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ARTICLE INFO ABSTRACT

Keywords: An in situ methodology was developed and implemented to characterize electronic band properties at the apex of
High-aspect-ratio electrochemical high-aspect-ratio nanoscale solid-state electrochemical devices. Model devices with materials relevant to various
nanostructures

energy applications were composed of nano-thin metal oxide films coated onto metallic scanning tunneling
microscopy (STM) probe tips. Electronic properties of these films at the device apex were measured by inverting
the tunneling spectroscopy paradigm: vacuum tunneling spectroscopy between functionalized STM probe tips
with ambiguous electronic properties and metallic substrates — a method we here introduce as inverted scanning
tunneling spectroscopy (I-STS). Additionally, concentration of metal species within the apex of these metal-oxide
devices can be controlled through nanoscale solid-state electrochemistry within the same experimental platform,
allowing subsequent in situ I-STS measurements that directly reveal how electronic properties change with
composition. We first demonstrated and validated the I-STS approach by quantifying the bandgap of nano-thin
aluminum oxide (ca. 7.1 eV). Next, bandgaps (or lack thereof) of nano-thin stoichiometric lithium cobalt oxide
(LCO, ca. 1.6 eV) and deeply sub-stoichiometric LCO (0 eV) were observed, directly measuring LCO band evo-
lution along its delithiation-induced semiconductor-to-metal transition. I-STS reveals bandgaps at the nanoscale
apex that are substantially narrower than bulk values, demonstrating pronounced modulation of electronic
structure in electrochemically active oxide nanostructure termini. Ultimately, I-STS uniquely enables electrical
characterization of small, high-aspect-ratio model devices at their apex — a spatial regime inaccessible with
existing techniques — and provides a pathway to explore ion-coupled electronic phenomena in advanced energy
storage and low-power neuromorphic computing devices using standard STM instrumentation.

Tunneling spectroscopy

Metal-oxide semiconductors

Lithium cobalt oxide / LCO/ LiCoO,
Nanoscale band gap determination

Electrical properties of nano energy materials

technological breakthrough. Examples include high performance bat-
tery electrodes [10-13], techniques for sensing and imaging pressure

1. Introduction

Nano- and/or micro-scale high-aspect-ratio (HAR) structures are
frequently used to realize specialized and advanced technologies.
Sometimes just a single such structure is used, as is the case for some
novel photodetectors [1], electrochemical devices [2], gas sensors [3,4],
spectrometers [5], transistors [6-8], and characterization tools [9]. In
other cases, small HAR structures are grouped into an ensemble, and a
concert-like interaction within the group enables a scientific and/or

distributions [14], devices for sensing and stimulating mammalian
neuronal activity [15], energy efficient computing [16], and technolo-
gies for scavenging energy from body movements [17]. These nano-
structures are incorporated in a variety of ways due to several favorable
characteristics that emerge from their small sizes. Fig. 1 illustrates how
HAR metal oxide nanostructures are incorporated into various tech-
nologies to advance performance. Some novel battery components
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utilize forests of vertical nanowires as electrodes to alleviate cracking
that frequently occurs in planar electrodes upon bending, or to reduce
structural failure during electrode expansion upon lithiation in micro-
scale batteries [18-22], while others implement metal oxide nanowires
[23-25] or nanosheets [26] in pursuit of improved rate performance and
capacity. Low-energy electrochemical neuromorphic computing devices
implement metal oxide-coated nanowires to protect wires from oxida-
tion and modulate electronic properties [16], or metal oxide nanowires
as transistor-based synapses for their excellent optoelectronic properties
[27-29]. HAR metal oxide structures are also of significant interest in
other efficient computing architectures, where HAR nanosheet [30] and
nanowire [6-8,29] semiconductor transistors are becoming increasingly
prevalent. Other relevant applications, such as catalysis [31-33], water
splitting [34-371, and solar cells [38,39] take advantage of the unique
surface area-to-volume ratios inherent to these nanowire or nanotube
geometries, leading to short diffusion distances and promoting efficient
chemical conversions.

Regardless of whether one or many small HAR structures are used
within a given technology, the physicochemical characterization of a
single base structure is key to unveiling fundamental information about
the system. Acquisition of such data is essential to expedite informed
and strategic engineering-based optimization efforts. In many modern
energy and computational technologies, electronic properties are crit-
ical to device function and performance. Traditionally, four point or
needle probe measurements are used to characterize a material’s elec-
tronic properties [40], but at the nanoscale these types of measurements
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are not readily accessible. Alternative methods are available, but are
also limited in their utility. The electronic and transport characterization
of individual HAR nanostructures typically involves their dispersion
onto an insulating substrate, followed by lithographic definition of
contact electrodes. Though this is adequate for probing electronic
properties along the length of the HAR nanostructures, the quasi-one
dimensional apices typically end up buried by contact metal [41].
Alternatively, in situ probing using micromanipulators retrofitted in a
scanning electron microscope (SEM) can reveal some insights regarding
the apex of the HAR nanostructure, but the interpretation of the results
can be significantly complicated due to the convolution of the changing
properties at the nanoprobe tip [42]. Examples of these methods are
shown in Fig. 2a-c. Note that all of these methods require physical
contact with the material of interest, do not measure the sample’s
electronic density of states, and are extremely limited in their ability to
characterize the termini of small HAR geometries. Ultimately, empirical
determination of the electronic properties of the termini of HAR small
structures is quite challenging.

Another powerful characterization method for electronic properties
at the nanoscale is scanning tunneling microscopy (STM). This tech-
nique, unlike those described above, is a non-contact technique capable
of directly probing a material’s electronic density of states (DOS). In this
method, an STM probe is positioned over a sample to measure the local
density of states beneath the probe tip. However, a significant challenge
arises when attempting to measure HAR devices as described above.
Particularly, aligning the STM probe directly above the termini of such
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Fig. 1. Renderings of wide-ranging implementations of HAR nanostructures in a variety of technological applications described in the literature.
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Fig. 2. Typical methods for electronic materials characterization. a) Four-point probe characterization — four probes are brought into contact with the sample,
typically a bulk or thin film. A current is applied by the outer probes while the inner probes measure the voltage drop across the material. b) A modified four-point
probe method where the micromanipulators are replaced by fixed electrical contacts, for conductivity characterization along the long end of a nanowire. c¢) A single
probe characterization method — a micromanipulator probe is brought into physical contact with the terminus of a nanowire on a substrate to measure the nanowire’s
conductance along the length of the structure. d) Traditional scanning tunneling spectroscopy setup illustrating the HAR nature of a typical STM probe and the
tunability of the probe’s radius of curvature from nanometers to microns. Once in the tunneling mode, the tip-sample separation distance is on the order of several

angstroms. This is a non-contact electronic characterization method.

nanostructures is exceedingly difficult, and makes traditional scanning
tunneling spectroscopy infeasible for this application. In this work, we
develop and demonstrate an STM-based approach to address this elec-
trical characterization need. An STM probe is a small HAR structure by
construction, with a shank length on the order of several millimeters and
a tip apex radius of curvature on the order of tens of nanometers
(Fig. 2d). The magnitude of the radius of curvature can further be altered
through sharpening or dulling techniques. This enables us to tune the
geometries of these probes for use in model devices. We leverage these
characteristics to investigate the electronic properties of materials
localized to the functionalized probe’s apex, which is analogous to the
terminus of a nanowire. We further demonstrate the technique’s utility
on a model electrochemical device, in situ. For context, we start with a
brief explanation of scanning tunneling spectroscopy (STS).

2. Background
2.1. Scanning tunneling spectroscopy

Over the past several decades [43,44], STS has been used to study the
electrical properties of numerous material surfaces. The STS approach
probes a surface’s local electronic density of states. From the density of
states we can extract several valuable properties, including semi-
conducting band gaps [45-47], superconducting gaps [48,49],
conductance plateaus [50], and Urbach energies [51], among several

others. While detailed information on the physics [52-55] and broad
impact [56-61] of STS can be found elsewhere, we provide here a brief
explanation of (i) the technical implementation with working principle
and (ii) the data processing scheme and significance of the method.

2.1.1. Technical implementation and working principle

STS is typically implemented by positioning a metallic probe adja-
cent to a sample with generally unknown electronic properties, in ul-
trahigh vacuum (UHV) and under bias control, as illustrated in Fig. 3a.
When bias is applied to the system and the separation distance (d in
Fig. 3b) between the tip and the sample is ideal, typically at the
angstrom range, non-negligible wavefunction overlap occurs and elec-
tron tunneling between the two bodies becomes possible. STS is then
realized by recording the tunneling current, I(V), as the bias is swept
across a desired range of values. Because electronic tunneling will only
occur when energetically allowed, and because the metallic probe has a
smoothly and slowly varying electronic DOS at its Fermi level, the
structure of I(V) is dominated by how much, or how little, the sample’s
local density of states (LDOS) allows tunneling for a given bias. Thus,
encoded within the I(V) spectrum is information about the sample’s
LDOS, p,. This in turn is commonly extracted or approximated with data
processing, as we will now describe.

2.1.2. Data processing and significance
The most rudimentary approximation to the sample’s LDOS is the
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Fig. 3. Schematic cross sections of (a,b) conventional scanning tunneling
spectroscopy and (c,d) inverted scanning tunneling spectroscopy.

differential conductance, dI/dV [44]. This can be improved upon by
suppressing a voltage dependent background with a straightforward
normalization process: taking a ratio of differential conductance to
conductance, (dI/dV)/(I/V) [62-65]. However, for surfaces with a gap
in their LDOS, this expression may diverge near or within the gap if the
conductance approaches zero more quickly than the differential
conductance [66]. To circumvent this challenge, a few mathematical
schemes to “broaden” the I/V term have been developed [47,66-68].
While the approaches are slightly different from one another in terms of
practical implementation, they share a common aim and effect: pre-
venting (dI/dV)/(I/V) from diverging by ensuring that the conductance
never vanishes. In this work we adopt one such method [47,67,68] by
simply adding a constant, ¢, to the conductance, giving a final normal-
ized differential conductance of

dijav
JVie P

W = (€8}

Eq. (1) is significant, as it directly relates the processed tunneling
spectrum to the sample’s LDOS, p.. In our implementation, we varied the
value of € across several orders of magnitude to determine the value that
provided the most consistent data without suppressing the signal,
resulting in a value of ¢ = 0.2.Q7".

2.2. Inversion of the scanning tunneling spectroscopy paradigm

Before moving on, we pause to highlight a relevant characteristic of
this technique that is not immediately apparent from the above discus-
sion. That is, the DOS of the tip and the DOS of the sample enter into the
derivation of Eq. (1) in a completely interchangeable way [69]. Thus, if
the conventional STS tip and sample materials are exchanged, as
depicted in Fig. 3¢ and 3d, dI/dV would approximate the LDOS of the
tip’s apex, p,, in the same way that traditional STS elicits the LDOS of the
substrate. We term such an exchange of materials and subsequent
implementation inverted scanning tunneling spectroscopy (I-STS).
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3. Implementation of inverted scanning tunneling spectroscopy
3.1. Al;03-coated probe tip — materials and methods

For the initial test and demonstration of I-STS, we chose a gold
metallic substrate (Fig. 3d). For the small HAR structure of interest with
“unknown” electronic properties, we chose a W STM probe tip with
approximate radius of curvature (ROC) of 45 nm, coated with a thin film
(ca. 15 nm) of aluminum oxide (Al;03, alumina) deposited via thermal
atomic layer deposition (ALD) using trimethyl aluminum (TMA) and
Hy0 chemical precursors in a Cambridge Nanotech Fiji F200 reactor.
Alumina was chosen for its well-studied band gap from the bulk [70-72]
to monolayer [73] regimes, and because ALD of alumina not only allows
for fine control over film thickness, but is also shown to result in
conformal coating on high aspect ratio nanoscale structures [74,75]. It
was also chosen due to its importance in a variety of established and
emerging electronic devices based on the Josephson Junction [76] and
the broad utility thin alumina coatings have developed in energy storage
technologies and materials to optimize performance, including reduced
interfacial impedance in solid-state batteries [77], increased coulombic
efficiency and cycle stability in Li-ion [78,79] and solid-state [80] bat-
teries, and increased reversible capacity in Li-ion batteries [81].
Representative scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) data of the Al;03-coated probe wall
are shown in Fig. 4 to convey the uniform coverage of the thin film.
Cross-sectional schematics of the combined tip-sample system are shown
in Fig. 5a for various tip-sample separations, which are controlled by
initial set-point tunneling currents.

The gold substrate and alumina-coated tungsten tip were transferred
into a JEOL JSPM—4500A UHV STM system for implementation of I-
STS. Bias was applied to the sample with respect to the probe, such that
currents at positive bias are associated with electron tunneling from the
tip apex to the substrate. Likewise, currents at a negative bias are
associated with electron tunneling from the substrate to the tip apex. As
the vacuum gap has a resistance orders of magnitude greater than both
the contact resistance between the metal probe and oxide coating, and
the oxide itself, the vast majority of the voltage drop is expected to occur
within the vacuum region, a typical expectation in standard STS mea-
surements [54,65,69]. In tunneling measurements such as these, it is
possible to arrive at a fictitiously large band gap if/when tip-sample
separation distance, d, is large [82]. To avoid this error, we collected

SEM W

Fig. 4. SEM and EDS data of the Al,O3-coated tungsten STM probe tip, showing
representative coverage of the probe by the deposited oxide.
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Fig. 5. (a) Schematic cross-sections of the I-STS protocol for an alumina-coated W probe tip adjacent to a gold sample at three different initial set-points (Ip a, Io,b, lo,
¢...). The direction and thickness of the magenta arrows illustrate the direction and relative amount of initial electron tunneling, respectively. (b) Normalized
differential conductance data from I-STS measurements of the alumina-coated probe tip at varying initial set-point tunneling currents and tip-sample separation
distances. The inset displays the limiting data, Ip= 1200pA, in blue upside-down triangles, along with red linear fits of the data bounding the gap region. Also plotted
inset for comparison purposes is I-STS data for a platinum-iridium tip (yellow triangles) exhibiting the absence of a band gap region as expected for metallic ma-
terials. (c) Band gap energies extracted from the room temperature I-STS-measured LDOS localized to the apex of the alumina-coated probe at varying initial set-point
currents (black boxes). These approach a limiting value of 7.07 + 0.24 eV, obtained from the measured gap at 1200 pA and represented by the red dashed line. Also
shown are the range of band gap values at room temperature for bulk crystalline alumina reported in the literature (blue band) and the reported theoretical band gap

value for monolayer alumina at absolute zero (purple dashed line).

several [-STS measurements with decreasing tip-sample separation dis-
tance, to achieve a “limiting” correct gap. This procedure (shown
schematically in Fig. 5a) consisted of a series of I-STS measurements
(each an average of 20 bias sweeps) over a large “dynamic range” of
initial set-point tunneling currents, Ip. The increasing initial set-point
tunneling currents spanned three orders of magnitude (15 — 1200 pA,
Fig. 5b) as is recommended for clear definition of band edges [83]. All
measurements shared a fixed initial sample bias of —8.5 V. A large bias
and low initial set-point current are chosen in order to avoid crashing
the tip into the sample upon the first approach.

3.2. I-STS of Al,O3-coated probe tip

As Iy increases (and d decreases) the gap in the normalized spectra
(regions where dI/dV ~ 0) is qualitatively observed to shrink before
reaching a limiting value. The inset in Fig. 5b contrasts this kind of
behavior observed for the alumina-coated tip (I = 1200 pA, blue), with
representative data of a metal-vacuum-metal (MVM) tunneling junction:
in this case, the normalized differential conductance for a Ptlr tip verses
gold (yellow triangles, Fig. 5b inset). The choice of Ptlr to demonstrate
this is arbitrary, as the spectrum for any metal chemistry selected is
qualitatively the same. As expected, the normalized differential

conductance never vanishes (dI/dV > 0) — exhibiting the non-vanishing
spectrum at zero applied bias — which is the defining characteristic for a
MVM tunneling junction and reflects the gapless LDOS and metallic
nature of the tip end. We note in passing that dI/dV for the MVM
junction was produced by application of the normalization steps (Eq.
(1)) to a fit of the raw current data (biphasic dose response function;

R? = 0.999) to prevent numerically-produced outliers arising from nu-
merical differentiation, and division of small numbers near zero applied
bias. As for the alumina-coated probe tip (inverted blue triangles, inset

5b), there is a significant voltage window in which dI/dV is negligibly
small, indicating the presence of a gap in the tip’s LDOS, as expected for
a wide band gap insulator.

Gap values for each of the Al;03 I-STS measurements were quantified
and plotted in Fig. 5c. Determination of each gap value was accom-

plished by fitting lines to the dI/dV data bounding the gap on either side
(as shown with red lines in the inset of Fig. 5b), extrapolating the fitted
lines to the abscissa, and calculating the absolute value of the difference
in abscissa intercepts. Confidence intervals (CIs) of 95% are also plotted
and were deduced in a similar way. To calculate the lower bound of the
gap CI, a 95% confidence band about the linear fit was used to determine
the maximum possible value of the negative-bias intercept, and similarly
to determine the minimum possible value of the positive-bias intercept.
Then, as before, the absolute value of the difference for these two ab-
scissa intercepts was calculated. The upper bound of the gap CI was
calculated in a similarly straightforwardly way, this time by taking the
minimum value of the negative-bias intercept and the maximum value of
the positive-bias intercept.

Fig. 5c quantitatively illustrates what was qualitatively clear when

considering the dI/dV data from Fig. 5b. Namely, as the separation
distance decreases, the measured gap rapidly decreases, eventually
hitting a limiting gap in a somewhat asymptotic manner. We consider
the limiting gap value to be the gap which most accurately reflects the
tip end’s actual LDOS. We then extract p, from the data by an average of
the final three measurements, all of which yield strikingly similar values.
In this way, via I-STS, we determined the LDOS of a ca. 15 nm thick
alumina film at the terminus of this HAR structure (an STM probe) to be
7.07 + 0.24 eV - denoted in Fig. 5¢c by a red dashed line. Also in Fig. 5c¢
is displayed (i) a blue band highlighting the region of reported room
temperature band gaps for bulk crystalline alumina (8.5-9 eV) [70-72]
and (ii) a purple dashed line at 5.99 eV [73] indicating the theoretical
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gap for monolayer Al,O3 at absolute zero. Via [-STS, the value for the
room temperature band gap of thin-film alumina at the probe apex falls
between these two extrema — a reasonable finding for a 15 nm amor-
phous alumina film. This measured value is in good agreement with
reported values for thin films of amorphous alumina in the literature
[84,85], further validating the accuracy of this technique.

Out of an abundance of caution, to further ensure the spectra re-
ported above are indeed vacuum tunneling spectra, we next shut off the
STM feedback loop for a short time, allowing the piezo to drift and result
in physical contact between the probe and the substrate, then collected
another I/V spectrum. Upon performing the same measurements
following this period, we obtained a gapless Ohmic-like response with
significantly greater current than the previous methods, indicating that
dielectric breakdown and/or mechanical destruction of the film had
occurred. This corroborates that the previous measurements were vac-
uum tunneling spectra.

4. In situ I-STS of a nanoscale electrochemical device
4.1. Nanoscale electrochemical device — materials and methods

So far we have established the motivation, basic theory, imple-
mentation steps, feasibility, and reliability of I-STS. We now demon-
strate the utility of I-STS for the characterization of the electronic
properties of a nanoscale HAR redox active cathode material used pri-
marily in energy storage, as a function of its redox state. We also wanted
to explore our ability to implement both sharp and dull tips with the I-
STS technique to demonstrate its applicability to a wide range of HAR
nanostructure configurations, so for this procedure we dulled the probe
tip by electrochemical etching with an aqueous solution of NaOH [65].
The dull probe tip (ROC ca. 500 nm) used here also provided greater
structural integrity to the device during the delithiation steps outlined in
Section 4.3, where the probe tip is brought into physical contact with the
substrate. In order to apply this technique in situ, we needed to utilize an
STM probe apex with the capacity to host and electrochemically
dispense Li-ions; such a device was fabricated by sputter-coating the
apex of a W STM probe with a 50 nm film of lithium cobalt oxide
(LiCoO3, LCO) and annealing at low temperatures (< 260 °C). These
protocols for sputter deposition of LCO followed by low-temperature
annealing are known in the literature to produce nanocrystalline thin
films with the “low-temperature crystalline phase” of LCO (LT-LCO)
[86-88]. Representative SEM and EDS data of the LCO coated W STM
probe wall are shown in Fig. 6 to confirm coverage.

The selection of materials and device function was guided by the
following criteria. First, LCO is a common cathode material in
commercialized Li-ion batteries [89,90] and engineering-based optimi-
zation pathways requiring basic research will exist for the foreseeable
future [91]. Second, LCO has recently been demonstrated to be a
promising material in nonvolatile redox transistors for low energy
neuromorphic computing [92-96]. Third, the electronic properties of
bulk LiyCoOy are empirically known to be extremely sensitive to the
amount of Li content — as Li is removed, the band gap is reduced, until it
eventually undergoes a semiconductor (0.95<x<1) to metal (x<0.75)
phase transition [97-99]. Finally, advanced scanning probe techniques
which are involved with or facilitate local nano- or micro- scale elec-
trochemical reactions for basic energy storage science have become
increasingly prevalent and impactful [100-111].

In this same vein, we sought a substrate material surface that was
amenable to electrochemical lithiation, and which would be metallic
both before and after lithiation, so that in situ I-STS of the probe apex
could be accomplished after electrochemistry. To satisfy these criteria,
an oxide-free highly doped Si(100)—2x1 sample was chosen (prepara-
tion techniques, including flashing protocols, are in the literature [112,
113]), and we experimentally confirmed the 2 x 1 surface with STM
(see Supplementary and Figure S1). This surface was a reasonable
candidate because pure Si(100) in the 2 x 1 reconstruction has a

Nano Energy 155 (2026) 112083

Fig. 6. SEM and EDS mappings of the LCO-coated tungsten STM probe tip. The
coverage shown in the Co and O mappings indicate total coverage of the probe
tip by the deposited LCO.

significantly smaller band gap (ca. 0.5 eV) [112] than LCO, and once
doped heavily, should be metallic. We confirmed this effective metal
behavior by performing conventional STS with a W probe. The dI/dV
spectrum showed the characteristic MVM tunneling junction behavior
(Supplementary Figure S2). Further, Si readily hosts Li via electro-
chemical lithiation and is known to be metallic post-lithiation [114,
115]. Additionally, from a materials relevancy perspective, Si is a strong
material contender for next-generation anodes [116,117]. In the
following, enabled by nanoscale electrochemistry and I-STS, electronic
properties of the apex of this HAR model electrochemical device are
diagnosed in both a stoichiometric and sub-stochiometric state.

4.2. I-STS of stoichiometric LCO probe tip

We first conducted I-STS of the apex of the as-deposited LCO-coated
device in a similar manner as described in Section 3. The limiting I-STS
measurement configuration is illustrated in Fig. 7a and corresponding
normalized differential conductance (average of 20 measurements) is
plotted in Fig. 7d. We note that in narrow-gap semiconductors, peaks

can present in the dI/dV data and define the gap boundaries [51]. This is
the case here. Because the bias is applied to the substrate with respect to
the probe, as the bias is swept into the negative range electron energies
in the substrate rise. Once they reach the available energy states in the
tip, tunneling occurs. Similarly, when the bias is swept into the positive
range electron energies in the substrate decrease until electrons in the
tip’s valence band tunnel to the substrate. Thus, the peak at ca. —0.83 V
corresponds to the onset of the tip’s conduction band (CB) while the
peak at ca. 0.75 V corresponds to the onset of the tip’s valence band
(VB). Therefore, the as-deposited LCO within the terminus region of the
probe tip possesses a measured gap of ca. 1.6 eV. Several values have
been reported in the literature for the band gap of LCO in various forms.
Bulk crystalline LCO is experimentally reported to have a band gap of
2.7 eV [118], while the most recent and robust computational results
available suggest a range of ca. 2.4 — 2.8 eV [119] (via GGA+U due to
the presence of Co — see B. Andriyevsky et al. [119] and Section 4.5).
Experimental measurements performed on sputtered nano-thin nano-
crystalline films of LCO, deposited using RF sputtering techniques
similar to those employed here, result in band gaps from 2.2 to 2.3 eV
[120,121]. While our HAR nanostructure was similarly composed of
sputtered nano-thin nanocrystalline films of LCO, the I-STS-measured
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Fig. 7. Schematic illustrations of (a) I-STS characterization of the as-deposited LCO-coated probe vs oxide-free Si(100)—2 x 1, (b) local electrochemical lithiation of
the same Si surface via the LCO-coated probe, and (c) I-STS characterization of the sub-stochiometric terminus region of the probe vs the lithiated Si. Below these
schematics are the corresponding measurements for each procedure: (d) the I-STS spectrum for the LCO-coated probe apex in the as-deposited state (average of 20
measurements); (e) electrochemical lithiation data showing |current| vs time at —3.5 V applied bias, showing that current increases with time for a fixed bias while
the tip is in physical contact with the Si substrate; and (f) the I-STS spectrum for the partially-delithiated LCO-coated probe apex (average of 50 measurements).

Spectra are normalized to their max value within the measured bias range.

gap of ca. 1.6 eV is notably less than the aforementioned results for
planar sputtered thin films. This suggests that the unique local physi-
cochemical characteristics of this confined nanoscale geometry -
including extreme curvature, local stress and strain, local large electric
fields, surface dangling bonds, and so on — are non-negligibly involved in
influencing the electrical properties at the terminus of the metal oxide
structure. In fact, the measured gap is closer to the experimentally
measured gap of nanocrystalline powder LCO with 51 nm particle size
(1.68 eV) [122], further implicating the nanoscale geometry and related
coupled local effects.

4.3. Delithiation of LCO probe tip

Next, we performed local electrochemical lithiation of the Si(100)—
2 x 1 surface in the following way. While the LCO-coated STM probe tip
was held above the surface, a fixed bias of —3.5 V was applied to the Si
substrate with respect to the tip. The probe tip was then carefully low-
ered until it came into contact with the substrate (Fig. 7b) as evidenced
by rapid increase in current (more detailed protocols for this process can
be found elsewhere in the literature [104,107,108]). Once the tip and
surface are in physical contact in the absence of an electrolyte, the
applied bias induces both electron and Li-ion transfer between the LCO
probe tip apex and the Si surface. During this electrochemistry, the
tip-sample separation and applied bias are held constant (0 nm and
—3.5V, respectively) and the current is recorded. Interestingly, even
though the sample separation and bias remained constant, the current
was observed to increase with time in a non-linear manner, as shown in
Fig. 7e. We interpret this as strong evidence that the electron conduc-
tivities of both the LCO and Si surfaces were increasing due to (i) a
semiconductor-to-metal transition in the LCO brought on by a sufficient
removal of Li from the tip apex and (ii) a synchronous increase in Si
substrate conductivity brought on by Li intercalation. These hypotheses
are next tested in situ with sequential I-STS.

4.4. I-STS of sub-stoichiometric LCO probe tip

Following local electrochemical lithiation of the Si(100)-2 x 1
surface with simultaneous delithiation of the LCO probe tip end, the
probe was removed from contact and retracted out of tunneling range. I-
STS protocols as described above in Section 3 were then again
commenced. Fig. 7c depicts a schematic of this measurement and
highlights the best understanding of the local materials’ qualitative
stoichiometry prior to the [-STS measurements. The limiting I-STS re-
sults, averaged over 50 measurements, are presented in Fig. 7f. In this
spectrum, the lack of any region with vanishing LDOS within the
measured voltage range indicates a metal/vacuum/metal tunneling
junction, as it did in the case of the Ptlr/vacuum/Au case shown in the
inset of Fig. 5b. These data thus confirm that both tip end and sample
LDOSs are metallic in character. Evidently, during the nanoscale elec-
trochemical lithiation of Si and LCO delithiation, enough Li left the
probe tip’s end to (i) induce the metal transition in LCO such that
x<0.75 and (ii) metallicize the Si substrate. Density functional theory
(DFT) calculations were conducted over a range of LCO stoichiometries
to confirm band gap trends.

4.5. Density functional theory of LCO: from stoichiometric to sub-
stoichiometric

Spin-polarized DFT calculations were performed using Vienna Ab
initio Simulation Package (VASP) [123,124] within the projector
augmented wave (PAW) formalism [125,126], with exchan-
ge—correlation described by the Perdew-Burke-Ernzerhof (PBE) func-
tional [127] and on-site Co 3d correlations treated via the Dudarev
generalized gradient approximation plus Hubbard U (GGA+U) approach
[128]. Two Hubbard parameters, U = 3.3 eV [129,130] and U = 4.9 eV
[131], were employed to assess sensitivity of the computed gaps to this
choice, both having precedent in the LCO literature. LixCoO: structures
were modeled using a 2 x 2 x 1 supercell across a range of Li concen-
trations spanning the full delithiation regime, with sub-stoichiometric
compositions generated by systematic removal of Li atoms from
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interlayer sites. Crystal structures were visualized using Visualization
for Electronic and Structural Analysis (VESTA) [132], and representa-
tive relaxed structures at x = 1.0, 0.5, and 0.25 are shown in Fig. 8(a),
illustrating that the layered cobalt-oxygen framework is preserved
across all compositions while interlayer spacing evolves with Li content.
Importantly, these calculations model the single-crystalline phase of
LixCoO2, whereas the sputter-deposited film characterized via I-STS is
expected to be nanocrystalline. This is a key distinction to keep in mind
when comparing computed and measured gap values.

The computed band gaps across all Li concentrations for both U
values are presented in Fig. 8(b). At full lithiation (x = 1.0), the pa-
rameterizations yield clear semiconducting gaps of 2.88 eV (U = 4.9 eV)
and 2.12 eV (U = 3.3 eV), consistent with prior reports for crystalline
LCO [99,118,120]. The divergence between the two U values at x = 1.0
is expected, as the Hubbard correction most strongly influences the gap
when Co 3d electrons are fully localized in the Co® * state. Upon deli-
thiation and development of mixed Co® */Co* valence across multiple
intermediate compositions, the electronic structure becomes more itin-
erant and the two parameterizations converge, yielding nearly identical
gaps of 1.75 eV and 1.76 eV at x = 0.75. As lithium is further removed,
both parameterizations show a dramatic and sustained gap collapse to
near-zero values across all computed compositions for x < 0.75, in

Band Gaps of Li CoO, from
PBE+U Calculations

3.0 4
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Fig. 8. DFT-computed electronic structure of LixCoO: as a function of lithium
content. (a) Relaxed crystal structures at x = 1.0, 0.5, and 0.25 viewed along
the a-axis, with green, blue, and red spheres representing Li, Co, and O atoms,
respectively; open sites denote Li vacancies introduced upon delithiation. The
layered Co-O framework is preserved across all compositions, with interlayer
spacing evolving systematically with Li content. (b) Calculated band gap en-
ergies versus Li content for U = 3.3 eV (black triangles) and U = 4.9 eV (red
squares) from PBE-+U calculations.
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direct  agreement with  the  experimentally  established
semiconductor-to-metal transition boundary in LixCoOz [97-99].

The I-STS measurements and DFT calculations share the same
essential qualitative trend and together present a consistent picture of
the delithiation-driven electronic evolution of LCO. Both DFT-calculated
values at x = 1.0 nonetheless exceed the I-STS-measured gap of ca.
1.6 eV at the probe apex. As these DFT calculations are limited to bulk
single-crystal structures and the experimentally-assessed sample is
nanocrystalline, we expect to observe this discrepancy. The most critical
feature is reproduced by both theory and experiment: beginning from a
clear semiconducting gap at full lithiation (x = 1.0), the band gap col-
lapses to near-zero values across all computed compositions for
x < 0.75. This agreement underscores that lithium content is the pri-
mary driver of electronic structure evolution in LixCoOz, and that I-STS
is uniquely positioned to track this evolution in situ at the nanoscale.

5. Discussion and conclusions

These measurements of the LDOS of the apex of STM probe tips clad
in nanoscale metal oxide films, coupled with theoretical calculations of
these materials, demonstrate that I-STS is a potent tool for highly
specialized characterization of HAR micro- to nanoscale structures. The
data presented herein show the utility of the I-STS methodology to
effectively characterize the termini of model HAR nano- to microscale
electrochemical devices while simultaneously altering the devices’
chemical compositions, a capability that is exceedingly difficult to
achieve through other existing techniques. The feasibility of this method
was demonstrated by quantitative determination of the band gap of a
thin alumina film, deposited at the apex of an STM probe. The further
utility of I-STS for energy materials-related applications was exemplified
with in situ characterization of the electrical properties of a model LCO-
based solid-state electrochemical device at two distinct points along its
typical operational pathway. In particular, I-STS was used to track the
evolution of the device materials’ chemistry via direct measure of the
anode/cathode materials’ evolving electronic structure upon a change
in stoichiometry. Notably, the I-STS protocols presented here are readily
accessible via standard scanning tunneling microscopy instrumentation,
with the only alteration being the probe-tip cladding, thus further
expanding the functionality of an already versatile technology leveraged
in nanoscale energy materials science. Beyond the specific applications
demonstrated here, ultimately this technique is intended to be highly
valuable to a vast range of technologies by providing a novel experi-
mental platform to electrically characterize the termini of a diversity of
HAR structures, regardless of geometry or chemistry. For example,
characterizing the electrical properties of nanotube termini relevant in
energy technologies (we note nanotube attachment to the end of AFM
probes has already been reported in the literature [104,133-135]). We
note also that this technique could be implemented with a
low-temperature UHV STM to investigate low-T device applications, or
to obtain clearer band edge definitions by removal of thermally-induced
band broadening.

The characterization of the electronic properties of metal oxides
found in electrochemical energy storage devices is critical for optimizing
these technologies. These devices may incorporate nanostructures or
may be nanoscale themselves. Their electronic properties are dependent
on both ion concentration and size. I-STS uniquely allows researchers to
perform typical electrochemical actions — here demonstrated through
Li* ion transfer — while measuring the electronic properties that result
from controlled material transfer, without the need to alter the experi-
mental setup. These characteristics make [-STS particularly well-suited
for in situ studies of ion-induced property changes in energy storage
materials research. I-STS is also a highly applicable characterization
technique in the field of low energy neuromorphic computing, where
metal oxides and nanowires are commonly utilized in transistors. Model
LCO-based and nanowire transistors can be characterized with I-STS in
situ while tracking changes in their electrical properties, aiding in the
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identification of new materials and structures for device architecture
optimization. These applications in both energy storage and low-energy
neuromorphic computation demand novel characterization techniques
for HAR nanoscale electrochemical devices, which is aptly addressed by
I-STS.

Given the combination of accessibility and versatility of this method,
this work should have immediate impact on researchers from a diversity
of fields interested in performing electrochemical manipulation and
characterization of metal oxide nanostructures, and particularly those
investigating materials with electrochemically tunable electronic prop-
erties. I-STS is an ideal characterization technique for these applications,
as it allows for in situ electrochemical manipulation of ions and subse-
quent probing of electronic property changes at the nanoscale using a
single experimental system.
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