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We have investigated the electroforming (EF) and resistive switching (RS) of Al/Pry,Cag3;MnOj5
(PCMO)/Pt devices by using high-resolution transmission electron microscopy and Xx-ray
photoelectron spectroscopy combined with transport measurement. The device prefers EF with
positive bias with respect to Pt electrode and their endurance is enhanced with the chemically
reactive Al electrode. The presence of an Al,O3_ s layer in Al/PCMO junction indicates that the
oxidization and reduction near the AI/PCMO interface play a key role in the RS. © 2011 American

Institute of Physics. [doi:10.1063/1.3638059]

The resistive switching (RS) in metal/metal-oxide/metal
(M/MO/M) heterostructure devices has been intensively
studied for application as a non-volatile resistive random
access memory (RRAM).'™® To date, the underlying physics
for the key behavior of RRAM such as electroforming (EF)
and endurance is still not well understood. In some cases,
varying EF process’ can significantly affect the characteristic
of RS, while in other cases, EF process is not required.'® The
endurance, one of the critical attributes for practical applica-
tion of RRAM, is yet to be improved in many of M/MO/M
devices." The role of the chemical reactivity of the electrodes
is an important aspect of the working mechanism in these
devices. It has been reported that for some MO
materials,“*13 the endurance of a device with reactive-metal
(RM) top electrode (TE) and a non-reactive metal (NRM)
bottom electrode (BE), RM/MO/NRM, is quite different
from that with NRM TE, NRM/MO/NRM. Moreover, it has
been observed that the fatigue is a serious problem in some
of the NRM/MO/NRM as compared to RM/MO/NRM
devices.'"™"® RM electrode appears to improve the
endurance.'*™'® While the mechanism of RS is still under
debate, it is generally accepted that the oxidation/reduction
at the RM/MO interface plays a key role in RS."'~'® The
understanding of the role of RM electrode on RS and endur-
ance is critical for making practical RRAM devices.

Here, we report the investigation of the EF and endur-
ance behavior of Al/Pry;Cag3sMnO; (PCMO) junction,
where Al serves as a reactive TE. Much attention has been
paid to PCMO for its remarkable RS performance.*'®* By
analyzing the evolution of the current-voltage (/-V) curves
and cross-section structure of the Al/PCMO interface, we
gain good insight into the nature of EF, endurance behavior,
and the role of the RM electrode.

A 125 nm polycrystalline PCMO thin film was fabri-
cated on a Pt (111) layer through a special low temperature
(<400°C) back-biased-face-target-sputtering process.'® In
order to prevent oxidization of Al TE, the Al film of ~3 nm
deposited on the as-grown PCMO thin film was capped with
90 nm Pt by magnetron sputtering at room temperature. An
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array of 200 um x 200 um electrodes was subsequently pat-
terned by a standard photolithography and reactive ion etch-
ing technique. All patterned devices were made to have the
same thicknesses for the material stack. The electrical prop-
erties of the devices were characterized by means of I-V
sweep using Keithley-2400 with Pt BE being grounded.
Figure 1(a) presents the first EF I-V curves of different
Al/PCMO/Pt devices with several maximum voltages,
0 — 4+Viax — —Vmax — 0, respectively. The I-V curves
exhibit hysteresis only when V.« reaches a threshold value.
As shown in the inset of Fig. 1(a), no I-V hysteresis has been
observed for V,,x < 1.2 V. Through the extrapolation of our
data, this threshold voltage for effective EF is found to be
~1.5 V which is directly related to the current peak position
(Vp,=1.5 V) in the I-V loops [see Fig. 1(a)], reflecting the
presence of an activation barrier for EF. In order to gain
more insight into the EF as well as RS behavior, we applied
only positive sweep loops (0 — V.« — 0) successively with
gradually increasing V.« for a given device. First, we notice
that after the initial EF at a Vlmax, subsequent positive volt-
age sweep loop does not exhibit hysteresis for Viax < V' max
(the red curve overlaying the return trace of the 1st /-V in
black in Fig. 1(b)). However, hysteresis reappears when the
Vimax €xceeds V1. and increases sequentially to V2 ax and
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FIG. 1. (Color online) RS characteristics of the Al/PCMO/Pt memory devi-
ces: (a) The EF with different sweep voltages with the inset showing no hys-
teresis when V < 1.5 V; (b) Consecutive I-V sweep loops (0 — Vipax — 0)
Vimax =3 V; (c) Sequential /-V sweep loops (0 — V. — 0) with V=18V,
V2 =3V, Vi=4V; and (d) I-V sweep loop (0 — =3 V — 3 V — 0).
Arrows and number indicate sweep direction and sequence.
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VA hax (see Fig. 1(c)). Furthermore the threshold voltage of
EF (V) increases with each additional cycle of voltage ramp
at higher V.« than its previous cycle, indicating that the re-
sistance state or RS barrier can be tuned with maximum EF
voltage. On the other hand, for an as-fabricated device, if the
initial sweep voltage polarity is reversed to 0 — -3V — 3
V — 0, there is no /-V hysteresis at negative bias as shown
in Fig. 1(d). When the negative applied voltage is increased
further by removing the current compliance, a permanent
breakdown due to large joule heating will occur. Therefore,
we concluded that EF only occurs in the initial positive bias
ramp for Al/PCMO/Pt devices.

For a given device, RS behavior is uniquely determined
by the EF process. As long as the switching voltage does not
exceed the maximum EF voltage (V,.x), the device can be
cycled between SET (from a high resistance state (HRS) to a
low resistance state (LRS)) and RESET (from LRS to
HRS).'® As shown in Fig. 2(a) for a device with EF at
Vimax = 3.0 V, some degrees of fatigue are evident as the hys-
teresis loop changes during the initial cycles, reflecting the
imbalance between SET and RESET processes. However, af-
ter few initial cycles of SET/RESET, the /-V hysteresis loop
becomes repeatable, clearly indicating that the device
reaches a balance between SET and RESET. This is in con-
trast to the hysteresis characteristics in the devices made
with NRM TE.'® We have also examined the endurance of
the devices by monitoring the pulse switching of the resist-
ance states up to ~10" cycles and found no obvious degra-
dation of HRS and LRS.*!

With this setup of devices, we are able to tune the work-
ing resistance difference between HRS and LRS by simply
changing SET voltage V(... (at negative sweep, 0
— VO ax — 0) and RESET voltage Vo (at positive
sweep 0 — V(Hmaxﬂ 0). For example, we successively
swept the device (i.e., 0 — V. — V) — 0) with dif-
ferent ratios of V. /V ™y after a single EF and then
recorded the resistances of both HRS and LRS at a read volt-
age V) hax <V, < 0. Fig. 2(b) shows the data for 6 sets of
V!V max with 9 sweeps carried out for each and the
HRS and LRS recorded at V,=—2.1 V. The first sweep,
—3 V/3 V is the initial EF. For each V™, /V ™ ., the
resistances settle to stable values after several cycles of volt-
age sweep, indicating that the device is able to quickly rees-
tablish a balance after it being set to an another level.
Indeed, we have performed the endurance test up to ~10'°
cycles for different bias conditions and found that a
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FIG. 2. (Color online) (a) Consecutive /-V sweeps after EF with V,,,, =3.0 V.
Inset shows the zoom-in of the marked region of /-V curves of 6-sequencial
loops. Label-1 marks the first loop (EF). (b) 6 groups of HRS and LRS are
distinguished by the vertical dash line and the corresponding sweep parameter
VO oV Lk s indicated for each group. Resistance state was read at
V,=-21V.

Appl. Phys. Lett. 99, 113506 (2011)

SET/RESET balance can be always achieved with excellent
endurance. These results suggest that the working resistance
states can be tuned sequentially and effectively for these
devices.

It has been proposed that Al/PCMO interface plays an
important role in the RS."'® To reveal the nature of the inter-
face, we have investigated the cross-section structure of
Al/PCMO/Pt with high resolution transmission electron mi-
croscopy (HRTEM). Interestingly, HRTEM image reveals a
~4.7 nm thick amorphous layer [see Fig. 3(a)] at the inter-
face between Al and 125 nm thick PCMO film. We further
examined a 19 nm thick PCMO film capped with the same
thickness of Al layer and found no change in the thickness of
amorphous layer [see Fig. 3(b)]. Comparing with the same
thickness of PCMO film capped with a glue layer of
Fig. 3(c), it is clear that a portion of the PCMO layer should
become amorphous (2-PCMO) after Al capping. In addition,
x-ray photoelectron spectroscopy (XPS) of the Al 2p core
level taken near the Al electrode (Fig. 3(d)) shows both
metal Al 2p (at ~72 eV) and oxidized Al 2p (~75 eV) peaks,
suggesting partial oxidization of Al electrode and formation
of ALL,O;_; at the interface. Yasuhara et al.** also reported a
similar observation and suggested that a ~1 nm thick
Al,O5_; layer was formed at the Al/PCMO interface. Thus,
the structure of our device is actually Al/Al,O5_s/a-PCMO/
PCMOY/Pt. It is suggested that the formation of the «-PCMO
layer is the consequence of the loss of oxygen to the top re-
active electrode.'® From the relative thickness of 1 nm Al,O3
vs. 4 nm o-PCMO, the oxygen vacancies concentration in
the «-PCMO is estimated to be ~34%. Therefore, the sponta-
neous formation of oxygen-deficient Al,0;_; and «-PCMO
at the interface is the essential aspect of this device.

The oxygen migration at the AI/PCMO interface and the
redox reaction of the interface layer are thus critical for
the RS in Al/PCMO/Pt devices. The oxidation (RESET) of
the Al electrode, extraction of oxygen ions from PCMO
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FIG. 3. (Color online) HRTEM images (with the same scale bar) of Al/
PCMO/Pt device cross section: (a) 125 nm thick PCMO; (b) 19 nm thick
PCMO. (c) HRTEM image of 19 nm thick PCMO without Al layer. (d) XPS
spectra of Al 2p core level showing distinct oxidization state. (e) -V charac-
teristics for electroformed Al/PCMO/Pt (solid circular dot curve) and as fab-
ricated Al/Al,O3/PCMO/Pt (hollow square curve).
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under positive bias, and its reduction (SET), migration of ox-
ygen ions from Al,O;_s back to PCMO under negative bias,
occur alternatively at the Al/PCMO junction forming the
characteristic RS. The thickness of Al,03_s may change, but
the secondary-ion mass spectrometry analyses indicate that
oxygen migration mainly changes the relative oxygen con-
tent in Al,O5_5.>> In general, the SET and RESET should be
asymmetric since oxidation is much easier in aluminum ox-
ide than its reduction. However, the resistance of Al,O5_s
will increase during RESET, such that more voltage drops
across Al,Os_; layer and less across PCMO; as a result, it is
harder for oxygen ions to migrate from PCMO to Al,O5_s,
and further oxidation in Al,O3_s becomes limited.>* On the
other hand, during SET, the large initial voltage drop on in
Al,O5_; will facilitate oxygen migration from Al,O5_; into
PCMO, but reduction of Al,Oz_s becomes harder as the
layer becomes more conductive with increasing oxygen
vacancies. There is no quantitative data yet on the redox
reaction Kinetics of Al,O5;_s/PCMO interface. However, for
perovskite SrTi;_Fe,O3_;, Steinsvik et al.® found that the
activation enthalpy for annihilation of oxygen vacancies
decreases from 2.0 eV to —0.2 eV with 0 increasing from 0
to 0.4. In other words, it will be increasingly difficult to cre-
ate oxygen vacancies (reduction) in a sample with a higher
degree of oxygen deficiency. Likewise for Al,O;_s, the
degree of difficulty in oxidization (or, reduction) will
decrease (or, increase) with increasing J. Therefore, both the
electric field distribution and the kinetics of the redox reac-
tion at the interface naturally self-limit the process and create
the balance between SET and RESET.

Based on the above scenario, the EF and the SET/
RESET cycles can be qualitatively understood. To drive oxy-
gen migration between PCMO and Al,O5_ ;s and cause reduc-
tion/oxidation, the electric field should overcome the kinetic
barrier of interface reduction/oxidation. Initially, because of
rich oxygen vacancies in the Al,O;_; layer, oxygen ions
incline to migrate to the Al,O;_s from PCMO, thus EF
occurs at positive bias. The activation barrier increases as
the oxygen vacancies in the Al,O5_; layer are depleted with
successive EF, hence, the current peak shifts to higher bias
in Fig. 1(c). Furthermore, the SET/RESET balance will
depend on the history of relative oxygen vacancy concentra-
tion between Al,O3_s and PCMO. For each SET/RESET pa-
rameter, V. /V T the device can adjust the relative
level of oxygen concentration by the self-limiting process at
the interface through a few SET/RESET cycles and eventu-
ally reach a balance as shown in Fig. 2(b).

To further test the above mechanism, we have deposited
a 3 nm stoichiometric Al,O5 layer on the top of PCMO by
atomic layer deposition at 250 °C. Indeed the as fabricated
Al/Al,O3/PCMO/Pt devices can yield reproducible RS with-
out EF as shown in Fig. 3(e). The Al/Al,O3/PCMO/Pt devi-
ces exhibit similar /-V hysteresis to that of electroformed
Al/PCMO/Pt ones but require larger negative bias to SET
(reduce) Al,O5 due to more stable initial phase of Al oxide.
The better insulation and fewer oxygen vacancies in the
Al,O3 layer also result in a much larger resistance of
Al/Al,03/PCMO/Pt than that of AI/PCMO/Pt device.

In summary, we have revealed important characteristics
of the EF and RS of AI/PCMO/Pt devices. The redox

Appl. Phys. Lett. 99, 113506 (2011)

reaction at the interface between reactive Al electrode and
PCMO layer plays a key role in the EF and RS. In particular,
a self-limited field-induced oxygen migration leads to a bal-
ance between oxidization/reduction during SET/RESET
cycles. Our results demonstrate the advantage of using a
reactive metal electrode for improving the functionality of
the metal oxide based memory devices.

This work was supported by a grant from the Chinese
Academy of Sciences (NO. KJCX2-SW-W26) and also by
the National Natural Science Foundation of China under
Grant No.90406017. ZL was partially supported by U.S.
DOE under Grant No. DOE DE-SC0002136. We thank 4DS
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discussions.
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