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This study investigates the impact of oxide bottom electrode (BE) material and orientation on the resistive switching
(RS) characteristics of Al/ZrO;-based ReRAM devices. Devices with different oxide BEs, including (400)- and (222)-
oriented ITO BEs deposited under pure argon and argon—oxygen (20% O,) sputtering atmospheres, as well as StRuO3
(SRO), show distinct RS behaviors. The Al/ZrO,/(400)-ITO and Al/ZrO,/SRO devices demonstrate stable bipolar RS per-
formance, with (400)-ITO enabling an abrupt reset process, a wider memory window (> 10%), and superior stability, while
SRO devices exhibit gradual reset transitions with lower power consumption. Furthermore, the crystallographic orientation
control applied to ITO BE significantly affects the Vo dynamics and RS performance, with (222)-ITO devices exhibiting
irreversible RS behavior. It is irrefutable that BE material and its orientation can strongly influence RS performance by
modulating the Vg dynamics, electric field distribution, and conductive filament behavior. These findings underscore the
importance of BE properties in optimizing ReRAM performance and provide valuable guidance for the development of

high-efficiency memory devices.

Keywords: ZrO; film, resistive switching mechanism, electrode material and crystallographic orientation,

oxygen vacancy dynamics
PACS: 73.40.Rw, 77.55.—g, 72.20.-, 71.55.-
DOI: 10.1088/1674-1056/ade4b2

1. Introduction

The increasing demand for energy-efficient, high-density
memory technologies to support advanced applications such
as artificial intelligence (Al), the internet of things (IoT),
and edge computing has positioned resistive random access
memory (ReRAM) as a leading contender for next-generation
non-volatile memory (NVM) devices.!!””) ReRAM’s simple
metal—insulator-metal (MIM) pattern offers exceptional scal-
ability, CMOS compatibility, low power consumption, and
multi-functionality.*7-8] Unlike conventional memory tech-
nologies such as dynamic random-access memory (DRAM)
and flash memory, which face scaling and performance limi-
tations, ReRAM leverages resistive switching (RS) phenom-
ena in oxide materials to achieve tunable electrical conductiv-
ity. This makes it particularly promising for ultra-dense stor-
age and computation-in-memory architectures.®) RS behavior
in ReRAM devices is categorized into electrochemical metal-
lization memory (ECM) and valence change memory (VCM),
with the latter standing out for its stable bipolar RS charac-
teristics, durability, and potential for NVM applications.[”-10]
The performance of VCM-based ReRAM is predominantly
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dictated by the insulating oxide layer and electrode materials,
which significantly affect oxygen vacancy (Vo) dynamics and
interfacial behaviors.[!!-14]

Among the various metal oxides employed as switch-
ing materials in VCM-based devices, zirconium dioxide
(ZrO») has gained considerable attention for its wide bandgap
(~5 eV=7 eV), superior dielectric property, outstanding ther-
mal and chemical stability, tunable defect chemistry and phase
structure, high integration density, and non-destructive read-

15-171 Compared to other commonly used ox-

out capability.
ides such as HfO, and TaO,, ZrO, exhibits a lower leakage
current and superior interface compatibility, which are ben-
eficial for achieving high ON/OFF ratios and stable device
operation. 8191 Tts robust intrinsic physical properties make
ZrO; a promising candidate for RS applications, offering re-
markable endurance and data retention essential for reliable
memory performance.!!”-?%) In addition, ZrO, facilitates sta-
ble Vo migration pathways with moderate activation energy,
enabling the controlled formation and rupture of conductive
filaments (CFs) crucial for data storage.?!! Despite these ad-

vantages, the practical application of ZrO; in RS devices faces
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challenges, such as achieving uniform switching behavior and
mitigating variability in Vo dynamics. These issues often stem
from its high crystallization energy and the difficulty of pre-
cisely controlling Vg distribution under electrical stress. 2]
To address these limitations, researchers have explored strate-
gies such as doping with transition metals to stabilize Vo path-
ways, introducing multilayer or nanocomposite structures to
improve switching stability, optimizing fabrication techniques
or electrode properties to enhance film uniformity and inter-
face quality.['20-23-271 However, the effectiveness of these
methods depends significantly on the electrode—oxide inter-
face, which directly influences Vo generation, migration, and
recombination.

In this work, we aim to tailor the RS performance of
Al/ZrO,-based ReRAM devices by investigating the role of
the bottom electrode (BE) interface configuration. Two dis-
tinct conductive oxides were employed as BEs: indium tin ox-
ide (ITO), a transparent conductive oxide with tunable elec-
trical and interfacial properties via deposition conditions and
controllable crystallographic orientations ((400) and (222));
and SrRuOj3 (SRO), a metallic oxide featuring high electri-
cal conductivity, structural compatibility with perovskite-type
oxides, and the ability to form high-quality interfaces with
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faces formed by these materials, we examined their intrinsic

By systematically investigate the oxide—oxide inter-

properties’ effects on interfacial charge transport characteris-
tics, electric field distribution, and CF dynamics. Furthermore,
we demonstrated the role of crystallographic orientation engi-
neering in RS dynamics. This dual approach sheds light on the
design principles for high-performance ReRAM devices.

2. Experimental details

All thin films were deposited using a multi-target mag-
netron sputtering system, with a base vacuum of 2.0 x 10~* Pa.
As shown in Fig. 1(a), mirror-polished (100) single crystalline
Si substrates (10 mmx 10 mm x 0.5 mm) were used as the sub-
strates. These substrates were cleaned sequentially by ultra-
sonic treatment in acetone, ethanol, and deionized water be-
fore being loaded into the vacuum chamber. The BE layers of
ITO and SRO were sputtered from their respective ceramic tar-
gets with identical compositions using radio-frequency mag-
netron sputtering (RFMS). The crystallinity of the sputtered
films was significantly influenced by the REMS process pa-
rameters. Specifically, the crystallographic orientation of the
ITO electrode varied with the oxygen partial pressures in the
deposition atmosphere.

(400)-ITO  1TO
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(222)1TO (RS
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e —
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]
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Fig. 1. (a) Fabrication process flow for Al/ZrO,/BE(ITO,SRO)/Si ReRAM devices, and schematic illustration of the Al/ZrO,/BE/Si device
structure, (b) XRD patterns of ITO films deposited under different Ar/O, gas atmospheres, (c) and (d) cross-sectional images of ZrO,/SRO/Si

and ZrO,/ITO/Si heterostructures, respectively.

As illustrated in Fig. 1(b), the ITO BE layer deposited
in a pure Ar atmosphere exhibited a pronounced (400) prefer-
ential orientation. In contrast, when deposited in an oxygen—
argon mixture containing 15% O, the ITO BE layer displayed
a dominant (222) preferential orientation. Subsequently, an
approximately 75-nm-thick ZrO; film was directly deposited
onto the surface of the BE surface (a small portion was ex-

posed by masking to facilitate electrical performance testing)

from a ZrO; ceramic target using RFMS. The SEM cross-
sectional images of the ZrO, heterostructures with two differ-
ent oxide BE structures are shown in Figs. 1(c) and 1(d), re-
spectively. Finally, circular Al top electrodes (TE) with a 200-
pm-diameter array were deposited onto the ZrO, film layer us-
ing a metal shadow mask, forming an oxide—semiconductor—
metal (OSM) structure on Si (Al/ZrO,/BE/Si). All sputtering

targets were cylindrical (@ = 50 mm, 4 = 5 mm) with a purity

127303-2



Chin. Phys. B 34, 127303 (2025)

of 99.99%. The specific deposition parameters for each film
layer are detailed in Fig. 1(a).

The RS performance of these OSM structures was ana-
lyzed using a Keithley 4200 semiconductor characterization
system in DC voltage sweeping mode. During testing, all op-
erating voltages were applied to the TE, while the BE was kept
grounded, with a current compliance (CC) of 1 mA to prevent
device breakdown. Additionally, the cross-sectional images
of the ZrO,/BE/Si were analyzed using a field emission scan-
ning electron microscope (FESEM, SU8000, Hitachi). The
measured thicknesses of the ITO and SRO BE layers were ap-
proximately 250 nm and 180 nm, respectively (Figs. 1(c) and
1(d)). The crystallographic orientations of the ITO BE layers
were characterized by x-ray diffractometer (XRD, Bruker D8
Advanced) using Cu-Ko radiation. All measurements were
conducted at room temperature.

3. Results and discussion

Figures 2(a)-2(c) present the typical current—voltage (/-
V) characteristics of Al/ZrO,/BE devices with different BEs
under a voltage sweep sequence of 0 — +Vpax — 0 —

—Vmax — 0 V. A compliance current (CC) of 1 mA was applied
during the positive voltage sweep to prevent permanent break-
down of the device. The thin lines denote multiple switching
cycles, while the bold curve highlights a representative switch-
ing behavior for clarity. Device utilizing (400)-ITO and SRO
as BEs both exhibit standard bipolar RS. During the set pro-
cess, the device transitions from a high-resistance state (HRS)
to a low-resistance state (LRS), driven by the formation of
CFs through the migration and aggregation of Vgs. The re-
set process reverses this transition by rupturing CFs, thereby
restoring the HRS and enabling repeatable RS cycles. How-
ever, the reset dynamics differ markedly between the two de-
The (400)-ITO device exhibits an abrupt reset pro-

cess, characterized by a sharp current drop at a critical volt-

vices.

age, indicative of sudden CF rupture. In contrast, the SRO-
based device undergoes a gradual LRS-to-HRS transition, be-
ginning at a Vieser—begin (= —0.4 V) and progressively increas-
ing in resistance until the HRS is fully established at Vieset—stop
(= —1.3 V), as shown in Fig. 2(b). This gradual transition
suggests a stepwise dissolution or dispersion of CFs over an

extended voltage range.
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Fig. 2. (a)—(c) Typical set-reset I-V characteristics of Al/ZrO,-based devices with different BEs. (d)—(e) Schematic illustrations of the reset mechanism,
highlighting Vo dynamics in the Al/ZrO,/(400)-ITO and Al/ZrO,/SRO devices, respectively. (f) I-V characteristics of five randomly selected units of the

Al/Zr0,/(222)-ITO device.

The difference between these two structures arise from
the distinct material properties and interfacial effects of the
BEs, as schematically illustrated in Figs. 2(d) and 2(e). The
Vo-rich ITO electrode, fabricated in a pure Ar atmosphere, [28]
facilitates rapid Vo exchange and migration within the ZrO;

layer. Upon application of the reset voltage, Vos are swiftly

driven by the strong electric field, triggering a fast and lo-
calized rupture of the CF, which results in the formation of
a completely disconnected insulating region. In contrast, the
SRO electrode, deposited in a 20% O, environment (Fig. 1(a)),
possesses stronger redox buffering capabilities and exhibits

lower Vo concentration and mobility. This leads to a more
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controlled redistribution of Vgs, where CF rupture becomes
partially diffusion-limited.”! Under a negative bias, the grad-
ual depletion of Vgs causes the CF to progressively thin and
diffuse, ultimately leading to a smoother and more gradual CF
breakdown. Additionally, the interfacial electric field distribu-
tion plays a crucial role in these differences. The (400)-ITO
likely enhances localized electric field at the interface due to
its defect structure and high conductivity, thereby accelerating
CF rupture. Conversely, the SRO yields a more uniform field
distribution, which further supports the gradual reset transi-
tion.

Interestingly, devices using (222)-oriented ITO as the BE
show no reset behavior. As shown in Fig. 2(c), although the set
process successfully induces an LRS, the device fails to return
to the HRS. This behavior is attributed to the high grain bound-
ary (GB) density in (222)-ITO, which leads to non-uniform Vo
distributions and localized Vg accumulation near GBs. These
GBs serve as Vg traps, forming robust conductive paths that
are difficult to rupture. Consequently, the reverse voltage be-
comes insufficient to break these CFs, resulting in permanent
LRS and the loss of RS functionality. All five randomly tested
devices, which were subjected to identical voltage sweep con-
ditions, exhibited similar behavior, as shown in Fig. 2(f)).
Specifically, only the initial ‘write’ operation was succeeded,
while subsequent ‘erase’ operations consistently failed. This
RS failure could also be attributed to localized electric field
intensification caused by the complex crystal plane structure,

To investigate the carrier transport mechanisms, fig-
ure 3(a) shows the log(7)-log(V) curves during the set pro-
cess for devices with (400)-ITO and SRO BEs. Both exhibit
linear behavior in the LRS with slopes near 1 (0.95 and 0.94),
indicative of Ohmic conduction dominated by Vg trapping at
low voltages.[?*3!] This conduction behavior suggests mini-
mal energy dissipation, favoring low-power operation. In the
HRS, the SRO device exhibits a slope of 1.37, suggesting that
the carrier transport is influenced to some extent by space-
charge accumulation, deviating from Ohm’s law and indicat-
ing a space-charge limited current (SCLC) mechanism. How-
ever, the (400)-ITO device exhibits a two-segment behavior
with slopes of 2.28 and 3.30 in the low- and high-voltage re-
gions, respectively. This nonlinearity is characteristic of trap-
related SCLC conduction, where carrier transport is affected
not only by space-charge effects but also by trap states within
the dielectric. Particularly in the high-voltage region, carriers
may acquire sufficient energy to overcome these trap barriers,
resulting in a rapid current increase. Such trap-filled SCLC
behavior typically leads to nonlinear and voltage-sensitive cur-
rent responses, potentially increasing power consumption at
elevated operating voltages. From the fitted slopes, it is ev-
ident that the (400)-ITO device exhibits much higher slopes
compared to the SRO device, indicating that its current in-
creases more rapidly with voltage in the HRS. This behavior

is closely related to the Vg properties of the electrodes, as Vo

which may lead to charge accumulation or local breakdown. plays a crucial role in trap-assisted conduction.!!#!
—2
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Fig. 3. Representative log/-logV plots for (a) the set process and (b) the reset process of (400)-ITO and SRO BE devices. (c) Fitted log/-logV curves for
both set and reset processes of the (222)-ITO device. /-V curve fitting based on Schottky and PF emission mechanisms in the HRS during (d) the set process

and (e) the reset process. (f) Expressions of current conduction mechanisms.
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As previously mentioned, the (400)-ITO BE fabricated
in pure Ar, is Vo-rich with a high Vo migration rate, unlike
the SRO electrode, deposited in a 20% O, atmosphere. This
high Vo mobility enables Vg to rapidly migrate and redis-
tribute within the ZrO, film when a voltage is applied. The
fast migration of Vg accelerates the injection of charge car-
riers and the accumulation of space-charge in the ZrO; layer,
leading to localized conductivity changes and a rapid increase
in current until the limiting current value is reached, as traps
become filled, particularly at higher voltages.*>*3! Addition-
ally, Vo redistribution can form more conductive channels in
localized regions, further accelerating the current increase. As
shown in Fig. 3(b), the reset process follows a similar con-
duction mechanism: Ohmic conduction in the LRS and SCLC
in the HRS (with linear fitting coefficients of determination
exceeding 99%). The conduction behavior of the (222)-ITO
BE device in Fig. 3(c) further supports this trend: its set pro-
cess resembles that of the (400)-ITO BE device, while its non-
resistive reset process is SCLC-dominated.

In addition to the SCLC mechanism, Schottky emission
(SE) phenomena are also commonly observed in ZrO,-based
ReRAM devices.3*3% The SE current can be expressed as!?’]

J = AT?exp {—q [qbg — (gE /4meoe)"! 2} /kT} .

This implies that if the device current follows the SE current,
the relationship between InJ and E'/2 should be linear. As
shown in Fig. 3(d), the HRS current during the set process of
both (400)-ITO and SRO BE devices follows the aforemen-
tioned linear relationship, indicating that the current transport
process in our ZrO»-based OSM structure is influenced by
the SE mechanism. A similar result is observed for the re-
set process (Fig. 3(e)). Since SE occurs at the electrode/oxide
interface, this implies that interface engineering plays a cru-
cial role in improving device reliability. Additionally, under
a strong electric field, Poole—Frenkel (PF) emission may also
occur, where trapped electrons gain enough energy to be ex-
cited into the conduction band of the oxide. The high elec-
tric field lowers the Coulomb potential barrier, facilitating the
thermal excitation of electrons from the traps. As illustrated in
Fig. 3(f), the PF expression takes a form similar to that of SE,
with the key distinction being that in the PF model, &g refers
to the depth of the trap potential well, whereas in SE, it corre-
sponds to the height of the barrier. Moreover, due to the im-
mobility of positive charges, the barrier lowering effect in PF
emission is twice as strong as that observed in SE model.’!
As shown in Figs. 3(d) and 3(e), for the HRS current of both
bipolar RS devices, InJ/E exhibits a clear linear relationship
with E'/2 indicating that both devices experience PF emission.

Such conduction suggests deep trap states that require strong

electric fields, potentially increasing energy input and local
Joule heating, which may accelerate defect migration and re-
duce endurance. In summary, the HRS current conduction in
our ZrO, devices is mainly governed by a combination of SE
and PF mechanisms, especially under high electric fields. The
ITO and SRO oxide BEs lower the Schottky barrier through
interaction with the ZrO, layer, enabling electron flow via SE.
Meanwhile, the strong electric field excites defect states within
the ZrO, layer, providing electron capture sites triggering PF
emission.

Figure 4(a) presents a comparison of the dc cycle switch-
ing endurance of (400)-ITO and SRO electrode devices for
more than 500 cycles under a read voltage of 0.1 V, demon-
The val-
ues of the LRS resistance (Ryrs) for both are nearly identical
(~ 300 Q). However, the HRS resistance (Ryggrs) of the (400)-
ITO device is consistently an order of magnitude higher than

strating stable resistance states for both devices.

that of the SRO device, resulting in a memory window ~ 10
times larger, with average switching ratios reaching 3.6 x 10*
and 2.1x103, respectively, as illustrated in the box plot in
Fig. 4(b). A higher RHRS generally correlated with an in-
creased set voltage (Vi) in ReRAM devices.*8! As shown in
Fig. 4(b), the switching voltages of the ITO device are uni-
formly higher than those of the SRO device. The rapid mi-
gration and redistribution of Vgs facilitated by (400)-ITO re-
quire higher voltages for CF formation and rupture, thereby
increasing Ve and Vieger. Conversely, the moderated Vo dy-
namics and uniform electric field distribution in SRO, coupled
with its redox stability, promote CF formation and dissolu-
tion at lower voltages. Despite the lower Ryrs/Ry rs ratio of
the SRO device, it remains well above practical application
thresholds, providing a balance between memory performance
and reduced power consumption.

Figure 4(c) depicts the cumulative distribution of Ryrs
and Ryrs for ZrO,-based ReRAM devices with (400)-ITO
and SRO BEs. The figure also presents the statistical vari-
ables: mean (u), standard deviation (o), and coefficient of
variation (¢ /). For the (400)-ITO device, the LRS exhibits
u =303.3 Q with o/p = 0.24, indicating stable CF forma-
tion, while the HRS has t = 19 MQ and o /u = 1.12, reflect-
ing greater variability due to the stochastic nature of Vo mi-
gration and redistribution, particularly during CF rupture un-
der localized electric field. The SRO device features an LRS
with 4 = 344.3 Q and o/u = 0.42, indicating less consis-
tent CF pathways compared to the (400)-ITO. Its HRS, with
u=2.1 MQ and a high o/u of 3.29, suggests considerable
fluctuations, likely due to SRO’s redox stability and uniform
electric field distribution, which reduce abrupt Vg clustering
but contribute to unpredictable CF dissolution. Figure 4(d)
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confirms that both devices maintain good data retention up
to 10* s, with only minor HRS degradation in the SRO de-
vice. Overall, (400)-ITO devices exhibit higher LRS stability
through efficient Vo dynamics, while the greater HRS vari-

ability reflects CF rupture complexity. Thus, (400)-ITO pro-
vides a wider memory window and consistent performance,
whereas SRO balances switching reliability with lower power
consumption, favoring energy-efficient applications.
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Fig. 4. RS characteristics of the Al/ZrO,/(400)-ITO and Al/ZrO,/SRO bipolar RS devices: (a) dc cycle switching endurance. (b) Vie; and Vieget
for multiple cycles, along with boxplots showing the distribution and mean values of the OFF/ON ratio. (c) Cumulative probability of Ryrs
and Ry rs, with corresponding distribution parameters. (d) Retention properties.

To evaluate device-to-device stability, we randomly se-
lected six units from each type of ZrO;-based ReRAM (6 de-
vice units x 100 cycles). Figures 5(a) and 5(b) depict the aver-
age set and reset voltages (Vier and Vieser) for individual units
of the (400)-ITO and SRO electrode devices, respectively. The
relatively small variations in Vi and Viege, among units within
the same device type indicate good device-to-device stability
for both ReRAM configurations, which is crucial for large-
scale integration and commercial applications. A notable ob-
servation is that the Vi and Vieser values of the SRO-based
devices are consistently lower than those of the (400)-ITO
devices, suggesting that SRO BEs contribute to lower oper-
ating voltages and reduced power consumption. This differ-
ence can likely be attributed to the superior metallic nature
of SRO, which facilitates more efficient charge injection and
transport at the electrode/oxide interface. Furthermore, the
closer Vier and Vieser values in the SRO-based devices indicate
more uniform CF dynamics during the switching process. This
uniformity may stem from the stronger metallic properties of
SRO, %1 which lead to a more balanced interfacial behavior
under both positive and negative bias. In the Al/ZrO,/SRO
configuration, the high conductivity and work function of SRO
enable more symmetric charge carrier injection and Vo mi-
gration, thereby promoting a more consistent formation and
dissolution of CFs. In contrast, the Al/ZrO,/ITO structure ex-
hibits more asymmetric interfacial behavior due to the semi-

conductor nature of ITO, which influences the CF dynamics
and leads to greater variability in switching voltages.

Figures 5(c) and 5(d) illustrate the distribution (boxplot)
of Ryrs and Rprs values for individual device unit in both
structures. The (400)-ITO devices generally exhibit lower box
heights compared to SRO devices, indicating superior tempo-
ral stability, meaning that the resistance states remain more
consistent over repeated switching cycles. Additionally, the
narrower Rygs distribution across different (400)-ITO device
units suggests slightly better spatial stability, meaning that dif-
ferent units within the same device type exhibit less variability
in their resistance states. This improved stability could be at-
tributed to the highly oriented (400) texture of the ITO BE,
which provides a more controlled interface for Vo migration
and CF formation. In contrast, the broader Ryrs distribution in
SRO-based devices suggests greater device-to-device variabil-
ity, likely due to differences in how SRO interacts with Vgs.
The strong metallic nature of SRO may lead to less constrained
CF rupture dynamics, increasing variability in the HRS. Over-
all, from a device-to-device perspective, these results further
confirm that (400)-ITO electrodes offer enhanced switching
performance and stability, whereas SRO electrodes provide a
favorable balance of lower power consumption and reliable
switching behavior. These complementary characteristics sug-
gest application-specific tradeoffs in designing ReRAM de-
vices with optimized performance.
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4. Conclusions

In this work, we comprehensively investigated the RS
characteristics of Al/ZrO,-based ReRAM devices employing
(400)-ITO, (222)-ITO, and SRO as BEs. The results demon-
strate that BE material properties critically influence Vo dy-
namics, electric field distribution, and CF behavior, thereby
shaping RS performance. Devices with (400)-ITO and SRO
electrodes demonstrated stable bipolar RS behavior with dis-
tinct reset mechanisms: (400)-ITO devices exhibited an abrupt
reset process, while SRO devices displayed a gradual reset
transition. The (400)-ITO devices achieved a larger memory
window (3.6x10%, ~ 10x that of SRO: 2.1x10%) and supe-
rior temporal and spatial stability, whereas SRO devices of-
fered reliable RS performance with lower power consumption.
In contrast, devices with (222)-ITO BEs exhibited irreversible
RS behavior due to non-uniform Vg distribution and aggre-
gation at GBs or local breakdown. These findings emphasize
the critical role of BE properties in optimizing RS behavior,
offering valuable guidance for the design and application of
OSM-structured ReRAM in memory technologies.
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