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ABSTRACT

Electronic conduction pathways in dielectric thin films are explored using automated experiments in scanning probe microscopy (SPM). Here, we
use large field of view scanning to identify the position of localized conductive spots and develop an SPM workflow to probe their dynamic
behavior at higher spatial resolution as a function of time, voltage, and scanning process in an automated fashion. Using this approach, we observe
the variable behaviors of the conductive spots in a 20-nm-thick ferroelectric Hf0.54Zr0.48O2 film, where conductive spots disappear and reappear
during continuous scanning. There are also fresh conductive spots that develop during scanning. The automated workflow is universal and can be
integrated into a wide range of microscopy techniques, including SPM, electron microscopy, optical microscopy, and chemical imaging.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079217

Oxide films are utilized in various applications in the semicon-
ductor industry. Passive dielectric films are broadly used as gate dielec-
trics or as sacrificial layers during semiconductor processing.
Functional oxides such as ferroelectrics and antiferroelectrics are used
for tunable microwave elements, and information or energy storage.1–3

Therefore, interest in ferroelectric thin films grew from the 1980s to
the early 2000s. However, traditional perovskite-based ferroelectrics
are difficult to integrate into semiconductor processing technology due
to the thermodynamic instability of the ferroelectric–semiconductor
interface, coupled with high process temperatures and limited thick-
ness scaling.4 Recently, the discovery of ferroelectricity in hafnium
oxide-based materials has increased research in this area due to their
compatibility with semiconductor nanofabrication processes and the
presence of robust ferroelectricity in very thin films.5–7

However, thin dielectric and ferroelectric films are susceptible
to the formation of conductive pathways.8–11 These pathways can be
detrimental to device performance, as leaks develop in the film,
necessitating mitigation. Conversely, these pathways can potentially
improve the function of resistive switching devices. Therefore,

studying the formation and behavior of conductive pathways in
thin-film ferroelectrics will be useful for the future development of
this class of materials.

Scanning probe microscopy (SPM) is an ideal tool to study the
local conductivity of thin film materials.12–15 Lau et al. investigated
conductance switching in metal/molecule/metal structures by measur-
ing the local junction conductance via SPM.16,17 They demonstrated
that device switching arises from the appearance and disappearance of
nanoscale conducting spots. Yang et al. investigated local conductive
channels in other memristor devices and their effects on device perfor-
mance.18 Using conductive SPM,19 Szot et al. demonstrated that the
switching behavior of single-crystalline SrTiO3 originates from the
local modulation of defects. These local defects can act as bistable
nanowires, a useful component in terabit memory devices. Conductive
spots, channels, and defects are often spatially separated, meaning that
they appear localized in large field of view (FoV) microscopy images.
In order to study conductive spots in detail with current technology,
the zoom-in process must be operated manually, involving human
intervention to determine the scan-in parameters, e.g., zoom-in
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location, scan size, etc. An automated zoom-in process, driven by
computers, is desirable.

Therefore, we developed an automated workflow for SPM (fea-
ture-exploration workflow) that enables the exploration of specific fea-
tures in microscopy images. This expands upon previous work on
controlled tip trajectories20 and automated experiments in piezores-
ponse force microscopy (PFM).21–26 In feature-exploration workflow,
the features of interest in microscopy images are automatically discov-
ered and located. Then, the zoom-in process is performed in an auto-
matic manner according to the parameters of each feature, e.g., the
feature size and shape. When studying conductive spots in thin films,
the feature-exploration workflow is integrated with conductive atomic
force microscopy (FE-cAFM, abbreviated as cAFM) to investigate local
conductivity. It is notable that feature-exploration workflow is univer-
sal and compatible with other microscopies.

We integrated feature-exploration workflow with cAFM to inves-
tigate the local conductivity of a 20-nm-thick crystalline Hf0.54Zr0.48O2

(HZO) thin film prepared atop a TaN electrode on silicon.27,28 The
preparation of the HZO film is illustrated in Methods in the supple-
mentary material. The film’s topography and cAFM current images are
shown in Fig. 1. The large FoV topography image in Fig. 1(b) shows
the overall morphology, while the small FoV topography image in Fig.
1(c) shows the film’s grain structures. The cAFM current image in Fig.
1(d) displays several highly conducting spots (red spots); they are small
(around several tens of nanometers) and randomly distributed.

To explore the structure and functionality of conductive hot-spots
in an automated fashion, we developed a feature-exploration workflow
enabling the entire measurement process (from the large FoV scan to
small FoV zoom-in scans) to be driven by computer. Furthermore, the
FoV can be customized by users to meet the specific needs of their
research. The computer controls the zoom-in measurements according
to the location and size of the features under investigation; it generates
zoom-in parameters such as location (xi, yi), scan size (si), scan rate (ri),

etc. It then records and saves all results from the zoom-in measure-
ments. The decision making for zoom-in parameters is worth further
improvement in the future,29 e.g., including functions to actively adjust
these parameters according to the information acquired from the
zoom-in measurement. Figure 2(a) shows a schematic of the feature-
exploration workflow in our study. A large FoV cAFM measurement
was taken first. Then, the conductive hot spot identification process
was realized via object-segmentation from the background by a thresh-
old filter. Figure 2(b) shows how we implemented this workflow in our
SPM, where a field-programmable gate array (FPGA) was connected to
the SPM software for real-time control and data acquisition. Here, we
use an Oxford Instrument Asylum Cypher SPM and a National
Instruments USB-7865R R Series Multifunction RIO FPGA for the
automated measurement. The FPGA sends the piezo-voltage to the
piezo-X and piezo-Y channels of the SPM controller to move the tip to
desired locations and performs scanning.

We investigated the conductive spots in the HZO thin film via
FE-cAFM; the results are shown in Fig. 3. Figure 3(a) shows four con-
ductive spots in a large FoV cAFM current image. The locations of
these conductive spots were determined by the feature-exploration
workflow, where the marked boxes represent the zoom-in measure-
ment regions. These are shown in Fig. 3(b). Figure 3(c) shows the
zoom-in cAFM results, which illustrate the evolution of the conductive
spots as a function of scan cycle in the continuous scan process.
Interestingly, the four spots show different behaviors. The first and
second conductive spots appear as two separate spots after zoom-in;
their shape and size change throughout the continuous scan. The sec-
ond conductive spot disappears in the fourth and fifth zoom-in image
[Fig. 3(c-2)]. A similar phenomenon can also be observed in the
zoom-in results of the first conductive spot [Fig. 3(c-1)], where the
conductive spot is very weak in the fourth zoom-in image; however, it
becomes stronger again in the fifth zoom-in image. The third conduc-
tive spot [Fig. 3(c-3)] is very weak in the zoom-in images, consistent

FIG. 1. cAFM results of the HZO thin film. Schematic of (a) device structure and
conductive AFM measurement; (b) a large FoV topography image, and the rough-
ness of this topography is 1.312 nm; (c) a small FoV topography image, and the
roughness of this topography is 0.713 nm; and (d) a cAFM current image corre-
sponding to the small FoV topography in (b).

FIG. 2. Schematic of the automated feature-exploration workflow. (a) Detailed work-
flow. In the feature discovery process, a predefined thresholding value (according
to the conductivity of the conductive spots) is used to turn the cAFM image to
binary and subsequently find the contours of the features in the binary image; note
that two approaches of finding the contours of the desired features are provided in
the Python notebook. (b) A scheme showing the intervention between computer
and microscope.
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with its behavior in the large FoV image [Fig. 3(a)]. Interestingly, the
fourth conductive spot completely disappears in the zoom-in images
[Fig. 3(c-4)]. Given the measurement sequence of Fig. 3(c) is
(1)!(2)!(3)!(4), the appearance of conductive spots is observed
after the disappearance in some cases; therefore, the disappearance of
the conductive spots is unlikely to be due to tip degradation. This FE-
cAFM result reveals that the behaviors of the conductive spots in this
HZO thin film are different in some cases; that is, some become pro-
gressively smaller and then larger, while others disappear in subse-
quent datasets.

We also studied the evolution of conductive spots as a function
of applied DC voltage. The results are shown in Fig. 4. Figure 4(a)
shows the cAFM current images under continuous scan with a con-
stant Vdc¼ 7.0V, where the conductive spots gradually appear and/or
disappear during scanning. Figure 4(b) shows the in situ cAFM cur-
rent map with an increase Vdc¼ 7.2V; more conductive spots are visi-
ble compared to the current map in Fig. 4(a). In addition, most spots
appear larger. The second scan in Fig. 4(b) shows an increase in the
number and density of the conductive spots as compared to the first
scan. When the Vdc was increased to 7.4V [first scan in Fig. 4(c)], an
increase in the number and size of the conductive spots occurred.
However, in the second scan under 7.4V in Fig. 4(c), a significant
change in the shape of the spots occurred.

To investigate the change in shape of the spots, we performed
FE-cAFM measurements on the cAFM image in the second
scan under Vdc¼ 7.4V [Fig. 4(c)]. The results are shown in Fig. 5.

Figure 5(a) shows a copy of the second scan of Fig. 4(c), which was
used as the large FoV current image for FE-cAFM—this suggests that
the feature-exploration workflow can be used anytime during SPM
measurement. Figure 5(b) shows the locations of the conductive spots.
We changed the parameter of spot size in the feature-exploration
workflow, so only relatively large spots were located in Fig. 5(b).
Figure 5(c) shows the zoom-in current images, which reveal the shape
of the conductive spots. Interestingly, the “spots” in Fig. 5(c) show a
ring shape. Careful inspection of the cAFM measurement suggests
that this shape change (from spot to ring) is actually due to SPM tip
damage—if the tip edge erodes and the conductive channels in the
film are small, then the conductive channel effectively probes the tip
rather than vice versa.

We also examined the topography of cAFM measurements and
found no topographic changes corresponding to the evolution of the
conductive spots, as shown in Fig. 6. In our cAFM measurement, gen-
erally, we can see more conductive spots under higher Vdc (as shown
in Fig. 4). Therefore, we speculate that these conductive spots are
related to defects in the HZO film. We believe that there may exist an
asperity in the film or underlying electrode that leads to local dielectric
breakdown under the high applied fields and the formation of the con-
ductive spots. Other possible features include grain boundaries, or
locally high concentrations of oxygen vacancies.

This result differs from previous studies where the conductivity
of HfO2 based films was related to oxide diffusion, trap density, and
dielectric thinning.15,30–33 We suggest, however, that several different

FIG. 3. FE-cAFM results of the HZO thin film by applying VDC¼ 6.7 V. (a) Large FoV current map. (b) Conductive spot locations determined by FE workflow. (c) Zoomed-in
scan results showing the behavior of each conductive spot as a function of scan cycle.
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mechanisms lead to conductive spots formation and evolution (Fig. 3).
The disappearance of conductive spots suggests that the material in
the electric field changed during operation; it is unknown if these
changes would impact a device in positive or negative ways, and it
likely depends on the type of device of interest (e.g., resistive vs capaci-
tive memory). Therefore, further study, e.g., investigating charge

injection and retention,34 is necessary to understand the mechanism of
conductive spots in HZO films.

In summary, we developed a feature-exploration workflow for
automated microscopy measurement. This workflow enables the
exploration of specific features (e.g., conductive channel, defect, sur-
face contamination, etc.) observable in microscopy images, based on a

FIG. 5. FE-cAFM results for exploring the shape change of conductive spots. (a) A copy of the cAFM image shown in Fig. 4(c)-first scan, this image will be used as the large
FoV image for the feature-exploration workflow. (b) Spot locations determined by the feature-exploration workflow. Here, we customize the workflow parameter (noise radius)
to locate the relatively large spots. (c) Zoomed-in scan images showing the shapes of the conductive spots.

FIG. 4. The evolution of conductive spots as a function of applied DC voltage. (a) cAFM current images showing the evolution of conductive spots under continuous scan with
a constant VDC¼ 7 V. (b) The evolution of conductive spots under VDC¼ 7.2 V. (c) The evolution of the conductive spots under VDC¼ 7.4 V.
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large FoV microscopy image. Zoom-in measurements can be recorded
in an automated manner. Integrating this feature-exploration work-
flow with conductive atomic force microscopy (FE-cAFM), we investi-
gated the conductive spots in a HZO thin film. The FE-cAFM allowed
us to explore the evolution of each conductive spots observed in a large
FoV cAFM current image, revealing that the conductive spots appear,
disappear, and/or reappear as a function of scan cycles and applied
DC voltages. We discovered variable behaviors in the conductive spots,
which may imply different formation mechanisms.

This feature-exploration workflow was of use anytime during
microscopy measurement, except the very beginning of the measure-
ment. It provided a useful alternative to human intervention in zoom-
in measurements. This technology can be customized to focus on
specific features with varying sizes. Nonetheless, the workflow can be
further improved in the future, such as including functions to identify
erroneous data, extending the workflow from imaging mode to spec-
troscopy mode. In addition, it can be implemented in SPM, electron
microscopy, optical microscopy, and chemical imaging.

See the supplementary material for methods.
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