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ABSTRACT

It was demonstrated recently that the nano-optical and nanoelectronic properties of VO, can be spatially programmed through the local
injection of oxygen vacancies by atomic force microscope writing. In this work, we study the dynamic evolution of the patterned domain
structures as a function of the oxygen vacancy concentration and the time. A threshold doping level is identified that is critical for both the
metal-insulator transition and the defect stabilization. The diffusion of oxygen vacancies in the monoclinic phase is also characterized, which
is directly responsible for the short lifetimes of sub-100 nm domain structures. This information is imperative for the development of oxide

nanoelectronics through defect manipulations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083771

The control and manipulation of oxygen vacancies (OVs)' have
enabled a great variety of designed functionalities in metal oxides, such
as magnetism,” superconductivity,’ and two dimensional electron
gas.4’5 In vanadium dioxide (VO,),”” the creation of OVs can effec-
tively suppress the metal-insulator transition (MIT) near room tem-
perature.” Our recent works demonstrated the nanoscale control of
the MIT in VO, by conducting atomic force microscope (AFM) writ-
ing.”'" A biased AFM probe is used to locally inject OVs into the
monoclinic insulating (MI-phase) film and creates metallic domains
without changing the monoclinic lattice symmetry (MM-phase). In
MM-phase domains written by AFM, the accumulation of OVs pro-
duces a 3% lattice expansion along the monoclinic a-axis'’ and also
significant electron doping. The resultant drastically changed optical
and electrical characteristics, which allow a series of on-demand nano-
plasmonic devices to be fabricated,” all based on designed OV distribu-
tions in this monolithic material platform.

The development of OV-based device applications requires a
deep understanding of the charge transfer induced by the OV forma-
tion as well as the dynamics of their annihilation and migration. Here,
we study these mechanisms in monoclinic VO, utilizing AFM-tailored
domain structures with varied sizes and OV concentrations. The tran-
sient evolution of these domains is monitored using a multi-channel
scanning probe microscopy technique that images the near-field opti-
cal signal and the surface electrical properties simultaneously. The

measurement results directly quantify the doping threshold needed for
triggering MIT through OV injection and the rate of in-plane OV dif-
fusion, providing valuable information needed for improving the sta-
bility and density of the MM-phase domain structures in the future.

30 nm thick VO, films used in this study are grown on r-plane
AlL,O5 by molecular beam epitaxy (MBE)'" with the monoclinic a-axis
oriented out-of-plane. To elucidate the correlation between the writing
induced change in the doping and the resultant electronic phase tran-
sition, we use a unique multi-channel scanning probe imaging tech-
nique'” [Fig. 1(a)], which is capable of acquiring scattering-type
scanning near-field optical microscope (s-SNOM) signal and Kelvin
probe force microscopy (KPFM) signal simultaneously. In this setup, a
platinum coated AFM probe is both mechanically driven by a piezo at
the resonance frequency of the cantilever (2) and electrically modu-
lated at a much lower frequency (w). The s-SNOM signal is detected
by demodulating the probe scattered light at harmonics of Q, and the
KPFM surface potential is readout as the nulling bias that minimizes
the probe dither at the sideband frequency Q + . The detailed meth-
odology is described in Ref. 12.

Using this setup, the local doping level is quantified by the KPFM
surface potential data, and the electronic phase transition is identified
by the mid-infrared (A = 10.9 um) s-SNOM signal.””'*" Figures 1(b)
and 1(c) show the KPFM and s-SNOM images taken on a 4 x 3 dot
matrix written by AFM. Each dot is created by a single voltage pulse
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FIG. 1. Doping threshold of the transition to the monoclinic metallic phase. (a) Schematic setup of the multi-channel scanning probe imaging method. KPFM (b) and s-SNOM
(c) images acquired simultaneously on an array of dots written with different dosages. From top to bottom, the writing biases used in each row are 30, 40, and 50 V. From left
to right, the writing bias durations used in each column are 100, 150, 200, and 250 ms. (d) and (e) Similar images as in (b) and (c) but acquired on an array of bar structures.
From left to right, the writing bias reduces from 10 to 2V in an increment of —2V, and the writing scan speed is kept at 1 um/s. All scale bars in (b)—(e) represent 1 um. (f)
Correlation between the s-SNOM and KPFM contrasts showing a minimum surface potential increase in 250 mV needed for the transition into the MM phase.

applied to a stationary AFM probe in contact with the sample surface.
From top to bottom, the pulse amplitude increases from 30 to 50V in
10V increments. From left to right, the pulse duration increases from
100 to 250 ms with 50 ms increments. In addition, an array of bars
with larger domain areas is also studied, which are written by raster
scans at a 50 nm line space [Figs. 1(d) and 1(e)]. In this case, from left
to right, the probe bias varies from 10 to 2'V with a step of =2V, and
a constant scan speed is used during writing (1 um/s). We note that
KPFM and s-SNOM imaging of these written structures are all per-
formed at least 20 min after the writing. Such delay is to allow the writ-
ing induced surface charges to dissipate and the perturbed surface
adsorption to re-equilibrate, such that the measurement data can be
reliably compared to reveal the intrinsic material changes.

For both structure types, the surface potential of the written
region increases as the writing dosage becomes larger, which is consis-
tent with the expected trend that a larger density of probe-injected
OVs will produce a more significant electron doping, thus a smaller
work function. It should be noted that probe-induced surface potential
changes in oxides may result from several different mechanisms,”""
such as ion redistribution, modification of the surface adsorbates, and
the formation of local polarizations. However, as shown by the struc-
tural and compositional measurements discussed in our previous
work,'” the effect of the positively biased probe writing in our VO,
film is dominated by surface water assisted creation of OVs.
Interestingly, the writing dosage per unit area required for the isolated
nanodots is much larger compared to what is needed for writing the
much larger bars. Also, comparing the KPFM and s-SNOM images,
one finds that the signals from the two channels do not correlate with
each other linearly. Some structures that are clearly resolved by
KPFM, such as the first dot in the third row or the fourth bar, are
completely invisible from the s-SNOM images. Figure 1(f) plots the s-
SNOM contrast of each written structure vs their KPFM surface
potential [AVsp = Vgp(writen region) — Vgp(unwritten region)]. In
both cases, the generation of a nonzero s-SNOM contrast requires

AVsp to exceed a threshold value of Vi =250 mV, which means that
the AFM writing needs to raise the Fermi level (AEXT) by at least
250 meV in order to produce a metal-insulator transition. As shown
by our earlier report,'” the temperature-dependent resistivity of the
unwritten MI-phase region exhibits an Arrhenius-type insulating
behavior with an activation energy of EM! = E¢ — Er 2~ 130 meV. In
a regular semiconductor, a raise of the Ferm1 level by 130 meV will be
adequate to produce a metallic phase, which is, however, much less the
250 meV threshold value observed here. Such discrepancy indicates
that the introduction of OVs by AFM writing, while leaving the mono-
clinic lattice structure intact, most likely significantly modifies the elec-
tronic band structure."”

Another threshold behavior associated with the same critical
doping level is observed when monitoring the transient evolution of
the AFM written structures. Figures 2(a) and 2(b) show the s-SNOM
and KPFM images of a 4 x 4 um” square taken on different days after
the initial AFM writing. Due to the depletion of OVs via the oxygen
exchange with the atmosphere'”'® [Fig. 2(f)], the MM-phase produced
by AFM writing reverts back to the MI-phase in around nine days.
Such depletion can be suppressed by storing the written structure in a
high vacuum chamber with a pressure below 10™> mbar [Figs. 2(e)
and 2(f)]. Analyzing the daily measurement results shown in Figs. 2(a)
and 2(b) more carefully, we find that the transient changes are very
gradual during the first five days but expedites significantly afterward.
Plotting the averaged AVp inside the square region vs the time [Fig.
2(c)], we see that the turning point occurs when AVip falls below V.
That is to say, the OVs in a MM-phase region are more stable than the
ones in a MI-phase region. Such effect suggests that when the OV con-
centration in monoclinic VO, increases above the threshold value, not
only do they trigger a metal-insulator transition, but also the strong
electron-lattice correlation produces a profound change in the energy
profile of the ionic defects.

While the air-assisted OV depletion process is the primary cause
of the limited lifetime of the micrometer-scale structures, the evolution
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FIG. 2. Threshold behavior associated with the depletion of the oxygen vacancies in air (a) s-SNOM and (b) KPFM images of a 4 x 4 um? square measured on different days
after the initial AFM writing. (c) Transient change in the averaged surface potential inside the square region. (d) Sequential white-light optical microscopy images of a second
square written in the same way. In air, () similar plots as (d) but for a square stored in a 10~° mbar level vacuum after its creation. Scale bars in (a), (b), (d), and (e) all repre-
sent 2 um. (f) The time-dependent changes shown in (a)—(d) are attributed to the depletion of the OVs through the oxygen exchange with the atmosphere.

of the nanoscale structures is dominated by another mechanism. At
room temperature, the thermally activated hopping of OV can lead to
their diffusion’” [Fig. 3(d)]. Figure 3(a) shows the KPFM measure-
ments performed on two nanowire configurations: two isolated nano-
wires oriented perpendicular to each other and an array of closely
spaced nanowires. Comparing the images taken immediately after the
AFM writing and after 24 h, the surface potential profiles of the two
isolated nanowires are clearly broadened [Fig. 3(b)], and the nanowires
in the array become less distinguished from each other. Vsp decreases
along each wire and increases in the gap between them [Fig. 3(e)].
These features are all hallmark characteristics of the diffusion process.
Assuming that the mobile carrier density is proportional to the
dopant (i.e., OVs) concentration, we can more quantitatively link Vp
to the OV concentration in the following way. In a semiconductor, the
density of mobile electrons can be expressed as n = jbocc f(E)D(E)dE,
where E¢ is the bottom of the conduction band, f(E) is the Fermi-
Dirac distribution function, and D(E) is the density of states. For the
measurement shown in Fig. 3, the writing dosage is kept low to make
sure that all nanowires are still in the MI-phase, allowing the OV diftu-
sion to be studied faithfully in a single material phase without the
complications from phase boundaries or phase transitions. In such
insulating state, where the Fermi level lies deep inside the bandgap
(Ec — EF > kT), the integral of the electron density can be
approximated by n ~ N*e(E~Ec)/KT \where N* = 2(m « kT /2nh?)*/
is the effective density of states in the conduction band. Using the
transport activation energy of the unwritten MI-phase region

(EM = Ec — Er ~130meV) as a reference, the normalized carrier
density in the written region can be estimated from the KPFM mea-
surement following the relation:

B} + AVSP) )

n/N* = exp ( T

which traces the OV concentration in proportion.

The diffusion of OVs near nanowires can be modeled by the 1D
equation % = D%, where D is the in-plane diffusion constant. Starting
from an initial Gaussian form of n(t = 0) = ng exp (—x*/wy?), the
solution to the diftusion equation is

_ womg ( X2 ) 5
n(t) = VaDi w2 P\ 4Dt t w2) @
From Eq. (2), it is clear that the in-plane OV diffusion will eventually
wipe out the local accumulation of OVs, though the speed of this pro-
cess is highly dependent on the diffusion constant D and the initial
structure size wy. Fitting the full width at half maximum (FWHM) of
the two isolated nanowires according to Eq. (2), a consistent diffusion
constant of D = 5 x 10~2° m%/s is found in both cases [Fig. 3(c)]. This
value, characterizing the rate of the OV diffusion in the plane perpendic-
ular to the monoclinic a-axis, is three times smaller than the diffusion
constant found in amorphous VO, films."® The difference suggests that
OV migration is faster along the monoclinic g-axis, consistent with the
theory prediction.'*"” Comparing to other ionic dopants commonly
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FIG. 3. In-plane diffusion of the oxygen vacancies. (a) KPFM images of two nanowire configurations taken immediately and 24 h after the AFM writing. The scale bars repre-
sent 2 um. (b) and (e) Carrier density profiles across the single nanowires (b) and the nanowire array (e). In (b), the hollow dots show the raw measurement data, and the solid
curves are Gaussian fittings. (d) lllustration of the in-plane OV diffusion. (c) Time-dependent changes of the FWHMs of the two nanowires fitted by the 1D diffusion model fol-
lowing Eq. (2). (f) Calculated diffusion-induced carrier density profile evolvements of two nanowires with different widths.

used in VO,, such as hydrogen,20 the diffusion constant of OVs is orders
of magnitude smaller, likely due to the limited migration pathways and
the higher activation barriers resulting from their larger size. Such feature
makes OVs more suitable for nanoscale phase control.

The sensitive dependence of the diffusion process on wy explains
why the writing dosage needed for patterning MM-phase nanostruc-
tures is so much larger than what is needed for larger domains (Fig. 1)
and why it is so difficult to make MM-phase structures smaller
than 100nm by AFM writing” With a diffusion constant of
D =5 x 102 m?/s, while it takes 26 h for the OV concentration in a
100 nm wide nanowire to drop by 60%, the duration of the same pro-
cess reduces to only 2h in a 30 nm wire [Fig. 3(f)]. The actual decay
may be even faster because the OV diffusion will be significantly expe-
dited by the probe field applied during the writing process, thus leav-
ing almost no time for the sub-100 nm structures to be properly
imaged in experiment. In comparison, when it comes to micrometer-
scale structures such as the ones shown in Fig. 2, the very large w,
makes the effect of the in-plane diffusion almost negligible.

In conclusion, we have studied the doping mechanism and the
dynamic evolution of the AFM-written domains with tunable OV
accumulations in VO, thin films. The collection of data shows that the
metal-insulator transition induced by OVs does not occur as a pure

electrostatic process as in regular semiconductors, but rather involves
a significant modification of the electronic band structure. We are also
able to quantify the diffusion constant of the OV in the plane perpen-
dicular to the monoclinic a-axis. While already much smaller than
other common ionic dopants, the 10~ ° m*/s level D value found here
still significantly impedes the patterning of sub-100nm MM-phase
domains. On the one hand, to better study the domain dynamics at
such a small length scale, one solution is to perform AFM writing at
cryogenic temperatures where, due to the greatly suppressed thermally
activated OV hopping process, the nanostructures can maintain their
designed dimensions for a much longer period. In addition, techniques
for better confining the writing field, such as using shielded probes”’
or filament based phase change probes,” can also be explored to fur-
ther minimize the field-driven OV migrations. On the other hand, to
allow the fabrication of smaller nanoelectronic or nanophotonic devi-
ces that can stably operate at room temperature, it will be highly desir-
able to explore methods, such as strain engineering,” that can increase
the energy barriers associated with the migration of OVs in VO,.
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