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Temperature and frequency dependent dielectric
properties of Au/BisTi301,/Si0,/Si (MFIS) structures
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The frequency and temperature dependence of dielectric constant ('), dielectric loss ("), dielectric loss tangent (tand) and
the ac electrical conductivity (cac) of Au/BisTiz012/SiO2/Si (MFIS) structures were studied in the frequency range of 1 kHz-5
MHz and in the temperature range of 80-400 K. The dielectric parameters of MFIS structure were calculated from C-V and
G/w-V measurements. It was found that both dielectric and conductivity were quite sensitive to temperature and frequency
at relatively high temperatures and at low frequencies. Experimental results show that the €' and €" decrease with increasing
frequency, while they increase with increasing temperature. On the other hand, the ac electrical conductivity (cac) increases
with increasing frequency and temperature alike. The interfacial polarization can be more easily occurred at low
frequencies, and the number of interface states density between semiconductor/insulator interfaces, consequently,
contributes to the improvement of dielectric properties of MFIS structure. The values of activation energy (E.) were obtained
from the slope of the Ln7 vs g/kT plots, and found as 122.3 meV and 109.3 meV for 100 kHz and 500 kHz, respectively. In
addition, the real (M") and imaginary (M") components of the electrical modulus were calculated from the values of €' and €"
for two different frequencies. It was found that the values of real component M' decreases with increasing temperature up to

room temperature, and then becomes independent of temperature and frequency.

(Received September 8, 2010; accepted October 14, 2010)

Keywords: Au-/n-Si(111) SBDs, I-V-T and C-V-T caharacteristics, Interface states, Series resistance, Norde function

1. Introduction

Bi,Ti30; (BTO) is a typical ferroelectric material
with useful properties for devices such as non-volatile
ferroelectric random access memories (FRAMs), optical
memory, piezoelectric, and electro-optic devices [1-4].
Ferroelectric (BTO) thin films that sandwiched in metal
electrodes have been extensively studied and developed as
FeRAMs [5].

In order to realize FeRAMs, a metal-ferroelectric-
metal (MFM) type capacitor has been widely investigated
[6-8]. Another ferroelectric memory is the ferroelectric
field effect transistor (Fe, FET), which uses ferroelectric
thin films as the gate oxide in a field effect transistor
(FET) to form a metal-ferroelectric-semiconductor (MFS)
structure.

In such structure, the surface potential of the
semiconductor is controlled by the remnant polarization of
the ferroelectric thin films. Using a thin interfacial
insulator layer such as SiO,, Si,Ny, CeO, and Al,Os at the
BTO/Si interface, MFS structure is converted to MFIS
structure. This interfacial insulator layer cannot only
prevent inter-diffusion between ferroelectric film (BTO)
and silicon (Si) substrate, but also alleviate the electric
field reduction issue in MFIS structure [9,10]. Recently,
the devices such as metal-ferroelectric-metal (MFM),
metal-ferroelectric-semiconductor (MFS) and metal-
ferroelectric-insulator-semiconductor (MFIS) structures
have been studied extensively [11-16]. However,
satisfactory understanding in all details has still not been
achieved. At high frequencies @ the charges at the

interface states cannot follow an ac signal. In contrary, at
low frequencies the charges can easily follow an ac signal
and they are capable of these charges increase with
decreasing frequency. Therefore, the frequency and
temperature dependent dielectric properties are very
important for accurate and reliable results [17-22].

In our previous study [23], we studied experimentally
the frequency dependence of C-V and G/w-V
characteristics of MFIS structures by considering the N,
and R, effects. We found both the C-V and G/w-V
characteristics are strongly frequency and voltage
dependent and exhibit anomalous peaks at forward bias
due to the Ny and R,. Therefore, in this work, our aim is to
investigate experimentally the frequency and temperature
dependence of forward and reverse dielectric properties of
Au/Bi4Ti30,,/Si0,/Si (MFIS) structures under forward and
reverse bias were studied in the frequency and temperature
range of range of 1 kHz-5 MHz and 80-400 K,
respectively. Experimental results show that the dielectric
constant (g'), dielectric loss (g"), dielectric loss tangent
(tand) and the ac electrical conductivity (c,.) strongly
frequency and temperature dependent.

2. Experimental procedure

In this study, the BisTi;O;, (BTO) thin films were
deposited on Si substrate with magnetron sputtering by
using a hot compacting of BisTi;O, powder of a
stochiometric composition as a target material. The
mixture of Ar and O, was used a working medium and the
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substrate was kept at 700 °C. The thicknesses of the
deposited BTO thin films were measured by Veeco Dektak
6M thickness profilometer and found to be around 2.4 pum.
The chemical composition of films was determined by
local X-ray spectral method on scanning electron
microscope REM-101M by comparing the spectral line
intensity of the films with standard sample. The thin layer
of silicon dioxide (SiO,) at the BTO/Si interface was
assumed to be formed during annealing of the BTO films
in air ambient [8]. For electrical measurements, the pure
Au (99.999 %) circular dots with the thickness of about
2000 A in a diameter of 1 mm were deposited by e-beam
evaporator through a shadow mask on the BTO films as
top contact and bottom contact were also produced by the
same way on the back of the Si substrate as to form a
MFIS structure. The ohmic contacts were prepared by
sintering the evaporated back contact at about 700 °C for
20 minute in flowing dry nitrogen (N,) ambient at rate of
1.5 1/min. This process served to sinter the Au on upper
surface of the n-type Si wafer. In this way,
Au/Bi,Ti30,,/Si0,/n-Si (MFIS) structures were fabricated
on the n-type Si wafer. The electrode connections were
made by silver paste. Impedance measurements (C-V and
G/w-V) were carried out using a Hewlett-Packard HP
4192A LF impedance analyzer (5 Hz-13 MHz) which was
controlled by a microcomputer. The impedance
characteristics were measured by applying a small ac
signal of 40 mV amplitude in 1kHz-5 MHz frequency
range while the gate bias was sequentially swept from
negative bias (-6 V) to positive bias (6 V).

3. Results and discussion

3.1. Frequency dependence of dielectric properties
and electrical conductivity

The frequency dependence of the real part of complex
permittivity €' (dielectric permittivity), and the imaginary
part of complex permittivity €" (dielectric loss factor), loss
tangent (tand), ac electrical conductivity (o,) and the
complex electric modulus (M' and M") were studied for
Au/Bi4Ti30,,/S10,/Si (MFIS) structures. The values of the
dielectric properties were calculated as a function of
frequency in the frequency range of 1 kHz-5 MHz and at
the temperature range of 80 K- 400 K, respectively. The
complex permittivity can be defined in the following
complex form [24,25]

&' =g —j& 1

where j is the imaginary root of -1. The complex
permittivity formula has been employed to describe the
electrical and dielectric properties. In the ¢* formulation,
in case of admittance measurements (C-V and G/®-V), the
following relation holds:

. Y ¢ .G @)
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where Y', C and G are the measured admittance,
capacitance and conductance of the dielectric,
respectively, and o is the angular frequency (w=2mrf) of
the applied electric field [26]. The dielectric constant (g'),
at various frequencies was calculated by using the
measured capacitance values at the strong accumulation
region via the formula [27,28]:

gL )

where C, s capacitance ~ of an  empty

capacitor. C, =&, (A/d); where A is the rectifier

contact area in cm™, d is the interfacial insulator layer
thickness and ¢, is the permittivity of free space charge (g,
= 8.85x10"* F/cm). In strong accumulation region, the
maximal capacitance of devices corresponds to the

insulator layer capacitance (C,, =C, =€I€0A/d).
The dielectric loss (g"), at various frequencies was

calculated by using the measured conductance values from
the relation,

£ = )

The loss tangent (tand) can be expressed as follows
[24,25,29-31],
.
tano = — )
&

The effect of conductivity can be highly suppressed
when the data are presented in the modulus representation.
The dielectric modulus (M*) corresponds to the relaxation
of the electric field in the material when the electric
displacement remains constant. The starting point for
further consideration is the definition of the dielectric
modulus:

M*(o) =1/e¥(0) =M' (0) + jM"(®) (6a)

The complex electric modulus is derived from the
complex permittivity, according to the relationship defined
by Macedo et al. [32]. The real (M' ) and imaginary (M")
parts of the complex electrical modulus were obtained
from &'(w) and &"(w) values, as follows [33]:

M(@)=— L@
&'(w) +&"(w)
and
M”(a)) — g”(a)) (6b)

&'(w)* +&"(w)*

Based on these equations, we have changed the form of
presentation of the dielectric data from &'(w) and ¢"(w) to
M'(w) and M"(w). The ac electrical conductivity (c,.) of
the dielectric materials is proportional to tand, namely &"
can be given by the following equation [24,34,35],
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c,=0Ctand(d/ A) = ¢ we, (7

where, ¢ is the dielectric constant of free space and o is
the angular frequency.

21

Fig.1. The frequency dependence of the (a) €', (b) ¢" and
(c) tand for Au/Bi, Ti;0;,/Si0,/Si (MFIS) structure at
various temperatures.

The impedance measurements for a dc bias at
accumulation region can provide us with the dielectric
constant and dielectric loss as a function of frequency. The
frequency response of the &, €' and tand of
Au/Bi4Ti30,/Si0,/Si (MFIS)  structure at various

temperature are depicted in Fig. 1(a), (b) and (c),
respectively. From the measured values of capacitance and
conductance at strong accumulation region, the values of
the €', €" and tand were found to be strongly dependent to
frequency and temperature. However, this change is very
small at low temperatures. In principle, at low frequencies
and temperature, all the four types of polarization
processes, i.c., the electronic, ionic, dipolar, and interfacial
or surface polarization contribute to the values of €' and €".
It is noticed that both €' and €" increase with decreasing
frequency at all temperatures. Also, especially at high
frequency, the value of &’ becomes closer to the values of
€" due to interface states (N) that can not follow the ac
signal at enough high frequency (f > 500 kHz). This
behavior is more pronounced below 10 kHz frequencies.
The increase in €' and &" with decrease in frequency
reveals that there are strong interfacial polarization
especially at low frequency. Because the interfacial
polarization can be more easily occur at the lower
frequency and with the number of surface states between
the insulator layer and semiconductor, consequently, this
contributes to the improvement of the dielectric properties
of the MFIS structure. The variation of the loss tangent
(tand) with respect to frequency of Au/Bi,Ti;01,/Si0,/Si
(MFIS) structure is shown in Fig. 1(c). As shown in figure,
the loss tand decreases with increasing frequency at low
frequencies and temperatures. It is clear that tan 6 is in
close relation with the conductivity.

Fig. 2 illustrates the dependence of the ac electrical
conductivity (c,.) on the frequency at various temperatures
(in the frequency range 1 kHz-5 MHz and 80 K- 400 K
temperature) for Au/BisTi30,,/Si0,/Si (MFIS) structure.
As can be seen from Fig. 2 at low frequencies the value of
O, tends to be constant, while at higher frequencies it
becomes frequency dependent as a power of frequency.
Also, it is noticed that the ac electrical conductivity
generally increase with increasing frequency and
temperature and especially there is a sharp increase in the
o, after about 100 kHz. Similar behavior was observed in
the literature [36-39].
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Fig. 2. The frequency response of the o, for
Au/Bi Ti;0;,/Si0,/Si (MFIS) structure at various
temperatures.
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Fig. 3. Electrical conductivity (o) vs q/kT of
Au/Bi Ti;0;,/Si0,/Si (MFIS) structure at 100 kHz
and 500 kHz.

The electrical conductivity of MIS or MFIS depends
upon numerous factors. The nature of dopant material, the
process of doping, and the formation of interfacial
insulator layer and interface states localized between
semiconductor and insulator layer have been found to play
a vital role in controlling the conductivity. There have
been several reports [36-42] in which the temperature
dependent conductivity data of MIS or MFIS structures
have been fitted to the Arrhenius equation of conductivity.
The temperature dependence of electrical conductivity
(04c) is shown in Fig.3. As can be seen in Fig. 3, there is a
linear relationship between the total conductivity and the
inverse temperature could be written as [22],

E
o(T)=o0,exp| —— 7
(1) 0 p[ ij @)
where E, is the activation energy, k is the Boltzman
constant, T is the absolute temperature and o, is the
electrical conductivity as T—oo. The activation energy (E,)
of the conduction mechanism was computed by using the
Arrhenius plot for 100 kHz and 500 kHz, and values of
122.3 meV and 109.3 meV, respectively, were obtained.
These values are far away from the mid-gap energy, which
is around 2 eV for BiyTi30;,. Thus, it can be assumed that
the observed exponential behavior is not due to intrinsic
conduction. From the same Arrhenius plot, the parameter
6, can be calculated as 4.6x107 (Q.cm)™ and 7.93x107
(Q.cm)” for 100 kHz and 500 kHz, respectively. As
expected, the electrical conductivity (oc,) depends on
frequency and temperature.

3.2. Temperature dependence of dielectric
properties and electrical conductivity

The temperature response of the €', ¢" and tand of
Au/Bi4Ti301,/Si0,/Si (MFIS) structure at two different
frequencies calculated from Egs. (3), (4) and (5) and are
given in Fig. 4(a), (b) and (c), respectively. From the

measured values of capacitance and conductance at strong
accumulation region, the values of the €', &" and tand were
found to strongly depend on temperature. However, this
change is very small at low temperatures. Fig. 4 (a), (b)
and (c) indicate that the values of €', €" and tand increase
with increasing temperature and they give a maxima which
shifted towards the higher temperatures as the measuring
frequency is increased.
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Fig.4. The temperature dependence of the (a) €', (b) &"
and (c) tand for Au/Bi,Ti;0,,/SiO,/Si (MFIS) structure,
respectively, at 100 kHz and 500 kHz.
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The electric modulus representations of dielectric
process provide a good qualitative description of the
dielectric relaxation. Therefore, many authors prefer to
describe the dielectric properties of MIS or MFIS
structures by using the dielectric modulus [36,40-42]. The
real (M') and imaginary (M") component of the electrical
modulus were calculated from the values of & and ¢’ for
two different frequencies by using Eq. 6, and are given in
Fig 5(a) and (b) respectively. The value of real component
M’ decreases with increasing temperature up to room
temperature, and then becomes independent of
temperature and frequency. In other words, M reaches a
maximum constant value depending to M,=1/e, to
relaxation process. On the other hand, a peak is observed
in the imaginer component M", which shifts to higher
temperature with increasing frequency.
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Fig. 5. Real and imaginary part of electric modulus M'
(a) and M" (b) vs temperature.

4. Conclusions

Frequency and temperature dependence of electrical
and dielectric properties of Au/BisTi301,/Si0,/Si (MFIS)
structure have been studied in detail in the wide
temperature (80-300 K) and frequency (1 kHz-5 MHz)
range by using C-V and G/®-V measurements. The values
of real part of dielectric permittivity (€'), dielectric loss

(g"), loss tangent (tand) and ac electrical conductivity (c,.)
of Au/BiyTi;01,/Si0,/Si  (MFIS) structure, strongly
depends on frequency and temperature. The values of &'
and &" decrease with increasing frequency while increase
with increasing temperature. At low frequencies the value
of o, tends to be constant, while at higher frequencies it
becomes frequency dependent as a power of frequency.
The interfacial polarization can be more easily occurred at
low frequencies, because at low frequencies the charges at
interface can easily follow an ac signal and they are
capable of increase these charges with decreasing
frequency. The value of real component M' decreases with
increasing temperature up to room temperature, and then
becomes independent of temperature and frequency. On
the other hand, a peak is observed in the imaginer
component M", which shifts to higher temperature with
increasing frequency. It is concluded that the values of &',
¢, tan 6, M and M in MFIS structure are strongly
dependent on both the frequency and temperature.
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