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I ABSTRACT

Vanadium dioxide (VO,) is an archetypal Mott material with a metal-insulator transition (MIT)
near room temperature. In thin films, this transition is affected by substrate-induced strain but, as
film thickness increases, the strain is gradually relaxed and the bulk properties are recovered.
Epitaxial films of VO, on (001)-oriented rutile titanium dioxide (TiO,) relax substrate strain by
forming a network of fracture lines that crisscross the film along well-defined crystallographic
directions. This work shows that the electronic properties associated with these lines result in a
pattern that resembles a “street map” of fully strained metallic VO, blocks separated by
insulating VO, stripes. Each block of VO, is thus electronically self-insulated from its neighbors
and its MIT can be locally induced optically with a laser, or electronically via the tip of a

scanning probe microscope, so that the films behave functionally as self-patterned pixel arrays.

KEYWORDS: Metal-insulator transition, thin-films, vanadium dioxide, cracks, pixelation,

scanning Kelvin probe microscopy.

II. INTRODUCCTION

Vanadium dioxide (VO,) is a reference material for the study of metal-insulator transitions
(MIT).!¢ Its MIT is sharp, with a resistance change of several orders of magnitude accompanied
by a visible change of optical properties, and it happens close to room temperature (RT), making
it attractive for device applications.**!! The RT ground state of VO, is monoclinic, the so-called
M1 polymorph, and electrically insulating (more accurately, semiconducting) with a bandgap

around 0.6-0.8 eV.11%1215 Apove the critical temperature of ~68 °C, VO, changes to a higher



symmetry rutile (R) form, which is tetragonal and metallic. Because the structural phase
transition is coupled to the electronic transition,'? it is possible to use epitaxial strain to modify
the electronic properties and MIT of VO, thin films. !¢

Rutile titanium dioxide (R-Ti0O,) is isostructural with the high-temperature metallic phase of
VO, and has a sufficiently small lattice mismatch (see Table 1) to allow coherent growth of fully
strained films. The substrate-induced strain favors the rutile structure of VO, (R-VO,) which is
metallic, thus lowering the critical temperature of the metal-insulator transition (7). For films
thicker than ~15 nm, however, the strain starts to be relaxed.?! What is unusual in VO, is the

manner in which this strain relaxation proceeds: instead of generating dislocations, the biaxial
stress is relaxed by fracturing.?!-*

The sudden volume contraction and change of symmetry experienced by VO, across its first-

order MIT is directly related to its structural response to stress, and cracking and/or heavy
twinning have been observed in samples of any morphology, ranging from epitaxial thin

2122 polycrystalline thin films,>® polycrystalline membranes —which tend to crack along

films,
grain boundaries®® and even free-standing single crystals, which fracture after several heating-
cooling cycles.”> Since the strain state around cracks is inhomogeneous,?®?’ the local phase

stability and electronic properties may be very different near the cracks than away from them.

That expected difference is the starting premise for the present investigation.

In this work, we have studied the structural and electronic properties of VO, thin films at the

nanoscale, focusing on the interplay between the phase transition and the strain relaxation

pattern. Epitaxial single-crystalline films of VO, are atomically flat and have no grain

boundaries, providing a very clean system both for the propagation of cracks and for their



ulterior characterization by scanning probe microscopy techniques —which allow studying their
functional as well as structural properties. We find that strain relaxation proceeds through the

appearance of a lattice of straight cracks along the <110>; crystallographic directions, decorated
by insulating VO, strips and bounding square tiles of fully strained VO,. The result resembles an

irregular tiling or an array of streets and blocks reduced to the nanoscale, with distinct electronic

properties associated with each feature.

As we show, the MIT can be induced in these islands by illuminating or injecting charge in
them with the tip of an atomic force microscope. This structure behaves de facto as a pixel array,

making it possible to individually write and read each VO, “bit” (strained island) without

affecting its neighbors in ultrafast switching times (from hundreds of picoseconds in the case of

photoinduced MIT?® to nanoseconds in devices based on voltage-induced MIT%).

III. EXPERIMENTAL

VO, films were grown by Pulsed Laser Deposition (PLD) with thicknesses between 5 and 120

nm. X-ray Diffraction (XRD) and Reciprocal Space Maps (RSMs) were used to characterize the
structural features of the samples. Macroscopic electrical transport measurements as a function
of temperature were done in a cryostat in 4-probe Van-der-Pauw configuration. Surface
topography and microstructure were characterized by Atomic Force Microscopy (AFM) and
Scanning Electron Microscopy (SEM), while the cross-sectional aspect of the strain relaxation
was characterized by High Resolution Transmission Electron Microscopy (HRTEM). Optical

microscopy and micro-Raman spectroscopy were used to visualize the optical and structural



evolution across the metal-insulator transition. The nanoscale dependence of local electronic
properties on temperature and voltage was studied by means of Scanning Kelvin Probe
Microscopy (SKPM) using a Pt/Ir conductive-tip atomic force microscope. A detailed
description of the experimental methods is given in the Supplementary Information (see

supplementary experimental details).

IV.  RESULTS AND DISCUSSION

X-ray diffraction (XRD) confirms the phase purity and epitaxy of the films (see Supporting
Information Figure S1). The temperature evolution of the 002 diffraction peak (Figure 1 and
Figure S2) shows a switch from the monoclinic phase (longer out-of-plane lattice parameter) to
the rutile phase (shorter out-of-plane lattice parameter) as temperature increases; the
crystallographic information about the parent bulk phases is summarized in Table 1. The process
is reversible upon cooling, and the critical temperature depends on thickness. At RT, films
thinner than ~ 35 nm are rutile while those above ~ 85 nm are mostly relaxed into the monoclinic
phase (Figure S2). In the intermediate range, rutile and monoclinic peaks are simultaneously

present at RT, indicating phase coexistence.

In Figure 1 we compare the relative volume fraction of rutile (metallic) phase with the
resistance as a function of temperature measured simultaneously for the same film. This
comparison yields the first indication that the macroscopic properties cannot be explained
without access to the local microscopic behavior. Specifically, the result shows that more than
95% of the film needs to be in the rutile (metallic) phase before undergoing the electronic

transition to macroscopically metallic transport. Such a high percolation threshold is not



consistent with mean-field behavior, as random-bond models have much lower critical

percolation thresholds of 1/3 (in 3D) or 1/2 (in 2D).>°

Table 1. Comparison of R-Ti0O,, R-VO, and M1-VO, structural parameters.

LATTICE PARAMETERS (A) ANGLES (°) MISMATCH (%) REFERENCE
Space Group a b c o B Y In-plane ICSD Code
R-TiO2 P42/mnm (136) 4.594 4.594 2.959 90 90 90 - 23697
R—VO2 P42/mnm (136) 4.555 4.555 2.851 90 90 90 +0.9 4110
- 74 4.51 . 122.61 +1. ;+1.4 1
Ml VO2 P]Z/c] (14) 5.743 517 5.375 90 6 90 7(le)’ (ch) 5889
(in pseudo-R cell) 4.517) (4.528) (2.872)

The substrate, R-TiO,, induces in-plane tensile strain in both R-VO, and M1-VO,, but the
lattice mismatch is smaller with respect to R-VO, and hence the metallic phase is favored, so 7y
is lower for fully strained films than for bulk. The M1-VO, structure is also expressed in the
rutile reference frame to facilitate comparison with the substrate lattice parameters.
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Figure 1. Macroscopic electrical transport and the structural phase transition as a function of
temperature for a VO, film of 85 nm. Resistance (blue line) was measured simultaneously with
the collection of x-ray reciprocal space maps (RSM) around the 002 reflexion, two examples of
which are shown in the inset. The discontinuous vertical line marks the temperature at which
d(logR)/dT is maximum, corresponding to the percolative Twi in the electronic transport.’® The
relative volumes of monoclinic and rutile phase (green) were extracted from the integrated
intensities of the X-ray peaks. Bigger symbols are used to mark the data corresponding to the
two representative maps (insets); a supplementary video runs through the complete set of
resistivity and diffraction measurements as a function of temperature for both heating and

cooling (see SV.1).

AFM shows that, while films thinner than ~15 nm are continuous (Figure 2a), thicker films

display a rectangular pattern of ridges parallel to the <110>; crystallographic directions (Figure



2b). SEM (Figure S3) reveals that these ridges correspond to the edges of cracks that are <10 nm
in width. The images also show that the number of cracks increases with thickness (Figure S3),

consistent with cracking being the main stress-relieving mechanism of the films.?!

Cross-sectional TEM adds additional information. Figure 2c shows a HRTEM image of a

crack seen edge-on (i.e. along the [110]; direction). Structural contrast can be observed within

~5 nm at each side of the crack, extending through the whole thickness of the film. A high-
resolution close-up (Figure S4) reveals the structure adjacent to the crack to be consistent with

insulating M1-VO,,>3!% with the matrix being rutile. The fact that the films are still

macroscopically conducting despite the presence of cracks that are deep enough to reach the
substrate suggests that either some of the cracks do not quite reach the bottom interface, or else
they are so narrow near the base to allow for tunneling, thus acting as resistors in series with the

bulk of the film.

Electron Energy Loss Spectroscopy (EELS) was also used to gain information on O and V
states through the O-K (1s — 2p) and V-L (2p — 3d) core edges. In particular, the O-K edge
probing the unoccupied O p density of states (shown in Figure 2d), is sensitive to the
dimerization of V ions through the strong p-d hybridization.*'** Comparison between the two
spectra shows that the transition across the interface towards the crack is accompanied by a drop
in the intensity of the #* band and a shift of ~ 0.2 eV towards higher energy particularly visible
in the o* band (see also Figure S5). Both features are characteristic of the MIT.>! The

microscopic analysis therefore suggests that (i) epitaxial strain is relieved through a self-



patterned network of clean fissures along the <110> directions and (i1) the cracks are decorated

by a phase that is structurally and electronically distinct from the rest of the film.
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Figure 2. Crack patterning and crack-induced MIT. 10x10 gm AFM topography images of a (a)
10 nm film showing a continuous surface, and (b) a thicker film (60 nm) revealing a rectangular
fracture pattern. (c) HRTEM cross-section viewed along the [110]; zone axis showing structural
contrast near the crack-edges through the whole film thickness. (d) O-K EEL spectra obtained
from the windows placed near the crack-edge (orange) and farther into the rutile phase (blue), as
indicated in (c). These EELS spectra are consistent with the insulating and metallic phases of

VOZ-



Given the correlation between structural, electronic and optical properties in VO,, the local
strain relaxation around the cracks may lead to optically visible contrasts. Optical microscopy
and micro-Raman spectroscopy (Figure 3) bears this, and shows R-metallic rectangles (dark)
framed by MIl-insulating edges (pale) following the cracks. The unusually high percolation
threshold in Figure 1 is thus explained; since the cracks percolate across the entire surface of the

film, if the cracks are decorated by insulating VO,, the films will still behave macroscopically as

insulators even if most of the volume (comprised by the islands) is metallic. Only when the
strain-relaxed near-crack regions have also transitioned into the metallic state (at a higher

temperature than the fully strained rutile islands) will there be metallic percolation.

The local transition temperature within each VO, “tile” depends on its local strain state, which

in turn depends on it size and shape. Since the main strain-relaxation mechanism is cracking,
smaller tiles where the cracks are closer together are more relaxed and thus tend to have a higher

local 7 (i.e., closer to the bulk transition temperature) while larger tiles tend to be more fully

strained and have a lower 7 (i.e. they remain metallic down to lower temperatures).

10
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Figure 3. Insulating-M1 phase surrounding the cracks. (a) Optical image using natural light
showing the difference in contrast of metallic-R domains (darker domains) and the insulating
near-crack regions (brighter areas). (b) Micro-Raman spectroscopy correlating the R and M1
structures with the inner region of a domain and the near-crack region framing the domain,

respectively. The M1-VO, peak around 190 cm™ (b) was used to map (c) the M1 presence

(yellowish color) or its absence (black).

The local electronic properties were also examined by means of temperature-dependent

SKPM, which measures differences in work-function between the surface of the film and the

11



metallic tip. The absolute value of the surface potential is a delicate magnitude that depends on
surface chemistry, which is sensitive to defects and adsorbates. Its relative changes, however, are
a good proxy for the metal-insulator transition.>*” Figure 4a shows the SKPM maps of a film of
20 nm grown on a conductive substrate of Nb-doped TiO,(001) connected to bias in this case,
with scans at three representative temperatures of the experiment. The height scale is common
for the 3 images showing no topography changes across the MIT. The false color scale is chosen
so that blue represents a lower absolute value of the work-function (small difference with respect
to the metallic tip) while yellow means higher absolute value of the work-function, indicative of

an insulating state.

At 50 °C the surface potential is close to 0 mV (consistent with a metallic state), while at 30
°C the absolute value of the surface potential is high across the entire surface, consistent with an
insulating phase. At 40 °C there is phase coexistence, with the phase boundaries between
insulating and metallic regions coinciding with the cracks. The surface potential changes by
about 0.2 + 0.1 V between the low temperature (insulating) and the high temperature (metallic)
phases. Taking the surface potential of our tip to be about 5 V,* this would represent a change in
surface potential from 5.3 V (insulating) to 5.1 V (metal), in good agreement with prior

studies.>*37

These observations indicate that each domain transits independently from the others, acting as
separate units. Cracks thus act as natural barriers that isolate each domain from its neighbors, and
such confinement means that it is, in principle, possible to modify the electronic properties of

each individual domain.

12



Figure 4b reveals the result of illuminating an area of our films with a laser (A = 488 nm;
power = 3 mW; exposition = 1 min). It can be seen that the illuminated area has become darker,
indicating the transition to the metallic phase. Importantly, each illuminated domain is darker
towards the middle but remains unswitched (insulating) towards its edges (the relaxed region

surrounding the cracks). In other words, each domain behaves de facto like a separate pixel.

(a)
S5um
Insulating Phase Coexistence Metallic
(b) Before llluminating After llluminating Deleting

Figure 4. Self-confinement of MIT. (a) SKPM images at 30 °C, 40 °C and 50 °C (from left to

right) showing the local MIT of a 20 nm-thick VO, film. (b) Optical writing. Optical images of

reversible photo-induced MIT. With the film in the insulating phase, we wrote metallic (dark)
domains by illuminating a spot with a 488 nm blue laser. The domains could be deleted

(returning them to the insulating ground state) by cooling below Ty;.
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It is also possible to induce the metal-insulator transition by applying an electric field, because
charge-injection increases the charge-carrier density and favors the metallic state.®3°#! Here we
inject charge by applying a voltage to the conducting-tip of an AFM in contact with an individual
domain (Figure 5a). The schematic of the experiment and the main results are shown in Figure

5. We used a “self-pixelated” VO, film of 85 nm grown on insulating TiO,(001). The surface of

the film was grounded, so the surface potential values have an opposite sign from the ones in
Figure 4a. We measured the surface potential inside and outside an individual island-domain,
before and after applying voltage to the AFM tip. The charge-injection and its relaxation
behavior were characterized as a function of temperature and time with a fixed voltage (1 V),

and also as a function of both voltage and time at RT (Figure 5c¢).

As temperature increases with no voltage applied, VO, transits into the metallic state (Figure

5b) and the absolute value of the surface potential decreases (Figure 5c), consistent with what
was also observed in Figure 4a for a different film. In the metallic state at temperatures higher
than 40 °C, delivering a voltage to the tip has no effect on the surface potential because the
film’s free carriers screen the tip voltage. At 35 °C or lower temperatures, however, the domain
is in the insulating state and applying voltage to the tip does result in charge-injection or

extraction from it, as evidenced from the induced change in surface potential.

VO, is an n-type conductor,*> so negative voltage injects electrons, increases charge density

and pushes the domain towards the metallic state. This shift is evidenced as a lowering of the

surface potential after application of negative voltage; the surface potential in a domain written

14



with V = -3 V at RT is the same as that of the high-temperature metallic state. In contrast,
positive voltage has the opposite effect of extracting electrons, thereby pushing the already
insulating domain into even higher surface potential. In both cases, the voltage-induced changes
relax back over time towards the insulating ground state, with exponential time constants
sufficiently long (from 6 to 17 minutes depending on temperature and voltage) for the induced

changes to be measurable even by such slow means as scanning probe microscopy.

15
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Figure 5. Charge-injection into a self-isolated “bit” and its characterization. (a) Scheme of the

SKPM experiment to study charge-storage in VO,. When the AFM tip contacts the domain’s

surface a DC voltage is applied to the tip during 10 s. Once the tip is withdrawn, the tip voltage
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switches off to 0 V, and a surface potential scan is started immediately. (b) Temperature-
dependent resistivity of the sample used for the experiment, measured using the temperature
rates of 2 K/min (grey curve) and 0.1 K/min (pink curve). The resistivity drop starts ~ 40 °C. The
experiment results are represented in (c), where the surface potential RMS values are plotted
versus both the temperature and the applied tip voltage. Some of the AFM images used for the

analysis are shown.

The transition is not caused by thermal effects (Joule heating from leakage currents), since
Joule heating would favor the high-temperature metallic phase for both voltage polarities,
whereas we observe that positive voltages favor the insulating phase. Moreover, the
thermalization time constant in thin films should be much faster (microseconds) than the long
timescale (minutes) of our measurements, so any heating during the application of the voltage
will disappear almost as soon as the voltage is switched off for the Kelvin-probe measurements.
The electrostatic origin of the effect is also consistent with the magnitude of the electric field: if
we simplify the AFM tip as a conductive sphere with a radius of 50 nm, a voltage of -2 V
generates a radial electric field of the order of ~ 40-10° V/m at the contact region, which is of the

same order as the reported critical electric fields for inducing the MIT, 10%-107 V/m.*

Cracking signifies a loss of mechanical integrity and is thus a source of device failure, so it is
often studied with a preventive perspective. In recent times, however, cracking is also being
embraced as a strategy for device nano-patterning.*?

The self-patterned array of VO, is not perfectly regular, and pre-patterning (pre-etching) of the

substrates is likely to be necessary in order to achieve perfect registry as required for memory

17



arrays. On the other hand, some irregularity in the registry is an advantage for photographic
applications, as it naturally gets rid of the Moiré fringing artifacts that are inherent to regular
CMOS and CCD photographic sensors. Thus, while both memory and pixel arrays made of self-

patterned VO, are still far from actual real-world applicability, we believe the latter to be more

hopeful.

The self-patterned VO, films can also be seen as a barrier-layer capacitor system, with the

metallic domains behaving as floating electrodes and the insulating boundaries acting as the
dielectric. This is reminiscent of other spontaneous barrier layer capacitor systems (Maxwell-

Wagner capacitors) such as CaCu;Ti,0,,* or CdCr,S,*. On the other hand, the increased
capacitance of VO, would only be in-plane, plus the leakage of VO, is too high to be of practical

use as a barrier layer capacitor, leaving perhaps high-frequency applications with in-plane inter-

digitated electrodes as the only capacitive functionality worth exploring.

V. CONCLUSIONS

VO, films thicker than 15 nm, grown on rutile TiO,(001), relax the epitaxial strain mainly by
cracking following the <110>; crystallographic directions. It results in a rectangular pattern of
VO, domains that may be addressed independently of each other. The material adjacent to a
fissure relaxes locally (thus, 7, ~ bulk VO,), while the inner region of the VO, domain remains
strained (lower Ty;). It leads to insulating-monoclinic strips of VO, framing metallic-rutile pads
of VO,. It has been shown that by either charge injection or optical excitation it is possible to

induce the MIT at the VO, strained pads.

18



In epitaxial VO,/TiO, thin films, fracture is all but inevitable above ~15 nm, but the ensuing

pattern combined with the distinct electronic and optical properties that decorate the boundaries
suggest that fracture may be constructively harnessed. From a functional point of view, the self-
fractured films behave de facto as arrays of separate switchable elements: bits of information in a
memory matrix or pixels in a photosensor array.

The bottom line is that, while still far from technological maturity, the regularity and distinct

functionality of self-fractured epitaxial VO, films opens up new venues for applied exploration.
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