Chapter 7

Effect of Impurity Doping at the
Schottky Interface

7.1 Introduction

Schottky barriers can be strongly modified by presence of impurities at the inter-
face. Typical examples are the occurrence of unintended interface states, deep level
trap states in semiconductors and secondary phase formation at the interface [1].
Due to the large difference in the bonding nature of elemental metal and covalent
semiconductors, the interface structure tends to be amorphous or polycrystalline,
and the effect of impurities results as modification in the electronic structure of the
semiconductor side with small influence on the metal side.

Compared with a conventional Schottky junction, a perovskite oxide Schottky
- junction is expected to show significant differences on the effect of impurities at the
metal side of the interface.

Perovskite Schottky junctions are composed of elements of similar characteris-
tics, namely the B-site cations are transition metal ions on both sides, which makes
the interface chemical bonds less dissimilar than conventional Schottky junctions.
This is mainly due to the fact that the conductivity in perovskite oxides arise from
the subtle energy balance between different competing interactions, and not from
the fundamental difference in the electronic configuration [2]. If impurities are in-
troduced to such interfaces, two interesting effects can be anticipated.

First, depending on the type of impurity, the electronic structure in the metal
will be strongly modified, possibly undergoing a insulator to metal transition as seen
often in bulk [2]. The close chemical characteristics and the small lattice mismatch
easily allow formation of epitaxial interfaces, resulting in one part of the interface
being strained. Therefore, the bulk prediction of a drastic phase transition is not
always present at interfaces [3]. The second effect is the formation of localized states
on the metal side. The bandwidth of perovskite oxide metals are generally much
narrower than that of elemental metals, due to the more localized nature of the
d-orbitals. If the wave function of the impurity atoms have insufficient overlaps
with the host wave functions, these may form independent states. The effect of such
localized state formation at the interface would lead to a method for designing new
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functionalities within a simple structure.
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Figure 7.1: Illustration of the application of Schottky junctions for tunneling spec-
troscopy, probing the density of states on the metal side using the inherent depletion
width as the tunnel barrier.

In order to characterize the interface electronic structure in Schottky junctions,
tunneling spectroscopy is an ideal technique [4], for its high sensitivity to the elec-
tronic structures on the scale of < 1 eV(Fig. 7.1). Studies in the special case of
superconductor-semiconductor Schottky junctions has been reported as shown in
Fig. 7.2 for Pb/GaAs ((a)) and Ba,_,K;BiO3/Nb:SrTiOs ((b)). Here the depletion
region, which is tunable by the doping concentration in the semiconductor, is used
as the barrier layer in the tunneling structure.

For the purpose of studying the effect of the presence of impurities at the inter-
face, a junction between Mn-doped SrRuOz and Nb:SrTiOy is studied as a model
system.

SrRuOj is a highly conducting metal in the absence of chemical substitution, and
its physical properties are governed by the 4d character of Ru, which is spatially
more distributed to hybridize with oxygen ions compared with the 3d transition
metal ions. The physical properties of StRuQOjy are sensitive to disorder induced by
chemical doping such as Ca [7], Pb [8], Zn, Ni, Co [9], Fe [10] or Mn [9, 11,12},
inducing a metal-insulator transition by doping. In the case of doping by a 3d
transition metal ion at the Ru site, the hybridization of the Ru is reduced because
of the localized nature of the 3d orbitals as seen in Mn-doped CaRuOyj [13] and Mn
doped SrsRu, 07 [14]. Appearance of similar localized states can be expected for Mn-
doped SrRuQs, which if located at the interface could result in an interface state.
The presence of impurity at the interface is also expected to cause more fluctuation in
the barrier height due to the additional electrostatic potential, which would increase
the spatial inhomogeneity of the SBH. Fig. 7.3 illustrates the two effects predicted
to arise from Mn doping at Mn:SrRuQ3/Nb:SrTiO; Schottky junction.

The use of Nb:SrTiO; as the semiconductor has two features to be addressed.
First is the wide spread use of Nb:SrTiO; as a standard semiconductor in perovskite
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Figure 7.2: Tunneling conductance versus voltage for (a) Pb/p-GaAs at 1.34 K
for different surface preparation [5], and (b) Ba;_,K;BiO3/Nb:SrTiO; at different

temperatures [6].
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Figure 7.3: Illustration of the possible effects of impurities at the interface. (a)

Formation of interface states and (b) increase in the spatial inhomogeneity in the

barrier potential.
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Figure 7.4: (a) Resistivity of SrRui_;Mn,O; for various z and the magnetic phase
diagram of the same system [12].

oxide devices, and secondly its strong electric field dependent dielectric permittivity
influencing the band bending as has been investigated in this thesis. "'The non-
parabolic band bending in the semiconductor evident at low temperature results in
steeper band bending and a narrower depletion region, which is an ideal situation
where Nb:SrTiOs can be used as an effective emitter accommodating a variable
barrier thickness in tunneling experiments.

7.2 Motivation

The motivation of this study is to investigate the effect of impurities at the inter-
face in perovskite oxide Schottky junctions. Mn:SrRuOgz/Nb:SrTiO; is studied as
a model system with reference to STRuO3/Nb:SrTiO3. I-V characteristics will be
used to probe the effect of impurities on the electronic structure at the interface.

7.3 Band Bending Calculations

The investigation of StTRuO3/Nb:SrTiO3 Schottky junctions has demonstrated an
exclusive feature of SrTiO3 in which its dielectric permittivity is strongly modulated
by electric field, varying the electrostatic potential at the interface. In order to grasp
a quantitative understanding, we have performed simulations of various physical
parameters relevant in Schottky junctions using the formulae from Yamamoto et
al. [15] mentioned earlier. Eq. (5.8) is used for the electrostatic potential, Eq.
(5.9) for the electric field and Eq. (5.4.4) for the dielectric permittivity. The donor
concentration and the SBH have been used as the variable parameters.

Without the electric field dependence, the depletion width is expected to increase
as the temperature is reduced because of the increase in €5 according to Barrett’s
formula, as observed in Fig. 7.5(d). However, the strong electric field at the in-
terface decreases €g, reducing the depletion width with decrease in temperature
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Figure 7.5: (a)Electric field, (b) dielectric permittivity, (c) electrostatic potential
as a function of distance from the interface using Eq. (5.8), (5.9), (5.4.4). (d)
Electrostatic potential calculated based on temperature dependence and no electric
field dependence. ®gp = 1.35, Np = 1.68 x 10 cm .
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(Fig. 7.5(c)). This behavior enables tuning of the band bending in heterostruc-
tures by changing the donor concentration, which is an exclusive degree of freedom
to SrTiOs not available in a conventional semiconductor. These results show that
SrRuO3/Nb:SrTiO; under these doping conditions have sufficiently narrow depletion
width for tunneling experiments.

7.4 Experimental

7.4.1 Optimization of the Growth Conditions

In order to fabricate Mn:SrRuQs/Nb:SrTiO3 Schottky junctions using PLD, basic
characterization of the thin films was carried out by varying the following parameters
in the growth of StRuO3/SrTiO3(001):

1. laser fluency
2. substrate temperature
3. oxygen partial pressure.

The structural characterization was carried out using XRD and electrical transport
characterization by resistivity measurements as a function of temperature. All films
exhibited epitaxial growth from the absence of diffraction peaks other than (00n).
The measured XRD diffraction patterns and the resistivity results are shown in
Figs. 7.6 and 7.7. These results indicate that out of the three growth parameters,
the laser fluency and the oxygen partial pressure are the two dominant growth
parameters. Increase in the laser fluency sharpens the XRD peak associated with
the shrinking of the out-of-plane lattice constant and lowers the resistivity of the
films. An increase in the oxygen partial pressure also decreases the out-of-plane
lattice constant and reduces the resistivity of the films. The effect of substrate
temperature has a smaller effect compared with the other two with similar tendencies
to previous reports [16,17].

7.4.2 Basic Characterization

Following the above results, the growth conditions for the investigation in I- V' char-
acteristics in Mn:SrRuQ3/Nb:SrTiO; are summarized in Table 7.1 The XRD diffrac-
tion pattern and the temperature dependent resistivity of the fabricated thin films
of Mn:SrRuOs and SrRuOj; on SrTiO3(001) are shown in Fig. 7.8. XRD revealed
epitaxial growth and an out-of-plane lattice constant of 3.95 Ain both cases. The
resistivity of the films exhibited a metallic behavior with a change in the slope at
140 K and 150 K corresponding to the ferromagnetic ordering temperature (7¢) for
Mn:SrRuO; and SrRuOs respectively. The slight decrease in Ty and the increased
residual resistivity compared to undoped counterparts can be ascribed mainly to the
effect of Mn doping.

For the I-V measurements, the grown samples were cut into 0.3 mm x 0.3
mm squares and electrical contacts were made by Ag paste directly on Mn:SrRuOs-
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Figure 7.6: XRD pattern of SrRuQO3/SrTiO3 (001) at various growth conditions.
Varying pressure at constant laser fluency F = 2.6 J/cm? at substrate temperature
of (a) T, = 700°C, (b) T, = 800°C, and (c) varying the laser fluency at constant
T, = 700°C and pressure, Pz = 0.1 Torr.

Table 7.1: Growth conditions for the 5 mol% Mn doped SrRuQOj3/Nb:SrTiO3 Schot-
tky junctions.

Substrate Nb:SrTiO3
Nb = 0.5 wt %
Oxygen Partial Pressure (Torr) 0.3
Substrate Temperature (°C) 800
Laser Fluency (J/cm?) 2.0
Laser Frequency 8 Hz
Ablation Target Polycrystalline StRuO;3
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Figure 7.7: p-T of SrRuO3/SrTiO3 (001) at various growth conditions. Varying
pressure at constant laser fluency F = 2.6 J/cm? at substrate temperature of (a)
T, = 700°C, (b) T, = 800°C, and (c) varying the laser fluency at constant T, =
700°C and pressure, Pp, = 0.1 Torr.
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Figure 7.8: Comparison of (a) XRD pattern and (b) p-T between SrRuOj (blue)
and Mn:SrRuQj (red) on Nb:SrTiO3(001).

and Al deposition followed by Ag paste on Nb:SrTiO3. Hereon, the polarity of the
applied bias is defined as positive on Mn:SrRuQOj.

7.5 Results and Discussions

7.5.1 Schottky Barrier Height Inhomogeneity

The I-V measurements for StRuO;/Nb:SrTiO3 and Mn:SrRuO3/Nb:SrTiOg are
shown in Fig. 7.9(a) and (b), respectively, as a function of temperature. Three ap-
parent differences can be noticed for Mn:SrRuOj3/Nb:SrTiOj3. First is the decrease
in the overall magnitude of the current almost by an order of magnitude. Secondly
a stronger temperature dependence is observed for Mn:SrRuQj3, exhibiting a current
plateau in the small bias voltage region at low temperatures. Finally the most strik-
ing feature is the appearance of negative differential resistance (NDR) at forward
bias below 60 K. In order to address the first two features in detail, the temperature
dependence of the ideality factor was analyzed following the discussion of the effect
of spatial inhomogeneities on Schottky barrier heights [18].

A phenomenological parameter of the degree of inhomogeneity in Schottky junc-
tions is the temperature dependence of the ideality factor. On the assumptions of
a Gaussian distribution and a voltage dependence in the SBH give us the following
relationship, which agrees well with many experimental results.

1 g P3
n(T) L= 2kT/q

(7.1)
Here, p, gives the degree of the SBH sensitivity to applied voltage and p3 corresponds
to the standard deviation in SBH. Eq. (7.1) tells us that a larger p; implies a
Schottky junction with a larger distribution of SBH. The present results plotted
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following Eq. (7.1) is shown in Fig. 7.10. The estimated values from Fig. 7.9 are
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Figure 7.9: Temperature dependence of the I-V characteristics for (a)
SrRuO3/Nb:SrTiO; and (b)Mn:SrRuO3/Nb:SrTiO;.

Table 7.2: Estimated values of p, and p3 for SrRuO;/Nb:SrTiO; and
Mn:SrRuO;3/Nb:SrTiOj.

p2__ pa (meV)
SrRuO3;  -0.56 5.24
Mn:SrRuO4 -0.35 s i

summarized in Table 7.2. The relatively larger ps value for Mn:SrRuO3 compared
with SrRuQj is a quantitative evidence that the potential fluctuation is more severe
in the Mn:SrRuO3/Nb:SrTiO; junction. This analysis strongly suggests a barrier
potential fluctuation induced by Mn doping. The effect of Mn on the SBH may
include effects such as local distribution in chemical bonding or dislocations. It is
also possible that doped Mn ions have diffused to the Nb:SrTiO; depletion region
creating trap states modifying the band bending in the semiconductor.

The current transport mechanism in these junctions can be determined from the
plot of Js/T? versus 1/T plot shown in Fig. 7.11(a). The saturation of Js/T? at
low temperatures is similar to what has been observed in Au/Nb:SrTiOy Schottky
junctions [19] corresponding to the dominance of the field emission process. There-
fore the low temperature current transport can be said to be of tunneling origin as
we have expected. Since the NDR behavior is observed in this tunneling dominating
temperature region, formation of a resonant state is suspected similar to the case of
double barrier resonant tunneling diode [20].
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Figure 7.11: Richardson plot of (a) StRuO3/Nb:SrTiO3 and Mn:SrRuQO;/Nb:SrTiO;
junctions showing similar behavior to (b) Au/Nb:SrTiO; [19].
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7.5.2 Tunneling Conductance

Temperature Dependence

A linear plot of the magnified I-V characteristics is shown in Fig. 7.12(a) together
with the conductance data in Fig. 7.12(b). As the temperature is decreased, an
evolution of a negative peak is observed in the forward bias voltage, indicating the
NDR effect. The disappearance at high temperature can be understood by the onset
of the TFE current superimposing on the FE current, obscuring the NDR behavior.
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Figure 7.12: Temperature dependence of (a) the /-V and (b) the normalized con-
ductance of Mn:SrRuO3/Nb:SrTiOj3 junction.

The observation of an NDR in Mn:SrRuO;3/Nb:SrTiO4 has led us to investi-
gate I-V characteristics in other structures. The absence of the NDR behavior in
SrRuO3/Nb:SrTiOj3 strongly indicates that the presence of Mn ions is a requirement
for the occurrence of this behavior.

Artificial Modulation of Interfaces

The structures grown are illustrated in Fig. 7.13. In these five structures, the
location of Mn ions are systematically changed with respect to the distance from
the interface.

Structure (1) is a case where the whole interface is covered with one unit cell of
SrMnOj; followed by a thick layer of SrRuOj3. The fabrication was carried out by
monitoring the recovery of the diffracted RHEED intensity. This structure can be
viewed as a metal-insulator-semiconductor structure with StMnO; as the insulator
since StMnOj is reported to be a G-type antiferromagnetic insulator [21,22] with
a calculated band gap of 0.3 eV [23]. The semiconducting behavior can also be
confirmed from the resistivity of a single film of StMnOj deposited on SrTiO3z (001)
shown in Fig 7.14(a). Assuming a thermal activation type transport, a linear fitting
in the semilogarithmic plot gives an activation energy of 0.12 eV, which is of similar
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Figure 7.13:  Schematic diagram of the artificial structures grown for
systematic localization of Mn ions at specific distance from the inter-
face.(1) SrRuO3/[StMnOj3); s, /Nb:SrTiO3, (2) Mn:SrRuQO3/Nb:SrTiO3,
(3)  SrRuOj3/[Mn:SrRuOj), a2, /Nb:SrTiO3, (4)  SrRuO3/Nb:SrTiO3, (5)
SrRuO3/[Mn:SrTiOg)y arr /Nb:SrTiO3.

order to the calculated value. It should be remembered that transport measurement
is not always a good measure of band gaps in strongly correlated insulators.

The decrease in the current and the positive shift in the onset voltage at forward
bias with reduction in temperature in Fig 7.14(b) contrasts with the behavior ob-
served for direct metal-semiconductor contact in StRuQO3/Nb:SrTiOz. This can be
attributed to the presence of a thermally activated process in addition to the TFE
process. We believe that the electron density in the conduction band of SrMnOj
decreases with decrease in temperature, effectively increasing the tunneling barrier
resulting in significant reduction in the forward and reverse bias current. It is evident
from the 7-V results that no current peak was observed in this structure.

Structure (2) is the observed case where the surface of Nb:SrTiO; is covered
with Mn:SrRuOj3. In Structure (3), a unit cell of Mn:SrRuQOj; is inserted between
a thick layer of SrRuO3 and Nb:SrTiOgs. In this case the basic feature of the tem-
perature dependence of the /-1 characteristics are the same as those observed in
SrRuQO3/Nb:SrTiO3 but with the presence of current peaks at low temperatures re-
sembling the results for Structure (2). This is an indication that the origin of the
current peak is caused by the local structure at the interface between Mn:SrRuO;
and Nb:SrTiOs3.

The extreme case simulating a situation where the Mn ions are embedded inside
Nb:SrTiO3 is demonstrated in Structure (5). Here a 5 % Mn doped SrTiOj; is
deposited on Nb:SrTiOj3 followed by a thick layer of StRuO3. There has not been
any report on the band calculation of Mn-doped SrTiO3, however from investigation
of leakage current at metal/Mn:SrTiO; contacts, Mn:SrTiO3 can be assumed to be
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Figure 7.14: (a) Temperature dependence of the resistivity of StMnO3/SrTiO3 (001)
thin film exhibiting a semiconducting behavior. (b) The temperature dependent -V
characteristics of Structure (1) in Fig. 7.13 demonstrating a large reduction with
decrease in temperature.

insulators [24,25] although in some cases the Mn valence is reduced to Mn** or Mn**
and forms complexes with oxygen vacancies such as V,;,-Mn?* [26,27]. In the present
case, we assume them to be insulators with negligibly small conductivity. The /-
V characteristics for the two different insertion layers of Mn:SrTiOy are presented
in Fig. 7.15(c) and (d). The temperature dependence strongly resembles that of
SrRuO3/Nb:SrTiO; with no sign of current peaks at low temperatures.

The above investigations reveal that the appearance of the low temperature cur-
rent peaks are associated with the presence of Mn ions at the metal side in a diluted
form. This rejects the possibility of Mn embedded in the substrates by diffusion or
implantation during growth acting as an ionic potential inside the depletion region
as has been reported in some cases [28,29].

A summary of the I-V characteristics and the derived conductance results are
shown in Fig. 7.16(a) and (b) for all the structures mentioned above. The appear-
ance of the current peak is observable only in Structures (2) and (3).

Growth Condition Dependence

The phenomenon of low temperature current peaks have also been observed in
Mn:SrRuQO3/Nb:SrTiO; junctions grown under different oxygen partial pressures
Pos. The temperature dependence of the /- V' characteristics are displayed in Fig.
7.16. It is evident that under Pp; = 0.3 and 0.5 Torr current peaks appear, but
not for Ppy = 0.1 or 1.0 Torr implying that Py, is also an important factor in the
appearance of the NDR behavior.

A systematic change in the /- V characteristics is observed with variation in the
oxygen pressure. The I-V characteristics exhibit non-symmetric behavior evolving
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Figure 7.15: I-V characteristics for Schottky junctions between Nb:SrTiO;
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Figure 7.16: I-V characteristics and the conductance of the modified metal struc-
tures in Fig. 7.13. Negative peaks observed in Structures (2) and (3) in (b) corre-
sponds to the current peaks in (a). The large spike in Structure (1) corresponds to
an artifact of the non-zero crossing on the voltage axis.

to symmetric I-V characteristics as the oxygen pressure is increased. In addition,
the plateau in the small biased region is reduced as the oxygen pressure is increased.
At Pp, = 1.0 Torr, almost no rectification is observed. It should be mentioned that
a current peak was never observed in any of the SrRuO3/Nb:SrTiOs junctions grown
at different Ppa.

The systematic change in the I-V characteristics can be compared with the
systematic change in the lattice constants of the thin films grown under different
oxygen pressures shown in Fig. 7.18. The increase in oxygen pressure leads to closer
lattice constant of the bulk c-axis lattice constant..

7.5.3 Electron Energy Loss Spectroscopy

In order to confirm the presence of Mn ions at the interface of Mn:SrRuOj3/Nb:
SrTiOs, electron energy loss spectroscopy was taken with the aim of studying the
valence of the Mn cations at the interface. A superlattice structure StRuO3/SrTiO3
/15%-Mn:SrRuO3/SrTiOs/5%-Mn:SrRuQ;/SrTiO3(001) was fabricated as shown in
Fig. 7.19(a). From the scanning transmission electron microscopy image in Fig.
7.19(b), the atomically abrupt interface can be observed between the substrate and
the first layer of the Mn:SrRuOs, which assures us that the Schottky junctions
measured have also abrupt interfaces with low density of defects or interdiffusion.
From the EELS spectra in Fig. 7.19(c), it is evident that Mn ions are only present in
the Mn:SrRuQj3 layers but not in the SrRuOs layers. On the assumption that Mn is
substituting the Ru site in Mn:SrRuQs, it is natural to think that the valence of Mn
to be in Mn** state, however there are reports claiming the existence of Mn** [30].
In these cases, it is proposed that a charge dispropornation is taking place in the
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Figure 7.17: Temperature dependent I-V characteristics for Mn:SrRuO3/Nb:SrTiO3
junctions grown at oxygen partial pressure of (a) 0.1 Torr, (b) 0.3 Torr, (c) 0.5 Torr
and (d) 1.0 Torr. The systematic change in can be observed with current peaks
appearing only in junctions grown under limited range of oxygen pressure.
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Figure 7.18: X-ray diffraction pattern of Mn:SrRuO3/Nb:SrTiO; around
Nb:SrTiO5(002) peak fabricated under different partial oxygen pressures.

form, Mn** + Ru*t = Mn®** + Ru®*. From the EELS spectra in Fig. 7.19(c), the
valence of the Mn inside Mn:SrRuQj is likely to be between Mn** and Mn** by
referring to the spectra obtained in oxides with different manganese valence states
(Fig. 7.20 [31]).

7.5.4 Discussions

The tunneling current density is a function of the transmission probability, and the
occupancy in the initial and the final states. Effect on any of the three parameters
would give rise to a change in the tunneling current. In the present case, the NDR
behavior resembles a typical resonant tunneling diode in which some localized state is
acting as the well. Possible origin of the localized state can be inferred by considering
the electronic structure of Mn:SrRuQOj.

There has not been any theoretical or experimental study of the electronic struc-
ture in Mn:SrRuQj. Therefore we base our discussion on the electronic structure
deduced from the two extreme compounds SrRuQOj; and SrMnQOjs. From optical
spectroscopy of SrRuQj, it is reported that the crystal field splitting 10Dg and the
charge transfer gap A, are both ~ 3 eV [32]. In SrRuQj3, the oxygen 2p band lies
below the tg, band and the Fermi level is located inside the t5, band as shown in
Fig. 7.21(a). The electronic structure of StMnOyj is more complicated due to the
existence of hexagonal and cubic structures as well as the stable phase formation
of SrtMnOj3_;5 [33]. Here we base our discussion on SrMnOj with a cubic G-type
antiferromagnetic ground state. From theoretical calculation, an energy band di-
agram can be drawn as shown in Fig. 7.21(a). Here the top of the valence band
overlaps with the oxygen 2p band and the Mn e, bands are located ~ 0.6 eV above
the Fermi level [23]. When Mn is substituted for Ru in Mn:SrRuQOyj, within a rigid
band picture, the band structure is expected to be similar to that of SrRuO; but
with a slight modification in the empty states arising from the Mn 3d-¢,. Owing
to the smaller spatial distribution of 3d orbitals in Mn compared with that of 4d
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Figure 7.19: (a) Schematic diagram of the Mn:SrRuQO3/SrTiO3 superlattice struc-
ture, (b) the STEM image of the substrate-thin film interface, and (c) the electron
energy loss spectroscopy spectra of the superlattice.
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Figure 7.20: EELS spectra for Mn-oxides of various valence states [31].
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in Ru, the e, state on Mn atoms are less likely to hybridize with the surrounding
oxygen and form localized states. The absence of a change in the lattice constant
by 5 % Mn substitution indicates that the host structure is retained even under
substitution of smaller cations and localization of e, state is further stressed. We

can expect that the localized e, states on Mn ions are acting as the resonant state
in the Mn:SrRuQ3/Nb:SrTiO; Schottky junction.

(a) (b)
jDet; — Gl 0]
ae® B! e
(2) »
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02p 02p
3)

SrRu4+03 Sran....o:3 MI'I:SI'R!.IOS Nb:SrTIOJ

Figure 7.21: (a) Schematic density of states for SrRuO3 and SrMnOj;. (b) Band
diagram illustrating the localized Mn e, state at various energy levels relative to
the Schottky barrier heights: (1) E;y > ®sp, (2)Ep < Ery < ®sp, (3) Erv < Ep.
Only in case (2), can the resonant tunneling behavior can be seen.

We have also shown that the NDR behavior is not always observed, but only in
junctions grown under certain oxygen pressure Poy. The systematic change in the
lattice constant with Pos indicates that the oxygen pressure is influencing the degree
of distortion in the host lattice. The change in the lattice constant will change the
relative energy level of the Mn e, level which is related to the appearance of the
NDR behavior as explained below.

If the localized state is located at an energy level above the SBH, then no NDR
behavior would appear in the I-V characteristics because the drift current will be
dominating when such a large forward bias is applied. This is the situation depicted
as (1) in Fig. 7.21(b). When the localized state is lower than the barrier height
but above the Fermi level, the tunneling current is expected to be modified by the
change in the final state of the localized state at small forward bias which is the
situation depicted as (2) in Fig. 7.21(b). Finally, we can imagine a situation where
the localized state is located below the Fermi level, corresponding to case (3) in Fig.
7.21(c), in which case the localized state is filled, hence no characteristic feature
can be expected under forward bias. A difference in the reverse bias may arise
because of the modified initial states but it is expected to be smeared out by the
large density of states of the host. The junctions in which NDR behavior appear
are in the regime where the localized state is located in between the Fermi level of
SrRuQ; and the Schottky barrier height. Indeed, from our previous investigation,
the Schottky barrier height in this system is 1.47 eV which is much higher than the
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observed peak voltages at forward bias.

In summary, the appearance of the NDR. behavior is strongly related to the
relative energy level of the localized state which is strongly modified by the lattice
distortion of the host.

7.6 Conclusions

Through the study of the effect of impurity doping at Schottky junctions between
perovskite oxides, we have found that there can be a strong influence on the current
transport arising from the impurity on the metal side. By introducing a metal
impurity of different chemical character, a localized state formation is evidenced
which give rise to a NDR behavior in I- V characteristics. Furthermore, the localized
nature of the impurity enhances the spatial fluctuation of the potential barrier at
the interface evidenced by the temperature dependent ideality factor.

In the process of the study, Nb:SrTiOj3 has proved to be an effective electron emit-
ter for conducting the tunneling experiment. Further studies and development in
controlling the donor concentration in Nb:SrTiO3 will enable investigation of various
effects on interfaces using the present technique. Examples include impurity induced
Mott transition or magnetic impurities in a non-magnetic metallic perovskite oxide
host.
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Chapter 8

Conclusions

The attractive physical properties of transition metal oxides have motivated re-
searchers to design devices which would bring a paradigm shift to the world of elec-
tronic devices. In order to navigate ourselves towards the era of oxide electronics,
we should remind ourselves of the achievements on which the present semiconductor
technology is established. These are (1) improvement in the quality of the materi-
als, (2) the development of interface physical concepts, and (3) the development of
new characterization techniques. All can be said to be universal criteria for device
research and development in any materials system.

The present oxide electronics is positioned at an adolescence stage where the
underlying physics of many phenomena are beginning to be unveiled and the basic
fabrication methodologies established. To shift the research level to the next phase,
now or never is the time to make progress in the field of interface physics and
development of suitable characterization techniques. This research began with a
motivation to be a leading example of such an attempt.

Schottky junction was selected as the model interface in this study which contains
the three essential interface concepts to explore the characteristic features found in
oxides. Compared with field effect structures and heterojunctions, Schottky junc-
tions have the advantage of been simple still exhaustive in containing the essential
concepts of interface physics. For conducting the study, a characterization technique
suitable for oxide interface has been designed, modified and installed. Application
of internal photoemission technique in characterizing Schottky junctions has played
the important role as an independent measure of the SBH at thermal equilibrium
unlike the I-V or C-V methods, which require application of bias voltage. Although
simple in principle and widely known in conventional semiconductors, internal pho-
toemission has never been performed in oxide interfaces up to now, which shows
that we are still at the very early stages in the field. To further accelerate the study
of oxide interfaces, two effective applications of this technique can be proposed.

First is the addition of a dc voltage source. A dc voltage supply in series with the
interface of interest will enable conductivity measurements between semiconductor-
insulator and even insulator-insulator heterojunctions, which is difficult because of
the difficulty in forming Ohmic contacts to insulators. Typical examples include
band offset measurements at interfaces between two insulators with different polari-
ties as in SrTiOs/LaAlOs, or doping carriers into Mott insulators such as LapCuOs,
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in which carrier injection is expected to change the conductivity drastically.

Second is the measurement of hot electron mean free path in metals. The mean
free path of electrons a few eV above the Fermi level inside a metal can be as long
as 100 nm. In vacuum photoemission, the electron mean free path in this energy
range cannot be measured because the energies are below the work function of the
metals. By measuring IPE spectra of Schottky junctions with different thickness of
metal overlayers, the electron mean free path can be obtained in energy region few
eV above the Fermi level. This is important in designing hot electron transistors as
has been demonstrated in magnetic materials as well as in normal semiconductors.
For example, by using the magnetic field sensitive Lag 7Srg3sMnOj3_; as the base in a
transistor, the electron transmission efficiency from the emitter to the collector can
be tuned by magnetic field.

It can be said that, now is the time and perovskite oxides are the materials in
which we can appreciate the full strength of the IPE technique.

An overview of the strategy taken in the study of perovskite specific features on
the interface electronic structure is summarized in Fig. 8.1. The phenomenological
evidence have been discussed based on the application of conventional theories (pro-
cess 1), before introducing the on-going theories of the perovskite physical properties
(processes 2 and 3).

Perovskites Normal SC
Chemistry Physics Chemistry Physics

Concepts

Bulk

Interfaces

Devices

Figure 8.1: The roadmap to oxide electronics and the relative stage of this study.
The perovskite interface concepts have been discussed by application of (1) conven-
tional interface concepts, perovskite bulk (2) chemical properties, and (3) physical
properties.

Through studies of perovskite Schottky junctions, the conventional concepts of
interface physics can be said to be applicable in general at the fundamental level.
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However, for detailed understanding, the perovskite specific features demands mod-
ifications in certain cases. For example, the electric field dependence in the bulk
dielectric permittivity in incipient ferroelectric semiconductors strongly modifies the
band bending. This feature is important considering the dominance of SrTiO3 as
the prototype semiconductor in this system, and the relatively high range of doping
concentration that can be achieved. The latter fact limits the use of SrTiOj3 in the
degenerate regime and not in the non-degenerate regime. In the degenerate regime,
the reduction of the depletion width from the electric field dependent permittivity
favorably enhances the speed of the device operation.

The classical concepts of SBH formation have proved to be applicable to per-
ovskite system to a satisfactory level with additional insights. We have confirmed
cases in which the Schottky-Mott relation is valid, namely the StRuO3/Nb:SrTiO;
junctions, and cases where interface states or in-gap states are likely playing an im-
portant role, as in the manganite/Nb:SrTiO3 cases. In the latter case, these states
posses the character of the manganite suggesting the importance of local electronic
structure on the metal side, in contrast to the classical Schottky junctions where
screening length in the metal is negligible. What is phenomenologically observed
as interface states may actually be intrinsic properties of the perovskites, as is sug-
gested from one of the origins for the magnetic field dependent SBH in manganite
junctions. The existence of systems in which the SBH is explicable by simple bulk
properties and systems requiring local chemistry is reminiscent of the conventional
Schottky junctions. However, the significant difference in the perovskite systems is
that the origin of the SBH formation mechanism needs to be considered not only
from the semiconductor surface states but also from the surface electronic structure
of the metals. This is because of the sensitivity to structural distortion by variance in
composition, defects, or strain, on the electronic energy levels of the BOgoctahedtra
altering the spatial orientation of the chemical bonds, hence the SBH. Therefore, the
effect of interface local chemical bonds on the formation of SBH is more important
in the perovskite than in the conventional interfaces.

The importance of the local chemical bonds at the interfaces can also be ev-
idenced in the nature of interface states in perovskite junctions. The resonant
tunneling behavior and the increasing potential fluctuation at the interface origi-
nate from the relatively long screening length of impurities. These findings suggest
possibilities to design resonant states based on characteristic overlaps of impurity
wave functions with the host, rather than by tuning the energy band offsets between
different materials. This is a completely new concept for designing resonant diodes
determined not by the lattice mismatch but from the characteristic screening length
of the impurities.

For further development in the studies of perovskite interfaces, the classical de-
scription of interfaces based on the band picture may not be suitable and a descrip-
tion in terms of bonds may be a better starting point. The sensitivity to microscopic
effects is due to the compositional and structural complexity of the constituents and
the associated electronic and the lattice degrees of freedom. The former part is
strongly related to the chemistry of oxides in which the celebrated high quality of
thin films may need to be improved to a higher level for interface studies, due to
the sensitivity of the physical properties of perovskites to non-stoichiometry, such as
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cation off stoichiometry and oxygen vacancies. This is a challenging task considering
the numerous hidden parameters involved in PLD method, the lack of effective tech-
nique for characterization of off-stoichiometry with efficiency and ease, and the small
volume of the materials involved. The latter part is the physical property inherent
to oxides. The interface properties influenced by subtle change in the environments
stem from the less itinerant and spatially oriented nature of the d-orbitals. Derived
properties include, crystal field splitting, non-bonding orbitals having spin degree of
freedom, narrow density of states, etc.

Although we have seen many aspects of these features in this study, we have not
addressed the issue of electron-electron interaction effect on interface parameters.
We believe that understanding of heterointerfaces between doped Mott insulators
would be the next important step in establishing the framework of perovskite inter-
face physics. The scientific importance lies in the question, how do we incorporate
the many body effect in the theory founded on single particle physics? Depletion,
band gaps, band offsets, etc are expected to require strong modification if we base
our discussion on the bulk properties of perovskites. Simultaneously, the redistribu-
tion of charges necessarily taking place at the interface may obscure the many-body
effect resulting in an interface specific phase formation, similar to the case of silicide
formation at metal/Si interfaces but driven by charge redistribution rather than
chemical reactions. We believe that the first challenge in the study of interfaces
between Mott systems would be to conduct an experiment in which the electron
correlation effect can be isolated from other effects.

We state three messages as perspectives toward future research in oxide interfaces
to close this thesis. First is the importance of stoichiometry and structural perfection
of the interfaces. Before discussing the physical properties of the interface in detail,
it is important to clarify to what extent the interface under study is ideal. The
importance should be emphasized more than in the covalent semiconductor systems
because of the sensitivity of the materials to subtle changes in the chemical and
physical environments. Secondly, based on the quality of the interface, we should
consider the interface electronic structure both from the macroscopic band structure
perspective and the microscopic chemical bonding pictures. The interesting physics
is likely to be hidden in a localized region very close to the interface. Finally, in
order to trigger a breakthrough in electronic devices, we should always make effort
to invent devices operating on principles exclusive to perovskite interfaces. This can
be imaged in analogy to the invention of a bipolar transistor from the discovery of
rectification.
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