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The presented study considers the electronic conduction across a SrTiO3/Pt Schottky electrode in a resistive

switching cell. It is generally accepted that the resistive switching effect is based on the migration of oxygen

vacancies, which can be understood as mobile donors. In the experimental approach, a Nb:SrTiO3/SrTiO3/Pt

resistive switching cell is fabricated and tested for its electronic and resistive switching characteristics. Using

different voltage stimuli, several analog resistance states are realized. Afterwards, the electrical transport

properties under different applied voltages and temperatures are measured for each analog resistive state. To gain

physical insight into the analog resistive switching a numerical simulation model is developed. The electronic

conduction is calculated based on the single band transport theory and a phonon scattering theory accounting

for polar material systems. The simulation model allows testing of the conduction in these resistive switching

cells by using different doping (oxygen vacancy) concentrations. Combining the simulation model and the

experiment, it delivers a comprehensive physical description for the conduction. By means of simulation, the

energy resolved current transport across the Schottky barrier is analyzed. It forms a peaklike distribution,

originating from the limited thermal excitation and tunneling probability across the SrTiO3/Pt Schottky barrier.

Thus, the conduction processes in all states are identified as a balance between a thermally assisted tunneling

effect and a phonon dominated bulk transport. Applying this understanding, the resistive switching effect is

reduced to a modification of the Schottky tunnel barrier, based on the rearrangement of oxygen vacancies. Thus

a low vacancy concentration leads to a high and wide tunneling barrier, which is reduced and shortened for

higher concentrations. All resistance states in between are understood as an adjustment of intermediate tunneling

barriers. The physical insights leading to the realization of analog resistance states is mandatory to realize new

types of neuromorphic computing circuits based on resistive switching devices. Furthermore, the obtained results

could be easily transferred to other systems where a static doping concentration applies. This makes the results

highly interesting to other applications in the field of electronic oxides and Schottky barrier dominated systems.

DOI: 10.1103/PhysRevB.102.035307

I. INTRODUCTION

In the field of nonvolatile memory devices and neuromor-

phic computing, redox-based resistive switching memories

(abbreviated as ReRAMs) are intensively studied, because of

their promising properties for nonvolatile data storage such

as high endurance, long retention, fast switching kinetics,

and low switching energy [1–18]. One type of redox-based

resistive switching device is the valance change mechanism

(VCM). Here, an insulating (transition) metal oxide is sand-

wiched between two metal electrodes [19], and the bipolar

resistive switching phenomenon is invoked by an initial elec-

troforming step [20]. The electroforming process generates an

electrical conducting filamentary region consisting of a high

concentration of oxygen vacancies. During the forming step,

the oxide material is locally reduced by extracting oxygen

probably via an interface reaction [21]. The enhanced con-

duction stems from the properties of oxygen vacancies, which

form a shallow donor-type defect state in many materials

[22]. The typical resistive switching behavior of these VCM

cells is based on a concentration change of oxygen vacancies

at the current dominating metal electrode. In the case of a

SET process the oxygen vacancy concentration is increased,

which switches the device into the low resistive states (LRSs).

The reverse process of lowering the vacancy concentration is

named RESET and turns the cell to the high resistive states

(HRSs). Thus, the SET and RESET are the names of the

operations which switch the VCM cell into the LRSs and

HRSs, respectively. To initiate the SET and the RESET, ex-

ternal voltage stimuli VSET and VRESET with opposite polarity

are required, respectively. The change of the concentration

at the interface can be realized by different mechanisms, for

instance, due to a reconfiguration of oxygen vacancies in the

filament or by an exchange of oxygen vacancies with metal

electrode [23–25]. The mechanism determines the polarity of

VSET and VRESET [23,25]. Independent of the underlying mech-

anism, the electrode where the oxygen vacancy concentration

is modified is called the active electrode. Typically, noniden-

tical metal electrodes are applied to VCM cells and the active

electrode is obtained by the high work function (Schottky

barrier) electrode. A detailed introduction to the VCM cells

can be found in recent review articles and textbooks [26–29].
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Depending on the resistive switching cell, several interme-

diate states can be programmed, leading to an analog switch-

ing, which can be used to increase the information storage

density [30–34]. Furthermore, analog resistive switching is of

immense interest to enable computing networks which create

a virtual synapsis using resistive switches [31,35–38]. Thus, a

physical understanding of the analog nature of these devices

and their electronic conduction properties has the potential to

pave the way towards new computing concepts.

Previous studies identified the conduction mechanism for

the LRS using density functional theory [39,40]. However,

those studies only focus on the LRS conduction, and do

not allow conclusions about the HRSs or different analog

resistance states. The combination of dedicated experiments

with an extended simulation model is mandatory to provide a

complete physical understanding of the technological impor-

tant feature of analog switching.

These issues will be addressed in the present study by

using the model system Nb:SrTiO3/SrTiO3/Pt, where the ac-

tive electrode is formed by the Schottky contact at the Pt

metal electrode. To this end, the voltage dependence of the

electronic current is measured for different analog resistance

states at various temperatures. This enables us to identify

trends in the current voltage dependence and to derive a phys-

ical description of the current transport mechanism through

a numerical modeling based on Fermi-Dirac statistics and

single band transport theory. The simulation model includes

current transport contributions via thermionic emission, ther-

mally assisted tunneling, and direct tunneling. In addition to

the interface contribution, the bulk transport is considered by

the theory of scattering in polar systems. Taking all possible

contributions into account, the simulation model is able to

reproduce the unique transport properties observed in the

electrical measurements under different thermal conditions

for all programmable resistance states. The results of this

study are neither restricted to one Schottky system nor to

resistive switching systems in general. The conclusions apply

to other systems with static constant doping, especially for

high band-gap semiconductor materials.

II. EXPERIMENT

For the experimental investigations, a 10-nm crystalline

SrTiO3 switching layer is deposited on 0.5-wt % Nb:SrTiO3

by pulsed laser deposition as described in Ref. [41]. The

SrTiO3 thin film is covered by a Pt electrode and structured

to a cell size of 13×19 µm2 [39,41]. This leads to the model

VCM system Nb:SrTiO3/SrTiO3/Pt. The active (Schottky-

type) electrode is formed by the SrTiO3/Pt interface. For all

electrical measurements, the signal is applied to the active Pt

electrode. To invoke resistive switching behavior, an initial

forming step is applied [cf. the red curve in Fig. 1(a)], with

a current compliance of 50 mA under ambient conditions

and a temperature of 300 K. Afterwards, the typical resistive

switching behavior is obtained, shown as the black curve in

Fig. 1, under the same conditions. The forward direction of the

Schottky electrode corresponds to the SET polarity at positive

voltages and the reverse direction to the RESET polarity at

negative voltages [1,25].
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FIG. 1. Measurement of a typical resistive switching curve

(black). Red shows the electroforming cycle.

For the LRSs, density functional theory simulation sug-

gested a transition from a thermally activated tunneling pro-

cess at low voltages to a direct tunneling/bulk limited transport

at higher voltages, in the case of a reverse biased Schottky

contact [39]. This transition can be identified due to the

opposite temperature dependences of current flows in the two

voltage regimes. This effect induces a crossing in the I-V

measurements for different temperatures [Fig. 2(a)] [39]. So

far, this effect has neither been reported in the LRS Schottky

forward direction nor in the HRSs.

Here, the LRS is investigated for a wide voltage range in

the Schottky forward direction. The SET process, switching

the device to the LRS, is interrupted at a current compli-

ance of 50 mA. Thus, the tested voltage range is chosen to

keep the current below 50 mA, to avoid additional changes

in ionic configuration. This allows an approximation of the

LRS as a constant resistance state, with defined electronic

transport properties. The I-V measurements for the forward

(SET) polarity are shown in Fig. 2(b) in comparison to the

reverse direction [cf. Fig. 2(a)]. Indeed an intersection effect

could be observed in the current-voltage-temperature (I-V-T)

measurements, but at higher absolute voltages compared to

the reverse Schottky direction. While the similarities suggest

the same transport mechanisms for the forward and reverse

directions, it remains unclear which mechanism induces the

intersection shift towards higher absolute voltages. Thus, a

more detailed discussion is required for a comprehensive

understanding.

In contrast to the SET, the RESET is a self-limiting

process. Marchewka et al. suggested that this self-limiting

process is a result of two competing forces [42]. Thus, inter-

mediate states can be programmed by choosing the reset stop

voltage VRESET. For the resistive switching I-V loop shown in

Fig. 1 the RESET stop voltage VRESET is marked.

In the following, the analog resistive switching nature

is tested by interrupting the RESET at different amplitudes

VRESET. Due to the importance of the ambient conditions the

SET and RESET are only applied at ambient atmospheric

conditions with a temperature of 296 K [43]. Initially, we

initiate one single SET process in advance (cf. Fig. 1). After-

wards several RESET sweeps are applied in a row, thereby the
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FIG. 2. (a) Experimental LRS current voltage measurement for

different temperatures for the Schottky reverse direction. (b) Experi-

mental LRS current voltage measurement for different temperatures

for the Schottky forward direction. In both cases an intersection is

observed.

RESET stop voltage is successively increased by �VRESET =
−0.4 V. All RESET sweeps are shown in Fig. 3. After each

RESET sweep a READ out sweep is applied. The READ out

sweeps within this study are all operated using a negative

polarity meaning reverse Schottky polarity. The results of the

READ out at a voltage of −0.5 V are shown in the inset of

Fig. 3. It confirms that with increasing amplitude VRESET a

higher nonvolatile resistance state is programmed.

The electronic conduction measurements are realized using

temperature-dependent READ out sweeps at each multilevel

resistance state. The amplitude of the READ is kept sig-

nificantly lower than the previous RESET and therefore is

unable to induce a relevant ionic reconfiguration. Considering

the increasing RESET force by �VRESET the measurement

procedure is summarized as follows:

(1) an initial SET voltage sweep, to program the LRS,

VRESET

RESET with amplitude VRESET [V]

C
u

rr
e

n
t 
I 
[A

]

-4 -3 -2 -1 0

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

R
E

A
D

 r
e

s
is

ta
n

c
e

 a
t 
0

.5
 V

 [
Ω

]

109

103

-3.8 -1.0VRESET [V]

FIG. 3. Several RESET sweeps are applied in a row using differ-

ent reset stop bias. The inset shows the programmed resistance states

at a READ out voltage of 0.5 V.

(2) applying a RESET voltage sweep with an amplitude of

VRESET at a temperature of 296 K at ambient conditions,

(3) applying several READ out conduction measurements

at different T under vacuum conditions,

(4) increasing the RESET stop voltage by �VRESET and

turning back to step (2) with the new VRESET.

The measurement sequence is sketched in Fig. 4(a) (with-

out the single initial SET process). The READ outs are

performed under vacuum conditions (<10−5 mbar, to avoid

water condensation) and for a temperature range from 133 to

303 K.
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The deviations of successive RESET sweeps in Fig. 3

suggest a volatile contribution, with unknown electronic or

ionic origin, possibly connected to the nonstatic operation of

the RESET sweeps. However, the volatile effects have a small

contribution to the current response in the READ sweeps. We

focus our investigation on the nonvolatile effect probed in the

low-voltage READ sweeps, where the volatile contributions

only have a negligible impact, justifying our discussion based

on the approximation of the frozen-in ionic configuration.

All multilevel READ out I-V curves of the measurement

procedure are given in a single plot in Fig. 4(b) for all

temperatures under study. For each of the multilevel states,

the measured I-V curves have an intersection based on their

temperature dependence. In the low voltage regime, a smaller

current is measured for a lower temperature. In the higher

voltage regime a higher current is measured for lower tem-

peratures. At the intermediate voltage range, the I-V-T curves

cross each other. This voltage (-range) is named the intersec-

tion voltage VI. For higher resistance states (higher |VRESET|)
the intersection voltage |VI | is forced towards higher voltages.

Therefore, a stronger RESET process shifts the transition

point between the two temperature dependencies.

Based on the spectroscopic work of Baeumer et al., it is

clarified that the increasing high resistance state is a result of

a decreasing oxygen vacancy concentration [23,24]. This re-

duction of oxygen vacancies stems from an oxygen exchange

with the active electrode in this system. Unfortunately, it is

not straightforward to predict the intersection and its shift

based on the reduction of the oxygen vacancy concentration.

To understand the physical connection between the electri-

cal measurements and the ionic reconfiguration a simulation

model has been implemented.

III. SIMULATION MODEL

Previously, the conduction of specific VCM cells was suc-

cessfully described using the single band transport theory and

the Wigner-Kramer-Brillouin wave-function approximation

for the tunneling probability at the active electrode (in the

LRS) [44,45]. Therefore, a one-dimensional simulation model

based on this method is applied as well and might be further

applied to other polar materials. The simulation model is

restricted to the filamentary region of the SrTiO3−x stack and

its electrode interfaces. It is considered that the current trans-

port outside of the filament area is negligible. In the filament

simulation model, the position x = 0 is defined as position

of the ohmic electrode interface Nb:SrTiO3/SrTiO3−x. The

coupled differential equation system of the simulation model

is solved self-consistently including the Nb:SrTiO3 region

with a length of LNb and the active SrTiO3−x layer with a

length of Lox. In the simulation model, the Poisson equation

∇ · (ε0εr∇φ) = e(n − [V •
O ] − 2[V ••

O ] − [Nb•]) (1)

is solved to calculate the electrostatic potential φ. The space-

charge density in the semiconductor is calculated by the con-

centration of the negatively charged electrons n, the concen-

tration of the single positively charged oxygen vacancies [V •
O ],

doubly charged oxygen vacancies [V ••
O ], and the concentration

of single positively charged Nb dopants [Nb•]. The oxygen

vacancies are treated as twofold donors [22]. In Eq. (1), e

describes the elementary charge, ε0 is the vacuum permittivity,

and εr is the relative permittivity of the oxide. The Poisson

equation is coupled to the charge conservation law

∇ · jn + e
∂n

∂t
= G, (2)

with the electron current density jn, the time t , and an addi-

tional charge generation rate G, which describes the injection

of tunneling electrons from and into the Pt Schottky con-

tact. The current density is modelled by the gradient in the

electrochemical potential, namely the quasi-Fermi-level Efn

described by

jn = µn∇E f n. (3)

Equation (3) is completed by the proportionality factors,

these are the electron density n and the electron mobility

µ. The boundary condition for the Poisson equation at the

Nb:SrTiO3 electrode is set to the ground potential

�(x = −LNb) = 0 V. (4)

At the Pt contact, the potential is calculated from the

Schottky barrier height and the externally applied voltage V:

φ(x = LOx ) = φSBH + �φSBH + V. (5)

In the Schottky boundary condition in Eq. (5), �SBH is

the nominal Schottky barrier height approximated from the

difference in the work function of the metal and the electron

affinity of the SrTiO3 insulator. Additionally, the image charge

based Schottky barrier lowering effect is considered by the

term ��SBH and defined by

�φSBH = −

√
e|∇φ|

4πε0εr,opt

. (6)

In the Schottky barrier lowering term, the high-frequency

dielectric εr,opt constant of SrTiO3 is used. For the charge

conservation law in Eqs. (2) and (3), a Dirichlet boundary

condition E f n = 0 eV is applied at the Nb:SrTiO3 electrode

contact. At the Schottky contact, a Neumann boundary con-

dition is used for the charge conservation law. According

to thermionic emission theory the current density over the

Schottky barrier is given as

j(x = LOx) =
A∗T

kB

∫ ∞

Ec (Lox )

Ntop(L) dE (7)

with the supply function of the Schottky contact

Ntop = kBT ln

(
1 + exp

(
−Ec−E f n

kBT

)

1 + exp
(
−Ec−E f Pt

kBT

)
)

. (8)

In Eqs. (7) and (8), E describes the energy, and E f ,Pt is

the quasi-Fermi level in the Pt electrode. The energy zero

level is set to the Fermi energy at zero bias. To calculate the

concentration of the charge carriers, the Fermi-Dirac statistics

are used. For the electron density using the single band

approximation, this leads to

n =
2Nc

π1/2(kBT )3/2

∫ ∞

0

√
E

1 + exp
(

E
kBT

+ Ec−E f n

kBT

)dE (9)
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with the effective density of states Nc. The oxygen vacancies

are treated as twofold donors with the ionization energies of

ED1 and ED2. The concentration of singly charged oxygen

vacancies is given by

[V •
O ] =

1
2
NVOexp

(Ec−E f n

kBT
− ED1

kBT

)

1 + 1
2
exp

(Ec−E f n

kBT
− ED1

kBT

)
+ exp

(
2

Ec−E f n

kBT
− ED1+ED2

kBT

) ,

(10)

and the concentration of doubly charged oxygen vacancies

[V ••
O ] =

NVOexp
(
2

Ec−E f n

kBT
− ED1+ED2

kBT

)

1 + 1
2
exp

(Ec−E f n

kBT
− ED1

kBT

)
+ exp

(
2

Ec−E f n

kBT
− ED1+ED2

kBT

) .

(11)

For the concentration of [Nb•] it is assumed that all donors

are activated and the concentration is fixed to the total Nb dop-

ing concentration. The tunneling transport across the Schottky

barrier is described using the Wigner-Kramer-Brillouin ap-

proximation and implemented as in Ref. [42]. Therefore, the

transmission rate T through the Schottky barrier is calculated

by

T = exp

(
−

2

h̄

∫ LOx

x1

√
2mt

√
Ec(x) − Ec(x1)dx

)
(12)

with the tunneling mass mt , the classical turning point x1, and

the Planck constant h̄. The integration of additional charge

carriers injected by a tunneling through the Schottky contact

is integrated into the equation system by the generation rate

G using the Tsu-Esaki formalism. The generation rate G is

defined by

G = ∇ · jtunnel =
A∗

k2
B

T Ntop∇Ec. (13)

To complete the simulation model, the missing description

of the electron mobility in the (Nb:)SrTiO3−x is required.

A fundamental description regarding the scattering in polar

systems has been developed by Low and Pines [46]. Their

theory has been successfully applied to SrTiO3 [46,47]. The

mobility µ expression based on the phonon scattering in the

polar crystal is given by

µi =
h̄

2α h̄ωi

e

mP

(
m∗

mP

)2

F (α){exp[h̄ωi/(kBT )] − 1}, (14)

with the electron-phonon coupling constant α, the effective

electron mass m*, the polaron mass mP, the energy of the

i-th phonon mode h̄ωi and a slowly varying coupling function

F(α). In the case of SrTiO3, two relevant phonon modes are

involved in the scattering process i = 1, 2) [47]. The total

mobility is a result of the reciprocal addition of both µi. All

simulation model parameters are adjusted to literature values

except the electron tunneling mass mt, where no suitable

reference could be found; it is therefore fixed to the free-

electron mass and its influence is considered to be small. All

values are listed in Table I.

TABLE I. Simulation model input parameters.

LOx 10 nm

LNb 1 µm

[Nb•] 1.67×1026 m−3

εr 100

εr,opt 5.7

NC 6.9×1025 m−3

φSBH adjusted to 1.6 eV Schottky barrier height

at zero electric field.

ED1, ED2 0.15 eV, 0.1 eV

mt tunneling mass is approximated by the

free-electron mass me (9.1×10−31 kg)

m∗ 1.8me, cf. [48]

mP 2.79me, cf. [48]

α 3.3, cf. Ref. [48].

F (α) 1.2 extracted from Ref. [46].

h̄ω1, h̄ω2, 99 meV, 58 meV

IV. RESULTS AND DISCUSSION

The experimental LRS conduction measurements in Fig. 2

show intersections in the I-V-T curve for both voltage po-

larities. The intersection at a negative polarity is found at

lower voltage than the intersection at positive polarity in

the sense of absolute values. To test whether the simulation

model in Sec. III predicts this behavior correctly, a high

oxygen vacancy concentration of 1.75×1027 m−3 is used in

the model to represent the measured LRS. The simulated

current response is plotted in Figs. 5(a) and 5(b) for the

Schottky reverse (V < 0) and the Schottky forward (V > 0)

direction, respectively. In both cases the j-V-T correlation

shows an intersection. Like the experiment, the intersection

occurs at higher absolute voltages for the forward direction

compared to the reverse direction. Hence, the simulation

predicts the experimental trends correctly, and the values are

in the expected range of uncertainty as we will conclude at the

end of this section. Therefore, the simulation can be used to

understand the current transport in detail. Due to the phonon

scattering described by Eq. (14), the mobility is reduced at

higher temperatures. Hence, the electron mobility determines

the temperature dependence of the current at voltages higher

than |Vi| (>Vi,LRS,forward and <Vi,LRS,reversed). The mobility

in the oxide is independent of the polarity of the applied

voltage. Hence, the asymmetry in the intersection voltage

in the forward and reverse direction must be an interface

effect related to the active electrode. Therefore, the Schottky

contact band bending is sketched for the forward and reverse

direction in Figs. 5(c)–5(f). The Schottky contact sketched at

small voltages in Fig. 5(d) shows that there are two physical

processes stopping the electron flow at the barrier. The first

process is to pass through the Schottky barrier, which is given

by the quantum-mechanical tunneling probability. The second

process is to gain the required thermal excitation to reach the

energetic tunnel level. Before electrons can tunnel through the

barrier, they must be thermally excited from the Fermi level.

The second limiting process stems from the thermodynamics

of electrons, which are given by the Fermi-Dirac statistic.

Importantly, both processes do not equally limit the electron

flow and one of them could be the dominating one. In the
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LRS, a high concentration of oxygen vacancies is present

leading to a high tunneling probability due to the shorter

and lower tunneling barrier. Therefore, the thermal excitation

has the major impact on the electron transport across the

interface. Under this perspective the two polarities in the LRS

are analyzed.

Focusing on the reverse Schottky direction in Figs. 5(c)

and 5(d) the Fermi level in the metal is shifted upwards

and the energetic distance to the tunneling level is lowered.

This reduces the effective thermal barrier for the electrons.

At the intersection voltage the metal Fermi level exceeds the

tunneling level. Here the process of limited electron flow

through the Schottky barrier vanishes and no thermal excita-

tion is required. Thus, the electron flow through the Schottky

barrier is only inhibited by the tunneling probability, which

is comparably high in the LRS. Due to the high tunneling

probability, the electron flow is not limited anymore by the

interface; instead the finite mobility of electrons conducting

through the oxide layer controls the electronic current.

In the Schottky forward direction, the metal Fermi level is

pushed in the opposite direction towards lower energies. In

this case, the electrons need to be excited from the SrTiO3−x

quasi-Fermi level to reach the tunneling energy as shown in

Figs. 5(e) and 5(f). Here, the thermal excitation process is

preserved upon increasing the voltage, as indicated by the

curved lines in the sketches. In contrast to the preserved

thermal barrier, the upshift of the conduction band reduces

the tunneling distance and barrier height. This results in a

higher tunneling probability. Hence, the electron tunneling

becomes more likely and the amount of electrons crossing the

barrier increases. At a certain point the tunneling probability

is high enough that the electron flow is limited by the transport

through the bulk material instead of tunneling through the

barrier, identically to the reverse Schottky direction. Hence,

in both polarities the intersection is the consequence of a tran-

sition from an interface controlled to bulk/phonon controlled

electron flow. The important difference in both polarities is

that in the reverse direction the thermal excitation barrier is

reduced and in the forward direction the tunneling barrier is

reduced with increasing voltage. As the latter shows a smaller

current increase with voltage, a higher voltage is required to

induce the change to a bulk mobility-limited transport.

Next, we tested whether the simulation model can explain

the experimentally observed multilevel switching and the

shift in the intersection voltage shown in Fig. 4. To imple-

ment different resistance states in the simulation model the
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FIG. 6. Simulation of several multilevel states of the j-V-T be-

havior of several multilevel resistance states.

concentration of oxygen vacancies is modified in accordance

with previous publications [23–25]. In our previous work, a

comparable system shows a concentration change of oxygen

vacancies of a factor of 3 for the change from LRS to

HRS in the order of 1026 m−3 [23]. Hence in accordance to

previous findings, the total concentration of oxygen vacancies

NVo is varied in similar (but slightly higher) range from

0.75×1027 m− 3 to 1.75×1027 m−3 to represent several mea-

sured multilevel resistance states. The calculated I-V-T curves

are shown in Fig. 6. Comparing the experimental (Fig. 4) and

the simulated I-V-T curves, a qualitatively similar behavior is

observed upon reducing the oxygen vacancy concentration.

All resistance states of the simulated current-voltage branches

show an intersection for the different temperatures. Further-

more, the shift of the intersection voltage towards higher volt-

age magnitudes is also predicted correctly. Higher resistance

states induced by a lower oxygen vacancy concentration have

a smaller conduction and the exponential part of the I-V curve

remains for a wider voltage range. After the intersection all

multilevel states approach each other.

As a main conclusion, different oxygen vacancy concentra-

tions in the simulation model generate several multilevel re-

sistance states. However, the physical origin of the resistance

modification and the change of the I-V characteristic remains

unsolved, based on the previous analysis. To approach this

issue the induced change in the electronic structure is iden-

tified in all resistance states. The zero voltage band diagram

is analyzed for all resistance states and plotted in Fig. 7. The

main influence of the reduced oxygen vacancy concentration

is found directly at the active electrode interface. The inset

of Fig. 7 shows that with decreasing oxygen vacancy concen-

tration the depletion zone increases as expected from classi-

cal Schottky theory (less doping leads to a wider depletion

zone; cf. Ref. [49]). In addition, the Schottky barrier height

increases due to the reduced Schottky barrier lowering effect

[cf. Eq. (6)]. Independent of the current transport mechanism

across the Schottky barrier, a wider and higher barrier must

reduce the electrical current across the interface. Therefore,

the induced resistance change is an interface effect at the

modified Schottky depletion zone, as sketched in Fig. 7(b).

In contrast, the flat bands in the SrTiO3−x and the Nb:SrTiO3
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FIG. 7. (a) Zero voltage band diagram simulations for all resis-

tance states in Fig. 4. (b) Sketch of the effect on the band diagram

during a resistive switching cycle.

electrode found away from the depletion zone are unaffected

by the oxygen vacancy concentration variation. Thus, the flat

bands can be treated as nearly constant during the SET and

RESET.

This allows us to divide the current transport into an

interface contribution and a bulk transport. For a simplified

picture a two resistor equivalent circuit model is established

as sketched in Fig. 7(a). The first resistor is the bulk resistor

RB, which describes the band resistance through the flat bands

(mainly Nb:SrTiO3). As the flat bands are unaffected by the

resistive switching, the resistor RB is constant. Furthermore,

the most part of the resistance RB comes from the band con-

duction resistance in the Nb:SrTiO3 doped electrode, which

further solidifies the conclusion of a constant RB. Therefore

the modification of RB by the change of the oxygen vacancy

content is neglectable compared to the Nb:SrTiO3 contribu-

tion to the bulk resistance. The physical properties defining

the band resistance are given by the electron mobility, which is

dominated by the phonon scattering as described in Eq. (14).
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FIG. 8. Analysis of the nonzero voltage band diagram (blue) and the spectral current for an example intermediate resistance state with an

intersection voltage range around 0.75 V. The grey band diagram is the zero voltage case for comparison. The oxygen vacancy concentration of

this simulation has been 8.75×1026 m−3. The positions A–F in the j-V curve correspond to the band diagram, spectral current, and temperature

on the right sight of the figure.

The extension of the depletion region is small compared to

the Nb:SrTiO3 electrode and can therefore be neglected. The

same is valid for changes of the SrTiO3 layer size, when

keeping it significantly below the Nb:SrTiO3 size. The second

resistor RI contains the interface resistance contribution due to

the Schottky barrier. As the Schottky barrier changes during

SET and RESET (cf. band diagrams in Fig. 5), it is a straight-

forward conclusion that the interface resistor is responsible for

the resistive switching effect.

To understand the change in the conduction and the change

in the I-V characteristics, the previous zero voltage discussion

is too superficial to approach the physics behind interface

resistance change (RI ). Therefore, a more specific analysis

is required, to explain the intersection and the shift of VI to

higher voltages. To detect the conduction mechanism(s) in all

resistance states, we define the spectral current

ĵ(E ) =
d

dE
j. (15)

The spectral current represents an energetic resolution of

the current density in the simulation. Thus, the current at each

energy level could be resolved from the simulation. Using the

spectral current, it can thus be identified how much current

is transmitted through the Schottky barrier into the SrTiO3−x

conduction band at each energy.

In the following, we discuss one intermediate resistance

state with a concentration of 8.75×1026 m−3 and an inter-

section voltage range located at near to VI = 0.75 eV as an

example. The isolated j-V curve is shown in Fig. 8. Here,

three ranges are defined: The low voltage range (Vl ), the in-

tersection voltage range (Vk = VI), and the high voltage range

(Vh ). In Fig. 8, the different voltage ranges are analyzed at

two different temperatures (T1 = 203 K, T2 = 303 K). For the

three voltage ranges and two temperatures, the conduction-

band edge (blue) in the SrTiO3−x filament is compared to

the zero voltage case (grey). Furthermore, the spectral current

is plotted in red for each voltage range in Figs. 8A–F. All

spectral currents form a peak with a maximum near the Fermi
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level in the metal electrode. The interpretation of the peak is

that most current passes the Schottky electrode at the peak

energy level. Hence, the highest current contribution results

from electron tunneling from the metal Fermi level into the

SrTiO3−x conduction band.

The shape of the upper and lower side of the peak is

determined by two different limiting mechanisms for energies

above and below the Fermi edge E f ,Pt. The limitation for

energies lower than the metal Fermi level (<E f ,Pt ) stems from

the reduced tunneling probability. The tunneling probability

reduces with lower electron energies because of a longer

tunneling distance and a higher tunneling barrier through the

Schottky barrier. Hence, the reduced tunneling probability

defines the lower energy side of the peak. For energies higher

than the Fermi level—the upper spectral current peak side—

the tunneling probability increases (>E f ,Pt ). Here, the current

transport is limited by the thermal excitation probability,

which only allows a minority of electrons to benefit from

the higher tunneling probability. Hence, the upper part of the

peak is formed by thermal excitation of electrons and more

specifically by the Boltzmann tail of the Fermi distribution.

For lower energies (<E f ,Pt ), the Fermi distribution is nearly

constant with a value of 1 and does not play any role (tunnel-

ing limited current peak side).

Hence, the interface resistance consists of the summation

of two tunneling processes. At the lower energies the electrons

tunnel directly, without thermal excitation. Here, the current

is limited by the broader and higher tunnel barrier. At the

higher energies the amount of electrons passing the barrier is

restricted to the thermal excitation rate of electrons.

For the case of an increasing temperature the peak form

reshapes, especially at the upper thermal side (>E f ,Pt ). At

higher temperatures, more electrons are thermally activated

and the Fermi distribution is less steep. Hence, the spectral

current peak is broader for energies above the metal Fermi

level. This becomes clear by comparing the simulations at

T = 203 K and T = 303 K in Fig. 8. The broader peak leads

to a higher current flow.

From this consideration, the mechanism behind the inter-

face resistance RI is physically understood. This mechanism

characterizes the voltage and temperature dependence of the

interface resistance. RI has an exponential voltage dependence

as the external voltage shortens the tunneling distance and

lowers the tunneling barrier. This leads to an exponentially

decreasing resistance RI with external voltage. Increasing

temperatures lead to a higher tunneling contribution of ther-

mally excited charge carriers. Hence, the resistance RI de-

creases exponentially with increasing temperature. The bulk

resistance RB is voltage independent and determined by the

phonon-scattering mechanism. Therefore, RB increases with

rising temperatures, which is the opposite temperature depen-

dence of RI. This inverse temperature dependence causes the

intersection observed in all resistance states. In the low volt-

age range (<|VI|), the interface resistance dominates the total

current and its temperature dependence. In the high voltage

range (>|VI|), the bulk resistor RB dominates and the current

shows the opposite temperature dependence. The transition

range from one to the other resistance defines the intersection

in the I-V-T branches. Thus, the two competing mechanisms

could be summarized as follows: The first thermally activated

tunneling (RI) stems from the Schottky interface. The second

is the bulk resistance (RB), which is dominated by the phonon

interaction described in Eq. (14).

Using the two-resistor model, the intersection for all resis-

tance states could be explained in a straightforward manner.

The resistive switching is based on a modification of the

tunneling properties of RI. Hence, programming sequentially

higher resistance states, as in the experimental section, in-

creases RI successively. In contrast, RB remains constant dur-

ing the resistive switching processes. Thus, the ratio between

RI and RB changes. The intersection in the I-V-T branches is a

feature of the transition between the dominating conduction

mechanisms. For the increasing RI during the RESET, the

interface resistance dominates for a wider voltage range.

Obviously, also the temperature dependence of RI dominates

over this broader voltage range. This mechanism shifts the

transition of the dominating conduction mechanism to higher

voltages. As the intersection is a consequence of the transition

between the two limiting conduction mechanisms, the inter-

section follows the trend and occurs at higher voltages.

The two resistor model simplifies the phenomenon that

the transition does not occur at one single specific voltage,

but rather spreads out over a voltage range. The intersection

of two I-V curves at different temperatures arise when the

temperature dependence of the two conduction processes are

canceling each other out. Thus, there is no net resistance

change by going from the first to the second temperature.

The temperature and voltage dependence of RI and RB is of

different nature and strength, thus the compensation of the two

mechanisms depends on the temperature. Hence, the intersec-

tion voltage depends on the chosen pair of temperatures T1

and T2, which results in spread out transition voltage range.

Modifying the resistance states, the properties of RI change,

which also changes the transition voltage position.

Even though our model can reproduce the experimental

data, two main shortcomings should be kept in mind. These

effects prevent the qualitative agreement in simulation and

experiment. The length of the Nb:SrTiO3 electrode has been

fixed to a value of 100 µm due to numerical limitations,

which is shorter than in the experiment (a factor <10). This

of course changes the ratio between RB and RI and thereby

influences the absolute value of the intersection voltage. The

second more critical issue is the modification of the oxygen

vacancy concentration. Here, a zero-order approximation is

applied by changing the total concentration homogeneously.

The oxygen exchange with the electrode, however, is a rather

complex mechanism. Therefore, it is not guaranteed that

the oxygen vacancy concentration in the filament changes

homogeneously across the whole layer thickness. An inho-

mogeneous modification of the oxygen vacancy concentra-

tion would influence the interface resistance and therefore

could also lead to a smaller shift of the intersection voltage.

Another shortcoming is the missing geometry information of

the filament, which limits the power of finding a qualitative

agreement between the simulation and experiment. A fitting

of the numerical I-V curves to the experimental data would

require adjusting other simulation parameters away from the

literature values. Therefore, the simulations are restricted

to match the qualitative trends. This avoids the overstress-

ing of simulation parameter and losing the validity of the
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simulations. Those limitations, however, do not influence the

observed trends and its conclusions. Thus to cover the full

complexity in the simulation a three-dimensional simulation

model is required using arbitrary oxygen vacancy profiles of

different concentration strength for each multilevel measured.

At the current stage this is not possible with the presented

model and requires further simplifications and experimental

investigations.

In the VCM device the important measure is the oxygen

vacancy concentration, which modifies the conduction by

widening and shortening the tunneling barrier. This induces

the SET or RESET and thereby the position of the intersection

in the I-V-T curves. However, other parameters such as, for

instance, the Schottky barrier height and dielectric constant

would also lead to a different tunneling barrier. Thus, when

changing those parameters the intersections observed here are

found at different voltage positions, as the tunneling process

dominates over a shorter or longer voltage range. The results,

which we used here to find the electronic transport properties,

are not restricted to a special Schottky barrier system or a

special oxide. They are rather inherent properties of all kinds

of Schottky barriers. As a result they could be transferred

to other materials and the intersection may occur at other

interfaces. The results may be most important for wide-band-

gap material combined with high work-function metals. The

electron-phonon coupling in SrTiO3 is comparably strong,

which makes the identification of two conduction mechanisms

easy. Other systems may not have a strong enough electron-

phonon interaction, which means that the intersection may not

occur. In those cases, the bulk transport may not be dominated

by a band transport as in amorphous materials or the transport

may take place by the Poole-Frenkel conduction mechanism.

Also further bulk limiting conduction mechanisms may occur,

such as polaron hopping or a high doping concentration, caus-

ing a scattering at their defects. In all these cases, the transport

in the bulk differs and the transition from the interface limited

transport to the bulk transport would have a different shape. In

those cases, no intersection would occur but there could still

be a transition between two conduction mechanisms, visible

by a change in the I-V slope.

The advantage of VCM cells is the opportunity to adjust

the doping concentration intrinsically, without any other in-

fluences such as varying fabrication processes. In the field of

VCM cells, the presented results are assumed to be highly

relevant for systems with a strong nonlinearity in the I-V

characteristics [50–56].

V. SUMMARY

This study presents a comprehensive understanding of the

current transport through VCM cells based on the SrTiO3/Pt

interface, which is from the authors’ point of view very likely

to be generalizable to many VCM systems with an exponential

I-V dependence. The conduction of the Nb:SrTiO3/SrTiO3/Pt

VCM system was measured for different temperatures at both

voltage polarities. Thereby the active electrode Pt-Schottky

contact has a special status in the current transport. Starting

with the LRS, an intersection in the I-V-T curves occurs, based

on a change of the temperature dependence. This intersection

is found for both voltage polarities, but the absolute values

of the intersection voltage differ from each other. For the

Schottky forward conduction, the intersection is observed at

clearly higher voltages. The experiment is extended by con-

duction measurements at different multilevel states, which are

programmed by interrupting the RESET process at different

RESET stop voltages. Afterwards the I-V-T dependence is

measured for a voltage range which is insufficient to change

the resistance state. The outcome of the experiment is that

all resistance states show the same intersection. However, a

trend in the intersection voltage shows that it shifts to larger

negative voltages with increasing resistance states. Thus, a

unique behavior is observed in all resistance states, which is

used to find a comprehensive physical understanding for the

dominating current transport in all resistance states.

To explain the experiments, a one-dimensional simulation

model is established. The electron transport is implemented

by the single band transport theory combined with the Poisson

equation and the charge conservation law. The tunneling into

the conduction band is considered within the WKB approxi-

mation. The simulations confirm the current-voltage identity

for both voltage polarities and reveal the underlying processes

responsible for the intersection. In both polarities the inter-

section arises from a transition from an interface to a bulk

controlled conduction mechanism. In the interface controlled

range the Schottky barrier is overcome by a thermally assisted

tunneling process. The bulk transport is limited by electron-

phonon scattering. The asymmetry of the voltage intersection

is based on a thermal barrier at the Schottky-type interface,

which is reduced at reverse Schottky polarity and constant in

the forward Schottky polarity.

Programming different multilevel states into the simulation

model leads to the same shift in the intersection as has been

found in the experiment. As this intersection is an event con-

nected to changing the predominant conduction mechanism,

there is a shift in the voltage ranges in which each conduction

mechanism dominates. This shift in the dominating conduc-

tion mechanism range is caused by the increasing tunneling

distance at the Schottky barrier. Hence, the Schottky barrier

limits the transport across a larger voltage range. The extended

tunneling barrier comes from the reduced amount of oxygen

vacancies at the interface. This leads to the conclusion that the

state variable namely the concentration of oxygen vacancies is

mapped to the electronic conduction.

Within our discussion we could reduce the problem to an

equivalent circuit of two resistors, which leads to a higher

level of abstraction. Finding an analytical approximation for

the conduction mechanism would allow us to develop a more

detailed compact model of VCM resistive switching devices.
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