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Dielectric characteristics of novel composite nanomaterial

Characteristic features of the PbZros4Tio.4603 formation in etched swift heavy ion tracks
and investigations of dielectric properties of the obtained structures are reported in this
work. PbZros4Tio4603 compound is formed as a result of thermal treatment of film
structures with identical composition being ion-beam sputtered on Si/SiO; substrates.
During the temperature dependence studies of the Si/SiO; (PbZros4Tio.4603) Structure at
various frequencies their dispersion is obtained. It is shown that in the temperature range
from 360 to 406 °C the frequency dependence of the dielectric permittivity reaches

maximum values which is explained by the presence of a ferroelectric phase transition.
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1. Introduction

Recently, non-traditional methods of nanostuctures and their arrays formation are
undergoing an intensive development. One of such methods, which was developed rather
recently, being very prospective, is the swift heavy ion (SHI) tracks technology. It is
based on the formation of narrow extended regions of radiation damage (,latent ion
tracks®) in various dielectric materials under the influence of the SHI [1] and the eventual
subsequent removal of the radiation-damaged zones by etching, to form narrow parallel
extended nanopores in the corresponding dielectric material. During the complex
investigations of Si / SiO2 structures with embedded SHI tracks a new family of
nanoelectronic systems was formed which has got a conditional name “TEMPOS”
(*Tunable Electronic Material in Pores in Oxide on Semiconductors™) [2 — 5].

A careful analysis of recent publications indicates the possibility to create
nanosensor arrays on the base of “TEMPOS” systems, containing lead zirconate-titanate
PbZros4Ti0.4603 (PZT) in etched SHI tracks. This can be explained by a number of
functional electronic devices, such as ferro- and pyroelectric detectors, infrared detector
cells, volatile memory devices, dynamic random-access memory devices, high-
capacitance condensers, etc. [6 — 13], where this material can be used. However, for a
successful application of such nanostructures it is necessary to investigate their dielectric
properties as well. In frame of this work temperature and frequency dependences of



dielectric permittivity and dielectric loss tangent of Si/SiO2 (PbZros4Tio.4603) have been

investigated.

2. Experiment

Single-crystal silicon “KEF-4.5" wafers with (100) orientation were used as initial
substrates for the formation of experimental samples. Prior to the thermal treatment, the
wafers were processed in acidic — peroxide mixture during 1 min, and then the treatment
continued in peroxide-ammonium mixture during 10 min. Silicon oxide layer with
thickness of 0.7+0.1 pm was formed by a thermal oxidation of Si under 1100 °C and
oxygen pressure pOz2=10° Pa during 10 h.

For the formation of SHI tracks the Si(100)/SiO2 structure was irradiated by
197Au2%* jons with energy of 350 MeV and a fluence of 5x108 cm at the lon Beam
Laboratory (“ISL”) of the Helmholtz Centre Berlin for Materials and Energy (Germany).
lon tracks (ITs), which were formed in the SiOz layers as a result of irradiation, have been
etched in fluoric acid with a concentration 1.35 wt.% at 20°C during 40 min. Due to the
difference in etching rates of irradiated and non-irradiated areas of silicon oxide,
stochastically distributed pores in the form of frustums with an average cross-section of
100 nm have been created there (Fig. 1).

The sputtering of PbZros4Tio.4603 films on Si(100)/SiOz structure was carried out
by the ion-beam method on the vacuum setup “Z 400” by “Leybold-Heraeus”, which was
equipped with an oil-free pumping system with turbomolecular pumps. Ceramic discs
having composition PbZros4Ti0.4603+0,1PbO, diameter 80 mm and thickness 10 mm,
served as targets. Two independent ion beams were used for the sputtering of films. The
first beam was used for a preliminary cleaning of the surface, and the second beam was
used for the sputtering of the target. A mixture Ar:O2 prepared in the ratio 1:1 at the
residual pressure in the chamber 102 Pa was used as a working gas. Magnetic field was
formed by a solenoid of copper wire with a diameter of 0.8 mm in a fluoroplastic
insulation wound on a copper core. Cleaning of the surface has been carried out by Ar*
ions with energies of 800 — 1200 eV during 15-20 minutes at the discharge current 80
mA. For the compensation of positive charge on the target surface, a tungsten wire with
diameter 0.5 mm was placed near the target. Current values there were about 12 — 16 A.
Sputtering of the target has been carried out by ions of argon and oxygen with energies
of 1800 - 2400 eV at current 30 mA.



Chemical deposition of metals Pb, Zr and Ti from a solution in the ITs of SiO2
layer was carried out at room temperature. With the goal of an increase of efficiency of
this process the samples underwent sensibilization and activation procedures, i.e. the
formation of corresponding nucleation centers on IT walls has been provided.
[Pd (NH3)4]?* (with Cl ~ counter-ion), sensitizing complex was used, which being limited
by a corresponding agent, “bound” Pd atom to silicon oxide by means of complex
formation with surface amines, carbonyls and hydroxides, forming such groups as
COOPd [14, 15]. Annealing of obtained samples in oxidizing medium has been carried
out for the formation of PbZros4Ti0.4603 compound. Temperature in heating set ups has
been maintained by “RIF-101" system and controlled by Pt—Pt/Rh(10%)
thermocouple with the accuracy + 0.5 K. From the structures prepared in this way samples
having rectangular form with length 20 mm and width 10 mm have been cut.

Gold electrical contacts were deposited on the investigated samples surface from
the side of SiO2 (PbZros4Tio4s03) using thermal evaporation (Substrate temperature
300°C). The thus prepared “TEMPOS” structures exhibit a multitude of current paths as
well in horizontal (between both surface contacts across the deposited PZT layer and in
the semiconducting channel below the SiO2/Si interface) as in vertical direction (between
the surface PZT layer and the Si substrate across the parallel PZT-filled etched ion tracks,
the PZT/Si interface and the Si substrate), Fig. 2. Upon application of suitable potentials
at both the surface electrodes and the Si backing, different competing currents emerge
across the individual current paths, which may lead to peculiar collective electronic
effects of the given device, such as rectification, negative differential resistances, periodic
or random charge spike emission and others. Embedded in adequate electronic circuits,
this can be used to create amplifiers, periodic or random pulse generators, sensors,
nanometric point light sources, frequency filters, logic AND/OR switches, etc. [2-5].

The phase composition of PbZros4Ti0.4603 films has been studied by X-ray phase
analysis with the “Philips X' Pert” setup in Cu K, irradiation, with the use of the “ICSD-
PDF2” (“Release 2000”) database. The microstructure of the samples with
PbZros4TiossOs3 in 1Ts of SiO2 on silicon substrate during various stages of their
preparation was investigated by scanning electron microscopy (SEM) by means of the
“JEOL JSM 6360” set up.

For the control of the structure formation process of PbZros4Tio.4603in ITs X-ray

photoelectron spectroscopy (XPS) measurements were carried out using the “Physical



Electronics ESCA 5700 setup with a non-monochromated Al K. X-ray source. The
analysis area was ca. 0.5 mm?. The upper contaminating layer was removed with Ar* ion
bombardment at 4 kV acceleration voltage. Calibrations with different metal oxides
revealed removal rates of about 1.2 nm/min. The possible emerging sample charging
which would affect the emission of photoelectrons was compensated by shifting the
spectra to Ti 2p3/2 at 458.2 eV (binding energy of PbTiO3).

Local ferroelectric properties of the samples were investigated with piezoresponse
force microscopy (PFM) using a commercial “NTEGRA Aura” (NT-MDT) setup
equipped with an external lock-in amplifier (“SR-830A”, Stanford Research) and a
function generator (“FG-120”, Yokogawa). A commercial silicon cantilever
(“Nanosensor PPP-NCHR”) with the spring constant k=42 N/m and with tip radius less
than 10 nm was used. The measurements were performed under an applied AC voltage
with the amplitude Vac= 2.5 V and frequency f = 50 kHz.

In PFM experiments, an AC electric field is applied between a bottom electrode
and a conducting tip used as a moveable electrode. During the measurements a probing
tip is in mechanical contact with the sample and follows the piezoelectric motion of the
sample surface. Thus, the amplitude of the tip vibration measured by the lock-in amplifier
provided information on the piezoelectric strain.

For investigations of the dielectric permittivity (g) and the dielectric loss tangent
(tgd) Si/SiO2 (PbZrossaTiossOs) samples were placed in a cell (schematically given in
Fig.2), where the measurements were carried out. Contact needles in temperature range
50 — 500 °C and frequency range 5x10° — 8x10° Hz were used in the “Hewlett-
Packard — 4192 A” set up, containing thermometer “Keithley-740” and a temperature
controller “Tabai STPH-100".

3. Results and Discussion

Optimization of conditions of synthesis of PbZros4Ti0.4603 compound in ion tracks after
chemical deposition of metals Pb, Zr and Ti was carried out on film structures with
identical composition, sputtered by the ion-beam method on Si/SiO2 substrates.
PbZros4Tio.4603 films sputtered with a rate of 6 — 9 nm / min on a cold substrate
(Tsubstr ~ 30 °C) of oxidized silicon had a quasiamorphous structure (Fig. 3). Besides, as
at the vacuum sputtering method film growth was carried out at low values of pO2

~ 107 Pa, a depletion of oxygen in the films composition took place. Therefore, in order



to saturate the films with oxygen to acquire the PbZros4Tio.4603 ferroelectric phase, as
well as for a decrease of the quantity of re-evaporated lead from their surface, thermal
annealing processes (450 — 600° C) were carried out at increased oxygen pressure (pO2 =
2 x 10° Pa during 30 min). Additionally, the lead oxide was introduced in the target
composition. This was made in such a way that a decrease of the amount of lead atoms
below from the stoichiometric composition of 2 mole % would render the formation of
the perovskite phase impossible. From the other hand, according to the X-ray phase
analysis the increase of the PbO concentration above 10 mole % in PbZros4Tio0.4603targets
is not desirable because it would promote Pb segregation on grain boundaries of the
target. This would change the cation relation and correspondingly violate of the required
composition of the sputtered dielectric layers. The initial structure formation of
PbZros4Tio.4603 takes place at annealing with Tanneat > 450° C and pO2 = 2x10° Pa.
Nevertheless, under the given annealing conditions the films are not structurally
homogeneous, which requires further increase of the annealing temperature. Most films
were therefore annealed in the temperature region 500 < Tanneal < 550° C.
A further increase of Tanneal leads to a decrease of the Pb content in the films.

The magnetron sputtering method allowed us to get homogeneously deposited
films with excellently smooth sample surfaces. Atomic force microscopy (AFM)
measurements performed in semicontact mode confirmed the small roughness of the
sample surface (Fig. 4 a). The estimated RMS (root mean square) height of the surface is
less than 20 nm whereas the average calculated grain size is about 100 - 300 nm.

The homogeneous deposition of the film has been tested by the AFM
measurements performed in different parts of the sample thus confirming the plausibility
of the film formation by the selected sintering method. Piezoresponse force microscopy
measurements did not reveal essential polarization of the sample.

The amplitude of the piezoresponse signal is quite low and noisy (not shown),
while it is enough to distinguish distinct ferroelectric domains with different polarization.
Nevertheless a certain sample polarization was confirmed by piezoelectric loop
measurements (Fig. 4 b). Strain versus DC voltage curves (ds3(E)) were measured in the
so-called “pulse DC mode”. Along with a linear component of the ds3(E) loops affirming
paraelectricity the obtained data also testify a spontaneous polarization of the sample.
Based on the piezoelectric hysteresis loops we can argue about some remnant polarization
of the sample [11]. The obtained ferroelectric response of the sample is smaller than the
PFM signal observed for commercial PZT (52/48) films by orders of magnitude.



For the formation of PbZros4Tio4sO3 compounds the ITs of the SiO2 layer the
same thermal treatment regimes as those for PbZros4Tio.4603 films have been used. The
control of the evolution of PbZros4Ti0.4603 structures formation in ITs after the annealing
processes of various duration was carried out by the XPS. This method makes it possible
to estimate the kinetic energy of inner electrons or valence electrons, knocked out by a
quantum of electromagnetic irradiation with known energy [16, 17]. When studying of
the XPS spectra concerning the Ti — O bonds with energy ~ 458 eV in PbZros4Tio.4603
compound a development of the structure formation was observed (Fig. 5). The largest
maximum of the XPS spectra relates to the sample annealing for 8 min.
Corresponding maxima on the XPS spectra were observed for Zr at a binding energy ~
182 eV and for Pb at a binding energy ~ 138 eV (Fig. 6 b, ¢). One can suppose that during
the PbZros4Tio.4603 structure formation the deficient oxygen is absorbed from the gaseous
phase and it arrives at the structure by means of surface diffusion along the ITs walls
(which have a potential energy below that of the planar surface).

During the measurements of the temperature dependence of the dielectric
permittivity of the Si/SiO2 (PbZrosaTio4sO3) structure in the temperature range T =
0 — 500°C at various frequencies (5x10% — 8x10° Hz) it was found that € values increase
weakly in the temperature range 100 - 250°C and in the low-frequency area
(v=5x10°Hz and v = 4x10* Hz), Fig. 7. At T > 250°C a sharp jump of ¢ up to the values
of emax = 8.17x10° (at T=375° C and v=5x10% Hz), emax =9.3%10% (at T = 380°C and v =
4x10° Hz) and emax =10.1x10% (T=372° C, v=8x10° Hz) takes place. It should be noted
that these maxima reveal the tendency of a shift toward increasing temperature with a
decrease of the measurement frequency. One could suppose that the appearance of
dielectric permittivity maxima in the temperature range 370 - 380°C is related to a
ferroelectric phase transition (FPT) in PbZros4Tio.4603 compounds, which leads to
disorder in the cation sublattice [6, 8].

The frequency dependence of the dielectric permittivity shows the existence of a
dispersion &(v), which is especially pronounced in that temperature range where the
maximum ¢ values, where emax values decrease with frequency rise. Such a dependence
indicates the existence of relaxation polarization at low frequencies in the Si/SiO2
(PbZros4Tio.4603) structure. This effect makes a contribution to the static dielectric

permittivity, preconditioning losses at low frequencies.



In that case every passage of a cation from a site to a void creates a dipole moment.
If the number of voids in a crystal lattice is large, the dipole can have an arbitrary direction
and change it in the external electric field creating the relaxation polarization. Without
any interaction between dipoles the disordering effect would not lead to any occurrence
of the FPT [11]. However, with increasing dipole concentration the interdipole interaction
lowers the energy of dipole formation, so that FPT is observed, and therefore this effect
should also take place in the Si/SiO2 (PbZro.54Tio.4603) structure.

The data of the frequency dependence of the dielectric loss tangent, which are
given in Fig. 8, show a quasi-oscillating nature. Beginning with 100°C, the tgd(T)
dependences for all the measured frequencies in the range (5x10% — 8x10° Hz) undergoes
a monotonic increase, achieving several small maxima around 200°C. Their
appearance is possibly related to the ferroelectric properties of PbZros4Tio.4603 due to
the absence of composition inhomogenities there. Similarly to the &(T) dependence at
various frequencies, all the tgo(T) maxima show the tendency to a shift towards
increasing temperature. This tendency is especially pronounced for the second maximum
and observed for all frequencies. In that case the largest maximum of tgd(T) for the
measured frequency 5x10° Hz is located at the temperature ~ 330°C. The further
monotonic increase of the tgd(T) dependence indicates an even larger third maximum for
all the measured frequencies. Such a behaviour of tgd(T) obviously confirms the presence
of the FPT, caused by a disorder of the cation sublattice in the Si/SiO2 (PbZro.54Tio.4603)

structure as well as in the case of ¢(T) investigations.

4. Conclusions

Following conclusions can be done in frames of this work:

— the structure of PbZros4Tio.4603 films, obtained by ion-beam sputtering on Si/SiOz
substrates with rates of 6 - 9 nm/min and a substrate temperature of ~ 30 °C is
quasiamorphous. Structure formation in the films takes place at annealing temperatures
Tanneal > 450 °C and an oxygen pressure pO2=2x10° Pa. The films obtained in the

temperature range 500 < Tanneal < 550 °C have the best homogeneity;

— chemical deposition of Pb, Zr and Ti metals within etched swift heavy ion tracks in
SiO2 thin layers on silicon substrates with a subsequent annealing at Tanneat = 550 °C and

pO2 = 2 x10° Pa make it possible to obtain PbZros4Tio.4s03 compounds therein;



- during investigations of dielectric properties of the Si/SiO2 (PbZros4Tio0.4603) structure
at various frequencies (5x10%Hz, 4x10* Hz and 8x10° Hz) a dispersion of the dielectric
permittivity is revealed. The e=f(v,T) dependence shows maxima in the temperature
range 360 — 406 °C ;

- it is shown that maximum values of the dielectric permittivity at T = 360 — 406 °C at
various measured frequencies are caused by the presence of a ferroelectric phase
transition in PbZros4Ti0.4603 compound, which leads to a disorder in the cation sublattice
and the disappearance of ferroelectric properties of the structure. Temperature
dependences of the dielectric loss tangent obtained at various frequencies indicate the

presence of a ferroelectric phase transition as well;

- suitable optimized Si/SiO2(PZT) structures of the “TEMPOS” type can be
prepared, which should enable applications in quite a number of advanced functional

electronic devices, as mentioned above.

Funding
The authors are grateful to M. Ploetner and B. Adolphi from the Dresden University of
Technology for the measurements of the studied structures by means of the X-ray

photoelectric spectroscopy. A support of the work in frames of the European project

H2020-MSCA-RISE-2018-823942 (FUNCOAT) is gratefully acknowledged.

References

[1] D.Fink, lon irradiation of polymers: fundamentals and applications: Springer Series
in Materials Research, 65; Springer, Berlin/Heidelberg, 2004.

[2] D.Fink, A.V.Petrov, K.Hoppe, et al., Etched ion tracks in silicon oxide and silicon
oxynitride as charge injection or extraction channels for novel electronic structures,
Nuclear Instr. Meth. Phys. Res. B 218, 355 — 361 (2004).

[3] D.Sinha, A.V.Petrov, D.Fink, et al., TEMPOS structures with gold nanoclusters,
Radiation Effects and Defects in Solids 159, 517-533 (2004).

[4] D.Fink, P.S.Alegaonkar, A.V.Petrov, et al., High energy ion beam irradiation of
polymers for electronic applications, Nuclear Instr. Meth. Phys. Res. B 236, 11 — 20
(2005).

[5] K.Hoppe, W.R.Fahrner, D.Fink, et al. An ion track based approach to nano- and
micro-electronics, Nuclear Instr. and Meth. Phys. Res. B 266, 1642 — 1646 (2008).



[6] R.W.Whatmore, Ferroelectrics, microsystems and nanotechnology, Ferroelectrics
225,179 — 192 (1999).

[7] G.Suchaneck, G.Gerlach, Ferroelectric thin films: deposition, advanced film
characterization and novel device concepts, Ferroelectrics 335, 701-710 (2006)
[8] N.Ledermann, P.Muralt, J.Baborowski, et al. {100} — Textured, piezoelectric Pb(Zrx,
Ti1-x)Os thin films for MEMS: integration, deposition and properties, Sensors and
Actuators, , A105, 162 —170. (2003
[9] F.D.Morrison, Y.Luo, l.Szafraniak, et al., Ferroelectric nanotubes, Rev. Adv. Mater.
Sci. 4, 114 — 122 (2003).
[10] A.Nourmohammadi, M.A.Bahrevar, S.Schulze, et al., Electrodeposition of lead
zirconate titanate nanotubes, J. Mater. Sci. 43, 4753 — 4759 (2008).

[11] N.Balke, I.Bdikin, S.V.Kalinin, et al., Electromechanical imaging and spectroscopy
of ferroelectric and piezelectric materials: state of the art and prospects for the future,
J. Am. Ceram. Soc. 92, 1629 — 1647 (2009).

[12] M.-G.Kang, W.-S.Jung, C.-Y.Kang, et al., Recent progress on PZT based
piezoelectric energy harvesting technologies, Actuators 5, 5 — 22 (2016).

[13] Z.Li, Z. Xu, Z.Ma, Z.Yu, et al., Pb(Zros2Tio.48)O3 nanotubes synthesis and infrared

absorption properties, J. Optical Materials 51, 171 — 174 (2016).
[14] J.C.Hulteen, C.R. Martin, A general template-based method for the preparation of
nanomaterials, J. Mater. Chem. 7, 1075 — 1087 (1997).
[15] D.Fink, A.Petrov, V.Rao, et al., Production parameters for the formation of metallic
Nanotubules in Etched Tracks Radiation Measurements 36, 751 — 755 (2003).
[16] N.Wakiya, K. Kuroyanagi, Y.Xuan, et al., An XPS study of the nucleation and
growth behavior of an epitaxial Pb(Zr,Ti)O3/MgO(100) thin film prepared by
MOCVD, Thin Solid Films 372, 156 — 162 (2000).

[17] C.Zhu, Z.Yong, Y.Chentao, et al., Investigation the effects of the excess Pb content
and annealing conditions on the microstructure and ferroelectric properties of PZT
(52-48) films prepared by sol-gel method, Applied Surface Science 253, 1500 — 1505
(2006)



Figures



Figure 1



Contact needles

=

Metallic electrodes

hiS

Contact area

a

Figure 2

SiO; matrix

PZT in ion tracks




Relative intensity

(110}

Figure 3




8.5nm o
10 + ogcﬂp
00!
0ol o00,00
05| 007 quo” ege”
o 00’ ote
g aaooo a1 °°°° ggoo
3 o0 ﬁoﬂfﬁ%szaﬁ—
b Cl
® Tl o
Ev” °0°:s°° maoog
| o ,“P ,e"p
o~ 08 008ac
o o
10 b u°°a %0
a0
-40 -20 1] 20
-76nm Voltage, V

Figure 4



Relative intensity

4&0 45'8
Binding Energy, eV

Figure 5



Intensity, cps 0t

3.2
31
3,0
29
28
2,7

26

Intensity, cps *10%

470

465 460 455 194 192 190 188 186 184 182 180 178

Binding Energy, eV Binding Energy. eV

Intensity, cps *104

154 152 150 148 146 144 142 140 138 136

Binding Energy, eV

Figure 6



& );1103

Figure 7



tg s

0,8

0,6

0,4

0,2

0 100 200 300 400 500 600

Figure 8




Figure Captions

Figure 1. A surface of the sample with ion tracks in SiO2 layer. Scanning electron

microscopy image.

Figure 2. A diagram of the measuring cell of the “TEMPQOS” system on the base of
Si/SiO2 (PbZros4Tio.4603) structure : (a) side view, (b) top view

Figure 3. XRD spectra of PbZros4Tio.4603 films surface obtained at various annealing
temperatures: without annealing (1), 450 °C (2), 500 °C (3), 550 °C (4), 600 °C

Figure 4. AFM image (a) and piezoresponce-force microscopy loops (b) for the
multilayered structure Si/SiO2/Ti/Pt/ PbZros4Tio.4603/Pt annealed at 550 °C during 0.5 h
in O2

Figure 5. The change of XPS spectra maximum values in PbZro.54Tio.4603 at Tanneat =550°C
and pO2=2x10° Pa, with various duration of annealing times: 3 min (1), 4 min (2), 5 min
(3), 6 min (4), 7 min (5), 8 min (6), 9 min (7)

Figure 6. XPS results for PbZrosaTio.4603 of a Si/SiO2(PbZrosaTio.4603) structure at
Tanneat =550°C during 8 min for Ti (a), Zr (b) and Pb (c)

Figure 7. Temperature dependences of the dielectric permittivity of Si/SiO2
(PbZrosaTio4s03) structure at frequencies: 5x10° Hz (1), 4x10* Hz (2) and 8x10° Hz (3)

Figure 8. Temperature dependences of the dielectric loss tangent of Si/SiO2
(PbZros4Tio4s03) structure at frequencies: 5x10° Hz (1), 4x10* Hz (2) and 8x10° Hz (3)
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