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Metal/semiconductor memristive heterostructures have potential applications in nonvolatile memory and comput-
ing devices. To enhance the performance of the memristive devices, it requires a comprehensive engineering to the
metal/semiconductor interfaces. Here in this paper, we discuss the effects of oxygen vacancies and temperature on the
memristive behaviors of perovskite-oxide Schottky junctions, each consisting of SrRuO3 thin films epitaxially grown on
Nb:SrTiO3 substrates. The oxygen partial pressure and laser fluence are controlled during the film growth to tune the
oxygen defects in SrRuO3 films, and the Schottky barrier height can be controlled by both the temperature and oxygen
vacancies. The resistive switching measurements demonstrate that the largest resistance switching ratio can be obtained
by controlling oxygen vacancy concentration at lower temperature. It suggests that reducing Schottky barrier height can
enhance the resistive switching performance of the SrRuO3/Nb:SrTiO3 heterostructures. This work can conduce to the
development of high-performance metal-oxide/semiconductor memristive devices.
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1. Introduction
In recent years, the memristive switching devices have

received intensive attention for the applications in the resis-
tive random access memories (RRAM) because of their many
superiorities such as the simple structure, outstanding perfor-
mance, low power consumption, and fast switching.[1] The
memory effect has been achieved by the switching between
the high resistance state (HRS, OFF state) and the low re-
sistance state (LRS, ON state), modulated by the electrically
unipolar or bipolar bias. Great efforts have been made to dis-
cover the microscopic origins of resistive switching, which is
important for understanding this physical phenomenon and is
the key point for further enhancing the resistive switching per-
formance. A variety of resistive switching devices have been
fabricated while the mechanisms responsible for the memris-
tive behaviors are heavily disputed. It can be concluded that
the possible mechanisms include ion migration and thermo-
chemical reaction, metal-insulator transition, charge trapping
or detraping, etc.[2–6] These findings highlight the way such as
ion doping and defect engineering to enhance the memristive
performance, in which the oxygen vacancies are extensively
studied because of the ideal investigating platform provided
by the transition-metal oxides.

Both of the binary and complex transition-metal per-

ovskite oxides are widely used in the resistive switching
devices due to the stable crystal structures and rich elec-
tronic properties.[7–16] Among them, SrRuO3 (SRO) is a fer-
romagnetic metal with a high work function and Nb:SrTiO3

(Nb:STO) is an n-type semiconductor.[17] The resistive switch-
ing behavior of SRO/Nb:STO heterostructures has been stud-
ied previously,[6] in which the Nb content was controlled and
it was demonstrated that the dependence of electron charging
in a self-trap on bias polarity leads to the resistive switching
behavior, but how the oxygen vacancy concentration affects
the resistive switching behavior has not been revealed. And
the modulation of the Schottky barrier height to the memris-
tive performance, which may determine the resistive switching
behavior fundamentally, is still unclear.

In this work, we systematically study the effects of oxy-
gen vacancy concentration and Schottky barrier height on the
resistive switching behavior of SRO/Nb:STO heterostructures
prepared by pulsed laser deposition (PLD) technique assisted
with reflective high-energy electron diffraction (RHEED).
During the film growth, we control the oxygen partial pres-
sure and laser fluence to tune the oxygen vacancy concentra-
tion in the SRO film. Besides, the Schottky barrier height
can be modulated by both the oxygen vacancy concentra-
tion and the temperature. The resistance switching measure-
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ments of SRO/Nb:STO heterostructures demonstrate that all
the films exhibit resistive switching behaviors that depend
strongly on the concentration of oxygen vacancies and the
temperature, and the heterostructures exhibit the best memris-
tive performance at a smaller Schottky barrier height. These
findings may be instructive to the future development of resis-
tive switching devices with high performance.

2. Experiments
The SrRuO3 thin films, each with a thickness of∼ 10 nm,

were grown on (001)-oriented Nb:SrTiO3 single-crystal sub-
strates with Nb doping of 0.7 wt% by the PLD. A KrF excimer
laser beam (λ = 248 nm) was focused onto the SRO target at
a repetition rate of 1 Hz, and the laser fluence was 1 J/cm2 and
1.5 J/cm2 separately. The substrate temperature was ∼ 700 ◦C
in the whole deposition process. The oxygen pressures in the
growth chamber were 0.1 Pa, 5 Pa, and 15 Pa respectively.
After being deposited, the films were cooled down to room
temperature under an oxygen pressure of 100 Pa. The x-ray
diffraction (XRD) analysis was performed by using a Rigaku
4-circle diffractometer with a Cu Kα anode radiation (wave-
length of 1.5406 Å) to investigate the structural quality and
lattice constants of SRO films. The temperature-dependent
current–voltage (I–V ) characteristics in a range from 300 K
to 20 K were measured by a quantum design physical property
measurement system (PPMS) and a Keithley 2400 Source Me-
ter, in which the DC voltage was applied to the samples and
the electric currents were measured. The films and substrates
were connected by gold wires and silver paste. The Ru M-edge
and O K-edge soft x-ray absorption spectrum (XAS) measure-
ments were performed at beamline BL12B-a at the National
Synchrotron Radiation Laboratory of China (NSRL).

3. Results and discussion
During the film growth, the ambient oxygen partial pres-

sure and the laser fluence are varied to control the oxygen va-
cancy density in SRO films. Three groups of SRO thin films
are grown under oxygen partial pressures of 0.1 Pa, 5 Pa, and
15 Pa with a laser fluence of 1 J/cm2 respectively and one
group of SRO thin films were grown at 5 Pa with a laser flu-
ence of 1.5 J/cm2. Figure 1(a) shows the XRD ω–2θ scans
around the Nb:STO (001) and (002) Bragg reflections of the
SRO films. All the samples are aligned well on the XRD in-
strument platform, the acquired patterns have strong compa-
rability. As figure 1(a) shows, all the thin films exhibit the
expected a (001)-oriented structure. The out-of-plane lattice
constant c values of the SRO films are obtained from the po-
sitions of (001) and (002) Bragg reflections and the results
are summarized in Fig. 1(b), where the red point represents
the c value of SRO film grown at 5 Pa with a laser fluence

of 1.5 J/cm2. We consider ±0.02◦ (the step we used during
the XRD test) as the error, and the peak positions are indeed
within this range. As can be seen, the c value decreases with
oxygen partial pressure and laser fluence increasing. This is
consistent with previous reports on SRO films, and the reason
is ascribed to the variation of oxygen vacancies under different
growth conditions that the perovskite-oxide lattice will expand
when there are more oxygen vacancies.[18,19]
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Fig. 1. (a) XRD ω–2θ scans of SRO/Nb:STO heterostructures, and (b) out-
of-plane lattice constants of SRO films calculated from the XRD SRO (001)
and (002) peaks. The red point represents the SRO film grown at 5 Pa and
1.5 J/cm2.

Figure 2 shows the I–V characteristics of the SRO/Nb:
STO samples measured in a temperature range from 300 K
to 20 K. The positive bias is defined as the electric current
flowing from the Nb:STO substrate to the SRO layer (see the
device geometry in Fig. 2(a)). The electric currents are mea-
sured at each temperature, following a voltage sweep from 0 V
→−5 V→ 0 V→ 5 V→ 0 V. As seen in Figs. 2(b)–2(e), the I–
V characteristics of all the heterostructures especially for the
SRO films grown at 5 Pa and 15 Pa, clearly show a rectify-
ing effect that arises from the Schottky barrier between the
SRO film and Nb:STO substrate. In the forward bias (negative
voltage), upon increasing the voltage, the width of the deple-
tion region and the built-in electric field in Nb:STO decrease.
While in the reverse bias (positive voltage), upon increasing
the voltage, the width of the depletion region and the built-in
electric field increase. Furthermore, each of the I–V curves of
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all the samples in the reverse bias region shows a clear hys-
teretic response to the resistance, which is the evidence of the
colossal electroresistance (CER) effect. The heterostructures
can be electrically switched between the low resistance state
(with voltage sweeping from 0 V to 5 V) and the high resis-
tance state (with voltage sweeping from 5 V to 0 V).

Figure 2(f) summarizes the resistance ratios of HRS to
LRS (ROFF/RON or ILRS/IHRS) at 20 K of the SRO/Nb:STO
heterostructures under different conditions. It can be seen
that the I–V characteristics of the four samples are very dif-
ferent. For the films grown at 5 Pa and 15 Pa, the largest
resistance ratio of HRS to LRS (ILRS/IHRS) at the same bias
voltage range between 0 V and 5 V increases significantly
with temperature decreasing. At the lowest measuring temper-
ature of 20 K, ILRS/IHRS of the film grown at 5 Pa and 1 J/cm2

reaches to the largest value of ∼ 10 at ∼ 2.4 V. While for the
SRO films grown at 0.1 Pa and 15 Pa, the largest ILRS/IHRS

values decrease to about 1.3 and 2.1, respectively. Besides,
the I–V curves of the SRO films grown at 0.1 Pa are twisted,
which indicates that the excessive oxygen vacancies may dis-
turb the resistive switching behavior. This phenomenon is
probably caused by the degenerated interfacial epitaxial qual-
ity and microstructural disorders in SRO films at such a low
oxygen pressure.[20,21] Furthermore, as the laser fluence in-
creases from 1 J/cm2 to 1.5 J/cm2, a similar effect is observed
that the largest ILRS/IHRS values of SRO films grown at 5 Pa
and 1.5 J/cm2 are about 2.4. These results indicate that the
appropriate control of oxygen vacancy concentration is im-
portant for enhancing the resistive switching performance of
SRO/Nb:STO heterostructures. It should be noted that we pre-
pare a series of samples under different fabrication condition
and perform repeated measurements on each sample, and the
results are highly repeatable.
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Fig. 2. (a) Device geometry of SRO/Nb:STO heterostructure. A DC voltage is applied across the film and substrate. (b)–(e) Temperature-dependent current
(I)–volatge (V ) characteristics of the SRO/Nb:STO heterostructures measured at temperatures ranging from 300 K to 20 K. Up arrow and down arrow
indicate voltage sweep direction. (f) Ratios of HRS current to LRS current (ILRS/IHRS) at 20 K calculated from panels (b)–(e).

To verify the change of oxygen vacancy concentration in

the SRO films prepared at different oxygen pressures and laser

fluence, we perform the Ru M-edge and O K-edge x-ray ab-

sorption spectrum measurement. Figure 3(a) shows the Ru M-

edge x-ray absorption spectra. The two main peaks at 460 eV

(indicated by dashed line) and 482 eV originate from the tran-

sitions from spin–orbit splitted Ru 3p3/2 and 3p1/2 to the Ru

4d.[22] The spectral profiles of the SRO films are very similar

and the peak positions do not show notable shift, indicating

that the valence states of Ru ions do not change in these sam-

ples. Figure 3(b) shows the O K-edge x-ray absorption spectra

of the SRO films. The absorption peaks around 529 eV (indi-

cated by dashed line) are due to the transitions from O 1s to the

hybridized state of O 2p and Ru 4d t2g orbitals, and the group

of peaks in a range from 531 eV to 544 eV are due to the tran-

sitions to Ru 4d eg, Sr 4d, and Ru 5sp states.[23–26] Though the

peak positions of Ru 4d t2g states of different SRO films have

no distinguishable change, it can be clearly seen that the in-

tensity of this peak increases with oxygen partial pressure and

laser fluence increasing (see Fig. 3(c)). It is well known that

the x-ray absorption spectrum peak intensity is closely related

to the density of unoccupied states.[27] The decrease of oxygen

vacancy concentration in the SRO film can increase the den-

sity of electron holes in the O 2p and Ru 4d hybridized state,
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leading to higher intensity of the Ru 4d t2g absorption peak. It
should be noted that though the valance of Ru does not change,
the Sr 4d absorption peak shifts monotonically to lower energy
with oxygen vacancy concentration decreasing. It has been re-
ported previously that the valence of Ru is more stable than
that of Sr in different chemical environment.[28] So it is possi-
ble that the Sr valence changes while the Ru valence remains
unchanged in the SRO films with different oxygen vacancy

concentrations. Thus, the O K-edge x-ray absorption spec-
trum gives the clear evidence that the concentration of oxygen
vacancies in the SRO film decreases with the increase of oxy-
gen pressure and laser fluence, which is consistent with the
x-ray diffraction result. It indicates that the distinct memris-
tive characteristics of the SRO/Nb:STO heterostructures at the
same temperature are due to the change of the oxygen vacan-
cies in the SRO films.
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Fig. 3. (a) Ru M-edge and (b) O K-edge XAS spectra of SRO films. (c) Magnified Ru 4d t2g absorption peaks in the O K-edge XAS spectra of SRO
films. All the XAS spectra are normalized to the incoming photon flux and the post-edge intensity.

To check whether the Schottky barrier height (illustrated
in Fig. 4(a)) of the SRO/Nb:STO heterostructures is changed
by oxygen vacancy and temperature, the standard semicon-
ductor Schottky barrier model is used to calculate the Schot-
tky barrier height.[17,18] This model is expressed as the follow-
ing relationship between I and V under forward bias (negative
voltage)

I = A∗ST 2 exp
(
−qΦB

kBT

)
exp

(
qV

nkBT

)
. (1)

Here, q is the electron charge, kB is the Boltzmann’s constant,
V is the applied bias, T is the temperature, S is the junction
area, A∗ is the Richardson’s constant, ΦB is the Schottky bar-
rier height at zero bias, and n is an ideality factor. According
to Eq. (1), the ΦB value can be obtained by fitting the I–V
curves through using the thermionic emission theory. Fig-
ure 4(b) shows the fitting of I–V curves measured at 20 K

under forward bias. In the low V region prior to the satura-
tion of I because of series resistance such as electrode/SRO
and electrode/Nb:STO resistance, the log I–V characteristics
fit well with the straight lines. It can be clearly seen that the
intersection of I at V = 0 is the largest for the sample grown at
5 Pa and 1 J/cm2, which means the smallest ΦB value. The de-
rived ΦB values from 300 K to 20 K are illustrated in Fig. 4(c).
As can be seen, the Schottky barrier height can be changed by
both the oxygen vacancies and the temperature. At tempera-
tures below 140 K, the ΦB values of the SRO/Nb:STO grown
at 5 Pa and 1 J/cm2 are the smallest, accompanied by the no-
table enhancement of memristive performance of this sample.
Besides, for each sample, ΦB decreases significantly with tem-
perature lowing. We show that for the SRO films grown at 5 Pa
and 15 Pa, the memristive performances are significantly im-
proved at lower temperatures. This can be attributed to the
reduced Schottky barrier height of the SRO/Nb:STO junction.
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Fig. 4. (a) Sketch of Schottky barrier height of SRO/Nb:STO system. (b) Fitting of |I|–V data measured at 20 K to thermionic emission equation for
SRO/Nb:STO heterostructures. (c) Temperature dependence of Schottky barrier heights of the SRO/Nb:STO heterostructures.
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4. Conclusions
In this work, we systematically study the effects of the

oxygen vacancy concentration and Schottky barrier height on
the resistive switching behavior of SRO/Nb:STO heterostruc-
tures. The XRD and XAS measurements demonstrate that the
oxygen vacancy concentrations in the SRO films are reduced
by increasing the growth oxygen partial pressure and laser flu-
ence. The fitting of the rectifying I–V characteristics of the
films by using the thermionic emission theory shows that the
Schottky barrier height decreases with temperature lowering.
The temperature dependent resistive switching measurements
demonstrate the performance of the SRO/Nb:STO junctions
can be enhanced by modulating the oxygen vacancy concen-
tration and temperature. The resistive switching behavior of
the SRO/Nb:STO junctions can be driven by the migration of
oxygen ions or the charging effect at the Schottky interface.
Both mechanisms are closely related to the oxygen vacancy
concentration and Schottky barrier height. Our results could
be instructive to future develop the high-performance resistive
switching metal-oxide/semiconductor devices.
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