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ABSTRACT: Direct three-dimensional visualization of conductive
filaments (CFs) in valence change memory is essential for resolving
whether their spatial evolution is governed by stochastic defect generation
or by electrode geometry. Here, we apply conductive atomic force
microscopy tomography to a TiO2 (10 nm)/Pt structure, extending this
technique to TiO2-based CFs previously inaccessible to tomographic
characterization. The tomogram reveals a reverse-cone morphology
whose terminus preferentially connects to a Pt bottom electrode (BE)
protrusion, evidencing dual field enhancement at both interfaces. Current gradient analysis reveals a nonmonotonic conductivity
profile, with values of 0.1355, 0.0682, and 0.1035 nA/nm at the top, middle, and bottom, consistent with lateral electrostatic
confinement by the BE protrusion. Competing exponential field dependence of vacancy generation and linear field dependence of
drift accounts for the near-tip constriction. These results establish the BE morphology as an active confinement mechanism and
identify nanoscale BE roughness as a key parameter influencing switching variability in resistive random access memory.
KEYWORDS: Conductive Filament, C-AFM Tomography, Resistive Random Access Memory (RRAM), Resistive Switching,
Dual Field Enhancement

Resistive random-access memory (RRAM) has emerged as
a leading candidate for next-generation nonvolatile

memory owing to its simple device structure, fast switching
speed, and high integration density.1−4 Among RRAM
variants, valence change memory (VCM) based on transition
metal oxides such as TiO2 operate through the reversible
formation and rupture of nanoscale conductive filaments
(CFs) composed of oxygen vacancies.5 Although CF-based
switching has been studied extensively, the widespread
commercialization of RRAM remains hindered by variability
in SET/RESET parameters and limited endurance.6 These
reliability issues stem from an incomplete understanding of
whether CF morphology and spatial evolution are genuinely
stochastic or are governed by electrode interface geometry.7

Resolving this question demands direct, three-dimensional
(3D) characterization of individual CFs under well-controlled
conditions.

To access the 3D structure of CFs, conductive atomic force
microscopy (C-AFM) tomography�also termed scalpel
scanning probe microscopy8�has been established as a
powerful tool. Seminal studies employing this technique
revealed forward-cone morphologies and quantized conduc-
tance behavior in metallic filaments formed in conductive-
bridging RAM (CBRAM), or electrochemical metallization
memory (ECM), systems.9 However, applying C-AFM
tomography to VCM systems is inherently more challenging:
oxygen-vacancy-based CFs exhibit significantly lower con-
ductivity than their metallic ECM counterparts, yielding a
weaker signal-to-noise ratio that complicates 3D imaging.

While prior work has explored VCM filament structures in
materials such as SiOx, the intrinsic 3D geometry of a single
VCM filament remains poorly understood relative to ECM
counterparts.10,11 A critical gap therefore persists: direct 3D
visualization of how the CF growth path interacts with the
bottom electrode (BE) interfacial morphology�a factor
widely recognized to influence switching behavior and
reliability�is absent.12,13 Moreover, existing tomography
studies have focused predominantly on exterior morphological
reconstruction, leaving the internal conductivity distribution
and its correlation with local electric field dynamics largely
unexplored.

Here, we apply C-AFM tomography using a conductive
diamond tip to a TiO2 (10 nm)/Pt structure. By forming the
filament with an AFM tip under a highly localized electric field,
we overcome the challenge of low conductivity contrast by
generating a more clearly distinguishable filament and precisely
defining its position. This approach enables the first full 3D
reconstruction of the morphology and internal conductivity
distribution of a single TiO2-based CF.
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The reconstructed 3D tomogram reveals a distinct reverse-
cone morphology, wider near the tip and narrowing toward the
BE. Crucially, the 3D visualization provides direct evidence
that the CF terminus connects to a specific nanoscale
protrusion on the Pt BE surface, demonstrating that CF
spatial evolution is preferentially guided by a dual field-
enhancement mechanism: top-down filament growth driven by
the intense electric field at the tip−TiO2 interface, synergisti-
cally guided by localized field enhancement at the BE
protrusion.14,15

Furthermore, we extend C-AFM tomography beyond
morphological reconstruction by quantitatively analyzing the
internal conductivity distribution through Gaussian fitting of
lateral current profiles at each milling depth. The resulting
current gradient map reveals a nonmonotonic distribution:

steep lateral confinement at both the top and bottom interfaces
with a comparatively diffuse boundary in the middle region.
The resharpening of the current profile at the BE protrusion
provides direct experimental evidence that BE interfacial
morphology acts as an active spatial confinement mechanism,
ultimately governing the structural integrity and precise
location of the CF.

The sample consists of a 10 nm amorphous TiO2 switching
layer deposited on a 150 nm Pt BE, as illustrated in Figure
1a,b. A boron-doped conductive diamond tip served as the
mobile top electrode (TE) for both I−V spectroscopy and C-
AFM current mapping. The forming process was initiated by
sweeping the voltage from 0 to −5.5 V applied to the BE.
Switching to the low resistance state (LRS) was confirmed
when the current reached the compliance limit of 10 μA at

Figure 1. Sample structure and electrical characterization of the TiO2/Pt system. (a) Schematic illustration of the device structure consisting of a
10 nm amorphous TiO2 switching layer on a 150 nm Pt BE. (b) Schematic of the C-AFM measurement setup, showing the boron-doped diamond
tip in contact with the TiO2 surface and the circuit configuration for voltage application and current compliance control. (c) I−V curve recorded
during the forming process, showing switching to the LRS at a compliance current of 10 μA. (d) C-AFM current map of a 1 × 1 μm2 area after
forming, revealing a localized high-conductivity region with a diameter of less than 50 nm, confirming the formation of a single CF.

Figure 2. C-AFM tomography procedure and milling characterization. (a) Schematic of the alternating LFS/HFS cycling protocol used for
controlled layer-by-layer milling. (b) Height line profiles extracted from the red-boxed regions in part d, showing a steady monotonic decrease at an
average milling rate of 0.1 nm per scan. (c) Representative C-AFM current maps (sample bias 300 mV) acquired after 1, 25, 50, 75, and 100 HFSs,
showing the evolution of the CF signal with progressive milling depth. (d) Corresponding AFM height images obtained during LFSs (sample bias
500 mV) at cycles 1, 20, 45, 70, and 95, confirming a flat and artifact-free milled surface throughout the process.
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−5.5 V; upon sweeping back toward 0 V, the current remained
at the compliance limit until approximately −1 V, as shown in
the I−V curve in Figure 1c. To spatially resolve the
conductivity change, the 1 × 1 μm2 area surrounding the
voltage application site was subsequently scanned by C-AFM.
The resulting current map (Figure 1d) reveals a localized high-
conductivity region�a bright spot at the center with a
diameter of less than 50 nm�confirming the formation of a
single CF.

To resolve the vertical structure of the CF, C-AFM
tomography was performed using the conductive diamond
tip as a nanoscale scalpel while simultaneously mapping local
conductivity. The procedure alternated between one low-force
scan (LFS) at 200 nN and five high-force scans (HFS) at 1 μN,
as illustrated in Figure 2a. This cycling strategy ensured milling
consistency and enabled the milling rate to be monitored every
five cycles, providing precise control over material removal
depth. Figure 2c shows representative C-AFM current maps
acquired after 1, 25, 50, 75, and 100 HFSs, and Figure 2d
shows corresponding height images from LFSs at cycles 1, 20,
45, 70, and 95. The milled surface remained flat and free of
significant roughness throughout the process. Over 100 HFSs,
the entire 10 nm TiO2 layer was removed at a stable average
milling rate of 0.1 nm per scan. Consistent current signals in
the central region of the HFS maps confirm complete CF
formation during the SET process. The height line profiles in
Figure 2b, derived from the red-boxed regions in Figure 2d,
show a steady monotonic decrease in height, validating the
gradual and predictable oxide removal. This reliable depth
control, achieved through periodic LFS monitoring, is a
prerequisite for the z-directional resolution required for high-
fidelity 3D CF reconstruction.

Figure 3a presents the front and rear views of the fully
reconstructed CF tomogram, and Figure 3b shows the
corresponding cross-sectional view. The CF exhibits a
reverse-cone morphology, wider near the TE (AFM tip) and
narrowing toward the BE. Notably, the cross-sectional view
reveals that the CF terminus connects directly to a specific
nanoscale protrusion on the BE surface. This protrusion-
guided termination is a reproducible feature: it is illustrated for
representative filaments in Figure S1 and was observed in five
CFs formed at independent locations on the thin film,
confirming that the preferential connection between the CF

base and a BE protrusion is a reproducible structural
characteristic rather than a coincidental observation.

The reverse-cone morphology is consistent with the power-
limited forming conditions employed here and can be
understood within a unified framework that reconciles prior
reports of varying CF geometries. Studies employing high-
compliance currents in the mA range reported conventional
conical or dual-conical morphologies, attributable to Joule
heating-driven lateral expansion.16,17 By contrast, the present
study used a compliance current of 10 μA�more than an
order of magnitude lower�effectively suppressing thermal
contributions and placing the forming process in a tip-field-
dominated, power-limited regime. Under these conditions, the
point-source electric field at the tip apex governs top-down
filament propagation, naturally producing a morphology widest
at the field origin and narrowing toward the BE. The CF
diameter observed here (<50 nm) is consistent with the sub-50
nm filament dimensions reported in a comparable Pt/TiO2
system by cross-sectional transmission electron microscopy,
providing independent cross-validation of the present tomo-
graphic reconstruction.5

The nanoscale tip geometry creates a highly concentrated
electric field at its apex, driving oxygen ion migration to the
surface and leaving behind oxygen vacancies within the oxide.
We propose that CF growth initiates at the tip−TiO2 interface,
where the field is most intense, and propagates downward
toward the BE in a top-down manner consistent with the
observed reverse-cone morphology. The physical connection
between the CF terminus and a BE protrusion indicates that
field concentration is not limited to the tip−TiO2 interface but
also arises at morphological asperities on the BE surface. This
valence-change (anionic) process forms an oxygen-deficient,
Magneĺi-type conductive channel5 rather than a metal
electrodeposit;18 under our forming polarity the tip acts as
the positive electrode, so oxygen ions are extracted toward the
tip and the resulting oxygen-vacancy chain, whose donor
electrons render the channel conductive, propagates the
filament.1,19 Electron injection becomes relevant under the
reverse (reset) polarity, where it neutralizes charged vacancies
and promotes reoxidation,20 and therefore does not set the as-
formed reverse-cone morphology.

To verify this field enhancement, we performed a finite-
difference method (FDM) simulation of the electric potential
distribution, shown in Figure 3c. The calculated field

Figure 3. 3D reconstruction and dual field-enhancement mechanism of the CF. (a) Front and rear views of the fully reconstructed 3D tomogram,
revealing a reverse-cone morphology wider near the tip and narrowing toward the BE. (b) Cross-sectional view of the tomogram, showing the
physical connection between the CF terminus and a specific nanoscale protrusion on the BE surface. (c) FDM-simulated electric potential
distribution around a Gaussian-profiled BE surface protrusion. (d) Calculated electric field magnitude, revealing localized field enhancement at the
BE protrusion, confirming its role as a secondary field concentrator that guides the CF terminus.
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magnitude in Figure 3d reveals a significant increase near a 1.2
nm-tall protrusion, confirming that concentrated fields at these
sites provide a secondary driving force that guides the CF
terminus to a specific BE location. Taken together, for this
single, tip-formed filament our direct 3D observations indicate
that CF spatial evolution�including morphology and growth
path�is preferentially guided by the dual field enhancement at
both electrode interfaces, a morphological correlation con-
sistent with the enhanced local field.

To elucidate the spatial evolution of CF morphology, we
performed quantitative radius analysis as a function of milling

depth. Figure 4a shows the depth-wise diameter profile
extracted using a current threshold of 150 pA. The profile
reveals a generally decreasing trend down to a depth of
approximately 8.8 nm, beyond which the apparent diameter
increases abruptly due to tip contact with the 1.2-nm-tall BE
protrusion. Notably, it also reveals a distinct nonlinear
evolution with a sharp constriction reaching a minimum at
approximately 0.8 nm depth. This deviation from a simple
inverted-cone model suggests a complex interplay between
localized defect chemistry and field-driven transport. The near-
tip constriction was reproduced in two additional independ-

Figure 4. Quantitative diameter profile and necking mechanism of the CF. (a) Depth-wise diameter profile extracted using a current threshold of
150 pA, revealing a nonmonotonic evolution with a sharp constriction at approximately 0.8 nm depth and an abrupt increase near 8.8 nm attributed
to tip contact with the 1.2 nm-tall BE protrusion. (b) FDM-simulated z-directional electric field profile along the CF growth axis. (c) Schematic
plot of the semiquantitative competition model illustrating the crossover between the exponential field dependence of oxygen vacancy generation
flux (Jgen) and the linear field dependence of drift flux (Jdrift) as a function of depth, predicting the existence of a constriction at the crossover depth.

Figure 5. Internal conductivity distribution and electrostatic confinement analysis. (a) Cross-sectional current line profiles extracted from the top
(−0.1 nm), middle (−4.2 nm), and bottom (−8.5 nm) regions of the reconstructed tomogram. (b) Current gradient profiles derived by Gaussian
fitting of the CF edges at each depth; maximum gradient values of 0.1355, 0.0682, and 0.1035 nA/nm for the top, middle, and bottom regions,
respectively, serving as an indicator of internal oxygen vacancy confinement. (c) Lateral electric field component (Ex) at the three depth positions,
showing an outward (negative) force in the top and middle regions and a localized inward (positive) force near the BE interface. (d) Vertical
electric field component (Ey) at the three depth positions. The inset shows normalized Ey profiles with lateral half-maximum positions of 1.22, 4.74,
and 2.56 nm for the top, middle, and bottom regions, respectively, inversely correlated with the current gradient trend.
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ently analyzed filaments (Figure S1c), confirming that necking
is a robust morphological feature of the CF population rather
than an artifact of a single measurement.

To rationalize this nonmonotonic profile, we performed
FDM-based electric field simulations; the z-directional field
profile along the CF growth axis is shown in Figure 4b. We
propose a semiquantitative competition model in which the
CF diameter is governed by the balance between an oxygen
vacancy generation flux Jgen that drives lateral expansion, and a
drift flux Jdrift that transports vacancies axially along the local
field. Because Jgen depends exponentially on the local field E
owing to field-assisted lowering of the hopping barrier,21,22

whereas Jdrift scales linearly with E,1,23 a critical crossover depth
zc necessarily exists at which the two fluxes balance. As
illustrated schematically in Figure 4c, above zc, where the field
is highest near the CF tip, Jgen dominates and the filament
widens; below zc, Jdrift outpaces Jgen, leading to net vacancy
removal from the filament periphery and a diameter minimum.
The FDM-simulated E(z) exhibits its steepest decay within the
first ∼1 nm below the tip apex, consistent with the constriction
minimum at ∼0.8 nm depth. A full description of the model,
including parameter selection and sensitivity analysis, is
provided in Note S2.

The internal lateral current distribution provides insight into
carrier transport dynamics and field confinement. To quantify
this, cross-sectional current line profiles were extracted from
the top (−0.1 nm), middle (−4.2 nm), and bottom (−8.5 nm)
regions of the reconstructed tomogram, as shown in Figure 5a.
Figure 5b presents current gradients derived by Gaussian
fitting of the CF edges at each depth, with the maximum
gradient calculated as Gradientmax = A/σ√e ≈ A/(1.6487σ).
The gradient steepness follows the order top (0.1355 nA/nm)
> bottom (0.1035 nA/nm) > middle (0.0682 nA/nm), serving
as an indirect indicator of internal oxygen vacancy distribution:
densely confined at the interfaces and diffuse in the bulk
middle region.

To elucidate the origin of this gradient trend, we calculated
the lateral (Ex) and vertical (Ey) electric field components from
the spatial derivatives of the FDM potential. The lateral field Ex
in Figure 5c governs the directional dynamics of oxygen
vacancy migration. Its absolute amplitude follows the order top
> middle > bottom. In the top and middle regions, Ex is
negative, indicating an outward electrostatic force that
promotes lateral expansion of the CF and contributes to the
diffuse boundary in the middle region. Near the bottom
interface, however, Ex exhibits localized positive regions,
generating an inward force that confines diffusing oxygen
vacancies toward the filament center.

The vertical field Ey in Figure 5d decreases in absolute
amplitude in the order top > middle > bottom. The normalized
field profiles in the inset reveal lateral half-maximum positions
of 1.22, 4.74, and 2.56 nm at the top, middle, and bottom
regions, respectively�a spatial spread that follows the order
middle > bottom > top, inversely proportional to the current
gradient trend. As the CF approaches the BE, the localized
vertical and inward lateral fields generated by the high-aspect-
ratio protrusion act as secondary concentrators, actively
reconfining diffusing oxygen vacancies and steepening the
internal current gradient to match the narrowed exterior
morphology. These findings indicate that nanoscale BE
interfacial roughness is an active structural factor in the local
confinement of the filament, and a relevant parameter for
switching reliability in RRAM.

In conclusion, we directly visualized the 3D morphology of a
single tip-induced CF in a TiO2 thin film using C-AFM
tomography. The reconstructed tomogram and FDM simu-
lations indicate that, for this single tip-formed filament, CF
spatial evolution is preferentially guided by the electrode
interface geometry. The CF exhibits a reverse-cone morphol-
ogy whose origin is unified within a compliance-dependent
framework reconciling prior reports across different forming
conditions. A distinct nonlinear constriction near the top
interface is elucidated by a semiquantitative competition model
in which the exponential field dependence of Jgen and the linear
dependence of Jdrift necessarily cross at a critical depth under
power-limited, low-compliance forming.24 Internal current
gradient analysis further reveals that nanoscale BE protrusions
act as secondary field concentrators, generating inward lateral
electrostatic forces that actively reconfine diffusing oxygen
vacancies as the CF approaches the substrate. We emphasize
that this preferential, morphologically guided termination
concerns where a single filament ends within an individual
device and should not be conflated with the cell-to-cell
switching variability of a device array. These findings identify
nanoscale BE interfacial roughness as an active factor in CF
confinement, and highlight BE topography as a parameter
worth considering in the design of RRAM devices.

■ METHODS
TiO2 thin films were deposited on Pt (150 nm)/Ti (10 nm)/SiO2
(300 nm)/Si substrates (Quintess Co. Ltd., Korea) by plasma-
enhanced atomic layer deposition (PE-ALD) at 300 °C. Tetrakis-
(dimethylamido)titanium (TDMAT) maintained at 40 °C was used
as the Ti precursor, with oxygen plasma as the reactant.

All electrical measurements and C-AFM operations were
conducted using a commercial C-AFM system (Cypher, Asylum
Research, Oxford Instruments) with a current amplifier (ORCA
holder) and a solid single-crystal boron-doped diamond conical probe
(Adama Innovations, FM-LC; nominal apex radius 20 nm, full cone
angle 90°, spring constant ∼10 N/m) as the mobile TE. All biases
were applied to the BE through the sample while the tip was held at
the virtual ground of the current amplifier, so that a negative bias
denotes a negative potential on the BE relative to the tip. CF
formation was induced by applying a negative voltage sweep from 0 to
−5.5 V to the BE while the tip was in contact with the amorphous
TiO2 surface. Switching from the high resistance state to the low
resistance state was confirmed when the current reached the
compliance limit of Icc = 10 μA. Contact forces were calibrated for
each probe: the deflection sensitivity (InvOLS) was obtained from a
force−distance curve on a rigid sapphire substrate and the cantilever
spring constant from the thermal-tune method, and the 200 nN (low-
force) and 1 μN (high-force) set points were computed from the
calibrated deflection. A solid single-crystal diamond probe was
selected because milling-based tomography demands a mechanically
durable, wear-resistant scalpel: Pt-coated and solid Pt tips deform or
wear under repeated high-force contact scanning�Pt-wire (solid Pt)
tips have been observed to bend or wear after only a few consecutive
scanning experiments, whereas conducting diamond tips remained
essentially unworn25�which would compromise the depth-consistent
current mapping the reconstruction depends on.

For C-AFM tomography, the conductive diamond tip was used as a
nanoscale scalpel to progressively mill the TiO2 layer while
simultaneously mapping local conductivity. Each HFS (contact
force 1 μN, sample bias 300 mV) was alternated with a LFS (200
nN, sample bias 500 mV) that imaged the surface topography; 100
repeated HFSs over the CF formation site yielded 100 sequential 2D
current maps as a function of milling depth. All biases were applied
through the sample with the tip at virtual ground. Complete removal
of the 10 nm TiO2 layer was confirmed by the appearance of saturated
high-current signals corresponding to exposure of the Pt BE.
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For 3D reconstruction, a current threshold of −500 pA was applied
to the stack of 100 current maps to isolate the CF signal from
background noise (measurements were conducted under negative
bias, where more negative current corresponds to higher con-
ductivity). Pixels below this threshold were assigned as background;
those above were identified as the CF. The processed 2D slices were
then digitally stacked along the z axis to yield the final 3D
morphology.

To simulate the electric potential and field distributions, a 2D
finite-difference method (FDM) was implemented using a successive
over-relaxation (SOR) scheme. The simulation domain spanned 20
nm × 15 nm with a spatial resolution of 0.02 nm. The lower 10 nm of
the domain was assigned a relative permittivity of ε = 50 to represent
the TiO2 layer, while the remaining region was treated as air (ε = 1).
The BE surface protrusion was modeled as a Gaussian profile with a
height of 1.2 nm and a standard deviation of σ = 0.8 nm, where the
latter was chosen to account for tip-induced lateral broadening
inherent to C-AFM imaging: because the measured protrusion width
reflects a convolution of the true surface geometry with the finite tip
radius, a narrower width was used in the simulation to better
approximate the intrinsic protrusion geometry.26 The conductive
AFM tip was approximated as a hemisphere of radius 20 nm
positioned at the top of the TiO2 layer, with a bias of +5.5 V applied
to the tip and 0 V to the BE. Convergence was determined when the
maximum nodal update fell below a tolerance of 10−7. The electric
field components were subsequently obtained from the spatial
derivatives of the converged potential. Applying +5.5 V to the tip
with the BE grounded produces the same field distribution as the
experimental configuration (−5.5 V on the BE, tip grounded); an
axisymmetric equivalent of this simulation, which accounts for the
rotational symmetry of the conical filament, is provided in the
Supporting Information.

We acknowledge that the conductive AFM tip geometry differs
from the planar electrodes used in practical RRAM devices. However,
this configuration serves as a well-defined model system with two key
advantages. First, the precise electric field localization at the tip apex
enables controlled formation and spatial isolation of a single CF,
which is essential for the tomographic reconstruction presented here.
Second, the BE interface physics�including the field-enhancement
effect of nanoscale surface protrusions and the resulting spatial
confinement of oxygen vacancies�is independent of the TE
geometry. The mechanistic insights derived from this model system
are therefore relevant to understanding CF behavior in conventional
planar-electrode devices.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02423.

Notes S1−S13 (FDM simulation, competition model,
current-threshold sensitivity, tip convolution, measure-
ment/sign convention, instrumentation and probe, force
calibration, tip-wear monitoring, BE roughness, self-
heating analysis, axisymmetric field model, protrusion
field enhancement, and reproducibility across independ-
ent filaments), Figures S1−S8, and Table S1 (PDF)
Sequential YZ cross-sectional current maps through the
tomographic volume (Movie S1a) (GIF)
Sequential XZ cross-sectional current maps through the
tomographic volume (Movie S1b) (GIF)

■ AUTHOR INFORMATION
Corresponding Author

Seungbum Hong − Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Daejeon 34141, Republic of Korea;

Department of AI Experience and KAIST Institute for
Climate, Environment and Energy, Korea Advanced Institute
of Science and Technology (KAIST), Daejeon 34141,
Republic of Korea; orcid.org/0000-0002-2667-1983;
Email: seungbum@kaist.ac.kr

Authors

Kunwoo Park − Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Daejeon 34141, Republic of Korea;

orcid.org/0009-0007-2698-4078
Chaewon Gong − Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Daejeon 34141, Republic of Korea

Sunghwan Park − Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Daejeon 34141, Republic of Korea;

orcid.org/0009-0007-5361-6684
Sang-Hee Ko Park − Department of Materials Science and
Engineering, Korea Advanced Institute of Science and
Technology (KAIST), Daejeon 34141, Republic of Korea;

orcid.org/0000-0001-7165-8211
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.6c02423

Author Contributions

K.P. and S.H. conceived and designed the study, K.P.
performed C-AFM measurements and tomography experi-
ments, conducted the FDM simulations, analyzed and
interpreted the data, and wrote the manuscript. C.G. assisted
with the C-AFM measurements. S.P. prepared the TiO2/Pt
thin-film samples. S.-H.K.P. provided guidance on sample
fabrication and revised the manuscript. S.H. supervised the
project and critically revised the manuscript. All authors have
given approval to the final version of the manuscript.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by a National Research Foundation
of Korea (NRF) grant funded by the Korea government
(MSIT) (RS-2026-25487626) and by Samsung Electronics
Co., Ltd., under an Industry−Academia Cooperation Program.

■ REFERENCES
(1) Strukov, D. B.; Snider, G. S.; Stewart, D. R.; Williams, R. S. The

missing memristor found. Nature 2008, 453 (7191), 80−83.
(2) Jeong, D. S.; Thomas, R.; Katiyar, R. S.; Scott, J. F.; Kohlstedt,

H.; Petraru, A.; Hwang, C. S. Emerging memories: resistive switching
mechanisms and current status. Rep. Prog. Phys. 2012, 75 (7), 076502.

(3) Yang, J. J.; Strukov, D. B.; Stewart, D. R. Memristive devices for
computing. Nature Nanotechnol. 2013, 8 (1), 13−24.

(4) Waser, R.; Aono, M. Nanoionics-based resistive switching
memories. Nat. Mater. 2007, 6 (11), 833−840.

(5) Kwon, D.-H.; Kim, K. M.; Jang, J. H.; Jeon, J. M.; Lee, M. H.;
Kim, G. H.; Li, X.-S.; Park, G.-S.; Lee, B.; Han, S.; Kim, M.; Hwang,
C. S. Atomic structure of conducting nanofilaments in TiO2 resistive
switching memory. Nat. Nanotechnol. 2010, 5 (2), 148−153.

(6) Lanza, M.; Wong, H.-S. P.; Pop, E.; Ielmini, D.; Strukov, D.;
Regan, B. C.; Larcher, L.; Villena, M. A.; Yang, J. J.; Goux, L.; et al.
Recommended Methods to Study Resistive Switching Devices.
Advanced Electronic Materials 2019, 5 (1), 1800143.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.6c02423
Nano Lett. XXXX, XXX, XXX−XXX

F

D
ow

nloaded from
 pubs.​acs.​org/​nalefd/​article-pdf/​doi/​10.​1021/​acs.​nanolett.​6c02423/​66484091/​acs.​nanolett.​6c02423.​pdf by KO

R
EA AD

VAN
C

ED
 IN

ST SC
I AN

D
 TEC

H
LG

Y user on 12 August 2026

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c02423/suppl_file/nl6c02423_si_003.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02423?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c02423/suppl_file/nl6c02423_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c02423/suppl_file/nl6c02423_si_004.gif
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c02423/suppl_file/nl6c02423_si_005.gif
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seungbum+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2667-1983
mailto:seungbum@kaist.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kunwoo+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-2698-4078
https://orcid.org/0009-0007-2698-4078
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chaewon+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunghwan+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0007-5361-6684
https://orcid.org/0009-0007-5361-6684
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang-Hee+Ko+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7165-8211
https://orcid.org/0000-0001-7165-8211
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02423?ref=pdf
https://doi.org/10.1038/nature06932
https://doi.org/10.1038/nature06932
https://doi.org/10.1088/0034-4885/75/7/076502
https://doi.org/10.1088/0034-4885/75/7/076502
https://doi.org/10.1038/nnano.2012.240
https://doi.org/10.1038/nnano.2012.240
https://doi.org/10.1038/nmat2023
https://doi.org/10.1038/nmat2023
https://doi.org/10.1038/nnano.2009.456
https://doi.org/10.1038/nnano.2009.456
https://doi.org/10.1002/aelm.201800143
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c02423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) Degraeve, R.; Fantini, A.; Raghavan, N.; Goux, L.; Clima, S.;
Govoreanu, B.; Belmonte, A.; Linten, D.; Jurczak, M. Causes and
consequences of the stochastic aspect of filamentary RRAM.
Microelectron. Eng. 2015, 147, 171−175.

(8) Celano, U.; Goux, L.; Opsomer, K.; Iapichino, M.; Belmonte, A.;
Franquet, A.; Hoflijk, I.; Detavernier, C.; Jurczak, M.; Vandervorst, W.
Scanning probe microscopy as a scalpel to probe filament formation
in conductive bridging memory devices. Microelectron. Eng. 2014, 120,
67−70.

(9) Celano, U.; Goux, L.; Belmonte, A.; Opsomer, K.; Franquet, A.;
Schulze, A.; Detavernier, C.; Richard, O.; Bender, H.; Jurczak, M.;
et al. Three-Dimensional Observation of the Conductive Filament in
Nanoscaled Resistive Memory Devices. Nano Lett. 2014, 14 (5),
2401−2406.

(10) Clarke, H.; Deremo, L.; Anderson, J.; Ganguli, S.; Shamberger,
P. J. Conductive filament shape in HfO2 electrochemical metallization
cells under a range of forming voltages. Nanotechnology 2020, 31 (7),
075706.

(11) Wei, T.; Lu, Y.; Zhang, F.; Tang, J.; Gao, B.; Yu, P.; Qian, H.;
Wu, H. Three-Dimensional Reconstruction of Conductive Filaments
in HfOx-Based Memristor. Adv. Mater. 2023, 35 (10), 2209925.

(12) Zhang, W.; Tang, J.; Gao, B.; Sun, W.; Liu, W.; Wang, K.; Wu,
W.; Qian, H.; Wu, H. Impact of Bottom Electrode Roughness on the
Analog Switching Characteristics in Nanoscale RRAM Array. 2021
Device Research Conference (DRC), June 20−23, 2021; DRC, 2021; pp
1 and 2. DOI: 10.1109/DRC52342.2021.9467220.

(13) Charpin-Nicolle, C.; Bonvalot, M.; Sommer, R.; Persico, A.;
Cordeau, M. L.; Belahcen, S.; Eychenne, B.; Blaise, P.; Martinie, S.;
Bernasconi, S.; et al. Impact of roughness of TiN bottom electrode on
the forming voltage of HfO2 based resistive memories. Microelectron.
Eng. 2020, 221, 111194.

(14) Liu, Q.; Long, S.; Lv, H.; Wang, W.; Niu, J.; Huo, Z.; Chen, J.;
Liu, M. Controllable Growth of Nanoscale Conductive Filaments in
Solid-Electrolyte-Based ReRAM by Using a Metal Nanocrystal
Covered Bottom Electrode. ACS Nano 2010, 4 (10), 6162−6168.

(15) Niu, G.; Calka, P.; Auf der Maur, M.; Santoni, F.; Guha, S.;
Fraschke, M.; Hamoumou, P.; Gautier, B.; Perez, E.; Walczyk, C.;
et al. Geometric conductive filament confinement by nanotips for
resistive switching of HfO2-RRAM devices with high performance.
Sci. Rep. 2016, 6 (1), 25757.

(16) Kim, K. M.; Hwang, C. S. The conical shape filament growth
model in unipolar resistance switching of TiO2 thin film. Appl. Phys.
Lett. 2009, 94 (12). DOI: 10.1063/1.3108088.

(17) Kim, K. M.; Park, T. H.; Hwang, C. S. Dual Conical
Conducting Filament Model in Resistance Switching TiO2 Thin
Films. Sci. Rep. 2015, 5 (1), 7844.

(18) Dittmann, R.; Menzel, S.; Waser, R. Nanoionic memristive
phenomena in metal oxides: the valence change mechanism. Adv.
Phys. 2021, 70 (2), 155−349.

(19) Yang, J. J.; Pickett, M. D.; Li, X.; Ohlberg, D. A. A.; Stewart, D.
R.; Williams, R. S. Memristive switching mechanism for metal/oxide/
metal nanodevices. Nat. Nanotechnol. 2008, 3 (7), 429−433.

(20) Lee, J.; Schell, W.; Zhu, X.; Kioupakis, E.; Lu, W. D. Charge
Transition of Oxygen Vacancies during Resistive Switching in Oxide-
Based RRAM. ACS Appl. Mater. Interfaces 2019, 11 (12), 11579−
11586.

(21) Frenkel, J. On Pre-Breakdown Phenomena in Insulators and
Electronic Semi-Conductors. Phys. Rev. 1938, 54, 647−648.

(22) Ielmini, D. Modeling the Universal Set/Reset Characteristics of
Bipolar RRAM by Field- and Temperature-Driven Filament Growth.
IEEE Trans. Electron Devices 2011, 58, 4309−4317.

(23) Menzel, S.; Tappertzhofen, S.; Waser, R.; Valov, I. Switching
kinetics of electrochemical metallization memory cells. Phys. Chem.
Chem. Phys. 2013, 15 (18), 6945−6952.

(24) Lee, T. S.; Lee, N. J.; Abbas, H.; Lee, H. H.; Yoon, T.-S.; Kang,
C. J. Compliance Current-Controlled Conducting Filament For-
mation in Tantalum Oxide-Based RRAM Devices with Different Top
Electrodes. ACS Applied Electronic Materials 2020, 2 (4), 1154−1161.

(25) Hong, S.; Tong, S.; Park, W. I.; Hiranaga, Y.; Cho, Y.; Roelofs,
A. Charge gradient microscopy. Proc. Natl. Acad. Sci. U. S. A. 2014,
111 (18), 6566−6569.

(26) Canet-Ferrer, J.; Coronado, E.; Forment-Aliaga, A.; Pinilla-
Cienfuegos, E. Correction of the tip convolution effects in the imaging
of nanostructures studied through scanning force microscopy.
Nanotechnology 2014, 25 (39), 395703.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.6c02423
Nano Lett. XXXX, XXX, XXX−XXX

G

D
ow

nloaded from
 pubs.​acs.​org/​nalefd/​article-pdf/​doi/​10.​1021/​acs.​nanolett.​6c02423/​66484091/​acs.​nanolett.​6c02423.​pdf by KO

R
EA AD

VAN
C

ED
 IN

ST SC
I AN

D
 TEC

H
LG

Y user on 12 August 2026

https://doi.org/10.1016/j.mee.2015.04.025
https://doi.org/10.1016/j.mee.2015.04.025
https://doi.org/10.1016/j.mee.2013.06.001
https://doi.org/10.1016/j.mee.2013.06.001
https://doi.org/10.1021/nl500049g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl500049g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/ab53a9
https://doi.org/10.1088/1361-6528/ab53a9
https://doi.org/10.1002/adma.202209925
https://doi.org/10.1002/adma.202209925
https://doi.org/10.1109/DRC52342.2021.9467220
https://doi.org/10.1109/DRC52342.2021.9467220
https://doi.org/10.1109/DRC52342.2021.9467220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mee.2019.111194
https://doi.org/10.1016/j.mee.2019.111194
https://doi.org/10.1021/nn1017582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1017582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn1017582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep25757
https://doi.org/10.1038/srep25757
https://doi.org/10.1063/1.3108088
https://doi.org/10.1063/1.3108088
https://doi.org/10.1063/1.3108088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep07844
https://doi.org/10.1038/srep07844
https://doi.org/10.1038/srep07844
https://doi.org/10.1080/00018732.2022.2084006
https://doi.org/10.1080/00018732.2022.2084006
https://doi.org/10.1038/nnano.2008.160
https://doi.org/10.1038/nnano.2008.160
https://doi.org/10.1021/acsami.8b18386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b18386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b18386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRev.54.647
https://doi.org/10.1103/PhysRev.54.647
https://doi.org/10.1109/TED.2011.2167513
https://doi.org/10.1109/TED.2011.2167513
https://doi.org/10.1039/c3cp50738f
https://doi.org/10.1039/c3cp50738f
https://doi.org/10.1021/acsaelm.0c00128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.0c00128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1324178111
https://doi.org/10.1088/0957-4484/25/39/395703
https://doi.org/10.1088/0957-4484/25/39/395703
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c02423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

