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ABSTRACT: Tribovoltaic direct-current (DC) nanogenerator made of dynamic semiconductor heterojunction is emerging as a
promising mechanical energy harvesting technology. However, fundamental understanding of the mechano-electronic carrier
excitation and transport at dynamic semiconductor interfaces remains to be investigated. Here, we demonstrated for the first time,
that tribovoltaic DC effect can be tuned with metal-insulator transition (MIT). In a representative MIT material (vanadium dioxide,
VO,), we found that the short-circuit current (/ () can be enhanced by >20 times when the material is transformed from insulating to
metallic state upon static or dynamic heating, while the open-circuit voltage (V ) gurns out to be unaffected. Such phenomenon may
be understood by the Hubbard model for Mott insulator: orders’ magnitude increase in conductivity is induced when the nearest
hopping changes dramatically and overcomes the Coulomb repulsion, while the Coulomb repulsion giving rise to the quasi-particle
excitation energy remains relatively stable.
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he new era of Internet of things (IoTs) shows increasing the DC density is associated with voltage output as the driving

demand for sustainable energy solutions for self-powered force, as well as series resistance as the barrier for current flow.*
miniaturized electronics for various applications such as As predicted by traditional band theory, metal/metal dynamic
distributed sensor networks, wearable electronics, and contacts exhibit a negligible tribovoltaic potential difference
implantable devices."> Dynamic semiconductor heterojunc- (or voltage output) due to the instantaneous alignment of
tion based tribovoltaic DC generators have emerged as a new Fermi levels in a few microseconds and ultrafast electron-hole
strategy for high-DC-energy harvesting,” with the strength of pair recombination, which has been supported by experimental
remarkable advantages of high current density (10-100 A m™2, observations, 1422724
3-4 orders higher than that of traditional approaches based on

; ° i s | ; However, this hypothesis may be less obvious in a strongly
the d|§placement °_f a d'_eleCt”C layer). The trlbovol.talc correlated system: for instance, a metal-insulator transition
effect is a process in which electron-hole pairs are excited (MIT) material. During the MIT, the material undergoes an
during contact due to the energy released by the newly formed electronic phase transition from a metallic (M) state to an
bonds, which can be named “bindington”. The electron-hole insulating (1) state by various external stimuli (i.e., increasing
pairs are further driven by the built-in electric field to move s 25 .

. . . . temperature, pressure, or electric field).”> Based on the specific
from one side to the other side at the interfaces, generating a changes in the electronic and crvstallogranhic structures. a
direct current.”°™*2 The carrier excitation is believed to be & ystatlograp '
associated with a quantum dynamic process involving

electron-phonon coupling.®>™*> Meanwhile, the existence of Received: September 6, 2022
an interfacial layer, adsorption, image charges, surface/ REV'§9d1 November 2, 2022
geometry-sensitive electromechanical coupling (e.g., piezo- Published: November 7, 2022

electricity or flexoelectricity) at physical contacts, and
nonequilibrium drift-diffusion current may also contribute to

the overall voltage output.*® 2! It is experimentally known that
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Figure 1. (a) Schematic illustration of Al/VO sliding contacts. (b) Resistance-temperature plots of the as-synthesized VO thin film. The T value of
VO is,around 345 K. Inset: resistivity change rate of VO films. (c) XRD §-28 spectra of VO thin films on c-cut sapphire substrates. Inset: AFM
topological image of the VO thin fjlm. (d) Short-circuit current (/ ) at stage | before heating (room temperature: B1296 K), at stage |1 on heating to
@353 K, and stage |11 on cooling back to room temperature (8296 K) under 0.1 MPa pressure. Inset: thermal image at stages | and 111 (left) and at
stage 11 (right). (e) Real-time /| of Al/VO sliding contacfs as the temperature is increased continuously under 0.1 MPa pressure. Inset: illustration
of the crystal structure changing from VO,-M1 (monoclinic) to VO,-rutile (tetragonal).

structure-driven Peierls transition mechanism or electron-
dependent mechanism may be responsible for the narrowing of
the band gap and the collapse of lattice symmetry (crystal
structure shifting from a monoclinic insulator to a rutile
metal).?672% |In addition, the Mott-Hubbard mechanism
describes phase transitions in a large class of materials, i.e.,
Mott insulating materials, where a strong Coulomb repulsion
between electrons in outer orbitals plays a crucial role.?® The
Mott transition process requires electrons to gain enough
energy to overcome the Coulomb barrier, which can be
achieved by temperature changes or by applying stress.*° As a
representative correlated electron system, the MIT transition
of vanadium dioxide (VO,)** can be triggered by temperature,
pressure, electric field, and irradiation (photothermal) with an
ultrafast phase transition (within 0.1 K) and a phase transition
temperature (T ) from an | state (monoclinic structure) toa M
state (rutile structure) around 341 K.3? Herein, for the first
time, we prove that the tribovoltaic DC short-circuit current
across a MIT material (VO,) can be enhanced by orders of
magnitude while a relative steady V. output is maintained
upon a phase transition, which is in sharp contrast to the
traditional material systems where V. and / . are usually
inversely proportional to each other.

To demonstrate the tunable tribovoltaic effect on metal/
VO, sliding contacts, as shown in Figure 1a, an aluminum (Al)
metal probe (diameter @1 mm) was slid over a piece of VO ,
(145 nm, prepared by pulsed layer deposition (PLD))/
aluminum-doped zinc oxide (AZO, 55 nm) thin film on c-cut
sapphire substrates (500 um). The sample temperature is
controlled by a tunable heating stage and monitored by an
infrared (IR) camera. VO, thin films were deposited at 773 K.

C
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The MIT properties of the VO_ thin film were characterized by
measuring the temperature-éependent electrical resistance
switching during the phase transition. Figure 1b shows the
electrical resistance of the VO2 thin film as a function of
increasing/decreasing temperature (under a temperature
ramping rate of 5 K min™, Au probe and back electrode).
The resistivity and the resistivity change rate (in units of QO m
K=1) as a function of temperature are shown in Figure 1b. The
transition temperature (T ) of pure VO, film deposited on c-
cut sapphire, which is defined as the temperature required to
induce a change from an | state to an M state, shows a value
(350 K) similar to those in prior work.>***Figure 1c shows the
X-ray diffraction (XRD) spectrum of the VO, thin film with a
distinct diffraction peak corresponding to VO, (M1) (020),
indicating a highly textured growth of monoclinic VO, along
the b axis. The inset in Figure 1c shows an atomic force
microscopy (AFM) topographic image of the as-prepared VO,
thin film, where a highly uniform film surface is observed with
a calculated root-mean-square surface roughness (R[f of 4 nm.
It can be seen that the thin film shows an excellent film quality,
a high transition amplitude, and a sharp transition.

For a tribovoltaic DC generation with Al/VO, sliding
contacts, the /. output under multiple temperature stages has
been measured by a motor-driven testing system with a precise
control of the applied force and sliding velocity (Figure 1d):
stage I, at room temperature (296 K surface temperature as
indicated by thermal image), where the sample is at original
insulator state; stage Il, on heating up to 353 K, where the
sample transits into M state; stage Ill, on cooling to room
temperature (296 K), where the sample shifts back to the |
state. An Is¢ of around 0.06 uA (corresponding current density

https://doi.org/10.1021/acs.nanolett.2c03481
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Figure 2. (a) Open-circuit current V. at stage | before heating (room temperature: 296 K), stage Il on heating to 353 K, and stage Il on cooling
back to room temperature (296 K). (b) Averaged contact potential difference (CPD) calculated by KPFM as a function of temperature (303.15 to
343.15 K), Inset: KPFM potential mapping at 303.15, 313.15, 323.15, 333.15, and 343.15 K, respectively. Force-dependent static /-V
characterizations of Al/VO sliding contacts at (c) room temperature (2296 K) and (d) @353 K under 0.01, 0.05, 0.1, and 0.2 N, respectively, which
displays both the Schottky contact feature and decrease in series resistance as the applied force increases. The error band area represents the standard
deviation. (e) Open-circuit band diagram of Al/VO sliding cpntacts before (I state: black band) and after (M state: red band) the phase transition

of VOZ.

. of 0.06 A m~2) was observed under the insulator state, in
stages | and Ill, whereas the /__ in stage Il under the M state is
found to be up to 1.15 uA (corresponding current density Jo.
of 1.15 A m~2), which is an E20 times enhancement compared
to the output at room temperature. Real-time /__ is also
measured as a function of surface temperature ,as shown in
Figure 1le. The I increases from 0.05 to 1.41 uA as the thin-
film temperature increases continuously from 296 to 356 K.
Both measurements were carried out under a pressure of 0.1
MPa and a sliding speed of 15 mm s, Such a DC output
boost is in line with the orders of magnitude decrease of
resistance of VO_ upon an MIT phase transition (Figure 1c). It
is noted that the order of enhancement may not exactly match
with that of resistance change due to the existence of tip-plane
contact resistance along with the changing bulk resistance. In
order to further confirm the completion of an MIT phase
transition, DC generation at higher temperature (365 K) has
been measured as shown in Figure S6 in the Supporting
Information. An [23 times enhancement of DC output
compared to that generated at 296 K has been observed, where
the magnitude of enhancement is consistent with the measured
result at 353 K.

To further investigate the driving force of the DC
generation, V. measurements at stages I-Ill were also
conducted (tested under a pressure of 0.1 MPa and a sliding
speed of 15 mm s71). As shown in Figure 2a, unlike the orders
of magnitude variation in /., a consistent V. output of #0.25
V was observed between the | state and M state. Here, it is
inferred that the steady V. output is ascribed to the limited
work function variation between | and M states of VO,, as well

9086

as its special quasi-particle excitation energy structure.>> To
first investigate the work function variation, temperature-
controlled Kelvin probe force microscopy (KPFM) has been
carried out on the as-synthesized Vo, thin films. The KPFM
surface potential mappings shown in Figure 2b display the
surface potential variation trend and high uniformity of surface
potential. The average contact potential difference (CPD) only
shows a slight increase of 0.08 V when the temperature climbs
from 303.15 to 343.15 K, indicating a small variation in work
function before and after the phase transition, which is in good
agreement with previous reports.>

To further understand the mechanism of the DC generation
effect, force-dependent static /- V characterizations of | (Figure
2c: 296 K) and M states (Figure 2d: 353 K) have been
conducted based on an Al/VO, sliding contact under pressures
of 0.01, 0.05, 0.1, and 0.2 MPa, respectively. For both | and M
states, it can be seen that all /-V measurements display a
nonlinear feature, which is an indication of Schottky contact
formation with a rectifying effect.”*®¢ Moreover, the current
increases with increasing applied pressure at the interface,
suggesting the contact resistance decreases as the pressure
rises. Additionally, the /-V characterizations of VO, at the |
state in Figure 2c displays a value 2 orders of magnitude lower
than that of VO, at the M state (Figure 2d) in terms of current
amplitude, which can be ascribed to the much higher resistance
of the VO, thin film before the phase transition. Notably, the
Schottky feature can still be observed in the Al/M-state Vo,
contact. Furthermore, the energy band diagram in Figure 2e
illustrates the Al/VO, contact interface with an interfacial gap
under an open-circuit condition. It is proposed that

https://doi.org/10.1021/acs.nanolett.2c03481
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Figure 3. (a) Comparison of room-temperature /-V characterization of the Al/VO , contact under static and sliding conditions. (pressure of 0.1
MPa, sliding speed of 15 mm s™1). (b) Contact resistance fluctuation with Al/VGQ sliding contacts at room temperature (2296 K). (c) Enlarged
figure showing the detailed contact resistance profile. (d) Comparison of /-V characterization of the Al/VQ, junction under static and sliding
conditions (pressure of 0.1 MPa). (e) Resistance fluctuation with Al/VO, sliding contacts after a phase transition (@353 K). (f) Enlarged figure
showing the detailed contact resistance profile.
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Figure 4. (a) Schematic demonstration of the tribovoltaic effect under fast a MIT transition with dynamic heating of VO,, where the VQ, thin film
sample is positioned between two glass slides and an Al-wrapped soldering probe is employed to perform sliding at both room temperature (298 K) and
high temperature (2405 K). (b) Photo image (top) and IR images (middle, room temperature, 298 K; bottom, high temperature, 405 K) of the
probe. (c) Corresponding /  mgasurements at room temperature and high temperature with multiple testing cycles. The time interval between each

cycles is 10 s. (d) Real-time IR images with local temperature distribution throughout a single-pass sliding process, from presliding to 10 s after
sliding.
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tribovoltaic carriers are excited by the frictional energy
employed at an Al/VO, sliding interface, transmit across the
interfacial energy barrier (Schottky barrier) via direct quantum
tunneling and thermionic emission/trap-assisted transport, and
get oriented by the built-in electric field in the surface charged
region (SCR).

Here, it should be emphasized that the band gap of a Mott
insulator is different from that of a traditional semiconductor
such as silicon. The electronic properties of a Mott insulator
can be understood from the Hubbard model, where there is a
strong Coulomb repulsion U and the nearest hopping V.3"38
The Coulomb repulsion U gives rise to an electron—hole band
gap which is directly related to V.. During the insulator-
metal transition, it is believed that the change of Coulomb
repulsion is limited, mainly due to the weak carrier screening
effects at the sliding surface, whereas the nearest hopping V
changes dramatically. When the nearest hopping V overcomes
the Coulomb repulsion U, an insulator-metal transition
happens.3”® This explanation agrees with our observation
well. We do see that V. does not change much, whereas the
electronic conductance changes dramatically during the
insulator-metal transition. Notably, tribovoltaic DC cannot
be generated in a dissimilar metal/metal sliding contact
system; even the work functions of the two metals are
different. This can be ascribed to the absence of an energy
band gap in a metal such that any electronic excitation of
electron-hole pairs will recombine instantaneously, which has
been predicted by our previous quantum dynamic study on the
tribovoltaic effect.'* Meanwhile, the surface dipoles due to
contact electrification of two dissimilar metals are confined on
the very surface, providing no spatially distributed electric field
for separating the electron-hole pairs for DC flow. However,
the existence of quasi-particle excitation energy in VO, allows
effective electronic excitation and transport of carriers for DC
generation. Therefore, the Al/VO, (M state) sliding system
cannot be regarded as equivalent to a metal/metal sliding
contact.

Furthermore, Figure 3a,d shows a comparison of the /-V
curves between static and dynamic (under sliding; pressure 0.1
MPa and sliding speed of 15 mm s™) conditions for the |
(Figure 3a: 296 K) and M states (Figure 3d: 353 K),
respectively. At both the | and M states, a typical Schottky type
of rectifying /-V curve is measured.””*® However, when the
Al probe is rubbed over the VO, thin film, the DC output is
observed to be amplified from 0.01 to @197 uA for the | state
(296 K) and from 0.01 to 1.6 x 10° uA for the M state (353
K) with increases in the bias voltage from 0 to 5 V. Such
current magnification is due to the addition of tribovoltaic
current to the signal under static conditions. Also, it is worth
pointing out that, compared with the /-V curves of the | state,
a 3 orders of magnitude current amplitude augmentation of the
M state was observed, which is also due to the resistance drop
caused by the phase transition of VO, and is in good
agreement with /__ output data (Figure 1d). Furthermore,
contact resistances under sliding motion for the | (Figure 3b,c:
296 K) and M states (Figure 3e,f: 353 K) were monitored and
recorded, respectively. It should be noted that the contact
resistance fluctuation of the M state (353 K) shown in Figure
3e (from 50 to 300 kQ) appears to be considerably greater
than that of | state (296 K) shown in Figure 3b (from 200 to
40 kQ).

Moreover, a single-pass sliding method has been introduced
to investigate the tribovoltaic effect under fast MIT. As shown
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in Figure 4a (bottom), an Al-wrapped soldering probe (heating
capability up to 650 + 4 K) is applied to slide over a VO, thin
film (PLD), where the VO, sample is placed between two glass
slides (one on each side) to eliminate a preheating issue of the
VO, thin film prior to the sliding motion. Here, the sliding
probe starts from the glass (left), slides over the VO, thin film,
and stops on the glass (right). The duration of the probe on
the sample surface, A = 1 s, corresponding to a sliding velocity
v = 15 mm s The middle and the bottom IR images in
Figure 4b show the probe temperature under unheated (298
K) and heated (405 K), conditions, respectively. The IR
images in Figure 4d record the evolution of the VO, film
surface temperature during a representative single-pass sliding
process (fromt= Ostot= 10s, where t = 0 is defined as the
moment right after the probe passes point A on the VO, thin
film as shown in Figure 4d). It can be seen that the surface
temperature of VO, was quickly increased to >357 K while the
probe was passing the surface (t = 0 s) and sharply dropped
under 325 K when the probe was leaving point A on the
surface (t 1 s). The surface temperature then gradually
decreases to 306, 304, and 298 K when t = 2, 3, and 5 s,
respectively, and eventually stabilizes at room temperature
(297 K) when t = 10 s, which indicates that the VO, thin film
switches back to the | state.

In the meantime, short-circuit current measurements were
carried out. As shown in Figure 4c, /. values of 0.38 and 8.01
UA were observed at 298 and 405 K, respectively, which
correspond to a B21 times current output enhancement.
During the measurement, each sliding was performed at a 10 s
interval to ensure that there was no thermal residue and the
VO, was transformed back to the | state. As shown in Figure
4a, the duration T is defined as the travel time of the probe on
one local spot (position B in Figure 4a) of VO,, which
corresponds to the duration of the probe sliding from position
1 to position 2. d is approximately the diameter of the sliding
probe (1.5 mm). Hence, the total duration of the probe on
position B (T) is the available time window for triggering the
phase transition of VO,, which can be estimated as

d _di

v /

T =

where v is the tip velocity, d is the diameter of the sliding probe
(1.5 mm), and / is the total length of the VQ, thin film (215
mm). Accordingly, T is estimated to be <0.1 s, which is orders
of magnitudes higher compared to the typical time required to
trigger the phase transition of VO, (100 fs to nano-
seconds).®?"** Therefore, the observed DC enhancement can
be ascribed to the dynamic MIT under the sliding heating
probe, which is in good accordance with the results obtained
under a constant sample heating condition. In addition to
direct heating, we also note that a fast laser or switching
electric field may also be used to activate dynamic MIT in
Mott insulator systems, which is worth exploring for
investigating such effects in the future.*>*?

Furthermore, metal-dependent power outputs were meas-
ured with different contact metallic materials. Figures S5 and
S6 show the /. and V. outputs of | and M states of VO,,
collected with aluminum, titanium nitride (TiN), copper,
silver, iron, and gold probes. It was determined that /.. shows a
good accordance with the work functions of different contact
metals: aluminum > TiN > copper > silver > iron > gold. In
addition, an /. amplification phenomenon has been observed
with all tested metallic materials under heating conditions,
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which validates the universality of tunable tribovoltaic DC
generation in metal/VO, sliding contacts. V¢ values with
different metals exhibit a weak work function dependence,
aluminum (-0.25 V), TiN (-0.09 V), copper (0.04 V), silver
(0.04 V), iron (0.21 V), gold (0.02 V) (Figure S6), which may
be associated with a surface pinning effect due to the existence
of surface states.**~*®

In order to further understand the role of a Schottky contact
in the DC generation phenomenon, metal-dependent /-V
characterizations have been carried out (Figures S6a—f and
S7). It is evident from the /-V characterization with different
metals ( Figure S6a—f) that a Schottky contact with a rectifying
effect (Al, TiN, and Fe) shows the maximum V., whereas the
ideal Ohmic contact (Cu, Ag, and Au) shows the minimum
Voc. Such an electronic interface feature may facilitate the
directional DC power generation and conduction. These
results are in good accordance with previous reports in a
metal/inorganic semiconductor sliding DC generator sys-
tem.47_49

In summary, a tribovoltaic effect induced DC energy
generation via a metal/MIT material (VO,) sliding contact
has been demonstrated for the first time with a tunable and
controllable output performance. Under such a phase
transition from the | to the M state, a 20 times enhancement
in DC current has been observed in the Al/VO, sliding system
by modulating the contact resistance variation due to the
temperature-triggered sharp MIT effect; while, in the mean-
time, the V¢ value remains at a constant output level, which
not only proves that the DC current output could be tuned
individually but also indicates a new phenomenon that is
related to the special electronic properties of a Mott insulator. It
is proposed that V¢ remains unaffected upon heating, since the
quasi-particle excitation energy resulting from Coulomb
repulsion does not change too much after the MIT phase
transition. In contrast, the nearest hopping changes dramati-
cally, overcoming the Coulomb repulsion and resulting in a
significantly reduced resistance and hence an enhancement of
the current output.
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