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Dynamic Electronic Doping for Correlated Oxides by a

Triboelectric Nanogenerator

Yuliang Chen, Ying Zhang, Zhaowu Wang, Taotao Zhan, Yi-Cheng Wang, Haiyang Zou,
Hui Ren, Guobin Zhang, Chongwen Zou,* and Zhong Lin Wang*

The metal-insulator transition of vanadium dioxide (VO,) is exceptionally
sensitive to charge density and electron orbital occupancy. Thus three-
terminal field-effect transistors with VO, channels are widely adopted to
control the phase transition by external gating voltage. However, current
leakage, electrical breakdown, or interfacial electrochemical reactions may
be inevitable if conventional solid dielectrics or ionic-liquid layers are used,
which possibly induce Joule heating or doping in the VO, layer and make

the voltage-controlled phase transition more complex. Here, a triboelectric
nanogenerator (TENG) and a VO, film are combined for a novel TENG-VO,
device, which can overcome the abovementioned challenges and achieve
electron-doping-induced phase modulation. By taking advantage of the TENG
structure, electrons can be induced in the VO, channel and thus adjust the
electronic states of the VO,, simultaneously. The modulation degree of the
VO, resistance depends on the temperature, and the major variation occurs
when the temperature is in the phase-transition region. The accumulation of
electrons in the VO, channel also is simulated by finite element analysis, and
the electron doping mechanism is verified by theoretical calculations. The
results provide a promising approach to develop a novel type of tribotronic
transistor and new electronic doping technology.

External stimuli are commonly used to
adjust materials’ properties to achieve var-
ious functionalities. Some typical examples
include applying gate voltage for field-
effect transistors (FETs),I!) using magnetic
field for spintronics,?! and employing
force field on piezotronics.?# Metal-insu-
lator transition (MIT) in some transition
metal oxides is a distinct feature that is
being used for the development of various
electronic devices due to it can poten-
tially lead to outstanding on—off ratio,"
spin—orbit coupling,® or even the possible
superconductivity.” 8l

As a typical correlated metal oxide, vana-
dium dioxide (VO,) shows a pronounced
MIT behavior from low-temperature
insulator (M1) phase to high temperature
metallic (R) phase. Across the phase tran-
sition, it will undergo a sharp resistance
change, up to five orders of magnitude,
and a pronounced infrared switching
effect within sub-ps time scale.’'2 In
addition to the excellent phase transition
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induced electronic or optical properties, VO, has extra advan-
tages comparing with other phase transition oxides: simple
binary oxide with a critical temperature (=340 K) close to room
temperature. All of these distinct properties make VO, a prom-
ising candidate for many applications such as thermal sen-
sors, smart windows, phase transition memories, or ultrafast
response optical devices.3-1%]

However, the relatively high transition temperature of VO,
crystal is still a bottleneck for its practical applications at room
temperature. Thus, various methods have been attempted to
modulate the MIT process as well as decrease its critical tem-
perature.1*20 Tt has been reported that gating a VO,-layer-
based FETs with SiO, TiO,, or HfO, dielectrics can modulate
the phase transitions. For example, Sengupta et al. observed
a reversible and hysteretic conductance change (=6%) induced
by a gate voltage when HfO, was used as the dielectric layer
in the VO,layer-based FETs.2!! Yajima et al. achieved a
positive-bias gate-controlled metal-insulator transition via a
high-permittivity TiO, gate dielectric.??l For these conventional
transistor devices, the electric field driven charge density is
not high enough to trigger the completed phase transitions at
room temperature. In addition, the current leakage or electrical
breakdown induced local Joule heating may be involved in the
field-induced phase transitions, which makes the real mecha-
nism much more complex. Due to the high gating charge den-
sity at the interface, ionic liquid (IL) dielectrics are frequently
adopted for the VO,-based FET devices recently.?3] However,
the unavoidable impurities such as residual water, hydroxide,
and oxycarbide in IL may induce the hydrogen doping or
oxygen vacancies due to the interfacial electrochemical reaction
rather than the expected pure electrostatic effect.242¢]

Considering the gating model on the dielectric IL layer, we
found that the electrostatic effect induced charge separation
was very similar to the basic operation principle of triboelectric
nanogenerator (TENG)—separation of opposite charges plus
electric induction.”’-3% TENG is a kind of device that can con-
vert ambient mechanical energy to electrical output, taking
advantage of contact electrification and electrical induction. As
the mechanical energy is ubiquitous in our daily life, such as
vibration, breeze, and water wave, they can be effectively har-
vested by various TENGs. Since it was first proposed by Wang’s
group in 2012, numerous novel devices based on TENG have
been developed, such as self-powered electronics, blue energy
harvesting, and vibration sensors.[32-3%]

Accordingly, in this work, we combine a TENG device with
VO, film to develop a correlated three-terminal device (TENG-
VO,). In this configuration, the VO, film and TENG serve as
the channel and gate, respectively.’?) The electrons will be
induced in VO, channel due to the triboelectric effect plus elec-
tric induction, which can change the electronic state of VO,,
simultaneously. In addition, it shows that the electron doping
induced resistance change of VO, layer is strongly depending
on the temperature, and the more pronounced resistance vari-
ation occurs within the phase transition region (PTR) of the
VO,. The electrons accumulation in VO, channel is simulated
by finite element analysis (FEA), which further confirms the
triboelectric effect on the VO, phase modulation. Detailed first-
principle calculations validate the electrons doping effect on
the phase transition of VO, crystal. Our current study not only
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demonstrates the electron doping induced phase modulation
of VO, material but also leads to a new way of expanding the
TENG for tribotronic transistors and novel electron doping
technologies.

Figure 1a,b shows the configurations for the IL assisted
FET device and TENG-VO, device, respectively. The equivalent
circuit for IL assisted FET device can be considered as three
resistor-capacitor (RC) units in series: two RCs for the electric
double layers (EDL) interfaces at the electrodes and one for
the bulk IL phase.*”! EDL can induce electrons on the channel
surface and realize electron doping if applying positive gating
voltage within the electrochemical potential windows.[*!! Ideally,
the IL layer can be considered as an absolute insulator. How-
ever, due to the existence of impurities (e.g., residual water, and
hydroxide) in actual experiments, the interfacial electrochem-
ical reactions could be triggered. While for the FET based on
TENG, negative and positive charges will be separated between
the two dielectric surfaces after contact due to the different
triboelectric properties.*?l The bottom mechanism seems to
associate with the surface potential barrier, the work function,
or the molecular-scale fluctuations.'*! After separating the
two dielectric layers of TENG-based FET, the opposite charges
are induced respectively on metal electrode and VO, channel
simultaneously. In the shown equivalent circuit (Figure 1b),
there is no resistor involved due to the insulating properties of
dielectric materials and air gap, which indicates the TENG-VO,
structure could avoid the possible electrochemical doping and
current leakage.

The actual fabricated device (TENG-VO,) is shown in
Figure 1c. Specifically, we use gold electrodes, a copper film, a
poly(tetrafluoroethylene) (PTFE) layer, a nylon layer, and a VO,
film to fabricate the three-terminal FET device. An ohmmeter
is used to record the whole channel resistance in real time.
The working processes are summarized as the following steps:
I) In the triboelectric structural part, when the PTFE and nylon
layers (two dielectric layers) are in contact with each other, neg-
ative charges would transfer from nylon surface to PTFE sur-
face.[*”] The separation distance between two dielectric layers is
in atomic scale at this moment, and the two opposite charges
electrostatic screening each other results in no charges being
induced on the copper film and the VO, channel. II) Increasing
the separation distance between two dielectric layers could
weaken the electrostatic screening effect. Then the positive
charges (holes) on copper film and negative charges (electrons)
on the VO, channel would be induced. III) Further increasing
the distance would induce more charges to balance the electric
field. IV) Reducing the distance between two dielectric layers,
the previously induced electrons in the VO, channels would
go back to the copper film. Finally, when these two dielectric
materials contact with each other again, there is no any induced
charge on VO, channel and a cycle is completed.

Accordingly, by integrating a TENG with a VO, channel,
the TENG can effectively change the charge amount in the
VO, channel during its working processes. As a strongly cor-
related oxide material, the phase transition behavior of VO, is
always sensitive to its carrier density. Thus, the VO, properties
in the FET configuration can be adjusted and directly moni-
tored by the electrical measurement as shown in the following
sections.
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Figure 1. Schematics and corresponding equivalent circuits with VO, film as the channel for: a) ionic liquid (IL)-assisted structure, and b) TENG
structure, respectively. ¢) The elements of the fabricated TENG-VO, device and its working principle. The induced electrons appear and vanish in VO,

channel controlled by contact and separation between PTFE and nylon.

Figure 2a shows the typical resistance—temperature curve for a
30 nm VO, film deposited on a c-cut Al,O; substrate (Figure S1,
Supporting Information). The related derivative curve in Figure 2b
shows the critical temperature (T;) value of 339.3 K for the
heating process, with a PTR about 12 K width. The designed
operation scheme (one cycle) of the TENG structure for under-
standing the electric properties of VO, is shown in Figure 2c.
First, the PTFE and nylon layers are separated at the distance of
40 mm for 10 s. Then, the two layers are in contact with each
other for another 10 s. After the first contact-separation event of
TENG, at the initial separated situation, the induced electrons
appear on VO, channel, whereas, when the two dielectric layers
are forced to touch each other, the induced electrons will be
depleted completely (inset of Figure 2c).

Figure 2d-h shows the resistance measurements for the
selected five temperature points (A-E) (additional results can
be found in Figure S2, Supporting Information). It can be
observed that the designed TENG operation (Figure 2c) can
induce distinct resistance variations. The magnitude of the
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resistance change is various at different temperatures, com-
pared with each initial resistance value. The ratio of high resist-
ance (Ry) and low resistance (Ry) is further used to estimate the
modulation degree as shown in Figure 2i. As can be seen from
the figure, at A or E point, which temperature is relatively far
from the critical temperature (339.3 K, according to Figure 2b),
the ratio of resistance (Ry/R;) is almost equal to one. This
means that the resistance change is negligible. As the tempera-
ture is getting close to the PTR, the modulation effect becomes
more remarkable, which reaches a peak (574%) value at 337.6 K
that closes to the T;. Comparing Figure 2b with Figure 2i, the
trend of the modulation degree versus temperatures coin-
cides with that of the PTR of VO,. In addition, similar results
are also observed when PTFE layer is separating from nylon
(after contacting) (Figure S3, Supporting Information), further
confirming the modulation effect from the integrated TENG
structure.

To further examine the dynamic modulation on VO,
channel, we continuously change the separated distance in

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) The resistance-temperature curve of VO, channel, suggesting metal-insulator transition (MIT) was up to three orders of magnitude. The
five red circles (A-E) were adopted to conduct the following experiments of resistance adjustment by contact and separation of PTFE and nylon in
the TENG device. b) The related derivative curve of resistance—temperature. The phase transition region (PTR) of VO, is about 12 K around T, (339.3 K).
c) The designed experimental operation of TENG: maintaining the PTFE and nylon separated at 40 mm for 10 s, then make the two layers in contact with
each other. d—h) The five sets of resistance variation experiments (A-E in Figure 2a) of VO, channel using the designed experimental operation (Figure 2c).
i) The ratio of high resistance (Ry) and low resistance (R,) at different temperature points, indicating the adjusted degree is more remarkable in the PTR.

the following three steps (route: 40 mm — 3 mm — 0 mm) as
shown in Figure 3a. The recorded charge (baseline is the meas-
urement obtained at the separated distance of 0 mm) curve
shows three plateaus, which suggests the electrons could grad-
ually flow from the VO, channel to the copper electrode during
the approaching of the two dielectric layers (PTFE and nylon
layers). As a result, the VO, resistance curve recorded at a tem-
perature closed to T; shows three corresponding plateaus due to
the decreasing electron density as shown in Figure 3b.

The relationship of the amount of induced electrons in
VO, channel versus the separation distance between PTFE
and nylon layers is simulated by FEA. The curve of Figure 3c
shows the simulated results for the relationship between the
transferred charges and separation distance, which confirms
the that additional induced electrons will flow into(out) the
VO, channel by increasing(reducing) the separation distance
between the two dielectric layers. It is worth pointing out that
the charge—distance curve in Figure 3c is not a linear one, e.g.,

Adv. Mater. 2018, 1803580

1803580 (4 of 8)

most of the induced electrons will be transferred at shorter
separated distances, for example, about 71.7% of the electrons
are transferred as the separation distance between PTFE and
nylon is shorter than 7.5 mm (yellow region in Figure 3c). This
nonlinear charge transfer phenomenon can be also observed in
the electrical measurements of other TENG devices, such as the
short-circuit current peaks or open-circuit voltage peaks.[?84647]
The green stars in Figure 3c are the measured data derived
from Figure 3a, which are well consistent with the simulation
curve. The simulation results of the potential distribution of the
TENG-VO, device are presented in Figure S4 in the Supporting
Information.

In addition, we observed the maximum transferred charge
increased when the current TENG-VO, device was heated,
although the increment is not explosive compared with that at
room temperature (Figure S5a, Supporting Information). As a
controlled experiment, the electrical output of a regular TENG
with two metal electrodes (i.e., PTFE/Cu and nylon/Cu) was

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) By reducing the separation distance between the PTFE and the nylon in three steps (route: 40 mm — 3 mm — 0 mm), there are three
plateaus of transferred charge (b) and three corresponding plateaus appear in the resistance variation of the VO, channel. c) The orange line is the relation-
ship of the amount of induced electrons in VO, channel versus the separated distance between PTFE and nylon simulated by finite element analysis (FEA).
Most of the induced electrons are transferred when the separation distance is smaller than 7.5 mm (yellow region). The green stars are the experimental
results of Figure 2a, which well coincide with the simulated line. d) The charge density distribution of VO, channel at different distances simulated by FEA.

measured at different temperatures. On the contrary, the results
for the regular TENG show that the maximum transferred
charge almost kept constant (Figure S5b, Supporting Informa-
tion). The increment of the maximum transferred charge at ele-
vated temperature for the TENG-VO, device could be attributed
to the MIT of VO,. It should be pointed out that the resistance
value is =10? Q of a metallic VO, and =10° Q for an insulator
VO, (Figure 2a) respectively, while the TENG’s internal resist-
ance value (with the air gap) is up to 103-10° Q. Therefore, the
TENG’s internal resistance plays a dominating role to govern
the maximum transferred charge,?®#¥l i.e., the increment of the
maximum transferred charge at high temperature is slight for
the current TENG-VO, device (details in Note S1, Supporting
Information). Based on this TENG-VO, device, we also simu-
lated the charge density distribution of VO, channel with
different separation distances between two dielectric layers
(Figure 3d). It can be observed that larger distance will lead to a
higher charge density distribution up to 101°-10!! cm™.
According to the previous report,*’] the theoretical electron
density for triggering the VO, phase transition at room tem-
perature should be up to 10'* cm™ or higher. While in our
experiments, the produced electron density by TENG is lower
than the theoretical value, thus, no pronounced adjusted effect
(the “A” point in Figure 2a) is observed at room temperature.
However, when increasing the temperature close to the T, of
the VO,, the energy barrier for phase transition (from M1 to
R phase) will become lower or perhaps the intermediate phase
structure (for example, M2 phase) will appear.”®*!l Under this
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elevated temperature condition, even a small amount of charge
density variation should be enough to adjust the phase transi-
tion as shown in Figure 2.

It is worth noting that the simulated average charge density
distribution in VO, channel in Figure 3d is an ideal situation
without considering the surface (micro- or nano-)morphology.
While considering the contact interface between the VO,
channel and flexible nylon layer, the individual actual con-
tacting area could be a dot with nanoscale or microscale. There-
fore, for the actual contact regions in VO, channel, the local
injected charge density could be higher than 10! cm™ and
even enough to drive the phase transition. In addition, the
actually required electron density to drive the phase transi-
tion could probably be lower than the theoretical value, since
the coexisted phase structures or the phase separation in PTR
arising from the possible microstrain, oxygen vacancy, impu-
rity, or local crystal defects in the prepared VO, may result in
lower phase transition barrier.’?! In fact, comparing our TENG-
VO, device with the traditional VO,-based FET structure with
TiO, gate dielectrics,??! the decreasing trend of VO, channel
resistance is almost same by reducing the gating voltage or by
decreasing the separated distance.

To gain insights into the charge-doping-driven MIT mecha-
nism, we performed first-principles simulations at the density
functional theory (DFT) level to examine the charge induced
electronic structure variations. For M1 VO, unit cell, the doping
of electrons induces subtle geometric variations including
slightly enhanced lattice parameters and expanded cell volumes,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Band structures and density of states (DOS) of the neutral VO, unit cell and charged cells. Top panel for M1 phase: a) The band structure
and DOS of the neutral M1 VO, unit cell, and b) those of the charged VO, by one electron doped per V,O3. Bottom panel for M2 phase: c) The band
structure and DOS of the neutral M2 VO, unit cell, and d) those of the charged VO, one electron doped per V,Os.

without affecting crystal symmetry (Table S1, Supporting Infor-
mation). Figure 4a shows the electronic structures of neutral
M1 VO, in comparing with that of charged VO, (Figure 4b and
Figure S6, Supporting Information). The overall shape of band
structures does not change significantly because the crystal
symmetry remains unchanged. However, the occupations are
heavily affected by charge doping. We found all atoms in cells
held negative charges when VO, was doped with additional elec-
trons. Consequently, those electrons would increase the elec-
tronic potential of VO, as well as its energy states. The energy
distribution of such doped electrons can be inferred from the
simulated density of state (DOS). For a neutral VO, cell, the 4
orbitals of V atoms near the Fermi level (Eg) are fully occupied
with electrons.l’3l These constitute the edge of the valence band
states well separated from the conduction band in the energy
band structure (Figure 4a), accounting for the insulating prop-
erty of M1 VO,. When one electron is introduced, the Eg shifts
up, leading to more occupied states in Figure 4b. The newly
occupied states suggest that charge doping could result in more
3d-electrons in vanadium atoms. These 3d-electrons then
have the previous conduction band edge (in the neutral VO,,
Figure 4a) partially occupied (Figure 4b), which leads to the
variation of electronic states. Two electrons make more pre-
vious conduction band edge of neutral M1 VO, be partially
occupied (Figure S6, Supporting Information). Therefore, such
a gradual occupation of high energy states by electrons from
charge doping in the VO, cell could account for the variation of
resistance from neutral M1 VO, to charged VO,. These results
are similar to other reports of electron doping induced by atom
doping approach.[16:1954
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The experimental results imply that it would be easier for
doped electrons to drive variation of electronic states in PTR.
Many reports exhibit an intermediate M2 phase between M1
and R phase under strain condition. Herein, we take M2 VO, to
perform an additional set of first-principles simulations consid-
ering the possible microstrain.>>! We find the similar gradual
occupation of high energy states by electronic doping is still
available for M2 VO,. The neutral M2 VO, behaves as an insu-
lator initially (Figure 4c). While electrons are introduced, the
charge-doped M2 VO, become metallic because electrons make
the previous conduction band edge (in the originally neutral
VO,) partially occupied (Figure 4d and Figure S7, Supporting
Information). The simulating results show the band gap of M2
phase (0.25 eV) is less than that of M1 phase (0.9 eV). This nar-
rower band gap is favorable for making doped electrons occupy
new energy band, which is consistent with our experimental
results that the more pronounced resistance variation occurs
within PTR of the VO,.

In summary, we proposed a novel three-terminal VO,
device by integrating a TENG. The induced electrons appear
and vanish in VO, channel controlled by contacting and sepa-
rating the PTFE and nylon layers of the TENG. The FEA simu-
lation shows the induced electron average density in the VO,
channel can be up to 101°-10"' cm™, and the higher density
(=10'? cm™) may be achieved to improve the performance of
TENG-VO, in vacuum condition for future research.® The
experiments indicate that the resistance of VO, channel can
be adjusted in our TENG-VO, device at different temperatures
and the adjusted degree is more remarkable in PTR of VO,.
The first-principles calculation results further confirm that the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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induced electron doping in the VO, by the TENG device will
shift up the Ep and gradually occupy the 3d orbital, resulting
in the pronounced phase modulation. Our current studies not
only demonstrate the charge doping to adjust the electronic
states of the correlated oxide but also extend the application of
TENG for the development of novel tribotronic transistors or
other correlated oxide-based devices in the future.

Experimental Section

VO, Film Deposition: The VO, films were grown on a c-cut Al,O; crystal
substrate by a radio-frequency (RF)-plasma-assisted oxide-molecular beam
epitaxy (MBE) chamber with a base pressure better than 3 x 10~ Torr.
During the deposition, the substrate temperature was maintained at 763 K
and the growth pressure was maintained at 3.2 x 107> Torr. The reflection
high energy electron diffraction was used to monitor the whole growth
process. The film thickness is controlled by adjusting the deposition time.
The details of the epitaxial film preparation are reported in ref. [57].

Three-Terminal TENG-VO, Device: The area of the VO, channel is
8 x 8 mmZ. The gold electrodes on the VO, channel were deposited by
RF sputtering. A nylon film (0.6 mm in thickness, 8 mm in width, 10 mm
in length) covered the whole VO, channel and partial gold electrodes.
A PTFE film (1.5 mm in thickness, 8 mm in width, and 20 mm in length)
and a copper sheet were selected as the top section of the device.
Another (regular) TENG with two metal electrodes was fabricated by
replacing the bottom VO, channel with another copper sheet. PTFE and
nylon are chosen as the dielectrics according to triboelectric series,!*2
which suggests that PTFE can be negatively charged and nylon can be
positively charged after contacting.

Characterizations: The X-ray diffraction tests were carried out by a
Philips X'pert Pr with a radiation source of Cu K, A =0.15148 nm. The
Raman spectroscopy (LABRAM-HR) was used to examine the phase
structure. The resistance of the VO, channel was in situ measured
by a Keithley 6514 system electrometer. The software platform is
constructed using LabVIEW and is capable of achieving real-time data
collection and analysis. A homemade controlled heating stage was
used for temperature-dependent measurements. A commercial linear
mechanical motor was used to precisely adjust the separated distance
between PTFE and nylon. In a successive heating process, we contacted
and separated the two dielectrics of the TENG-VO, device or the regular
TENG periodically to measure the transferred charges. The results of the
maximum transferred charge versus temperature were extracted from
the amount of transferred charge at the maximum separated distance
(i.e., 40 mm).

Finite Element Analysis: The FEA was carried out by utilizing the
COMSOL software 5.2a. The charge density distribution on the surface
under short-circuit condition and potential distribution under open-
circuit condition were calculated at different distances between PTFE
and nylon.

First-Principles Calculations: All calculations were performed at the
DFT level with the Vienna ab initio simulation package code,”® using
general gradient approximation in the scheme of Perdew-Burke—
Ernzerhof.5% Core electrons were described by pseudopotentials
generated from the projector augmented-wave method(® and valence
electrons were expanded in a plane-wave basis set with an energy cutoff
of 480 eV. In the calculation of electronic structures, DFT with hybrid
functional proposed by Heyd, Scuseria, and Ernzerhof (HSE06) was
used.lbll

Supporting Information
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