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Abstract. The presence of defects in thin-film dielectrics often leads to dielectric relaxation
as a function of frequency, in which the dielectric constant decreases and the loss tangent
increases with increasing frequency. Dielectric relaxation results in charge storage capacity
reduction under dynamic random access memory operating conditions. In this work, the
dielectric relaxation behaviour of dc reactive sputtered Ta,Os thin film was investigated.

Using dielectric dispersion measurements as a function of frequency

(100 Hz < f < 10 MHz) and temperature (27°C < T < 150 °C), we determined the
dielectric relaxation and defect quantity of the films and propose an equivalent circuit on the
basis of complex capacitance, admittance and impedance spectral studies.

1. Introduction

In recent years, there has been an increasing interest in
tantalum pentoxide (Ta;Os) thin films for high-density
dynamic random access memory (DRAM) applications
[1-4]. However, before Ta;Os can be successfully utilized
for device integration its material properties need to be better
understood. The important electrical properties of Ta;Os
thin films that impact DRAM performance are its charge
storage capacity, dissipation of stored charge or leakage
current density and reliability [4—6].

In the previous studies, we reported that a short-duration
rapid thermal annealing in O, at 800°C was effective in
improving the electrical properties of Ta;Os capacitor films
with a metal-insulator—metal (MIM) structure [7, 8]. TayOs
films with Pt electrodes exhibit high capacitance and low
leakage current densities [7,9]. However, high dielectric
dispersion, i.e. frequency-dependent loss in capacitance
is a challenging problem in the development of Ta;Os
capacitors for DRAM. It has been shown that dielectric
relaxation phenomena in thin-film capacitors greatly affect
their electrical properties [10-12]. Dielectric relaxation
arises due to the dispersive nature of dielectric and increases
with increasing value of the power law dependence of
capacitance on frequency, which is termed as the dispersion
parameter [13].

The most crucial influence of the dielectric relaxation
on DRAM operation is that on the pause refresh property
[14]. Horikawa et al [15] estimated that charge loss by the
dielectric relaxation for the pause time of 1 s would amount
to about 8% of the initially stored charge, which is about
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two orders of magnitude larger than that by its dc leakage
current. Therefore, it is important to investigate the origin of
the dielectric relaxation and its reduction.

Complex-plane analysis has proven to be a useful
means of characterizing the electrical nature of a number
of electroceramic materials [12,16,17]. In this analytical
technique, measured sample ac data are examined in
three complex-plane loci (capacitance, impedance and
admittance). A semicircular fit of the data in any of
these planes suggests an appropriate equivalent circuit
representation of the observed dispersion. This approach
can reveal the presence of relaxation processes and the
relative contribution of defect states to the total ac response
under a given set of experimental conditions. Recently
several works were carried out using this technique in thin-
film capacitors to explain the nature of dielectric relaxation
[12, 18, 19]. However, to our knowledge, detailed studies on
the dielectric relaxation and defect quantity analysis of dc
reactively sputtered Ta;Os thin films have not been reported
so far. The purpose of the present study is to describe
the nature and origin of dielectric relaxation for Ta;Os thin
films in a wide range of frequencies and to use the results
to examine the suitability of the films for DRAMs. This
paper also reports the observed shallow defect states and
estimated defect densities of interface and grain boundary
defects using admittance spectroscopy, which helps in a better
understanding of the influence of the dielectric relaxation on
the electrical properties of Ta,;Os films.

2. Background

There are at least four possible defects, namely the interface
defect, grain boundary defect, shallow trap levels and oxygen
vacancies, which may exist in MIM capacitor films, and
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which lead to dielectric relaxation as a function of frequency
[12,16,20]. In the case of grain boundary defects, it is
considered that the grain boundary in dielectric ceramics
represents a resistor R and the grain is a thin insulating
layer, C. There are many such RC series equivalent circuits
in parallel throughout the ceramic. The equivalent circuit
analysis by various researchers [12,16-18] indicates that
the grain boundary plays a prominent role in the relaxation
of ceramics. The grain boundary defect exists within the
non-stoichiometric grain boundary and the dominant defect
is the oxygen vacancy. In the case of interface defect, it
exists within the forbidden gap due to the interruption of
the periodic lattice structure. Under the dc electric field
the migration of oxygen vacancies followed by a reduction
reaction leads to space charge accumulation at the grain
boundary and the interface of the dielectric/electrode, reduces
the barrier height at the grain boundary and interfaces
increases the leakage current and exhibits the dielectric
relaxation [12,20]. The current induced by grain boundary
defects is attributed to Poole-Frenkel conduction and the
current induced by the interface defect is termed a Schottky
emission [9].

The grain boundary defects and interface defects can
be also determined by dc measurement under stress [12].
The shallow traps can be determined under small-signal ac
stress applied at various temperatures. Under small-signal
ac stress applied at the Schottky junction, the depletion layer
width varies about its equilibrium position due to trapping and
detrapping of electrons from the oxygen vacancies or shallow
traps, denoted by E,, where E, is the trap energy. The shallow
trap is located below, but near, the conduction band and hence
its emission rate will be affected by temperature.

In addition to direct examination of the grain and/or grain
boundary, complex-plane analysis is commonly adopted to
separate and identify the inter/intragranular impedance and
also to determine the contribution of defects on the dielectric
relaxation. The electrical parameters used to characterize
the ac response of a thin-film dielectric with parallel plane
electrodes are impedance (Z) and admittance (Y). They have
the following transformation relationships:

Y(w) = {w)/V(w) = Gy(@) +jB)(w) (D

Z(w) = V(o)/1 (@) = Rs(w) +jX;(w) (@)

Y(w) = jo x C(®) = jo x (C' —jC") = joCy x (¢ —j&").
€))

The following relations can be obtained by comparing
equations (1)—(3):

Gp(w) = wC" = wCye" “)

B,(®) = wC" = wCo¢’ 5)

where w is the angular frequency, /(w) and V(w) are,
respectively, the electrical current and applied voltage as
functions of w; G,(w) and B,(w) are, respectively, the
parallel relative real admittance and imaginary admittance
as functions of w; R(w) and X(w) are, respectively, the
series relative real impedance and imaginary impedance as
functions of w; Cj is the geometric capacitance in free
space; ¢" and &” are the relative real and imaginary dielectric
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constant, respectively; and C’ and C” the real and imaginary
capacitances, respectively.

Typically, results from impedance spectroscopy mea-
surements are analysed via complex impedance and admit-
tance plots, in which the imaginary part is plotted against
the real part. The resulting curve is parameterized by the
applied frequency, with low frequencies at a high real axis
intercept and high frequencies at a low intercept. Depending
on the distinctive orders of magnitude for the relaxation time,
which is defined as the time-constant RC in the equivalent
circuit to be an indication of the transport process, a series
array of parallel RC elements may give rise to independent
or overlapping semicircular arcs in the two complex planes.
Complex impedance measurements are of great interest be-
cause they allow separation of the contributions of the grains,
grain boundaries and defect states in the total impedance.
The shape of the complex-plane plot is usually analysed us-
ing equivalent circuit analysis, where a collection of resistors
and capacitors arranged in various combinations of series
and parallel circuits are used to duplicate the experimental
spectrum.

3. Experimental details

The deposition of Ta,Os films in this study were performed on
the Pt/SiO, /n-Si substrate by dc-magnetron sputtering from
a high-purity tantalum metal target (2.5 inch in diameter).
The Ta,Os film was prepared at a fixed power of 35 mW
and at a constant pressure of 10 mTorr. The sputtering gas
consists of a 80% Ar and 20% O, mixture with a total pressure
of 10 mTorr. More details on the deposition technique may
be found in [7,9]. The film thickness was estimated to be
100 nm by using both ellipsometry with 632.8 nm wavelength
He—Ne laser light source (Rudoph Research) and Tencor
Alpha-step 200 profilometer. The rapid thermal annealing
(RTA) of the Ta,Os film was performed at 800 °C for 30 s
in O, ambient, before patterning the top electrode in a RTA
furnace (Ulvac Sinku-Rico, HPC 700). The RTA process
temperature (800 °C) and annealing time (30 s) were chosen
based on our earlier study [7,9]. The heating rate used was
the maximum heating rate of about 100°C s~!. The Pt top
electrode with a thickness of 100 nm and diameters of 150,
250 and 350 um were patterned by a shadow mask process.
The current—voltage (/—V') characteristics of the Ta, Os films
were measured on the MIM structure with a delay time of
30 s using a HP4145B semiconductor parameter analyser.
The capacitance—voltage (C-V) characteristic, admittance
and impedance data were recorded at frequencies ranging
from 100 Hz to 10 MHz with a 0.1 V ac sweeping signal
using HP4194A impedance-gain phase analyser at various
measurement temperatures (27-150 °C).

4. Results and discussion

Previous studies on the reactively sputtered Ta;Os films
indicated that a very-short-duration RTA process at 800 °C
in O, for 30 s crystallized the films, decreased the leakage
current density (1071 Acm™2 at 100kV cm™!), increased the
dielectric constant (52) and resulted in the best reliable time-
dependent dielectric breakdown characteristics. More details
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Figure 1. Frequency dependence of the relative real capacitance
(C"), and imaginary capacitance (C”) of Ta,Os thin films at
various temperatures.

on the electrical and structural properties of the films were
presented in our recent papers [7-9]. In the following sections
the detailed complex capacitance analysis of Ta; Os thin films
in both high (>1 MHz) and low (<1 MHz) frequencies are
presented.

4.1. High-frequency analysis (>1 MHz)

The frequency dependence of the real and imaginary
capacitances for Ta,Os thin films in the measurement
temperature range of 27-150°C is shown in figure 1. At
high frequencies (>1 MHz), the capacitance increases, goes
through a maximum and decreases abruptly, passing through
zero and attains negative values, i.e. the Ta,Os capacitor film
shows a resonance in capacitance at high frequency between
1 and 10 MHz. Figure 2 shows the complex capacitance plot
of Ta,Os thin films measured at various temperatures. At
high frequencies (1-10 MHz), the resonance phenomenon
emerges as a circle in the complex capacitance plane (C*).
The complex capacitance plot in the high-frequency region
continues to exhibit an abrupt discontinuity in dispersion
with increasing frequency, which indicates the onset of a
resonance phenomenon. The admittance (G,/w = C")
at a given capacitance is constant over a narrow range of
frequency on the complex capacitance curve in the C* plane.
Therefore the locus of the C” is a circle of diameter 1/R,,
tangential to the imaginary axis and with its centre displaced
from the real axis in the positive direction. The lower the
value of R, the higher will be the area of the circle [21].

At high frequencies, the films experience completely-
shorted, grain boundary electrical barriers and become
electrically conductive, resulting in negative capacitance and
associated resonance in capacitance. A similar phenomenon
was observed in polycrystalline ZnO varistors at frequencies
>1MHz[21, 22] and this effect was attributed to the type and
density of defect states that are formed at the depletion regions
of the grain boundary of the varistor ceramics [21, 22].

To understand the negative capacitance behaviour, it
is first necessary to understand how the capacitance is
measured. A harmonic voltage is impressed across the
sample and the resulting harmonic current flow is measured.
The general response of a charge-trapping grain boundary to
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Figure 2. Complex capacitance plot of Ta,Os thin films at various
temperatures.

an applied dc plus harmonic voltage of frequency w, is given
by
V(t) = Ve + Ve sinwt (6)

The current is generally of the form
J = Jge + Ji sinowt + J, cos wt @)

where subscripts i and ¢ denote the in-phase and the
quadrature currents, respectively. The capacitance per unit
area is defined as J, /wVc, where J, is generally a function
of w, Vpc and T. In equilibrium, one component of the
capacitance results from the displacement currents at the
edge of the depletion regions of the grain boundary. It is
this component which represents the stored charge, as is
usually expected. As Vpc is increased, the thickness of the
depletion layer grows and the capacitance decreases slightly.
The anomalous capacitance results from the modulation of
conduction current, J, crossing the grain boundary where,

J = Jge+ Ji(1 — 8) sinwt +8J, cos wt. ()

Because there is a time constant T governing the
exchange of charge between the bulk and boundary, the
charge in the boundary cannot achieve its equilibrium value
corresponding to the instantaneous value of the applied
voltage. This causes the barrier height (¢, (¢)) to be slightly
out of phase with V (¢), and since J o exp [—¢,(t)/kpT], the
current develops an out-of-phase (quadrature) component.
It is this part of quadrature current, J,, which yields the
anomalous capacitance. Detailed calculations by Pike [22]
show that when majority carriers alone are important in the
barrier charge trapping, the anomalous capacitance always
auguments the normal capacitance (C > 0). However, when
minority carriers are also involved, it is possible to have the
sign of the effect reversed (C < 0), and thus have the apparent
capacitance become negative [21,22]. The presence of such
possible minority carriers (holes) in semiconductors were
observed by Tomozane et al [23].

Furthermore, the frequency dependence of capacitance
for Ta,Os thin films in the high-frequency region (>1 MHz)
may be attributed to two possible factors, namely the
piezoelectric resonance or to the total inductance of the Ta;Os
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capacitor itself. The resonance frequency for the thickness
mode is determined by the electromechanical coupling factor
and should be in the range of 1-10 MHz for dielectric
films with a thickness of 0.5 um [24]. Also, since the
resonance frequency and the thickness of the film as not
constant (which they should be for an ideal piezoelectric
device) [16], the additional contribution from piezoelectric
grain resonance is eliminated. Also, itis to be noted that since
we have carried out the lead corrections before performing
the experiments, the observed resonance in capacitance is
notrelated to lead inductance. Therefore, the results obtained
from figures 1 and 2, demonstrate that the observed resonance
in capacitance at frequencies greater than 1 MHz is an
electrical resonance resulting from the total inductance of
the TayOs capacitor film. These results are similar to that
observed for Ba(Sr)TiO; thin films reported by Tsai and
Tseng [12]. And hence the Ta;Os film can be equally
represented by an electrical equivalent circuit consisting of
resistance, capacitance and inductance (R—C—L) connected
in series, which can be used to duplicate the Ta,;Os capacitor
film [25], where the capacitance of the equivalent circuit is
mainly determined by the capacitance of the Ta;Os film and
the inductance of the equivalent circuit is determined by the
bulk conductivity of the Ta;Os capacitor film.

4.2. Low-frequency analysis (<1 MHz)

The complex capacitance spectral studies clearly demonstrate
that the Ta,Os thin films exhibit a resonance in capacitance
at frequencies above 1 MHz. Therefore, the proposition
of R—C-L series equivalent circuit is reasonable only for
measurement frequencies >1 MHz. However, the situation
is different if we try to further analyse the impedance spectra
of Ta,Os thin films at a measurement frequency in the range
of 100 Hz—1 MHz. The impedance (Z) of the equivalent
R—C-L circuit can be written as

Z(w) = Reg +jwLey + 1/jwC,y. ©)]

The inductance value (wL.,) is one to two orders smaller
than the capacitance value (1/jwC,,), for the frequency range
100 Hz < f < 1 MHz and can be neglected. Hence,
we can simplify the equivalent R—C—L circuit consisting of
only capacitors (C,4) and resistors (R,,). Figure 3 shows
the complex impedance plot of Ta,Os thin films measured at
various temperatures. As shown in the figure, the real part of
the complex impedance coincides at one point on the Re(Z).
This plot is fairly similar to the complex impedance plot
for the R—C series equivalent circuit described by Jonscher
[25]. Figure 4 depicts the complex admittance plot of
Ta,Os thin films measured at various temperatures. The
high-frequency data correspond to a well developed inclined
circular arc passing through the origin of the y-plane. The
experimental data do in fact lie on the circular arc centred
at a point below the real axis; this corresponds to the
appearance of the depression angle, & # 0 and indicates
a Cole—Cole type of relaxation phenomenon [26]. The
area of the semicircle is found to decrease with increasing
measurement temperature. Therefore, on the basis of our
complex impedance and admittance spectral analysis, the ac
response of Ta,Os capacitor films in the frequency range
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Figure 3. Complex impedance plot of Ta,Os thin films at various
temperatures for the frequency range of 100 Hz—1 MHz.
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Figure 4. Complex admittance plot of Ta,Os thin films at various
temperatures for the frequency range of 100 Hz—1 MHz.
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Figure 5. The schematic equivalent circuit model for Ta,Os
thin-film capacitors for the frequency range of 100 Hz—1 MHz.

of 100 Hz-1 MHz can be satisfactorily represented by a
practical equivalent circuit as shown in figure 5. In the
equivalent circuit, R,; represents the electrode resistance,
Cy is the frequency-dependent capacitance due to the grain
and Ry is the frequency-dependent resistance due to grain
boundary and interface. The above equivalent circuit for a
Ta,Os capacitor film is similar to that for the Ba(Sr)TiO;
ceramic capacitor films as reported by Tsai and Tseng [12]
and agrees well with those described by Jonscher [25] and
Nicollian and Brews [27].

The frequency-dependent capacitance C ; and resistance
Ry, where C; is parallel with R; can be determined as



follows [28]:
G,(w) =aw" =1/Ry (10)

B,(w) = bo" = oCy (11

where 7 is a constant and a and b are coefficients as functions
of temperature. Thus, by considering an exponential
distribution of admittance and impedance, one can transform
the total impedance into an equivalent circuit consisting
of a frequency-dependent capacitor, Cy, in parallel with a
frequency-dependent resistor, Ry (figure 5). The value of the
exponent, n can be determined from the depression angle, 6
which is suggested to be associated with the loss degree of
the material [28].

The conductance G, of the Schottky junction at the
electrode/film interface can be described as a sum of the
shallow trap conductance G,;, the deep trap conductance
G4 (due to the grain boundary and interface defects) and
dc component G p¢ [9, 12]

Gy, T) =Gge+Gra(w) + Gi(w, T). (12)

By applying a small ac signal and varying the temperature,
the peak of G,(w)/w against @ occurs when the angular
frequency of the ac signal equals the emission rate e, of
electrons in a trapping state. Under the ac stress, the
intersection of the Fermi energy, E ¢, and the shallow trap
energy, E;, varies about its equilibrium position. Therefore,
the time dependence of the ensuing charge transition can be
expressed as

771 = Wy = €y = 0V N, exp [(E. — Et)/kT] (13)

where w,. is the peak frequency, t~! is the relaxation time,
E. is the energy of the bottom of the conduction band, k is
Boltzmann’s constant, o, is the capture cross section of the
trap, v, is the free electron thermal velocity and N, is the
conduction-band density of states. Figure 6 shows the plot of
G (w)/w against w of Ta;Os thin films measured at various
temperatures. The peak frequency (w,.) shifts to higher
temperatures with increasing measurement temperatures.
Using equation (13), the trap energy E;, can be determined by
plotting In(w,.) against 1000/ T (figure 7). The plot shows
a straight line by the least-squares fit, the slope of which
corresponds to the trap energy (E;), i.e. the trap depth from
the bottom of the conduction band. The estimated trap energy
(E;) is around 0.0027 meV, which is much smaller than the
thermal energy (k7T') 25.9 meV at 27 °C. This indicates that
the electrons in the shallow trap states which lie very close
to the bottom of the conduction band can acquire sufficient
energy, even at room temperature, and exchange between
the conduction band and the shallow trap states. In other
words, these shallow trap states cannot trap any electrons
and undergo exchange of free electrons with the conduction
band. Therefore, we envisage that the contribution of shallow
defect states on the electrical properties of Ta,Os thin films
would be absent for the frequency range of 100 Hz—1 MHz,
and hence the proposed equivalent circuit of Ta;Os thin films
(figure 5) for the frequency range of 100 Hz—1 MHz do not
have the trap level term and it has contributions only from
the grain, grain boundary and interface defects.

The capacitance dispersion as a function of frequency
from 100 Hz to 1 MHz were used to estimate the defect
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Figure 7. An Arrhenius plot of In(w,.) against 1000/ T of Ta,Os
thin films.

density contribution on the relaxation, and hence its influence
on the electrical properties. The grain boundary and
the interface defects are considered to be donors when
the capacitance dispersion becomes neutral or positive by
donating an electron. When an ac voltage is applied, the
defect levels move up or down with respect to the Fermi level.
A change of charge in the defect occurs when it crosses the
Fermi level. Therefore, the defect density calculations can be
performed from the measurement of the real capacitance (C")
and the imaginary part of the capacitance (C”) as a function
of frequency. Once C” is known, the defect density can be
obtained from the relation Dy = C”/qA, where A is the
metal plate area and g is the elemental charge [8, 12,29]. The
defect density of the TayOs thin filmis 8.83x 10 cm™2 V~!,
which is two orders smaller than that observed in perovskite-
based dielectric films such as Ba(;_,)Sr, TiO3 which exhibit
significant dielectric relaxation at higher frequencies [12, 30].
Also, the depression angle 0 of a semicircular response in
the complex impedance (Z) and admittance (Y) planes is
non-zero, which corresponds to the distribution of relaxation
time as reported [26] and reflects the degree of uniformity
in the conductance relaxation. Jonscher [25] showed that
0 is related to the extent of the screening effect caused by
the hopping charges when it cannot follow the changes of
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polarization brought about by an alternating electric field.
The 6 value of TayOs thin film is about 1.3 and is lower
that that is observed for Ba(Sr) TiO5 thin films (1.7-2.7) [12]
which indicates that Ta,Os thin films exhibit lower screening
effects. From the complex capacitance, impedance and
admittance studies, we envisage that the dielectric relaxation
of Ta, Os films is less pronounced and it has least contribution
from the defects, yet preserving a lower leakage current
density.

5. Conclusion

In summary, we successfully investigated the dielectric
relaxation phenomenon and defect analysis of reactively
sputtered Ta,Os thin films, using complex capacitance,
impedance and admittance analysis as functions of frequency
(100 Hz < f < 10 MHz), and temperature (27°C <
T < 150°C). The equivalent circuit proposed here can well
explain the ac response of Ta;Os thin films in the frequency
range between 100 Hz and 1 MHz, however at frequencies
above 1 MHz, the films exhibit resonance in capacitance.
The complex admittance measurements proved to be very
useful to identify the presence and contribution of defect
states on the frequency-dependent resistance, which in turn
influences the electrical properties of Ta;Os thin films. On
the basis of the complex-plane analysis, we envisage that
the effect of shallow defect traps are negligible whereas
the grain boundary and interface defects provide significant
contribution for the origin of dielectric relaxation. Present
studies also demonstrate that dielectric relaxation of Ta,Os
films is less pronounced compared to the other dielectric
films.
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