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Separation of bulk and interface contributions to electroforming
and resistive switching behavior of epitaxial Fe-doped SrTiO3
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Institute of Solid State Research, Forschungszentrum Juelich, 52425 Juelich, Germany
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We succeeded in the separation of bulk and interface contributions to the electroforming and
resistive switching behavior of Pt/STO�Fe�/Nb:STO devices by performing impedance
spectroscopy. Two distinctive features observed in the impedance spectra could be assigned to the
STO�Fe� bulk and to the depletion layer of the Pt/STO�Fe� Schottky contact. We attribute the
resistance change during the dc forming process to a local bypassing of the depletion layer caused
by oxygen effusion to the environment. By comparing the impedance spectra in the resistive “on”
and “off” states, we propose that the resistance of the STO�Fe�/Nb:STO interface locally changes
during the switching process. © 2009 American Institute of Physics. �DOI: 10.1063/1.3100209�

For realizing a new solid-state memory technology, there
is a strong interest in the application of transition metal
oxides.1 Even though the exact microscopic mechanisms for
bipolar resistive switching in these oxides are still under con-
troversial discussion, there exists a general agreement that
the migration of oxygen ions under an applied electric field
plays a key role.2

Among the ternary oxides, SrTiO3 appears to be a good
candidate as prototype material for the further elucidation of
the microscopic switching mechanism.1 To enable the resis-
tive switching properties in this band-gap insulator, generally
a forming procedure is needed. By applying thermal3 or elec-
trical stress,4 the conductivity can be drastically increased
due to self-doping induced by the formation of oxygen va-
cancies. The location of the forming and the switching phe-
nomena within metal/insulator/metal �MIM� structures has
been investigated by using lateral electrode configurations
and it has been shown that the switching of the resistance is
mainly located at the metal-insulator interface.5

To close the link between capacitive and lateral MIM
structures and to get a deeper understanding of the forming
and switching mechanism, we studied the electrical proper-
ties in capacitorlike structures of epitaxial grown Fe-doped
SrTiO3 thin films by impedance spectroscopy.

The investigated epitaxial 1 at. % Fe-doped SrTiO3

�STO�Fe�� thin films with thicknesses between 50 and 750
nm were grown by pulsed laser deposition. The films were
deposited on �100�-oriented 1 at. % Nb-doped SrTiO3 �Nb-
:STO� single crystals serving both as a substrate and as a
bottom electrode for the MIM structures. Further details of
the deposition process can be extracted from Ref. 6. To com-
plete the MIM structure, 100 nm Pt top electrodes were de-
posited and patterned to electrode diameters of 200 �m.

Impedance spectroscopy was performed in the frequency
range 0.1 Hz–3 MHz using a Solatron impedance analyzer in
combination with a preamplifier. All impedance measure-
ments were taken at 50 mVrms.

The I-V curves of pristine samples showed rectifying
characteristics which we assign to the Schottky contact
formed at the interface between the high workfunction metal
Pt �� :5.65 eV� and the STO�Fe� film.

Even though the last few monolayers of the STO�Fe�
film might show some deviations from stoichiometry due to
the Pt deposition,7 we will discuss the properties of this junc-
tion by means of the Schottky model. It cannot be excluded
that the depletion layer may also result from a Bardeen bar-
rier due to a high concentration of surface states. This, how-
ever, would not change our principal conclusions.

The forward direction of this blocking contact was ob-
tained by applying a positive voltage bias to the Pt top elec-
trode. To justify the assumption of a Pt/STO�Fe� Schottky
contact, a reference sample using a metal with a shallow
workfunction as the top electrode, in this case Ti
�� :4.3 eV�, was prepared. This sample exhibited a symmet-
ric I-V characteristic as well as a significant lower device
resistance �not shown here�, which demonstrate the ohmic
nature of both Ti/STO�Fe� and STO�Fe�/Nb:STO interfaces.
From the results of both types of samples, we can conclude
that even though the STO�Fe� thin films are nominally ac-
ceptor doped, they exhibit a significant n-type conductivity at
room temperature which we attribute to the self-doping by
oxygen vacancies formed during the deposition procedure.

If the film thickness is larger than the width of the Pt/
STO�Fe� related Schottky depletion layer, one expects two
capacitive effects �bulk and depletion layer�8 contributing to
the frequency dependent complex impedance. We deter-
mined the depletion layer thickness by typical C�V� measure-
ment to be �200 nm for our material system. This was con-
firmed for samples with thicknesses smaller than the
expected depletion layer width where only one semicircle
could be observed in the complex impedance plane.

We measured the impedance spectra of a 750 nm thick
STO�Fe� sample in the pristine, unformed state. The corre-
sponding Cole–Cole plot and the equivalent circuit which is
proposed to fit the data are shown in Fig. 1�a� and in the inset
�i�, respectively. The series inductance of the leads as well as
the series resistance of the Nb:STO bottom electrode werea�Electronic mail: t.menke@fz-juelich.de.
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taken into account for fitting the equivalent circuit but are
not depicted in the diagrams. The impedance spectra of the
STO�Fe� film can be perfectly described by two Voigt ele-
ments resulting from the bulk and the depletion layer prop-
erties.

By means of measurements with an atomic force micro-
scope equipped with a conducting tip, the filamentary con-
duction of our STO�Fe� thin films could be proved. This is in
agreement with the results reported in literature for single
crystals and thin films.9 Thus, the bulk related contribution to
the impedance of the thick films has to be described by con-
ducting filaments in a more or less insulating matrix. The
bulk related Voigt element should therefore exhibit two dif-
ferent resistances in parallel to account for the conductance
inhomogeneity. Unfortunately, there is no possibility to di-
vide between both resistances by impedance measurements,
since the bulk conductivity 1 /R will be dominated by the
conductivity of the filaments �1 /R=1 /Rmatrix+1 /Rfilament

�1 /Rfilament�.
To attribute the Voigt elements to their physical origin,

dc-bias dependent impedance measurements were per-
formed. It is well known that the bulk impedance should
only be slightly influenced by an applied dc bias, whereas the
depletion layer impedance should clearly vary with an ap-
plied dc bias.10 This was indeed found for our samples. Ad-

ditionally, the film thickness dependence of both elements
showed a scaling of the bulk capacitance and a thickness
independence of the depletion layer capacitance so that the
two Voigt elements could be clearly allocated. This analysis
implies that the overall resistance is dominated by the deple-
tion layer resulting from the Schottky contact at the Pt/
STO�Fe� interface.

Unlike to samples with a low initial resistance which do
not need any forming treatment,6 the investigated devices
with Pt electrodes require an electroforming step setting the
sample to the low resistance state �LRS�. For this purpose, a
dc voltage of +10 V was applied to the Pt electrode, corre-
sponding to the forward direction of the Schottky contact.
The resulting current-time �I-t� curve is shown in Fig. 1�b�.
During the first 25 s, the current remains in the subnanoam-
pere regime and increases just slightly with the time.

After 45 s, a steep increase in the current occurs and the
current compliance, which was set to 100 �A to prevent the
sample from electrical breakdown, is attained. As soon as the
current reached the compliance, we stopped the forming pro-
cess because, according to our experience, at this stage bipo-
lar switching could be observed. The result of the impedance
measurements on the formed pad can be seen in Fig. 1�a� and
can be described using the equivalent circuit displayed in the
inset �ii�. The most significant change is that in the case of a
formed sample only one Voigt element is needed to fit the
data. As the values for the resistance and the capacitance are
comparable to the values obtained for the bulk related Voigt
element in the unformed state, we attribute the Voigt element
in the formed state to bulk contribution.

In order to understand our experimental observations, we
have to consider that electroforming removes oxygen ions
from the STO lattice which becomes evident due to the ap-
pearance of gas bubbles under the anode.1 By applying a
positive bias to the top electrode, oxygen ions migrate along
the extended defects toward the top interface and are re-
leased to the surrounding.11 In contrast to the STO single
crystals, where a virtual cathode moves toward the anode
until a conductive path is established during the forming
procedure,12 our as-deposited thin films already contain pre-
formed conducting paths as a result of the reducing deposi-
tion conditions.

Since the overall resistance in the unformed case is
dominated by the depletion layer, most of the applied voltage
drops in the vicinity of the top interface. Taking into account
that the movement of oxygen ions is a field-driven process,
we conclude that the electroforming process most likely re-
moves oxygen directly next to the top interface where the
electrical field is strongly enhanced. Due to the donor char-
acter of oxygen vacancies, a significant reduction in the ef-
fective Schottky barrier height and of the depletion layer
width at the Pt/STO�Fe� interface can be expected. This is in
agreement with the voltage-induced elimination of the
Schottky barrier observed at the interface between Pt and
TiO2 single crystals.13

In order to clarify whether electroforming was a local or
a homogenous effect, an additional experiment was per-
formed. After a successful electroforming step at a certain
MIM device, the electrode pad was divided into two parts

FIG. 1. �Color online� �a� Impedance spectra of a Pt/STO�Fe�/Nb:STO MIM
structure before and after a dc forming process. The equivalent circuits used
for fitting are displayed in the inset for �i� the unformed case with
R_filament=7.3 M�, C_bulk=277 pF, R_depl=17.9 G�, and C_depl=914 pF
and for �ii� the formed case with R_filament=10.7 M� and C_bulk=273 pF.
�b� Related I-t curve during electroforming recorded by applying +10 V to
the Pt top electrode. The spike-like fluctuations will be attributed to the
reduction and reoxidation of filament fragments.
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and each part of the device was measured again. Whereas
one part showed the reduced resistance which was measured
before on the whole electroformed device, the other part was
in the initial high-ohmic state. This experiment clearly points
to the local nature of the electroforming process. This local-
ized bypassing of the Schottky depletion layer explains the
vanishing of the complete contribution of the depletion layer
to the impedance and also that the bulk properties are not
significantly changed during the forming procedure.

To confirm this statement a reference sample with top
electrodes of Ti providing an ohmic contact was prepared. As
expected, the impedance spectra exhibited only the bulk con-
tribution and no electroforming process was necessary to
achieve bipolar resistive switching �not shown here�.

The typical switching behavior of Pt/STO�Fe� samples
treated with the above described forming procedure can be
seen in the I-V curve of Fig. 2�b�. Switching the pad to the
high resistance state �HRS� was achieved by applying a volt-
age sweep from 0 to �2.5 V and back to 0 V. In this part of
the I-V characteristic, a negative differential resistance arises
during sweeping up to �2.5 V which is a sufficient condition
for bipolar resistive switching. After finishing the negative
sweep, the resistance measured at 50 mV increased almost
by a factor of 60. For a further investigation of the resistive
states, impedance measurements were performed in the LRS
and HRS, which were set by positive or negative voltage
sweeps. The corresponding Cole–Cole plots, shown in Fig.
2�a�, can be described by using equivalent circuits consisting
of only one Voigt element. A comparison of the fitted values

showed that the device capacitance in both states �LRS: 284
pF; HRS: 265 pF� remained nearly unchanged. Unlike to the
capacitance, the resistance changed from 828 � in the LRS
to 47.4 k� in the HRS. It has to be pointed out that the LRS
as well as the HRS can be described without taking into
account the depletion layer influence. This implies that
“opening and closing” of the conducting channels during the
switching process is not located at the Pt/STO�Fe� interface
due to the fact that this would lead to a restoring of the, only
locally shunted, depletion layer impedance.

The capability of this material class to switch in the
nanosecond regime and the results from lateral
measurements4 lead to the assumption that the origin of the
switching is localized at an interface. The absence of the
depletion layer impedance especially in the HRS indicates
that in our case the STO�Fe�/Nb:STO interface is the relevant
one for the switching behavior. We suggest that a local varia-
tion in the transfer resistance at STO�Fe�/Nb:STO interface
resulting from a redistribution of oxygen vacancies via con-
ducting filament is the origin of this resistance change. Fur-
ther details of the microscopic mechanisms at the bottom
interface are subject of our ongoing research.

In conclusion, we presented that a dc forming process
removes oxygen along the extended defects in the vicinity of
the Pt/STO�Fe� interface thus bypassing the Schottky deple-
tion layer. Bipolar resistive switching was achieved by ap-
plying a voltage sweep leading to a Roff /Ron ratio of about
60. During the bipolar resistive switching, the bulk contribu-
tion of the impedance can be varied and this may be ex-
plained by the oxygen related opening/closing of conducting
channels at the STO�Fe�/Nb:STO interface.

We thank R. Muenstermann and K. Shibuya for helpful
discussions and Intel Inc. for financial support.
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FIG. 2. �Color online� �a� Impedance spectra of a Pt/STO�Fe�/Nb:STO MIM
structure in two different resistive states. The corresponding equivalent cir-
cuit is depicted in the inset. The I-V curve displayed in part �b� shows a
typical bipolar resistive switching hysteresis of a Pt/STO�Fe�/Nb:STO stack.
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