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ABSTRACT 

The aggressive scaling of electronic devices has brought ferroelectric materials to the forefront of nanoscale research, where lateral 
dimensions strongly influence switching dynamics and device performance. In this context, W/ Hf0.5 Zr0.5 O2 / p-Ge capacitors 
with top electrode sizes ranging from 10 µm down to 0.1 µm are investigated using conductive atomic force microscopy (C- 
AFM). Frequency-dependent measurements reveal that peak switching currents ( Isw ) increase with sweep rate, yet the total 
switched charge remains nearly constant, consistent with full polarization reversal in micro- and submicron devices. Positive- 
Up-Negative-Down (PUND) analysis further isolates the switching current, allowing reconstruction of polarization–voltage ( P- - V ) 
loops and quantification of remnant polarization. The smallest devices (0.01 µm2 ) exhibit switching currents below the detection 
threshold due to parasitic capacitance, masking intrinsic ferroelectric behavior. In contrast, submicron capacitors display an 
apparent increase of remanent polarization attributed to the larger perimeter-to-area ratio, emphasizing the role of edge-dominated 
switching. Together, these findings establish C-AFM as a powerful, spatially resolved technique for probing ferroelectric switching 
in realistic device geometries, providing essential insights for non-volatile memory and neuromorphic applications. 
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 Introduction 

he relentless pursuit of miniaturization in modern electronics
as made the characterization of material properties at the
anoscale not merely a scientific curiosity but a technological
mperative. As device dimensions shrink to the nanometer
cale, bulk material properties no longer adequately describe the
ehavior of active components. At this reduced length scale, local
eterogeneities, grain boundaries, defects, and surface effects
ecome dominant, profoundly influencing device performance
nd reliability [ 1 ]. Lateral scaling of ferroelectric two-terminal
evices, such as ferroelectric capacitors (FeCAPs), ferroelectric
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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tunnel junctions (FTJs) and ferroelectric diodes (FD) present
additional challenges [ 2 ]. Restrictions in ferroelectric domain
wall motion and switching due to grain boundaries in poly-
crystalline films may become critical, reducing device speed.
Moreover, the accessibility of many intermediate states, therefore,
the operation in a multistate analog memristor mode [ 3 ] is
not guaranteed in laterally small devices. Experiments with
nanoscale FTJ or FD devices are needed to properly address these
issues. 

Most research test structures are fabricated at the tens-of-
micrometers scale ( ∼ 10–50 µm lateral size) and measured using
se, which permits use, distribution and reproduction in any medium, provided the 

1 of 11

http://www.advelectronicmat.de
https://doi.org/10.1002/aelm.202500879
https://orcid.org/0000-0002-1573-5291
https://orcid.org/0000-0002-2450-0291
https://orcid.org/0000-0002-4934-2912
https://orcid.org/0000-0002-7120-3644
https://orcid.org/0000-0001-5046-1428
https://orcid.org/0009-0008-5014-691X
https://orcid.org/0000-0003-3798-9724
https://orcid.org/0000-0002-1573-7537
https://orcid.org/0000-0003-2520-3317
mailto:lucian.trupina@infim.ro
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/aelm.202500879
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202500879&domain=pdf&date_stamp=2026-06-18


c  

s  

B  

f  

a  

s  

c  

a  

D  

b  

t  

l  

c  

i  

i  

o  

s  

i  

i  

b  

H  

a  

m  

[  

a  

c  

l  

(  

k  

c  

d  

s  

o  

c

A  

g  

s  

i  

u  

a  

t  

b  

s  

b  

q

H  

o  

o  

t  

t  

f  

t  

a  

c  

i  

o  

g  

v  

(  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500879 by N
R

I for M
aterial Physics, IN

C
D

FM
 B

ucharest, W
iley O

nline L
ibrary on [25/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
onventional micrometer-sized probes. Results obtained from
ubmicron (0.5 × 0.5 µm2 area) MFM capacitors integrated in the
EOL of CMOS [ 4 ] are encouraging, showing no degradation of
erroelectric characteristics (e.g., Pr, ) and improved endurance,
ttributed to reduced defect density. Devices with lateral dimen-
ions in the range 500 nm down to 14 nm [ 5 ] show a reduction of
oercive field with scaling, benefiting cycling endurance without
dverse effects on the fast operation at the nanosecond scale.
uring the materials development stage, devices with areas
elow 1 × 1 µm2 typically require narrow metal lines connected
o larger probe pads over a spacer layer (oxide), defined by
ithography and etching; this adds fabrication complexity and
ost. The large parasitic capacitance of such probe pads placed
n parallel with the small device capacitance can mask the
ntrinsic switching response. Consequently, techniques capable
f providing spatially resolved measurements with nanometer-
cale precision are essential for both fundamental research and
ndustrial applications. Piezoresponse force microscopy (PFM)
s widely used to investigate ferroelectricity at the nanoscale
y imaging domains and recording local hysteresis loops [ 6, 7 ].
owever, PFM signals can be influenced by extrinsic effects such
s surface charging, ionic motion, or electrochemical activity,
aking the identification of ferroelectric switching challenging

 8–13 ]. To overcome these limitations, we employ conductive
tomic force microscopy (C-AFM), which directly measures
urrent under applied bias and enables both current mapping and
ocal I –V spectroscopy [ 14 ]. From these data, polarization–voltage
 P–V ) characteristics can be reconstructed, allowing extraction of
ey ferroelectric parameters such as remnant polarization and
oercive field. Moreover, C-AFM can distinguish between regions
ominated by leakage current and those exhibiting ferroelectric
witching by analyzing the local I –V curves, their dependence
n voltage sweep rate and frequency, the stability of successive
ycles, and the spatial distribution of current [ 15 ]. 

 distinct advantage of C-AFM is its applicability to real device
eometries, including submicron capacitors where the increased
urface-to-volume ratio amplifies interfacial and edge effects,
nfluencing the switching behavior. Recently, the nano-positive
p negative down (nano-PUND) method was introduced as an
dvanced approach to probe ferroelectric switching currents at
he nanoscale in HfO2 -based thin films [ 16 ]. Demonstrated on
are films without top electrodes, it enabled the extraction of
witching currents while suppressing capacitive artifacts. Yet,
ecause the switched area was only estimated indirectly, the
uantitative values of remnant polarization remain uncertain. 

ere, we employ conductive atomic force microscopy (C-AFM)
n fully fabricated W/HZO/p-Ge capacitors with a wide range
f top electrode dimensions, from 10 µm-diameter circles down
o square patterns with 0.1 µm lateral size. Probing the struc-
ures directly through the top electrodes allows us to capture
erroelectric switching in realistic device geometries, bridging
he gap between nanoscale investigations and practical oper-
ting conditions. The selection of the W/HZO/p-Ge stack is
rucial, as the thermal expansion mismatch of the Ge substrate
nduces a beneficial tensile strain that stabilizes the ferroelectric
rthorhombic phase. Unlike Si-based systems, the instability of
ermanium oxides yields a clean, abrupt interface, minimizing
oltage drops and depolarization fields in HZO ultrathin films
 < 10 nm) [ 17, 18 ]. Furthermore, the narrow bandgap and high
of 11
carrier concentration of Ge provide superior polarization charge
screening, which directly influences the wake-up effect and
enhances device endurance compared to Si counterparts. In
addition, the use of Ge provides a viable route to the realization
of Ge ‑based ferroelectric field ‑effect transistors (FeFETs) [ 19 ]. 

By correlating local electrical spectroscopy with surface-sensitive
XPS, we elucidate how electrode surface chemistry influences
the magnitude of locally measured switching current. Our inves-
tigation provides an analysis of HZO switching dynamics by
quantifying the frequency dependence and P –V characteristics,
alongside characterizing the wake-up behavior. Crucially, we
establish the non-linear scaling of current and charge density
with electrode area, confirming that the ratio between the
perimeter and the electrode area ( P/A ) and edge effects strongly
contribute to the measured polarization in submicron capacitors.
Our results highlight the importance of lateral scaling effects
on device performance and validate C-AFM as a robust, device-
relevant methodology with direct implications for ferroelectric
memory and neuromorphic applications. 

2 Results and Discussion 

2.1 Structural and Chemical Properties of 
Substrates and HZO Films 

To assess the structural and chemical quality of the samples, the
substrate surface structure, thin film composition, and surface
chemical properties were analyzed using RHEED together with
in situ and ex situ XPS. The Ge(100) substrate, cleaned by UHV
annealing, exhibited a well-defined (2 × 1) surface reconstruction;
the RHEED image and detailed analysis are provided in (Figure
S1 ). In situ XPS was performed immediately after HZO deposition,
providing a pristine stoichiometric baseline and avoiding air
exposure. Ex situ XPS allowed precise examination of the W
electrode surface after deposition and subsequent processing,
allowing detailed investigation of tungsten oxidation states, as
tungsten is prone to oxidation when exposed to air. The HZO layer
exhibited a near-stoichiometric Hf/ Zr composition, ensuring the
formation of the ferroelectric orthorhombic phase upon rapid
thermal annealing (Figure S2 ). Ex situ measurements on regions
containing W electrodes revealed the presence of W, O, Hf, Zr, and
minor surface carbon contamination, with no detectable foreign
elements. High-resolution spectra showed multiple tungsten
oxidation states (W6 + , W5 + , W4 + , and metallic W0 ), indicating the
presence of mixed WO3-x regions, consistent with earlier reports
[ 20–22 ] (Figures S3 and S4 ). These oxidized regions are intrinsic
to the electrode surface and play a key role in the local conduc-
tivity variations observed by C-AFM measurements, as discussed
later. 

2.2 Ferroelectric Properties of Micron-Scale 
Capacitors 

Conventional electrical measurements of 50 × 50 and 10 × 10 µm2 

W/HZO/p-Ge capacitors confirmed ferroelectric behavior, with
an average remnant polarization Pr ≈ 22 µC ⋅cm− 2 (Figure 1a,b ).
The P-V hysteresis loops were well-defined for large devices,
while smaller capacitors showed higher current noise, as seen
Advanced Electronic Materials, 2026
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FIGURE 1 Ferroelectric characteristics measured by a conventional thin-film ferroelectric tester. P –V (blue) and switching displacement current 
I –V curves (orange–brown) for (a) 50 × 50 µm2 and (b) 10 × 10 µm2 capacitors. 

FIGURE 2 (a) AFM topography images of a 10 µm-diameter tungsten top electrode, recorded over 15 × 15 µm2 scan area. (b) Corresponding C-AFM 

current maps acquired under a − 0.5 V bias over the same area as in (a). (c,d) Line profiles of topography and current, extracted along the red lines shown 
in (a,b), respectively. 
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n the switching displacement current I –V curves of Figure 1b .
his behavior highlights the limitations of macroscopic testing for
caled devices and the need for localized nanoscale probing. 

he topography images of a 10 µm-diameter W electrode,
cquired by AFM, revealed smooth surfaces with a root-mean-
quare roughness (RMS) of 2.2 nm (Figure 2a ). Simultaneously
ecorded current map under a − 0.5 V bias (Figure 2b ) revealed
patial variations in local conductivity. Notably, these varia-
ions did not correlate with the electrode surface morphology
Figure 2c,d ), suggesting that they originate from local variations
n the chemical state of the electrode rather than topographic
rtifacts. Additional measurements performed under vacuum
nd at higher applied bias (2.7 V) confirmed that the conductivity
nhomogeneities persist, indicating they are intrinsic to the
lectrode surface rather than caused by adsorbates or ambient
oisture (see Figure S5 ). 

he current enhancement observed at electrode edges in
-AFM maps originates from geometric effects at the electrode
oundaries, which result in both a stronger local electric field
nd improved mechanical/electrical contact between the tip and
dvanced Electronic Materials, 2026

a

the sample [ 23 ]. As shown in Figure 2b , this edge-induced field
concentration promotes higher local current through the HZO
layer. Beyond geometric effects, spatial variations in tungsten
oxidation also influence the local electrical response. Regions
containing higher-valence W oxides exhibit lower conductivity,
whereas partially reduced or metallic W provides more con-
ductive pathways. This correlation between electrode surface
chemistry and nanoscale conduction highlights the impact of
tungsten oxidation on the nanoscale electrical response of the
device. 

2.3 Nanoscale I –V Characterization and 

Wake-Up Effects 

To investigate the origin of these spatial differences, I –V
characteristics were recorded in well-defined locations that
showed distinct current levels on the C-AFM map (Figure 2b ,
bright and small dark regions). The AFM tip was positioned
with the “Pick a Point” function of the MFP-3D SA system,
and voltage sweeps between − 2 and + 2 V at 1 Hz were applied.
The resulting I-V curves, averaged over five consecutive cycles
3 of 11
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FIGURE 3 (a) I –V characteristics measured by C-AFM at two specific locations: the curve with square markers corresponds to the region with 
higher current levels, while the curve with circular markers represents the region with lower current levels. (b) The P –V hysteresis loop (blue curve) and 
the I –V characteristic (orange–brown curve) measured after the wake-up process in the region with higher current levels. (c) The I –V characteristics and 
(d) P –V hysteresis loops measured in the region with higher current levels at 1, 2, 3, and 4 Hz after the wake-up process. 
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t the same location, are shown in Figure 3a . At the site with
uppressed current, the I –V curve was nearly flat (indicated by
he circular markers in Figure 3a ), indicating the absence of
witching currents within the applied voltage range. However,
hen higher voltages were applied (see Figure S6 ), polarization
eversal could still be induced, consistent with the presence
f tungsten oxides identified by XPS. By contrast, the region
ith enhanced conductivity exhibited higher current levels
nd a characteristic bipolar curve with double peaks (indicated
y square markers in Figure 3a ), typical of polarization-
ependent displacement currents associated with domain
witching. 

he presence of these double peaks is a characteristic feature of
ristine HZO films [ 24 ]. This double-peak structure reflects the
inched loop typical of the as-grown state but does not imply the
xistence of a true antiferroelectric phase. Following electrical
ycling, the ferroelectric response improved significantly due
o the wake-up effect. This process is largely attributed to the
edistribution of mobile oxygen vacancies, which annihilate at the
nterfaces under repeated cycling, thereby reducing the internal
ield that pins the ferroelectric domains [ 25 ]. As shown in
igure 3b , both the I –V and reconstructed P –V loops became
ore symmetric and exhibited enhanced switching currents
fter 1000 electrical cycles. This improved behavior confirms
hat cycling stabilizes the ferroelectric orthorhombic phase by
educing internal bias fields and enabling the activation of
reviously unswitched domains. 
of 11

e C
re
Frequency-dependent I –V measurements further revealed an
increase in peak switching current with frequency, consistent
with charge conservation during fast pulse transitions. As shown
in Figure 3c , the switching currents increase with frequency, and
the coercive voltage shifts slightly toward higher values. This
behavior is expected because the total switched charge Qsw is
ideally constant, as it is a material property. Since Qsw corresponds
to the time integral of the switching current, when the voltage
is applied over a shorter time interval (at a higher frequency),
the current must increase accordingly to maintain the same total
charge. In other words, a faster switching process results in a
higher peak current. Theoretically, the four P –V loops shown
in Figure 3d should overlap and exhibit the same 2 Pr value.
However, at low frequencies, leakage currents become more
significant relative to the switching displacement current, leading
to distortions in the measured current. As a result, the integrated
polarization is affected, and the loop shape deviates from the ideal
behavior. 

2.4 Local Polarization Switching Across Entire 
Electrodes 

To confirm the applicability of this local method to real devices,
single-pulse experiments showed that a voltage pulse applied
locally through the AFM tip could induce uniform polarization
reversal across the entire area of a 10 µm-diameter electrode
(Figure 4 ), validating the ability of C-AFM to probe devices under
Advanced Electronic Materials, 2026
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FIGURE 4 (a) C-AFM current map of a 10 µm-diameter capacitor, indicating two local readout positions: point A (green square, negative pulses) 
and point B (blue circle, positive pulses). (b) Polarization initialization by a full voltage cycle (-3 to + 3 V, 4 Hz) applied at the electrode center, with the 
corresponding I –V curve shown in (c). (d) Readout protocol at point A, where the same negative voltage pulse is applied twice consecutively, and the 
current is recorded after each pulse; the resulting I –V curves are shown in (e,f). (g) Readout protocol at point B, where the same positive voltage pulse 
is applied twice consecutively, and the current is recorded after each pulse; the resulting I–V curves are shown in (h,i). The absence of switching during 
the second pulse at both locations demonstrates device-scale polarization reversal under the entire electrode, consistent with the near-equipotential 
behavior of the highly conductive W top electrode. 

r  

(  

t  

c  

t  

g  

t  

p  

s  

t  

d  

t  

a  

o  

p  

o  

c  

w  

w  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500879 by N
R

I for M
aterial Physics, IN

C
D

FM
 B

ucharest, W
iley O

nline L
ibrary on [25/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
ealistic conditions. First, a full voltage cycle from – 3 to + 3 V
Figure 4b ) was applied at the center of the electrode, initializing
he capacitor in the upward polarization state. Subsequently, two
onsecutive negative pulses were applied at point A, located near
he electrode edge (Figure 4a ). Point A is marked in Figure 4a by a
reen square, while point B, marked by a blue circle, corresponds
o the location where positive voltage pulses are applied. The first
ulse induced a clear switching current (Figure 4e ), while the
econd pulse produced no switching (Figure 4f ), demonstrating
hat the polarization at point A had been fully reversed to the
ownward state by the first pulse. We then moved the AFM tip
o the diametrically opposite edge (point B in Figure 4a ) and
pplied two consecutive positive pulses. Again, switching was
bserved only during the first pulse (Figure 4h ), while the second
ulse produced no switching (Figure 4i ). Consistent switching
bserved in readout signals recorded at 1, 3, and 5 µm from the
enter confirmed large-area polarization reversal. Together, these
idely separated stimuli and electrical readouts are consistent
ith device ‑scale polarization reversal under the electrode, i.e.,
dvanced Electronic Materials, 2026
far beyond the immediate tip-sample contact. The physical origin
of this extended switching stems from the high conductivity of the
30 nm W electrode, which rapidly redistributes the applied poten-
tial and establishes an equipotential surface. A simple upper-
bound estimate shows that the lateral voltage drop across a 5 µm
radius electrode is negligible under our conditions ( ΔV < 1 mV
for the measured picoampere-level currents and the low sheet
resistance of W), so the normal field in the HZO is essentially
uniform across the electrode area. Nevertheless, local variations
in interface chemistry may cause initial nucleation beneath the
tip, followed by gradual lateral domain expansion until complete
switching is achieved. Thus, the reversal process combines global
field-driven activation with local domain propagation. Given
the high conductivity of the W electrode, the uniform electric
field distribution is expected to dominate the switching process,
while local domain propagation likely contributes only to the
initial nucleation and short-range lateral expansion beneath the
tip. Although isolated unswitched domains cannot be defini-
tively excluded, their presence is unlikely based on the uniform
5 of 11
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FIGURE 5 AFM and SEM images of nanoscale capacitors. The figure shows square capacitors with nominal lateral dimensions of 0.1, 0.5, and 
1 µm. Panels (a,b) present AFM images of: (a) 0.1 and 0.5 µm devices, while (b) shows the 1 µm device. Insets display cross-sectional profiles extracted 
from the AFM topography. Panels (c–e) show the corresponding SEM images of the electrodes with nominal lateral dimensions of 0.1, 0.5, and 1 µm, 
respectively. 
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witching signals. Ideally, PFM phase imaging through the top
lectrode would provide direct confirmation of uniform domain
witching. However, such imaging was not feasible in this case
ecause the 30 nm-thick metallic W electrode introduces strong
echanical damping, and the piezoelectric response of HZO is
ntrinsically weak. 

.5 Scaling Effects on Submicron Capacitors 

e next investigated submicron capacitors with a 12 nm thick
ZO layer fabricated by electron-beam lithography, with nominal
ateral dimensions down to 0.1 µm (nominal area 0.01 µm2 , see
igure 5 ). High-resolution atomic force microscopy images of
anoscale capacitors with nominal lateral dimensions of 0.1,
.5, and 1 µm are shown in Figure 5a,b , respectively. Current
aps were collected under identical non ‑perturbative conditions
s those used for the 10 µm diameter capacitor (Figure S8
or detailed discussion on the visibility of static contrast and
caling limits). Cross-sectional line profiles, shown as insets,
eveal that the measured electrode dimensions deviate from
he nominal design values. This discrepancy primarily results
rom variations introduced during the etching process and from
nherent limitations of AFM imaging. In particular, the finite
urvature of the AFM tip and its progressive wear during repeated
cans reduce lateral resolution, leading to an overestimation of
eature sizes. Additionally, edge roughness limits the precision
n determining electrode areas. Therefore, the actual capacitor
of 11
area used for effective polarization calculations was determined
from high-resolution SEM images (Figure 5c–e ) using Gwyddion
Grain Analysis via manual thresholding. For square electrodes
with nominal side lengths of 1 and 0.5 µm, the measured areas
were 1.03 ± 0.02 and 0.26 ± 0.01 µm2 , respectively; these values
were used in the 2 Pr calculations. 

The I –V curves were first measured at sweep frequencies of
1, 2, 3, and 4 Hz to evaluate the frequency dependence of
the peak switching current. Subsequently, Positive-Up-Negative-
Down (PUND) measurements were performed to isolate the
switching current component and extract effective polarization.
For the largest capacitor (1.03 µm2 ), the maximum switching
current was about 18–20 pA (Figure 6a ), whereas for the smaller
0.26 µm2 capacitor, the peak current decreased to approximately
8–10 pA (Figure 6b ), both measured at 4 Hz. This decrease is
expected, as fewer ferroelectric domains contribute to switching
current in the smaller device. 

Notably, for the smallest device (0.01 µm2 ; Figure 6c ), the ferro-
electric switching peaks are no longer discernible, and the current
response is entirely dominated by the linear, non-switching
capacitive component [ 26 ]. Based on a simple linear scaling with
electrode area (0.01 × reduction), the expected peak switching
current would be approximately 0.2 pA. However, this extremely
weak signal is completely obscured by the much larger non-
switching background current ( ∼ 40 pA), mainly originating from
the parasitic capacitance of the probe and surrounding circuitry.
Advanced Electronic Materials, 2026
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FIGURE 6 I –V characteristics for three different electrode areas: (a) 1 µm2 , (b) 0.26 µm2 , and (c) 0.01 µm2 measured at four distinct frequencies 1, 
2, 3, and 4 Hz. 
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s a result, intrinsic ferroelectric behavior cannot be resolved at
his lateral scale. 

n Figure 6a,b , the I –V curves of the 1.03 and 0.26 µm2 capacitors
cross four sweep frequencies show a clear increase in current
ith frequency, accompanied by a slight shift of the coercive
oltage toward higher values. Notably, the integrated switching
harge remains nearly constant across frequencies, around (1.6 ±
.1) × 10− 13 C for positive pulses (and slightly lower for negative
nes), confirming that polarization reversal is fully completed
ithin the applied voltage range and that the total switched
harge is unaffected by the voltage ramp at these slow sweep rates
1–4 Hz). 

n addition to switching analysis, the same set of multi ‑frequency
 –V curves was also used to extract the parasitic capacitance
 Cpar ) and leakage current ( Ileak ). To quantitatively assess the
ackground that limits the visibility of switching in the smallest
evices, the setup ‑dominated parasitic ( Cpar ) was rigorously
ecoupled from leakage using a two-frequency protocol evaluated
n the non-switching voltage regime (see Note S6 ). This analysis
ielded a tightly bounded, area-independent parasitic capacitance
f approximately 0.59 pF (0.60 pF for the 1.03 µm2 capacitor
nd 0.58 pF for the 0.26 µm2 capacitor), confirming that the
ackground is entirely dominated by the probe and surrounding
ircuitry. This intrinsic capacitance dictates the magnitude of the
easured current plateaus ( ≈ Cpar ∙ d V /d t ), which scale from
 10–12 pA at 1 Hz to ∼ 40–50 pA at 4 Hz for the applied
ias 10 Vpp ramps. Beyond this deterministic background, the
etection limit is set by residual current fluctuations on the
lateau. Using a robust MAD-to- σ estimator in a strict [ + 1,
 2] V window, we determined a limit of detection I (3 σ) ≈
LOD 

dvanced Electronic Materials, 2026

a

0.3–0.4 pA (see Note S5 ). Given that the switching current scales
linearly with electrode area, the 0.01 µm2 capacitor is expected
to produce a peak of only ∼ 0.2 pA at 4 Hz. This signal is not
only below the ILOD , but it represents a mere 0.4% contribution
to the total measured current (50 pA). Consequently, the intrinsic
ferroelectric peaks are completely masked by the overwhelming
setup-dominated background and the associated system noise,
explaining their absence in the raw data for the 0.01 µm2 

capacitor. 

2.6 Edge-Induced Enhancement of Apparent 
Polarization and Implications for Nanoscale Probing

PUND measurements on laterally scaled capacitors (Figure 7 )
enable the isolation of switching from non ‑switching contribu-
tions and the quantitative reconstruction of polarization–voltage
loops. Switching charge was extracted using the model ‑based
background correction described in Section 4 and SI Note
S7 . Figures 7a,b display the complete PUND pulse sequences
recorded on the 1.03 µm2 and 0.26 µm2 capacitors, respectively.
In Figure 7c,d , the background-corrected switching current is
plotted as the mean trace with a shaded ± standard deviation (SD)
band (1 µm2 : n = 7; 0.26 µm2 : n = 4 I –V cycles). For each cycle,
Isw was numerically integrated over time to yield the switched
charge Qsw , which was then used to reconstruct the P-V loops
(across-runs mean ± SD) shown in Figure 7e,f ). 

The PUND analysis reveals a pronounced size dependence of
the effective remanent polarization (2 Pr ). For each device (area
1.03 and 0.26 µm2 ), multiple PUND cycles acquired at the same
location were analyzed. 2 Pr was obtained from the stabilized
7 of 11
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FIGURE 7 Analysis of ferroelectric switching using PUND measurements for scaled capacitors. Left column: 1.03 µm2 capacitor; right column: 
0.26 µm2 capacitor. (a,b): measured I –V curves from the PUND protocol. (c,d) background ‑subtracted switching current Isw ; (e,f) reconstructed P –V 
hysteresis loops obtained by integrating Isw . Note: 2 Pr values and error band represent the mean ± SD across repeated PUND cycles on a representative 
device (n = 7 for 1.03 µm2 ; n = 4 for 0.26 µm2 ) . 
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rea
emanent states and aggregated across runs as mean ± SD.
sing the experimentally determined capacitors area, we find
or 1.03 µm2 capacitor the 2 Pr = 20.86 ± 0.83 µC ⋅cm− 2 (SD, n =
); 95% CI: ± 0.76, and for the 0.26 µm2 capacitor 2 Pr = 27.64
 1.19 µC ⋅cm− 2 (SD, n = 4); 95% CI: ± 1.90. This yields Δ(2 Pr )
 6.78 ± 1.45 µC ⋅cm− 2 (SD combined in quadrature). Across-
un 2 Pr ( V ) curves are reported as mean ± SD, consistent with
etween-run variability. Although total switching charge Qsw
ecreases with area, the normalized 2 Pr = Qsw /A increases for
he smaller capacitor, consistent with edge ‑dominated switch-
ng at elevated perimeter ‑to ‑area ratios; given the limited set
f lateral geometries, we emphasize the qualitative nature
f this attribution. In the (Note S4 ), we additionally report
ingle-cycle 2 Pr for a representative loop, defined as the cycle
hose 2 Pr is closest to the across-run mean (i.e., the mean
cross all cycles within the same run). together with single-
of 11
run uncertainty obtained by propagating the integration noise
at Pr + and Pr − and including the electrode-area contribution in
quadrature. 

This observation is somewhat counterintuitive since polarization
is generally thought to be an intrinsic property of bulk material.
This behavior can be attributed to edge effects, where fringing
fields near the electrode perimeter enhance the local electric
field ( Elocal ), creating a boundary region with highly efficient
switching kinetics. This intensified Elocal induces switching of
an excess charge ( Qedge ) from an effective switching area ( Aeff )
that extends beyond the nominal electrode area ( A ). As the
device area shrinks, the Perimeter- to- Area ( P/A ) ratio increases
dramatically, causing the non-scaling perimeter-related charge
( Qedge ) to become a dominant fraction of the total measured
Qsw . When this total charge is normalized by nominal area A ,
Advanced Electronic Materials, 2026
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rea
he result is an apparent enhancement of polarization density,
onfirming that the increased 2 Pr is an extrinsic size effect caused
y geometric field crowding. Even though the electrode thickness
ecreases from 22 nm (1.03 µm2 device) to 16 nm (0.26 µm2 device),
s evidenced by the AFM topography line-profile cross sections,
he expected electrical impact of this reduction would be opposite
o the observed trend: a thinner W electrode would increase the
heet resistance and degrade lateral potential uniformity, thereby
uppressing switching efficiency and typically reducing 2 Pr . In
ontrast, our measurements show an increase in effective polar-
zation for the smaller devices. A similar scaling behavior has
een reported for HfO2 MIM capacitors, where an area- perimeter
odel separates bulk and edge current components, with edge
ontributions becoming dominant as device size decreases [ 27 ].
his analogy supports the interpretation that deviations from
deal area scaling originate from geometric field-distribution
ffects common to dielectric and ferroelectric structures. 

n the present study, the evidence for edge-dominated switching
s semi-quantitative, as the limited set of lateral geometries does
ot permit the extraction of a quantitative perimeter-to-area scal-
ng law. Although internal statistics confirm local reproducibility,
igorous quantification will require an expanded device set and
edicated control structures. Local material variations and edge
rregularities may further introduce uncertainty in estimating the
dge contribution. Despite a possible systematic overestimation
f 2 Pr due to the geometric field crowding, both I –V and PUND
easurements consistently support the robustness of C-AFM for
robing nanoscale ferroelectric switching. A fully quantitative
eparation of bulk and edge contributions would require addi-
ional device geometries and dedicated electrostatic simulations,
hich lie outside the scope of this methodological study. 

 Conclusions 

his work demonstrates that conductive atomic force microscopy
s an effective approach for probing ferroelectric behavior in
/ Hf0.5 Zr0.5 O2 /p-Ge capacitors, demonstrating its applicability
cross electrode sizes ranging from several micrometers down
o 500 nm. C-AFM current mapping and I –V spectroscopy,
upported by XPS, show that local conductivity correlates with
he tungsten surface chemistry, but these variations have a minor
mpact on the overall switching behavior. Lateral scaling anal-
sis shows that the normalized remnant polarization increases
n smaller capacitors, contrary to expectations that remnant
olarization is a material property. While this is true for large-
rea devices, size effects dominate in scaled devices, suggesting
hat the apparent enhancement originates from edge-dominated
witching, where fringing electric fields at the electrode perimeter
romote locally intensified polarization reversal that contributes
o a non-scaling charge component. Our results highlight both
he benefits and limitations of ferroelectric switching devices at
he nanoscale. As lateral dimensions decrease, switching current
eaks rapidly diminish, while the capacitive current remains
onstant at about 40 pA, due to parasitic capacitances. Although
he 0.26 µm2 capacitor still exhibits measurable current peaks of
 8 pA, in the smallest devices (0.01 µm2 ) the ferroelectric switch-
ng currents fall below the measurement threshold, completely
asked by parasitic capacitances. This defines the practical
ensitivity limit of the C-AFM approach and highlights the need
dvanced Electronic Materials, 2026
for future developments in low-capacitance probe designs and
advanced background-subtraction schemes to enable reliable
ferroelectric readout. 

Beyond reproducing realistic device operation, C-AFM provides
spatially resolved insight into the coupling between intrinsic
ferroelectric switching and extrinsic structural factors, such
as electrode oxidation and geometry, effects that are averaged
out in conventional macroscopic measurements. It is worth
emphasizing that although C-AFM is a local probing is quite
effective in waking up the device by field cycling, and that local
switching of the device induces switching in every point of the
entire capacitor area, which is beneficial for the operation in
real applications. This capability to decouple and evaluate local
switching mechanisms establishes C-AFM as a powerful, device-
relevant methodology, essential for guiding the scaling and
optimization of future ferroelectric memory and neuromorphic
architectures. 

4 Experimental Section 

HZO films were prepared by plasma-assisted atomic oxygen
deposition in a molecular beam epitaxy (MBE) chamber at 80◦C
on single-crystal p-type Ge(100) substrates (0.013–0.014 Ω⋅cm).
Substrates were pre-annealed at 500◦C for 5 min in ultra-
high vacuum (UHV) to remove surface contaminants. In situ
Reflection High Energy Electron Diffraction (RHEED) was used
with an electron energy of 15 keV and an incident angle of 4◦
recorded in a fluorescent screen. 

During HZO growth, Zr and Hf were co-evaporated with equal
rates ( ∼ 0.1 Å⋅s− 1 ) from electron-beam evaporators while a remote
RF plasma source (350 W) supplied atomic oxygen at a partial
O2 pressure of 1 × 10− 8 mbar. After deposition, 30 nm-thick W
top electrodes were patterned by photolithography into circular
shapes with a diameter of 10 µm. Smaller electrodes were defined
by Electron Beam Lithography (EBL) as squares with lateral sizes
of 1, 0.5, and 0.1 µm. To enable lift-off of the electrodes, the
samples were spin-coated with a bilayer of MMA/PMMA and
exposed in a 100 keV EBL writer. After development in MIBK:IPA
1:2, 30 nm of tungsten was deposited by sputtering, and the resist
was removed in acetone. 

To crystallize the initially amorphous HZO into the ferroelectric
orthorhombic phase, rapid thermal annealing was performed at
420◦C for 400 s with a heating ramp of 150◦C/s in N2 atmosphere.
The XPS investigations were conducted both in situ and ex situ. 

The in situ measurements were performed on the HZO layer,
while the ex-situ analysis was carried out on the HZO layer after
tungsten electrode deposition. The in-situ measurements were
conducted using a SPECS XPS system equipped with a non-
monochromatic magnesium K α X-ray source (photon energy:
1253.6 eV), operated at 12 kV and 12 mA, delivering a total power
of 144 W. The photoelectrons were analyzed using a Phoibos
100 mm hemispherical energy analyzer (SPECS GmbH) at a pass
energy of 7 eV to ensure high energy resolution. A fixed take-
off angle of 54◦ (relative to the sample surface normal) was used
during acquisition. The base pressure in the analysis chamber was
maintained below 1 × 10− 8 mbar. 
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rea
or the ex-situ analysis, a Kratos XPS Axis Ultra DLD setup
as employed, equipped with a monochromatized Al K α X-ray
ource (1486.74 eV) operating at a total power of 180 W, achieved
y applying a voltage of 15 kV and a current of 12 mA. The
hotoelectron analyzer employed in this study was a concentric
emispherical analyzer with a radius of 165 mm. The electron
ake-off angle was 45◦, and it operated in a fixed analyzer
ransmission mode. The pass energy was established at 20 eV, and
 magnetic immersion lens was utilized to augment the efficacy
f electron detection. The base pressure of the spectrometer was
round 1 × 10− 9 mbar. To mitigate the impacts of charging,
n electron flood gun was utilized. This gun functioned at an
lectron energy of 1 eV and an electric current of 0.1 mA. The
 1s peak at 284.6 eV was used as a reference for surface carbon
ontamination. 

canning Electron Microscopy (SEM) images were recorded
sing a Field Emission Scanning Electron Microscope, Gemini
00, from Carl Zeiss Company, Germany. SEM imaging was
erformed using the InLens detector, operating at an accelerating
oltage of 1.5 kV, a working distance of 2.7 mm, and 50 kX
agnification. 

onventional electrical measurements were performed on
arge ‑area capacitors using an aixACCT TF Analyzer 1000
erroelectric thin ‑film tester and tungsten (W) probes. P –V loops
nd switching ‑current traces were acquired at 1 kHz. The applied
oltage sweep was typically ± 2 V. The wake ‑up of the HZO layer
as induced by 1000 electrical cycles at 2 V, with the cycling
mplitude chosen slightly below the subsequent read ‑out sweep
e.g., 2 V cycling preceding a ± 2.5 V read sweep). 

onductive atomic force microscopy (C-AFM) measurements
ere performed using an MFP-3D SA system (Asylum Research,
xford Instruments) in ambient air at room-temperature. RMN-
5PT300B probes (Rocky Mountain Nanotechnology) with a solid
t wire tip (nominal radius of ∼ 25 nm) and a nominal spring
onstant of ∼ 18 N/m were used. All measurements were carried
ut under identical force setpoints to ensure consistent tip-sample
ontact conditions. The C-AFM module Orca, with a sensitivity
f 2 nA/V, enabled simultaneous mapping of surface topography
nd local current. Prior to data acquisition, the tip-sample
lectrical junction was verified by repeated I –V spectroscopy
n a platinum reference surface, which yielded highly linear
haracteristics (R2 = 0.999956), confirming an ohmic and stable
nterface under the employed experimental conditions (see Note
2 and Figure S7 ). For C-AFM current mapping, a constant bias
f -0.5 V was used with a scan rate of 1 Hz. Local I –V spectroscopy
as performed by sweeping the voltage at frequencies of 1, 2, 3,
nd 4 Hz, enabling the analysis of the frequency dependence of
he switching behavior. The statistical analysis presented in this
ork is based on repeated measurements acquired consecutively
t the same location on a representative device (1.03 or 0.26 µm2 ),
hereby minimizing spatial variability and ensuring a stable
ip-sample contact during consecutive switching cycles. 

olarization switching was quantified from PUND measurements
fter correcting the raw current for non-switching contributions.
he non-switching baseline current was modeled as Ibase (t) = I0
 Geff ∙ V(t) + Cpar ∙ (dV/dt) . Here, Cpar = 0.60 pF and Geff =
.22 × 10− 13 S were obtained independently from multi-frequency
0 of 11
I –V measurements, and I0 was determined from non-switching
regions of the voltage sweep. The switching current was then
calculated as Isw = Imeas —Ibase , and the charge associated with the
P and N pulse was obtained by numerical time integration (see
Note S7 ). 

To avoid confusion, we use three aggregation levels throughout:
(i) local I –V ramp averaging (5 consecutive ramps) only for
visualization (Figure 3 ); (ii) across ‑run PUND statistics for 2 Pr 
(1.03 µm2 : n = 7; 0.26 µm2 : n = 4; Figure 7 ); and (iii) a repre-
sentative single ‑cycle example in the SI. Single-cycle uncertainty
propagation details are provided in Note S4 (Figure S10 ), while the
detection-limit analysis (including the numerical ILOD ) appears in
Note S5 . 
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