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Abstract

A resistive switching device with precise control over conductive filaments (CF) formation
holds immense potential for high-density memory arrays and atomic-scale in-memory
computing architectures. While ion migration and electrochemical switching mechanisms are
well understood, controlling CF evolution remains challenging for practical resistive random-
access memory (RRAM) deployment. In this study, we introduce a systematic approach to
modulate oxygen vacancies (OV) in HfO, films of Ag/HfO,/Pt-based RRAM devices by
controlling the growth temperature. At 300°C, the HfO, film exhibits a dominant monoclinic
phase with maximum OV concentration, which plays a key role in achieving optimal multilevel
resistive switching behavior. Self-assembled nanochannels in the HfO, films guide CF
evolution, and the diffusion of Ag at inside these films suggest a synergistic interplay between
OV and Ag* ion migration for reset voltage-controlled resistive states. This approach addresses
the endurance/retention trade-off with an impressive Ron/Rosr ratio of ~8000 while
demonstrating growth temperature-driven OV modulation as a tool for multi-bit data storage.

These findings provide a blueprint for developing high-performance oxide-based RRAM



devices and offer valuable insights into multilevel resistive switching mechanisms, paving the

way for future low-power, high-density memory technologies.
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Introduction

Resistive random-access memory (RRAM) is increasingly recognized as a frontrunner for next-
generation non-volatile memory and neuromorphic computing, owing to its potential for ultra-low
power consumption, fast switching speeds, and high scalability.!® However, the challenge of achieving
stable and reproducible multilevel resistive switching remains a key hurdle.>” To address this, precise
control over the microstructure and defect states is essential, as these factors directly influence the
resistive switching characteristics. In particular, engineering oxygen vacancies (OV) and their
involvement in the formation of conductive filaments (CF) within the dielectric matrix are critical for

enabling reliable multi-bit data storage.'®!!

Among different metal oxides, hafnium oxide (HfO,) is considered to be a promising high-£ material
for energy efficient RRAM applications due to its excellent structural and chemical properties,'> where
the OV play a significant role for low current/voltage operation with a device-to-device uniformity and
scalability. Its high dielectric constant and excellent thermal stability not only make it favourable for
achieving multilevel behaviour in RRAM devices towards neuromorphic applications, but also for their
compatibility in direct integration into the existing semiconductor technology. However, achieving
optimal performance in HfO:-based RRAM devices demands innovative approaches in the formation
of CF since precise control of the filament makes it possible to store more information in each device.
This leads to multilevel cells and better synaptic devices for neuromorphic computing,'*'¢ though the
formation of CF in RRAM devices is often complex and influenced by various factors. The composition
of these filaments can change significantly based on the controlling parameters of the devices.!”
Numerous efforts have been made to better understand this process for practical RRAM applications.
For instance, Lee et al.? showed a dual-mode switching mechanism with the coexistence of Ag and OV-
driven filament formation in an Ag/Ta,Os/Pt device, controlling the configuration of the filament by
varying compliance current (CC). Moreover, Jeong et al.'® investigated the influence of grain sizes on
the dynamics associated with CF. An interesting article by Niu ez al.'® used electron holography in
transmission electron microscopy (TEM) for direct observation of CF to unveil their physical nature.

Chang et al.*® again suggested the involvement of dual filament switching in Ta,Os memristors and



demonstrated the forming process using TEM. However, Jiang et al?' demonstrated the superior
switching behaviour in HfO,-based devices due to the involvement a sub-10 nm Ta channel. Using
TEM, Jang et al.' further reported the OV-driven electroforming via strong metal interaction. Several
other in situ characterization techniques and device modelling methods, aiming to monitor and analyze

the switching behavior of memristors at the single-atom level have also been explored®.

Despite numerous studies on RRAM devices, a key question still remains unresolved: precise control
the over-injection of metal cations and the OV-driven filament formation while improving electrical
performance, especially multilevel behaviour for neuromorphic application. The present challenge is,
therefore, to understand the mechanisms involved in controlling the dynamics of CF, by exploring the
structural, chemical and microstructural properties to have a better control over the multilevel behavior

in RRAM devices.

In this study, we present a novel strategy that leverages the self-assembled nanochannels in the HfO,
films for guiding the formation of OV driven CF to ensure a stable and repeatable switching behavior.
The optimal performance of RRAM devices is found to be achieved with a stable multilevel behavior
by growing the HfO; films at 300°C due to the evolution of maximum OV as evidenced by X-
photoelectron spectroscopy (XPS). The phase of the HfO, films, determined by grazing incidence X-
ray diffraction (GIXRD), is shown to be governed by the substrate temperature, where it achieves a
monoclinic phase with highest OV concentration at 300°C. Moreover, the nanochannels are
experimentally evidenced by high-resolution TEM (HRTEM), where the electron energy loss
spectroscopy (EELS) mapping reflects the elemental mapping. The formation of the monoclinic phase,
coupled with self-assembled nanochannels enables superior multilevel switching behavior with a
substantial Ron/Rofr ratio, low operating voltage, and excellent retention and endurance properties. Our
findings provide critical insights into the design of highly stable and energy-efficient RRAM devices,
positioning them as ideal candidates for future high-density memory and neuromorphic computing

applications.



Experimental details

About 25 nm thick HfO, films were deposited on chemically cleaned (area 1x1 cm?) Pt/Ti/SiO»/Si
substrates by radio frequency (RF) magnetron sputtering with a constant power of 80 W for 40 min
using a 99.99% pure HfO, target (2-inch diameter and 3 mm thick) from Semiconductor wafer. During
RF deposition, argon (Ar) gas was purged into the vacuum chamber (base pressure ~2x1077 Torr) at a
flow rate of 40 sccm by maintaining a working pressure of ~6x107* Torr. Three sets of samples were
prepared by growing the uniform HfO, films at room temperature (RT)/without giving substrate
temperature (S1), 300°C (S2), and 500°C (S3) by rotating the substrate at 6 rpm. The film thicknesses
were measured with a stylus Surface Profilometer (Bruker DektakXT) and further validated by a

variable angle spectroscopic ellipsometer (J.A. Woollam WVASE32).

The structure of the deposited HfO, films was initially examined by lab-scale XRD (Bruker, D8-
Discover) with Cu-K, radiation (wavelength ~0.154 nm) in the 26 range of 10° to 80° at a grazing
incidence angle of 0.8°, where 0 is the Bragg angle. The surface morphology of the HfO, films was
characterized by field emission scanning electron microscopy (FE-SEM) from Jeol (JEM-7001F) in
plan-view geometry. The chemical composition of the HfO, films was further examined by XPS in an
ultrahigh vacuum chamber (~10° Torr) with Al-K, radiation (energy ~1486.6 €V) from a
monochromatic source, where the photoelectrons were investigated by a hemispherical electron
analyzer (Thermo Fisher, USA). The sample surfaces were sputter-cleaned in-situ by 1 keV Ar" ions to
remove any surface contaminants before data acquisition. All the spectra were collected in normal
emission geometry, where the binding energy (B.E.) scale was calibrated from the Fermi level (Er) of
a gold foil. A charge neutralizer gun was also employed during data acquisition. The microstructures
were further investigated by TEM in cross-sectional geometry in a probe-corrected JEOL ARM 200F

microscope with an accelerating voltage of 200 kV, where the EELS was used for elemental analysis.

About 100 nm thick disc-like Ag electrodes (diameter ~100 um) were deposited on the HfO, layers
through a shadow mask by thermal evaporation. The HfO; film served as an active layer, where Ag and

Pt were the top electrode (TE) and bottom electrode (BE), respectively. In this work, two-terminal



Ag/HfO,/Pt RRAM devices were examined by Keithley-4200 semiconductor characterization system
and/or Keysight source measurement unit (B2902A) connected with a probe station (Everbeing Int’l
Corp.), where the tungsten tips were used to probe the TE. The voltage bias was given to TE while the
BE remained grounded for all the electrical measurements. In addition, impedance analysis was

conducted using an Impedance Analyzer (E4990A from Keysight Technologies).

Statistical Analysis

After characterizing the surface morphology using FESEM, the captured images were processed using
ImageJ software to outline the individual grains. The grain areas were then measured, and the data were
used to generate a histogram distribution, which was plotted using standard Origin software. Moreover,
the endurance and retention data were recorded systematically to evaluate the device performance. The
resistance values obtained were further analyzed and plotted in Origin software to illustrate their
deviation relative to the mean. This was achieved by plotting the percentage of cumulative frequency

counts, providing a statistical representation of the data distribution.

Results and discussion

Figure 1 presents the FESEM images of the surface morphology of HfO; films at RT (Fig. 1(a)), 300°C
(Fig. 1(b)), and 500°C (Fig. 1(c)), showing a significant evolution of grains with increasing substrate
temperature. Close inspection reveals the formation of relatively large and irregular grains with a broad
size distribution (inset) at RT. However, the average grain size is found to be gradually reduced and
more uniform with elevated substrate temperature at 300°C and 500°C. The inset in each image provides
the corresponding grain area distribution histograms, illustrating a clear trend of decreasing grain area
in the HfO, films with increasing substrate temperature. This is facilitated by the nucleation-driven
growth on the substrate, where the growth of the HfO, films can be attributed to the ballistic deposition
of molecules on initially grown smaller and densely packed grains at elevated temperature with

increasing atomic diffusion 2.
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Figure 1: Typical FESEM images of the HfO: films (a) at RT, and with a substrate temperature of (b) 300°C and
(c) 500°C, where the respective grain size distribution is depicted in the inset. (d) The GIXRD patterns of the HfO;
films grown at RT (black) and with a substrate temperature (Ts) of 300°C (red) and 500°C (blue).

The GIXRD patterns of the HfO, films grown at RT and with a substrate temperature (Ts) of 300°C and
500°C are exhibited in Fig. 1(d). The reflections in the recorded GIXRD results suggest the formation
of crystalline grains.?**> We should note here that the grain boundaries often act as scattering centers
for charge carriers and thus can control the charge transport mechanism in HfO,. Therefore, optimizing
the grain size distribution through controlled deposition parameters is crucial for achieving the desired

balance between high dielectric constant and low leakage current in HfO; films.

The GIXRD analysis of HfO; films (see Fig. 1(d)) reveals a distinct phase change with increasing
substrate temperature upto 500°C. Close inspection of the result at RT indicates the formation of local
ordering in the disordered HfO, film in the orthorhombic phase, showing predominant reflections from

the (620) and (602) planes (JCPDF#01-078-5755) on a broad hump. The key finding is the clear



transition to thermodynamically stable monoclinic phase with the dominant reflections from the (-311)
and (113) planes (JCPDF#01-078-5754) at a substrate temperature of 300°C. Upon further increase in
substrate temperature to 500°C, the GIXRD result reveals the coexistence of both monoclinic and
orthorhombic phases. The GIXRD results therefore demonstrate the important role of the substrate
temperature in determining the nucleating phase and the related phase transformation at elevated

temperature.

The monoclinic phase, which is dominant at 300°C and also present at 500°C, is particularly beneficial
for resistive switching applications due to the availability of the highest concentration of OV for having
lower symmetry and structural distortion compared to the orthorhombic phase.?® We should note here
that OV play a crucial role in resistive switching by facilitating the formation and rupture of CF, which
control the switching between high resistance state (HRS) and low resistance state (LRS). The
abundance of OV in the monoclinic phase enhances the formation of stable, well-defined conductive

paths, making it the most favorable phase for achieving reliable resistive switching performance.

To evaluate the film crystallinity and microstructure of the device, TEM analysis was performed on the
S2 sample, and the results shown in Fig. 2. The cross-sectional TEM (XTEM) image of the Ag/HfO./Pt
device structure in bright field mode is shown in Figure 2(a), revealing the HfO: layer thickness to be
~25 nm with columnar structure. The high angle annular dark field (HAADF) scanning TEM (STEM)
image of the same is presented in the inset as well to follow the uniformity of the deposited HfO: film.
The magnified HAADF STEM image of the Ag/HfO»/Pt region from the blue region (inset, Fig. 2(a))
is projected in Fig. 2(b), showing the formation of self-assembled nanochannels near the surface of the
HfOs: film. It appears to be amorphous in nature with some local atomic ordering within the matrix. The
red squares in Fig. 2(b) are highlighting the regions of local crystallinity. A closer view of the red box

#1, located in the top-right corner of Fig. 2(b), shows the crystalline planes in this region.



Figure 2. (a) The bright field XTEM image of the Ag/HfO:/Pt device structure, with the inset displaying a HAADF
STEM image of a specific region of the device. (b) A magnified HAADF image of the HfO: film from the blue box
in the inset of (a) highlights the presence of nanochannels and the scattered atomic ordering, marked by red boxes,
where the closer view of the red box #I shown in the top-right corner. The FFT analysis of the region marked by
the green dashed box in (b) is shown in (c), showing the amorphous ring with superimposed diffraction spots 1
and 2 which are surrounded by the dotted circles. The HAADF image of another region in (d) is used for EELS
mappings from the region highlighted by a green box and reflected in (e) for the Ag (f), Hf (g), O (h), and Pt (i)
edges along with their overlapping in (j) for clarity.

The observed nanochannels play a crucial role in the formation of guided CF for controlling the resistive
switching behavior. Figure 2(c) presents the Fast Fourier Transform (FFT) image of the green-dashed
region in Fig. 2(b) shows the amorphous ring with superimposed diffraction spots 1 and 2 (surrounded
by the dotted circles) corresponding to crystalline planes of the HfO: film. Another HAADF image is
shown in Figure 2(d) for exploring the elemental distribution within the green region as presented in
Fig. 2(e) by EELS mapping at the Ag, Hf, O, and Pt edges in Figs. 2(f)-(i), respectively. The overlapped
EELS mappings for all these edges are displayed in Figure 2(j) for clearly distinguishing each layer of
the Ag/HfO./Pt device. A closer look of the EELS mapping at the Ag edge in Fig. 2(f) reveals the

diffusion of Ag into the HfO. matrix. Interestingly, the Ag is visible near the surface region of the



nanochannels and can also participate in the formation of CF by confining their migration between the
channels. This in turn prevents the unwanted lateral expansion that could lead to an unstable low

resistance state (LRS).

After close inspection of the role of nanochannels and Ag cations, to study the role of OV in the present
case, XPS analysis of S1, S2, and S3 films has been carried out in a systematic way. This analysis also

provided insight into the chemical composition of the films, with the results shown in Figs. 3(a-f).
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Figure 3. Core level Hf 4f spectra of (a) S1, (b) S2, and (c) S3 samples, and core level O Is spectra of (d) S1, (e)
S2, and (f) S3 samples, respectively. The deconvoluted peaks of the respective spectrum are also superimposed on

the experimental results for clarity.

XPS survey scans were recorded for all S1, S2, and S3 samples before sputtering (see upper panel of
Fig S1 (a-c)), where all the spectra were calibrated using the C 1s peak at 284.08 eV and analyzed using
the CasaXPS software. After calibration of C 1s peak, the samples were sputter cleaned to remove any
possible contamination on the surface, and again, the survey scan was recorded (see lower panel of Figs.
S1(d-1)) prior to high-resolution XPS (HRXPS) studies. The HRXPS results of the Hf 4f'and O 1s core
level of the respective samples are presented in Figs. 3(a-c) and 3(d-f). These peaks are deconvoluted

by applying the Voigt (70% Gaussian + 30% Lorentzian) function after subtracting the Shirley
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background correction for detailed analysis. The deconvoluted peaks of the respective spectrum are also
superimposed on the experimental results to follow the impact on the chemical properties of the HfO-
films with increasing substrate temperature upto 500°C. In fact, we aimed to engineer defect
concentrations, specifically OV, by adjusting the substrate temperature for optimizing the resistive

switching behavior. The calculated full width at half maximum (FWHM), peak positions, and atomic

percentages (at.%) are summarized in Tables 1, 2, and 3 for clarity.

Table-1. Fitting components like FWHM, peak position, and at.% for the Hf 4f and O Is levels of S1 sample.

S1 sample Hf* 4f;, |Hf*4f;, | HEX4f, | HEX 4f5, O1s (LO) | O ls(NLO)
FWHM (eV) 1.55 1.58 1.14 1.02 1.87 0.97

Peak position (eV) | 17.13 18.80 16.36 18.04 530.14 532.15

at.% 46.94 35.17 10.25 7.65 98.08 1.92

Table-2. Fitting components like FWHM, peak position, and at.% for the Hf 4f and O Is levels of S2 sample.

S2 sample Hf* 4f;, | HE* 4f;, | HE* 4f, HE X 4f;, 01s(LO) | O 1s(NLO)
FWHM (eV) 1.52 1.47 2.15 2.22 1.56 1.79
Peak position (eV) | 17.54 19.20 16.25 17.87 530.67 532
at.% 39.62 29.62 17.51 13.14 92.29 771

Table-3. Fitting components like FWHM, peak position, and at.% for the Hf 4f and O Is levels of S3 sample.

S3 sample HE* 4f;, | HE* 4fs, | HEX 4f5, HE** 4f;,, O 1s(LO) | O Ls(NLO)
FWHM (eV) 1.55 1.52 221 2.09 1.65 1.2

Peak position (eV) | 17.76 19.49 16.22 17.89 531 532.79

at% 415 31.27 15.56 11.66 97.69 231

Figures 3(a-c) display the XPS spectra of the Hf 4f core level for the S1, S2, and S3 films. The Hf 4f7,»
and Hf 4fs,, doublets of the Hf 4flevel for each sample are deconvoluted into four distinct peaks. For

S1, the peaks at 16.36 and 18.04 eV correspond to the Hf 4f7, and Hf 4f;, states of oxygen-deficient

11



HfO., while the peaks originated at 17.13 and 18.80 eV are attributed to stoichiometric HfO2.>"*® In S2,
the Hf 417>, and Hf 4f5,» peaks at 16.25 and 17.87 eV indicate oxygen-deficient HfO-, with stoichiometric
peaks at 17.54 and 19.20 eV. The increased area of the oxygen-deficient peaks in S2 compared to S1
suggests a higher concentration of OV, further supported by the O 1s spectra in Figs. 3(d-¢). Due to the
asymmetric shape of the O 1s spectra, they were also deconvoluted into two peaks centered at ~530.14
and 532.15 eV for S1 and at 530.67 and 532 eV for S2. Higher B.E. peak is assigned to non-lattice
oxygen (NLO) in oxygen-deficient regions, while the lower B.E. peak corresponds to lattice oxygen

(LO).27—29

For sample S3, the oxygen-deficient Hf 4f7,» and Hf 4f5,, peaks are found to be at ~16.22 and 17.89 eV,
and the stoichiometric peaks are at 17.76 and 19.49 eV. Interestingly, the area of oxygen-deficient peaks
in S3 decreases compared to S2, indicating that S2 has the highest concentration of OV, which aligns
with its monoclinic phase (see Fig. 1(d)). This observation is consistent with previous studies,?® showing
that the monoclinic phase tends to accommodate more OV due to its stable and symmetrical geometry
compared to the orthorhombic phase. This is further supported by Fig. 3(f), where the non-lattice O Ls
peak at 532.79 eV gives a marked reduction in at.% with respect to the lattice O 1s peak at ~531 eV.
From Tables 1, 2 and 3, the 98.08 at.% of LO in S1 is found to be dropped to 92.29 at.% for S2, but
further increased to 97.69 at.% for S3, confirming the highest concentration of OV in S2. This is also

reflected from the corresponding at.% of the NLO peak for S1, S2, and S2.

Typically, OV (defects in the crystal structure, where oxygen atoms are absent from their lattice sites)
are generated at grain boundaries, and as the average grain size decreases, the grain boundary area
increases®®’!. As revealed from our XPS analysis, the concentration of OV is strongly affected by the
growth temperature of the HfO: layer, where the increase in substrate temperature enhances oxygen
mobility and promote the formation of OV via thermal activation. Consequently, the concentration of
OV in the film grown at 300°C (S2) rises as compared to S1. The high OV concentration in S2 is
associated with a phase transformation from orthorhombic to monoclinic (see Fig. 1(d)).?! However,
the average grain size in the monoclinic phase is nearly an order of magnitude larger than in the

orthorhombic phase, which explains the coexistence of both monoclinic and orthorhombic phases in

12



S3, and the corresponding reduction in OV concentration. Therefore, in this case, both OV concentration

and average grain size play a critical role in the phase transformation from orthorhombic to monoclinic.

To check the performance of these HfO, films, the current-voltage (I-V) characteristics of the

Ag/HfO,/Pt device structures were investigated by sweeping the applied voltage on the Ag electrode

from -0.3 V—0 V—+0.3V—0 V as the one shown in Fig. 4(a).
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Figure 4: (a) Resistive switching characteristics (I-V curves), (b) retention test, (c) endurance test, and (d) Row/Ro

ratio comparison of devices using S1, S2, and S3 samples. The HRS and LRS in (b) and (c) are marked by thick
and thin lines, respectively.

As discerned from Fig. 4(a), the steady increase in positive voltage on the device from 0 V to a certain
positive voltage changes the device from HRS to LRS, called the “SET” process, whereas it changes
from LRS to HRS in the “RESET” process by imposing the voltage from 0 V to a negative voltage.

Interestingly, no electroforming process is found in this RS process without the need for a compliance

13



current, which is often needed during the SET process to prevent excessive current that could damage

the device or affect its reliability.

When the same potential bias is applied to all devices, distinct differences are observed in their
respective [-V characteristics. As shown in Fig. 4(a), the current values are highest for the S2 sample,
followed by S1, with S3 exhibiting the lowest current. This can be attributed to the uniform grain growth
and the stable monoclinic phase present in the S2 sample, which enhances the formation of CF with
improved current conduction mechanism. In contrast, the S1 and S3 samples show less distinct
switching, likely due to the variations in grain structure and phase composition, with S3, which has

smaller grains and mixed phases, displaying the least efficient switching characteristics.

To further investigate the reliability of the devices, both retention and endurance properties were
evaluated, as shown in Fig. 4. In fact, the typical DC retention data recorded up to 2000 sec with a read
voltage of Viead = 0.02 V at RT is shown in Fig. 4(b). It is evident that the S1 device gives a small gap
between the HRS and LRS, resulting in a low Rqn/Rosr ratio. In contrast, the S2 device exhibits a more
pronounced separation, with the HRS shifting to higher resistance and the LRS shifting to lower
resistance, leading to a significantly improved Ron/Rofr ratio. Surprisingly, instead of following this
trend, the S3 device shows both LRS and HRS shifting to higher resistance, which counterintuitively

results in a lower on/off ratio compared to S2.

To assess the repeatability of the resistive switching behavior in these RRAM devices, endurance tests
were performed. Figure 4(c) displays the DC endurance results after 300 switching cycles for all
devices. A similar trend is observed in the retention test, with S2 demonstrating the best endurance
performance, while S1 and S3 exhibit less stable behavior, further highlighting the superior switching

characteristics of the S2 device.

The Ron/Rosr ratios for the S1, S2, and S3 samples are estimated to be 5, 8000, and 600, respectively, as
shown in Fig. 4(d). As discerned, the S2 sample exhibits the highest Row/Ros ratio, which can be

attributed to its superior grain growth and the formation of a more stable monoclinic phase (discussed

14



above). This phase is associated with a higher concentration of OV,* which enhances the resistive

switching behavior, resulting in a significantly improved Ro./Rof ratio compared to S1 and S3.

To investigate the multi-level switching behavior of the devices, I-V cycles were performed with
varying stop voltages during RESET operation. The device with S2 has shown the highest number of
distinct HRS with respect to S3 and S1, confirming the better multilevel behavior as the one shown in
Fig. 5(a) in the presence of highest OV concentration (see Fig. 3). The multilevel behaviors of S3 and

S1 devices have also been illustrated in Fig. S2 for clarity.
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Figure 5. (a) RESET voltage-dependent multi-level I-V resistive switching characteristics of the S2 device. (b)

Richardson plots (In(I) vs \[V) analysis of the HRS states of stop voltage-based multilevel states. (c) Extracted
slope values from the Richardson plots and filament rupture percentage. (d) DC I-V characteristic curve of the

device during gradually increasing stop voltage during the RESET process.
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I-V curves for multiple HRS states have been replotted in the high field region (V > 0.3 V) as In(I)
versus V2 on a logarithmic scale (see Fig. 5(b)). The linearly fitted trend observed in the In(I) versus

V12 pots indicates that the dominant conduction mechanism is thermionic emission, as described by’

(P | re
J = AT?exp| —— M

where A" is the effective Richardson constant, @ is the barrier height, € is the dielectric permittivity, &
is the Boltzmann constant, T is the temperature, and d represents the rupture length of the filament. By

taking the logarithm of Eq. 1, the relationship between the intercept and slope can be expressed as

slope « \/% 2)

Figure 5(c) displays the slope values obtained from Eq. 2 across different reset voltages. As the RESET-
stop voltage increases from 0.3 V to 0.7 V, the slope of the device decreases from 2.03 +0.01 to 1.54 +
0.01 (see Fig. 5(c), left y-axis). A reduced slope in the In(/) versus ¥ plots indicates a larger d value,
according to Equation (2). This observation can be interpreted as an increased filament rupture length,
as shown on the right y-axis of Fig. 5(c). Consequently, higher RESET-stop voltages lead to elevated
HRS states. Importantly, our experimental findings on the variation of filament rupture length with
RESET-stop voltages are consistent with previously reported simulation models, such as the
Stanford/ASU Model*? and the Huang Physical Model. Figure 5(d) illustrates the gradual reset process
of the S2 device under different stop voltages. While the LRS remains nearly the same across the various
stop voltages, distinct HRS levels are clearly observed. This indicates that the HRS can be effectively

modulated by adjusting the stop voltages.

The stability of different HRS was also confirmed by endurance tests for 300 cycles in each Vg (Se€
Fig. 6(a)). As can be seen, the LRS, along with multiple HRS, is obtained from the RESET I-V read at
0.02 V. The average resistance states are found to be ~69.4 Q, 119 Q, 229 Q, 573.3 Q, and 264.5 kQ
for HRS with RESET voltages of -0.3 'V, -0.4 'V, -0.6 V, -0.7 V, -0.8 V, respectively. Data retention is

also an important property for different HRS stabilities and synaptic applications. Figure 6(b) shows
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the retention properties up to 1500 sec for distinct LRS and five different HRS for testing the reliability

of multi-state resistance.
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Figure 6. (a) Endurance properties, (b)retention test, (c) the cumulative probability distribution of the LRS and
for different HRS states for the multi-level states achieved by varying stop voltages. (d) Variation of average

resistance during HRS with increasing stop voltages.

Additionally, Fig. 6(c) presents the cumulative probability plots for the LRS and multiple HRS states at
different stop voltages, demonstrating uniform resistance distribution across all states. Figure 6(d)

shows a clear trend of increasing average HRS resistance as the RESET stop voltage is raised.

All these findings demonstrate that our device is highly capable of multilevel operation, achieving an
impressive Ron/Rosr ratio of 8000 and retention of each HRS for up to 1500 sec. Additionally, the device

exhibits an excellent memory window, and maintains a stable LRS and five distinct HRS with minimum
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fluctuations. A key advantage of our device is its lower operating voltage, with significantly reduced
SET/RESET voltages compared to the existing devices. Moreover, it operates as a forming-free device,
eliminating the need for an initial forming process. It does not require the application of a compliance
current, simplifying its operation and enhancing reliability. To evaluate device performance, multiple
RRAM devices were tested both within the same batch and across different fabrication batches. The
results demonstrated consistent performance, confirming high reproducibility across devices. A
comparison with previously reported devices featuring similar configurations and structures further
highlights these advantages, such as higher Ron/Rosr ratios, lower operating voltages, improved retention
times, and superior stability in both LRS and HRS states. These attributes confirm superior resistive
switching behavior of our device, making it a strong candidate for advanced memory applications. A
comparison table follows further to illustrate its performance superiority over previously published

results.

Table 4: Comparison of the performances of HfO-based devices considering the most used figures of merit.

Device structure Forming Vet Vieset | Deposition Oxygen Ron/Rofr | Multilevel | Refs.
(TE/active potential parameters Vacancy ratio
layer/BE) Analysis
TiN/HfO,/Pt No 1.03V | - Sputtering, XPS, ~100 No 3
2.7V | 300°C FESEM
Impedance

analysis  at

low temp
ITO/HfO/TiN 5.5V-6V 5V -4V ALD, NA NA No 34
300°C
TiN/HfO2/Pt NA 6V -2V Sputtering NA 106 Yes 8
In/HfO2/Pt 8.5V 8V -8V RF XRD NA No 3
Magnetron
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Sputtering

@ 550°C
Ts
Pt/HfO/Ti/TiN 2V v - ALD, NA 10° Yes 36
0.7V | 200°C
Au/HfOx/HfO./Pt | 2.5V 0.3V - RF XPS NA NA 37
0.2V | Magnetron
Sputtering
Pt/HfOx/Pt 2.2V 2.5V - RF TEM, AFM NA NA 38
to 0.6V | Magnetron
0.9v to - | Sputtering
0.9V
Ti/HfOx/Pt 3.18V 0.6V - Reactive TEM, XPS NA Yes 39
0.6V | Sputtering
TiN/HfO2/Ti/TiN 2.5V 0.7V - ALD NA 2 Yes 40
0.8V
W/HfO2.x/Pt No 4v - RF XPS depth | >100 Yes 1
3.5V | Magnetron profiling
Sputtering
W/HfO2/TiN Yes 3.5V - ALD AES NA Yes 4
3.6V
Ag/HfO2/Pt No 0.2V - RF XPS, TEM, | 8000 Yes This
0.2V | Magnetron Impedance work
Sputtering Spectroscopy
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As evident from the comparison, devices with large operating windows often suffer from poor retention
of intermediate states and higher power consumption. On the other hand, devices with strong retention
and low power consumption typically demonstrate limited operating windows and lack precise linear
control. In contrast, the findings reported here mark a significant advancement, offering both low-power
operation and reliable retention, alongside a wide and well-controlled operating window. This makes
our device highly suitable for low-power neuromorphic applications and multi-bit storage, addressing

key limitations seen in previous works.

By considering all the experimental results here, we propose a comprehensive model, as illustrated in

Fig. 7. It shows the formation of CF at LRS and their gradual rupture for achieving distinct HRS.

V,

reset___*

TN ,1§<
‘“C Ag cations (Ag") Pt
e Oxygen Vacancies (OV) LRS

e Non-Lattice Oxygen

Figure 7: The proposed model for the switching mechanism of the Ag/HfO,/Pt device, along with visible evidence
from HAADF STEM images and EELS mapping.

Additionally, the HAADF STEM images are presented, showing the presence of self-assembled
nanochannels, while EELS mapping provides further validation, linking the proposed model to the
experimental evidence. XPS analysis reveals a sufficient concentration of OV that contribute to the

formation of CF, playing a critical role in switching dynamics. HAADF images further confirm the
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presence of multiple nanochannels near the TE, a finding supported by EELS mapping at Ag edge,
which shows some diffusion of Ag into the matrix at their interfaces. However, a detailed comparison
between the HAADF images and EELS mapping reveals an intriguing phenomenon: Ag cation diffusion
occurs primarily in areas where nanochannels are absent, suggesting that Ag cations are confined to a
sub-nanoscale regime, guiding the formation of CF within the matrix. These guided filaments,
comprising both Ag cations and OV, form a stable conductive pathway. These defined conducting
pathways upon application of varying stop voltage, provide a better control over dissolution of CF, thus

enabling a stable and robust multilevel behaviour.

Evidence from the EELS mapping shows that Ag cation diffusion spans only a few nanometres,
indicating that multi-level switching is largely governed by the controlled introduction of OV into the
monoclinic HfO: matrix, achieved through substrate temperature optimization during oxide layer
growth. The formation of nanochannels at the interface facilitates the creation of well-defined and
guided CF rather than random paths that lead to fluctuations in the LRS. As a result, the LRS is highly

stable, with a well-defined and consistent conductive path.

When a positive bias is applied to TE, Ag cations migrate through the nanochannel boundaries, forming
CF. Simultaneously, oxygen ions from NLO in the HfO: layer migrate toward TE, creating additional
OV that join the pre-existing ones, ultimately connecting to the cationic filament along the nanochannel
boundaries. This dual ionic filament switches the device to a stable LRS. When a negative potential is
applied, Ag cations migrate back to TE, and oxygen ions recombine with the OV, breaking the CF and
transitioning the device to an HRS. With increasing stop voltage, this CF rupture occurs in steps, leading

to multiple distinct HRS levels.

By varying the applied stop voltages, we successfully achieved stable multiple HRS levels and a single
LRS, enabled by the well-defined and guided conductive paths formed by nanochannels at the
interfaces. This ensures stable switching states and enhances the device repeatability, consistently

forming CF at the same locations.
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To gain insight into the intrinsic memristive mechanisms of the RRAM devices, the impedance (i.e., Z
=7"+jZ"" consisting of real (Z") and imaginary (Z’") parts) spectroscopy measurements for S2 device

have also been conducted by frequency domain analysis, and the results are presented in Fig. 8.
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Figure 8: (a) Nyquist plots of the data for varying DC voltages on the S2 device. (b) the Bode plots show the
change in impedance modulus |Z| and phase angle (§) with varying frequency for the S2 device without and with
bias of varying magnitude. (c) Variation of obtained parallel and series resistance values with applied DC bias.

(d) Equivalent circuit for fitting the obtained datasets.

Figure 8(a) shows the complex plane plot (Nyquist diagram) of S2 device taken at RT, in which
the x-axis is the real part, and the y-axis is the negative imaginary part. The truncated semicircle
observed in the Nyquist plot indicates the presence of both bulk and interface phenomena
influencing the impedance response of the device. A single semicircle can be found in the

Nyquist graph of the recorded impedance spectra with an offset on the real axis (Fig. 6(a)).
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This hints toward the existence of a single RC element for the equivalent circuit for the
stationary voltage region. Since the Nyquist curves do not pass through the origin, it can be
assumed that the associated equivalent circuit must be an arrangement of two resistors and one

capacitor.>#>43

The high-frequency end of the Nyquist plot represents the bulk properties of the HfO; thin film.
The presence of a semicircular arc in this region suggests a parallel combination of a resistor
and a capacitor, indicative of charge transport through the bulk material. The low-frequency
tail of the Nyquist plot, where the semicircle appears truncated, is typically associated with
interfacial phenomena.>*>* This truncation suggests the presence of additional resistive
components, likely due to charge transfer resistance at the HfO2/Pt interfaces. An equivalent
circuit model was used to quantitatively analyze the impedance data. The model, depicted in
Fig. 8(d), consists of a parallel RC circuit representing the bulk properties and a series resistor
accounting for the interface resistance. The fitting parameters obtained from this model provide
the bulk resistance (Rp) and capacitance (Cp), as well as the interface resistance (Rs).

Table 5: Fitting parameters like Rs, Rp, and Cp determined from the equivalent circuit of the Z' Vs. Z"" (Nyquist)

plots of S2 device without bias as well as with DC biases of 100mV and 200mV.

Obtained Parameters Without bias With 100 mV bias With 200 mV bias
Series Resistance (Rs) | 41.91 43.32 46.42

in Ohm

Parallel Resistance | 6.0043E-8 6.0261E-8 6.1229E-8

(Rp) in Ohm

Capacitance (Cp) in nF | 5449 4674 2056

From the obtained parameters, it is clear that both the bulk HfO: and interface contact

resistances are lowest when the device is unbiased. When subjected to a DC bias of 100 mV
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and 200 mV, the interface resistance increased to 43.32 Q and 46.42 Q in the HRS, respectively,
with corresponding increases in bulk resistance. This suggests an expanded switching window,
confirming multi-level switching behavior. Additionally, the bulk capacitance values decreased
with increasing voltage bias, indicating the device's ability to achieve tunable resistance and

capacitance states under varying voltage conditions.

The Bode plots in Fig. 8(b) provide further insight into the phase angle (¢) and impedance
magnitude (|Z|) across different frequencies for each state. Without bias, the plot shows a high
|Z| at lower frequencies, reflecting significant resistance to charge transport. The |Z| however
drops by applying DC voltages of 100 mV and 200 mV, consistent with the formation of CF
within the HfO. layer. Phase angle analysis further reveals the capacitive and resistive
contributions to the total impedance. In the unbiased and 100 mV bias states, higher capacitive
behavior indicates the charge storage property at the interface, while at 200 mV bias, the
reduced capacitive response with increased resistive contribution suggests an increase in charge

transport through CF.

The results of this study demonstrate the strong potential of our Ag/HfO./Pt-based RRAM
devices for advanced resistive switching applications, particularly for multilevel data storage
and neuromorphic computing. By precisely controlling the substrate temperature during
deposition, we were able to fine-tune the film's microstructure, phase composition, and defect
density, leading to enhanced resistive switching performance. The device exhibits a wide
switching window with stable, distinct intermediate states and excellent endurance, making it
an ideal candidate for multi-bit memory storage. The increased OV concentration and the
formation of well-defined CF provide key insights into the underlying switching mechanism.
The device's tunable interface and bulk resistances, along with its capacitive behavior under

different voltage biases, further highlight its adaptability for low-power applications.
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Additionally, the device operates at low voltage, is forming-free, and does not require
compliance current, resulting in high energy efficiency and reliability. With a significant Row/Ros
ratio, stable performance of HRS and LRS over extensive endurance cycles for long retention
time, this device outperforms many existing RRAM systems, as shown in the comparative
analysis (see Table 4). These qualities make it a robust and scalable solution for next-generation

memory technologies.

Conclusion

In summary, we successfully demonstrated the fabrication of Ag/HfO./Pt-based RRAM device
with controlled deposition of HfO, films by RF magnetron sputtering technique at elevated
substrate temperature for achieving stable monoclinic phase with optimized OV as revealed by
XPS. In particular, we showed a clear transition to monoclinic phase by utilising a substrate
temperature of 300°C during HfO; film deposition. Microstructure analysis of Ag/HfO./Pt
device further confirmed the formation of self-assembled nanochannels near the surface of
HfO; films where the associated EELS mapping revealed the diffusion of Ag cations at their
boundaries. These results collectively support the combined effects of OV and Ag cations in
controlling the formation and dissolution of CF by changing polarities of the applied voltage
and in turn, provides resistive switching behavior at a low voltage (~0.2V) without requiring a
forming potential and/or compliance current, offering a substantial Ron/Rorratio with reasonable
retention and endurance properties. Finally, the synergistic effect of Ag cations and OV along
the self-assembled nanochannels was shown to govern the pathway of CF during RESET
operation. These characteristics make it an outstanding candidate for multi-bit memory storage
and neuromorphic computing, paving the way for the development of scalable, energy-efticient

memory technologies.
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