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ABSTRACT

We demonstrate the coexistence and conversion of the unipolar and bipolar resistive switching behavior in Pt/Li; AL Ti, «(PO,); (LATP)/
Pt structures fabricated by sputtering. The dielectric constant (k) of the LATP film equals 12.0. After the electroforming, the Pt/LATP/Pt
resistive switching device exhibits either unipolar switching mode (URS) or bipolar switching mode (BRS). The switching mode can be freely
converted between URS and BRS with the same compliance current. This will provide a foundation for a switching mode called any-polar
switching mode. The switching mechanism is believed to be related to the formation and rupture of conductive filaments and the excellent

oxygen storage capacitance of the LATP film.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5114860

Recently, resistive random access memory (RRAM) has been
considered to be one of the most promising candidates for next-
generation nonvolatile memory due to its simple structure,’ subnano-
second operation speed,” low power consumption,”” high density,
high-endurance,” and complementary metal-oxide-semiconductor
(CMOS) compatibility.” The resistance is switched between a high-
resistance state (HRS or OFF state) and a low-resistance state (LRS or
ON state), driven by an applied voltage bias. This bias-tuned resistance
reducing phenomenon is also called negative resistance in early litera-
ture studies on metal-insulator-metal diodes.” '’ The switching event
from the HRS to the LRS and the corresponding voltage are denoted
as SET operation and Vggr, respectively. In contrast, the switching
event from the LRS to the HRS and the corresponding voltage are
denoted as RESET operation and Vrgsgr, respectively. Current compli-
ance is commonly required in the electroforming and the SET opera-
tions to avoid permanent breakdown. There are two types of switching
modes which are unipolar switching mode (URS) and bipolar switch-
ing mode (BRS). The former requires the same electrical polarity dur-
ing the SET and RESET operations, whereas the latter requires
opposite electrical polarities.'’ In the past few decades of RRAM
research, URS has been mainly observed in devices when using noble
metal as both counter electrodes,””'® and BRS is mainly observed
when one of the electrodes was replaced by oxidizable materials.'” '

Interestingly, the conversion between the URS and BRS modes
was also studied in several reports on devices with structures of Pt/
TiO,/Pt, Ag/ZnO/Ag, Ni/NiO/Ni, and Pt/NiFeO4: Ag/Pt by Jeong

et al”> " Some of the conversions are controlled by tuning the com-
pliance current.””***> Once I, was increased, the conversion from
BRS to URS was found to be irreversible. Some conversions are revers-
ible, and the HRS/LRS currents of both modes are compara-
ble.”****** But the switching voltages include Vggr and Vpgser
which are different and irrelevant when comparing the two modes.
However, in our case of Lij Al Ti, (PO,); (LATP), the Vggr and
Vreser values are nearly the same for both modes.

A great many materials have been explored as storage media for
RRAM. The most reported are binary oxides, ternary oxides, and other
complex oxides. However, studies on solid electrolytes as storage
media are rarely reported in the literature. Li;, AlLTi, ((PO,);
(LATP) has been reported previously in lithium batteries with a
natrium super ionic conductor type (NASICON-type) solid electrolyte
by Aono et al.”'~* This NASICON-type structure of LATP is formed
by the connection of octahedrons and tetrahedrons through oxygen
atoms and thus has many crystalline channels.”” These channels can
provide fast transport routes and storage sites for both lithium and
oxygen ions. Therefore, it is beneficial to apply LATP as the switching
layer in RRAM devices.

In this study, a structure of the Pt/LATP/Pt is fabricated by sput-
tering. The coexistence of unipolar and bipolar resistive switching
modes was found in the Pt/LATP/Pt device, and the conversion capa-
bility between the two modes was investigated. The crystalline struc-
ture and surface morphology of the LATP thin film were characterized
using X-ray diffraction (XRD) and atomic force microscope (AFM).
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Auger electron spectroscopy (AES) was used to review the elemental
distribution of the LATP on the Pt-substrate.

First, according to the composition of LATP,”" Li,COs, ALO;,
TiO,, and NH,H,PO,, powders were mixed well at the molar ratio of
3.5:1:8:15 and annealed at 800°C for 2h in a tube furnace. The
annealed process was repeated twice to generate a purer LATP pow-
der. From the annealed powders, a LATP sputtering target was pro-
duced by the conventional cold-pressing method. The target was
finally sintered at 900 °C for 5 h in a tube furnace in order to obtain a
uniform crystal grain size and compactness.

With the LATP target, 20-nm-thick LATP films were RF sput-
tered on a Pt-substrate [Pt(100 nm)/Ti/n-Si(100)] at 100 W. The Pt-
substrate is used as a bottom electrode for the final RRAM device.
After LATP film deposition, 100-nm-thick Pt top electrodes with
diameters of 800 um were deposited by DC magnetron sputtering
through a mechanical mask. The resistive switching characteristics of
the Pt/LATP/Pt RRAM devices were measured using a Keithley 4200
semiconductor parameter analyzer with the Pt top electrode biased
and the Pt bottom electrode grounded. The resistive switching mea-
surement was actually carried out in ambient air in this work.

The crystalline structural identification was performed by XRD.
Figure 1(a) represents the XRD pattern of the LATP powder, which
clearly contains sharp diffraction peaks which symbolize the
NASICON structure of LiTi,(PO,);. But as shown in Fig. 1(b), no dif-
fraction peak other than the bottom Pt and Ti peaks is detected from
the 20-nm-thick LATP films, which suggests that the room-
temperature deposited LATP film is amorphous. AFM characteriza-
tion of the LATP film revealed an RMS roughness of 1.55nm in an
area of 10 X 10 um? [Fig. 1(0)].

To further characterize the element distribution and composition
of the LATP film, Fig. 1(d) shows the AES data of the thin films on the
Pt-substrate. All the AES elemental depth profiles consist of elements
of Li, AL, Ti, P, O, and Pt. With the AES data, the LATP film shows a
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FIG. 1. (a) XRD pattern of LATP powder which made the target; (b) XRD pattern of
the 20-nm-thick LATP film; the red line represents the Pt-substrate, and the black
line represents the LATP film on the Pt-substrate; (c) AFM image of the LATP film
on the Pt-substrate; (d) AES elemental depth profile of the as-deposited LATP film
on the Pt-substrate.
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homogeneous elements distribution and an average composition of
the LATP film is Lis 3AL; ; Tis sP5 01 0.

In order to evaluate the dielectric constant (k) of the LATP film,
a device with a structure of Pt/LATP(20 nm)/n-Si(100)/Al is fabricated
on the Si(100) wafer. The diameter of the round Pt top electrode is
600 um. Figure 2 shows the capacitance voltage curve of the capaci-
tance. The dielectric constant is calculated as high as 12.0, indicating
that the LATP film can be a good dielectric.

Figure 3(a) shows a schematic diagram of the fabricated Pt/
LATP/Pt RRAM device. Typical current-voltage (I-V) curves of the
Pt/LATP/Pt RRAM are plotted on a semilogarithmic scale shown in
Figs. 3(b) and 3(c), demonstrating the coexistence of URS and BRS
behaviors at room temperature. Both modes were activated after an
electroforming process with a compliance current (Ic) of 1 mA. I¢ is
an essential protection to avoiding the entire hard breakdown of the
devices. After electroforming, SET and RESET operations were carried
out at opposite polarity (positive RESET and negative SET), leading to
the BRS mode, as shown in Fig. 3(b). When the RRAM cell finished 50
cycles in BRS mode, the operation mode was changed to URS, in
which both the abrupt RESET and SET operations occurred with posi-
tive biases as shown in Fig. 3(c).

We observed that both the positive Vsgr in URS mode and the
negative Vggr in BRS mode are around 1.5V. The Vygggr voltages are
all around 0.5 V. So we count all the |Vggy| absolute and the Vygsgr of
the different switching mode in Fig. 3(d). From the statistics, it is
found that the Vygser values distributed between 0.4 and 0.9V and
the |Vsgr| values varied from 1.2 to 2.3 V. Figure 3(e) represents the
distribution of the resistances read at =0.2V during the successive
switching cycles of the LATP device. The LRS and the HRS exhibit
good uniformity. No overlap of the LRS and HRS resistances occurs
even after the many switching cycles, and the LRS resistance tends to
be even more stable as the number of loops increases. The calculated
resistance ratio of HRS to LRS is higher than 200.

To investigate the device-to-device uniformity of the resistive
switching property, we randomly selected six devices and character-
ized the HRS/LRS resistances. As shown in Fig. 3(f), stable HRS/LRS
resistances contribute an average HRS/LRS ratio of 10°.

To further investigate the conversion capability, special cyclic
tests which cycled between the URS and BRS modes were performed
on the Pt/LATP/Pt device. As displayed in Fig. 4(a), the conversion
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FIG. 2. Capacitance-voltage curve of the Pt/LATP/n-Si/Al capacitance.
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FIG. 3. (a) Schematic diagram of the Pt/LATP/Pt RRAM device and the electrical measurement configuration; Typical |-V characteristic of the LATP RRAM performed in (b)
BRS mode and (c) URS mode; Statistical distribution of the RRAM cell: (d) SET and RESET voltages and (e) HRS/LRS resistances; (f) Distribution of device-to-device HRS/
LRS resistances for six randomly selected devices.

test started with URS mode and a constant I of 1 mA favored all the
cycling loops. The test sequence is on the order of (1)(2)—(2)(3)
—(3)(4)—4)(1)—(1)(2) in which the four switching processes,
namely, (1)(2),(2)(3), (3)(4), and (4)(1), can be classified into two
URS and two BRS processes. The device was cycled 5-10 times in
each process and then transformed to the next process following
the above order. Altogether, 75 cycles are shown in Fig. 4(a). The
HRS and LRS resistances during the test are depicted in Fig. 4(b),
the Vggr and Vyggser value distributions are shown in Fig. 4(c), and
the obtained four operation threshold voltage are positive Vggr,

negative Vggr, positive Vygser, and negative Vypgpr. Figure 4(d)
shows another conversion test which began from BRS mode and
followed the process sequence of (1)(4)—(4)(3)—(3)(2)—(2)(1)
—(1)(4). Figure 4(e) shows the resistance evolution during the
cyclic test of Fig. 4(d), and the ratio of HRS/LRS resistances is gen-
erally higher than 100. The corresponding switching voltage distri-
butions are analyzed in Fig. 4(f). When comparing the voltages in
Figs. 4(c) and 4(f), no obvious difference is observed, confirming
the robust conversion ability which is found to be independent of
the switching operation history.
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FIG. 4. Conversion test of the PY/LATP/Pt device between the URS and BRS switching modes: (a) beginning with URS and (d) beginning with BRS. (b) and (e) Evolution of
LRS and HRS resistances for the switching cycles in (a) and (d), respectively. The resistances were evaluated at 0.2 V. (c) and (f) Statistical switching SET and RESET vol-

tages for the switching cycles in (a) and (d), respectively.
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The conversion test showed that the Pt/LATP/Pt RRAM device
can work in both BRS and URS switching modes. Each mode can be
operated at any polar of the bias and seemed to be irrelevant of the ini-
tial switching mode and the operation history. Considering the similar
HRS and LRS resistances, the similar Vgt and Vggsgr voltages, and
the robust conversion/switching ability, the above operation mode is
not only different from the conventional URS and BRS mode but also
different from most of the previously reported URS/BRS convertible
property as summarized above. The previously reported URS/BRS
conversions are either irreversible or of poor endurance. Based on our
LATP device and the unique operation mode, the amplitude rather
than the polarity of the bias is concluded as the key determining factor
to switch the device. So the device can be called any-polar resistive
memory. A schematic figure of the operations of an ideal any-polar
resistive memory is shown in Fig. 5.

In a previous study on the coexistence of the URS and BRS
switching, tiny conducting filaments composed of oxygen vacancies or
Ag atoms are utilized to explain the LRS states. The Joule heating is
believed to breakdown the conduction filaments in URS,”*** while in
BRS, migration of the oxygen ions (and the corresponding oxygen
vacancies or the Ag ions) under an applied electric field is supposed to
the dominant mechanism to disconnect the filaments.”” """

When using noble metal as both counter electrodes, the oxide-
based RRAM usually works in URS mode and is confronted by many
problems such as instability of operation parameters and unsatisfac-
tory switching endurance. To solve the problem, a thin oxygen gather-
ing layer is necessary to improve the device endurance as in the
previously reported TiN/Ti/HfO,/TiN.”* But after Ti layer insertion,
the device would no longer work in URS mode. The polarity of the
BRS of such devices is rigid since only under positive bias can the oxy-
gen ions be gathered by the gettering layer. Otherwise, some of the
mobile oxygen ions may vanish into the environment, causing the
device to break down.

In the device of Pt/LATP/Pt, the sandwich structure is simple
without introducing any oxygen gathering interlayer. However, the
BRS switching property is proved to be robust. Furthermore, the polar-
ity of the BRS seems to be reversible. This is quite different from con-
ventional BRS typed RRAM. We may consider the special crystalline
structure of the LATP itself. In a crystallized LATP, the lattice struc-
ture consists of PO, tetrahedrons sharing corners with TiOs

e Oxygen Ion

HRS-

O Oxygen Vacancy
TElectric Field

I Electrode

LRS-

FIG. 5. Schematic description of the resistive switching mechanism of the LATP
device.
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octahedrons and forming open channels that act as conduction paths
for ions including Li* and probably O”. Even when the LATP is
deposited in amorphous phases, the conduction paths are retained by
the short-range order property of the atoms in solid. The paths not
only provide fast moving routes for ions but also act as an oxygen res-
ervoir. Because the oxygen can be stored at any depth of the LATP
layer, the BRS switching operation of the Pt/LATP/Pt device is then
becoming polarity independent. This means that the BRS can be oper-
ated with positive SET and negative RERET or with negative SET and
positive RERET. Both are stable operations. The excellent ability to
store oxygen in LATP also increased the cycling duration of the URS
switches.

Based on the transport and storage ability of the oxygen ions in
LATP, a schematic figure of the oxygen ion migration mechanism
during the operations of the any-polar LATP resistive switching device
is shown in Fig. 5. In the as-fabricated device, oxygen vacancies are
randomly distributed in the LATP layer. During the SET operation, a
positive or negative bias was applied and the loosely bonded oxygen
ions drift against the field, leaving vacancies to form conducting fila-
ments. Then, a subsequent RESET operation can be performed by the
Joule heating effect of a large current without compliance or con-
ducted by a reverse bias, which annihilates the vacancies by oxygen
ion restoration. The above two effects can contribute to the RESET
operation since the RESET current level and the Vgt voltage ampli-
tude are observed to be similar for both bias polarities. According to
the detailed oxygen storage part in the LATP layer and the spreading
direction of the filaments, the LRS state is discriminated into LRS+
and LRS— states. Based on the operation history, the HRS state is dis-
criminated into HRS+ and HRS— states. Therefore, combinations of
the (1)(2) operations and the (3)(4) operations are URS switches, while
combinations of the (2)(3) operations and the (4)(1) operations are
URS switches.

To analyze the current conduction mechanism of the switching
cycles, the I-V curve in Fig. 4(a) under the positive bias is logarithmi-
cally redrawn in Fig. 6. An Ohmic behavior was observed in the LRS
I-V lines with a slope close to 1 (average slope = 0.95) which is typical
for the current conduction in filaments. For the HRS I-V curves, the
low voltage (<1V) part exhibits linear behavior which is again gov-
erned by the Ohmic law (average slope =0.94). But at high voltages

Current (V)

10-” I | |
10° 107 10 10° 10'
Voltage (V)

FIG. 6. Logarithmical plot of the HRS and LRS in positive bias from Fig. 4(a); the
red line represents a typical |-V curve of the LATP device in HRS.
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(>1V), the current is frequently found to decrease with the increasing
bias, see the red line shown in Fig. 6. This phenomenon also occurs in
the negatively biased range [as shown in Figs. 4(a) and 4(d)]. All the
classic models including space charge limited conduction (SCLC),”
Schottky emission,” and Poole-Frenkel emission’” never predicted
such an unusual behavior. So the fundamental properties of the LATP
material were reexamined. It is realized that LATP was traditionally
studied as solid electrolyte in lithium batteries for its superior Li" con-
duction ability. It is no doubt that Li* is faster moving species than
0%~ when under bias. So before the bias reached Vg which indicates
intense O*~ movements, early migration of lithium ions has occurred.
From the I-V characteristics, it is found that the electric field for the
SET operation is about 1.0 x 10° V/cm, while the significant move-
ment of Li* has occurred with a weak electric field of 0.5 x 10° V/em.
Once the Li* ions redistributed themselves along the depth of the
LATP layer, the appended electric field could counteract the applied
electric field bias and lowered the conduction current. However, once
the device is switched to LRS by oxygen vacancy filaments, Li4+ no
longer affects the currents.

In summary, the coexistence and conversion of unipolar and
bipolar switching behaviors are demonstrated in the device of Pt/
LATP/Pt. The conversion of the URS and BRS was freely conducted
without altering the compliance current. The switching voltage and
current were also confirmed to be of the same level. As a result, the
SET and RESET operations can be performed at any polarity. Then,
the Pt/LATP/Pt device can be categorized as a type of resistive mem-
ory which is called any-polar RRAM. The any-polar RRAM is
expected to find its unique application in future nonvolatile memory.

The authors gratefully acknowledge financial support from the
Natural Science Foundation of China (No. 61474094), the National
Key Research and Development Program of China (No.
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