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Chapter 5

Electronic transport
in Nb doped SrTiO3 single crystals and across
Metal/Nb:SrTiO3 interfaces

In the first part of this chapter, the temperature dependent electrical transport in an uncon-
ventional semiconductor; namely, Nb doped Nb:SrTiO3 (Nb:SrTiO3) single crystals, with
two different doping densities of Nb is presented. We find that the resistivity and mobility
are temperature dependent for both doping densities whereas the carrier concentration is al-
most temperature invariant. In the second part, we report on the temperature dependence of
electronic transport across an epitaxial La0.67Sr0.33MnO3/Nb:SrTiO3 (LSMO/Nb:SrTiO3)
interface. We also discuss our findings on electronic transport across the interfaces between
various noble metals, such as gold (Au) and copper (Cu), with Nb:SrTiO3. We use two
different techniques to study the electronic transport across these interfaces; macroscopic
current voltage (I-V) measurements and a local technique called ballistic electron emission
microscopy (BEEM). This work highlights the role of the dielectric permittivity of Nb:SrTiO3

for electronic transport across the metal-semiconductor (M-S) interface and is relevant for
designing electronic or spintronic devices using oxide-semiconductors. Utilization of BEEM
in characterizing electron transport and probing local inhomogeneities across such unbiased
complex oxide interfaces is discussed. For the first time, a comparative investigation of such
interfaces using macroscopic I-V and BEEM is performed.

5.1 Introduction and Motivation

Unlike conventional semiconductors, transition metal oxide semiconductors offer a
wide tunability in their physical properties which are generally desirable for novel
electronics devices [1]. Transition metal oxide semiconductors are usually classified
into either (a) doped Mott insulator or (b) doped band insulator. Mott insulators,
found in materials with partially filled d-bands, are expected to be metallic from
energy band considerations but are insulating due to strong on-site electron-electron
interaction. An example of such an insulator is La1−xSrxMnO3 [2]. Doped band
insulators are similar to conventional band insulators with empty d-bands.Examples
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Figure 5.1: Temperature dependence of the dielectric constants in SrTiO3 for various crystal
orientations. ε110 and ε11̄0 represent for metallic electrodes deposited on (110) and (11̄0) face
of single crystal as shown in the inset. Thick arrows represent the applied stress and thin
arrows represent the c-axis in the crystal [7].

of such insulators are SrTiO3 [3] and KTaO3 [4].

Pure SrTiO3 (STO) is a band insulator with a band gap of ∼ 3.2 eV. It undergoes
a cubic to tetragonal phase transition at around 105 K, has a very large dielectric
constant, of about 300 at 300 K that increases to ∼10000 at 4 K and is nearly fer-
roelectric (quantum paraelectric) [5], [6]. Dielectric permittivity (εs) is a measure of
the ability of a material to be polarized by an externally applied electric field and the
dielectric constant (εr) of a material is the ratio of its permittivity (εs) to the permit-
tivity in vacuum (ε0), so (εr) = (εS)/(ε0). The real part of the dielectric constant (εr)
of SrTiO3 exhibits a strong dependence on temperature and electric field, increasing
from around 300 at room temperature to tens of thousands at low temperatures (∼
4 K). Figure 5.1 shows the temperature dependence of the dielectric constant εr of
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Figure 5.2: (a) Simulated temperature dependence of the relative permittivity in the depletion
region, (b) barrier potential of Au/Nb:SrTiO3 interface. The results at 300, 200, 100, and 10 K
are shown by dot-dashed, dashed, thin, and bold curves, respectively [23].

bulk SrTiO3 for different orientations [7].
SrTiO3 is a non polar band insulator with an indirect band gap of 3.3 eV at room

temperature. Its electrical conductivity can be tuned by either replacing Sr2+ with
La3+ (acceptor) or Ti4+ with Nb5+ (donor), giving rise to p and n type conduction
respectively [13]. Such tunability of the electrical properties in doped SrTiO3 offers
the possibility of using them for studying complex oxide heterointerfaces. Although
electronic transport across conventional semiconductor (such as Si)-metal Schottky
interfaces is well established, very little is known about the electronic transport in
doped SrTiO3 or its interface with normal metal such as Cu, Au or complex metallic
oxide such as La0.67Sr0.33MnO3 (LSMO).

An understanding of the electrical properties of Nb:SrTiO3 as a function of tem-
perature and doping is crucial prior to the study of interfaces utilizing Nb:SrTiO3

and metal films. In this chapter, we first discuss the results of electronic transport in
Nb:SrTiO3, with different Nb doping. This study helps us to identify the Nb doping
suitable for our study. In the latter half of this chapter, we discuss our results on the
investigation of the electronic transport across Schottky interfaces with well known
metals as Au, Cu and an epitaxial ferromagnetic metal oxide (LSMO) on Nb:SrTiO3.

Epitaxial Schottky interfaces involving oxide semiconductors have been investi-
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gated for their electrical transport both as a function of temperature and doping con-
centration of the semiconductor and are relevant for device applications [22], [28],
[30], [31]. Reliable methods employed to study transport properties are current-
voltage (I-V) and capacitance-voltage (C-V) measurements and more recently, the
Internal Photoemission (IPE) [22] technique. These studies have yielded new in-
sights, that necessitate consideration of transport mechanisms beyond that com-
monly employed to describe electron transport in conventional (non-oxide based)
Schottky interfaces [8], [32]. The influence of interface states and interface dipoles
[33], [34], temperature and electric field dependence of the dielectric permittivity in
complex oxides have to be incorporated for a complete description of the transport
characteristics across such Schottky interfaces [23]. However, studies related to the
homogeneity of the transport properties at such complex oxide interfaces, where
competing electronic phases might coexist, are absent, primarily due to the limita-
tions of the techniques used thus far. It has been discussed in literature, that the per-
mittivity of bulk Nb:SrTiO3 substrates differs from that at the interface with a metal.
T. Susaki et al., have shown that (εr) close to such interfaces is lower than that in bulk
SrTiO3 as shown in Fig. 5.2 [23]. Another phenomenon that arises from their simu-
lations is that at the interface, contrary to that in the bulk, the permittivity decreases
at lower temperatures. Here, using the technique of ballistic electron emission mi-
croscopy, we investigate transport properties in Au/Nb:SrTiO3, Cu/Nb:SrTiO3 and
an epitaxial La0.67Sr0.33MnO3 (LSMO)/Nb doped SrTiO3 (Nb:SrTiO3) heterointer-
face at the nanoscale and at different temperatures. We compare these findings with
the current-voltage measurements performed on the same devices at identical tem-
peratures and find this to be significantly influenced by thermally activated tun-
neling across the interface. This is associated with a narrowing of the depletion
width due to the applied electric field, which otherwise broadens with decreas-
ing temperature. This enhances the probability of tunneling dominated transport
in current-voltage measurements, leading to an apparent decrease in the Schottky
barrier height at low temperatures, and a greater than unity ideality factor in such
Schottky diodes.

5.2 Electronic properties of Nb:SrTiO3 single crystals
with different Nb doping

1 We have studied electronic transport in Nb doped SrTiO3, over a temperature
range of 100 K to 300 K. We have used 0.01 wt % and 0.1 wt % Nb doping con-
centrations. The wt % is the weight of doped Nb atoms (WNb) per 100 gm of SrTiO3,

1Published as: K. G. Rana et al.,, Appl. Phys. Lett. 100, 21 (2012).
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Figure 5.3: (a) and (b) show the AFM images for 0.01 and 0.1 wt % Nb doped SrTiO3 after
chemical treatment, respectively. (c) and (d) AFM images for 0.01 and 0.1 wt % Nb doped
SrTiO3 after annealing, respectively.

as shown below:

wt% = [
WNb

WSrTiO3

] ∗ 100 (5.1)

For this work, we used commercially available 5×5 mm2 Nb:SrTiO3 (001) single
crystals. For both doping concentrations, the substrates were treated using a stan-
dard chemical protocol [14], [15] followed by annealing at 950 ◦C as explained in
chapter 2. The resistivity and carrier concentration measurements were performed
using a four-probe van der Pauw geometry with Ti(200 nm)/Au(100 nm) contacts.
The temperature dependence of resistivity and Hall coefficient were measured us-
ing a Physical Property Measuring System (PPMS by Quantum Design), which is
explained in section 2.5.1, in the van der Pauw configuration, from 100 K to 300 K.
Atomically flat singly terminated TiO2 surface was confirmed from AFM studies,
as shown in Fig. 5.1. In this figure (a) and (b) show the AFM image of chemically
treated 0.01 wt % and 0.1 wt % of Nb:SrTiO3 respectively whereas (c) and (d) show
the AFM images of post annealed atomically flat stepped surface of 0.01 wt % and
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Figure 5.4: Temperature dependence of resistivity in Nb:SrTiO3 for 0.01 and 0.1 wt % Nb
doping for the temperature range 100 K to 300 K. The solid lines represent a generic power
law fitting to the experimental data.

0.1 wt % of Nb:SrTiO3 respectively. For this work, we used commercially avail-
able 5×5 mm2 Nb:SrTiO3 (001) single crystals. For both doping concentrations, the
substrates were treated using a standard chemical protocol [14], [15] followed by an-
nealing at 950 ◦C as explained in chapter 2. The resistivity and carrier concentration
measurements were performed using a four-probe van der Pauw geometry with
Ti(200 nm)/Au(100 nm) contacts. The temperature dependence of resistivity and
Hall coefficient were measured using a Physical Property Measuring System (PPMS
by Quantum Design), which is explained in section 2.5.1, in the van der Pauw con-
figuration, from 100 K to 300 K. Atomically flat singly terminated TiO2 surface was
confirmed from AFM studies, as shown in Fig. 5.1. In this Fig. (a) and (b) show the
AFM image of chemically treated 0.01 wt % and 0.1 wt % of Nb:SrTiO3 respectively
whereas (c) and (d) show the AFM images of post annealed atomically flat stepped
surface of 0.01 wt % and 0.1 wt % of Nb:SrTiO3 respectively. Nb:SrTiO3 substrates
were structurally characterized to determine their quality, as shown in section 2.3.
Figure 5.4 shows the variation of ρwith temperature for 0.01 and 0.1 wt % Nb:SrTiO3

substrates. A few interesting observations emerge from this ρ-T dependence. First, ρ
decreases significantly with decreasing temperature, exhibiting a strong power law
dependence. Further, with increasing Nb doping, ρ is observed to decrease while
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Figure 5.5: Temperature dependence of carrier concentration for 0.01 and 0.1 wt % Nb doped
SrTiO3 in the temperature range from 100 K to 300 K.

maintaining a positive dρ/dT up to 100 K. The monotonically decrease of ρ with T
is fitted with a generic power law as ρ = A ∗ T−α, where A is a temperature inde-
pendent parameter and α is found to be 2.83 and 2.70 for 0.01 wt % and 0.1 wt % Nb
doping, respectively. This metal-like behavior of electrical resistivity corresponds
to unconventional heavily doped semiconductors. All the obtained resistivity val-
ues are in good agreement with earlier reports [17], [19], [20]. In-plane electronic
transport was further investigated to determine the sign of the charge carrier and
its concentration. All the measurements were done in the linear current-voltage
regime. A negative sign of the Hall coefficient (RH=(1/NDq), consistent with elec-
trons being the charge carriers (ND), was obtained. The temperature dependence of
the carrier concentration obtained for 0.01 and 0.1 wt % of Nb, in the temperature
range of 100 K to 300 K is shown in Fig. 5.5. We find a temperature invariance ofND
in both cases. We rationalize this using the hydrogenic theory of shallow donors,
where the donor binding energy, ED, is related to the dielectric constant (εs), the
effective mass (m∗e), and free-electron mass (me) as ED = −13.6eV (

m∗e
me

)( 1
ε2r

). Due to
the large temperature dependence of εs in SrTiO3 (assumed the same in Nb:SrTiO3),
the activation energy is small even at 100 K. ED at 300 K is ∼ 1.5 meV decreasing to
only ∼ 0.2 µeV at 4.2 K [17]. Unlike in conventional semiconductors, this indicates
that the shallow donors remain ionized at all measured temperatures. Such small
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Figure 5.6: Temperature dependence of carrier mobility for 0.01 and 0.1 wt % Nb doped
SrTiO3 in the temperature range from 100 K to 300 K. Carrier mobility is calculated from
obtained resistivity and carrier concentration. The solid lines represent power law fits.

values of ED indicate the absence of carrier freeze out and explain the temperature
independence of carrier concentration.

However, we have observed a slight increase in the carrier concentration with in-
creasing temperature, for both the dopant densities (a factor of 1.4 in 0.01 wt % and
2 in 0.1 wt % of Nb doping). This could be ascribed to additional conduction pro-
cesses originating from charge carriers at energy levels below the conduction band,
whose temperature dependence could be different from that of the carriers at the
bottom of the conduction band in Nb:SrTiO3 [18]. The resistivity and carrier density
thus obtained are used to extract the mobility of the charge carriers in Nb:SrTiO3 us-

ing ρ(T )=
1

µ(T )ND(T )q
. Figure 5.6 shows the temperature dependence of mobility

for both cases. Similar to the resistivity measurements, the mobility decreases with
increasing temperature. The temperature dependence of mobility is also fitted with
a power law as µ = µo ∗T−m where µo is a temperature independent coefficient and
the exponent m is related to the different scattering mechanisms: electron-electron,
electron-ionized impurity and electron-phonon scattering. Simple fitting of the ob-
tained data gives m = 2.8 and 3 for Nb doping of 0.01 and of 0.1 wt % respectively.
The temperature dependence of µ(T) suggests the role of electron-phonon scattering
due to the strong ionic nature of the lattice. It can be related to the temperature de-
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Figure 5.7: (a) Macroscopic I-V measurement schematic for 15 nm Au/Nb:SrTiO3 device. (b)
Band diagram of Au/Nb:SrTiO3 interface.

pendence of εs, which entails effective screening of the ionized impurity scattering
centers resulting in a metal-like behavior [19], [20].

5.3 Doping dependent electrical characterization of Au/
Nb:SrTiO3 interfaces

2 The observed electronic transport behavior in such semiconducting substrates
(two different doping), as discussed in section 5.2, are uncharacteristic of conven-
tional semiconductors. Such Nb:SrTiO3 semiconductors are used for a comparative
study of electronic transport across an interface with Au. 20 nm Au films are evap-
orated on TiO2 terminated Nb:SrTiO3 substrates with both doping concentrations
and fabricated into Au/Nb:SrTiO3 devices, as explained in section 2.4.1. The AFM
images of Au/Nb:SrTiO3 were shown in chapter 2 Fig. 2.4, where r.m.s. roughness
close to 0.4 nm has been observed. The devices were of dimension 250×650 µm2.
Ohmic contacts were realized by sputtering Ti/Au on the back of the Nb:SrTiO3 sub-
strate. Earlier studies on such substrates highlight the necessity of special surface
protocols for studying electrical transport across such interface [21], [22], [23]. How-
ever, we used TiO2 terminated Nb:SrTiO3 substrates to study the electrical transport
properties across the interface between Au and Nb:SrTiO3 at RT. 20 nm thin Au film
was evaporated on TiO2 terminated surface of 5×5×0.5 mm3 single crystals, using
electron-beam evaporation. Multiple devices of an area 250×800 um2 were fabri-
cated using the procedure discussed in section 2.5.1. Evaporated Ti/Au was used

2Published as: K. G. Rana et al.,, Appl. Phys. Lett. 100, 21 (2012).
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Figure 5.8: Current-voltage (I − V ) characteristics for Au/Nb:SrTiO3 junction for (a) 0.01
and (b) 0.1 wt % Nb:SrTiO3. The up and down arrows indicate the direction of voltage sweep
while measurement. The dotted line represents the thermionic equation fit to the forward
characteristics.

as ohmic contact to Nb:SrTiO3.

Figure 5.7 (a) shows the macroscopic (I−V ) measurement schematic of a Au/Nb
:SrTiO3 interface and Fig. 5.7 (b) shows the energy band diagram across a Au/Nb:
SrTiO3 interface. The Fermi levels of Au and Nb:SrTiO3 match and consequently
bands bend at the interface, as discussed in chapter 3.

Figure 5.8 (a) and (b) shows the current-voltage (I − V ) characteristics, at RT,
of Au/Nb:SrTiO3 Schottky diodes with 0.01 and of 0.1 wt % Nb doping. The plots
are representative of measurements performed on simultaneously processed 10-12
diodes, for each doping concentration. Forward bias is defined when a positive bias
is applied to Au. The I − V characteristic in Fig. 5.8 (a) shows a clear rectifying
behavior at RT with the sign of rectification as expected for a Schottky junction be-
tween a n-type semiconductor and a metal. The forward bias characteristic on a
semi-log scale shows a linear increase with bias whereas almost no current flows in
the reverse bias. The linear increase and strong asymmetry in I is consistent with
thermionic emission over the Schottky barrier. Fig. 5.8 (b) shows the (I − V ) char-
acteristic for Au on 0.1 wt % Nb:SrTiO3 at RT. The forward bias characteristic of the
highly doped semiconducting substrate also shows a steep increase in current with
bias. However, a comparatively larger and bias-dependent reverse saturation cur-
rent is seen here, unlike that observed in the low doped substrate. The hysteretic
behavior in (I − V ) for both Au/Nb:SrTiO3 diodes can be ascribed to the redistri-
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bution of oxygen vacancies or defects at the M-S interface with the sweeping of bias
[25]. The Schottky barrier height (SBH) at zero bias and the ideality factor (n) was
obtained from the I − V plots by fitting the forward bias characteristics using the
thermionic emission theory ( as discussed in chapter 3) [8] for both cases.

The zero bias SBH is found to be 1.15 ± 0.05 eV (0.78 ± 0.03 eV) with n = 1.1 (2)
for the 0.01 (0.1) wt % of Nb doping in Au/Nb:SrTiO3 diodes. The simple Schottky-
Mott model for a M-S junction states that φB , the SBH, is a difference of the bulk
work function φm in the metal and χs, the electron affinity in the semiconductor.
Considering φm in bulk Au to be 5.1 eV and χ in Nb:SrTiO3 to be 4 eV [29], the SBH
φB , is ∼ 1.1 eV. Such a close match of the SBH obtained from our experiments with
that of this simple model for the low doped Au/Nb:SrTiO3 Schottky diode has not
been observed in earlier I − V studies [22], [23]. The lowering of the SBH from 1.1
eV, and the deviation of n from 1 for the high doped Au/Nb:SrTiO3 Schottky diodes
can be attributed to several factors as the dominance of thermally assisted tunneling
to electronic transport, image force lowering, generation/depletion currents within
the depletion region and conduction through interface states [8].

Band bending in heavily doped Nb:SrTiO3 results in narrowing of the depletion
width thus promoting tunneling, accompanied by significant leakage at the M-S in-
terface and ideality factor deviating from 1. Depletion width at zero bias, depends

on the doping concentration asWdep =

√
2εs

(
Vin

qND

)
where εs, ND, Vin are semicon-

ductor permittivity, carrier concentration and built-in potential respectively. Using
ND from Fig. 2 and Vin values from [12] and [14], we find Wdep to be ∼ 70 nm
and ∼ 13 nm for 0.01 wt % and 0.1 wt % Nb:SrTiO3 respectively. This supports the
dominance of transport processes other than thermionic emission for Au on 0.1 wt%
Nb:SrTiO3 Schottky diode [21], [26], [27], [28].

5.4 Electronic transport across a LSMO/Nb:SrTiO3 het-
erointerface at the nanoscale

3 LSMO is one of the well studied ferromagnetic metals in oxide electronics and
LSMO/Nb:SrTiO3 is a canonical example of an oxide M-S interface. Yet, very few
studies have been undertaken that address the energy band alignment at such inter-
faces and its behavior at low temperature. In order to understand electron transport
across an epitaxial complex oxide heterointerface i.e., LSMO/Nb:SrTiO3, we employ
the conventional current-voltage method as well as the technique of ballistic electron
emission microscopy (BEEM), which can probe lateral inhomogeneities in trans-

3Published as: K. G. Rana et al., Phys. Rev. B 87, 085116 (2013).
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Figure 5.9: (a) Sketch of the I-V measurement on a LSMO/Nb:SrTiO3 device. (b) The differ-
ent energy levels in the Metal and Semiconductor are shown along with the Schottky barrier
height, which is defined as the difference between the work function of LSMO and electron
affinity in Nb:SrTiO3. (c) Schematic layout of the BEEM technique (not to scale). The tunnel
voltage, VT , is applied between the PtIr STM tip and the LSMO film, with the tunnel current,
IT , kept constant by feedback. The LSMO/Nb:SrTiO3 interface is thus unbiased. (d) Energy
band diagram of the BEEM technique shows the injected hot electron distribution. The elec-
trons transmitted in the LSMO film, after scattering are collected in the conduction band of
the Nb:SrTiO3 semiconductor.

port at the nanometer scale. From temperature dependent current-voltage mea-
surements, we find that the Schottky Barrier height (SBH) at the LSMO/Nb:SrTiO3

interface decreases at low temperatures, accompanied by a larger than unity ide-
ality factor. This is ascribed to the tunneling dominated transport caused by the
narrowing of the depletion width at the interface, as discussed in chapter 3. How-
ever, BEEM studies of such unbiased interfaces do not exhibit SBH lowering at low
temperatures, implying that this is triggered by the modification of the interface due
to an applied bias and is not an intrinsic property of the interface. Interestingly, the
SBH at the nanoscale, as extracted from BEEM studies, at different locations in the
device is found to be spatially homogeneous and similar both at room temperature
and at low temperatures.
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As discussed in chapter 3, in BEEM, the measurements are carried out at zero
bias i.e, unbiased junctions and governed by the transport of hot electrons from the
LSMO across the interface into Nb:SrTiO3. Here, no significant reduction in the
SBH is found when the temperature is decreased. Further, using the local probing
capabilities of the BEEM, the SBH is found to be spatially homogeneous at different
locations in the device both at room temperature (RT) and with decreasing temper-
atures. Thus, the two independent methods while probing the same interface yields
new insights into the transport characteristics of the interface at the nanoscale.

5.4.1 Device fabrication and experimental technique

We have used PLD to deposit a 13 u.c. thin film of LSMO on a TiO2 terminated
Nb:SrTiO3 substrate as already discussed in Chapter 4. The PLD growth parame-
ters are kept the same described in section 2.2.1. Device structures of 250 µm×1150
µm were patterned using standard UV lithography and wet etching, as explained
in section 2.4. We used aqua regia for 20 sec to etch the LSMO films to obtain these
device structures. For the bottom and top contacts we used Ti(100 nm)/Au(100 nm)
and Au (100 nm) respectively. For the BEEM studies, a modified commercial STM
system from RHK technology is used (section 2.6). We have used both standard
I-V measurements as well as the BEEM technique to study electrical transport in
LSMO/Nb:SrTiO3 Schottky interfaces in this work. In I-V measurements the bias is
applied at the Metal-Semiconductor (M-S) Schottky interface (shown in Fig. 5.9 (a))
and is varied to record the diode characteristics. We have performed these measure-
ments both at room temperature and at lower temperatures up to 120 K. Theoretical
model that best describe the I-V characteristic of an ideal Schottky junctions are
based on thermionic emission which is given by Eqn. 1.12. We use this equation
to obtain barrier height at zero bias, φB , and ideality factor(n, is unity for purely
thermionic emission dominated transport).

As discussed in section 3.3, BEEM utilizes hot electrons (few eV above EF ) to
probe electron transport across thin metal layers deposited on a semiconducting
substrate [37], [36].

In BEEM, no bias is applied at the M-S interface (unbiased junctions) and thus
electrons enter the conduction band of the semiconductor with their own kinetic
energy, after traveling through the film and the interface. This is in contrast to the
studies performed using standard I-V where an external bias is applied at the M-S
interface. The BEEM current, IB , is recorded over a local area of a few nanometers,
at a constant tunnel current, IT , while varying VT . IB depends on the thickness of
the metal layer and decreases exponentially with increasing thickness [38], [39], [40].
Several such spectra are collected from one location which are then averaged to ob-
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Figure 5.10: (a) Current-Voltage I-V characteristics for the LSMO/Nb:SrTiO3 Schottky diode
shown here at Room temperature, at 200 K and 120 K. A clear rectification is observed in all
cases. (b) The Schottky barrier heights and the ideality factors are extracted from figure (a),
using equation 1 at different measurement temperatures.

tain a representative BEEM spectrum. By placing the STM tip at different locations
of the device, such BEEM spectra are recorded at different regions from which local
Schottky barrier heights can be extracted. As explained in section 3.4.5, the onset of
the BEEM current with VT gives us the SBH from the Bell-Kaiser (B-K) model [37].

5.4.2 Results

The current-voltage (I-V) characteristics of the LSMO/Nb:SrTiO3 Schottky interface
measured from 120 K to 300 K are shown in Fig. 5.10 (a). We observe (a) a clear recti-
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Figure 5.11: (a) BEEM spectra for the LSMO (13 u.c.)/Nb:SrTiO3 Schottky interface at RT
(red) and at 120 K (green). Each spectrum is a representative of several spectra taken at the
same location. (b) The extracted SBH at the LSMO (13 u.c.)/Nb:SrTiO3 Schottky interface,
obtained by plotting the square root of the normalized IB with VT and fitting it to the Bell-
Kaiser model at RT (c) the same at 120 K, (insets) shows the distribution of Schottky barrier
heights obtained at different locations in the device both at RT (b) and at 120 K (c).

fying behavior at all temperatures, (b) a linear dependence of the forward current on
all temperatures, and (c) a shift in the onset of the current with applied bias at lower
temperatures. We find that the forward characteristics tend to be less linear beyond
a certain bias and are associated with the dominance of forward series resistance,
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which has been calculated to be around 50 Ω at RT, in our device. The reverse bias
characteristics of the diode show an increasing non-saturating current close to -1 V,
which also shifts to a lower bias with decreasing temperature. These observations
indicate a higher probability of electrons to flow through the interface at low temper-
atures and suggest the role of transport mechanisms other than thermionic emission
[8], [32]. The Schottky barrier height (SBH) at zero bias and the ideality factor n can
be obtained from the log I-V plots, by fitting the forward bias characteristics using
the thermionic emission model [8], [32] given by equation 1.12. The linear part of the
forward characteristics of the diode obtained from the I-V plot is used to obtain φB
and n. This is shown in Fig. 5.10 (b). The SBH of 0.92 eV gradually decreases up to
a temperature of 180 K, below which the decrease is rather abrupt (at 120 K the SBH
is 0.67 eV). The ideality factor concomitantly increases with decreasing temperature
and is found to be 1.26 at the lowest temperature measured. Similar observations
of a decrease in SBH and an increase in the ideality factor at low temperatures have
also been reported for different combinations of manganite/Nb:SrTiO3 interfaces
[42], [43], [44].

Hot electron transmission, recorded using BEEM, across a LSMO (13 u.c.)/Nb:
SrTiO3 Schottky interface is shown in Fig. 5.11 (a) at 300 K (red) and 120 K (green).
Beyond a certain tip bias, the BEEM transmission is found to increase with increas-
ing VT , while IT is held constant. The transmission shown is an average of more
than 50 individual spectra recorded at a particular location in the device. By mov-
ing the STM tip across the device, such spectra were also recorded at different lo-
cations. As discussed earlier, the hot electrons injected across the vacuum tunnel
barrier, propagate through the thin LSMO film and are collected in the conduction
band of Nb:SrTiO3, provided they have the necessary energy and momentum to
overcome the SBH at this interface, which is left unbiased. Electron-electron scatter-
ing processes at these energies can reduce IB , which can additionally be influenced
by other elastic scattering events during transmission in the LSMO film and at the
M-S interface. The BEEM transmission is higher at 120 K suggesting that scattering
events such as inelastic scattering or scattering due to magnons and/or phonons
are reduced and also in accord with the temperature dependence of resistivity ob-
served in LSMO films [45], [46]. The onset of BEEM transmission beyond a certain
threshold voltage corresponds to the local SBH, as seen in Fig. 5.11 (a). Using the
B-K model, we obtain the SBH of the LSMO/Nb:SrTiO3 interface by extrapolating
the straight line so as to intersect the voltage axis in the plot of the square root of the
BEEM transmission versus applied voltage as shown in Fig. 5.11 (b) and (c). The
SBH at RT is found to be 0.87 ± 0.02 eV (error bar represents the error in the B-K fit-
ting) and 0.83 ± 0.02 eV at 120 K. The SBH has been similarly extracted at different
locations and is represented in the histogram shown in Fig. 5.11 (b) and (c).
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5.4.3 Discussions

To understand the origin of the temperature dependence of the SBH and ideality fac-
tor from current-voltage measurements and the temperature-independence of SBH
as obtained in BEEM studies, we first need to recall that the two independent tech-
niques differ in the way they probe transport at the interface. In the I-V measure-
ments, the interface is biased, where in the BEEM, it is not. This needs to be taken
into account while choosing the appropriate transport model to explain the temper-
ature dependence of the I-V data.

For Schottky interfaces with complex oxides, there is large probability that elec-
trons with energies smaller than the SBH can tunnel through the interface in what
is commonly known as thermionic field emission. This occurs due to a tempera-
ture dependence of the depletion width in the oxide semiconductor. Assuming a
triangular barrier [32], the tunneling probability of the electrons within the Wentzel,
Kramers and Brillouin (WKB) approximation can be written as

P = exp

{
− 2

3 (Vbi)
1
2 (∆E)

3
2

E00

}
(5.2)

where Vbi refers to the built-in potential, ∆E indicates the amount by which the
SBH is reduced for the tunneling process and E00 is a tunneling parameter, also
called the characteristic energy at 0 K given by:

E00 =
~
2

[
Nd
m∗εs

]1/2 (5.3)

where, m∗ is the effective mass of the electrons, εs is the permittivity of the semi-
conductor and N is the donor concentration. E00 is the built-in potential at a Schot-
tky barrier which represents the transmission probability of an electron whose en-
ergy coincides with the bottom of the conduction band in Nb:SrTiO3 and is equal to
1/e [32]. The current-voltage characteristics in the forward regime of the Schottky
diode can thus be written as

I = Isexp[
V

E0
] (5.4)

where,
E0 = nkT (5.5)

and for thermally assisted tunneling

E0 = E00coth[
qE00

kT
] (5.6)

For direct tunneling E00 >> kT , for thermionic field emission (TFE) dominated
transport E00 ∼ kT and for thermionic emission (TE) E00 << kT . To ascertain the
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Figure 5.12: (a) Variation of E0 (tunneling parameter) with temperature. The blue dotted line
represents the fit given by Eqn. 5.6. Depletion width in Nb:SrTiO3, calculated from eqn. 5.7
with varying temperature. The red plot is at zero bias i.e, V = 0 V whereas the blue plot is at
an applied bias of 0.5 V. The blue plot shows that the depletion width in Nb:SrTiO3 reduces
with the external applied field at all temperatures.

different contributions to transport we have calculated E0 at different temperatures,
using Eqn. 5.6 and show this in Fig. 5.12 (a). E00 (3 meV) << ∼ kT (25 meV) at RT,
thus transport is dominated by pure thermionic emission whereas below 180 K, E00

(3 meV) is closer to kT (10 meV) and transport is thus by thermionic field emission
and tunneling.

The dielectric permittivity in SrTiO3 varies both as a function of temperature
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and electric field, thus also the depletion width in Nb:SrTiO3. Hence, the depletion
width, W, can be written as [47]:

W =
bε0

qN
cosh−1

[
1 +

qN√
abε0

Vbi

]
(5.7)

where N , Vbi are the carrier concentration in Nb:SrTiO3 and the built-in potential
respectively, a and b are temperature dependent constants in the expression that de-
scribes the temperature dependence of the dielectric permittivity, εr, at zero electric
field according to the Barrett’s formula, as

εr(T ) =
1635

coth
(

44.1
T

)
− 0.937

(5.8)

N is treated to be constant with decreasing temperature from Ref. [41]. We have
calculated the depletion width using the above equations at zero applied bias and
show this in Fig. 5.12 (b). We see that the depletion width increases with decreasing
temperature as expected (red curve). This cannot explain the tunneling dominated
transport observed in our experiments as shown in Fig. 5.12 (a). To understand this
further, we look into the I-V characteristics of the LSMO/Nb:SrTiO3 Schottky diode
in Fig. 5.10 (a) and see that at a temperature of 120 K, there is a shift in the onset
at which the forward current in the diode sets in. This corresponds to an applied
electric field, which, at such temperatures, can narrow the depletion width and en-
hance the prospects of thermally assisted tunneling. To confirm this, we calculate
the depletion width, using Eqn. 5.7, at a bias of 0.5 V and this is shown in the blue
curve in Fig. 5.12 (b). This electric field induced reduction in the depletion width
causes the electrons to tunnel through the interface at energies lower than the actual
SBH and leads to an apparent decrease in the SBH and increase in the ideality factor
with temperature as shown in Fig. 5.10 (b). This additional current transport pro-
cess at lower temperatures, also enhances and leads to a non-saturating current in
the voltage dependence of the reverse bias current in the diode (Fig. 5.10 (a)).

5.5 Electronic transport across Cu/Nb:SrTiO3 interface
4 We have also investigated electronic transport in Cu/Nb:SrTiO3 and Au/Nb:SrTiO3.
In this section, we will focus on the electronic transport across Cu/Nb:SrTiO3 inter-
face probed using I-V as well as BEEM, as a function of temperature. Cu has a work
function equal to 4.3 eV. From simple Schottky-Mott rule, we expect a SBH = 0.6 eV
at room temperature (φB = φm - χs where, χs, electron affinity of Nb:SrTiO3 = 3.9
eV).

4Manuscript under preparation.
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Figure 5.13: (a) I-V schematic of Au/Cu/Nb:SrTiO3 interface, where device geometry re-
mains the same as explained for LSMO/Nb:SrTiO3 interface. (b) The band bending at the in-
terface leading to a SBH close to 0.6 eV at room temperature. (c) and (d) shows the schematic
layout of BEEM technique and the energy diagram for studying Au/Cu/Nb:SrTiO3 interface
using BEEM.

Figure 5.13 (a) shows the I-V schematic of the Cu/Nb:SrTiO3 interface. The de-
vice geometry remains the same as in LSMO/Nb:SrTiO3 (section 3.4.1.). We have
deposited 15 nm of Cu, capped by 8 nm Au so as to avoid oxidation of the Cu layer.
Figure 5.13 (b) shows the energy band diagram for Cu/Nb:SrTiO3 interface. Figures
5.13 (c) and (d) show the schematic layout of Au/Cu/Nb:SrTiO3 interface and its
energy diagram as using BEEM.

Figure 5.14 (a) shows the temperature dependent I-V of a 8 nm Au/15 nm Cu/
Nb:SrTiO3 (0.01 wt % ), for temperatures ranging from 128 K to 295 K. The solid dots
represent the experimental results, whereas the dotted lines in the forward regime
represent fitting based on the thermionic emission model (using Eqn. 3.12). We
find a rectification of nearly 4 orders at 1 V, at 295 K. Using the thermionic emission
model (Eqn. 5.3), the values of SBH and n are obtained at various temperature and
the values obtained are shown in Fig. 5.14 (b). The ideality factor is found to be
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Figure 5.14: (a) Temperature dependent I-V measurements for Cu/Nb:SrTiO3 junction for
0.01 wt % Nb:SrTiO3. The straight lines represent the thermionic equation fit to the forward
characteristics. (b) Temperature dependence of SBH and n obtained from macroscopic I-V,
using Eqn. 5.3.

1.2 (SBH = 0.72 eV) at 295 K and 1.7 (SBH = 0.51 eV) at 128 K. For ideal thermionic
emission, the ideality factor is equal to 1. This implies that especially at lower tem-
peratures, other mechanisms that could increase the ideality factor and decrease the
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Figure 5.15: BEEM spectra for 8nm Au/15nm Cu/Nb:SrTiO3 Schottky interface at 120 K for
negative bias applied to the tip with respect to the sample (Direct BEEM spectra) and for
positive bias applied to the tip with respect to the sample (Reverse BEEM spectra). Each
spectrum is a representative of several spectra taken at the same location. (The left inset) The
extracted SBH obtained by plotting the square root of the normalized IB with VT . (The right
inset) The extracted SBH obtained by plotting the fourth root of the normalized IB with VT

using Bell-Kaiser model.

effective Schottky barrier height, are also participating. These mechanisms can be
direct tunneling or thermally assisted tunneling (discussed in section 3.2). A non-
saturating leakage with increasing reverse bias, at room temperature is observed, as
shown in Fig. 5.14 (a). This leakage decreases as we cool the device to 128 K because
of the increase in the resistance of the junction ( Eqn. 1.33). However, at low temper-
atures, we also observe an increasing leakage beyond a reverse bias of - 0.8 eV. Such
a feature is a characteristic of Schottky interfaces using Nb:SrTiO3 as a semiconduc-
tor [23], [24]. It indicates the presence of large electric field across these interface
at such biases, leading to the thinning of depletion width resulting in tunneling. In
order to investigate electron transport across Cu/Nb:SrTiO3 further we used BEEM.
Schematic of the BEEM and its circuit diagram are shown in Fig. 5.13 (c). The energy
band diagram is shown in Fig. 5.13 (d). The description of the measurement is the
same as explained earlier in section 5.4.1. Additionally, we have performed direct
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BEEM (D-BEEM) as well as reverse BEEM (R-BEEM) for a complete understanding
of such interface. The basic differences in these two modes of BEEM are presented
in section 3.4.6.

Figure 5.15 (left plot) shows few BEEM spectra collected for the same device at
120 K. We observe a clear BEEM transmission in 8 nm Au/15 nm Cu grown on
Nb:SrTiO3. The absolute BEEM transmission observed in these noble metal layers
is orders of magnitude higher than observed in a much thinner LSMO film (section
5.5). The LSMO film thickness used for those studies was∼ 5 nm. Such an enhanced
transmission in the Au/Cu/Nb:SrTiO3 device signifies the role of strong correlation
effects in LSMO (more details in chapter 6). We also determine local SBH for this
device using the B-K model (chapter 3) from one such BEEM spectrum as shown
in the inset of Fig. 5.15. This was also done for the other BEEM spectra taken at
different locations. We find a homogeneous value of the SBH corresponding to
0.59 ± 0.02 eV. We also performed BEEM measurements at higher temperatures.
The low SBH for Cu/Nb:SrTiO3 interface confined our BEEM studies to 200 K for
reasons discussed in section 3.4.8. (decreasing R0).

The BEEM current is found to increase with decreasing temperature and an in-
crease in the local SBH is observed from 120 K to 200 K, as shown in Fig. 5.16,
(unlike that in LSMO/Nb:SrTiO3). The SBH is found to increase from (0.59 ± 0.02)
eV at 120 K to (0.66 ± 0.02) eV at 200 K. As BEEM measurements are performed at
"zero" bias, we do not expect tunneling to be the reason for this increase. This obser-
vation is contrary to a LSMO/Nb:SrTiO3 junction where no such increase in φB was
observed. The Cu:Nb:SrTiO3 interface is different from that of LSMO/Nb:SrTiO3 as
the higher growth temperature (750◦C) in the latter will eliminate possible surface
states responsible for such a variation in φB .

We also study the hot electron transmission of scattered carriers in Cu on Nb:SrTiO3

and do this by changing the injection bias polarity of the scanning tunneling micro-
scope (STM) tip that is used in the BEEM (known as reverse BEEM). In R-BEEM,
hot holes are injected in the Cu layer that scatter with the electron gas close to EF
and create secondary electrons by electron-hole (e-h) pair generation, similar to the
Auger scattering process. These scattered electrons are then collected in Nb:SrTiO3

as a Reverse BEEM current (IRB) which, near threshold, follows a power four de-
pendence with the injected bias [48] i.e., IRB∝(VT − φB)4. The distribution of the
injected hot electrons is maximum at the EF of the STM tip in direct BEEM whereas
it is peaked at the EF of the metal base for the R-BEEM, as shown in Fig. 3.8 and
Fig. 3.11. For a M-S interface with a SBH of φB , this suggests that a larger fraction
of the more energetic electrons can be collected in direct BEEM than in R-BEEM.
Hot electron transmission for both the direct and reverse mode in BEEM are plot-
ted in Fig. 5.15 as a function of tip bias, VT , for Au/Cu (15 nm)/Nb:SrTiO3. IRB
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Figure 5.16: (a) Temperature dependence of BEEM transmission (D-BEEM) in the range from
120 K to 200 K for Cu/Nb:SrTiO3 interface. The local SBH obtained using the B-K model at
120 K and 200 K.

also has the same sign as IB and corresponds to the flow of electrons from Cu to
Nb:SrTiO3. Each spectrum is an average of ∼40 individual spectra taken at several
different locations on the same device. For both cases, the transmission increases
above a certain threshold that corresponds to the SBH at the Cu/Nb:SrTiO3 (R-
BEEM transmissions in Fig. 5.15 have been multiplied by 21). We find the R-BEEM
transmission to be a factor of 21 lower than the direct BEEM transmission in Cu.
For the injected hole distribution in the R-BEEM, only those secondary electrons
created during the e-h pair generation are collected that originate from the tail of
the distribution and are also few in number [48]. Further, inelastic scattering of the
injected hot holes will remove electrons with lower energy from being collected. All
these factors cause a much reduced R-BEEM transmission as compared to that in
the direct BEEM. The spectral shape for the reverse BEEM is also different than the
direct BEEM and is easily understood from the B-K model which states that close
to the threshold, the direct BEEM and R-BEEM transmission varies as power 2 and
4 respectively, above φB , and further indicates the different energy dependence of
scattering for the two processes [48]. This is the first time that I-V and local BEEM
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Figure 5.17: (a) Temperature dependent current-voltage characteristics of device A, i.e., 15 nm
Au/Nb:SrTiO3 (0.01 wt % ), at temperatures ranging from 120 K to 290 K. The straight lines
represent the thermionic equation fit to the forward characteristics obtained using equation
5.3. (b) Schottky barrier heights and ideality factors of the device are plotted as function of
temperature ranging from 120 K to 300 K obtained using the thermionic emission equation.

measurements of Cu/Nb:SrTiO3 interface are performed.

5.6 Electron transport across Au/Nb:SrTiO3 interface

In this section we present and discuss the results of I-V and BEEM measurements
on a Au/Nb:SrTiO3 interface. The I-V measurements for 15 nm Au/Nb:SrTiO3 are
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Figure 5.18: Temperature dependence of nanoscale Schottky barrier lowering obtained with
respect to local SBH at room temperature in Au/Nb:SrTiO3 is plotted.

shown in Fig. 15.17 (a). A rectifying behavior is observed for Au/Nb:SrTiO3 devices
at all the measured temperatures. However, a non-saturating reverse current is also
observed, whose magnitude increases with decreasing temperature. Such a non-
saturating reverse current is ascribed to the bias dependent Schottky barrier height
due to applied bias at the interface in I-V measurements. Temperature dependence
of macroscopic φB and n, shown in fig. 5.17 (b), is obtained from these I-V curves
using Eqn. 3.12. It is clear that the effective Schottky barrier height decreases from
0.85 ± 0.04 eV at room temperature to 0.47±0.04 eV at 120 K. At the same time
the ideality factor increases from 1.35 to 2.8 indicating the possibility of other non-
thermionic emission mechanisms at lower temperatures.

The temperature dependence of IB for the same device is shown in Fig. 5.18. Lo-
cal variations in the BEEM current are observed for this device unlike that observed
in either LSMO/Nb:SrTiO3 or Cu/Nb:SrTiO3 interfaces. This is attributed to the rel-
atively higher roughness of the Au layer and the presence of polycrystalline grains
and their boundaries. We also observe that IB is generally lower at higher temper-
atures. This can be caused by a decreasing Schottky barrier height (using the B-K
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model) at lower temperatures, which means that a larger amount of the transmitted
electrons can now overcome the barrier. The decrement in φB and enhancement in n
as obtained from I-V measurements with decreasing temperature are stronger in the
case of Au/Nb:SrTiO3 as compared to either LSMO or Cu interface with Nb:SrTiO3.

The variation in the local SBH with temperature (as obtained from the B-K model),
is larger for the Au/Nb:SrTiO3 interface as compared to the Cu/Nb:SrTiO3 inter-
face.

5.7 Conclusions

In conclusion, temperature dependence of electronic transport in Nb:SrTiO3 single
crystals for two doping densities is studied and shows the absence of carrier freeze
out up to 100 K. We find that the resistivity and mobility are temperature depen-
dent in both, whereas the carrier concentration is almost temperature invariant, and
rationalize this using the hydrogenic theory for shallow donors. Further electrical
transport across the interface between well-characterized Nb:SrTiO3 and Au were
also studied. Analysis of macroscopic I-V characteristics reveal thermionic emis-
sion dominated transport for the low doped substrate whereas it deviates from such
behavior for the high doped substrate.

In LSMO/Nb:SrTiO3, electron transport and the extracted transport parameters,
as the SBH, from BEEM measurements are found to be relatively unaffected at the
unbiased interface, in contrast to the electric field dominated transport in I-V mea-
surements. The latter is attributed to the narrowed depletion width at the Schottky
interface. In BEEM, where transport is by hot electrons, no such decrease in the lo-
cal SBH with temperature is observed at the unbiased Schottky interface. The local
SBH as extracted from BEEM studies is reasonably similar at different locations of
the device both at RT (FWHM = 0.2 eV) and at 120 K (FWHM = 0.1 eV).

We have also carried out I-V and BEEM studies in Cu/Nb:SrTiO3 and Au/Nb:Sr
TiO3 interfaces. A temperature dependent SBH is found for both these interfaces
in I-V measurements, and is due to the contribution of non-thermionic processes to
electron transport at lower temperatures. R-BEEM studies were also done for the
Cu/Nb:SrTiO3 interface and the transmission is found to be a factor of 21 lower
as compared to the Direct BEEM studies. Thus, by combining two independent
probes viz. current-voltage measurement and the technique of BEEM, we gain new
insights into the transport characteristics at the interface of an unconventional oxide
semiconductor such as Nb:SrTiO3 with that of conventional metals as Cu and Au
and complex oxides such as LSMO.
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