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The influence of metal/perovskite-type oxide interfaces
on tunability of thin film capacitors

Naohiro HORIUCHI,' Takuya HOSHINA, Hiroaki TAKEDA and Takaaki TSURUMI

The Graduate School of Science and Engineering, Tokyo Institute of Technology, Ookayama, Meguro, Tokyo 152—-8552

We propose a calculation model that can predict the influence of interface on capacitance-voltage characteristics of metal-
insulator-metal type thin film capacitor with perovskite type oxide. The simulation could successfully describe the results of
capacitance-voltage measurements of the barium strontium titanate thin film capacitors with top electrodes of Pt, Au, and Ag. It
is found that the electrode dependent on the tunability is derived from the work function of the electrode metal. The simulation
model is base on the Schottky model that can be employed to explain the dielectric properties of metal/perovskite type oxide
junction. The modified Schottky model considers the electric field dependence of permittivity and the back flow of electrons from
metal to defect states located in the band gap of the perovskite oxide. This flow forms negatively charged space at the interface
and affects the electric properties of the thin film capacitors.

©2010 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Perovskite oxide, such as SrTiO3, BaTiO; and (Ba,Sr)TiO;, are
important materials for thin film electronic devices."?) They are
used in Metal-insulator-metal (MIM) type thin film capacitor.
In such MIM type capacitors, the metal/insulator interface has
a strong influence on the properties, e.g. the leakage current
behavior,” cycling stability, and high frequency dielectric
losses® are influenced. Therefore, selects of metals for electrodes
can have a strong impact on the device characteristics. The
Schottky model that explains the electric properties of metal/
semiconductor junction is the most famous model that predicts
the characteristics of metal/perovskite type oxide junctions.

However, at junctions consisting of metal and perovskite-type
oxide, some deviations from the conventional Schottky model
are found. For instance, hysteretic current—voltage (/~V) charac-
teristics have been observed,®® namely the resistance at the
junction is changed by an external electric field. The resistive
switching can not be depicted by the conventional Schottky
model. Moreover, the barrier heights obtained from capacitance—
voltage (C-V) characteristics are higher than expected by the
Schottky model, giving rise to the deviation from that obtained
from [V characteristics.®-') Modification of the Schottky model
was required to adapt for metal/perovskite-type oxide junctions.

In MIM type BST thin-film capacitor, apparent permittivity
decreased with decreasing BST film thickness due to existences
of interface layers having lower permittivity than those of the
interior BST films.!?"!¥ The low permittivity layer is formed as
below. The Schottky model represents depletion layers are
formed at the interface. Electric field is formed in the depletion
layer, and depresses the permittivity in the depletion layer,
because the permittivity of BST has strong electric field
dependence. The capacitances of the BST thin film capacitors
are tunable by external bias voltage. The external bias voltage is
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also applied across the interfaces, which should change the
electric properties of the depletion layer. If the modified Schottky
model were established, we could predict the influences on the
electric properties of the BST thin-film capacitor.

In this report, we study the influence of the interface on
tunability of thin film BST capacitor. First, a modified Schottky
model was proposed to describe the electric properties of metal/
perovskite-type oxide junction, by investigation of the electric
properties of metal/Nb-doped SrTiO; junctions. We present
the influence of the interfaces on tunability of BST thin-film
capacitor. The modified Schottky model considers that electrons
flow into the states owing to the energy level difference between
the Fermi level of the metal and interface states, which diffuse to
depth direction from the interface. The tunability of the BST
capacitors have dependence on the electrodes of the capacitors,
which is explained by the simulation based on the modified
Schottky model.

2. Experiment

2.1 Metal/Nb:STO junction

Nb-doped SrTiO; (100) (Nb:STO) was used for experiments as
a representative of a perovskite-type oxide semiconductor.
Junctions of metal/perovskite-type oxide were fabricated by
contacting electrodes to Nb:STO single crystal surfaces with
doping ratios of 0.05wt%. Pt, Au, Ag, and SrRuO; (SRO)
electrodes were fabricated with an RF magnetron sputtering
using a shadow mask on the substrate. The SRO electrodes were
deposited at 650°C. The sputter gas was Ar and O, mixture (Ar/
0, = 4:1). The other metal electrodes were deposited at 130°C.
Before the depositions, the substrates were annealed at 650°C
under an oxygen partial pressure of 2 x 10~ Torr for 1 hour in
the sputtering system. The Pt, Ag, and SRO were capped with a
layer of Au to ensure comparable contact to the probe. InGa alloy
electrode was used as the back electrode behind the substrates to
form Ohmic contacts to Cu lead wires. The I~V and C-V
characteristics were measured with Keithley 6487 and Agilent
4294A, relatively.
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2.2 BST thin-film capacitor

BST thin films were prepared with the RF magnetron
sputtering on SrRuO; (SRO)/SrTiO; (STO) single crystal
substrates. The SRO films were deposited as bottom electrodes
using the same sputtering system. The sputter gas was Ar and O,
mixture (Ar/O, =4:1). The BST target is stoichiometric
Ba 5Sr( sTiO3. The thicknesses of the BST films were 40, 60,
80 and 120nm. Top electrodes metals Pt, Au, and Ag were
deposited on the BST film. Dielectric properties were measured
with Agilent 4294A at room temperature.

3. Theory

We present the theory for calculations of C—J characteristics of
BST thin film capacitors. First, the modified Schottky model for
metal/perovskite type oxide is proposed. Second, the calculation
method of the C—V characteristics of BST capacitors based on the
modified model is described. The basic concept of our modified
model consists of two parts. One is that the model incorporates
electric field dependence of permittivity in the depletion layer.
The other is an assumption of electric flow form metal electrode
to defect states located in the band gap of the perovskite type
oxide.

3.1 Metal/Nb:STO junction

In conventional Schottky model, the relation between the
capacitances of the junction (1/C?) and applied bias voltage is
expressed below:'®)

1/C* = 2(Vhi — V)/q€0&: Ny (1

where V},; is the built-in potential, €, is the vacuum permittivity,
&, is the relative permittivity, and Ny is the donor density. The
electric field dependence of permittivity in the depletion layer
was neglected in Eq. (2), although the STO and BST have strong
electric field dependence.'®

The C-V characteristics of junctions are calculated using a
Poisson’s equation. In order to incorporate the electric field
dependence of permittivity into the calculation, the permittivity
&/(x), the charge density p(x), the electric field E(x), and the
potential V(x) are expressed as a function of the distance from the
interfaces x. The Poisson’s equation should be rewritten as
below. The electric displacement

aVi
D = go&:(x) E(x) = —&o&c(x) % @

is substituted into Gauss’s law: dD/dx = p(x). Then, a version of
Poisson’s equation was obtained as below:

PV p) 1 aV(x) d8:(x)
a2 go&(x) &) ax  ox

3)
The permittivity has electric field dependence,

&(E) = f(E). “

Here, the Eq. (4) is substituted by the electric field dependence
of the permittivity of Nb:STO given by &.(E) = b/+/a + EZ,
where a and b are constants (a = 1.64 x 10°V2/m?> and
b =1.48 x 101°V/m).!® The profiles of M(x), E(x), &(x), and
the capacitance of the junctions are obtained from the p(x) and
the boundary conditions by numerical solving Egs. (3) and (4)
using a finite difference method. The boundary conditions are
determined from the external bias voltage and the Schottky
barrier heights. The Schottky barrier heights (¢s") are calculated
from the work functions of metals (¢p.) by the Schottky—Mott
relationship ¢S = ¢, — x (the so-called Schottky limit), where
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Fig. 1. Schematic band diagram of metal/Nb:STO junction. (a) Before
the formation, and (b) after the formation.

X is electron affinity of Nb:STO. As a result, the C-V
characteristics are calculated as a function of the work function
of metals.

The other modification is an assumption of an electrons flow
from the electrode metal to defect states located in the band gap
of the perovskite oxide. Photoemission spectroscopy studies have
revealed broad states forming in the band gap of electron-doped
STO (in-gap states: IGSs).!”*'® The Schottky barrier heights are
very sensitive to a preannealing in an oxygen-rich atmo-
sphere,”»19 indicating that the IGSs are associated with oxygen
defects.!” As shown in Fig. 1(a), when the junction was formed,
electrons in the metal electrode flow into the IGSs, owing to the
energy level difference between the Fermi level of the metal and
IGSs. This flow of electrons form negative space charge region in
the vicinity of interfaces (Fig. 1(b)). In the modified Schottky
model, the capacitance of the junctions is calculated from the
carrier density profile p(x) involving the negative space charge
regions. The C-V characteristics are calculated as a function of
the work function of metals.

3.2 BST tunability

We calculate the C-V characteristics of the metal/BST/SRO
capacitors based on the modified Schottky model describe as
above. Figure 2(a) shows the schematic band diagram of the
metal/BST junction. The Schematic band diagrams of the BST
capacitor is shown in Fig. 2(b). The band bending at BST/SRO
junction is negligible because SRO/Nb:STO junction has no
negative space charge. The BST band near the interface is
bending because of the negative space charge region. Although
in the metal /semiconductor junctions, the all external voltage are
only applied to the interface, the external voltage are divided into
the interface and BST interior layer in the BST thin film
capacitor. The Schematic band diagrams of the BST capacitor
under the external bias were shown in Fig. 2(c) and (d). The
potential profile through the BST film can be obtained by solving
Egs. (3) and (4), provided that the electric field dependence &, of
BST was given. The &, is calculated based on the Laudau model
as follows:'?

-1
8I(E):8MAX{2cosh[§Sinh’l<%)]—1} NG

where €\ax is the maximum permittivity under no electric field,
and E, is the electric field at which &(E,) = &max/2. Accord-
ingly, the C—V characteristics can be calculated as a function of
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Fig. 2. Schematic band diagram of (a) metal/BST junction, (b), (c), (d)
metal/BST/SRO capacitors.
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Fig. 3. The C-V characteristics of the junction between the various

electrodes and 0.05 wt %-Nb:STO. The marks and lines denote measured
and calculated results.

the work function of metals in the same way as the metal/
Nb:STO junction.

4. Results and discussion
4.1 Metal/Nb:STO junction

Figure 3 shows the C-V characteristics: the relationship
between 1/C? and bias voltage of metal/Nb-STO interfaces
measured at 10 kHz. The bias voltage was swept from negative to
positive. Marks in the figure denote experiment results and lines
denote calculation results that will be discussed later. The
frequency dependence of the capacitances and hysteresis in the
C-V characteristics were negligible.

We simulated for the C—J characteristics based on the modified
Schottky model. The barrier heights used in the simulation
(¢s%") were listed in Table 1. The calculated C-V characteristics
are shown in Fig. 3. The widths of negative space charge regions
Wigs listed in Table 1 were obtained as results of fitting to the C—
V characteristics in Fig. 3. The carrier density of 1.6 x 10! cm™3
was also obtained, which is comparable to previously reported
values of 1.1 x 10 ecm™3.2® As shown Table 1, the electrode
with smaller work function has the larger Wigs, because the
difference between the level of IGSs and the Fermi level of metal
is increase with decreasing the work function. The position of the
IGSs level for each electrode was evaluated from Wjgs. The IGSs
level were approximately located at 1.3 eV blow the conduction
band of Nb:STO, which is independent on the electrode.
Consequently, the modified Schottky model could well describe
the C—V characteristics of metal/Nb:STO junction.
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Table 1. The parameters determined for each top electrode, where g,
is the work function of electrodes. The values in parenthesis are used for
the simulations and calculations of the ¢St (55" = ¢ — X). x is the
electron affinity of 3.9eV in Nb:STO?”

g o Wics ¢y
(eV) V) (nm) V)
SRO 52 (5.2) 1.3 0 1.4
Pt 512598  (5.3) 14 10.1 1.6
Au 51-547  (5.1) 1.2 19.2 1.9
Ag 452476 (4.7 0.8 38.1 2.5

The calculation results well described the measurements in
Fig. 3. The slight differences between the calculations and the
measurements were derived from simplifications of the calcu-
lation model. The charge density of IGSs was assumed to be
1.0 x 10?cm~3 and independent on the depth from interfaces
while actual charge density varies with the depth.'>

In order to confirm the contribution of the negative space
charge regions, we also calculated for the C—J characteristics
based on the modified model without the electron flows into
IGSs. The widths of the negative space charge region (Wgs) are
set to zero. As results of fitting to measurements in Fig. 3, the
Schottky barrier height (¢g¢Y) listed in Table 1 were obtained.
The ¢g“Y of SRO (1.40V) is comparable to the Schottky barrier
heights (¢gSY) predicted from Schottky—Mott relationship. On
the contrary, the order of the Schottky barrier height (¢s¢")
obtained was discrepant to that predicted by the Schottky—Mott
relationship (¢s5%). The model without considering the 1GSs
could not explain the results of C—V measurement. The fact
indicate that the electron flow into IGSs and formation of
negative space charge regions are essential factor in the junction
of metal/Nb:STO junctions.

4.2 BST tunability

Marks in Fig. 4 shows the C—V characteristics of the BST thin
film capacitor measured at 10kHz. The capacitances in longi-
tudinal axes are normalized by dividing by the capacitances at
zero bias. The peaks are deviated form zero voltage and shifted to
negative direction, where the positive bias was defined that the
top electrodes were positively biased for the bottom electrodes.
The deviations of the peak positions become larger in order of Pt,
Au and Ag. Figure 5 shows tunability as a function of the BST
film thickness. Tunability » is defined by n = (C(0) — C(V))/
C(0), where C(0) and C(V) are the capacitances at zero and V' of
bias voltage, respectively. The V of bias voltage is the voltage
corresponding to electric field 100 MV /m. Tunability increases
with increasing film thickness in each kind of metal electrodes. In
addition, the tunability becomes lower in order of Pt, Au and Ag.
Such electrode dependences of the peak position and tunability
were associated with the widths of the negative space charge
region (Wjgs). The deviations of the peak position increased with
increasing the Wigs.

We calculated the C—V characteristics of the metal/BST/SRO
capacitor including the interface effect based on the modified
Schottky model. The calculated C-V curves and tunability are
shown as lines in Fig. 4 and Fig. 5, respectively. They well agree
with the measurements. The electric field dependence of the BST
thin film permittivity is obtained as parameters in Eq. (5),
Emax = 250 and E; = 30MV/m. As a result of the calculation,
the energy differences between the IGSs level and the Fermi level
of metals are obtained as follows: these of Pt, Au, and Ag are
1.15, 1.20, and 1.58V, respectively. These values are predicted
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Fig. 4. The C-V characteristics of the BST thin film capacitor with
thickness of 60 nm and 120 nm. Marks denote the measurement results
and lines denote the calculation results.
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Fig. 5. Tunability » as a function of BST thin film thickness. Marks
denote the measurement results and lines denote the calculation results.

from the work function of electrode, assuming that the IGSs level
is located at 2.2V below the conduction band of the BST. The
position of IGSs level in the BST films is different from that in
the Nb:STO. It is considered that the origin of the IGSs in the
BST films is oxygen defect and composition deviation from
stoichiometry which was generated in the deposition process
with sputtering. Therefore, the position of IGSs level in the BST
films are different from that in Nb:STO single crystal. Accord-
ingly, we can conclude that the electrode dependence of the C—V
characteristics was explained in terms of the work function of
metal using the model.

In Fig. 6, we show a calculation result of depth profiles of
potential, electric field, and the permittivity for the BST capacitor
of 40nm film thickness as a representative. The profiles were
obtained through the calculation of the tunabilities in Fig. 5, so
the parameters used in the simulation is the same as mentioned
below. The depth profiles are shown only in neighborhood of the
electrodes. The depth Onm denote the interface of metal and
BST. The negative space charge region is from Onm to about
7nm. In the vicinity of the interface, the strong electric field
exists, and the permittivity is strongly depressed by the electric
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Fig. 6. The depth profiles of (a) potential, (b) electric field, and (c)

permittivity of the thin film capacitor with film thickness of 40 nm under
bias voltage 0V (O), 2V (V), 4V (O).

field. The electric field is derived from the negative space charge
regions. As shown in Fig. 6, the voltage applied to the film was
divided into the negative space charge region (under 7nm) and
the internal BST layer, and a large part of voltage is applied to
the negative space charge region. Thus, electric field in internal
BST layer becomes smaller. Accordingly, it the negative space
charge regions decrease the tunability of the BST thin film
capacitor.

5. Conclusion

The study proposes a modified Schottky model suitable for
metal /perovskite-type oxide junctions. The tunability of barium
strontium titanate (BST) thin film capacitors were simulated
based on the modified Schottky model. The simulation well
described the electrode dependence of the tunability of the BST
thin film capacitors with top electrodes of Pt, Au, and Ag. The
model considers the formation of negative space charge region
that affect on the tunability of the capacitors. The space charge
region was formed by electrons flow from metal electrode to the
defect states located in the band gap of the perovskite oxide. The
flow is due to the energy level difference between the Fermi level
of the metal and defect states. Therefore, the space charge region
is depending on the work function of electrode metal. That means
that, in this model, the electrode dependence of the capacitance—
voltage characteristics are simulated from the work functions of
metal electrode. Thus, our calculation model for the electric
properties of metal/perovskite type oxide junction is useful for
designs of dielectric devices.
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