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ABSTRACT: Techniques for scaling-up the direct-current (dc) triboelectricity
generation in MoS, multilayer-based Schottky nanocontacts are vital for
exploiting the nanoscale phenomenon for real-world applications of energy
harvesting and sensing. Here, we show that scaling-up the dc output can be
realized by using various MoS, multilayer-based heterojunctions including
metal/semiconductor (MS), metal/insulator (tens of nanometers)/semi-
conductor (MIS), and semiconductor/insulator (a few nanometers)/semi-
conductor (SIS) moving structures. It is shown that the tribo-excited energetic
charge carriers can overcome the interfacial potential barrier by different
mechanisms, such as thermionic emission, defect conduction, and quantum
tunneling in the case of MS, MIS, and SIS moving structures. By tailoring the
interface structure, it is possible to trigger electrical conduction resulting in
optimized power output. We also show that the band bending in the surface-
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charged region of MoS, determines the direction of the dc power output. Our experimental results show that engineering the
interface structure opens up new avenues for developing next-generation semiconductor-based mechanical energy conversion

with high performance.
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B INTRODUCTION

Mechanical energy harvesting technologies such as tribo-
electric nanogenerator (TENG),I_4 piezoelectric nanogener-
ator,” and electrochemical—mechanical generator5’6 are prom-
ising for powering portable devices such as wearable/
implantable electronics and sensor network and are critical
to the future development of Internet of Things and smart
medical care devices.”® These energy harvesting concepts can
also be applied as an electromechanical transducer for various
chemical, biological, and physical motion sensing applica-
tions.”” Among those energy harvesting techniques, direct-
current (dc) generation at moving Schottky contacts is
emerging as a new approach, which overcomes the current
output limitation faced by traditional methods.'’~"" Specifi-
cally, Liu et al.'” have demonstrated that the sliding of Pt/Ir-
coated atomic force microscopy nanotip on a multilayered
MoS, can generate ultrahigh dc current due to tribo-tunneling
transport mechanism' "> and tribo-photovoltaic effect.'® It has
been proposed that the triboelectric charges can quantum
mechanically tunnel through the thin forbidden barrier
(surface oxide, 1-2 nm) in the metal/silicon (Si) tribo-
tunneling system, thus generating sustained high current in the
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dc form.'"'> However, scaling-up the MoS,-based dc

generation method remains as a challenge for practical
applications. Here, it is shown that a MoS,-based system can
be scaled-up for dc current generation for practical
applications. We also show that the triboelectric dc generation
is a universal physical phenomenon at metal/insulator/
semiconductor (MIS) and semiconductor/insulator/semicon-
ductor (SIS) moving systems (Figure 1).

Two-dimensional transition-metal dichalcogenides such as
MoS,, MoSe,, and WSe, are one of the most promising
materials for future electronics, photonics, catalysis, sensing,
and energy-storage applications.'”'® The discovery of its out-
of-plane piezoelectric property with few-layer structured (odd
number: 1, 3, and S layers) MoS, initiated its applicability for
mechanical energy harvesting'™>' It is reported that a MoS,
monolayer with 0.53% strain can generate peak outputs of 15
mW and 20 pA, corresponding to a power density of 2 mW/
m?”" Strong in-plane/out-plane piezoelectricity and flexoelec-
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Figure 1. (a) Schematics of the MoS,-based moving heterojunction as the direct-current generator. Interfacial electronic excitation can be induced
by continuous friction between the MoS, multilayers and the contact material X. The surface charges are built up by thermionic emission and swept
either by direct conduction or quantum-tunneling transport and thus generate dc current output. The contact material X can be (b) metal, (c)

semiconductor, or (d) insulator.
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Figure 2. (a) Short-circuit current (Isc) output in a MoS,/Al moving junction. The MoS, is driven by a circular motion mode on the Al substrate.
(b) Open-circuit voltage (V) output in MoS,/metal moving junctions with different metal substrates (Al, Au, Cu, Fe, Ti, and indium-tin oxide
(ITO)). Band diagram of the cases with positive output (Al and ITO) under (c) short-circuit and (d) open-circuit conditions. Band diagram of the
cases with negative output (Cu and Au) under (e) short-circuit and (f) open-circuit conditions. Basically, electronic excitation is induced at the
frictional surface. Triboelectric charges are transferred via thermionic emission process, overcome the Schottky energy barrier, and get swept by the
electric field in the semiconductor surface-charged region (SCR). The dc generation is completed by carrier conduction from the external circuit

back to the metal substrate.

tricity are also Eredicted in the Janus monolayer and multilayer
structures.”””” Meanwhile, a nanocomposite with MoS,
monolayers inserted into the friction layer is proved to be an
efficient way of improving the dielectric alternative current
(ac) peak output of a polymer-based triboelectric nano-
generator (TENG) from 0.025 to 0.175 A/ m2** In contrast,
the dc generation in MoS,-based moving heterojunctions
works based on very different mechanisms compared to the
piezoelectric or traditional electrostatic triboelectric generators.

B RESULTS AND DISCUSSION

DC Generation in Metal/Semiconductor (MS) Moving
Heterojunctions. The concept is demonstrated by sliding a
piece of multilayered MoS, flake from a single crystal on
different materials and recording the power output, as shown
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in Figure 1b. For example, MoS, when rubbed on an
aluminum (Al) substrate under circular motion produces a
sustained open-circuit voltage of V¢ of 0.3 V (Figure 2a) and
short-circuit current of Iy of 0.6 yA (Figure 1b). The current
output corresponds to a current density Jsc of 0.35 A/m*
(contact area A ~ 1.7 mm?). It can be seen that the voltage and
current output occurs simultaneously. Figure 2b shows that the
Voc output obtained with different metals. Negative outputs of
—0.05 and —0.15 V are observed with Cu and Au, respectively,
while the output is negligible with Ti and Fe. Here, the
piezoelectric mechanism can be excluded since the piezo-
electric output is found to decay rapidly when the layer
number is larger than five and negligible in bulk MoS,.>" The
mechanism is also fundamentally different from that in the
polymer-based traditional TENGs: the dynamic voltage
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Figure 3. TiO, thickness (dr;o,)-dependent (a) Isc and (b) V¢ outputs in MoS,/TiO, moving junctions. (c) Summaries of the analytic results of
the dr; -dependent I and V¢ data. Inset: the optical image of the TiO,/Ti samples. (d) Schematics of the possible mechanism. The MoS,/TiO,

moving junction is simplified as two capacitors, Cr;o, and Ciyerfacer Which are connected in parallel. Cr;o, represents the dielectric capacitance of the

TiO, thin film. The Ci .. corresponds to the atomic separation of the two contact bodies. Dynamic surface charge variation breaks the electronic
equilibrium resulting in the V¢ in the dc transport. Band diagram of the MoS,/TiO, moving junctions under (e) short-circuit and (f) open-circuit
conditions. The carriers are conducted through the conducting paths (defect, grain boundaries, etc.) inside the e-beam-evaporated TiO, thin film.

generation at semiconductor-based moving junctions is related
to a perturbed electronic interface rather than the capacitive
voltage due to the separation of electrostatic charges, and the
dc generation is the result exciting interfacial charge carrier and
direct conduction through the junction instead of dielectric
displacement alternating current (ac)."”

The possible mechanism of metal/MoS, moving junction is
proposed in Figure 2c¢—f: In the case of Al/MoS, junction,
downward band bending may occur on MoS, surface-charged
region (SCR) due to the relatively low work function @ of Al
(~4.2 €V).”® When excited by frictional energy, energetic holes
may undergo a thermionic emission process, overcome the
interfacial Schottky energy barrier, and get swept by the
electric field in the SCR generating the dc current (Figure 2c).
Under open-circuit condition, the accumulated surface charges
produce a dynamic surface potential difference, which
corresponds to the Vic. In contrast, metallic materials with
relatively large @ such as Au (~5.1 eV) would lead to an
upward surface band bending, as shown in Figure 2e.”> As a
result, current and voltage directions have an opposite sign
(Figure 2e,f). We shall also see that the metallic material can
also be replaced by conducting oxide such ITO, as shown in
Figure 2b. We notice that the surface pinning effect has been
reported in the metal/MoS, static heterojunction structures
resulting in a small Schottky energy barrier.”*"** Compared to
the chemical bond formation in the static MS structures where
the metals are normally prepared by physical deposition
methods, the interaction of surface atoms in the moving MS
junction is more likely attributed to a relatively weak van der
Waals force.'”> Therefore, it is proposed that the surface
potential difference may still play a vital role in the metal-
dependent output direction.

DC Generation in Metal/Insulator/Semiconductor
(MIS) Moving Heterojunctions. The continuous dc output
is also demonstrated using metal/insulator (thick)/semi-
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conductor (MIS)-type of moving heterojunction. As shown
in Figure 1c, TiO, thin film with different thicknesses (dr,o,) is

deposited by e-beam evaporation on the Ti electrode/Si wafer.
Ti thin film (50 nm) is deposited as the bottom electrode in
advance. The Isc and V¢ outputs vs. time in MoS,/TiO,
moving junctions are shown in Figure 3ab, respectively.
Negative voltage and current output are observed, which is in
line with the cases of upward surface band bending, as
discussed above. Figure 3¢ summarizes the dro-dependent

outputs. It can be seen that both the I and V¢ output are
maximum at dTiOZ = 60 nm (Voc of —0.7 V and Igc of —2 uA
Jsc = 1.2 A/m?).

Here, it should be noted that the Ti/MoS, moving junction
shows negligible output (Figure 2b), indicating that the
observed dc output in MoS,/TiO, moving junctions should be
associated with the electronic properties on the TiO, surface
rather than the Ti bottom material. According to the contact
electrification theory, charge transfer takes place due to the
overall potential difference between two contact bodies™”*°

V=V +V, 0

where V_ is considered to be the surface potential difference
between two contact bodies and V, is the image charge
potential determined by the existing surface charges: V, = kg,
where k, is a constant and q is the initial charge on the surface
before contact. To explain the electrostatic charge accumu-
lation in metal/dielectric/metal structures, Zhou et al.’!
developed the theory based on the parallel-plate model and
Poisson equation

c+o,+0,=0 2)
0, o

andV = Lz + —2¢
€ €€ (3)
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Figure 4. V¢ output in Si/MoS, moving junction (a) p-Si 0.001—0.005 Q cm, (b) p-Si 0.1—1 Q cm, (c) p-Si 1-10 Q cm, (d) p-Si 10-20 Q cm.
(e) n-Si 1-10 Q cm, and (f) n-Si 0.001—0.005 Q cm. Band diagram of the p-type Si/MoS, junction under (g) short-circuit and (h) open-circuit
conditions; n-type Si/MoS, junction under (i) short-circuit and (j) open-circuit conditions. Friction-excited carriers can quantum mechanically
tunnel through the ultrathin SiO, layer and get swept by the electric field in the SCR.

where 6, 6}, and 0, are the dielectric surface charge, induced
charge on the top metal, and the induced charge on the bottom
metal, respectively. V is the potential difference between the
top and bottom metal electrodes. z denotes the separation
distance between the two contact bodies (a metal and a
dielectric), which is on the range of a few angstroms. t and &
represent the thickness and the dielectric constant of the
dielectric materials. € is the vacuum permittivity. Here, V = 0,
when the top electrode is in intimate contact with the
dielectric.” Under lateral friction, however, one would expect a
dynamic variation of interfacial charge Ao due to the
nonequilibrium surface potential difference along with a
nonadiabatic electronic excitation (Figure 3d).'” As a result,
the balance of V in eq 3 will be perturbed, which ascribes that
the nonequilibrium Vi output is a MoS,/TiO,/Ti moving
structure

Voo = AV = Mz + 22y

o &€ (4)
However, the AV will diminish immediately once the friction
stops, as the image charge o, will promptly respond to the Ao
and rebuild the electrostatic equilibrium (i.e., V = 0). As we
have shown above, the negligible power output in the Ti/MoS,
moving system indicates that surface potentials of Ti and MoS,
are very close to each other. As the dy,o, increases in the very
beginning, the surface potential level of TiO, (E,) may deviate
from the Eg,p;, which results in larger Ao and contributes to
the increased Vi output. On the other hand, it is evident that

further increasing the dielectric layer thickness will lead to a
smaller Ac in the two-capacitor model.”" The thick dielectric
layer should also increase the internal resistance of the
generator. Therefore, an optimal dro, may exist, as revealed by

the experimental results.

We shall now discuss about the dc conduction mechanism in
the MoS,/TiO,/Ti moving structure. It is proposed that the e-
beam-evaporated TiO, thin film contains a large number of
conducting paths (defect, grain boundaries, etc.), which allows
the conduction of friction-excited carriers through them.’” In
the case of a compact dielectric thin film such as the atomic
layer-deposited SiO,, such conducting mechanism fails since
the thin film would have an excellent insulating property.
However, quantum mechanical tunneling mechanism may exist
when this dielectric layer is extremely thin (<2 nm)."’

DC Generation in Semiconductor/Insulator/Semi-
conductor (SIS) Moving Heterojunctions. Earlier, we
have reported on the current generation due to quantum-
tunneling mechanism in a MIS moving structure.' ' Here, it
is shown that the semiconductor/insulator/semiconductor
(SIS) moving structure can also give rise to the tribo-tunneling
dc power output. Figure 4a—f shows the V¢ output of the Si/
SiO,/MoS, moving junction with different Si doping types/
concentrations (University Wafer, Inc.). It can be seen that a
positive Vi output is measured with p-Si 0.001—0.005 Q cm,
p-Si 0.1-1 Q cm, and p-Si 1-10 Q cm samples, while a
negative V¢ output is obtained with p-Si 10—20 € cm, n-Si
1-10 Q cm, and n-Si 0.001—0.005 € cm samples. It is
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suggested that the surface potential of the Si samples may
induce different surface band bendings of MoS,. In the case of
a p-type Si/MoS, junction, an upward surface band bending
may be induced in MoS,. (Figure 4g) Friction-excited
electrons can quantum mechanically tunnel through the
ultrathin SiO, layer and get swept by the electric field in the
SCR, which accounts for the dc output in a positive direction.
(Figure 4h) On the other hand, the downward band bending
in a n-type Si/MoS, junction may result in the hole tunneling
and conduction in the negative direction generating the dc
output. (Figure 4i—j) In our previous work, the insensitivity of
Si doping type/concentration on the power output direction is
found in metal/Si moving contact systems.'> It is proved by
Kelvin probe force microscopy that the surface potential of a
wide range of p-/n-type Si samples is similar, which may be
due to the fermi-level pinning due to the surface states or
surface dipole effect via air molecular adsorption.'” We also
demonstrated in the HF etching experiment that the surface
oxide plays an important role in the surface state formation on
the Si surface.'” Therefore, it is proposed that the similar
output characteristics on the p-Si (10—20 Q cm) and the n-Si
samples may be attributed to the surface Fermi-level pinning of
the Si surface due to the existence of surface oxide and/or
defects. We shall also see that the heavily doped n-/p-type Si
samples (degenerated) exhibit a much lower power output.

B CONCLUSIONS

In summary, dc power output with high current density has
been proved in MoS, multilayer-based moving heterojunctions
with various structures (i.e.,, MS, MIS, and SIS). It is proposed
that the dc conduction mechanism is thermionic emission,
defect conduction, and quantum tunneling of the tribo-excited
energetic carriers in the case of MS, MIS, SIS systems,
respectively. It is shown that the surface band bending of MoS,
in contact with another material plays a key role in determining
the direction of power output. We found that by adding the
interfacial dielectric layer with different thicknesses, the voltage
and current output can be manipulated. It is expected that the
triboelectric dc power output can be further enhanced by
interface engineering such as using high K dielectric materials,
polymer/inorganic nanocomposite, and metal/inorganic nano-
composite. The excellent lubricant properties of the layered
materials endow them with a promising future in triboelectric
dc nanogenerators. It also opens new avenues for exploring all
kinds of semiconductor-based moving heterojunction for dec-
based energy harvesting and sensing applications.

B METHODS

TiO, Sample Preparation. To deposit titanium oxide on silicon
(Si) wafers, the standard 4 in. wafers were diced into 25 mm X 50 mm
rectangular substrates. After dicing, the rectangular Si substrates were
rinsed water and then ethanol, followed by drying with nitrogen. In
total, 24 substrates were prepared. Then, a set of four substrates was
loaded in the vacuum chamber of the electron beam evaporation
system (Kurt J. Lesker). For all of the substrates, SO nm titanium was
deposited at a vacuum level of 1.5 X 107 mTorr and a deposition rate
of 0.8 A/s. After that a portion of 10 mm X 25 mm of each substrate
was covered with the Kapton tape, to use that for a later formation of
an electrode. Then, the substrates were loaded again in the deposition
chamber to separately deposit 5, 10, 30, 60, 100, and 200 nm on the
sets of four substrates. The deposition was performed on the area of
25 mm X 40 mm at a vacuum level of 2 X 107® mTorr and a
deposition rate of between 0.6 and 1.1 AJs.

Triboelectric dc Power Measurement. MoS, single crystal was
purchased from SPI Supplies. The Si wafers with different doping
type/concentration were purchased from University Wafer, LNC. and
coated with Al thin film (200 nm) as the bottom electrode. The
current and voltage output is measured by a Keithley DMM6500 6-1/
2 Digi Multimeter. The I-V curve is characterized by a Keithley 2450
Source Measurement Unit. The speed and force are controlled by a
customized automatic motor system.
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