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Abstract

The integration of ferroelectric materials as thin films has attracted consider-
able attention these last years thanks to their outstanding performances that
allow considering new features for the realization of photovoltaic devices.
Our study focuses on investigating structural, dielectric and ferroelectric
properties of undoped and Mn doped PZN-4.5PT nanoparticles thin films on
Silicon substrate. We fabricate very stable PZN-4.5PT nanoparticles thin
films deposited on nanostructured silicon substrate with giant relative di-
electric permittivity of 2.76 x 10* and 17.7 x 10* for respectively the un-
doped and Mn doped thin films. These values are very large compared to
those found in single crystals and might be explained by the influence of the
gel in which nanoparticles were dispersed. The SEM images show the crys-
tallization of new hexagonal phases on the film surface probably coming
from interaction between Si and the gel. The hysteresis loops permitted to
determine the spontaneous polarization (P,), remnant polarization (P,) and
coercive field E. which are equal to 11.73 pC/cm? 10.20 pC/cm’® and 20
V/cm, respectively for the undoped nanoparticles thin film and 22.22
pC/cm?, 19.32 uC/cm* and 20 V/cm respectively for the Mn doped one.
These values are high and correspond to the best ones found in literature
compared to typical ferroelectric thin films.
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1. Introduction

For semiconductor photovoltaic materials, photons with energy higher than the
band gap are absorbed to produce electron-hole pairs which are separated by the
internalfield in the p-n junction and collected by the electrodes. Consequently,
the photo-induced voltage is limited by the energy barrier height at the interface
region and usually smaller than the semiconductor band-gap [1]. Therefore, the
ferroelectric photovoltaic effect has been attracted a great deal of attention due
to its efficient polarization-governed mechanism of charge separation and ability
to generate (open circuit voltage) above band-gap voltages [2].

Recently, the discovery of perovskite ferroelectric nanomaterials opened up a
great possibility of application for ferroelectric devices. There have been various
nanostructures such as nanoparticles, nanorods, and nano-patterned structures
using PZT, BaTiO,, and SrTiO; [3] [4] [5]. Those ferroelectric nanomaterials ex-
hibit very different characteristics in its domain dynamics, coercive field and spon-
taneous polarization response [6] [7] [8] [9]. Ferroelectric lead compounds having
a perovskite structure, such as Pb(Zn,;Nb,;)O, (PZN) [10], Pb(Mg,;Nb,;;)O,
(PMN) [11], and their solid solutions with PbTiO, (PT), have been investigated
for high performance ultrasonic transducer applications [12] [13] [14] [15] [16].
These solid solutions have excellent piezoelectric and ferroelectric properties in
single crystal form compared to the above ferroelectrics. In addition, its high
relative dielectric permittivity value could permit to gain a very high open circuit
voltage in photovoltaic cells thanks to the charge accumulation process. Then
PZN-PT could be one of the promising new materials for such ferrophotovoltaic
devices. Indeed, these last years, high levels of papers have been published about
PMN-PT and PZN-PT single crystals [17] [18] [19] [20], showing at least fer-
roelectric, ferroelastic and piezoelectric properties 10 times higher than those of
PZT. However, there is no publication on PZN-PT as thin films for ferrophoto-
voltaic effect. We know that the greatest difficulty to use such single crystals on
electronic devices is to achieve them in thin layers form because of their incon-
gruent melting property. If we fabricate the nanoparticles thin film of such ma-
terials without losing ferroelectricity or photovoltaic properties, we can expand
the ferroelectric device to various substrates, structures, and nano-scale applica-
tions.

In this paper, to integrate them into silicon nanostructures, we realized
PZN-4.5PT nanoparticles deposition, already synthesized by the so-called solu-
tion flux method [19], as thin film on p-type <100> oriented nanoporous silicon
substrate. Surface morphology, dielectric and ferroelectric properties of as depo-

sited thin films were investigated.
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2. Experimental Procedure

2.1. PZN-PT Nanoparticles Thin Film Fabrication and Surface
Characterization

Undoped and 1% Mn doped PZN-4.5PT grounded powders were dispersed in
gel fabricated in the laboratory LCPM in Assane Seck University of Ziguinchor.
To obtain a homogeneous film, spinning process was carried out at room tem-
perature using a spin coater Midas 1200 D at 3500 rpm with an initial accelera-
tion time of 5 seconds and an operating time of 10 min. After 10 min bake in
oven at 100°C, thermal annealing in a K114 type muffle furnace was performed.
The heating rate of the furnace is chosen between 10 and 20°C/min. A 30 - 60
min plateau was carried out at 900°C for the gel diffusion through the p-type sil-
icon (<100> oriented Boron doped monocrystalline silicon with resistivity 5 - 10
Q.cm and thickness of 600 - 650 pm) nanowires substrate. Cooling at ambient
temperature was done naturally. Different samples were fabricated using the two
nanopowders and were characterized. Surface morphology of thin films samples
were observed using an electron beam lithography system Pioneer Raith model
in C(PN)2 (Paris 13 University).

2.2. Dielectric and Ferroelectric Characterization

For dielectric properties characterization, the sample with the deposit thin film
was metallized on the both sides with silver paste using the screen-printing me-
thod. In order to have good adhesion between the silver and the thin layer, the
metallized sample was annealed at 450°C for 30 min in a thermo scientific model
FB1310M-33 oven. For dielectric losses measurements and to calculate the rela-
tive dielectric constant (¢,), the capacity measurements as function of the tem-
perature and the frequency were performed using a LCR meter model LCR-819
from GWINSTEK. The relative dielectric constant was determined using the
following formula
e
Se,

(1)

where Cis the measured capacity, e the thickness, Sthe metallized surface and ¢,
the vacuum permittivity (8.85.107"> F/m). A modified Sawyer-Tower circuit at
room temperature was used to measure the polarization versus the DC field.

From polarization-Eg, curves, E_, P, and P, were determined.

3. Results and Discussion

3.1. Surface Characterization

Figure 1 shows the SEM images of the different thin layers revealing that the
nanoparticles gel is diffused inside the nanowires and covered totally the whole
surface. The images of Figure 1(a)-(c) (increasing magnetization) show the
complex nature of the undoped nanoparticles thin films randomly distributed.

One can find the presence of black zones (Pb is highly reactive with Si at 600°C
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Figure 1. SEM images of (a) normal, (b) zooming on black circle and (c¢) zooming on
gray zone for undoped; (d) normal zone 1, (¢) normal zone 2 and (f) zooming on zone for
1% Mn doped PZN-4.5PT nanoparticles thin layers on <100> oriented silicon substrate.

to give a hexagonal nano-crystals; on the other hand it is possible that there is a
reaction between Pb and the gel giving these nano-crystals), which could be ex-
plained by the formation of a new phase and due to the presence of new atoms
from the gel containing nanoparticles such as Pb and P that may form new hex-
agonal complexes with Si thanks to annealing. In Figure 1(c) top terminals of
silicon nanowires could be seen. Figure 1(d) to Figure 1(f) show homogeneous
distribution of 1% Mn doped PZN-PT nanoparticles. However, it is interesting
to notice that the local black circles are composed by hexagonal shapes nano-
crystals (Figure 1(d), Figure 1(e) and the zooming image). Figure 1(f) shows
the distribution of the doped nanoparticles on the surface with sizes varying

from less than 10 nm to around 200 nm.

3.2. Dielectric and Ferroelectric Characterization

Figure 2 shows the relative dielectric permittivity and dielectric losses as func-
tion of temperature. These curves reveal the presence of two transition temper-
atures (ferro-ferro and ferro-para). The first transition (Ty; = 130°C) is assigned
to a ferroelectric to ferroelectric phase transition which could be from a Rhom-
bohedral and hexagonal mixte ferroelectric phase (perovskite nanoparticles and
hexagonal nanocrystals) to another ferroelectric phase such as tetragonal or total
hexagonal one. Doping did not affect this transition value and the value is closer
to the bulk PZN-4.5PT crystals (130°C [19]). The second peak (around 310°C)
corresponds to the transition from ferroelectric to paraelectric (T.). According to
Figure 2(a) and Figure 2(b), showing permittivity and dielectric losses temper-
ature dependence, for undoped and Mn doped PZN-4.5PT nanoparticles thin
layers, Tc increased from 180°C [19] to 310°C respectively for bulk and for na-
noparticles thin layers due to, probably, the gel effect. Relative dielectric permit-
tivity (Table 1) values are very high at ambient temperature and 1 kHz (10* to
10° for undoped and 10* to 10° for doped nanoparticles) compared to the bulk
one with 10° to 6 x 10°. This remarkable increase in the dielectric permittivity
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Table 1. Dielectric and transitions parameters of the undoped and Mn doped nanoparticles thin layers.

, £, (1 kHz) tand, (%) . . ) )
Thin films ambient T ambient T Trr (°C) T. (°C) €max (at Tc) Py (uC/cm?) P, (uC/cm?) E_ (V/cm)
NW-PZN-4.5PT 276 x10°+100 645+ 1 130+ 1 31061 2.60x107+100 11.73+0.1 1020+£0.1 201
PZN-4.5PT + 1% Mn  17.7 x 10* + 100 5.00 + 1 130 +1 305+1  3.00x107+100 2222+01 1932+01 20+1
30000000 - 100
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25000000 50
20000000 0
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w- 15000000 50 o
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Figure 2. Relative dielectric permittivity and dielectric losses versus temperature for (a)
undoped and (b) 1% Mn doped PZN-4.5PT nanoparticles thin films deposited on <100>

oriented silicon nanowires substrate.

could be explained by the new phase from combination of Si-perovskite-gel

overgrowth on the silicon surface. The dielectric losses are low compared to

other high K materials; their values are equal to 6.45% and 5% respectively for
the undoped and Mn doped PZN-4.5PT thin films. These values show that the

mechanical factor would be very interesting and high. The results from dielectric
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measurements show the potential application of such materials in micro and
nanoelectronic devices as a colossal relative dielectric permittivity material.

Figure 3 represents the dielectric permittivity and dielectric losses depen-
dence with applied electric field for undoped and Mn doped PZN-4.5PT thin
films. From these curves it is clear that the dielectric permittivity value is very
colossal in applied electric field conditions. It increases linearly between 15 (¢, =
1 X 10°) to 25 V/cm reaching to its maximum value (5 x 10°) at E = 50 V/cm for
undoped film and from 2 x 10’ to 9 x 10° for the doped one (Figure 3(a)). Over
60 V/cm, the dielectric permittivity dropped down to its lowest values (&, = 2 x
10’ and 7 x 107 respectively for the undoped and Mn doped nanoparticles films).
Physically, we supposed that increasing the voltage would permit some defaults
and impurities to give enough energy for conduction band. So the increase of the
material conductivity would certainly decrease permittivity property.

These results show that this new material could support very large electric

field change (40 - 60 V/cm) compared to the other thin films dielectric. However,
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Figure 3. (a) Relative dielectric permittivity and (b) losses for undoped and 1% Mn

doped PZN-4.5PT nanoparticles thin films deposited on <100> oriented silicon nano-
wires versus applied electric field.
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over a certain value its performances would decrease. It exists a critical electric
field value (around 60 V/cm) corresponding to the maximum dielectric permit-
tivity for these materials polarization. The Mn doping did not greatly affect the
thin films properties. However, it is clear that it stabilizes the electric field de-
pendence (values are more stable compared to undoped). Indeed, one can see in
Figure 3(b) that the losses are very stable for applied electric field over 60 V/cm
with a value equal around 7% for the doped nanoparticles while it increases
suddenly for the undoped one before being stable around 9%.

Figure 4 shows the dielectric permittivity and losses as function of frequency
with bias on “off” (Figure 4(a) and Figure 4(c)) and with bias on “on” (Figure
4(c) and Figure 4(d)). We note that the bias is remaining at 0 V. The dielectric
measurements are carried out as a function of frequency in the range of 100 Hz
to 100 kHz to explore relaxation effects. The large dielectric constant for un-
doped thin film decreases continuously with an increase in frequency, which is a
typical characteristic of any ferroelectric material. Whereas, for the Mn doped
sample, the dielectric constant decreases slowly for the further increase in the
frequency.

This kind of behavior usually comes from the space charges at low frequen-
cies. Along with the improvement in the dielectric constant, an increase in the
dielectric loss (Figure 4(c)) is also found for the doped nanoparticles thin film.
The dielectric permittivity and losses behaviors in Figure 4(a) and Figure 4(b)
(under OV bias) are totally different to those from Figure 4(a) and Figure 4(c).
Indeed, in the latter we notice the presence of negative values (meaning negative
capacity) over a certain apparent resonance frequency (around 10 kHz) for both
materials. These negative values could come from charge injection and also
charge accumulation due to the colossal dielectric permittivity. The relative di-
electric permittivity values at high frequency are equal to 1.17 x 10* and 3.9 x 10*
for respectively undoped and Mn doped thin films and with bias “off”. These
values are in the same range that those determined from dielectric permittivi-
ty-temperature curves at 1 kHz (Table 1). The permittivity values with bias on

“on” at 0 V are negative and equal to —1.09 x 10° and —2.23 x 10° respectively for
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Figure 4. Dielectric permittivity versus frequency with (a) 0 V bias “on” and (b) bias “off”; dielectric losses (c) 0 V bias “on” and
(d) bias “off” for undoped and Mn doped PZN-4.5PT nanoparticles thin films deposited on <100> oriented silicon nanowires.

undoped and Mn doped samples. The presence of bias since it is equal to 0 V in-
creases highly the permittivity values and behavior both for the two films. As ex-
plained above, this could be due to charge injection and accumulation. These
large relative dielectric values and low dielectric losses make these materials in-
teresting candidates for ferrophotovoltaic and energy storage.

Figure 5 shows the room temperature dielectric constant and dielectric losses
versus applied electric field of the Mn doped PZN-PT nanoparticles thin film.

The curve is butterfly shaped, providing the evidence of weak ferroelectricity of
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Figure 5. Completed cycles for (a) relative dielectric permittivity and (b) dielectric losses
for 1% Mn doped PZN-4.5PT nanoparticles thin layers deposited on <100> oriented sili-
con nanowires substrate.

the PZN-PT thin films at room temperature. The tunability ((&,.c — &nin)/€Emax) Of
the doped PZN-PT thin films is around 86%. This film showed very high tuna-
bility compared to those found in other ferroelectric materials such as the
BNT-BT-ST thin films (29% and 35% [21]). This enhancement of dielectric con-
stant was attributed to the relatively large hexagonal formed nanocrystals of the
thin films due to the reaction between the gel and silicon substrate and also
charge accumulation at the thin film and the electrode interface.

Figure 6(a) and Figure 6(c) show the stimulus and the response signals as a
function of time. The stimulus triangle wave (X) and the voltage (sine wave)
across the sense capacitor (Y) prompt the ferroelectric behavior of the thin films.
The film capacitor is modulating the stimulus wave. The modulation by the fer-
roelectric capacitor is particularly apparent in Figure 6(b) and Figure 6(d). This
figure presents a ferroelectric hysteresis loop by using X:Y mode as explained in
the experimental method described in [22]. The values of remnant polarization
P,, spontaneous polarization P, and coercive field E. are equal to 11.73 pC/cm?,
10.20 pC/cm’® and 20 V/cm, respectively for the undoped nanoparticles thin film
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Figure 6. Modulation of the stimulus triangle wave and response (a) and (c) and their
ferroelectric hysteresis loops (b) and (d) for respectively undoped and 1% Mn doped
PZN-4.5PT nanoparticles thin layers on <100> oriented silicon nanowires.

and 22.22 puC/cm? 19.32 pC/cm’® and 20 V/cm respectively for the Mn doped
thin film. These values are large (high) and correspond to the best ones found in
literature compared to typical ferroelectric thin films. One can see that Mn dop-
ing increases the polarization values. This is normal compared to the dielectric
constant value in room temperature at 1 kHz increasing by doping (Table 1) fa-

cilitating charge accumulation and so polarization.

4., Conclusions

In this study, we fabricate with success PZN-4.5PT nanoparticles thin films.
Their ferroelectric behavior has been demonstrated, measured and evaluated.
We found colossal dielectric constant, which could be explained by the presence
of new crystals components probably coming from the reaction between Si and
the gel where nanoparticles were dispersed. These results make such thin films
very potential candidates for energy storage and for ferrophotovoltaic application.
The determination of the composition of these hexagonal nanocrystals on the
film surface and the origin of such colossal relative permittivity would be inves-

tigated.
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