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Reversal in Output Current Direction of 4H-SiC/Cu
Tribovoltaic Nanogenerator as Controlled by Relative
Humidity

Jinchao Xia, Andy Berbille, Xiongxin Luo, Jiayu Li, Ziming Wang, Laipan Zhu,*
and Zhong Lin Wang*

Tribovoltaic nanogenerators (TVNG) represent a fantastic opportunity for
developing low-frequency energy harvesting and self-powered sensing, by
exploiting their real-time direct-current (DC) output. Here, a thorough study of
the effect of relative humidity (RH) on a TVNG consisting of 4H-SiC (n-type)
and metallic copper foil (SM-TVNG) is presented. The SM-TVNG shows a
remarkable sensitivity to RH and an abnormal RH dependence. When RH
increases from ambient humidity up to 80%, an increasing electrical output is
observed. However, when RH rises from 80% to 98%, the signal output not
only decreases, but its direction reverses as it crosses 90% RH. This behavior
differs greatly from that of a Si-based TVNG, whose output constantly
increases with RH. The behavior of the SM-TVNG might result from the
competition between the built-in electric field induced by
metal-semiconductor contact and a strong triboelectric electric field induced
by solid-liquid triboelectrification under high RH. The authors also
demonstrated that both SM-TVNG and Si-based TVNG can work effectively
as-is even fully submerged in deionized water. This mechanism can affect
other devices and be applied to design self-powered sensors working under
high RH or underwater.
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1. Introduction

The rapid development of big data and the
Internet of Things is pushing researchers to
develop alternatives to traditional sources of
energy (electromagnetic power generators,
batteries, etc.),[1–3] considering their dis-
advantages for powering scattered devices
across large areas or in some scenarios.[4,5]

The characteristics of tribovoltaic nanogen-
erators (TVNGs)[6] put them at an advan-
tage for harvesting high entropy energy
and designing self-powered sensors.[7] In-
deed, owing to the tribovoltaic effect, they
can deliver a real-time direct current (DC)
output, with a high current density and
low impedance,[8] by converting mechani-
cal energy into electrical energy similar to
the way the photovoltaic effect produces
energy from light.[9] The principle of this
phenomenon can be described as follows.
When a semiconductor material contacts
a metal, or another semiconductor with
different Fermi levels (EF), electrons from
the material with the highest EF will spon-
taneously diffuse to that with the lowest

one.[10,11] As a result, a space charge region is formed, and a built-
in electric field arises at the interface to balance carriers’ diffu-
sion. When a metal and a semiconductor, or two semiconduc-
tors, are sliding relatively close to each other, chemical bonds
break and reform at the interface.[12] During the formation of in-
terfacial chemical bonds, energy quanta, called bindingtons, are
released.[13] Those can excite electron-hole pairs if they possess
a sufficient amount of energy. The newly formed charge carriers
are then separated by the built-in electric field, which generates
a current between the two ends of the device, connected through
an external circuit.

Although the research on TVNG is still at an early stage,
significant progress has been made both on the fundamental
and applicative side.[6,14] However, most of the literature con-
sists of empirical studies that aim at improving the TVNG out-
put by selecting friction materials, [11,15–17] or designing new
structures for the devices (dynamic Schottky junctions,[18] p-n
junctions,[19,20] liquid-semiconductor,[13] and multi-layer struc-
tural junctions[21]). Additionally, some groups studied the influ-
ence of environmental factors, such as illumination (photovoltaic
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effect),[22] temperature (thermoelectric effect),[23] or relative hu-
midity (RH).[24] Among these parameters, the effect of relative
humidity varies drastically as a function of the nature of the in-
terfaces used to form the TVNG.[25] However, these papers gen-
erally stopped their investigations at the observation and lacked
discussions surrounding the mechanism behind the discrepancy
in RH dependence that exists between different devices.

In the present work, we have chosen n-type silicon carbide
(4H-SiC) as a model for our study of the dependence of the TVNG
output on RH. 4H-SiC is a third-generation semiconductor, en-
dowed with high thermal conductivity, high hardness, low dielec-
tric constant, high chemical stability, and other advantages,[26]

that lead to its wide adoption in various electronic devices.[27,28]

Moreover, in the case of TVNGs, it demonstrated the ability to
deliver excellent output performances in harsh environments,
which motivated our choice for this study of TVNGs in various
RH conditions.[25] Therefore, we built a TVNG based on a Schot-
tky structure fabricated with a nitrogen-doped 4H-SiC single crys-
tal and a metal Cu foil (SM-TVNG) and studied its behavior un-
der varying RH and underwater. We observed an abnormal out-
put dependence on RH from our SM-TVNG. When the ambient
RH is raised from 20% to 98%, the output increases at first but
then decreases and even reverses beyond 80% RH. In contrast,
the electrical output of a similarly designed TVNG based on n-
type Si increases almost linearly with rising RH. We also show
that SM-TVNG works when it is totally submerged in water. Fi-
nally, we described the mechanism behind these findings from
two points of view: band structure and electron cloud model. This
allows us to unveil the underlying physics behind the intriguing
behavior of 4H-SiC-based TVNGs under high RH.

2. Results and Discussion

2.1. Fabrication of the SM-TVNG

The setup allowing for the control of RH during the operation of
the TVNG consists of a confined chamber made of acrylic panels,
to which we added a vapor channel and two robotic arm chan-
nels (see Figure 1a). The structure of the SM-TVNG is shown
in Figure 1b-i. The semiconductor part of the TVNG consists of a
1 × 1 cm2 4H-SiC slider (Figure 1b-ii), with a silver (Ag) back elec-
trode that overlaps on the edges of 4H-SiC (Figure 1b-iii), and the
ensemble supported by a piece of acrylic. To form the TVNG, the
semiconducting part is brought into contact with a copper (Cu)
electrode (8 × 10 cm2) placed on a piece of acrylic (Figure 1b-
iv). In Figure 1c,d, we reported the voltage and current signals
recorded when a vertical force of 2 N is applied perpendicularly
to the SM-TVNG, while sliding at a speed of 0.1 ms-1, with a delay
of 1 s between each stroke. Before conducting the experiment, the
oxide layer at the surface of 4H-SiC and Cu are chemically etched.
At room temperature, normal air pressure (1 atm) and ambient
RH (48%), the open-circuit voltage (Voc) and short-circuit current
(Isc) reach 2.85 V and 3.10 μA, respectively (see Figure 1c,d). For
RH beyond 85%, we observe a decrease in the signal output by
the SM-TVNG, as shown in Figures 1e,f. Interestingly, when the
RH of the confined chamber further increases from 85% to 90%,
the Voc and Isc signals continue to decrease gradually, but then
reverse to an opposite direction and increase slightly along the
now reversed direction.

The 4H-SiC slider was characterized before and after the
experiment. The X-ray diffraction (XRD) pattern and Raman
spectrum, presented in Figure 1g,h, confirmed 4H-SiC’s crys-
tal structure.[29,30] In addition, cross-sectional photography of the
4H-SiC was obtained by scanning electron microscopy (SEM)
(Figure 1i), to confirm the silver paste is evenly applied and con-
forms to the side of 4H-SiC. An obvious step between the silver
paste and 4H-SiC in the direction perpendicular to the 4H-SiC
plane can be observed, which has been deliberately designed to
prevent short circuits in the device. It is essential to ensure the
overlapping electrode closely fits the side of the 4H-SiC to ob-
tain the best output from the device, An example of a badly fit-
ting electrode is reported in Figure S1a, Supporting Information.
Scratches on the surface of Cu foil and 4H-SiC appear at the sur-
face of both materials after the experiment, as shown in Figures
S1b,S1c, Supporting Information. It is worth noting the scratches
observed at the surfaces of 4H-SiC are deeper and thinner than
at the surface of Cu, owing to the greater hardness of 4H-SiC.
The sides and surface changes of 4H-SiC before and after coat-
ing silver paste electrodes were examined by SEM, as shown in
Figure S2, Supporting Information. These images show the case
of a properly applied conductive silver paste electrode, covering
only the back of the semiconductor and a part of the sides.

2.2. Abnormal RH Dependence of SM-TVNG

The RH dependence of the SM-TVNG’s output was studied by
precisely controlling RH in a confined chamber. The whole en-
vironment is stabilized at various RHs, prior to the measure-
ment of the SM-TVNG’s output. As shown in Figure 2a, the cur-
rent is recorded for an SM-TVNG subjected to a vertical force of
2 N, with a horizontal sliding speed of the top layer of 0.1 m/s. In
those conditions, when the ambient RH is maintained at 20.0%,
56.5%, 61.5%, 66.5%, 71.5%, 76.5%, 81.5%, and 86.5%, the cor-
responding Isc reaches ≈0.28, 1.21, 1.43, 1.63, 2.09, 2.30, 3.05,
and 2.24 μA. If the ambient RH increases further, we observe a
transition of the signal from forward to reverse directions. A re-
lationship between RH and peak current was then extracted, as
shown in Figure 2b. The current output corresponding to differ-
ent RH was linearly fitted to obtain the humidity sensitivities of
the 4H-SiC-based TVNG, SH. The trend in SH change can be di-
vided into two stages, SH1 = 0.040 μA/% and SH2 = −0.214 μA/%.

We also measured the I–V curve characteristics of the device
under various RH (Figure 2c). With the increase of RH, the I–V
rectifying characteristics of SM-TVNGs improve and their inter-
nal resistance decreases. This phenomenon could derive from
the presence of water vapor at the interface of the device. Indeed,
the increase in RH enhances the surface states of 4H-SiC, ow-
ing to the diffusion of water molecules in the slightly porous
structures of 4H-SiC. As a result, the Schottky barrier height
is enhanced.[31,32] Moreover, when the RH is continuously in-
creased during the operation of the SM-TVNG, we still observe
the enhancement of the Schottky rectifying behavior in the de-
vice, as shown in Figure S3, Supporting Information.

In addition, by continuously increasing the RH, we identi-
fied the tipping point from which the direction of the signals of
the SM-TVNG transition from forward to reverse. As shown in
Figure 2d, when the RH gradually increases. From 82.6% and
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Figure 1. Structure, electrical performance test, and material characterization of the 4H-SiC TVNGs. a) Schematic diagram of the humidity tun-
able chamber and test principle. b) Schematic of the 4H-SiC TVNG structure, and optical images of the 4H-SiC chip (1 × 1 cm2), metal
copper foil (8 × 8 cm2), and silver-coated 4H-SiC chip. c,d) Open-circuit voltage and short-circuit current of the SM-TVNG at room hu-
midity (48%). e,f) Output changes of the open-circuit voltage and short-circuit current of SM-TVNG under continuously increasing humidity.
g) Powder XRD pattern and h) Raman spectrum of the 4H-SiC material. i) SEM image of silver electrode distribution on the side of 4H-SiC
sheet.

upward, the output always decreases. This sudden change in the
behavior of the device could be explained by the change in wet-
tability of 4H-SiC’s surface in high RH. As shown in Figure S4,
Supporting Information, we observe a sharp decrease of the con-
tact angle at 4H-SiC’s surface when RH increases from 80% to
90%. At around 90.0%, another critical point is reached, at which
the forward and reverse outputs are equal, resulting in a null out-
put. Beyond 90%, a reversed output signal appears and further in-
creases slightly along the reversed direction and finally plateaued.
A detailed representation of the output at around 90% is reported
in Figure 2d-i, while the change of RH in the whole process is
shown in Figure 2d-ii. We also demonstrated the SM-TVNG still
functions when it is submerged in deionized water without any

packaging treatment. Detailed Voc and Isc characteristics of the
device underwater are reported in Figure 2e,f, respectively. The
SM-TVNG outputs a stable voltage of 0.07 V and a current of
2.32 μA in deionized water. The increased current output com-
pared with that in air is probably due to an increased charge trans-
fer, and reduced internal resistance, in the presence of interfacial
water. The data reported in Figure S5, Supporting Information
show the stability of the output of the SM-TVNG in deionized wa-
ter. However, it is important to mention that, when submerged
in brine (NaCl, 35 g L−1), the device does not output any current
or voltage (Figure S6, Supporting Information). Indeed, the high
conductivity of brine, compared to deionized water, causes a short
circuit.
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Figure 2. The change of output, sensitivity, and I-V characteristics of SM-TVNG under different RH. a) Short-circuit current when the RH ranges from
20.0% to 86.5%. b) Humidity sensitivity obtained from the relationship between open-circuit current and relative humidity. c) I–V characteristics of the
SM-TVNG under different humidity conditions. d) Short-circuit current signal with RH ranging from 82.6% to 98.0%. Comparison of output e) voltage
and f) current of the SM-TVNG in the air and underwater.

2.3. Comparison of SM-TVNG and Si-Based TVNG

For comparison, we reproduced similar experiments with n-
type silicon (n-type Si) as a slider, using an identical structure.
Figure 3a,b shows the dependence of the output of the Si-based
TVNG (Cu as the bottom layer and Si as the top layer) on RH. The
sliding velocity of the slider (Si) is 0.1 m s−1, the acceleration is
2 m s−1, the force is 2 N in the vertical direction, and the sliding
distance is 50 mm. The Voc and Isc of the Si-based TVNG increase
continuously with increasing RH, on the whole measured range
of RH. This observation is quite different from that of the SM-
TVNGs, indicating the mechanisms of these two devices may dif-
fer fundamentally. Furthermore, without any packaging, the Si-
based TVNG was submerged and operated in similar conditions
to the previous underwater experiment. As shown in Figure 3c,

we also observe that the Si-based TVNG can also work normally
in deionized water with an output in the same order of magni-
tude as that in air, as shown in Figure 3d.

2.4. Working Principle of SM-TVNG

Illustrations of the proposed mechanism behind the abnormal
response to humidity of the SM-TVNGs are shown in Figure 4.
Based on the tribovoltaic effect, when a 4H-SiC chip and Cu
foil are in close contact, electrons spontaneously diffuse at the
interface, forming a space charge region and an interfacial
built-in electric field (Ein). Owing to the work function differ-
ence between Cu and 4H-SiC (Wm > Ws), and the presence of
large surface states at the surface of 4H-SiC, the direction of
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Figure 3. Variation of the output of the Si-based TVNG with RH. a,b) Output of open-circuit voltage and short-circuit current of the Si-based TVNG as
a function of RH. c) Working diagram of the submerged Si-based TVNG. d) Underwater output of the Si-based TVNG.

built-in electric field at the Schottky junction points from 4H-
SiC to Cu, with an upward bending interfacial barrier in 4H-
SiC. When 4H-SiC slides on the surface of Cu, new chemical
bonds (short-lived) form and break at the interface.[10,13] The for-
mation of short-live chemical bonds at the interface releases en-
ergy quanta called “bindington”.[13] As shown in Figure 4a, when
the bindingtons possess sufficient energy they excite electrons
from the valence band to the conduction band, forming electron-
hole pairs in the space charge region. The built-in electric field
separates the electron-hole pairs in opposite directions, which
generates a continuous DC current. When RH increases, the sur-
face state density of 4H-SiC increases, which raises the Schottky
barrier height (Figure 4b). The higher Schottky barrier enhances
the built-in electric field, thus increasing the driving force for the
transport of charge carriers, and the voltage and current. Concur-
rently, an increased RH also reduces the internal resistance of the
SM-TVNG, which leads to an increased output signal. However,
if RH continues to increase beyond 80%, then the value of the
output starts to decrease. And, with a further increase, the output
current reverses and increases in this new direction, until satu-
ration is reached. This remarkable behavior could be explained
by the influence of triboelectrification at water-solid interfaces,
in the presence of interfacial water in high RH conditions.

We propose that, in a high RH environment, water accumu-
lates in the gaps at the interface of 4H-SiC and Cu, as shown in
Figure 4c-i. This water in the gaps can negatively charge the sur-
face of 4H-SiC by contact-electrification (Figure S7, Supporting
Information).[12,33] The tribocharges thus generated on the 4H-

SiC surface create an electric field at the 4H-SiC/Cu interface,
which we call ESC (Figure 4c-ii). It should be mentioned that the
water is then slightly positively charged. The gradient of charges
of charges from one solid surface to another in water generates
an electric field named EW, that opposes ESC. The electric field re-
sulting from the interaction of ESC and EW, between Cu and the
charged surface of 4H-SiC is called “triboelectric electric field”
(ET). ET points from Cu to 4H-SiC, opposing the built-in electric
field (Ein) generated by the tribovoltaic effect. The relations be-
tween those electric fields are described as follows.

ET =ESC+EW (1)

ESC = −nEW (2)

where n belongs to the set of positive real numbers. The charges
accumulated at the surface by water-solid triboelectrification are
constantly renewed during the friction process, as long as the
high RH is maintained. Under high RH, the strength of ET sur-
passes that of Ein (|ET| > Ein). Consequently, in high RH, ET acts
as the driving force that separates electron-hole pairs when a pre-
charged 4H-SiC protuberating morphological defect contacts Cu,
as shown in Figure 4c-iii. Thus, the device outputs a DC current
in the external circuit with an opposite direction to that obtained
in low RH and mild RH (mid-RH) conditions (where the Ein dom-
inated).

It is worth noting a part of the triboelectric electric field is
canceled by the electrical double layers that form in the water
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Figure 4. Diagrams representing the working principle of the SM-TVNG under different RH, under deionized water, and the physical pictures of the
positive/reverse signals. a,b) Energy band analysis of the SM-TVNG under low and middle RH conditions. c) Principle of the positive/reverse output
under high RH conditions. d) Diagram of electron cloud model of the SM-TVNG at different RH. e) Comparison of electric fields between the SM-TVNG
and the Si-TVNG under high RH. f) Principle of the output under deionized water.

near the charged surfaces of the silicon carbide. This could ex-
plain why the negative signal obtained in high RH does not reach
the same absolute values as the positive signal obtained in low-
RH and mid-RH conditions (Figure 2d). In other words, as illus-
trated in Figure 4c-ii,iii, we propose that a metal-semiconductor
(MS) contact turns to a metal-water-semiconductor (MIS) contact
when the RH increases from middle to high when 4H-SiC is used
in the TVNG. In this case, we would observe a decreased strength
of Ein while the strength of ET increases, that is, |ET| > Ein.

The mechanisms of pre-charging and electric field canceling
can also be described from the perspective of the overlap of elec-

tron clouds, as shown in Figure 4d. Before contacting, the elec-
tron clouds of Cu, water, and 4H-SiC do not overlap (Figure 4d-i).
When Cu and 4H-SiC are brought into a high RH environment
the electron clouds of the Cu and the 4H-SiC do not overlap with
each other. However, they overlap with the electron clouds of wa-
ter molecules constituting the interfacial water layer (Figure 4d-
ii). During the overlap of electron clouds, electrons can be trans-
ferred from water to 4H-SiC. In high RH, when water accumu-
lates in the gap between 4H-SiC and Cu (the 4H-SiC and Cu are
not in direct contact), a part of ESC is shielded by the electric field
(EW) generated by the gradient of charges in water. Simply put,
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the change in RH causes the change in the value of ET (Figure 4d-
iii). We define the total electric field (Etotal) as the sum of the elec-
tric field (ET) across the interface generated by tribocharges and
the built-in electric field (Ein).

Etotal =ET +Ein (3)

We can then describe the whole process of the variations of
the interfacial electric field, according to RH, as follows. First, Ein
gradually increases as RH rises from about 20% to 80%, owing
to increased surface states on 4H-SiC. As a result, Etotal gradually
increases (Ein >> |ET|), which leads to an increased output signal
from the SM-TVNG. However, from around 80% to 90%, ET in-
creases owing to the increased ESC caused by water/SiC contact
electrification, from mid-RH to high RH (EW ≈ 0). As a result,
Etotal decreases (Ein > |ET|), resulting in a gradually decaying out-
put of SM-TVNG. When RH reaches around 90%, ET is equal to
Ein (|ET| = Ein), leading to a null Etotal. When Etotal = 0, the SM-
TVNG does not deliver any output signal. But as RH goes beyond
90%, ET overcomes Ein. This results in an increase of ESC caused
by the tribocharging of 4H-SiC’s surface in high RH (|ET| > Ein)
after separation from the interfacial water (Figure 4d-iv). At this
stage, the sign of the output of the SM-TVNG is reversed (Etotal <

0, and ESC >> EW).
As mentioned previously, Si-based TVNG can also work in a

high RH environment. The working mechanism (energy band
analysis) is shown in Figure S8, Supporting Information. How-
ever, the output of Si-based TVNG always increases with increas-
ing RH. Indeed, in contrast to the case of 4H-SiC, the surface
states and barrier for n-Si are relatively lower.[34,35] Thus, negative
surface charges can easily migrate to the bulk of n-Si, be ejected,
or leaked, which leads to a negligible ET compared to Ein (i.e.,
Ein >> ET). In this case, the opposite current is not observed, as
shown in Figure 4e. Finally, if the SM-TVNG is submerged in
deionized water (Figure 4f), the water will facilitate the transfer
of charges at the interface between the metal and semiconductor,
and part of the triboelectric field will be canceled by the forma-
tion of the electrical double layer near 4H-SiC. In this case, |ET|
<< Ein, which leads to an electrical current in the same direction
as Ein.

3. Conclusion

We fabricated an SM-TVNG, composed of 4H-SiC and Cu foil,
a device whose output characteristics are greatly influenced by
the change of RH. For the SM-TVNG, RH sensitivities reach
0.040 μA/% for RH below 80% and −0.214 μA/% for RH above
80%, respectively. Voc and Isc first increase and then decrease
with the increasing humidity from low RH (20.0%) to high RH
(90.0%). And, as the RH continues to increase (≥90.0%), the
signal eventually reverses and further increases in the opposite
direction. The output signal saturates at the maximum RH of
98.0%. The effect of RH on the 4H-SiC/Cu TVNG was explained
by a coupling of the built-in electric field created by the tribo-
voltaic effect and a triboelectric electric field induced by solid-
liquid triboelectrification under high RH. Meanwhile, the SM-
TVNG placed directly in deionized water, in the absence of pack-
aging, could still output electrical signals in the same order of
magnitude as that in air. However, the output of a Si-based TVNG

always increases with increasing humidity, without experiencing
a reversal in the direction of current in very high RH. We propose
the reason for the different behaviors between the SM-TVNG and
the Si-TVNG results from discrepancies in the coupling of the
built-in electric field and the triboelectric electric field between
those devices. In this work, we focused on studying and describ-
ing the physical picture of the phenomena dictating the behavior
of the 4H-SiC-based TVNGs in high RH. We suspect this new
physical effect could affect other TVNG devices, which represent
a significant opportunity for the development of TVNGs as self-
powered sensors under high RH, or underwater with potential
applications in environmental monitoring and risk control.

4. Experimental Section
Samples, Characterization, and Measurements: Parameters of the as-

used 4H-SiC wafer purchased from Jiangyin Haorui Optoelectronics New
Materials Co., Ltd. were as follows: crystal orientation (off-axis 4.0° toward
<1120> ± 0.5˚), diameter (50.8 ± 0.5 mm), thickness (350 ± 25 μm), and
resistivity (< 0.1 Ω cm with nitrogen-doped). Parameters of the n-Si wafer
purchased from Suzhou Jinggui Technology Co., Ltd. were as follows: di-
ameter (100 ± 0.3 mm), thickness (525 ± 25 μm), type/orientation (n-
type/<100>), and resistivity (20–50 Ω cm). The RH was controlled by a
humidifier (LRRGE HUMIDIFIER Air Plus+X12). The process of periodic
work of SM-TVNG was maintained by a linear motor (LINMOT 1100). The
signals of voltage, current, and charge were obtained by an electrometer
and high-resistance meter (Keithley 6514 and 6517B). The RH was mea-
sured by a hygrothermograph (GSP-8A). The vertical force was measured
by a force sensor (SBT951-T). SEM images were taken by cold-field scan-
ning electron microscopy (HITACHI, SU8020). XRD and Raman data were
measured by an X-ray diffractometer (PANalytical B.V., Xpert3 Powder)
and a Raman spectrometer (HORIBA JY, LabRAM HR Evolution). A thin
layer of gold (Au) was deposited onto the surface of the n-Si by magnetron
sputtering equipment (Denton, Discovery635) as a back electrode. The I–V
curve was acquired from a semiconductor characterization system (Keith-
ley 4200-SCS). The surface scratches were photographed with an optical
microscope (ZEISS Axio lmager M2m).

Statistical Analysis: Basic parameters of 4H-SiC and Si wafers were
obtained from the suppliers who offered the wafers. All structural char-
acterization data and electrical performance data were exhibited without
the use of transformation, standardization, evaluation of outliers, or other
pre-processing methods. The average current values under each RH in
Figure 2b were abstracted from six separate sampling periods (n = 6) as
shown in Figure 2a.
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