x and y are the coordinates perpen-
dicular to the direction of the propagation, S is area on which the
modal function is nonzero and “*” denotes complex conjugation.
The expression (1) gives after some manipulation for the signal:

s(z) � �0

S
c(x, y) �

0

k

�k,0(x, y) � �*
k,0(x, y) � dxdy �

��0

S
c(x, y) �

0

l�k

�l,0(x, y) � �*
k,0(x, y) �

� exp( j �(�l � �k)z) � dxdy . (2)
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The first term on the right side of Eq.(2) represents the sum
of particular mode intensities and does not depend on the length of
waveguide and only weakly depends on the wavelength (the depen-
dence is only because of the dependence of the modal functions
on wavelength).

The second term on the right side of Eq.(2) is the interference
term. It is clear that while the sensitivity c does not depend on
coordinates its value is zero, because 

�0

S
�l,0(x, y) � �*

k,0(x, y) � dxdy � 0     for   l � k . (3)

At a suitable dependence of detector sensitivity on coordinates,
the interference term can be nonzero. The interference term of two
modes of a monochromatic light with wavelength �, according the
relation (2), is 

s(y, �) = �0

S
c(x, y) � �l,0(x, y) � �*

k,0(x, y) � 

� exp( j �(�l � �k)z) � dxdy (4,a)

or

sint(z, �) � s0 � cos(��l,k(�)z) (4,b)

where ��l,k(�) � ��l(�) � ��k(�), indexes l,k correspond to inter-
fering modes and

s0 � �0

S
c(x, y) � �l,0(x, y) � �*

k,0(x, y) � dxdy . (4,c)

If we investigate intermodal interference of modes in the light
of finite spectral width ��, the interference term (4) should be
modified. As waves with different frequencies participate in the
interference of mode, the term has to be rewritten in the form 

sint(l, �) � s0 � �0

��
cos(��l,k(�) � z) � � (�) � d� (5,a)

where z is the length of the fibre and � (�) is the spectral density
of the light. As � depends on � only slightly, the Eq. (5,a) can be
rewritten into

sint(l, �) � s0 �� � �0

��
cos(��l,k(�) � z) � d� (5,b)

where �� is the average value of � in the region ��.

In Fig.1. the typical curve of transmission function of fibre
with nonzero interfering term is shown. As it can be seen from the
dependence shown in this figure, the spectral dependencies of
experimental observing curves have a character corresponding to
the expression (5). 

The harmonic character of interference term given by equa-
tion (4) (or its modified form (5)) allows to separate the interfer-
ence term from the measured transmission function. The spectral
dependence of interference term obtained from the measured
transmission function drawn in Fig. 1. is presented in Fig. 2. In
this figure there is also calculated spectral dependence of inter-

ference term of the first two modes. It was calculated for such para-
meters of fibre (values of refractive index of core and cladding,
radius of core and length of the fibre) for which the interference
centre �0 [8] corresponds to the measured interference centre and
the periodicity of the dependence is in the maximal agreement
with the measured one.

Fig. 1. Spectral dependence of transmission function (in arbitrary units)
with significant interference term measured on Siemens fibre.

It can be seen from comparison of these dependencies that
their character is the same but the periodicity of the calculated
dependence does not correspond to the measured one.

The difference of measured and calculated curves drawn in
Fig. 2 is caused by the fact that the phase constants �l and �k

(which determinate the phase difference of interfering modes)
depend on the wavelength not only explicitly, but also through the
wavelength dependence of refractive index of core and cladding.
This means that �� (and the periodicity of signal too) is a func-
tion of material dispersion of the core and the cladding. So the
interference of modes can be used as an information source of
fibre material dispersion.

It follows from the previous that the interference of modes
depends on difference of material dispersion of fibre’s core and
cladding, but not on the dispersion itself. The core or the cladding
of the fibre is often made from pure silica (for which the dispersion
is very well known), so the material dispersion difference, which
can be evaluated by studying the intermodal interference, allows
to determine the material dispersion of the non-silica material
built in the optical fibre.

The following “model example” illustrates the influence of
material dispersion on the intermodal interference and possible
use of intermodal interference for its determination. 

When it is assumed that the wavelength dependence of refrac-
tive index of core is the same as it is in pure silica, i.e. 

nco � 1.4471 � 0.014396 (� �1.1 � 10�6 m)/1.1 � 10�6 m
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and that the refractive index of cladding is

ncl � 1.443299 � 0.01445 (� �1.1 �10�6 m)/1.1 �10�6 m

the dependence of phase constants difference of the first and second
modes calculated for weakly-guiding step-index optical fibre of
length 0.72 m, gives spectral dependence of interference term
which is drawn in Fig.3. 

The difference of the interference term calculated at that
assumption and the measured dependence is smaller than error of

measurement in the area of the wavelengths 0.8 to 1.16 �m. In the
area close to 1.2 �m a difference between computed and measured
dependencies is seen. This difference can be eliminated introduc-
ing a quadratic dependence of cladding refractive index. When the
refractive index of cladding in area from 1.13 to 1.2 �m is assumed
to be greater than that one which was taken into account for the
curve given in Fig. 3. by the value equal to 3.05 108 (� �1.13�10�6)2,
then practically full correspondence of the measured and calcu-
lated dependencies is obtained in all investigated region (Fig. 4.).

 λ 

0.4

0.2

0

−0.2

−0.4 9.8.10−7 1.10−6     1.02.10−6     1.04.10−6     1.06.10−6     1.08.10−6     1.1.10−6     1.12.10−6     1.14.10−6     1.16.10−6     1.18.10−6     1.2.10−6     

Fig. 2. The comparison between measured           and computed interference term with constant 
refractive indexes           . Values are plotted in arbitrary units.

λ 

0.4

0.2

−0.2

−0.4 9.8.10−7 1.10−6     1.02.10−6     1.04.10−6     1.06.10−6     1.08.10−6     1.1.10−6     1.12.10−6     1.14.10−6     1.16.10−6     1.18.10−6     1.2.10−6 

Fig. 3. The comparison between measured            and computed interference term with linear 
dependence of dispersion          . Values are plotted in arbitrary units.
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3. Conclusion

The presented example shows that spectral dependence of
interference term reflects the wavelength dependence of refractive
index in a very sensitive way. This sensitivity is so high that the
study of intermodal interference can be used not only for exami-
nation of geometrical parameters of fibres [7, 8] (radius of core,
refractive index profile) but also for determination of material dis-
persion of investigated fibres. 

Technical equipment used in our laboratory allows to measure
spectral dependencies with precision of 1 nm of the wavelengths.
In the previous paragraph it was showed that such precision allows

to observe influence of spectral dependence of interference of
modes and to determine its derivation on the wavelength. If the
wavelength region in which the interference term is registered is
wide enough, it allows also to estimate the second derivation of
the difference of indices of the core and the cladding. 

Nowadays, in good laboratories there is no problem to deter-
mine spectral dependencies with accuracy higher than 0.1 nm.
Such precision allows to determine the first and the second deriva-
tion of refractive indices also if intermodal interference is observed
in an area of wavelengths smaller than the area, which was neces-
sary in our measurement in the presented model example. 
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Fig. 4. The comparison between measured          and computed interference term with linear and quadratic dependence of refractive index being
a function of wavelength (group velocity dispersion)            . Values are plotted in arbitrary units.
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1. Introduction

Information processing technology currently uses inorganic
semiconductor structures. Such structures are fabricated in an
essentially planar array on the surface of silicon or gallium arsenide,
and have been progressively smaller, primarily by advances in
lithography. However, the cost of each successive reduction now
increases so much that a practical limit may be approaching. In
addition, there are severe physical limits which hinder further
progress in miniaturisation. An alternative approach is to start
with molecules as basic building blocks, and to assemble the mol-
ecules together in a controlled manner so as to create a structure
with designed electronic function.

This paper describes a design of systems assembled by the
Langmuir-Blodgett (LB) technique. The origin of the present inter-
est in LB films can be traced back from the early 60s, to the works
of H. Kuhn [1] who recognized the utility of LB technique as
a tool to assemble molecules in a systematic and well-defined
manner. The LB technology is based on two successive steps: for-
mation of an organic monomolecular layer of amphiphilic mole-
cules on the surface of water, and transfer of the monolayer onto
the solid substrate by its traversal through the air/water interface
(Fig. 1). The monolayer is literally a two-dimensional system built
of ordered molecules. The preferential orientation of the molecules
with a permanent electric dipole results in spontaneous polariza-
tion in the monolayer. The conformational and/or orientational
changes of the monolayer constituting molecules induced by exter-
nal stimuli (illumination, chemical reactions, surface pressure) can
be monitored by measuring Maxwell’s displacement current [2].
The capability of LB technique can be demonstrated by the pro-
duction of high sensitive electrochemical devices. Their improve-
ment has been introduced by modification of electrodes, e.g.
coating the surface with an organic film. Several deposition tech-
niques have been exploited. We tested a new approach in elec-
trode modification: the LB method was applied for this purpose.
Significantly enhanced sensitivity of the determination of metal
ions in the water solution is demonstrated by the calibration
curves obtained for both the bare and the coated ultramicroelec-
trodes.

Fig. 1

2. Nanoelectric phenomena in Langmuir monolayer

We introduced a modified version in which the top electrical
contact is detached from the upper surface and the Maxwell dis-
placement current (MDC) is detected in the metal/air gap/Lang-
muir monolayer/metal structure. MDC flows when the vertical
component of the polar molecule changes with time. For this
reason, the MDC measuring system is suitable for detecting dielec-
tric relaxation phenomena in a monolayer at the air/water inter-
face. We discuss the evaluation procedure of the molecular dipole
moment and some remarks are devoted to the dielectric ralaxation
phenomena accompanying the orientational ordering and disor-
dering of monolayers by applying lateral monolayer compression.

Fig. 2 shows the experimental setup in this investigation [3].
The top electrode – TE – (the area is S � 20 cm2) was suspended
in air, parallel to the water surface. The air gap between TE and
the surface was adjusted to d � 0.5 mm with the aid of a microm-
eter by monitoring the capacitance of the system. The displacement
current was detected by a Keithey 517 electrometer (A). The sen-
sitivity of measuring a current was 0.1 fA. The measuring system
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was attached to the computer-controlled Langmuir trough (NIMA
Technology, UK) and placed in a dust-free compartment on an
antivibrating block.

Fig. 2

As a surface-active substance, straight-chain hydrocarbon
stearic acid (SA) was used, purchased from Lachema (Brno,
Czech Republic). Stearic acid was dissolved in chloroform (1
mmol/l solution) and slowly added to the surface of bidistilled
water to form a single monolayer at the air/water interface. The
Langmuir trough was of a rectangular shape with the total working
area of 600 cm2. The compression rates varied between 20 and
120 cm2/min, which corresponded to about 0.05 to 0.30 A/s per
a molecule. 

The displacement current in the circuit originates from three
components [4]:
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The first contribution arises from the change in the vertical
component of the molecular dipole moment (M), the second con-
tribution is connected with the change in number of molecules
(N) between the electrodes. The third component was taken as
zero because the surface potential of water � may be considered
constant during the monolayer compression.

A typical recording of the Maxwell displacement current
detected simultaneously with the surface pressure (�) – area per
molecule (A) isotherm during the lateral compression of the
monolayer is presented in Fig. 3. The current maximum indicates
that the molecules become aligned perpendicularly to the interface.
The area under I � t dependence can be utilized for calculation
of the change in the induced charge on electrode 1 and, hence,
for the calculation of the molecular dipole moment. The value
2.5 
 10�30 Cm or 0.75 D was found for stearic acid molecule.
The Maxwell displacement current measurement has been also
applied to detect the vertical component of the dipole moment in
a poly (3-alkylthiophene) derivative which is able to give a stable
monolayer on the water surface. The value 5.5 
 10�30 Cm (or
1.65 D) are in good agreement with the value obtained from the
molecular mechanics calculation [5].

The external compression of the monolayer on a water surface
with an aid of a movable barrier can be used for studying non-equi-

librium phenomena. For this purpose, the motion of the barrier
was not continuous but regularly interrupted so as to allow the
monolayer to reach an equilibrium state after stopping the barrier.
The transient process was monitored by measuring the displace-
ment current across the monolayer. Experiment showed that the
dielectric relaxation time, i.e. the period needed for the monolayer
to acquire a new equilibrium state, depends on the monolayer area
A and hence on the molecular orientational order. At the begin-
ning of the compression (low orientational order) the transient
process is relatively slow (� � 3 s). On the other hand, in the state
when the molecules stand upright at the air/water interface responds
to external compression stimulation much faster (� � 1 s). This
observation can be supported by the theoretical consideration
based on the Debye theory for studying the rotational Brownian
motion of molecules with permanent electric dipoles [6].

Fig. 2

S
ur

fa
ce

 p
re

ss
ur

e 
(m

N
/m

)



C O M M U N I C A T I O N SC O M M U N I C A T I O N S

20 ● K O M U N I K Á C I E  /  C O M M U N I C A T I O N S    2 / 2 0 0 3

3. Molecular layer as a surface modifier

The improvement of sensitivity and selectivity of the electro-
chemical detection system has been introduced by modification
of the electrode surface, i.e. coating the surface with thin film for
the purpose of immobilizing a specific redox reagent. The superior
property of the LB coating method is the capability of depositing
a defined number of monolayers (layer-by-layer) of the modifier at
ambient temperature, i.e. even a monomolecular-layer coverage is
feasible. Substituted polythiophenes were used in the role for the
electrode coating, namely amphiphilic poly (3-alkylthiophenes),
whose structure (see Fig. 4b) is adjusted to the requirements of
the LB process.

The mechanism of charge transport in the layer of a modifier
is crucial for kinetics of the charge transfer between the electrode
surface and the solution probed. Electrochemical behaviour of both
untreated and coated working electrodes was tested by means of
double-step voltcoulometry (DSVCM). In this method, the time
dependence of the charge transient in response to a potential step
is studied at elevating potential applied to electrodes. The kinetic
sensitive DSVCM has been presented recently [7]. All the elec-
trochemical experiments were conducted in a two-electrode cell.
The carbon fibre working electrode comprised two or three fibres
(each 7 �m in diameter) protruding from a wax-filled capillary
(see Fig. 4a). An Ag/AgCl/ electrode was used as a reference.
Standard solutions of Cu were used in testing the working elec-
trode.

Fig. 4

The detection ability of the carbon electrode is documented
in Fig. 5 where the signal maximum from Cu ions situated at ca. 
�0.3 V is dependent on the concentration of the species in the
solution probed. On the other hand, the signal maximum was con-
siderably raised by the formation of the electrode coating with
polythiophene (Fig. 6). The presented potential region U is restrict-
ed to the interval, which is dominated by the presence of ions in
the electrode redox reaction. Straight calibration lines were observed
for a concentration range between 20 and 100 ng/ml (with a detec-
tion limit of 5 ng/ml) as shown in Fig.7. The slope of the calibra-
tion lines which refers to the sensitivity increases with the number
of polymer monolayers and reaches its limit at 10 — 12 layers
(thickness of the coating being ca. 18 nm). The detection process
is reversible and the electrode coated by polymer does not “remem-
ber” the situation from the previous solution.

Fig. 5

Fig. 6

4. Conclusions

When defining the role of LB layers in materials science in
the new decade and beyond, not only should potential applica-
tions be considered but, first of all, the understanding of the mol-
ecular assembly in two dimensions at the molecular level is the
basis in the technique of materials. Interest is given to the system
composed of several types of molecules where the molecular inter-
actions play a key role in determining the resultant system prop-
erties. But the interactions depend on the way how the molecules
are spontaneously organized in the system – depend on self-orga-
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nization. From this point of view LB films can be regarded as an
ideal technological tool for modeling basic physical processes in the
system with molecular organization and this impact of the research
should be understood and put forward in any concept.

More direct practical goals of the research of organic molec-
ular systems are emerging in these areas: development of electro-
chemical microsensors, nonlinear optical systems (the use of sponta-
neous orientation of molecules in the layers, molecular-level control
on film thickness, generation of higher harmonics) and develop-
ment of novel materials for the control of friction and wear (tri-
bology).

Fig. 7
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1. Introduction

Magnetic fluids are colloidal suspensions of single domain
ferromagnetic particles Fe or Fe3O4 , or other particles dispersed
in a carrier liquid as, for example, water, mineral oil, etc. The par-
ticles, whose diameter is placed in the region (5 � 20) nm, could
not set down due to Brownian motion. These particles interacted
via the long-range magnetic forces and short range Van der Waals
forces. Mutual interaction of these particles causes formation of
agglomerates and then their sedimentation, and the long time
stabilisation of the colloidal solution is ensured by surfactant. The
surfactant covers the particles and thus essentially suppresses
interaction. As surfactant matter a detergent or alcohol and so on
is usually used.

The first magnetic fluid was prepared in 1938 by Elmore [1],
in order to see the magnetic domains in some ferromagnetic mate-
rials. The Papell [2] developed the magnetic fluids in 1965 in con-
nection with the cosmic program of NASA. In this case, will the fluid
being the part of the fuel made it possible to transport fuel into
rocket engine in weightless state. The next authors developed the
ultra – stabilised fluids with cobalt particles, with different carrier
liquids and different surfactants. The magnetic saturation was higher
than in the case of the Fe3O4 particles. It turned out that the mag-
netic fluids share the hydrodynamic and the magnetic properties.
These are very interesting for fundamental physical research and
some technical application too. Now, we remind that the magnetic
fluid can be used as the seal of very speedy rotating shafts. In this
case the magnetic fluid plays the role of the packing ring. The
magnetic fluid can be used as a filling of space, in which the coil
of the loudspeaker oscillates, this secures the axial alignment.

At present the magnetic fluids find their application in bio-
medicine when the medicaments are purposefully transported [3],
in radio-diagnostic as of a contrast-medium [4], etc.

2. Creation of thermal grating – one-dimensional model

If the sample of fluid containing colloidal particles is illumi-
nated by the light whose intensity is harmonically varied on the
direction perpendicular to the direction of the propagation of the
light beam the fluid will be heated harmonically due to light
absorption.

It is possible to obtain the harmonic dependence of the inten-
sity of the light, using two coherent intersecting laser beams (Fig. 1).

Fig. 1

When the sample of fluid is put into the interference field, the
harmonic thermal field is created in the place where the beams
are intersecting [5]. Harmonic variation of temperature will result
in the thermal diffusion exchange of the colloidal particles between
the places with different temperatures. This disturbs the equilib-
rium distribution of the particles (their concentration) and the dif-
fusion due to concentration variations of particles starts between
these places. After certain time the dynamic equilibrium takes
place between these two processes and the periodical distribution
of temperature and concentration of particles will be settled. Due
to changes of the index of refraction the phase grating is created
and due to the changes of concentration of particles the absorption
grating is created too. The self-diffraction of light arises in this
grating. When the interference field is switched off, the thermal
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optical grating vanishes after the relatively short time (of the order
of few milliseconds), while the absorption grating exist essential
a longer time. The destruction of the absorption grating can be
observed through the decrease of diffracted beam intensity. This
fact allows us to study the dynamics of the colloidal particles in
the fluid.

The diffusion flux of particles in the created grating, in one-
dimensional case can be written
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In this equation n is the concentration of particles, t is time,
D means the diffusion constant of magnetic particles, S is the
thermal-diffusion coefficient (Soret constant), T is the tempera-
ture and x is the co-ordinate. In the case when the illumination is
harmonic the equation (1) can be written as
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where T0 is the amplitude of periodic modulation of the sample

temperature, n0 means density of the particles and � � �
2

�

� �
� is 

the space frequency of the grating (� is the grating constant). 

The solution of this equation is 

n(x, t) � n0 � S � T0 � (1 � exp(�D � �2 � t) � sin(� � x) (3)

From this term we can see that the amplitude of the particle
density in equilibrium is

ns � n0 � S � T0 (4)

We can also see from Eq. (3), that after the heating is switched
off the concentration grating decreases exponentially with time
constant 

� � �
D �

1

�2� (5)

Using grating constant � the diffusion constant D can be
expressed as
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From this we can see that � is a quadratic function of the
grating constant according to the expression 
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It is known that the diffusion coefficient is connected with
mobility � of the particles by Einstein’s relation

D � � �k � T , (8)

where k � 1.38 � 10�23 J � K�1 is the Boltzmann constant

In the first approximation we will assume that the particles
are of spherical shape. Then the viscosity of the based fluid can
be expressed according to the equation 
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where r is the effective radius of the colloidal particles. We use the
Poisson relation which determines the connection between the
force acting on the spherical particles and their mobility.

3. Experiment and results

The principal scheme of the set-up created in our department
of physics is demonstrated in Fig. 2.

Fig. 2

The Ar laser beam (488 nm) is divided with a beam-splitter into
two coherent beams with the small trajectory difference. The sample
of magnetic fluid, with thickness in the region (60 � 150) �m
was placed in coherent intersecting laser beams, where the inter-
ference field is present (Fig. 1). The interference field creates the
thermal grating in the fluid due to absorption of the light. We can
observe either self-diffraction or the optical diffraction of the HeNe
(if we decide to use it). The disappearing of the diffraction grating
can be seen on auxiliary reading HeNe beam that is detected and
registered on PC.

The typical time dependence of creation and disappearance
of grating in our magnetic fluid is presented in Fig. 3. The time
dependence of disappearance of grating may be seen in Fig. 4.
This dependence has been evaluated and the time constant of the
disappearance � � 18,2 s  has been obtained. This time constant
corresponds with the diffusion coefficient D � 1.2 � 10�11 m2 � s�1,
which is in good agreement with another authors [9], [12].

The quadratic dependence of time constant of disappearance
on the grating constant for the first beam (Eq. (9)), has been
experimentally verified and is presented in Fig. 5.

4. Some applications 

Some technical applications of magnetic fluids were mentioned
in the introduction of this paper. The optical grating created by
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two intersecting coherent laser beams in magnetic fluids could be
used as an optical-electronic element, which has some coincident
properties as can be seen in Fig. 6a,b.

Fig. 3

Fig. 4. 

Fig. 5

The signals A, B come on optical grating, realised by mag-
netic fluid. The coherent signals A or B with wavelength � are

detected on output side separately (Fig. 6a). If both beams appear
at the same time, after interference in their intersecting place, the
signal C will be also detected on the output. 

Fig. 6a, b

In Fig. 6b the case of three canal system is shown, in which
coherent signals A and B work with wave-length �1 . The laser
beam C works on wave-length �2 , for this the diffraction angle is
different. The laser signals A, B or C can be detected on output
side separately. The signal D can be detected if the interfering
signals A and B, which the optical grating create, are present in
the same time, while signal E is detected if the signals A, B and C
are all presented at the same time. 

The disadvantage of the presented optical-electronic elements
is their slowly response, but in some cases this could turn into
advantage, e.g. in cases where the time delay is useful.

5. Conclusion

From the preliminary results it can be seen that using the
grating created by interference light field in the sample of the mag-
netic fluid and with the study of dynamic of its disintegration it is
possible to obtain information about diffusion constant (Eq. (6)),
the diameter of particles (Eq. (9)), if the viscosity of based fluid
is known. Or vice versa the information about properties of the
based medium, for example about its viscosity can be obtained, if
the effective diameter is known (Eq. (9)). The possibility of other
practical applications has been shown as well.
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1. Introduction

Modern technologies require materials working under extreme
conditions with high reliability. One of the key parameters that
have great impact on the life expectation of a material is its
microstructure. The microstructure of green specimens can be
changed. Extreme loading of material can lead to the various dis-
continuities, such as cracks, voids, dislocations and delaminations.
Extrusion changes the shape of the grains resulting in the anisotropy
of the isotropic green specimens. The development and investiga-
tion of new materials are not possible without effective method of
measurement and testing their physical properties. Moreover, non-
destructive testing of materials or device components is an obliga-
tory part of every production process.

Acoustic microscopy represents very useful tool for investiga-
tion of materials. It provides a possibility for inspecting the internal
structure of opaque specimens as well as quantitative evaluating
the elastic properties of materials [1, 2].

We use scanning acoustic microscope (SAM) for investigation
of elastic anisotropy of extruded Al-Cu-Li alloys.

2. V(z)-curve method

If the image formation requires the scanning of the object in
the focal plane (2D x-y scanning), the quantitative measurement
based on the V(z)-curve uses the scanning of the specimen towards
the lens (z-direction) only. The valuable information about the
specimen’s elastic properties is extracted from the dependence of
the output signal on the z-shift. The output signal oscillates peri-
odically with z and the period ∆z is characteristic for material [3]. 

There are two approaches for theoretical explanation of V(z)
curves: wave description, based on the Fourier optics [4] and ray
approximation [5]. Due to ray approximation the spherical wave
created by the lens can be expanded into a set of particular plane

waves incident to the object surface at various angles from 0 to �A .
The ray with direction of the wave vector represents every partic-
ular wave (Fig. 1). If the angle of incidence is equal to �R , the inci-
dent wave generates surface Rayleigh wave. The critical angle can
be determined from the formula �R � arcsin(vk/vR) where vk is
the velocity of bulk wave in the liquid and vR is the Rayleigh wave
velocity.

Fig. 1 The creation of output signal by two groups of waves 

This surface wave is a leaky wave, it radiates the bulk wave
into the immersion liquid at the angle of �R . The output signal is
a result of the interference of the two groups of waves – the waves
reflected from the object (ray A) and the waves radiated into
immersion liquid by surface wave (ray B). These two rays give the
main contribution to the output signal. The phase difference between
rays A and B is 

�� � �
c

2

os

k

�

z

R

� � 2 kR z tg �R � � , (1)
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The reflected scanning acoustic microscope was used for investigation of elastic properties of extruded Al-Cu-Li alloys. The local sound
velocity and attenuation were measured by the V(z) curve method. The results show strong anisotropy of material due to extrusion of the
sample. 
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where kR is the wave number of surface wave and k is the wave
number of the bulk wave in the immersion liquid. The phase shift
� is connected with phase delay of Rayleigh wave related to the
bulk wave. The interference maximum occurs for the phase dif-
ference of 2�n and therefore period of oscillation of V(z) curve
will be

�z � �
1 �

�

c

/

o

2

s �R

� � �
1 �

vk/

c

2

os

f0
�R

� , (2)

where � is the wavelength of the bulk wave in liquid and f0 is the
ultrasound frequency. Thus, we can determine the velocity of surface
acoustic wave by measuring �z.

Fig. 2 Cylindrical acoustic lens

For anisotropic material where the SAW velocity depends on
the direction of propagation, a cylindrical acoustic lens with line
focus (Fig.2) is widely used [6 – 8]. The SAW generated by cylin-
drical lens has a direction perpendicular to the focal line. The peri-
odicity of V(z) is for this case done by the same formula (2).

3. Samples

Aluminum alloys are materials of great importance in indus-
try. Extrusions of Al-Cu-Li alloys with fiber texture often exhibit
significant anisotropy and variation of mechanical properties
through the profiles [9-10]. These variations depend on extrusion
shape, extrusion procedure parameters and thermo-mechanical
treatment parameters [11]. We investigated two alloy samples con-
taining 2.59 Cu, 2.05 Li, 0.11 Zr, 0.04 Mg, 0.02 Si, 0.09 Fe wt. %
with half of the dumb-bell profile (Fig. 3). The sample 1 was ther-
mally treated at 530 °C and polished, the sample 2 with mat
surface was not treated. 

4. Experiment and results

Scanning acoustic microscope with large aperture cylindrical
lens (�A � 2 
 40°) and operation frequency 250 MHz was used

for obtaining the V(z) curves for both samples. The measurements
were carried out for the two direction: along the sample side-sill
(direction A) and perpendicular to it (direction B).

Fig.3 Positions of the measurement points in the cross-section 
of the AL-Cu-Li sample profile. Dimensions are given in mm.

Typical V(z) curve is presented in Fig. 4, where the horizontal
axis corresponds to the shift z and vertical one scales the relative
values of the output signal. 

Fig. 4 V(z) – curve for sample 1, point 2, SAW direction B.

The data on SAW velocities measured in the points 1, 2, 3 are
summarized in Table 1. As follows from the table, SAW velocity are
higher in the sample 1 (with heat treatment and polished surface)
for all points of the measurement and for both direction of SAW
propagation. Taking into account that the enlargement of SAW
velocity after polishing the fine ground surface is usually about 1%
[12], one can deduce the reinforcing the alloy under the heating.

The presented results demonstrate also the significant varia-
tion and anisotropy of elastic properties across the cross-section of
the treated sample. The SAW velocity values in point 3 are higher
than the ones in point 1 for both directions of SAW propagation.
At the same time the velocity of surface waves propagating per-
pendicular to the dumb-bell axis is lower than the velocity of SAW
in the direction A (along the axis). It can be related with the
changes of the material in the measured points. Fig. 5 shows the
roll grain texture in the circular part of the sample 1 whereas the
flattened grains befit to its rectangle part.

A large variation of SAW attenuation through the cross section
was measured. The attenuation at the point 3 is noticeably higher
(up to 20 dB) for SAW direction B for both samples. It can be
related with the bigger scattering of the sound energy on the closest
grain boundaries fallen on the length unit in direction B com-
pared with direction A.
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5. Conclusion

The obtained results demonstrate the possibility of acoustic
microscopy for reliable detection of the elastic anisotropy of extrud-

ed specimens. Both acoustic velocity and attenuation were found
different for two main axes of the sample cross section. On the basis
of the velocity comparison for samples 1 and 2 one can conclude
that the heat treatment leads to the hardening of the alloy.

Table 1

Sample Sample 1 (heating + polishing) Sample 2 

SAW-direction A SAW-direction B SAW-direction A SAW-direction B

Point V � V � V � V �

M/s dB/mm m/s dB/mm m/s dB/mm m/s dB/mm

1 3153.7 116 3139.6 96 3074.2 97 3079.4 90

2 3127.4 69 3147.6 66 3093.7 88 3103.5 101

3 3213.7 70 3162.0 89 3094.3 87 3080.1 108

a b
Fig.5 The grain texture in point 1 (a) and in point 3 (b) in the cross section of extruded Al-Cu-Li sample. Magnification 200.
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1. Introduction to quantum structures

The development of III-V semiconductor growth techniques
and their ability for growth of smooth ultra-thin layers on atomic
scale have opened a new area in semiconductor research and tech-
nology. Quantum well (QW) heterostructures and superlattices with
high-quality crystal perfection were fabricated by molecular-beam
epitaxy (MBE), or metal-organic vapor phase epitaxy (MOVPE)
[1]. These QW structures prepared from various III-V alloy semi-
conductors have received considerable interest because of their
band-energy variability, which allows preparing of optoelectronic
devices operated in wide spectral range. 

Fig. 1 Schematic of energy band diagram of QW structure – QW and
barrier layer in active region. To form the potential quantum well the

appropriate semiconductor material should be chosen (Egap (QW) � Egap

(barrier)). Electron and hole in QW are then localized above
conduction and valence band edge, respectively. The energy of optical

transition lies at higher energies than in bulk QW material.

In these structures the energy of optical transition can be
adjusted by an appropriate choice of III-V alloy semiconductors as
well as by layer thickness in active region (fig. 1) [2, 3].

Considerable attention has been recently devoted to monolayer
(ML) and submonolayer QW structures with layer thickness of
some atomic layers in active region [4, 5, 6]. In ML QW structures
the electron and hole states are energetically localized close to the
band edge of barrier layer. To improve emission intensity from active
region the multi quantum well (MQW) structures were designed.
For our studies the InAs material for QW and AlxGa1-xAs ternary
as barrier material has been chosen. The Al mole fraction x � 0.40
was used to achieve the emission at higher energy in comparison
with the laser structure x � 0.34 published in [7].

Our experimental investigations focus on characterization of
optical and electrical properties at room and low temperatures.
Electrical properties of the structure are investigated by the
measuring of conventional current-voltage characteristics. Optical
properties are characterized by photoluminescence (PL) and elec-
troluminescence (EL) measurements. To get information on the
layer perfection high-resolution transmission electron microscopy
(HRTEM) investigations have been performed.

2. Theoretical modeling of energy states

For design of devices and comparison of experimental results
with theory it is important to know the location of the lowest
energy state of electrons (e) in conduction band (CB), heavy holes
(hh) and light holes (lh) in valence band (VB) (Fig. 2).

These states can be determined by solving Schrödinger’s equa-
tion in each layer and by matching the solutions across the bound-
aries. As an idealized approximation for calculating the lowest e,
hh and lh energy bands is the Kronig-Penney analysis [8]. These

SEMICONDUCTOR LASERS BASED ON QUANTUM WELL
STRUCTURES
SEMICONDUCTOR LASERS BASED ON QUANTUM WELL
STRUCTURES

D. Pudiš – J. Kováč jr. – J. Kováč – J. Jakabovič *

We present electrical and optical properties of the quantum well laser structures based on InAs / AlxGa1-x As material systems. The exper-
imental results obtained from room- and low temperature electroluminescence measurements of InAs/Al0.40Ga0.60 As revealed the excellent
emission spectra in the visible range 620-660 nm. The experimentally obtained transitions energies were compared with simple Kronig-Penney
simulations. Going to low temperatures the stimulated emission from the cleaved edge was observed, which could be real perspective for laser
applications.
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calculations are simplified, but they provide a useful guide for
choosing layer thickness corresponding to the desired e, hh, lh
energies. The n � 1 energies are calculated as a function of well
size for InAs and AlxGa1-xAs ternary barriers from the following
expressions

tan��
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Fig. 2 Quantum confined e, hh and lh energy states. Square potential
well for electrons and holes is formed by material parameters 

(Eg , VBO) and thickness of QW layer.

where a and b are well and barrier thickness and ma and mb the
particle effective masses inside QW and barrier, respectively. The
energy E of localized particle states (e, hh, lh) is calculated from
the minima of conduction and valence band, respectively. The
barrier height V of conduction and valence band is determined
from the valence-band offset of well and barrier materials [9].
These expressions are generally valid as well for QW structures as
for superlattices, where in superlattice structures with thin barrier
layer the solution of particle energy splits into minibands repre-
sented by an energy range (Emax � Emin) [3]. The energy states of
higher order (n � 1) in CB and VB can be determined similarly
according to [8]. 

3. Laser preparation

The sample growth was carried out by low-pressure MOVPE
in a commercial AIXTRON AIX-200 reactor equipped with a rotat-
ing substrate holder and standard precursors TMAl, TMGa, TMIn,
DetZn, AsH3 and Si2H6 with vapor pressure values p(tot) � 50 mbar
and f(tot) � 7 slm on (001) oriented n-type GaAs substrates. The
MOVPE experiments were carried out at growth temperatures 700 °C
[1]. The layer arrangement (Fig. 3a) consists of a 450 nm GaAs

buffer layer followed by a 1300 nm n-doped Al0.55Ga0.55As confine-
ment layer, the active region and 550 nm p-doped Al0.55Ga0.55As.
The structures were covered by 10 nm GaAs layer. The active
region contains 10 spatially well-separated InAs monolayers buried
in thick (20 nm) Al0.40Ga0.60As barriers. The contact metaliza-
tion was performed by evaporating Au on top GaAs layer and
AuGeNi on the bottom of n� GaAs substrate. 

a) b)

Fig. 3 a) The layer arrangement of QW structure with detail of
InAs/AlxGa1-x As active region. b) CCD surface image of stripe laser

device. The spontaneous emitting light arises in InAs QW and is
amplified between cleaved planes along the Au stripe contact.

For the emission study the gain guided metal stripe lasers were
fabricated. The stripes width of 6 �m in SiO2 mask and AuBe/Ti/Au
p-contact layer were prepared. The laser device fabrication was
completed by thinning the wafer to 150 �m thickness and evapo-
ration of bottom AuGe/Au n-contact. The samples were cleaved
perpendicular to metal stripes (Fig. 3b). From the Kronig-Penney
model the energy of optical transition was calculated to be 1.973
eV at T � 0K. As Kronig-Penney inputs the InAs/Al0.40Ga0.60As
material and layer thickness parameters according to the schematic
in fig. 3a were used.

4. Experimental results

The electrical and optical properties of prepared laser device
based on MQW structure were investigated. Electrical properties
were examined by current-voltage measurements at forward bias.
From room- and low-temperature electroluminescence (EL) mea-
surements the optical properties were revealed. The low-tempera-
ture EL spectra were measured in He-close cycle cryostat. For
recording the EL spectra monochromator of type SPM2 and Si-
photodetector were employed. The EL intensity vs. driving current
was measured by conventional pulse technique. Laser mode emis-
sion spectra were recorded using high-resolution double grating
monochromator.

Electrical properties
The current-voltage measurement at forward bias shows the 

p-n junction opening in the range of 1 V in correspondence with
diffusion potential. The weak edge emission from the active region
was observed at current about 1 mA. The current flow increasing
through the MQW region has influence on emission intensity.
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The current flow is limited in the range of 1.5 V – 2.5 V due to
low conductivity of confinement layers and intrinsic MQW active
region as shown in current-voltage dependence (Fig. 4).

Fig. 4 Current-voltage dependence of laser device. Room temperature
spontaneous emission starts at driving current app. 1 mA.

Optical properties 
The optical properties on stripe laser structures were investi-

gated by measuring the room- and low temperatures EL spectra
from the cleaved edge of laser structure.

Room temperature EL spectrum revealed only the weak spon-
taneous emission from the cleaved edge of the laser structure with
maximum intensity at 1.891 eV (655.7 nm) (fig. 5a). When going
to low temperatures a considerable increase of the EL intensity
(Fig. 5b) due to the strong localization of bound states in QW was

observed and the energy of main maxima shows the blue shift in
correspondence with Eg(T) relation of Al xGa1-xAs barrier. At T �
� 20 K the maximum intensity lies at the energy 1.995 eV (621.6
nm).

Fig. 6: The EL intensity vs. driving current and laser mode spectra
(insert figure) of laser device based on InAs/Al0.40Ga0.60 As 

QW structure in active region.

From comparison of the experimental results and theoretical
predictions (1.973 eV – T � 0 K) from point of view of the main
peak energy position in EL spectra, the small discrepancy (app.
20 meV) was found. It could be caused probably by replacing the
real structure by periodic square potential in Kronig-Penney model
as well as exciton binding energy of localized e-hh pairs (excitons)
in QW [7].

To achieve the higher emission energy the Al0.40Ga0.60As
was used in active region. Thus, the emission energy increased of 

a) b)

Fig. 5 The EL spectra recorded from the cleaved edge of laser devices at a) room temperature and b) in temperature range 
of 20 – 200K. Dashed line shows the blue shift of maxima. 
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app. 80 meV in comparison with the structures employing the
Al0.33Ga0.67As material in active region [7, 9]. 

For the temperatures ranging from 20 K to 100 K the prepared
stripe laser structure with InAs monolayers shows stimulated emis-
sion across their cleavage planes. The EL intensity vs. driving
current characteristic of this structure shows the typical increase
of emission intensity in the region of threshold current density
(Fig. 6). Insert figure shows a laser mode spectrum measured at 
T � 20 K and driving current 9.0 mA. From the recorded depen-
dence the extremely low threshold current and current density
was estimated to be Ith � 8.9 mA. 

5. Conclusion 

To sum it up, we studied the optical and electrical properties
of MQW structures based on InAs/AlxGa1-xAs materials grown
by MOVPE as a real perspective structure for applications in laser
devices. Optical properties were investigated by current and tem-
perature dependencies of EL spectra taken from the cleavage plane
of stripe laser arrangements. 

Room temperature EL spectrum shows only weak edge emis-
sion at energy 1.891 eV. At low temperatures (20 K – 100 K) the

InAs monolayer luminescence becomes very sharp and intense;
its peak energy reflects nearly the Eg(T)-relation of the AlxGa1-xAs
band gap [10].

In the low temperature range stimulated emission for investi-
gated structures occurs at photon energies of about 1.995 eV
(621.6 nm) for T � 20 K. At higher temperatures (above 100K)
the stimulated emission disappears due to the thermal dissocia-
tion of InAs monolayer-bound excitons [2].

The material and layer parameters for growth processes could
be calculated by simple Kronig-Penney model. 

In our opinion the material system under investigation might
be interesting for potential optoelectronic device applications. These
excellent emission properties observed in MQW structures with
the material basis of InAs/AlxGa1-xAs could be successfully
employed in possible applications in the light emitting and laser
devices operated in red and orange-red range of spectra. 
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1. Introduction

The elastic and conducting medium consists of ionic lattice
and gas of electrons. The external electromagnetic field acts on
the particles and excites their motion. Under usual conditions the
direct electromagnetic force affecting the ionic structure is screened
by the electron collisions drag force, so that no mechanical exci-
tation is observed. The penetrating electromagnetic wave is strongly
damped in a thin surface skin layer. The screening effect can be
disturbed by an external constant magnetic field. In such a case
the mechanical excitation of the ionic lattice can propagate through
the sample as an elastic wave, e.g. [1]. On the other hand the ionic
movement generates the secondary electromagnetic wave which
accompanies the elastic wave and represents the elastic mode of
the electromagnetic wave, e.g. [2]. It propagates with the acoustic
wave velocity and weak attenuation and can be detected at the
opposite side of the conducting sample. There are many possibili-
ties of the utilization of the effect. One of them consists in con-
tactless ultrasonic defectoscopy of metal samples, another in the
electromagnetic detection of mechanical vibrations in bodies, etc.
The effect can be utilized in a wide range of frequencies and tem-
peratures.

2. Theoretical description of the effect

Interaction of the mechanical motion of the structure and elec-
tromagnetic field in the medium can be described by means of
wave equations of the electromagnetic wave and the elastic wave
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where E 	 E(r, t) is the electric intensity, � 	 � (r, t) is the ionic
displacement from the equilibrium state, � and � are permitivity
and permeability of the medium, cl and ct are longitudinal and
shear elastic constants, � is the density and f is the density of non-

elastic forces acting on ions. J 	 J(r, t) is the electric current
density, which consists of both ionic and electronic parts
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where 

⇒

is the tensor of the magneto-conductivity, 
0 is the DC
conductivity, n and e are the electron density and the elementary
charge and EF is the Fermi energy of the electron gas. The second
term in the parentheses corresponds to the electron current caused
by the motion of the ionic background and the third to the diffu-
sion of the electrons.

The resulting force density acting on the ionic lattice can be
expressed as

f (r, t) � fEM(r, t) � fe(r, t), (6)
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is electromagnetic Lorentz force density from the resulting elec-
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is the electron drag force resulting from the electron-ion colli-
sions. In two last terms there is B the magnetic flux density, m is
the mass of electron and � is the collision mean free time.

The dynamic process can be significantly influenced by means
of external constant magnetic field. In the case of linear processes
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the magnetic flux density B will be substituted by the constant
value Bc and the time-dependent component will be neglected. In
the presence of the external magnetic filed the conductivity tensor
represents the electric anisotropy of the medium depending on
the magnetic field orientation. For example, if the magnetic field
vector Bc is parallel to the z direction, the magneto-conductivity
tensor has the form



⇒

� 
0 
 � , (9)

where 	c � e Bc / m is the cyclotron angular frequency.

The products of the conductivity tensor 

⇒

and the terms
obtaining � in (5) together with vector product in (7) represent
the mathematical description of the mechanism of the interaction
of electromagnetic and mechanic processes in the medium. In
such way the time-dependent electromagnetic excitation generates
acoustic process in the ionic structure and on the other hand the
mechanical motion of the ionic structure leads to the accompa-
nying electromagnetic field generation.

3. Waves in a conducting medium

Let us suppose the semi-infinite sample with the surface normal
to the z-direction and all wave processes as plane waves propagat-
ing in z-direction. The set of equations (1) and (2) together with
(3) to (8) can be solved under corresponding boundary condi-
tions by means of Laplace transformation, e.g. [2], [3].

In many practical applications we utilise the mechanism of
electromagnetic generation of the acoustic wave. In such case we
suppose the plane electromagnetic wave polarized in x-direction
and incident perpendicularly to the sample surface. In the case of
Bc parallel to the z-direction the shear acoustic wave with y-polar-
ization is excited. If the Bc has y-direction, the longitudinally polar-
ized acoustic wave is excited. The time and space dependence can
be expressed by

�(z, t) � i �
2

	

H

�

0 B

s
c

� e�i z e i 	 t ,

where H0 is the magnetic intensity of the incident electromagnetic
wave at the surface, 	 is the angular frequency and s is the veloc-
ity of the acoustic wave of the corresponding polarization. The
shear component of the accompanying electromagnetic wave per-
pendicular to the propagation direction z can be expressed by

E(z, t) � i 	 Bc �(z, t) � i 	 Bc �0 e�i z e i 	 t ,

where �0 is the acoustic wave amplitude at the surface of the sample.

The electromagnetic wave accompanying the electromagneti-
cally excited acoustic wave is given by

E(z, t) � �
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In the case of planparallel sample the electromagnetic wave
is radiated from the sample and it can be detected by a proper
detecting coil.

These results are exactly valid for non-magnetic materials. In
the case of ferromagnetic materials these processes are influenced
by magnetisation and magnetostriction.

4. Electromagnetic – acoustic transducer

The described effect is used in many practical applications.
One of them consists in one-probe electromagnetic generation
and detection of ultrasound. The arrangement of the probe called
electromagnetic-acoustic transducer (EMAT), e.g. [4], is in Fig. 1.

Fig. 1. Arrangement of EMAT and the shape
of generating/detecting coils

The EMAT is mostly used for the ultrasonic defectoscopy. RF
pulse generates the starting ultrasonic pulse (1). It propagates
across the sample and reflects from the backside of the sample,
see pulse (3) or from the defects of the sample (2). All pulses are
detected, processed by a receiver and visualised by means of an
oscilloscope. Position of the defect inside the sample is measured by
means of time-delay of the reflected pulse. The conducting sample
is placed in the magnetic field of a permanent magnet or an elec-
tromagnet. The sample can be placed into the magnetic field so
that the magnetic flux density is normal or parallel to the gener-
ating-detecting surface of the sample. It determines the slower shear
or the faster longitudinal acoustic wave generation. 

Both acoustic and accompanying electromagnetic waves were
generated by proper coils, Fig. 1 (a) to (c), supplied by the RF
signal generator. The coil design determines the acoustic beam
profile. The most complex beam structure but the best efficiency
represents the flat spiral coil, Fig. 1 (a) and Fig. 2. In the case of
a constant magnetic field parallel to the surface, Fig. 2 (a) the gen-
erated beam consists of two sub-beams with opposite longitudinal
polarization. If Bc is normal to the surface, the generated beam
has a shear radial polarization with zero value along the axis of the
acoustic beam. This property can be utilised in special applica-
tions of EMAT.
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Fig. 2. Polarization of the acoustic wave generated 
by the flat spiral coil

Another typical shape of the coil is in Fig. 3. The generat-
ing/detecting coil is made from the thin wire wound in one layer
around the flat dielectric strip. The RF magnetic fields of both
layers of the winding with opposite directions of the current and
with the phase shift k d mutually interfere. The resulting RF mag-
netic field at the surface of the conducting sample is reduced by
k d � 	 d / c in comparison with the one-layer coil, e.g. the men-
tioned spiral coil. The advantage of the rectangular coil is the gen-
eration of very homogeneous acoustic beam similar to the plane
wave with a better defined wave polarization in the whole sample.
The sensitivity is lower than in the case of the spiral coil. Due to
the reduction factor kd this generating/detecting coil can be used
for higher frequencies applications. The system was tested in the
frequency range from 10 to 25 MHz.

Fig. 3. Rectangular coil

The system of a flat wire coil allows to make generating/detect-
ing coils for the special acoustic waves, as deflected waves, surface
waves, focused waves, etc. Fig. 4. The coil in Fig. 4 (a) is able to
generate or to detect the acoustic wave deflected from the direc-
tion normal to the surface by angle ! according to the ratio of the
acoustic wave-length and the period x of the coil structure. The
surface acoustic wave is generated under condition of x � �. The
structure in Fig. 4 (b) generates or detects the focused cylindrical
wave. Such a system is very sensitive for the detection of material
defects in the corresponding depth. The similar coil can be made
as a circular one and then it serves as a planar acoustic lens used
in the acoustic microscopy. Special coils can be made by means of

planar technology in one-layer or as wire-coils. Because of the exact
phase conditions the mentioned coils are designed for concrete
frequency. We investigated the metal samples by means of surface
acoustic waves at the frequency range 9.8 and 15 MHz. The focused
cylindrical system with the tunable focus-length in the range from
5 to 8 mm was used for the one-dimensional scanning system at
the mean frequency of 10 MHz. The reached resolution was about
0.5 mm.

Fig. 4. Special generating/detecting coils

The experimental arrangement of the EMAT had the typical
values of characteristic parameters: the RF frequency from 1 to 25
MHz, the generating pulse length of 2 to 5 �s, the repetition rate
of 1 kHz, the electric current pulse amplitude of about 10 A.
Because of the typical coil resistance of about 5 � it represents
the pulse power of about 500 W. The received signal emitted from
the sample was detected with the same coil and it was amplified
by the wide band amplifier with the amplification of 60 dB.

The signal efficiency increases with decrease of the frequency
mainly due to the decrease of the elastic wave attenuation, but the
resolution increases with the increase of the frequency because of
decrease of the acoustic wavelength.

5. Conclusions

The system of EMAT is suitable for investigation of electro-
magnetic and electrodynamic properties of different conducting
structures. The obtained results were utilized in the construction
of the EMAT, which enables to investigate defects of conducting
samples. The defectoscopy using the EMAT makes possible to
investigate the structure of the sample without any acoustic cou-
pling, which is advantageous for the scanning method of the sample
structure visualization. The coils made on the different substrates
are useable in a wide temperature range as well. Contactless defec-
toscopy is proper for the investigation of different bodies in
motion, e.g. rails or railway wheels. Other applications are connected
with special shapes of acoustic beam generated by special gener-
ating coils.
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1. Introduction

Thin films of metallic conductors, semiconductors and insu-
lators are the basic materials for modern electronic devices. For
optimal device performance, these films should possess specific
mechanical, electrical, magnetic or optical properties which are
strongly influenced by the microstructural qualities of the films
such as crystalline or amorphous state, crystallographic orienta-
tion, crystallite size, strain and stresses. Therefore, microstruc-
tural characterization of thin films is very important for the design
and improvement of electronic devices [1].

Due to their small dimensions perpendicular to the surface,
the microstructure of thin films cannot be easily characterized 
by methods developed for the bulk materials. Therefore, various
methods of surface physics are frequently applied to thin films.
Among the analytical methods especially suitable for thin films,
X-ray diffraction plays an important role since it is nondestructive,
noncontact and highly quantitative.

However, due to the thinness of the film the diffracting volume
is normally very small resulting in weak diffracted intensities. On the
other hand, due to preferred orientation of crystallites in a certain
direction, some diffraction lines can reach very strong intensities
so that in such case there is no problem to apply line profile analy-
sis to obtain the basic structural characteristics of thin films.

In line profile analysis mainly broadening and shape of dif-
fraction line are investigated. Broadening of X-ray diffraction line
profile is mainly caused by nonideal optics of the instrument,
wavelength dispersion and structural imperfections of the speci-
men. The structural line broadening is often subdivided into size
broadening and strain broadening. Size broadening is caused by
the finite size of domains diffracting essentially incoherently with
respect to one another. On the other hand, strain broadening is
caused by varying displacements of the atoms with respect to their
reference-lattice positions [2].

Line broadening is frequently characterized by means of one
or two breadth measures (FWHM – full width at half maximum
and � � Area/l0 – integral breadth) and separation of size and
strain contributions have been performed on this basis [3, 4]. More
detailed analysis is possible by taking into account the complete
shape of a line profile by expressing it in terms of Fourier coeffi-
cients. Both breadth and Fourier methods gain in reliability when
more than one order of reflection is used for a given set of lattice
planes [5].

2. Experimental procedure

In our work, ceramic and metallic thin films deposited on
single-crystalline silicon wafers by means of diode sputtering were
investigated. In special cases Al, SiO2 and A1203 buffer layers were
also applied. A planar r.f. sputtering system Perkin Elmer 2400/8L
was used. The sputtering chamber was always pumped down to
2 � 10�5 Pa before admission of working gas (Ar or Ar/O2 gas
mixture 99,999 % in purity). Throughout the sputtering of Al, ZnO
and Al2O3 targets (each 203 mm in diameter and 99.95 % in purity)
a gas pressure of 1.3 Pa was kept constant [6, 7]. The temperature
of substrate was mostly kept at room temperature. In special
cases the temperature of substrate was kept at 300 °C or at 600 °C.
The effects of different r.f. powers, different substrates and dif-
ferent film thicknesses were investigated. Furthermore, different
ratios of Ar/O2 gas mixture in case of ZnO films as well as the
cyclic sputtering and ion etching of films were applied [8, 9]. The
general characterisation of sputtered films is listed in Table I.

X-ray diffraction line profile analysis was used to determine
microstructural properties of investigated films. First, preliminary
diffraction patterns were recorded on the film. After that, the X-ray
diffraction data were collected by using an automatic X-ray powder
diffractometer URD-6 with a Bragg-Brentano goniometer. A copper
X-ray tube (� � 0,154178 nm) was used. Ceramic A12O3 from
NIST was used as an instrumental standard. The intensities of

X- RAY DIFFRACTION LINE PROFILE ANALYSIS OF STRONGLY
TEXTURED THIN FILMS OF ZnO
X- RAY DIFFRACTION LINE PROFILE ANALYSIS OF STRONGLY
TEXTURED THIN FILMS OF ZnO

P. Šutta – Q. Jackuliak *

ZnO thin films have been deposited on SiO2 -Si and Al-SiO2 -Si substrates by reactive sputtering. X-ray diffractometry was used to
determine microstructural disorder parameters in ZnO thin films with strong preferred c-axis orientation. The influence of Al and Al2O3 buffer
layer on preferred c-axis orientation and microstrain of crystallites was also studied. The microstrains and domain size showed only a small
dependence on the preference of a buffer layer, but they depend on the thickness of ZnO thin film. The stress gradient along the c-axis was
observed in all of studied samples.
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diffraction lines were collected with a constant step of 0.02 deg of
2-theta and with a constant counting time of 20 seconds at each step.
In order to appreciate degree of preferred orientation, the omega-
scans of the most intensive diffraction lines for each material were
also recorded.

From several available methods appropriate for the line profile
analysis a single-line method based on a Voigt function [3] which
is more versatile and powerful from the practical point of view was
used to determine size-strain parameters (microstrains and crystallite
sizes) of investigated thin films [4]. Because no monochromator
was used, the K�2 line had to be removed by a graphic method
[10, 11].

3. Results and discussion

Because Zinc Oxide has a hexagonal close-packed wurtzite
structure, polycrystalline thin films prepared by different techniques
have usually preferential orientation of their grains in the [001]

direction perpendicular to the substrate, strongly depending on
the deposition conditions in the deposition unit.

Diffraction patterns preliminary recorded on the film indicated
that all investigated films were polycrystalline. Almost in all cases,
a very strong preferred orientation of crystallites perpendicular to
the substrate, depending on the material and on the special con-
ditions in the course of deposition, was observed. In case of zinc
oxide films the preferred orientation is mainly in the [001] direc-
tion.

In case of continual sputtering there is a [001] preferred ori-
entation of crystallites perpendicular to the substrate. (See X-ray
diffraction patterns presented in fig. 1, 2 and 3). 

The aluminium conductive layer resulted in a decrease of pre-
ferred orientation of ZnO crystallites (Fig. 1 and 2) as well as
decrease of lattice imperfections, which can be observed in decreas-
ing of microdeformations. Furthermore, in all cases of ZnO films
whose thickness is  1 �m or less a considerable shift of (002) dif-

Characterisation of investigated thin films Table 1

Sample (thin film) Special condition Substrate R. F. Power [W] Thickness [nm] Substrate
configuration temperature [°C]

ZnO 1 Ar�O2 (25/75) Al/SiO2/Si 500 1000 room

ZnO 2 Ar�O2 (25/75) SiO2/Si 500 1000 room

ZnO 3 Ar�O2 (60/40) Al/SiO2/Si 500 1000 room

ZnO 4 Ar�O2 (60/40) SiO2/Si 500 1000 room

ZnO 5 Ar�O2 (25/75) Al/SiO2/Si 500 2500 300

ZnO 6 Ar�O2 (25/75) Al2O3/Al/SiO2/Si 500 2500 300

ZnxOy 1 Multilayers Al2O3/SiO2/Si 500 250 room

ZnxOy 2 Multilayers Al2O3/SiO2/Si 500 250 300

ZnxOy 3 Multilayers Al2O3/SiO2/Si 500 250 600

Fig. 1. Influence of aluminium buffer layer on preferred orientation of
ZnO film (Samples ZnO 1 and ZnO 2).

Fig. 2. Influence of O2 content in gas mixture on preferred orientation
on ZnO thin film (Samples ZnO 3 and ZnO 4).
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fraction lines towards the lower diffraction angles was observed.
When the thickness of ZnO film was 2,5 �m a considerable shift
of (002) diffraction lines towards the higher diffraction angles
was observed (See Table 2). Regular position of (002) ZnO line
according to JCPDS standard  is 34.44 deg. This line displacement
is accompanied with the lattice strains which are present in the
ZnO films due to lattice mismatch between the layer and substrate
and due to the ion bombardment of films.

The increase of thickness from 1 �m to 2.5 �m resulted in
considerable increase of crystallite size and decrease of the micros-
trains. Insertion of an Al2O3 layer between the Al and ZnO layers
resulted in further increase of the crystallite size and decrease of
the microstrains (Table 3).

It is apparent from Figure 3 that the use of 0.13 mm receiving
slit on a diffractometer shows better asymmetry of the (002) line
of ZnO thin films. The reason for this asymmetry is the stress gra-
dient along the c-axis.

Influence of Al2O3 buffer layer on omega-scan is showed in
Figure 4. The Al2O3 buffer layer resulted in an increase in width
of the omega-scan trace.

Fig. 3. Influence of Al2O3 buffer layer and thickness of ZnO thin film
on preferred orientation of ZnO film (Samples ZnO 5 and ZnO 6).

The texture evolution depending on the substrate temperature
during the deposition can be demonstrated on ZnxOy/Al2O3 mul-
tilayered structures prepared as sensitive layers for UV radiation.
When substrate temperature during the deposition was kept below
300 °C, a part of amorphous phase was also observed. Much better

Data of investigated thin films obtained from X-ray diffraction Table 2

Sample (thin film) Investigated line Line position Intensity FWHM [deg] Integrated intensity
of K�1 [cps] [deg/s]

ZnO 1 002 34.184 436 0.4825 282.8

ZnO 2 002 34.205 1437 0.5568 1052

ZnO 3 002 34.216 1664 0.4591 1016

ZnO 4 002 34.027 2445 0.7335 2218

ZnO 5 002 34.480 1210 0.340 458.6

ZnO 6 002 34.480 2170 0.275 720.4

ZnxOy 1 002 34.265 5.9 0.4453 3,3

ZnxOy 2 002 34.379 32.47 0.5799 24.4

ZnxOy 3 002 34.372 724.4 0.4254 365.7

Size-strain data of investigated thin films Table 3

Sample (thin film) Investigated line Integral breadth Shape factor Microstrains Crystallite size
[deg] � � � FWHM/� ��� � 103 D [nm]

ZnO 1 002 0.6493 0.7452 4.5 26

ZnO 2 002 0.7171 0.7764 5.9 28

ZnO 3 002 0.6104 0.7522 4.5 29

ZnO 4 002 0.9070 0.8087 8.6 27

ZnO 5 002 0.3791 0.8790 2.6 170

ZnO 6 002 0.3555 0.8208 1.6 400

ZnxOy 2 002 0.7462 0.7772 6.2 27

ZnxOy 3 002 0.5480 0.8427 5.3 97

2 -theta (degrees)

ZnO/Al2O3/Al/SiO2/Si

ZnO/Al/SiO2/Si
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preferred orientation was observed when substrate temperature was
kept on 600 °C (See Figure 5 and Table 2).

4 Conclusions

Our experiments indicated that the X-ray diffraction line profile
analysis carried out on common X-ray diffractometer can be suc-
cessfully used when investigating the microstructural properties of
strongly textured thin films. The analysis is successful also in case
when the film thickness is less than one micrometer. More atten-
tion has to be paid to the narrow lines because in case of their
approximation by a non-appropriate profile the results can be over-
or underestimated. 

The obtained data about the influence of technology of
preparation of thin films of ZnO as well as buffer layers on the
structure of thin films of ZnO as well as other physical aspects
were used to the improvement of preparation of the sensors of
stress based on thin films of ZnO [7, 8].
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Fig. 4. Influence of Al2 O3 buffer layer on the orientation distribution
function of (002) planes ZnO thin film (Samples ZnO 5 and ZnO 6).

Fig. 5. Influence of substrate temperature on preferred orientation of
ZnxOy /Al2O3 multilayered structure (Sample ZnxOy 2 and ZnxOy 3).
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1. Introduction

Quantities characterising the propagation of high-frequency
acoustic waves (ultrasound) in solid materials can be determined
from the investigation of dependence of both acoustic waves veloc-
ity and attenuation on individual variables describing investigated
properties of existing materials. The relation of velocity and atten-
uation of ultrasonic waves to various properties referred to intrinsic
structure of solid material can then enable their study by means of
ultrasonic velocity and attenuation measurement. Among these
properties befit mainly elastic properties of materials, which reflect
directly their intrinsic structure [1, 2].

Using the measurement of acoustic waves velocities and known
values of density the elastic constants of solid materials, which are
connected directly with inter-atomic forces, can be determined.
The acoustic waves attenuation very sensitively reflects material
intrinsic structure, not only the type of structure but also the changes
due to defects occurrence (dislocations, grains etc.) Acoustic atten-
uation in metal materials depends on the way of preparation and
further thermal treatment, that can influence a grain magnitude as
well as the generation of dislocations or other defects. The atten-
uation also reflects permanent changes in material arising due to
its strain [3].

In the case of material with a grain structure, dislocations or
other defects the attenuation is caused by the dispersion, the fre-
quency dependence of which depends on the rate of wavelength
and mean defect size [1].

Presented contribution is orientated on analysis of degradation
influence of material properties (steel 38ChN3MFA) with respect

to serviceable life of produced components (for example girder
M140) by investigation of cumulated plastic deformation. The
structure changes of existing material were investigated for various
degrees of plastic deformation using both attenuation frequency
dependence and ultrasound velocity measurements. Obtained results
were in detail compared with results obtained by other methods
on the same samples. 

2. Experiment

Investigated material was chosen from non-operated girder
M140 and four sample series corresponding to four different mate-
rial conditions were prepared; original (0 % of relative plastic
deformation in strain); 1.5 %, 3 % and 6 % of tensile deformation
Nevertheless, the 6 % relative plastic deformation corresponded
to the strain just before the tensile strength level [4].

Samples for the acoustical investigation were prepared in the
cylinder shape with diameter d � 13 mm and high h � 8.65 mm.
The velocity and attenuation were measured for ultrasonic wave
propagated in the direction of cylinder axis (x) and there by in
deformation direction, but also in the direction perpendicular to
cylinder axis(y) with faces separated by l � 10.78 mm.

Acoustic measurements of the both velocity and attenuation
were made in frequency range of 10 – 100 MHz using pulse method
and longitudinal acoustic waves generated by quartz transducers.
All measurements were performed at room temperature.

ULTRASONIC INVESTIGATION OF PLASTICALLY 
DEFORMED STEEL-CONTRIBUTION TO ANALYSIS 
OF DEGRADATION INFLUENCE
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Study of degradation influence on material properties of some steel components is very important because of their serviceable life. One of
the most important side of the degradation process considering operation conditions is cumulated plastic deformation. The ultrasonic
investigation of materials through the ultrasound attenuation and velocity measurements have been proved an effective tool of the study of
structural changes caused also by plastic deformation due to the degradation process. In the contribution we present the results of both the
frequency dependence of ultrasound attenuation and velocity measurements of steel samples (38ChN3MFA) with different relative plastic
deformation (0, 1.5, 3 and 6 %). The results are compared also with the measurements obtained by some other techniques, including the
measurement of electrical conductivity, and the rate of positron-electron annihilation and breakage toughness.
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3. Results and discussion

The results of velocity measurement for both propagating
directions and corresponding elastic modules for the cylinder axis
direction are summarised in Table 1. The velocity measurements
were made at frequency of 12 MHz with accuracy better than 2.10�3.
The graph of frequency dependence of ultrasonic attenuation
measured for individual samples is in Fig. 1.

Ultrasonic velocity measurements for all samples Table 1
and two propagating directions (x and y) and elastic 
modules for propagating direction x.

The results obtained by the measurements of attenuation and
velocity correlate considerably with results of other measurements
obtained on the same samples, mainly the measurement of positron-
electron annihilation rate, measurement of impact toughness by
measuring of transient temperature and measurement of static
breakage toughness. The most important results of mentioned
measurements are summarized in Table 2.

Summarized results of measurement of plastic Table 2
deformation influence on some physical characteristics. 
Here, T50% and T60J are the transient temperatures 
measured at impact work 60 J and temperature of 50 % 
plastic breakage, respectively, K0,2 is the static breakage 
toughness for crack growth 0.2 mm, � is the electric 
resistivity and � is the positron lifetime.

On the base of results of impact and static breakage toughness
tests, it is necessary to state that a plastic deformation of girder
material in the range of 0 – 6 % shows only lightly expressively on
its resistance against a brittle damage. In spite of a relatively small
differences in measured values and with consideration of results
possible dispersion, the expected slow increase of transient tem-
perature and slow decrease of breakage toughness values due to
the plastic deformation up to 6 % was indeed confirmed, but from
the respect to safety operation of girders it is not important.

Fig. 1. Frequency dependence of ultrasonic attenuation for 
the samples with different value of relative plastic deformation: 

0 % (4); 1.5 % (1); 3 % (2) and 6 % (3).

The test of static breakage toughness that presents at 20 °C
more reproducible results simultaneously indicated that the marked
properties degradation occurs between 1.5 and 3.0 % of plastic
deformation. The differences between the values of static break-
age toughness of original material and material after 1.5 % defor-
mation, as well as between materials after 3 % and 6 % deformation,
respectively, were intro-dispersion of measurements.

The relative small influence of plastic deformation in the range
of 0 – 6 % is with respect to mechanical properties of the girder [4]
understanding. It could he seen from the tensile pattern that there
is not any deformation hardening in the range of 0 – 1.5 %. In
addition the 1.5 % relative tensile deformation represents only
small fraction of the material deformation efficiency (tensibility
about 18 % and contraction almost 60%). Therefore there is no
reason for its important influence on the toughness.

The decrease of the toughness after plastic deformation in the
range of 1.5 – 3 % is with largest probability caused by the strength
matrices development due to the relative important deformation
hardening. It is evident that the deformation hardening is the
most marked at deformations in the range of 1.5 – 3 %. From the
volume constancy of plastic deformation but follows, that the con-
traction value at 3 % relative tensile deformation range only on the
level below 5 % of total material plasticity. So small loss of plastic-
ity due to the considering natural measurements dispersion could
be hardly registered on the value of static breakage toughness and
transient temperature, respectively.

On the other side, the rate of deformation hardening over
� 3 % of relative tensile deformation again decreases, which indi-
cates a relatively small increase of strength matrices behind the
strength limit. With respect to small increase of strength matrices,
the influence of cumulated plastic deformation would be registered
more significantly only in the case of considerably higher values
of plastic deformation.

The results obtained by measurements of both frequency
dependence of ultrasonic signal and positron-electron annihilation
exhibited already at preliminary measurements to be promising.

plast. defor. (%) vL(X) [m/s] vL(Y) [m/s] Ex [Pa]

0 5553 5580 24.14 
 1010

1.5 5553 5580 24.14 
 1010

3 5537 5595 24.00 
 1010

6 5676 5603 25.22 
 1010

Measured Plastic deformation [%]
characteristic 0 1.5 3 6

T50 % [°C] �82 �74 �72 �65

T60J [°C] �63 �68 �53 �42

K0,2 [MPa�m] 182 190 159 152

108 � [��] 29.4 29.5 29.1 28.7

� [ps] 174.5 172.5 179.7 178.3
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The values of both physical characteristics in the range of 0 – 1.5 %
of relative tensile deformation were practically constant. Measured
differences are in the frame of measurement error, which corre-
lates with zero matrices hardening in the initial stages of plastic
deformation.

In the range of 1.5 – 3 % of plastic deformation the marked
increase of ultrasonic attenuation over 50 MHz was registered simi-
larly as increase of mean positron lifetime, which indicates a change
in the state of lattice defects. Taking into consideration the fact,
that the total plastic deformation depends directly on the density
of dislocation lines in matrices, that should be necessarily changed
during initial deformation phases the behaviour of both parame-
ters are with largest probability the mark of raising sensitivity of
both methods on the cluster creation of intersected dislocations
(dislocation forest) during initial stages of plastic deformation.

However, the attenuation values measured in the range of 
3 – 6 % indicate comparing with the values of mean positron life-
time different sensitivity on defects number and configuration – the
mean positron lifetime is practically constant while the attenuation
significantly decreases. The small deformation hardening recog-
nised in existing range indicates probably the beginning of creation
of that areas with reduced density of dislocation lines and these
areas alternate with areas with increasing dislocation density. It is
possible that the method at ultrasonic attenuation measurement is

more sensitive to the creation at dislocation substructure, however
this assumption should be verified by additional measurements.

4. Conclusion

In conclusion we can state, that methods of ultrasonic atten-
uation and velocity measurement definitely recorded the region of
1.5 – 3 % plastic deformation, which is not indication of important
reduction of material toughness, but it indicates the formation of
degradation proces, that could manifest negatively at higher defor-
mation values and the speed of which could be much higher at
cumulated values of 3 – 6 % with respect to the small speed of
deformation hardening. From the point of view of further operation
of girder M 140 it was found that a plastic deformation does not
cause important change of breakage properties and is not mani-
fested on equipment safety. Regarding to possible utilisation of this
method for monitoring of cumulated plastic deformation as well
as also girders safety (residual lifetime), we can state that the mea-
surement of ultrasonic attenuation over frequency 50 MHz after
results verification using larger sample set could probably serve as
check non-destructive method for monitoring of the rise of cumu-
lated plastic deformation that does not influence indeed the girder
residual lifetime but indicates at the values � 3 % the beginning of
the stage when the value of cumulated plastic deformation can
increase beyond control at small increase of nominal loading.
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1. Introduction

Induction method is often used for the measuring of low fre-
quency magnetic field. The optimization of equipment in Fig. 1
consists of looking for the best combination of material of the
core, its shape and winding. The relation between the material
susceptibility, the core shape and the resultant sensitivity of the
equipment was analyzed in [1]. An objective of this article is to
find the relationship between the signal sensitivity, the noise sen-
sitivity and the distribution of turns of winding on any chosen
axis-symmetric core.

Fig. 1. The scheme of the studied equipment 

First, the analytical study based on Faraday induction law is
done. In this step the impact of the amount of turns and the distri-
bution of turns on the core on the sensitivity are separated. Inves-
tigation of thermal noise originates from Nyquist theorem [2]. As
a result of the theoretical part one has optimization criteria for
searching the windings.

The relevant physical properties of each winding are self-induc-
tance and mutual inductance of the turn and applied magnetic
field. These properties are calculated by the finite element method.

Next, a computer program for finding the best winding is used.
Different windings were investigated on the cylindrical core having
the length of 1 m, diameter of 0.084 m and susceptibility of 5000
inserted into a quasi stationary homogeneous magnetic field.

2. An induction method

Magnetic flux through the winding is proportional to a flux
density of the applied magnetic field B and the value of electric
current I in the circuit

" � M B � L I , (1)

where self-induction L and mutual inductance M are functions of
the shape, material of the core and functions of distribution of
turns on the core.

Periodical change of flux density with angular speed 	 and
amplitude Bo causes current with the amplitude

Io � �
R2

	

�

M

	�2 L2�� Bo , (2)

where R is the circuit resistance.

The normally used windings have so many turns n that it is
possible to use integration through the density of turns 

�(x) � �
1

n
� �

d

d

n

x
� . (3)

The density of turns � is normalized function �l

0
�(x)dx � 1.

Various windings differ by the number of turns and by the distrib-
ution of turns on the core.

The coefficients L, M in (1) can be determined only by
a computer program calculating the distribution of magnetic field
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in the space. Using (3), it is possible to separate the whole numbers
of turns n from their distribution �. The result of modification is

M � �l

0
n(x) M(x) dx � n�l

0
�(x) M(x) dx � n M1 , (4a)

L � �l

0
n(x) L(x, y) n(y)dxdy �

� n2�l

0
�l

0
�(x) L(x, y) �(y)dxdy � n2 L1 , (4b)

where the operator M(x) (Fig 2a) and operator of self-induction
L(x, y) (Fig. 2b) are determined numerically for each core by the
finite element method. The coefficients L1 , M1 are self-induction
and mutual induction of the winding standardized per one turn. 

Fig. 2. a) Development of the operator of the mutual inductance M(x)
of the winding and applied homogeneous magnetic field Bo . Variable 
x goes through the length of core. b) Development of the symmetrised

operator of self – inductance LS(x, y) � L(x, y) � L(x, l � y).
Developments were calculated by Finite element method.

The resulting circuit resistance consists of an internal resis-
tance of the measuring apparatus RA and winding resistance RW .
The winding resistance is proportional to the number of turns n,
so one can define RW � n R1 . The total circuit resistance is

R � RA � n R1 , (4c)

Adding (4a, b, c) into (2), one gets the signal sensitivity of
equipment

kS � �
B

Io

o

� � . (5)
n M1 	

���

(RA ��n R1)2�� 	2 n�4 L2

1�

3. Thermal noise

Each electric circuit exhibits fluctuations in thermal equilib-
rium. These fluctuations are superposed to the measured signal as
noise. The important parts of noise in studied equipment are noise
of magnetic core (i.e. Barkhausen`s jumps) and Nyquist thermal
noise. The effective value of thermal noise current is

I2
ef � �

k

2
B

�

T
� �

Z

R

2� �	 � �
k

2
B

�

T
� �

R2 �

R

	2 L2� �	 , (6)

where kB is Boltzman constant, Z is impedance of circuit, R (4c)
is total circuit resistance and �	 is bandwidth of the signal. The
noise sensitivity is

kN � �
I

I

e

o

f

� � ��
k

2

B

�

T
�� �


	

�

B

	�
o

� �

M

R�� . (7)

Temperature T, amplitude of measured flux density Bo , fre-
quency of measured signal 	 and the bandwidth �	 of amplifier
have nothing in common with the winding, so they are suspect to
be external quantities to the winding. Noise purity of the signal is
the best if the winding with the maximal portion M/
R� is used.
Adding (4a, c) one gets:

kN 	 �

M

R�� � �
RA

n

�

M1

n� R1�� . (8)

Noise sensitivity (8) is a monotonic increasing function of
number of turns n. In terms of the signal purity, the optimal
number of turns does not exist.

So, one needs another approach. The winding resistance can
be expressed as a function of the electrical conductivity of used
material 
, the cross area of used conductor S and its length d.
The optimal winding can be found under the condition that the
volume of material used for wire V � d S, is a given constant para-
meter. Then, the winding resistance is

RW � �



1
� �

S

d
� � �




1
� �

d

V

2

� � �



d2
1

V
� n2 � � n2 , (9)

where d1 is a length of one turn and � is appropriate substitution.
The total circuit resistance is R � RA � � n2 and 

kN 	 �
RA

n

�

M1

�� n2�� . (10).

The noise sensitivity (10) is a monotonic increasing function
of n and converges the value M1/
�� to its limit. It is suitable to
express the number of turns n as a function of new parameter �, 
� � �0, 1�. The implicit form of this function is kN(n�) 	 � M1/
��.
Using (10) one gets the explicit form

n� � ��
1 �

�2

�2�� �
R

�

A
�� . (11)

Then, the winding resistance and circuit resistance are

RW (n�) � �
1 �

�2

�2� and  R(n�) � �
1 �

1

�2� RA , (12)

respectively.
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Substituting p � �(	L1)�1 one gets a relation for noise sen-
sitivity:

kN � ��
kB

2

T

�

�

	�	
�� �

M



1

L

B

1�
o

� �

�

p��

x

. (13)

and adding (14), (15) into (5) one gets :

kS � �
n

1

�

� ��
R

1

A

� �
M



1

L




1�
	�

���
p �

�

2

4

(1

�� �

p2

�2)
�� .

for final sensitivity.

The most important result of this article is the relation between
the noise sensitivity and the signal sensitivity which can be expressed
in the form

y � ��
x2

1

�

�

p

x� 4

x4

�� . (15)

This relation (15) is demonstrated for different values of the
parameter p in Fig. 3. It can be seen that the decrease of the para-
meter p (i.e. using more material with better conductance) leads
to the increase of both the signal and the noise sensitivity. This
effect is considerable until p � 0.01.

Fig. 3. Relation between noise sensitivity and signal sensitivity 
as a function of parameter p. 

4. Optimal distribution of turns in winding

Another result comes from the comparison of the relations
(13) and (14). The appropriateness of windings have to be mea-
sured by the ratio M1/
L1�.

On the core there can be an infinite number of different wind-
ings. In real time one can search for only a finite amount of pos-
sibilities. So, the development of the density of turns �(x) was
tabulated in 17 incremental points on the whole length of core.
Because of the mirror symmetry of the system the symmetrical

�M1
��

�L2
1 � 
��

�2

�

	
��

2�

�

y
(14)

windings �(x) � �(l � x) were investigated only. In the process of
searching, 23 million windings were compared. 

Fig. 4. Distribution of the turns �(x) on the core, 
for different values of index i.

Processes of optimization were done for many different situa-
tions. In spite of a huge set of possibilities, the results belong to
a small set of windings. Therefore, it may be useful to know their
physical properties, see Fig. 5. One can index these windings by
one parameter, for example i, which describes the distribution of
turns on the core, see Fig. 4. If i � 0 the turns are homogeneously
distributed along the core. For i � 0 the windings are concen-
trated on the edges of core and for i � 0 the turns are close to the
centre.

Fig. 5. Physical properties for special windings. Self-inductance 
L1 and mutual M1 inductance are standardized per 1 turn. Signal

sensitivity kS is proportional to M1/
L1�.

In the case of cylindrical core there are many windings with
almost the same appropriateness (Fig. 5). This fact enables
a designer to satisfy other criteria in a process of construction. In
any case the optimal number of turns should be. 
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1. Introduction

Building structures, during many years of operation life, are
subject to various dynamic influences, coming from sources located
outside the building (for example – street traffic, construction
machines’ activities) as well as those inside the object (air condi-
tioning and ventilation equipment, personal and cargo lifts, other
machines and equipment, installed in the object under considera-
tion). In accordance with the valid law (Art. 62 of the Building
Law [1]) users are obliged to carry out, at least once every five
years, basic periodical checks aimed at the evaluation of the tech-
nical state and usability of the building, related to the efficiency of
the whole structure under conditions of the existing and planned
influences. Such checking procedure should deliver an answer as
regarding the possibility of the object’s further use in a defined
operation life and present guidelines concerning repairs, operation
and maintenance limitations and recommendations for the future.

Technical diagnostics encompasses all influences, including
dynamic ones, which are main factors [2] affecting the conclu-
sions’ correctness. An excessively high level of dynamic influences
leads to a premature wear of individual elements of buildings’
structure. Characteristics of dynamic loads as defined by their
course in time are considered, mostly, at the point of their affect-
ing the structure or at the point of where they are received by the
structure’s element are.

Investigations of dynamic influences affecting buildings and
construction structures are often closely linked with practical dif-
ficulties resulting from stochasticity of the process observed. They
occur not in defined and repeatable laboratory conditions but, in the
natural environment, in a situation when vibrations sources are of
a non-determined character. Such a situation makes it necessary
to measure vibrations within the building being diagnosed, in order
to statistically process the results and to interpret them profes-
sionally.

In each individual case, dynamic measurements have to be
carried out in conditions representative of the effects considered
(for example, one must not limit the number of dynamic loads’
sources occurring in a normal operation and maintenance condi-
tions). In further part of the paper results of investigations non-
stationary multiple transient dynamic influences affecting the work
of reinforced concrete and steel structure of an administration and
office building will be presented.

2. Description of dynamic investigations

The measurements of dynamic loadings concerning an exist-
ing multi-storey building of two- shaft structure (towers “A” and
“B”) situated in Warsaw at a distance of about 150 m to the North
– West from the intersection of Powązkowska Street and Zygmunt
Krasiński Street. The aim of the measurements was to determine
causes of falling off the walls’ façade plates, made of architectural
glass. Recently, in the building’s vicinity, the roadway of Powąz-
kowska Street has been widened and a multi-storey apartment block
has been built. In the aftermath of these, the nearby traffic increased
over that determined in the technical design. During the realisa-
tion of measurements, the following multiple transient loadings
were affecting the structure:

– loads acting directly on the considered structure, the source of
which was located inside the building (new lifts, air condition
appliances, electric motors).

– loads being transferred upon the building’s structure through
subsoil and air (street traffic, wind).

The measurements and diagnostic analysis were carried out,
based on recommendations contained in valid standards regula-
tions and those found in literature concerning building structures
diagnostics.

DYNAMIC RESPONSE OF A TRUNK STRUCTURE BUILDING TO
MULTIPLE TRANSIENT LOADINGS
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2.1. Description of diagnosed object

The building in 46/50 Powązkowska Street, undergoing a peri-
odical technical evaluation constitutes an objects’ system consist-
ing of two buildings (towers “A” and “B”), nine and ten floors high,
connected by a linking member, and the ground floor part of height
up to 8.70 m. Both towers are a trunk construction. Demonstrative
outlines of objects considered are shown in Fig. 1.

Fig. 1. Demonstrative outlines of diagnosed object – tower “B” with
locations of measurements points: B1 , B2 and B3 . 

The main carrying elements of the buildings’ structure are
reinforced concrete trunks, of axial dimensions, in a horizontal
projection of 5.40 m by 5.40 m and of the wall 30 cm thick. The
height of tower “A” is 41.45 m and that of tower “B” – 38.10 m.
Steel cantilever cornices were mounted on the upper edge of the
reinforced concrete trunks. Steel vertical hangers supporting the
steel structures of the beams of individual floors were attached to
the supports’ endings. The beams ends are supported directly on
the reinforced concrete trunks through the intermediary of brackets
welded to marks anchored in the trunks’ concrete. Axial dimen-
sions of floors in a projection are 16.2 m by 16.2 m, they widen
upwardly up to the dimensions of 21.5 m by 21.5 m. Two lift shafts
are situated within each of the two trunks. The engine rooms of
the lifts found their place on the highest floors (on the eighth and

ninth respectively). The inter-storey floors are supported on steel
beams of 2 m spacing on which rolled steel sheets were spread out
and a reinforced concrete plate, minimum 5 cm thick was placed.
The height of an individual floor is 4.05 m, and that of floor struc-
ture is 1.05 m.

The structure of façade walls was mounted on individual floors’
edges. Window elements, 150 cm wide, are separated by 30 cm
wide full elements of the façade walls. The inner parts of those
walls are made of “Baletice” – type plates. The outside of the struc-
ture is covered with 3 mm thick architectural glass and the inside
by asbestos-cement plates. Schematic pictures of façade walls are
shown in Fig. 2.

Fig. 2. Façade wall cross-section and location 
of measurement point B3.

The linking member structure is situated between two towers,
which are expansion – joined with them in both planes. The struc-
ture is of the same height as tower “B”. The design structure of the
linking member is based on a system of steel columns (pillars)
anchored in the foundations. As working action of the linking
member itself has no direct effect on the behavior of the structural
elements of façade walls, no dynamic investigations on the linking
member pillars were conducted.

The structures of one-floor high extension buildings are sepa-
rate objects and were omitted in the diagnostics of the towers’
structures.

2.2. Object’s foundation in subsoil

The soil in the immediate foundation area of individual build-
ings of the structure’s aggregate in 46/50 Powązkowska Street
belongs to weak subsoils. For this reason, the separate foundation
plates of the towers “A” and “B”, and the linking member were
founded on reinforced concrete pillars. Directly on the foundation
plate, the reinforced concrete trunks of the towers were founded.
The structure of the tower’s foundation is shown in Fig. 3. Such
a type of foundation results in a very low turning of the plate as
well as in the structure’s resistance to dynamic loads transferred
through the subsoil.
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Fig. 3. Structure of tower’s foundation and location 
of measurement point B1.

2.3. Characteristics of equipment and 
of measurement procedure

For the evaluation of dynamic effects, it is necessary to objec-
tively determine their level through a direct measurement, realised
at the construction site. In the system under consideration, vibra-
tions have a multiple, transient character, close to random ones.
The diagnostic procedure in this case consists in measuring real-
time vibrations and then, statistically processing the obtained results.
According to the PN-85/B – 02170 standard [5], a measurement
line has to comprise measuring gauges (transformers), signal for-
mation system, and a recording or displaying device.

Based on standards-related requirements and those concern-
ing the structure being diagnosed, changes in the time of vibration
acceleration values in selected points, characteristic for the build-
ing’s design structure, have been adopted as measurement para-
meters. To this end, the accelerometers (PCB Piezotronics) have
the following measurement characteristics:
1. Model 393B12 – sensitivity about 982 mV/ms�2, measure-

ments range from 8 � 10�5 ms-2 to 4.9 ms�2, measured fre-
quency range 0.1 – 1000 Hz.

2. Model 393A03 – sensitivity about 100 mV/ms�2, measure-
ments range from 8 � 10�5 ms�2 to 49 ms�2, measured fre-
quency range 0.1 – 1000 Hz, were used.

These parameters fulfil the requirements defined in the rele-
vant standard and the accelerometers also posses a currently valid
certificate for the agreement with the ISO 10012 – 1 and military
standards of MIL-STD 45662A. The indication accuracy of the
whole measuring system used in the testing does not exceed 2 %.
The diagram of the measuring system is shown in Fig. 4.

Signal from measuring transformers, fixed to the standardised
measurements cube, along mutually perpendicular axes x, y, z, was
transmitted to an 8-channel M482A18 amplifier (PCB Piezotron-
ics), with amplification capabilities of 1, 10, 100 – simultaneously

from two measurement points. The measurements cube, with its
sensors, during vibration observations, was permanently fixed to
the building’s structure with the help of a magnetic connector and
a specially designed steel plate fixed to structure’s material in the
site selected for observations of dynamic responses. 

Fig. 4. Diagram of the measurement set for recording vibrations of
building’s structural elements: 1 – panel wall – investigated element, 

2 – piezoelectric accelerometers, 3 – multi-channel amplificatory of the
loading and signal formation, 4 – multi-channel magnetic recorder, 

5 – multi-channel digital control oscilloscope.

Following its appropriate amplification, an analogue signal
was recorded on the BASF E-240 magnetic tape of the professional
24-channel V-STORE recorder (RACAL). The recording was con-
ducted randomly (in conditions of the building’s use) at two
points, with transformers fixed along x, y, z-axes. In each case, the
measurement of three 5-minutes time slots was made. For current
observation of the vibration level and for proper determination of
amplifications necessary on individual constitutive members of
the measurements’ lines a 4-channel digital oscilloscope of the 
0 – 8 GSa/s measurements band was used. The oscilloscope’s
software makes it also possible to speedily decompose the signal
observed in the domain of time into the signal imaged in the domain
of frequencies, which enables a correction of the measurement
parameters.

2.4. Distribution of measuring gauges 
during experiments

Following the analysis of the static system of the relevant
structure, and the attempt of paraseismic diagnosis (determining
the causes of falling-off of the façade glass plates during build-
ing’s maintenance) while taking into account technical conditions
for installing accelerometers on the object’s load-bearing structure
it was decided that the recording of acceleration values in the
function of time would be conducted on the tower’s trunks, in the
technical rooms on the lower ground floor level, that of the seventh
floor and on the façade wall structure of the Powązkowska Street
side, at a point distanced 5.50 m (tower “A”) and 6.50 m (tower
“B”) from the building’s corner.

During the first experiment, measuring gauges were positioned
in the following places: point A1 – on the trunk of tower “A” on
a lower ground-floor level, at a point 80 cm above the floor level
(measurement relative to x, y and z axes) and adequately point B1
(Figs 1 and 3) – on the trunk of tower “B” on a lower ground-floor
level, at a point 80 cm above the floor level (measurement relative
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to x, y and z axes). In the second experiment, measuring gauges
were located at the following points: A2 – on the trunk of tower
“A”, on the seventh floor level, at a the point 80 cm above the
floor level (measurement relative to x, y and z axes), A3 – on the
façade wall structure, on the same floor in a corner room from the
Powązkowska Street side, at the point 120 cm above the floor level
(measurement relative to x, y and z axes). 

During the third experiment measuring gauges were positioned
in the following points: B2 (Fig. 1) on the trunk of tower “B” on
the seventh floor level at a point 80 cm above the floor level (mea-
surement relative to x, y and z axes), B3 on the façade wall struc-
ture (Figs. 1 and 2), on the same floor, in a corner room from the
Powązkowska Street side, at a point 120 cm above the floor level
(measurement relative to x, y and z axes).

3. Analysis of measurement results.

3.1. Apparatus and software used in the analysis 
of measurement signals

According to the PN-85/B-02170 Polish Standard, a non-direct
method of measurements had to be adopted, consisting in ana-
logue recording of the vibrations’ acceleration signal on a magnetic
tape and a following spectral analysis of the signal recorded in lab-
oratory conditions.

Quality analyses were conducted with the help of the “Vibra-
tions” software package in the STYST environment, and the sta-
tistical evaluations, i. e. correlation and regression coefficients,
with the help of SYSTAT software – Fig. 5.

Fig. 5. Diagram of measurement set for measurement data analysis and
sensing the vibrations of the building’s structural elements: 

1 – multi-channel magnetic recorder, 2 – channel selector, 3 – computer,
4 – computer module for digitising and an analysis of measurement

signals, (a – analogue-to-digital converter , b – digital low-and-high pass
filter, c – ASYST software for analysis and gathering, d – SYSTAT

software for statistical analysis , 5 – floppy or compact disk, 6 – printer
or plotter, 7 – oscilloscope.

The quantification and sampling of the analogue signal into
the digital one, used in the analyses, was conducted on a digital
four-channel oscilloscope with the frequencies of 250 samples per
second and 1000 samples per second, with generated at the level
of 0.8 of the maximal observed value being measured.

Discrete vibration runs were recorded, in the function of time,
being of a 1024 points’ length, which constitutes 4096 ms for 250
samples per second, and 1024 ms at the 1000 samples per second
of sampling.

Data series from individual measurement points, registered
separately from x, y and z axes were subjected to initial processing
by conducting a scale change, depending on the given accelerom-
eter’s sensitivity, from signals expressed in volts to those expressed
in ms�2.

3.2. Analysis method of measurement signals

The investigated building’s structure is affected by vibrations,
which are generated by street traffic and by the permanently used
building’s equipment. The vibrations from the street traffic are
transferred to the building’s structure by subsoil. The vibrations
from the building’s equipment are passed directly onto the build-
ing’s structure. The characteristics of the amplitude and frequency
of vibrations undergo continuous changes in time depending on
street traffic intensity, the number of personal and cargo lifts in
operation, ventilation motors in use, wind strength, air temperature,
etc. Generally, they are long-term, recurrent and transient random
signals. A theoretical analysis of such a complex loading system
and its influence on the building’s structure is very complicated
and laborious. Fortunately, in order to assess the influence of
vibrations on the building structure it is not necessary to describe
the course of vibrations in detail. It is sufficient to recognize the
course, in a representative period of using the building, as a complex
superposition of vibrations caused simultaneously by all sources.
In such conditions, vibrations were measured and recorded as ana-
logue signals. The analogue signals were converted into digital
ones and then analysed. A series of measurements was carried out
on a digital 4-channel oscilloscope at the sampling frequency of
1000 samples per sec generated at 0.8 of the maximal observed
measured value. Data sets from particular measurements points,
recorded separately for the axes of x, y, z were subjected to initial
processing by trans-scaling, depending on given accelerometers sen-
sitivity, from a voltage signal [V] into an acceleration one [m/s2].
Then, each signal was zeroed and averaged. 

Typical vibration courses of structural elements of trunk “B”
of the examined building occurring relative to the global axis y,
established during investigations, in the function of time are pre-
sented in Fig. 6, the structure of the glass panel wall is shown in
Fig. 7.

An increased level of vibrations was observed during passages
of personal lifts. On the 7-th floor, vibrations of the trunk struc-
ture intensified with a lift cabin approaching the highest floor and
during braking. At the same time, a distinct increase of vibration
intensity with a tendency hitting the shaft walls was observed in
the panel wall structure – see Fig. 7.

In the reinforced concrete trunk’s structure, at the B2 mea-
surement point maximal vibrations amplitudes of � 0.01049 m/s2
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and � 0.01389 m/s2 were observed. On the other hand, accordingly,
at the B3 measurement point, in the glass structure of the panel
wall, vibration amplitudes were � 0.0245 m/s2 and � 0.02666 m/s2.

4. Vibration damage assessment

All the methods known nowadays concerning the assessment
of vibration induced damage can be divided, according to the
adopted parameter, depending on velocity, acceleration, and energy.
An approximate assessment was carried out with the use of the
condition for the acceleration amplitude value of horizontal subsoil
movement at the structure’s foundation site as:

ap � 0.005g � 0.049 ms�2 (1)

where:
ap – horizontal movement acceleration amplitude,
g – earth gravitation acceleration.

For such assessment reliable are vibration acceleration values
measured in the measurement points A1 and B1, which were located
on the reinforced structure of the tower trunks, i. e. at the basic

carrying structure element of the diagnosed buildings, and at the
surrounding ground level, according to the PN-85/B-02170 stan-
dard. Maximal values of the acceleration amplitude in the consid-
ered points are about 50 % of the admissible value as defined by
relationship (1). Moreover, the building in question is situated at
the distance of over 15 m from the traffic-loaded road axis and,
according to the PN-85/B-02170 Standard, the effects of vibra-
tions transmitted by the subsoil can be neglected in the dynamic
calculations.

Velocity values as determined in a narrow-band analysis for
the measurement points: A2, B2, A3 and B3, were used in the
assessment of the maintenance-related vibrations’ effect on the
façade walls. The current Polish standards do not provide any cri-
terion for the diagnostic procedure for such cases. Based on the
analysis found in literature and on the author’s own research con-
cerning affecting the design structure of façade walls, especially
that of façade plate made of 3 cm – thick architectural glass of the
dimensions: 150 cm 
 405 cm and 100 cm 
 405 cm a criterion
of velocity was adopted. 

The design structure of façade walls is supported on individ-
ual storeys’ floor edges. Additionally, the architectural glass plates

Fig. 6. Vibrations course relative the axis y at the B2 measurement
point – reinforced trunk at the 7th floor.

Fig. 7. Amplitudes acceleration spectrum relative the y-axis at the B2
measurement point – 7th floor reinforced concrete trunk.

Fig. 8. Vibrations course relative axis y at the B3 
measurements point – panel wall.

Fig. 9. Amplitude acceleration spectrum relative the y-axis 
at the B3 measurement point on panel wall.
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are fixed in place with aluminium clamps and a clamping mecha-
nism – see Fig. 2. Storey floors, on the other hand, are connected
with the given tower’s reinforced concrete trunks with the help of
grid beams. Such a design solution suggests that the velocity para-
meters determined in the points: A2, A3, B1 and B3 can be used
to determine the level of usage-related vibrations affecting the
component elements of the façade walls. According to the adopted
criterion and taking into consideration the data from the PN-
85/B-02170 standard for devices especially sensitive to dynamic
effects, i. e. first class of sensitivity, the admissible effective value
of one-directional velocity is 0.1 mms�1.

Maximum effective velocity values were observed at the mea-
surement points fixed on the façade walls structures:
– A3 x-axis: 0.02953 mms�1 at the frequency of 78.12 Hz,
– A3 y-axis: 0.02372 mms�1 at the frequency of 23.44 Hz,
– B3 x-axis: 0.0322 mms�1 at the frequency of 75.19 Hz,
– B3 y-axis: 0.01492 mms�1 at the frequency of 74.21 Hz,
– B3 z-axis: 0.01642 mms�1 at the frequency of 75.19 Hz.

Moreover, at the frequencies lower than 10 Hz in the points:
– A3 x-axis: 0.01307 mms�1 at the frequency of 9.76 Hz,
– A3 y-axis: 0.01238 mms�1 at the frequency of 9.76 Hz,
– B3 x-axis: 0.01038 mms�1 at the frequency of 8.78 Hz,
– B3 z-axis: 0.04754 mms�1 at the frequency of 8.78 Hz.

5. Conclusions

The analysis of spectral characteristics of amplitude accelera-
tions in the points of A2, A3, B2 and B3 – see Fig. 4, has shown
the existence of vibrations caused by the passage of personal lifts

situated within the towers’ trunks through floors and beams onto
the structural elements of the façade walls. This phenomenon is
especially evident at the frequency ranges of 70 – 79 Hz and 140 –
160 Hz on the distribution diagrams of the acceleration spectrum
for above points. Because of the design of the floors (reinforced
concrete plate on zinc covered sheet) and mutual connection of
the floors with the façade walls at the measurement points situ-
ated on these walls, 6 – 8 times increase of vibration level was
observed in comparison to the points fixed on the trunks, at the
seventh floor level. The velocity peak values within the whole
range of the analysed frequencies, i. e. 0 – 500 Hz do not exceed
the limit value for machines and equipment of very high vibration
sensitivity. In the conditions of the measurements realization, peak
values of 2.1 – 9.6 times lower than the admissible were observed.
The level of maintenance-related vibrations in the building has no
immediate harmful effect on the component elements of the rein-
forced concrete and steel structures and the façade walls. The
computed frequency of resonance vibrations for architectural glass
plate is about 24 Hz and the experimentally determined vibration
parameters are the most intensive within the frequency ranges of
70 – 80 Hz and 140 – 160 Hz, which excludes the development of
façade walls resonance and, as a consequence, their falling-off from
the main structure.

One should conclude that the maintenance related wear, and
the fact that the clamping system on the façade walls structure
more than 20 years old, contributed to the falling off of architec-
tural glass plates. The wear of the mounted elements with a simul-
taneous action of high intensity winds and considerable tempera-
ture changes can lead to further cases of the glass plates falling off
of the building’s façade.
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1. Introduction

The classical reinforcement soil, being the subject of analysis,
has found the broadest application in the field of resistance struc-
tures (retaining walls of road embankments, bridge heads, etc.).
The necessary length of reinforcement dowels is calculated as
a sum of lengths in the active and passive zone when designing the
retaining structures made of reinforced soil. The curve of maximal
tensile forces divides the soil embankment into two zones mentioned
before. Therefore, the mode of accepting the shape of the curve
influences the structure designing economy. The article presents
a testing method, enabling determination of the value of block
wedge reduction in the vertical wall embankment of non-cohesive
soil reinforced with horizontal dowels, in reference to an identical
structure with no reinforcement. The size and shape of the wedge
of soil embankment block with reinforcement was estimated in the
boundary state of active pressure. The task was performed as a test
(in two stages), on the basis of measured strains of reinforcement
dowels, with the application of sensors of electro-resistant tensom-
etry.

2. Measurement rule of block wedge 

The subject of the tests are measurements of: horizontal strains
of loaded soil embankment (medium-grained dry river sand),
carried out in the plane of the retaining wall of model [6] as well
as strain measurements of reinforcement dowels by means of
electro-resistant tensometry. 

In the first stage, the block wedge in the boundary state of the
active pressure of the soil embankment was determined on the
basis of the estimation of the value of the zone of influence of the
external load of the soil surcharge (measured perpendicularly to

the plane of the retaining wall of the embankment) on the value
of the embankment horizontal pressure, read out at the wall plane.
The test method consists of the analysis of processes of changes
of the value of soil pressure on the retaining wall, as the distance
of the test load of the surcharge (sectional, executed by means of the
so-called stemple) from the measurement retaining wall increases.
The range of the block wedge in the pressure boundary state was
determined as parameter ly,boundary in particular measurement
levels, on the basis of the analysis of the course of pressure dwin-
dling phenomenon, as the loading stemple moves further apart
from the wall. Then (stage II), parameter ly,boundary was com-
pared with the location of maximal normal stresses in dowels
located in horizontal layers. The details of the test method, the
stand and the model design are provided in the elaboration works
[6, 7, 8, 9] (Fig. 1).

The adopted test method enables to preserve relative speci-
ficity of the testing conditions and the planned change of one of
the parameters with other parameters unchanged.

3. Profile and location of reinforcement dowels

One of the test goals was to determine forces in reinforcement
in the form of strain measurements. The application of limp dowels
could guarantee the initiation of strains, possible to be measured
with the use of soil surcharge load in the tests (the load was called
“special” or “testing”).

Dowels in the form of limp steel belts, with the symbol of
50HSA, length of la � 1.80 m (length of cubicoidal container with
model – soil embankment amounts to L � 2.00 m) and intersec-
tion of ba 
 ga � 0.024 m 
 0.001 m (b – dowel width, g – dowel
thickness) were used as reinforcement. The soil centre was rein-
forced with belts of smooth surface and with notches (in the form
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of angles), fastened with electric welding on both sides. The notches,
shaping the belts surface spatially, cause the increase of dowels
resistance to pulling out from the soil centre. 

Fig. 1. Design and basic parameters of test stand: a – block of
longitudinal vertical intersection; b – general view; 1 – measurement

wall (frontal one); 2 – load-carrying plate; 3 – horizontal rooms
sensors; 4 – reinforcement belts

In the model designed for laboratory tests, the reinforcement
was distributed in horizontal layers with identical vertical spacing
ez � 0.195 m. In each layer, the dowels were located paralelly to
the longitudinal axis of the container, with the preservation of
identical axial horizontal spacing, accepted in turn: ex � 0.11; 0.17
and 0.23 m. The determined three sizes of dowel length la in the
model form a sequence of terms: 1.0 la (A, B, C, D system); 0.72
la (E); 0.55 la (F). The maximal dowel length la � 1.80 m (A, B,
C, D systems) includes not only the area of the block wedge in the
soil embankment (dry coarse-grained river sand was used) but
also the anchoring section. 

4. Estimation of body of block on basis of horizontal
pressure measurements at plane of retaining 
wall (stage I)

The charts illustrating the change of the determined (approx-
imated) value of the block wedge in the reinforced and non-rein-
forced soil embankment are presented in figures 2 and 3. The
surface areas included between respective curves (Fig. 3) express
the reduction of the block body as a result of placing notches on
the dowel surface. The test curves were approximated with math-
ematical functions, for example curves from figure 2 (Cc is a cor-
relation co-efficient):

I for non-reinforced sand: 
v � a ebu, a � 3.788 10�2, b � 3.587, Cc � 0.918;
II for non-reinforced sand: 
v � a ebu, a � 6.159 10�3, b � 4.464, Cc � 0.906;

I for reinforced sand: 
v � a ebu, a � 1.053 10�2, b � 6.119, Cc � 0.920;
II for reinforced sand: 
v � a ebu, a � 1.085 10�3, b � 11.221, Cc � 0.908;

Fig. 2. Range of block wedge estimated in test ly gr and course 
of slip curve: – – – non-reinforced embankment; – – – reinforced 

with belts with no notches (A system); I – loosely poured; 
II – pre-consolidated; z1-z6 - measurement levels

Fig. 3. Value of block wedge and course of slip curve from tests,
depending on type of reinforcement (A system): – – – loosely poured

embankment; – – – pre-consolidated; a – belts with notches; 
b – without notches

5. Estimation of block body on basis of distribution of
maximal normal stresses in reinforcement (stage II)

Description of reinforcement strain measurements
The special load of the surcharge introduced in the tests results

only from the test method and is mainly a factor forcing the for-
mation of the block wedge. The static band load was executed
through vertical thrust of a stiff steel stemple, located perpendic-
ularly in relation to the horizontal projection of the container. The
details of the course of tests regarding the conditions of the height
of the test load are available in the monograph [5]. Also, it is worth
noticing that identical load does not cause, to the same extent, the
anticipated phenomena of the formation and movement of the
block wedge in the soil centre differing with regard to the degree
of consolidation and amount of reinforcement. Therefore, the load
accepted for test purposes should be treated as approximated, but
in admissible limits.

The measurements of unitary reinforcement strains � carried
out with the method of electro-resistant tensometry were used in
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tests with reinforcement systems: A (9 dowels in layer), B (6 dowels
in layer) and C (4 belts in layer) – in all cases the dowels included
notches on the surface. Yet, the extensometers were stuck only on
two belts in each layer so as to reduce the number of connection
cables maximally. These ducts, running, out of necessity, near rein-
forcement through the soil centre are the reason for disturbances
during the recording of dowel strains, and artificially (which is
undesirable) support the dowels resistance to being taken out from
the centre. 10 extensometers were stuck on each belt, 5 pieces on
each side. The location of extensometers along the belt length was
anticipated in a way enabling to include mainly the active zone
(i.e. block wedge range) and partially the anchoring zone. The exten-
someters were coated with resin, protecting them against mechan-
ical damage and dampness. The measurements and recording of
extensometers read-outs were carried out with a multi-point auto-
matic kit designed for strain tests, consisting of an automatic
extensometric bridge, an apparatus controlling the measurement
and extensometers connecting, extensometric boxes and a micro-
computer with a printer. The strains measurement in the reinforce-
ment belts was conducted in turn for two states of surcharge
loading: q � 37.02 kPa i 61.69 kPa � qmax . The values of normal
stresses in the reinforcement obtained from the micro-computer
are expressed with a classic Hook’s dependence: 
 � E �.

Normal stresses in reinforcement
Figure 4 shows the stress diagrams along the dowel located at

the level of z2 � 0.29 m, depending on the surcharge load with
a stemple in the distance of ly � 0.30 m from the measurement
wall. These diagrams can represent the strained axis of the rein-
forcement with the length of la .

Figure 5 illustrates the stress distribution along belts located
at the levels of z2 � 0.29 m and z3 � 0.485 m, depending on the
level of sand backfill density. The stresses in the reinforcement in
the sand embankment are lower than in a loosely poured embank-
ment. 

Fig. 4. Diagrams of normal stress distribution in upper surface of
reinforcement dowel, depending on load: a – loosely poured sand; 
b – pre-consolidated; I – load q � 37.02 kPa; II – q � 61.69 kPa; 

1–5 – extensometers numeration on upper surface of dowel
(A reinforcement system)

Figure 6 presents the stress distribution in the reinforcement
dowels on five measurement levels for the embankment consisting
of loosely poured sand, reinforced in A system. The surcharge load

q � 61.69 kPa is located in the distance of ly � 0.30 (curve a) or
ly � 0.60 m (curve b) from the retaining wall. The stemple loca-
tion from the wall amounting to ly � 0.60 m is a minimal distance,
at which the soil pressure on the retaining wall (i.e. in this loca-
tion of the stemple, block wedge in the embankment is fully
formed) was not observed. 

Fig. 5. Diagrams of normal stress distribution in upper surface of
reinforcement dowel at level of z2 (a) i z3 (b). Load q � 61.69 kPa in

distance of ly � 0.30 m; I – loosely poured sand; 
II – pre-consolidated sand

Fig. 6. Diagrams of normal stress distribution on upper surface of
reinforcement dowels in loosely poured embankment: a – stemple in

distance of ly � 0.30 m; b – ly � 0.60 m � ly,boundary , 
z1 - z5 – reinforcement location levels; 1 - 5 – extensometer 

numeration; reinforcement system A
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Fig. 7 also shows the diagrams of stress distribution in the
reinforcement dowels on five measurement levels, depending on
the load-carrying stemple relocations, as in fig. 6, but for the pre-
consolidated embankment. 

Fig. 7. Diagrams of normal stress distribution in upper surface of
reinforcement dowels in pre-consolidated embankment: a – stemple in

distance of ly � 0.30 m; b – ly � 0.45 m � ly,boundary , z1 - z5 – location
levels of reinforcement layers; 1 - 5 – extensometer numeration;

reinforcement system A

Estimation of slip surface location
As results from tests concerning normal stresses in the rein-

forcement, the profile of the strain of reinforcement belts changes
as the distance of the load-carrying stemple from the measurement
wall increases. If the distance of the stemple from the wall reaches
the boundary value ly � ly,boundary (stemple locations ly # ly,boundary

are not accompanied by any increases of soil pressure on the wall),
only the tensile stresses will occur on the upper surface of the belts.
This phenomenon may confirm the fact of the block wedge forma-
tion on the complete embankment height. The belts at the highest
level are an exception, where the extensometer No 1 shows com-
pressive stress (�
a) in their upper surface. This phenomenon
repeated in all tests (for a different number of dowels in the
model) and is a result of direct, disturbing band influence of the
load, which the belts at this level are subject to. The diagrams show
that in belts located at lower levels (e.g. z4 and z5), the stresses of

one character (tensile) occur as early as at shorter distances of the
stemple from the retaining wall. Therefore, one may suppose that
the embankment damage is of a progressive character, thus the
block wedge is formed gradually, gaining first a final shape in the
lower zone.

It is known from literature regarding reinforced soil tests [Long,
Schlosser 1974, 78] that a potential slip curve in the state of stress
boundary equilibrium can be obtained graphically: it is a geometric
place of maximal tensile forces in particular reinforcement layers.
Proceeding analogically in relation to the points of maximal ordi-
nates occurrence, concerning curve (b) from figures 6 and 7, the
course of the slip curve was determined in a test in the reinforced
sand embankment (Fig. 8). The accuracy of estimation is con-
nected, among others, with the number of extensometer location
points and their distribution on the reinforcement belts.

As results from relevant literature [1], slip along surface can
be accepted only for the non-coherence soil. Since the reinforced
soil has features of anisotropic coherence [2, 3, 4, 5], the slip curve
should be adopted and identified with the line of soil damage with
cohesion.

Fig. 8. Curve connecting points of maximal tensile stresses in
reinforcement (approximated estimation): 1 - 5 – extensometers
numbers stuck to upper surface of dowels; z1 - z5 – numbers of

measurement levels of retaining wall; I – embankment of loosely 
poured sand; II – pre-consolidated embankment

6. Summary

The sizes and shape of the wedge of reinforced soil embank-
ment block were estimated, in the boundary state of active pressure.
The task was performed as a test (in two stages), on the basis of
measured strains of reinforcement dowels, by means of electro-resis-
tant tensometric sensors. The points of maximal normal stresses
occurring in reinforcement dowels located in horizontal layers
form a slip curve, separating the searched block wedge from the
retaining wall plane. The basis for analysis were the measurements
of: horizontal strains of loaded soil embankment, carried out at the
plane of a model with considerable dimensions, and the measure-
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ments of reinforcement dowel strains by means of electro-resistant
tensometry method.

In stage I, the wedge of the block in the boundary state of
active pressure of the soil embankment was determined on the
basis of the estimation of the value of the zone of influence of the
external load of soil surcharge (measured perpendicularly to the
plane of the retaining wall of the embankment) on the value of the
horizontal pressure of the embankment, read out at the wall plane.
The testing method consists of the analysis of the process of changes
of the value of soil pressure on the retaining wall, as the distance
of the test loading of surcharge (sectional, realised by means of the
so-called stemple) from the measurement retaining wall increases.

On the basis of the analysis of the course of the phenomenon of
pressure dwindling, as the load-carrying stemple moves further
apart from the wall, the range of the block of the wedge was
determined, in the boundary state of active pressure as parameter
ly,boundary in particular measurement levels. Then (stage II), para-
meter ly,boundary was compared with the location of maximal
normal stresses in dowels, at the level of the embankment. 

Summing up, the usability of tensometric tests for examining
the operation of loaded engineering structures was proved. The
measurement of normal stresses in the reinforcement enabled quite
a precise specification of the shape of the slip surface in the rein-
forced soil embankment.
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systému.
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