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Colossal electroresistance mechanism in a Au/Pr(;Ca,;MnQO;z/Pt sandwich structure:

Evidence for a Mott transition
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The resistive switching characteristics of Au/Prj;Cay3;MnO3;(PCMO)/Pt sandwich structure were investi-
gated by changing growth temperature of the PCMO film, adding an oxygen annealing process, and modifying
the Au/PCMO/Pt sandwich structure by inserting a PrMnQO3 (PMO) or CaMnO5; (CMO) layer at the Au/PCMO
interface. From these experiments, we obtained the following results. First, only crystalline PCMO films
exhibited reversible resistive switching behavior in Au/PCMO/Pt sandwich structure. Secondly, the
Mn**/Mn?* ratio at the PCMO surface was changed by oxygen annealing of the PCMO film, resulting in an
increase of the resistance ratio of high resistance state and low resistance state. Lastly, we could not observe the
resistive switching behavior in Au/PMO/PCMO/Pt and Au/CMO/PCMO/Pt sandwich structures. The resistive
switching behavior could be observed only in Au/PCMO/PMO(or CMO)/PCMO/Pt sandwich structure. These
results indicate that the resistive switching of Au/PCMO/Pt sandwich structure depends on the mixed valence
state Mn**/Mn>* of Mn ions in the metal/PCMO interface domains. This result can be regarded as evidence for

a Mott transition.

DOLI: 10.1103/PhysRevB.74.174430

I. INTRODUCTION

Pr;_,Ca,MnO; has attracted considerable interest due to
its unusual magnetic and electronic properties, such as colos-
sal magnetoresistance (CMR) (Refs. 1-6) and colossal elec-
troresistance (CER).”"'7 Among these properties, CER has
recently been explored in detail because of its potential for
device applications such as nonvolatile resistance random
access memories, since Liu er al. reported that reversible
resistance change can be induced by applying pulsed voltage
to the Pry-Ca,;Mn0O; (PCMO) layer sandwiched between a
Ag top-electrode and a YBa,Cu;05 or Pt bottom electrode at
room temperature.7 However, the origin of CER at room
temperature is yet to be elucidated.'®-!> The ground state of
Pr;_.CaMnO; with x=0.3-0.5 is known to be a charge-
ordered antiferromagnetic insulator, which can be switched
to a ferromagnetic metal by applying strong magnetic or
electric  fields.>'© However, at room temperature,
Pr;_.CaMnOs is not close to any phase boundary between
competing phases and is in a paramagnetic insulating state
regardless of x.% Therefore, the origin of CER at room tem-
perature is difficult to explain, and thus it is important to
elucidate the mechanism of the resistive switching of PCMO
films. In this work, we thus studied CER mechanism of the
Au/PCMO/Pt sandwich structure by changing the growth
temperature of the PCMO films, adding the oxygen anneal-
ing process after deposition, and modifying the Au/PCMO/Pt
structure by introducing PrMnO; (PMO) or CaMnO; (CMO)
layer into the structure in order to find out some experimen-
tal clues for elucidating the origin of CER mechanism of the
Au/PCMO/Pt structure.

II. EXPERIMENTS

To investigate the resistive switching characteristics of the
Au/PCMO/Pt sandwich structures, the PCMO films were
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grown on Pt/Ti/SiO,/Si(100) substrates by using pulsed la-
ser deposition (PLD) employing a KrF excimer laser with a
wavelength of 248 nm. The target was synthesized by using
a conventional solid-state reaction and its composition was
Pry;Cay3sMnO5. The PCMO films were deposited at the sub-
strate temperature (7,) ranging from 500 to 700 °C under
oxygen pressure of 300 mTorr with constant laser energy
density of 2 J/cm? and constant laser repetition rate of 5 Hz.
The distance between target and substrate was fixed to 5 cm.
Au top electrodes with a diameter of ~200 wm were depos-
ited on the PCMO films by thermal evaporation under a base
pressure of <5X 107 Torr with a dot-patterned metal
shadow mask.

The oxygen-annealing effect on the resistive switching
phenomenon of the PCMO film was investigated. For this,
the PCMO films were deposited at 7,=700 °C under oxygen
pressure of 200 mTorr. After deposition, the films were in
situ annealed at 500 °C for 1 h under oxygen pressure of
~200 Torr.

The Au/PCMO/Pt sandwich structure was modified by in-
serting PMO or CMO layer into the sandwich structure. Two
types of the sandwich structure were prepared as follows: (i)
Au/PMO(or CMO)/PCMO/Pt and (ii) Au/PCMO/PMO(or
CMO)/PCMO/Pt. These structures were in situ fabricated by
PLD at the substrate temperature of 700 °C under oxygen
pressure of 300 mTorr. The other deposition conditions were
the same as those for the PCMO films as described above. In
structure (i), the thickness of the PCMO film was ~360 nm
and that of the PMO (or CMO) layer was varied from
5 to 30 nm. In structure (ii), the thickness of the PCMO film
was ~30 nm and that of the PMO (or CMO) layer was
~360 nm. In addition, Au/PMO(or CMO)/Pt structure was
fabricated using the same deposition conditions by PLD for
investigating the characteristic of the PMO (or CMO) layer
itself.

The crystal structures of the PCMO film and the multi-
layered films were investigated by x-ray diffraction (XRD).
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FIG. 1. XRD patterns of PCMO thin films deposited on

Pt/Ti/Si0,/Si(100) substrates at various substrate temperatures of
(a) T,=700 °C, (b) T,=600 °C, and (c) T,=500 °C.

The chemical composition of oxygen-annealed and as-grown
PCMO films were analyzed by x-ray photoelectron spectros-
copy (XPS) using a PHI 5800 ESCA system. Current-voltage
(I-V) characteristics of the sandwich structures were mea-
sured by using semiconductor parameter analyzer (Agilent
4155B). The voltage bias was scanned as 0— +V,,,,—0
——V,..x— 0 V. Here, the positive bias was defined as the
current flowing from the Pt bottom electrode to the Au top
electrode. All measurements were performed at room tem-
perature.

III. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the PCMO thin films
grown on Pt/Ti/Si0,/Si(100) substrates at various substrate
temperatures under oxygen pressure of 300 mTorr. From this
figure, the PCMO films were found to be crystallized at the
substrate temperature of =600 °C and also only (112) peak
of the PCMO film was found to exist, indicating that the
PCMO films were grown with a (112)-preferred orientation
on Pt/Ti/SiO,/Si(100) substrates. The crystallinity of the
PCMO films was enhanced with increasing the substrate
temperature.

Figure 2 shows the I-V characteristics of Au/PCMO/Pt
sandwich structures in which the PCMO films were depos-
ited at the substrate temperature of 500—700 °C under oxy-
gen pressure of 300 mTorr. The voltage bias was scanned as
0—+08V—-0—-0.8V—0V. Only crystalline PCMO
films grown at 7,= 600 °C exhibited the hysteretic I-V char-
acteristics. The resistive switching occurred from the high-
resistance state (HRS) to low-resistance state (LRS) in a
positive bias region and vice versa in a negative bias region.
The resistance ratio of HRS and LRS increased with increas-
ing the substrate temperature. The values of the resistance
ratio measured at the bias voltage of +0.1 V are ~2.5 and
~14.5 for the PCMO films grown at 600 and 700 °C, re-
spectively. This result implies that the resistive switching
behavior of the PCMO film may be strongly related to the
film crystallinity.
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FIG. 2. I-V characteristics of Au/PCMO/Pt structures in which
the PCMO films were deposited at various substrate temperatures.
Arrows indicate the direction of the sweep. Top panel is drawn in
linear scale. The inset panel shows schematic view of I-V measure-
ment system. Bottom panel is drawn in semilogarithmic scale.

Figure 3 shows XRD patterns of as-grown and oxygen-
annealed PCMO films. This figure shows that the as-grown
PCMO film and the oxygen-annealed film have a little dif-
ference in the film orientation. The as-grown PCMO film
exhibited (112) and (021) peaks, while the oxygen-annealed
one shows only (112) peak. These results indicate that the
film orientation of the PCMO film could be changed a little
by oxygen annealing. In connection with our result, it was
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FIG. 3. XRD patterns of (a) oxygen-annealed PCMO film and
(b) as-grown one deposited on Pt/Ti/SiO,/Si(100) substrates.
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reported that oxygen annealing of Laj,5Cay,sMnOj5 thin
films resulted in its structural changes.!®

Figure 4 shows the depth profiles of atomic concentra-
tions of oxygen, manganese, praseodymium, and calcium for
as-grown PCMO film (plotted in thin line) and oxygen-
annealed film (plotted in thick line) measured by XPS. The
etching rate of the PCMO film was ~120 A/min by sputter-
ing. From this figure, it was found that the oxygen-annealed
PCMO film had a larger atomic concentration of oxygen than
the as-grown one at a clean (original) PCMO surface. That
is, as-grown and oxygen-annealed PCMO films had different
oxygen stoichiometry at the film surface. This can be ex-
plained as follows. Under oxygen annealing the oxygen con-
tent in the film is increasing and we expect

Pr,_,.Ca,MnO; + (8/2)0, — Pr;_,Ca,MnO;_, 5
= (Prl—xcax) l—yDyMnl—zDZO3 >

where [J represents cation vacancies and & represents an
excess of oxygen. Thus, excess oxygen leads to an equal
number of vacancies at both of the cation sites and therefore
to an increase of the Mn** content.'®!° Consequently, the
excess oxygen by oxygen annealing of the PCMO film leads
to an increase of the Mn** content at the surface of the
PCMO film with a subsequent change in the Mn**/Mn**
ratio at the PCMO film surface. It was also reported that the
oxygen content in Lag;5Caj,sMnO5 thin films could be
changed by oxygen annealing and its change resulting in
cationic vacancies, and thus self-doping effect, accompany-
ing structural changes, may be the cause of properties be-
yond the phase diagram.'8
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Figure 5 shows the I-V characteristics of the Au/PCMO/Pt
sandwich structures in which the as-grown and the oxygen-
annealed PCMO films were used to fabricate these struc-
tures. The voltage bias was scanned as 0—+1V—0
——1 V—0 V. Both of these structures showed the hyster-
etic I-V characteristics irrespective of oxygen annealing;
however, they showed different resistance ratio of HRS and
LRS. The magnitudes of the resistance ratio, Ry/R;, where
Ry and R; denote resistance of HRS and LRS, respectively,
were measured at ten different points of each structure at the
bias voltage of +0.1 V. The mean values with the standard
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FIG. 5. I-V characteristics of Au/PCMO/Pt sandwich structures
in which oxygen-annealed and as-grown PCMO films were used to
fabricate these structures. Arrows indicate the direction of the
sweep. The inset shows the mean values of the resistance ratio
Ry/Ry with standard deviation.
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FIG. 6. XRD patterns of PMO/PCMO bilayered films deposited
on Pt/Ti/SiO,/Si(100) substrates with the PMO film thickness of
(a) 5 nm, (b) 10 nm, (¢) 15 nm, and (d) 30 nm.

deviation are shown in the inset of Fig. 6. The resistance
ratio nearly doubled by oxygen annealing of the PCMO film.
This result suggests that oxygen annealing after deposition is
one of the important factors to obtain the PCMO films with
larger resistance ratio that is favorable to stable operation of
the resistance random access memory (ReRAM) devices.
Meanwhile, the oxygen-annealing dependence of the resis-
tive switching behavior of the PCMO films may be one of
important clues to elucidate the resistive switching mecha-
nism of the PCMO films.

Figures 6 and 7 show XRD patterns of PMO/PCMO and
CMO/PCMO bilayered films, respectively, which were in
situ fabricated on Pt/Ti/SiO,/Si(100) substrates at T
=700 °C under oxygen pressure of 300 mTorr. The thick-
ness of the PCMO film was ~360 nm and those of PMO and
CMO layers ranged from 5 to 30 nm. From these figures, it
was confirmed that PMO and CMO layers grown on the
PCMO films were crystallized and PMO(or CMO)/PCMO
bilayered films were well-fabricated. Figures 8(a) and 8(b)
show XRD patterns of PCMO(30 nm)/PMO(or CMO)(360
nm)/PCMO(30 nm) trilayered film and PMO(or CMO)(360
nm) films grown on Pt/Ti/Si0,/Si(100) substrates, respec-
tively. These trilayered films were in-situ fabricated at T
=700 °C under oxygen pressure of 300 mTorr. These figures
show that these trilayered films were well prepared.
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FIG. 7. XRD patterns of CMO/PCMO bilayered films deposited
on Pt/Ti/Si0,/Si(100) substrates with the CMO film thickness of
(a) 5 nm, (b) 10 nm, (¢) 15 nm, and (d) 30 nm.
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FIG. 8. XRD patterns of (a) PCMO/PMO/PCMO trilayered film
and PMO film and (b) PCMO/CMO/PCMO trilayered film and
CMO film deposited on Pt/Ti/SiO,/Si(100) substrates. The thick-
nesses of PCMO, CMO, and PMO films were 30, 360, and 360 nm,
respectively.

Figure 9 shows the I-V characteristics of the Au/PMO/
PCMOY/Pt sandwich structure. The voltage bias was scanned
as 0—+0.8V—-0—-0.8V—0V. This structure was
found not to exhibit the hysteretic I-V characteristics irre-
spective of thickness of the PMO layer. It is remarkable that
resistive switching did not arise by inserting thin PMO layer
into Au/PCMO interface. To investigate the I-V characteris-
tics of the PMO layer itself, Au/PMO/Pt structure was fabri-

0.04
—=—PMO § nm
—e—PMO 10 nm i~
—a— PMO 15 nm _/./'/:»
0.02 —v— PMO 30 nm A A
< AuPMO/Pt —s— PMO 360 nm /-vﬁ' ::./“//
S 0’
E /,ft"‘ .‘._.__._,.7
§ 000f . v oy =i
= ,‘A g v/ An (Top Ebvetrwde)
3 A !
© 002 E//:/:/'// =
,/V/ PUMO (%64 nm)
Pr (Buttom Fleetrosie)
£ (1) mabwecn
_0'04 1 " 1 " 1
0.4 0.0 0.4
Voltage (V)

FIG. 9. I-V characteristics of Au/PMO/PCMO/Pt structures with
PMO film thickness of 5-30 nm and Au/PMO/Pt structure with
PMO film thickness of 360 nm. The inset shows the schematic side
view of Au/PMO/PCMO/Pt structure.
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FIG. 10. I-V characteristics of Au/CMO/PCMO/Pt structure
with CMO film thickness of 5—30 nm and Au/CMO/Pt structure
with CMO film thickness of 360 nm. The inset shows the schematic
side view of Au/CMO/PCMO/Pt structure.

cated with the same deposition conditions for fabricating
PMO/PCMO bilayered film. As a result, Au/PMO/Pt struc-
ture did not show the hysteretic I-V characteristics. As can be
seen in Fig. 10, the Au/CMO/PCMO/Pt and Au/CMO/Pt
sandwich structures showed almost the same I-V character-
istics as those of Au/PMO/PCMO/Pt and Au/PMO/Pt ones.
These results imply that the Au/PCMO interface plays a key
role in the resistive switching of the Au/PCMO/Pt structure.
From the viewpoint of valence state of Mn ion, these results
can be explained as follows: In PCMO, Mn ions are in a
mixed valence state of Mn**/Mn** resulting from coexist-
ence of Pr and Ca ions. However, in PMO (or CMO), Mn
ions are in a single valence state of Mn** (or Mn**). There-
fore, it is thought that the resistive switching of the Au/
PCMOV/Pt structure is dependent on the mixed valence state
Mn**/Mn** of Mn ions. From the result of the oxygen-
annealing effect described above, it can be inferred that the
Mn**/Mn3* ratio is related to the resistive switching of the
Au/PCMO/Pt sandwich structure: The oxygen annealing of
the PCMO film increased the Mn**/Mn3* ratio, resulting in
an increase of the resistance ratio of HRS and LRS.

To clarify that the resistive switching of the Au/PCMO/Pt
sandwich structure is dependent on the Au/PCMO interface,
the Au/PCMO/PMO(or CMO)/PCMO/Pt sandwich structure
was fabricated. As was expected, this structure exhibited the
hysteretic I-V characteristics as shown in Fig. 11. The resis-
tive switching occurred in the same manner as that of the
Au/PCMO/Pt structure, that is, the resistive switching oc-
curred from HRS to LRS in a positive bias region and vice
versa in a negative bias region.

From the I-V characteristics of various sandwich struc-
tures, one important factor for the resistive switching phe-
nomenon of the Au/PCMO/Pt sandwich structure was found:
The PCMO films in which Mn ions are in the mixed valence
state of Mn**/Mn>* have to exist at both interfaces with
metal electrodes. That is, in our case, Au/PCMO and
PCMOY/Pt interfaces have to exist for the resistive switching
phenomenon, implying that the resistive switching phenom-
enon can be regarded as a metal/PCMO interface effect. If
Mn ions are in a single valence state of Mn** or Mn** at one
of both interfaces (e.g., metal/PMO or metal/CMO), the re-
sistive switching cannot be observed.
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FIG. 11. I-V characteristics of Au/PCMO/PMO/PCMO/Pt and
Au/PCMO/CMO/PCMO/Pt structures with arrows indicating the di-
rection of the sweep. The inset shows the schematic side view of
Au/PCMO/PMO(or CMO)/PCMO/Pt structure.

It is notable that Rozenberg et al. have recently proposed
a basic theoretical model for a CER effect in a metal-
insulator-metal system.'>!* The proposed model assumes
several domains between the electrodes, and the current is
given by the hopping of carriers from one domain to another.
A large domain in the bulk behaves as a charge reservoir, and
the domains at the metal/bulk interface regulate the current
as barriers. Provided that the electrons in the domains near
the interface are strongly correlated and exhibit the Mott
transition!® as a function of the carrier concentration, the I-V
curve in the model calculation reproduces essential features
of experimental results. The model predicts that the charging
of the domains in the bulk is crucial for the nonvolatility of
the CER behavior.'>!*1 And also, Fors et al.'” proposed that
switching in the ReRAM devices is due to a shift in the
valence state of a particular cation in the insulator, and that
such a shift nucleates at one interface and propagates through
the thickness of the insulator, creating a conduction path.
This can be regarded as a Mott metal-insulator transition
induced by a critical density of additional carriers added by
doping. In the case of Fors et al., the cation with mixed
valence was Ce**/Ce** with tetravalent state representing
pure insulating nonmagnetic CeO,, and the trivalent state the
paramagnetic acceptor dopants.!” Based on these studies!3-!7
for the CER model, we can present a possible scenario for
the CER behavior in our case. In our case of the resistive
switching of the Au/PCMOY/Pt structure, metal/PCMO inter-
face domain can regulate the currents as barriers. The metal/
PCMO interface domains have the cation with a mixed va-
lence state of Mn**/Mn?* leading to exhibit a Mott metal-
insulator transition induced by a critical density of additional
carrier added by doping. However, in the case of Au/PMO(or
CMO)/Pt and Au/PMO(or CMO)/PCMO/Pt structures, met-
al/PMO(or CMO) interface domain cannot regulate the cur-
rent as barriers because PMO (or CMO) have the cation with
a single valence state of Mn** (or Mn**). Consequently, the
resistive switching of the Au/PCMO/Pt structure depends on
the mixed valence state of Mn**/Mn>* at the metal/PCMO
interface domains.
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IV. CONCLUSION

We have investigated the colossal electroresistance
mechanism of the Au/PCMO/Pt sandwich structure by
changing growth temperature of the PCMO films, adding
an oxygen-annealing process, and modifying the Au/PCMO
interface by inserting PMO or CMO layer, showing nonhys-
teretic I-V characteristics. From the results of these experi-
ments, we found that the resistive switching phenomenon
of this structure is strongly dependent on the mixed valence
state of Mn**/Mn>* at the metal/PCMO interface domains.

PHYSICAL REVIEW B 74, 174430 (2006)

This result can be regarded as evidence for a Mott transition
and is helpful in elucidating the resistive switching mecha-
nism of the Au/PCMO/Pt sandwich structure.
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