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Unipolar Resistive Switching Characteristics of a
ZrOs Memory Device With Oxygen Ion
Conductor Buffer Layer

Dai-Ying Lee and Tseung-Yuen Tseng, Fellow, IEEE

Abstract—Oxygen ion migration is an important factor in the
formation and rupture of a conducting filament to cause resistive
switching (RS) behavior. A calcium oxide-doped zirconium oxide
(Ca0:Zr0O;) oxygen ion conductor buffer layer is introduced
between the Ti/ZrO-, interface of conventional Ti/ZrO, /Pt mem-
ory devices to improve their unipolar RS properties. Increasing
the CaO doping concentration to 2 mol% introduces higher oxy-
gen vacancy content within the CaO:ZrO- buffer layer, lead-
ing to higher oxygen ion conductivity. This allows more oxygen
ions to migrate from the oxygen reservoir laterally and verti-
cally across the 2-mol% CaQO:ZrO- buffer layer to the region
where the conducting filament forms and ruptures. Therefore,
the Ti/2-mol% CaO:ZrO>/ZrO- /Pt device in this letter exhibits
good endurance, high-speed switching (50 ns) without soft errors,
stubborn nondestructive readout, and stable retention at 150 °C.

Index Terms—Oxygen ion migration, resistive random access
memory (RRAM), unipolar switching, ZrO- film.

I. INTRODUCTION

UE to the advantages of a simple structure, low power

consumption, high-speed operation, high-density capac-
ity, and easy-integration processing, resistive random access
memory (RRAM) has attracted intensive studies. RRAM uses
two distinguishable resistive states (low resistive state, ON state
and high resistive state, OFF state) to store digital data in a
memory cell. By applying an electric field on the cell, these
two memory states can be continuously switched back and
forth. However, an important issue to be overcome in practical
RRAM applications is how to avoid the resistive switching
(RS) operation failure phenomenon during successive RS cy-
cles. When switching to ON state or OFF state, the memory
cell does not transiently respond to the applied electric field,
and the memory state remains unchanged [1], [2]. Such soft
errors may cause data loss or store the wrong data. Inserting
a buffer layer between the resistive layer and the electrode
can stabilize the RS operation. For example, introducing an
oxygen-gettering-material Ti or a conducting IrO, thin layer to
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the metal/insulator interface stabilizes the local oxygen ion mi-
gration for the conducting filament formation/rupture [2]—[4].
Because oxygen ion migration causes reduction and reoxidation
in certain regions of the conducting filament, it is proposed to
determine the RS mechanism [5]—[7]. Previous research shows
that the strong oxygen-gettering ability of Ti forms a native
ZrO, interface layer between the Ti top electrode and ZrO».
The interface layers consist of an oxidized Ti layer (TiO,, an
oxygen reservoir) and an approximately 5-nm-thick oxygen-
deficient ZrOy (ZrO,,) layer [6]-[8]. After a forming process,
the conducting filament composed of the oxygen vacancies
is formed in series with the interface layers, leading to be
switched to ON state. To reach OFF state, the oxygen ions
migrate from the TiO, layer, then pass the ZrO, layer, and
finally reoxidize the region of the conducting filament near the
ZrO, layer. Oxygen ion consumption in the interface layers
leads to unstable unipolar RS and poor endurance properties
[7]. Consequently, a modified bias operation is further adopted
to improve the endurance cycles by minimizing the oxygen ion
consumption [9].

In this letter, we introduce a calcium oxide-doped zirconium
oxide (CaO:ZrO2) buffer layer to replace the native ZrO,
between the ZrO, memory film and the Ti top electrode.
Ca0:ZrO, is a well-known oxygen ion conductor that allows
oxygen ions to migrate easily and quickly. The ZrOs-based
memory devices with the CaO:ZrO4 buffer layer have better
RS properties than those without the buffer layer.

II. EXPERIMENTS

A 30-nm-thick ZrO- film was deposited on the Pt/Ti/Si05/Si
substrates from a ZrO- ceramic target at 200 °C by an RF mag-
netron sputter. The base pressure of the sputtering chamber was
below 5 x 107 torr, and the working pressure was 10 mtorr.
The pressure was maintained by a 1 : 2 ratio mixture of oxygen
and argon gas at a flow of 18 sccm. The RF power density was
fixed at 2.63 W/cm?. Then, 0-, 0.4-, 1.2-, 2-, and 2.8-mol%
Ca0:ZrO, buffer layers with a 5-nm thickness were deposited
on the as-deposited ZrO, films from various composition
Ca0:ZrO, ceramic targets by an RF magnetron sputter under
the same procedures as the preparation of ZrOs films. Finally,
a 150-nm-thick Ti top electrode was formed by electron beam
evaporation at ambient temperature. This electrode had a diam-
eter of 250 pm patterned by a shadow mask to complete the
Ti/Ca0:ZrO4 /ZrO4 /Pt devices. On a separate experiment, the
Ca0:ZrO, thin films with a thickness of 60 nm were prepared

0741-3106/$31.00 © 2012 IEEE



804
: 10°
v 8 ol =
10° > . e
10 =
10'le 2 e
10° [0 Prrmesnvam g
&;10_ 5, . oFF sute 210 s
= g 0 04 12 20 28
o 107 k3 _ CaO concentration (mol%)
P g 10°
H C
6" - 10° -( ) EI
10° a
10 210" .
1 2 & 5
2 :
10-11 210'"'&3
10" . E 10"
- -3 -2 -1 00 0 04 12 20 28
Voltage (V) CaO concentration (mol%)
Fig. 1. (a) Typical unipolar RS I-V curve of the Ti/CaO:ZrOz/ZrO2 /Pt

device. The insets show the cross-sectional TEM image and the endurance
cycles of the Ti/CaO:ZrO2/ZrO2 /Pt device, respectively, where the CaO
concentration is 2 mol%. (b) Endurance cycles for the Ti/CaO:ZrO2 /ZrO2 /Pt
devices varied with CaO concentration of the buffer layers. (c) Electrical
conductivity of the CaO:ZrOx buffer layer changes with CaO concentration.

on Pt/Ti/SiO2/Si substrates following the same procedures.
After depositing a Pt top electrode, the electrical conductivity
values of the Ca0:ZrO5-based MIM structures were measured.
Thirty tested devices for each composition of CaO:ZrO5 film
were measured to obtain the average values of conductivity.
Agilent 4155C semiconductor parameter analyzer was used to
measure the current—voltage (/-V') curves. Agilent 81110A
was employed to generate voltage pulses to change the memory
states of the device, followed by Agilent 4155C verification.

III. RESULTS AND DISCUSSION

The cross-sectional transmission electron microscopy (TEM)
image in the inset of Fig. 1(a) shows that an approximately
5-nm-thick 2-mol% CaO:ZrO5 buffer layer replaces the orig-
inal ZrO, layer. Fig. 1(a) reveals the typical RS behavior in the
Ti/2-mol% Ca0:ZrO /ZrO2 /Pt device, where a —8-V forming
voltage with 5-mA current compliance is required before per-
forming any RS (not shown here). After the forming process,
the voltage is swept to —1.3 V without any current compliance,
and the current abruptly drops. This means that the device is
switched from ON state to OFF state. An abrupt current increase
occurs when the voltage is swept to —3 V with 5-mA current
compliance, and OFF state is switched back to ON state. The
inset in Fig. 1(a) indicates the result of tracing continuous RS
cycles over 400 times, where both ON and OFF states are stable
without any RS operation failure. Fig. 1(b) shows a statistical
chart of the endurance cycles for the Ti/Ca0:ZrO2/ZrO /Pt
devices with 0- to 2.8-mol% CaO dopants. Increasing the
CaO concentration up to 2 mol% increases the endurance
cycle but decreases when the CaO concentration is 2.8 mol%
(~5 x 10" /em?).

Taking the site, mass, and charge balances into account, the
possible defect equation is expressed as follows [10]:

ZrO2

CaO ———Cal, + V5 + 0 (1)
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where ———— stands for CaO dopants within ZrO,; Cal,
denotes calcium ion with doubly negative charge at Zr site;
V5 indicates oxygen vacancy with doubly positive charge;
and O represents oxygen ion on its own lattice site, which
is neutral. Therefore, 1 mol of CaO dopant creates 1 mol of
oxygen vacancy within ZrOy. Fig. 1(c) shows the electrical
conductivity of the CaO:ZrO, buffer layer at room temperature
(RT), and there is maximum conductivity occurred at 2-mol%
CaO concentration. The 2.8-mol% CaO:ZrOx layer has a lower
conductivity value than the 2-mol% CaO:ZrO, layer. This
phenomenon might be attributed to the formation of defect
associations due to the higher concentration of Ca/,. and V3°
in the 2.8-mol% layer [10]. The conduction mechanism also
consists with Poole—Frenkel emission at temperatures ranging
from 298 K to 373 K (not shown here).

During the RS process, a large amount of current induces
Joule heating, producing a high temperature (> 700 K) to
increase the reduction/reoxidation rate in certain regions of
the conducting filament [11]. Consequently, in such a high-
temperature condition, the CaO:ZrOs buffer layer is believed to
have higher oxygen ion conductivity. Oxygen ion conductivity
o; (0; = q;pici, where g; is the charge, u; is the oxygen ion
mobility, and ¢; is the charge carrier density) can be expressed
as [10]

K,
kT] b)

o; = 2,uociT71 exp [—
where p1,(= qi2Do/2k) is constant, D, is a diffusion coeffi-
cient related to material property, T' is temperature, I, is the
activation energy of the oxygen vacancy diffusion, and & is
Boltzmann’s constant. The higher CaO doping concentration
creates more oxygen vacancies [see (1)], leading to higher c;
and smaller E), (resultantly higher ;). Moreover, the CaO
doping concentration affects o; of CaO:ZrOy bulk ceramics
by two to three orders of magnitude [12]. Compared with the
native ZrO, layer, o; of the 2-mol% CaO:ZrO; buffer layer
is assumed to be raised more than two orders of magnitude.
Under the same operation duration, more than 100 times, the
oxygen ions move from the TiO, layer laterally and vertically
across the 2-mol% CaO:ZrO, buffer layer to the interface
between the Ca0O:ZrO5 and ZrO- layers, where the formation
and rupture of the conducting filament occur. More oxygen
ions can effectively form and rupture the conducting filament.
Therefore, the Ti/2-mol% Ca0:ZrO5/ZrO- /Pt device exhibits
more endurance cycles.

Figs. 2(a) and (b) show the dynamic pulse operations of
the Ti/ZrO5/Pt (with 0-mol% CaO concentration) and the
Ti/2-mol% Ca0:ZrO5/ZrO5 /Pt devices, respectively. The
dynamic pulse operation is described as follows. By applying
a —4-V 50-ns voltage pulse on the Ti top electrode of the
device, the memory state is switched from ON state to OFF state.
Then, it is switched back to ON state by applying a —6-V 50-ns
voltage pulse. The ON-state and OFF-state current is measured
at —0.3 V. The Ti/ZrO, /Pt device exhibits some soft errors
during the dynamic pulse operation. However, the Ti/2-mol%
Ca0:ZrO4 /ZrO4 /Pt device shows no soft errors. Therefore, by
introducing the 2-mol% Ca0:ZrO, buffer layer, more oxygen
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Fig. 2. RS cycles of (a) the Ti/ZrO2 /Pt and (b) the Ti/2-mol% CaO:ZrO2/
ZrO2 /Pt devices by applying dynamic pulses. Applying a —6-V 50-ns pulse to

switch the memory state to ON state and applying a —4-V 50-ns pulse to switch
back to OFF state.
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Fig. 3. (a) Nondestructive readout properties and (b) retention characteristics

of the Ti/CaO:ZrO2 /ZrO2 /Pt device at RT and 150 °C.

ions are available from the TiO. layer laterally and vertically
to form and rupture the conducting filament. Figs. 3(a) and (b)
respectively demonstrate the nondestructive readout properties
and retention characteristics of the device to further evaluate its
memory performance. Results show that both ON and OFF states
are stable at RT and 150 °C, respectively. Further research is
necessary to investigate the scalability of the device (including
film thickness and cell size) and the ITIR architecture to
understand whether the Ti/2-mol% Ca0:ZrO/ZrO, /Pt device
is a reliable memory device for next-generation nonvolatile
memory applications.
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IV. CONCLUSION

Replacing the native ZrO, layer of a ZrO,-based memory
device with an artificial CaO:ZrO5 oxygen ion conductor buffer
layer improves its RS properties. The 2-mol% CaO doping con-
centration creates more oxygen vacancies within the CaO:ZrO,
buffer layer, thus enhancing its oxygen ion conductivity. Un-
der the same operation duration, more oxygen ions migrate
from the TiO, layer laterally and vertically across the 2-mol%
Ca0:ZrO, buffer layer to form and rupture the conducting
filament. The Ti/2-mol% CaO:ZrOy/ZrO, /Pt device exhibits
more endurance cycles and no soft errors. For nondestructive
readout and retention, both ON and OFF states remain stable at
both RT and 150 °C. This letter has shown that the oxygen ion
conductivity of the interface layer between the top electrode and
the RS film significantly improves the unipolar RS properties of
ZrO5-based memory devices.
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