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Resistive switching (RS) effect in the double-layered structure of Pt/Prq;Cag3MnOs3 (PCMO)/Lag ¢Pro4MnO3
(LPMO)/SrNbg 01 Tip9903 (SNTO) are improved comparing with that in the single-layered structure of
Pt/PCMO/SNTO. We propose that the RS characteristics of the two structures depend on the electronic
properties of the depletion layer formed in PCMO layer with negative space-charge near the interface of
PCMO and LPMO (or SNTO), which should be caused by the migration of oxygen vacancies. Our numerical
results show that the negative space-charge region formed in the whole LPMO layer in Pt/PCMO/LPMO/
SNTO causes an increase of the electric field, which results in the increase of the number of oxygen
vacancies to migrate and thereby improving the RS effect.

© 2014 Published by Elsevier B.V.

1. Introduction

The resistive switching (RS) phenomenon has been found in a
wide variety of perovskite oxides like manganites, titanates and
zirconates with metal-insulator-metal structures [1-3]. Several
theoretical models have been proposed to explain the RS behavior,
such as the modulation of the Schottky barrier [4,5], filamentary
conducting path [6], electrochemical migration of oxygen vacan-
cies [7-11] and oxidation/reduction reaction [12-14]. RS effect
receives more attention in the recent 50 years because it holds
immense potential for a next-generation nonvolatile memories
with high density, great scalability and low power consumption
[15,16]. The ratio of the resistance at high-resistance state (HRS) to
the resistance at low-resistance state (LRS), which is expressed by
Ry/Ry, is an important property in application. To increase the
resistance ratio and also improve the endurance behavior of RS
effect of oxides, recent works have mainly focused on three
influencing factors, the type of the electrode materials [8,14], the
concentration of oxygen vacancies in the sample [17,18] and the
structure of the device [19-22]. The type of interface contact,
which is related to the work function of the electrode, plays an
important role in the RS effect. It is also found that the electro-
chemistry reaction of metal electrode could improve the RS
characteristics [12,14]. In our recent work, we have investigated
the role of oxygen vacancies and reported that the increasing of
the density of oxygen vacancies in a certain range could increase
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the resistance ratio of LaMnOs films. In the aspect of structure
design, the certain multilayer structure is found to possess the
improved RS characteristics compared with single-layered
structure.

In recent years, the RS effect in Prg;Cag3MnOs (PCMO) sand-
wich structures have attracted great attention due to its larger
resistance value than that of bulk crystal and simple structure [23].
The migration of oxygen vacancies at the interface between PCMO
film and the metallic electrode is considered to play a crucial role
in the RS process. Nian et al. explained the resistive switching
effect of PCMO by considering the movement of oxygen vacancies
at the interface [9]. Asanuma et al. reported the resistive switching
effect originated from the change of the band diagrams of the
Ti/PCMO junctions due to the migration of the oxygen ions [10].

In this paper, we investigate the RS effect with improved hystersis
behavior in multilayer structure of Pt/PCMO/LaggPro4MnOs (LPMO)/
SrNbg 01 Tip9903 (SNTO) comparing with that in the singe-layered
structure of Pt/PCMO/SNTO.In addition, to verify the role of the LPMO
layer, a double-layered structure of Pt/LPMO/PCMO/SNTO was also
fabricated. The experiment results show that the resistive switching
effect in Pt/LPMO/PCMO/SNTO is weaker than that of Pt/PCMO/
LPMO/SNTO. We also provide some numerical results for the under-
standing of the RS behavior.

2. Experiments
Three types of samples made of PCMO, LPMO/PCMO, and

PCMO/LPMO films were fabricated on the SNTO (0 0 1) substrates
with 3 x 5 mm? large and 0.5 mm thickness by laser molecular
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beam epitaxy (MBE), which is with a pulsed XeCl excimer laser
beam (~20ns, 2 Hz, ~1.5 J/cm2) focused on the sintered ceramic
PCMO and LPMO targets. The oxygen pressure was kept 5 x
102 Pa during the deposition and the substrate temperature
detected by an infrared pyrometer was around 570 °C. The thick-
ness of the PCMO and LPMO are about 100 nm and 6 nm,
respectively. Finally, the Pt top electrode (TE) in a diameter of
100 pm was deposited and patterned with a metal mask. The
crystalline structures of the samples were examined by X-ray
diffraction (XRD). The XRD results demonstrate that the films are
epitaxially grown along the c-axis with single phase. The current-
voltage (I-V) behaviors were measured by a Keithley 2400 source
meter at room temperature. The forward-bias is defined by the
positive voltage applied on the TE Pt.

3. Results and discussions

Fig. 1(a) shows that the experimental -V characteristics of the
Pt/PCMO/SNTO, Pt/LPMO/PCMO/SNTO and Pt/PCMO/LPMO/SNTO
structures exhibit bipolar resistive switching behaviors. The bias
voltage was applied on the TE Pt in the direction of 0V—» -2V —
0 V-3 V-0 V.The resistances of the structures are switched from
LRS to HRS after the forward-bias scan. In order to avoid the
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Fig. 1. (a) The measured I-V characteristics of Pt/PCMO/SNTO, Pt/PCMO/LPMO/
SNTO and Pt/LPMO/PCMO/SNTO structures. (b) The resistance ratio Ry/R. of Pt/
PCMO/LPMO/SNTO, Pt/LPMO/PCMO/SNTO and Pt/PCMO/SNTO structures under the
pulse voltage of + 5V with the width of 5 us, 10 us, 50 us, 100 us, 250 us, 0.5 ms,
1 ms and 5 ms, respectively.

dielectric breakdown, the maximum of negative-bias is only
—2.0V. Thus, the resistive switching behavior is not obvious
under the reverse-bias.

PCMO is a p-type semiconductor with the work function
~4.9eV measured by ultraviolet photoelectron spectroscopy
(UPS). SNTO is a highly doped n-type semiconductor as the bottom
electrode. Since the work function of Pt and SNTO are about 5.6 eV
and 4.05 eV, respectively, the p-n heterojunction is formed at the
interface of PCMO/SNTO, while the ohmic contact would appear at
the interface of Pt/PCMO. The obvious rectifying property of
Pt/PCMO/SNTO is attributed to the PCMO/SNTO heterojunction.
The contact resistance of the PCMO/SNTO dominates the I-V
characteristics. Oxygen vacancies are inevitable in the PCMO layer
because of the low oxygen pressure 5 x 10~2 Pa during the deposi-
tion. Oxygen vacancies act as effective donors after releasing one or
two electrons into the conduction band and become positively
charged, which was confirmed by Hall measurement [17].

The migration of the oxygen vacancies at the interface under
the electric field is considered to play a crucial role in the RS
phenomenon. The RS process is corresponding to the switch of the
contact resistance at interfaces, which is mainly attributed to the
depletion layer formed in PCMO with negative space-charge at
the PCMO/SNTO interface. When the positive voltage applied on
the TE, the positively charged oxygen vacancies migrate from the
bulk of PCMO to the interface of PCMO/SNTO. The increase of the
number of oxygen vacancies near the interface of PCMO/SNTO
results in decreasing of the density and mobility of the holes,
because oxygen vacancies act as donor impurities [24,25]. The
band gap in the PCMO side would be enlarged, because of the
decrease of the one-electron e, band width due to the increase of
the concentration of oxygen vacancies, which is also confirmed by
the experiments [10,25]. Thus, the width of depletion layer in
PCMO increases. The contact resistance of p-n junction, which
contributes to the major part of the whole resistance of the device,
increases accordingly. Eventually, the resistance of the device is
switched from LRS to HRS. In addition, electric Joule heating is an
unavoidable factor that might affect the RS performance in these
structures during measurements. Because Joule heating is mainly
responsible for the unipolar RS effect, in our case Joule heating is
not the dominant mechanism [26,27]. To minimize the heating
effect, we stopped for two minutes after each point measurement.

In order to improve the RS effect of Pt/PCMO/SNTO, a LPMO
thin film (about 6 nm) was deposited on the SNTO substrate to
form a double-layered Pt/PCMO/LPMO/SNTO structure. The -V
curves in Fig. 1(a) show that the Pt/PCMO/LPMO/SNTO structure
performs the most pronounced hysteresis behavior. Moreover,
Fig. 1(b) shows the resistance ratio Ry/R; of the structures under
pulse voltage of + 5V with the width of 5 us, 10 us, 50 us, 100 us,
250 us, 0.5 ms, 1 ms and 5 ms, respectively. When the pulse width
is 5 ms, the resistance ratios Ry/R; are 41.1, 5.2 and 2.5 of Pt/PCMO/
LPMO/SNTO, Pt/LPMO/PCMO/SNTO and Pt/PCMO/SNTO, respec-
tively. As we expected, the resistance ratio of Pt/PCMO/LPMO/
SNTO structure became larger than that of Pt/PCMO/SNTO and Pt/
LPMO/PCMO/SNTO. The switching time is about millisecond scale,
which may be due to the electret effect [28,29].

In the LPMO film the Pr ions are in mixed-valence states of
Pr** and Pr** [30]. LPMO is most likely a low electron-doping
manganite [31]. Thus the p-n heterojunction barrier and n-n
heterojunction barrier are expected to form at PCMO/LPMO and
LPMO/SNTO interfaces, respectively. The mechanism of the RS
effect of double-layered structure of Pt/PCMO/LPMO/SNTO is more
complex.

In order to investigate the mechanism of RS effect of Pt/PCMO/
LPMO/SNTO, we carried out a theoretical calculation on the
transport properties of the structure with double barriers by
self-consistently solving the Possion and carrier continuity
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equations.
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where y(x)~ is the electrostatic potential. n(x) and p(x) are the

concentration of electrons and holes, respectively. N(x) is doping
concentration. U(x) is the recombination rate of the Shockley-
Read-Hall recombination process [32-35]. g, & and &y denote the
electron charge, dynamic dielectric constant and permittivity of
free space, respectively. J,(x) and J,(x) are the current density of
electrons and holes, respectively:
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where ghy(x) and ¢b,(x) are the quasi Fermi potential of electrons
and holes, respectively. u, and p, represent the mobility of the
electrons and holes, respectively. The concentration distribution of
the electrons and holes are in the relation with gbn(x) and ghp(x),
respectively:

n(x) = niexp (w0 —4,00), ®)

P = niexp (LH,(0 -y ), ™)

where n;, k and T denote the intrinsic carrier concentration, the
Boltzmann constant and the temperature. Richardson thermionic
current based on the thermionic-emission-diffusion theory [36] is
employed as the current boundary condition. The current density
Ja(xi) and Jp(x;) across the interface of the heterojunction x; are
given as follows:
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where A* n—(A* p—) and A* n+ (A* p+) are the Richard constants
of electrons (hole) in the left and right sides of the heterojunction,
respectively. AE. (AE,) denotes the difference between bottom of
conductive band (top of valence band) in left and right region. €
(x)~ is the step function: if x <0, 8(x)=0; else if x>0, O(x)=

Moreover, the tunneling current density of electrons is included in
our calculation. Egs. (1-3) coupled with the boundary conditions
(8) and (9) are solved self-consistently using the numerical
method. The standard finite difference method is utilized to
discretize these equations. Thus, the three primary variables the
electrostatic potential y(x), the quasi Fermi potential of electrons
@n(x), and the quasi Fermi potential of holes gh,(x) are obtained
using the iterative technique. Because of the low doping density of
LPMO film and the strong electron injection from the SNTO, the
transport characteristics of LPMO might be governed by the space
charge limited conduction mechanism in the simulation model.
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Fig. 2. The energy band by numerical calculation of (a) Pt/PCMO/LPMO/SNTO at
LRS, (b) at HRS, and (c) Pt/PCMO/SNTO structures under 0 V.
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Fig. 3. The carrier distribution by numerical calculation of (a) Pt/PCMO/LPMO/
SNTO at LRS, (b) at HRS, and (c) Pt/PCMO/SNTO structures under 0 V.

Fig. 2 shows the band diagrams of Pt/PCMO/SNTO and Pt/
PCMO/LPMO/SNTO at LRS and HRS under 0V by calculation. The
depletion layer with negative space-charge is formed in PCMO
near the interface of PCMO/LPMO in the double-layered structure
Pt/PCMO/LPMO/SNTO. Because the carrier density in LPMO is very
small, electrons would be injected from SNTO to LPMO. The
calculation results show the whole LPMO layer all became nega-
tive space-charge layer due to the small thickness and low doping
density. The distribution of carrier density of Pt/PCMO/SNTO and
Pt/PCMO/LPMO/SNTO at LRS and HRS under OV obtained by
numerical calculation is plotted in Fig. 3. The distribution of the
density of net charge, which composes of the free carrier and
ionized acceptor, is shown in Fig. 4. The negative space-charge
region is formed in PCMO depletion layer near the interface of
PCMO/LPMO and the whole LPMO layer. When the positive voltage
is applied on the TE Pt, oxygen vacancies transport from the bulk
of PCMO to the interface of PCMO/LPMO. The corresponding
schematic diagram is shown in Fig. 4. The barrier height of the
heterojunction decreases slightly, but the width of the depletion
region becomes distinctly larger at the HRS, because oxygen
vacancies are repelled to the interface of PCMO/LPMO, which can
be seen from the band diagram by calculation in Fig. 2. Thus, the
contact resistance increases and thereby the whole structure is
switched from LRS to HRS.

The double-layered structure of Pt/PCMO/LPMO/SNTO has more
pronounced RS than that of Pt/PCMO/SNTO, which is supposed to
attribute to the more substantial change of the contact resistance of
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Fig. 4. The schematic of the migration of oxygen vacancies in the negative space-
charge region. The solid line is the negative net charge density in PCMO and LPMO
by calculating.
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Fig. 5. The distribution of electric field and potential of Pt/PCMO/LPMO/SNTO
structure compared with that of Pt/PCMO/SNTO structure at HRS under 0 V.

PCMO/LPMO under the external voltage. We compare the electric
field distribution obtained by numerical calculation of Pt/PCMO/
SNTO and Pt/PCMO/LPMO/SNTO structures under 0V shown in
Fig. 5. The completely depleted LPMO layer increases the electric
field strength, which could be explained by the differences in
dielectric constants of PCMO (~ 190¢gy), of LPMO (~40¢p), and of
SNTO (~150¢p) obtained by our measurement [37]. The increasing
of the electric field, which is in the same direction with the
migration of oxygen vacancies, would increase the force which
binds the oxygen vacancies at the interface. The contact resistance
of PCMO/LPMO heterojunction in Pt/PCMO/LPMO/SNTO changes
more significantly than that of PCMO/SNTO in Pt/PCMO/SNTO. So
the resistive switching effect in Pt/PCMO/LPMO/SNTO is more
prominent than that in Pt/PCMO/SNTO under the forward-bias.
The I-V curves of Pt/PCMO/SNTO and Pt/PCMO/LPMO/SNTO at LRS
and HRS obtained by numerical calculation are plotted in Fig. 6.
Because Pt/PCMO/SNTO structure exhibits no obvious hysteresis
behavior, we only plotted the HRS of it. The calculated results of the
transport characteristics of Pt/PCMO/LPMO/SNTO structure at the
HRS and LRS are consistent with the experimental ones shown in
Fig. 1(a). The parameters used for calculation are listed in Table 1.
To verify the assumption, we also fabricated the Pt/LPMO/
PCMO/SNTO structure. When LPMO film is on the top of PCMO,
holes will diffuse into the LPMO from PCMO due to the concentra-
tion gradient. Because the positive charge region formed in LPMO
can also assist the oxygen vacancies to migrate from PCMO bulk to
the interface of PCMO/SNTO, the RS characteristics is improved
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Fig. 6. The calculated -V characteristics of Pt/PCMO/SNTO and Pt/PCMO/LPMO/
SNTO structures.

Table 1
Parameters used in calculation.

Material parameter Pt/PCMO/  Pt/PCMO/LPMO/SNTO Pt/PCMO/
LPMO/ HRS SNTO
SNTO LRS
Doping concentration of  1.0x10"°  4.0x10®  4.0x 10"
PCMO (cm3)
Hole mobility of PCMO 15¢ 13 13
(em?V-1s1)
Band gap of PCMO (eV) 0.3" 1.0 1.0
Band gap of LPMO (eV) 13 1.26 -

2 Parameter taken from Ref. [38]
b parameter taken from Ref. [39]

comparing with the single-layered structure. However, the resis-
tive switching effect is weaker than that of Pt/PCMO/LPMO/SNTO
structure measured in the same condition shown in Fig. 1. The RS
characteristics in Pt/PCMO/LPMO/SNTO and Pt/LPMO/PCMO/SNTO
mainly depend on the variation of depletion layer width in PCMO
at the interfaces of PCMO/LPMO and PCMO/SNTO under forward-
bias. When PCMO is on the top of PCMO, it cannot make as large
effect on the migration of oxygen vacancies in the PCMO as that
when it located between PCMO and SNTO. So the electronic
properties of the depletion layer of PCMO in Pt/LPMO/PCMO/SNTO
are altered less than that in Pt/PCMO/LPMO/SNTO. Therefore, it is
speculated that the RS effect can be improved by adopting a lower
doped thin film with smaller dielectric constant than that of the
oxide film particularly at the interface of the depletion layer. The
larger the electric properties of that interface changed, the larger
the hysteresis behavior and the RS effect can be.

4. Conclusions

In summary, we proposed that the migration of the oxygen
vacancies is responsible for the RS effect. We have improved the
RS effect of Pt/PCMO/SNTO structure by adopting the LPMO layer
between the PCMO layer and SNTO substrate. The negative charge
region is formed in LPMO layer, which could assist more oxygen
vacancies to migrate and change the electronic properties of the
interface more significantly. Therefore, the resistive switching
effect is enhanced accordingly. To verify the role of played by
LPMO layer, we also fabricated the double-layered structure of Pt/
LPMO/PCMO/SNTO, which exhibits weaker hysteresis behavior
than that of Pt/PCMO/LPMO/SNTO. The theoretical model is carried
out to explain the role of the oxygen vacancies and the LPMO layer
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in detail. The transport characteristics of the Pt/PCMO/LPMO/SNTO
with double heterojunctions are also obtained by numerical
calculation. The results present in this paper should be helpful
for the understanding of the RS properties in the multilayer
structures, as well as for the further designing of the multilayer
structures.
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