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We observed a strong modulation in the current-voltage characteristics of SrRuO;/Nb:SrTiO; Schottky
junctions by Mn substitution in SrRuO3, which induces a metal-insulator transition in the bulk. The tempera-
ture dependence of the junction ideality factor indicates an increased spatial inhomogeneity of the interface
potential with substitution. Furthermore, negative differential resistance was observed at low temperatures,
indicating the formation of a resonant state by Mn substitution. By spatially varying the position of the Mn
dopants across the interface with single unit cell control, we can isolate the origin of this resonant state to the
interface SrRuOj; layer. These results demonstrate a conceptually different approach to controlling the interface
states by utilizing the highly sensitive response of conducting perovskites to impurities.
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I. INTRODUCTION

Schottky junctions using perovskite oxides are systems in
which several interesting device properties have been re-
ported including resistance switching,' magnetic field sensi-
tive diode,? and as a prototypical structure for enhanced pho-
tocarrier doping.? One of the important concepts in Schottky
junctions is the formation of interface states that strongly
influence barrier formation and, in many cases, are respon-
sible for nonideal device performance.* In elemental metal/
conventional semiconductor junctions, the interface states
are formed as consequences of intrinsic surface reconstruc-
tions, impurities, or defects on the semiconductor surfaces,
or alloying by a metal-semiconductor reaction. In many
cases, the barrier formation processes are predominantly
driven by the properties of the semiconductor and are usually
less dependent on the properties of the metal with some ex-
ceptions such as in the presence of metal-induced-gap
states.’ This is due to the large difference in the bonding
character of the constituents, namely spatially oriented cova-
lent bonds in semiconductors and spatially uniform metallic
bonds in the metal, which can easily result in amorphous or
polycrystalline interfaces.

In contrast, the chemical and structural similarities be-
tween metallic and semiconducting perovskites enable the
epitaxial growth of oxide heterojunctions. Furthermore, the
electrical conductivity in metallic perovskites is often
achieved by the delicate energy balance between competing
ground states, as seen in high-7,. cuprates or colossal mag-
netoresistive manganites.® Upon doping, many perovskite
metals transition through a carrier localized state long before
completely becoming an insulator with a well-defined gap in
the density of states. When interfaces are formed using such
disordered metals, a new type of interface state formation
can be anticipated, giving us an additional degree of freedom
to manipulate the interface electronic structure from the
metal side.

To explore these ideas, we have investigated controlled
impurity substitution in the SrRuO;/Nb:SrTiO; junctions.
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This is an ideal system to study because the interface is free
from polar discontinuity, which can be a significant source of
interface states,’” and its barrier formation is not dominated
by the interface states, as evidenced by the good agreement
between the experimentally determined Schottky barrier
height®® and the Schottky-Mott relation. Additionally,
Nb:SrTiO; has been the most thoroughly investigated per-
ovskite semiconductor in junction structures such as the
Schottky barrier height characterization,® and the studies of
nonlinear dielectric constant and its effect on band
bending.'®!! SrRuO5, in the absence of chemical substitu-
tion, is a representative conducting perovskite with a ferro-
magnetic transition temperature 7-=160 K. It exhibits sev-
eral unusual transport properties such as the absence of
resistivity saturation up to 1000 K.'? The strong divergence
of dR/dT as T— T and the weak divergence when T— T
raises questions of the applicability of the standard Boltz-
mann transport picture, leading to the assignment of StTRuO;3
as a “bad metal.”'3 As can be expected from the unusual
behavior in its pure form, StRuOs is highly sensitive to the
disorder induced by chemical doping such as Ca,'* Zn, Ni,
Co," Fe,' or Mn (Refs. 15, 17, and 18) doping, all of which
induce metal-insulator transitions. In the case of doping with
a 3d transition metal ion at the Ru site, the Ru-O bonding
network is reduced and carrier localization occurs because of
the localized nature of the 3d orbitals.

Here, we study the effects of using a strongly correlated
metal at the junction interface by examining the temperature-
dependent  [-V  characteristics of the Mn-doped
SrRuO;/Nb: SrTiO; Schottky junctions. From the high tem-
perature slope in the semilogarithmic plot of the /-V charac-
teristics, the spatial distribution of the barrier height was in-
creased by the Mn substitution. At low temperatures, we
observed negative differential resistance even for a single
layer of the Mn substituted StRuO; metal at the interface.
These results indicate that the high sensitivity of strongly
correlated metals to impurities can give rise to characteristic
interface state formation from imperfectly screened impurity
ions.
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FIG. 1. (Color online) Temperature-dependent resistivity (p) of
the SrRuO;3 (bold) and SrRug9sMng (sO5 (solid) thin films that were
grown on SrTiO3(100) substrates. The increased resistivity and the
reduced T are evident for the SrRuj9sMng sO3 thin film.

II. EXPERIMENT

Epitaxial thin film structures were fabricated by pulsed
laser deposition using a KrF excimer laser with a fluence
of 2.0 J/cm? on SrTiO;(100) substrates that are undoped
and Nb=0.5 wt % doped in an oxygen partial pressure
(Py,) of 0.3 Torr (unless otherwise indicated), and at a
substrate temperature of 800 °C. The deposited film thick-
nesses of SrRuO; and SrRug¢sMny (5053 were 800 A. The
polycrystalline SrRu;_Mn,O; (x=0,0.05,0.15), SrMnOs,
StTip9sMng o503, and single crystal SrTiO; targets were
used.

The critical concentration required for the bulk metal-
insulator transition in SrRu;_,Mn,O5 is x=0.4 (Ref. 18). At
x=0.05, predominantly studied here, SrRu;_Mn,O; is re-
ported to be a metal with a slightly increased resistivity
and a reduced T.. The x ray diffraction patterns of the
thin films revealed high quality epitaxial growth and
an out-of-plane lattice constant of 3.95 A for both
SrRug 9sMng sO5 and undoped SrRuOs. As shown in Fig. 1,
the temperature-dependent resistivity (p) of the films depos-
ited on the insulating SrTiO5(100) substrates exhibited me-
tallic behavior with a T and a residual resistivity of 150 K
and 50 uQ) cm for SrRuO;, and 140 K and 150 () cm for
SrRug 9sMny 9503

II1. RESULTS
A. Temperature-dependent /-V characteristics

The temperature-dependent [-V  characteristics for
StRuO;/Nb:SrTiO; and SrRug¢sMng 0505/ Nb:SrTiO5 are
shown in Figs. 2(a) and 2(b), respectively. Ohmic contacts
were made by Ag paste directly on the ruthenates and Al
deposition on Nb: SrTiOs. The polarity of the applied bias is
defined as a positive voltage applied to the ruthenate.

In the case of the SrRuO; junction, the forward bias cur-
rent in the semilogarithmic plot is linearly proportional to the
bias voltage with an overall shift to higher voltages at lower
temperatures, indicating a near ideal Schottky behavior. The
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FIG. 2. (Color online) Temperature dependence of the

I-V  characteristics in the (a) SrRuO;/Nb:SrTiO; and (b)
SrRug 95sMng sO3/Nb: SrTiO5 junctions. Measurements were taken

between 300 and 20 K in 40 K steps.

current transport mechanism of these junctions was deter-
mined from the Richardson plot shown in Fig. 3(a). The
reduced slope at high temperatures indicates the contribution
of the thermoionic field emission, which is consistent with
the large reverse bias current caused by the high doping con-
centration in Nb:SrTiO;. The gradual increase in Jg/T? at
low temperatures corresponds to the dominance of the field
emission (FE) process in this temperature regime. Here, Jy is
the saturation current density obtained by a linear extrapola-
tion of the forward biased region of the /-V characteristics to
zero voltage. The temperature dependence of the two junc-
tions is very similar to what has been observed in
Au/Nb:SrTiO; Schottky junctions.'!:1?

In contrast, two apparent differences can be seen in the
I-V characteristics of the SrRu 9sMny s0O3/Nb: StTiO5 junc-
tion compared to the SrRuOz/Nb:SrTiO; junction (Fig. 2).
First, the large decrease in the current over the measured
voltage range by almost an order of magnitude, and second,
the appearance of current peaks and negative differential re-
sistance (NDR) at the forward bias below 60 K. Since the
NDR behavior is observed in the FE low temperature region,
the Mn substitution appears to induce a resonant state similar
to a double barrier resonant tunneling diode.?® A linear plot
of the magnified /-V characteristics and the normalized con-
ductance for SrRujgsMng 505 is shown in Figs. 4(a) and
4(b), respectively. As the temperature is decreased, a current
peak emerges at ~+0.25 V. The measurements taken under
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FIG. 3. (Color online) (a) Richardson plot of SrRuO;

(SrRug 9sMng ps03)/Nb:SrTiO3 junctions showing a crossover
from the thermoionic field emission to the field emission. (b) Evalu-
ation of the Schottky barrier height spatial inhomogeneity from the
ideality ~ factors. The circles (squares) denote SrRuO;
(SrRug 9sMng 9503) and the lines are linear fits to the experimental
data in the high temperature regime.

an applied magnetic field of 13 T revealed no significant
difference in either the peak voltage or the conductance, in-
dicating that this is a charge state, not a collective magnetic
state.

The large decrease in the current can be quantitatively
addressed by analyzing the temperature dependence of the
junction ideality factor, which indicates the degree of the
spatial inhomogeneity of the Schottky barrier heights
(Pgp).2! The assumptions of a Gaussian distribution and
voltage dependence of the ®g, give the following relation-
ship, which agrees with many experimental results:?!

-l=p (1)

R P
n(T) 2kTlq"
Here, n is the ideality factor, k the Boltzmann constant, and ¢
the electronic charge. p, is a measure of the sensitivity of
@y to the applied voltage and p; corresponds to the standard
deviation in @gp. The present results that were plotted fol-
lowing Eq. (1) are shown in Fig. 3(b). The obtained values,
p, and ps, are —0.57 and 5.31 meV for SrRuO;, and —0.30
and 9.08 meV for SrRug¢sMng505. The increase in p; by
almost a factor of two for the Mn-doped junction indicates
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FIG. 4. (Color online) Temperature dependence of the (a)
I-V characteristics and (b) the normalized conductance in a
SrRug 9sMny o503/ SrTiOs3 junction. Solid (dotted) lines in (b) de-
note the voltage sweeps in the positive (negative) direction. The
NDR emerges as the temperature is decreased.

that the presence of Mn ions increases the potential fluctua-
tions at the interface.

B. Interface modulation

To verify the role of Mn doping on the NDR, we fabri-
cated the modulated heterointerfaces where the Mn concen-
tration was varied across the interface, as shown in Fig. 5(a).
In the five structures, the location of the Mn ions is system-
atically varied with respect to the interface. Structures with
single unit cell (uc) features were deposited while monitor-
ing the reflection high-energy electron diffraction (RHEED)
intensity. A two stage differential pumping setup enabled the
RHEED observations at high pressure.

In structure (1), one unit cell of StMnO; is deposited on
the Nb:SrTiO5 substrate at Py,=0.1 Torr, followed by a
thick layer of SrRuOs. The reduced current density in the
whole voltage range at 20 K can be attributed to the high
resistivity of StMnO; at low temperatures and, as is evident
from Fig. 5(b), no NDR was observed. In structure (2). the
surface of the Nb:SrTiO; is fully covered with
SrRug gsMng 4503, as discussed above. In structure (3), one
unit cell of SrRujg¢sMng (503, grown at P,,=0.1 Torr, is
inserted between a thick layer of STRuO; and the Nb: SrTiOs
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FIG. 5. (Color online) (a) Schematic diagram of the
artificial structures grown to systematically vary the distribu-
tion of the Mn ions with respect to the interface.
(1) SrRuO3/[SrMnO3]1uc/Nb:SrTiO3, (2) SrRu0'95Mn0'0503/
Nb: SrTiO3, (3) SrRUO3/[SI‘RUO_95MHO'OSO3]|uc/Nb: SrTiO3, (4)
SrRuO;/Nb:SrTiO3;, and (5) SrRuOs3/[SrTigosMng0503]1,/
Nb:SrTiOjs. (b) The I-V characteristics and (c) the normalized con-
ductance of the structures illustrated in (a). The NDR is observed
only in structures (2) and (3).

substrate. The basic features of the /-V characteristics are the
same as in StTRuO3/Nb:SrTiO; but with the presence of a
current peak, implying that the origin of the observed NDR
is not caused by the modification of the band alignment but
by the modification of the local interface structure. Structure
(4) is the case of SrRuO3/Nb:SrTiO;, which is shown again
for comparison. The extreme case, simulating a situation
where the Mn ions are embedded inside Nb/SrTiOj, is dem-
onstrated in structure (5). Here, a single unit cell of
StTip9sMng o503 was deposited on Nb:SrTiO5 at Pp,=1.0
X 1073 Torr, followed by the deposition of SrRuO;. From
the investigations of the leakage current at metal/Mn-doped
SrTiO; contacts, the Mn-doped SrTiO; is known to be
insulating.”>23 In this case also, no NDR was observed.

The above investigation has given evidence that the ap-
pearance of the low temperature NDR is associated with the
presence of a low concentration of Mn ions on the metal
side, ruling out the possibility of Mn, embedded in the sub-
strate by diffusion or implantation, acting as ionic potentials
within the depletion region.”*?3 The absence of the current
peak in structure (1) is ascribed to the formation of a
StMnO; band rather than the isolated atomic states at the
interface.

C. Electron microscopy and spectroscopy

structure of the ruthenate/titanate
interface was analyzed using scanning transmission
electron  microscopy  (STEM)  performed in a
200 kV FEI Tecnai F20 STEM. A superlattice of
SrRuO; (20 nm)/SrTiO; (10 nm)/SrRugygsMny 1505
(20 nm)/SrTiO3 (10 nm)/SrRuygsMnj(sO3 (20 nm) was

The microscopic
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FIG. 6. Annular dark field STEM images of a
(SrRu;_Mn,0O3/SrTiO3;) multilayer. (a) Overview of the
structure. (b) High magnification image of the abrupt
SrRug 9sMng 9503/ SrTiO3 interface.

fabricated on a SrTiO5(100) substrate [Fig. 6(a)]. An annular
dark field STEM image of the interface between the substrate
and the first ruthenate layer, SrRug¢sMng 505, is shown in
Fig. 6(b), demonstrating that the interface is chemically
abrupt, with no obvious defects or dislocations. All Schottky
junctions analyzed in this work were prepared under similar
conditions, as shown in the test structure above, suggesting
that the interfaces in these junctions are of comparable qual-
ity. In order to understand the local bonding of the Mn dop-
ants in SrRu;_ Mn,O;, electron energy loss spectroscopy
was performed. From the simple picture of Mn for the Ru
substitution in SrRuy¢sMn (503, a Mn valence state of 4+ is
expected; however, Mn>* can also be present due to a charge
disproportionation in the form of Mn*"+Ru* =Mn3*
+Ru’* (Ref. 26). In Fig. 7, the Mn-L, ; spectra for the three
ruthenate layers are compared to the Mn** and Mn** refer-
ence spectra obtained from bulk LaMnO; and SrMnOs;,

Intensity (a.u.)

Energy Loss (eV)

FIG. 7. (Color online) Mn-L, 3 electron energy loss spectra from
the three Mn-doped SrRuO; layers imaged in Fig. 6(a). For com-
parison, the Mn** and Mn** reference spectra are shown.
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FIG. 8. (a) A schematic of the density of states for SrRuO; and
StMnO;. (b) An interface band diagram illustrating the localized
state on the metal side of the interface. Vj is the applied forward
bias voltage, Er is the Fermi level, ®gp the Schottky barrier height,
and E), is the localized state at the interface.

respectively.?’ From the peak position of the Mn-L edge, a
Mn valence of 3 =0.3 in the Mn-doped ruthenate layers can
be inferred.

IV. DISCUSSION

From the above studies, we have found that the impurity
doping on the metal side can strongly influence the electronic
structure at the interface. We consider the relation between
the Mn doping in StRuO; and the NDR by examining the
electronic structures of the two parent compounds SrRuOj;
and SrMnOj. In SrRuOj;, the crystal field splitting 10Dg
of ~3 eV is obtained from optical spectroscopy
measurements,”® and the oxygen 2p band lies below the Ru
t,, band where the Fermi level is located, as shown in Fig.
8(a). We base our discussion on StMnO; with a cubic G-type
antiferromagnetic ground state, for which the theoretically
calculated density of states are schematically shown in Fig.
8(a). The top of the valence band overlaps with the oxygen
2p band and the Mn e, bands are located ~0.3 eV above the
Fermi level.? Within a rigid band picture, the Ru to Mn
substitution modifies the empty states of SrRuO; arising
from the Mn e, states. Furthermore, the doping independent
lattice constant favors Mn ions to be localized owing to their
smaller cation radius.

The observation of the current peak at the forward bias
and below 1.47 eV, the ®g; of SrRuO5/Nb:SrTiO5(100),2
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further support the above band structure consideration.
Only when the localized states (E),.) lie between the Fermi
level (Ej) and ®gz can NDR be observed under the forward
bias, as illustrated in Fig. 8(b). In other cases, either the
current will be dominated by the large FE current or the
localized states are buried in the large density of states of
the host. We conclude that the NDR observed at the
SrRug 9sMny 503/ Nb: SrTiO; interface is caused by the lo-
calized Mn e, states inside SrRug9sMny 503 acting as the
resonant state.

V. CONCLUSIONS

We have applied the highly sensitive response of metallic
perovskites to the impurities in a Schottky junction to dem-
onstrate that the interface electronic structure can be strongly
modified by the introduction of substitutional impurities on
the metal side. The change in the junction characteristics
induced by impurity doping is unexpectedly large consider-
ing the small differences in the in-plane bulk transport prop-
erties. In addition to the enhanced spatial fluctuation of the
interface potential, the dispersed Mn ions act as resonant
states, giving rise to the NDR in the /-V characteristics. The
poor electrostatic screening generally present in metallic per-
ovskites and the close similarity in the chemical bonding
between metallic and semiconducting perovskites can result
in robust interface states exhibiting the character of the im-
purity element. Further studies may lead to designing the
resonant tunneling structures by the simple doping of a me-
tallic host or as a prototypical structure for spectroscopic
investigation of screening, localization, and metal-insulator
transitions in strongly correlated electron systems.
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