L

—

Y
o
©
-
-
-
@)

ﬂ

Applied Physics

AIP
Publishing

RESEARCH ARTICLE | OCTOBER 15 2004
Dielectric behavior of copper tantalum oxide ©

B. Renner; P. Lunkenheimer; M. Schetter; A. Loidl; A. Reller; S. G. Ebbinghaus

J. Appl. Phys. 96, 4400-4404 (2004)
https://doi.org/10.1063/1.1787914

@ B

View Export
Online  Citation

6€:€1:60 ¥20Z 1AV 60


https://pubs.aip.org/aip/jap/article/96/8/4400/984042/Dielectric-behavior-of-copper-tantalum-oxide
https://pubs.aip.org/aip/jap/article/96/8/4400/984042/Dielectric-behavior-of-copper-tantalum-oxide?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/1.1787914&domain=pdf&date_stamp=2004-10-15
https://doi.org/10.1063/1.1787914
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2372052&setID=592934&channelID=0&CID=872257&banID=521836433&PID=0&textadID=0&tc=1&scheduleID=2290738&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjap%22%5D&mt=1712654019481900&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2F96%2F8%2F4400%2F18716729%2F4400_1_online.pdf&hc=219fd407721ae0f51411d3eb43f2993a58c5bad0&location=

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 8 15 OCTOBER 2004

Dielectric behavior of copper tantalum oxide

B. Renner
Festkorperchemie, Institut fiir Physik, Universitdt Augsburg, D-86159 Augsburg, Germany

P. Lunkenheimer, M. Schetter, and A. Loidl
Experimentalphysik V, Elektronische Korrelationen und Magnetismus, Institut fiir Physik,
Universitdit Augsburg, D-86159 Augsburg, Germany

A. Reller and S. G. Ebbinghaus®
Festkorperchemie, Institut fiir Physik, Universitdt Augsburg, D-86159 Augsburg, Germany

(Received 24 November 2003; accepted 7 July 2004)

A thorough investigation of the dielectric properties of Cu,Ta O,,, a material crystallizing in a
pseudocubic, perovskite-derived structure is presented. We measured the dielectric constant and
conductivity of single crystals in an exceptionally broad frequency range up to gigahertz frequencies
and at temperatures from 25 to 500 K. The detected dielectric constant is unusually high (reaching
values up to 10°) and almost constant in a broad frequency and temperature range. Cu,Ta 0,
possesses a crystal structure similar to CaCu;Ti4,0,, the compound for which such an unusually
high dielectric constant was first observed. An analysis of the results using a simple equivalent
circuit and measurements with different types of contact revealed that extrinsic interfacial
polarization effects, derived from surface barrier capacitors are the origin of the observed giant
dielectric constants. The intrinsic properties of Cu,Ta,0;, are characterized by a (still relatively
high) dielectric constant in the order of 100 and by a charge transport via the hopping conduction

of the Anderson-localized charge carriers. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1787914]

I. INTRODUCTION

Materials with high dielectric constants are widely used
in technological applications like wireless communication
systems, such as cellular phones, and global positioning sys-
tems, namely as capacitors, resonators, or filters. High di-
electric constants allow smaller capacitive components, thus
offering the opportunity to decrease the size of electronic
devices.! The demand to downscale integrated circuit tech-
nology requires the replacement of the currently used SiO,
gate dielectrics by an alternative high-g, material. Recently,
the discovery of giant dielectric constants in CaCu;Ti O,
was reported.2 The &’ values of this oxide exhibit only small
variations with temperature and frequency, both being impor-
tant constraints for technological applications. The explana-
tion of this so far unique effect is still disputed. Ramirez et
al’ excluded ferroelectricity as a cause of the unusual high
dielectric response. Instead, they explained their results by a
relaxor model. A fit of the real part of the dielectric response
as a function of frequency in this model leads to a high-
frequency value of &,,=80." Sinclair et al.’ and Lunkenhe-
imer et al.,® on the other hand, demonstrated how the appar-
ent giant dielectric constants (¢’ > 1000) can be explained by
simple capacitive effects resulting from depletion layers at
grain boundaries or at sample contacts. Such devices, which
are termed surface-barrier layer capacitor (SBLC) or
internal-barrier layer capacitor (IBLC) lead to high effective
permittivity values. As the highest dielectric constants in
CaCu;Ti40,, were found in single crystal samples, only
IBLCs resulting from twin boundaries” or SBLCs have to be
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considered. However, in a recent publication, an intrinsic ori-
gin of the detected giant dielectric constant was suggested,
and a theoretical explanation in terms of relaxing defects was
proposed by Ramirez et al.” This interpretation was substan-
tiated by the fact that the isostructural compound
CdCu;Ti4Oy, reveals a much lower dielectric constant.®
However, the number of puzzling questions was even in-
creased by the fact that from the first principle calculations,
the lattice dynamics of CaCu;Ti4O;, and CdCu;Ti4O;, look
very similar.”

Until now, CaCu;Ti Oy, is the only member of the class
of ACu;M40,-oxides (A=alkali, alkaline-earth metal, rare-
earth metal or vacancy, M=transition metal) to exhibit such
an unusual high dielectric constant,'” known so far only from
ferroelectrics or IBLCs. In the present report, we demon-
strate that Cu,Ta,0,, exhibits a dielectric behavior similar to
the one of CaCu;TisO4,. The crystal structure of Cu,Ta 04,
can be derived from the CaCu;Ti4O;, structure by leaving
the Ca sites unoccupied and replacing 1/3 of the copper sites
by vacancies. Compared to the ideal cubic perovskite struc-
ture, the MOy octahedra in the copper tantalate are rotated
along the spatial diagonals ({(111) direction) leading to a rect-
angular fourfold oxygen coordination of the copper ions
(Fig. 1). We present a thorough dielectric characterization of
this material in a broad temperature and in a frequency range
up to 3 GHz and clarify the question of the intrinsic nature of
the observed dielectric response.

Il. EXPERIMENTAL SECTION

Single crystals of Cu,Ta,O;, were grown from a self-
flux of copper oxide according to the procedure described
elsewhere.!" The obtained crystals were black rectangular

© 2004 American Institute of Physics
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FIG. 1. Crystal structure of Cu,Ta O;,. Cu atoms (within squares),
TaOg-octahedra, and oxygen atoms (corners) of Cu,Ta, O, are illustrated.
One-third of the copper sites remain unoccupied.

plates up to several millimeters in diameter. These crystals
possess a pseudocubic unit cell with a=~7.5 A. Synchrotron
x-ray diffraction measurements on crushed crystals, on the
other hand, revealed deviations from cubic symmetry in the
order of 0.1%, which is in very good agreement with the
previous reports.11

The conductivity and permittivity of two single crystals
were measured in the frequency range from 20 Hz up to
3 GHz. Crystal 1 was investigated at temperatures from
125 K to 500 K and crystal 2 from 20 K to 300 K. For the
measurements, an autobalance bridge (HP 4284A) was used
at v<<1 MHz and a reflectometric technique, employing an
impedance analyzer (HP 4291B and Agilent E 4991A), at
v>1 MHz."? From the measured capacitance and conduc-
tance, the dielectric constant and conductivity were calcu-
lated using the geometry of the parallel-plate capacitor
formed by applying silver paint to the adjacent sides of the
single crystals. To check for the possible formation of
SBLCs, for crystal 2, additional measurements were per-
formed after removing the silver-paint contacts in an ultra-
sonic bath and replacing them by sputtered silver contacts of
100 nm thickness.

lll. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the di-
electric constant for frequencies up to 3 GHz. We analyzed
the two different crystals. Figure 2(a) shows the results for
crystal 1 measured at higher temperatures (125 K—-500 K)
with silver-paint contacts, whereas Fig. 2(b) presents the data
obtained for crystal 2 below room temperature with two
types of contacts. Giant dielectric constants of up to &y,
~10* for the silver-paint (open symbols) contacts and 8lﬁigh
~10° for the sputtered contacts (closed symbols) are de-
tected at high temperatures and/or low frequencies. With de-
creasing temperature, steplike transitions to a lower value of
&), =~ 10% are observed, the transition temperatures shifting
to lower values with decreasing frequency. The overall be-
havior closely resembles that reported for CaCu3Ti4012,275’7
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FIG. 2. Temperature dependence of the dielectric constant of two crystals of
Cu,Ta 0, at different frequencies. The measurements of crystal 1 (a) were
obtained with silver-paint contacts. Crystal 2 (b) was contacted both with
silver paint (open symbols) and with sputtered silver (closed symbols).

with stated values of ey, varying between 5.000 and
70.000, and &, =~ 100(+20). At frequencies higher than ap-
proximately 1 MHz, ef;,, is not reached even for the mea-
surements up to 7=500 K performed for crystal 1 [Fig. 2(a)].
Here, for v=1.8 GHz, the value of ¢’ = 130 was found to be
almost temperature independent, retaining the value of g/,
for the whole temperature range investigated. Indications for
a similar reduction of &’ at high frequencies were also found
in earlier results for CaCu;Ti4O;,, restricted to frequencies
below 1 MHz,” which is corroborated by the recent results at
frequencies up to gigahertz from our group.13 Irrespective of
a possible nonintrinsic origin of the detected high &’ values,
this reduction certainly limits the applicability of these giant
dielectric constant materials for high-frequency devices. A
value of &’ in the order of 100 is, on the other hand, still
quite high compared to other technically relevant materials
like Ta,Os(e’=26) and HfO,(e’=25), both being prime
candidates to replace SiO, as gate dielectrics in the near
future. Additionally, the temperature dependence of the di-
electric constant in the gigahertz regime is extremely small.
This is an important property especially in frequency filters,
making Cu,Ta;0;, a promising material for such devices.
Figure 2(b) clearly demonstrates a strong impact of the type
of sample contact on the value of &};,,,. With sputtered silver,
much higher values are detected than for the contacts formed
by silver paint. In contrast, the value of &, is not affected
by the type of contact. This result clearly proves the nonin-
trinsic nature of the measured giant values of the dielectric
constant, giving strong hints for a SBLC mechanism, as will
be discussed in detail subsequently.

Figures 3 and 4 show the real part of the conductivity o’
(a) and the dielectric constant &’ (b) as a function of fre-
quency for crystal 1 with silver-paint contacts and for crystal
2 with sputtered silver contacts, respectively. The frequency
dependence of the dielectric constant closely resembles the
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FIG. 3. Frequency-dependent conductivity (a) and dielectric constant (b) at
different temperatures of Cu,Ta O, (crystal 1, silver-paint contacts). The
solid lines are fits using the equivalent circuit indicated in the figure. For the
leaky capacitor representing the contact, a Cole-Cole distribution of the time
constant was used. For the bulk contribution, a frequency dispersion was
assumed, using o' =04 +0,1* (s<1) and the corresponding expression in
&’ resulting from Kramers-Kronig transformation (for details, see Ref. 14).

one observed in CaCu3Ti4012,4 showing sigmoidal curves
that shift through the frequency window with temperature
and revealing giant values for ¢’ at low frequencies. In these
plots, the quantities ey, and e, show up as limiting values
at low and high frequencies, respectively. For a possible ex-
planation of the observed behavior, Maxwell-Wagner-type
interfacial relaxation processes were considered.>® Follow-
ing this notion, the spectra were fitted with the simple

106 C T N T T tocae , .-
Cu,Ta,0, (@)
4
107 ferystal 2 g 1
< 10° - -
£
© 10 i
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FIG. 4. Frequency-dependent conductivity (a) and dielectric constant (b) at
different temperatures of Cu,Ta O, (crystal 2, sputtered silver contacts).
The solid lines are fits using the equivalent circuit indicated in the figure.
For the bulk contribution, a frequency dispersion was assumed, using o’
=04 toyV (s<1) and the corresponding expression in &’ resulting from
Kramers-Kronig transformation (for details, see Ref. 14).
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equivalent circuit presented as insets in the figures. This cir-
cuit consists of a leaky capacitor connected in series with the
bulk sample.14 The former represents the most common way
to model the contributions from interfacial polarization pro-
cesses. In the case of the SBLCs, it can arise from the for-
mation of Schottky barriers (depletion layers) in the semi-
conducting material close to the metallic electrodes.
Additionally, an accumulation of defects or deviations from
stoichiometry near the sample surface may contribute to such
a capacitive surface layer. These thin layers of small conduc-
tivity act as a high capacitance in parallel with a large resis-
tor, connected in series to the bulk sample. In the case of the
IBLCs, the same type of contribution could emerge from
grain boundaries in polycrystalline samples and possibly also
from twin boundaries in single crystals. The bulk response
can also be approximated by a leaky capacitor, with a bulk
capacitance determined by the intrinsic dielectric constant &.,
and a bulk resistance, which, depending on the charge trans-
port process, may be complex and frequency dependent.

The fits using this equivalent circuit—performed simul-
taneously for conductivity and dielectric constant—Ilead to a
good description of the experimental data as demonstrated
by the lines in Figs. 3 and 4. To take into account the some-
what broadened steps in &’(v), in some cases, a Cole-Cole
distribution of the time constant of the leaky capacitor rep-
resenting the barrier had to be used.' This can be ascribed to
the roughness of the sample surface for the SBLC and to a
distribution of the twin boundaries for the IBLC case. Within
this framework, the occurrence of apparently giant dielectric
constants in the order of 10% to 10° at frequencies below
1 MHz reflects the fact that the low-frequency response of
the circuit is dominated by the very thin interface capacitors,
reaching high values of up to several nanofarads. By increas-
ing the frequency, the interfacial capacitance begins to act
like a short and the intrinsic bulk response is detected. It is
characterized by a much smaller capacitance of about
3-10 pF, corresponding to an intrinsic &, =~ 10%. The step in
the dielectric response is accompanied by an increase in con-
ductivity of about two orders of magnitude due to the suc-
cessive shorting of the high-interface resistance and the ap-
proach of the intrinsic bulk conductivity at high frequencies.
Via the time constant of the circuit, the semiconducting char-
acteristics of the bulk conductivity leads to the observed
strong temperature shift of the step.

The intrinsic bulk conductivity, which can be read off at
high frequencies, exhibits a slight increase with frequency,
becoming steeper for low temperatures [Fig. 4(a)]. It is taken
into account in the fits by a power law with an exponent
smaller than one [and the corresponding contribution in
e'(v) (Ref. 14)] in addition to a frequency-independent dc
contribution, oy.. This leads to an overall bulk conductivity
of the form o4+ (s<1), a behavior that is observed in a
variety of materials including doped semiconductors and nu-
merous transition metal oxides (see Refs. 14—18). For con-
ducting materials, the 1° power law is a hallmark of the hop-
ping of the Anderson-localized charge carriers. There is a
variety of theoretical approaches that deduce this behavior
from microscopic transport mechanisms, involving hopping
over or tunneling through an energy barrier, separating the
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FIG. 5. Frequency-dependent conductivity (a) and dielectric constant (b) at
different temperatures of Cu,Ta O, (crystal 2) with contacts formed by
silver paint (open symbols) and sputtered silver (closed symbols). The solid
lines are fits using the equivalent circuit indicated in Fig. 4.

different localized sites.'> A prerequisite for Anderson local-
ization is the presence of disorder, as prevailing, e.g., in
amorphous or doped semiconductors. For the case of
Cu,Ta 0,5, it is obvious that a considerable amount of dis-
order is generated by the statistical distribution of the vacan-
cies on the copper sites. The fits of the data shown in Figs. 3
and 4 reveal an exponent s varying between 0.25 and 0.5,
which is relatively small compared to other materials, where
in most cases, values above 0.5 are found.'* However, except
for the lowest temperatures [Fig. 4(a)], the bulk response
seems to be determined to a large extent by the dc compo-
nent, and to obtain precise information on the absolute value
of s, measurements up to higher frequencies would be nec-
essary.

In Fig. 4(a), in the bulk-dominated region and especially
at low temperatures, small deviations between the experi-
mental data and the fits are noted. Namely, the data show the
slight indication of a second steplike feature (its point of
inflection being located, e.g., at 10> Hz for 75 K), which is
not covered by the fits. This feature, becoming most evident
at the lowest temperatures where the experimental device
operates at its resolution limit, may be an artifact but it may
also indicate a further relaxational contribution, either intrin-
sic or due to internal barriers, e.g., twin boundaries.

In Fig. 5, a direct comparison of the results of crystal 2,
performed with silver-paint contacts (open symbols) and
sputtered silver contacts (filled symbols), is shown. The fig-
ure strongly corroborates the picture developed previously,
assuming a nonintrinsic origin of the giant &’ values: For
high frequencies, both contact types lead to identical values
of conductivity and dielectric constant because electrode
contributions no longer play a role due to the shortening of
the contact capacitor. At low frequencies, the different con-
tact types cause a strong deviation in &’, which clearly
proves the formation of SBLCs leading to the detected giant
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FIG. 6. Dc conductivity of Cu,Ta,O;, as deduced from the fits shown in
Figs. 4 and 5. The inset shows the same data in an Arrhenius plot (squares)
and in a representation according to the 3D VRH model (triangles).

dielectric constants. The fact that the sputtered contacts lead
to much higher values of &’ strongly indicates that the
SBLCs are formed by the Schottky barriers at the contact-
sample interface. Namely, it seems reasonable that the sput-
tered contacts give rise to a more effective formation of the
Schottky barriers, because the very small metal clusters ap-
plied during sputtering will lead to a larger area of direct
metal-semiconductor contact than for the relatively large par-
ticles (=um) suspended in the silver paint.

The question arises why Cu,Ta4O, is only the second
material in the series of ACu;M,0,-oxides to exhibit such a
high apparent dielectric constant. In Ref. 10, dielectric con-
stants measured at 100 kHz and at room temperature were
reported for 21 further members of this group of materials,
revealing a broad range of values between &'~33 and &’
~3560. Within the SBLC framework, a rather trivial expla-
nation of this finding would be the different surface treat-
ments, types of contacts, etc., which certainly affect the for-
mation of the SBLCs, and thus have a strong impact on the
detected values. One may also suspect that material proper-
ties, e.g., different electron work functions, leading to a dif-
ferent thickness of the Schottky-diode depletion layers,
might play an important role here. In addition, variations in
the intrinsic bulk resistivities may lead to a shift of the &'(v)
steps to lower or higher frequencies.

The fits of the spectra using the equivalent circuit, shown
in Figs. 3 and 4, allow us to determine the intrinsic dc con-
ductivity og4. Figure 6 shows the resulting temperature de-
pendence of oy, for both crystals. While there is a small
difference between the results for crystal 1 and 2, which may
be caused by a slightly different stoichiometry, the overall
behavior is very similar. Namely, while o.(7) exhibits semi-
conducting characteristics (i.e., oy, increases with tempera-
ture), it strongly deviates from simple thermally activated
behavior (o4, ~exp[—E/(kgT)] with E as the gap energy).
This can be deduced from the clear deviations from straight-
line behavior in the Arrhenius representation, given in the
inset of Fig. 6 (squares, lower scale). Arrhenius behavior is
fulfilled only at temperatures above about 200K
(1000/T<5), revealing an energy barrier of about 0.24 eV
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(solid line). In the inset of Fig. 6, the same data are also
plotted in a representation that should linearize the data for a
behavior oy, ~ exp[—(T,/T)]"* (triangles, upper scale). Such
a behavior is predicted for three-dimensional (3D) variable
range hopping (VRH), involving the phonon-assisted tunnel-
ing of the Anderson-localized charge carriers."’ Obviously,
the VRH prediction provides a reasonable description of
04(T) in Cu,Ta,0, over a broad temperature range (dashed
line). We obtain values of 7~ 6 X 10 K, which is of similar
magnitude as observed in various other transition metal
oxides. "%

IV. CONCLUSIONS

In the present work, we have shown that at least one
other member of the ACu;M;0;,-oxides besides
CaCu3TisO,, exhibits a giant dielectric constant. An intrinsic
mechanism is not necessary to describe the unusual dielectric
behavior of these two materials. Our measurements using
two different ways of contact preparation strongly suggest
that the formation of SBLCs at the sample-electrode inter-
face is the origin of the detected giant dielectric constants.

Performing a careful analysis of the experimental spectra
via an equivalent circuit analysis reveals that the intrinsic
charge transport properties in Cu,Ta O, are dominated by
hopping conduction of the Anderson-localized charge carri-
ers. Evidence for Anderson localization is consistently re-
vealed by both the ac and the dc conductivity. It seems rea-
sonable that the localization of the charge carriers is induced
by the statistical distribution of the vacancies on the copper
sites of Cu,Tas01,. Our results reveal an intrinsic dielectric
constant of Cu,Ta, 04, of about 100. This value is relatively
high and shows that it is worthwhile to further investigate the
dielectric properties of the ACu;M,40,-oxides. An optimiza-
tion of composition might lead to sufficiently high values to
establish these materials as dielectrics for capacitive circuit
elements in electronic applications.
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