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Abstract. The dielectric properties of aBag25Sro75TiOsfilms with Pt interdigitated electrodes fabricated by
pulsed laser deposition technique and examined under the low-energy electron beam irradiation. The
structures were characterized by means of dielectric permittivity,e-f, C-f, tgd-f dependencies before and
after irradiation over frequency range from 100 Hz to 1 MHz. Irradiations have been carried out in AREAL
(Advanced Research Electron Accelerator Laboratory). The energy of electrons has been 4 MeV, bunch
charge 10-200 pC, repetition rate 1-50 Hz. It was found that the dielectric permittivity and loss tangent, in
general, are shifted to the more low frequency range and decreased after electron beam irradiation.
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1. Introduction

Current interest in perovskite and perovskite-related oxometallates is based on a wide spectrum of
their electrical properties, which originates from insulating materials, ionic and/or metallic conductors,
p-and n-type-semiconductors to superconductors. The perovskite oxides A1xAx’ BOs.b have been used
in many applications due to their large nonlinear optical coefficients, large dielectric constants, thermal
stability and higher catalytic properties. These include high density DRAMSs, non-volatile FERAMS,
ferroelectric FETs, SOFCs, voltage-tunable capacitors, microwave electronic components that can
work especially at GHz or even THz frequencies, microdevices with pyroelectric and piezoelectric
microsensors and actuators, etc. [1-4]. Moreover, perovskite oxides have aroused increasing attention
as catalytically active multifunctional materials in the field of (bio-)chemical sensors. Some of such
virgin application frontiers for perovskite oxides of different compositions include, for instance, pH
sensing [5-9], hydrogen peroxide [10-11] and hydrocarbon detection [12]. One of the most popular and
intensively studied multifunctional perovskite-oxide materials is barium strontium titanate [1-3]. In
previous experiments, the BST films have been applied for the detection of humidity [13], hydrogen
[14] and ammonia gas [15] etc.

Nowadays, there has been an increasing need towards the integration of ferroelectric thin films with
the semiconductor technology and the scaling down of device size. The ferroelectric thin films used in
the (bio-)chemical sensors, electronic devices, which can find application in the radiation environments
such as space, nuclear reactors and nuclear waste containers, will be exposed to constant ionizing
radiation and will suffer changes in their performance. Some of these applications require the BST
(PZT) based devices to operate in radiation fields where they will be exposed to a high flux of
energetic, heavy and light, charged and uncharged particles.

On the other hand it is well known, that radiation effects comprise the variety of microscopic and
macroscopic material property changes upon exposure to ionizing radiation. There is a wide range of
radiation damage phenomena shared by many types of solids. Some phenomena, however, are unique
to a particular solid and depend on its structure, composition, physical dimensions, etc. As a
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convenience, radiation effects are frequently broken up into two categories: displacement effects and
ionization effects [16-19]. Displacement effects pertain to those properties tied to the arrangement of
atoms within a structure, while ionization effects relate to the re-distribution of electrons within the
solid. It is well known that irradiation with low energy (< 10 MeV) electron mainly causes point pair
defects in crystals. In the case of high electron beam pulse intensity one can expect cluster defects or
disordered region formation [19].

The aim of this work is to fabricate a chip sensor based on (Ba,Sr)TiOs films with Pt interdigitated
electrodes and examined the effect of low energy pulsed electron beam irradiation on dielectric and
ferroelectric properties of these thin films. The sensors were characterized by means of dielectric
permittivity, e-f, C-f, tgo-f dependencies before and after irradiation over frequency range from 100 Hz
to 1 MHz.

2. Fabrication of the nanostructur e (sensor) chips

Planar interdigital electrodes (IDE, with Pt electrodes) sensor were fabricated in Aachen University
of Applied Sciences, Institute Nano-and Biosystems, Germany, using the targets of BST prepared in
NPUA by means of conventional silicon and thin-film technologies (Fig.1). Initialy, a 440 nm SOz
layer was grown by thermal wet oxidation on a silicon substrate (p-Si, p =1000 Qcm, Topsil
Semiconductor Materials, Denmark). A thick SiOz layer has been used in order to reduce the influence
of the parasitic capacitance of the SIO2 and the Si resistance on the sensor chip. In the next step, a
photolithography process was performed to define a trench area for burying the metal electrodes. To
achieve a planar sensor surface, shallow trenches with a depth of ~175 nm were obtained by etching the
SiO2 with hydrofluoric acid. Then, a thin layer of ~10 nm Ti as adhesion layer and ~165 nm Pt as
electrode material were deposited by means of electron-beam followed by a lift-off-process. The
interdigitated electrode (IDE) structure consists of five fingers with the finger width of 600 um, the
finger length of 2900 um and the finger spacing of 324 um. The surface area of the IDE structure
amounted 0.087 cm™. The processed wafer was diced into separate chips (chip size: 10 mm x 10 mm).
The BST films of Ban.2sSro.75TiO3 composition were prepared by pulsed laser deposition technique by
using targets fabricated via the self-propagating high-temperature synthesis at NPUA. The process
steps of the BST synthesis are described in detail in [6,20]. The BST films were deposited using a Si-
shadow mask. The deposition was performed in an oxygen atmosphere (gas flow 30mL/min, pressure
2x10° mbar) using a KrF-excimer laser (Lambda LPX305) with a pulse width of 20ns and a pulse
energy of approximately 1J per pulse. When using deposition time of 100s, energy density of 2.5J cm2
and repetition rate of 10Hz, the BST layer thickness amounted approximately to 120nm.Finally, the
sensor chip coated with BST was mounted on a printed circuit board, followed by ultrasonic wire
bonding and encapsulation processes.

3. Experimental

Since barium (strontium) titantate (BST) ferroelectric thin films are widely used in memory devices,
tunable capacitors, infrared detectors, surface acoustic wave (SAW) devices, microactuators and bio
(chemical) sensors, an attempt has been made to study the effect of high energy electron beam
irradiation on the electric, dielectric and ferroelectric properties of those thin films. There are only a
few reports on the study of high energy electron beam irradiation effects on ferroelectric thin films.
The objectives for thiswork are:
a. To prepare and/or obtain BST nano-film based structures.
b. To irradiate them by different electron beam dose levels.
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c. To perform electronic characterization to determine the dose vs. effect relationships for various
ferroelectric property parameters.

d. To use the experimental results to draw conclusions about nature of the post-irradiation defect
microstructure.

e. To perform numerical simulations and employ models to investigate the damage event at the atomic
scale and, if possible, make predictions about the resulting damage microstructure and its effect on
measured material property changes.

The experiments have been carried out in CANDLE at AREAL laboratory. The energy of electrons
has been 4 MeV, bunch charge 10-200pC, repetition rate 1-50 Hz. The capacitance, C-f, dielectric
permittivity, e-f, and loss tangent, tgo-f dependencies before and after irradiation are presented in
Figures 2, 4 and 5.

3.1 C-V measurement and modeling

The results of C— measurements were done at the range of frequency 100 Hz -1MHz using a computer
interfaced QuadTech 1920 LCR meter (Agilent) measuring unit and High Resistance meter
4339B(Agilent) at room temperature (300 K) are presented in Fig.2.
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Finger spacing S 324 pm
w Finger length L 2900 pm
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Fig. 1. Photography of afabricated sensor chip - (), cross-sectional SEM image showing the Si-SiO.-Ti-Pt-BST layer stack
- (b) and sizes of IDE geometry - ()

140



Dielectric Characteristics of Thin Film Structure || Armenian Journal of Physics, 2016, vol. 9, issue 2

400

“ pF 350 \ o~ P~
300 / \
250 \
200

N\ \
AN N\

50

2 3 4 5 6 Igf

Fig.2. The C-gf dependences of examined structure before (blue line) and after the irradiation (red-after the first
irradiation, 27.03.2015, green- after the second irradiation, 07.04.2015, and purple after the third irradiation, 14.04.2015)

As it follows from Fig.2, in general, irradiation leads to shift of C— curves to the more low
frequency range and tends to decrease of capacitance at the same conditions, which in turn, indicated to
decrease of dielectric permittivity. This kind of change has been observed from other authors for BST
films[18] and PZT capacitancestoo [22,23].

For calculation (evaluation) of values of ferroelectric thin film dielectric permittivity, &¢, we used the

results, obtained in [24-26], developed for multilayer planar interdigitated el ectrodes capacitance (IDC)
which, in turn, based on conformal transformation method [27].
For ¢ calculations we have used the following expressions of IDC.

Ctot =(n—1)l'C1’

where C; , is the total (measured) capacitance of the structure, n is the amount of fingers, [ is the
length of the fingers,

g5 K[(1—k»'2]  epepK (kY
) K (k) T 2-K(k)
K (k) isthe complete dliptic integral of the finst kind with modules of k.

For more than two fingers the periodicity of the structure allows to determine k as:

k = cos (%WL-FS)'

where w is the width of the finger, S is the space between the fingers.
According to Fig.3, where presented the equivalent circuit of structure
Ctot =CS + C‘B + Cf + Cexp + Cl )
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where C; is the capacitance of the substrate (pS;), C; is the parasitic capacitance between P, eletrodes
(fingers), C; isthe capacitance of ferroelectric film, C.,,, is the capacitance of the measurement set-up,
C; istheinsulator lager (S1O2) capacitance.

Ctot

Cexp

A=y
=0 =05

i1
Cs,Ca
Fig.3.Equivalent circuit of examined structure
The numerical calculations of C;, C; show, that their values about two order less than that for Cr and
ignoring aso the Cs , Cp and C,,,,, We used the approximation of:
Ctot = Cf = Cmeasure'

Findly, for the calculation of ¢, we have used:

~ _ 2Ctot  K(k)
= eoln-1) KD

The extracted (evaluated) e-f dependences before and after irradiation are shown in the Fig.4.
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Fig.4.The e-Igf dependences of examined structure before (blue line) and after the irradiation (red-after the first
irradiation,27.03.2015, green- after the second irradiation, 07.04.2015, and purple after the third irradiation, 14.04.2015)
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Asit follows from Fig.4, the dielectric permittivity, in general, after the al irradiations tends to shift to
the more low frequency range and after the first and second irradiation is decreased, but at least, after
the third irradiation it tends to relax remaining in the low frequency ranges. This change can be
explained by radiation induced heating influence phenomenon on dielectric constant when following
the Curie-Weiss law in paraglectric regime.

3.2. Diélectric characteristics (losses)

As it is well known [24-26], there are two major groups of microwave losses in paraelectric phase
ferroelectric: intrinsic and extrinsic. In ideal (perfect) single crystal paraelectric, the dissipation (losses)
of the microwave power is associated with the absorption of the (microwave) electromagnetic wave by
the thermal oscillations of the ions, and by the free charge carriers. These intrinsic losses are typically
small and not be eliminated or reduced. In real crystals, and especialy in thin films, the dissipation of
the microwave energy is associated with the defects and may be much higher. On the other hand, as
free charge carriers density and its mobility in ferroelectrics usually are small the losses associated with
the absorption of the electromagnetic energy by the free charge carriers may be ignored in most of
cases (because the losses are additive, i.e. the total loss tangent of a paraelectric crystals is a sum of the
loss tangents of all involved mechanisms). It means that the fundamental 1oss sources connected with
the interactions of electromagnetic energy with the thermal oscillations (phonons) of the ions and due
to absorbed energy by thermal phonons, the dissipated energy heats the crystal. As the energy of
phonons in the crystal is much higher than the quantum hf of the microwave field, hv>hf (h is the
Plank’s constant, v is the oscillation frequency, f is the frequency of microwave field) in terms of
guantum mechanics the absorption takes place via three and four quantum mechanisms [24-26].In
microwave and millimeter wave and near room temperature regions this theory predicts the following
frequency dependence on temperature:

tan &, o< we¥’T?.

Here, o is the angular frequency and ¢ is the relative permittivity of ferroelectric, T is the absolute
temperature.

In real crystals and thin films besides the fundamental phonon losses extra losses can be appear due to
free charge carriers and under the external electric field. The external fields, both DC, and even high
power microwave fields can break the symmetry of the crystal structure and induced non-center
symmetric unit cell of the crystal lattice becomes polarized with the external field dependent dipole
moment. In an extreme case, the external DC field may cause paraelectric to ferroelectric phase
transformation, resulting in a rapid increase of microwave losses. The extrinsic microwave loss
mechanisms in the ferroelectrics are summarized by Vendik [24] and Tagantsev [25]: (i) loss owing to
charged defects, (ii) universal relaxation law mechanism, (iii) quasi-Debye contribution induced by
random-field defects. The induced electric dipole initiates two extra mechanisms of the losses: i) DC
field induced Quasi-Debye, and ii) microwave to acoustic transformations. The i) mechanism, proposed
by Tagantsev [25] for small tuneability, the losses associated with this mechanism are characterized by
the following functional dependences of the loss tangent on the frequency and electric field:

tandon= Al(E)wT(E),
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where T(E) :E(Oz(_% is the tuneability, I1(E)~1, A is the material related constant (for STO,

experimental values of A~ 2310°/GHz),xg0)and £E) are the permittivity at zero and E field,
respectively.
For a small tunability, T(E)<< 1, using the non-linear dependence of ferroelectrics on DC field, tandop
can be presented as:

tandop=3AB[ 0)/e(E)]Pw E?,
where B is the coefficient of the dielectric nonlinearity (for STO, for example, f=6.53:10%[2, 24,25]).
It is necessary to note that especially in thin films, al intrinsic losses are “screened” by higher
contributions from extrinsic losses, which are associated with the defects. Charged point defects
(mainly oxygen vacancies [28] seem to be the most common positively charged defects in
ferroelectrics) and charged dislocations create local static electric field which locally distort the crystal
symmetry and create local dipole. In such local field, both electrostrictive and converse piezoelectric
effects are active and the electromagnetic (microwave) wave generates acoustic waves that move in the
crystal taking with them some energy from microwaves, i.e. causing loss of the microwave signal. The
loss tangent associated with the charged defects is approximated by [1,2,24-26]:

Z°n 1
tano,, = Few 1- ,

AmpV; [1+(a)/a)c)2}2

where F~1is the material specific constant, Z is the effective charge (C) of the defects, n is the density
(m3) of the defects, p is the density of the crystal (kg/m®), vt is the acoustic velocity, wc=Vi/rc, rcis the
correlation length of the charge distribution, i.e. distance at which the electro-neutrality in the crystal is
restored.

As it follows from tandch expression, the loss tangent in this case is proportional to the permittivity,
indicated the same temperature and field dependences. For a parael ectric this means a reduction of the
losses with increased field and temperature. Other sources of extrinsic losses connected with the polar
regions at the interfaces between the phases, grains, columns, electrodes and other layers (i.e. dielectric
and metallic buffer layers). No reports are available on the losses associated with these defects. In
paraelectric phase defect-less single crystals and low temperatures, the quasi-Debye mechanism
dominates. It is characterized by linear frequency dependence and a field dependence which at low
field strengths may be approximated by a quadratics function. However, the experiments reported until
now indicate that losses in the thin films increase linearly with the frequency and decrease with the
electric field, i.e. it seems the losses associated with the charged defects dominate.

The loss tangent, tand, for non-irradiated and irradiated BST thin films measured at room temperature
as afunction of frequency is shown in Fig.5.As it follows from the Fig.5, the loss tangent, tand, due to
irradiation tends to shift to the more low frequency range and, after the first and second irradiation, the
tand is decreased, but at least, after the third irradiation it tends to relax remaining in the low frequency
range. For all cases, tand increases with increasing of frequency and for the non- irradiated ferroelectric
film can be approximated by a quadratics function. This means that the quasi-Debye mechanism
dominated. After the first irradiation the loss tangent is in linear dependence on frequency and then
after the second and third irradiations it has linear-quadratic dependence which indicated that with the
guasi-Debye mechanism the charge defects mechanism plays any role too. This kind of dependence
are in accordance of above mentioned mechanism originated for ferroelectrics, i.e. losses in the thin
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films increase linearly with the frequency and it seems the losses associated with the charged defects
dominate. This kind of change can be associated with the radiation-induced oxygen vacancies which
are the main type of defect produced by electron irradiation. To reveal this prediction, more accurate
and new experiments are needed.
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Fig.5. Thetand -Igf dependences of examined structure before (blue line) and after the irradiations (red-after the first
irradiation, 27.03.2015, green- after the second irradiation, 07.04.2015 and purple - after the third irradiation,14.04.2015)
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