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ABSTRACT
Using Kelvin probe force microscopy, we studied the contact-electriﬁcation (CE) induced charge density on the surfaces of organic–inorganic
composite oxide ﬁlms, such as Nb2O5, ZrO2, and HfO2 ﬁlms, prepared by a sol–gel method and annealed at different temperatures. The
results show that positive triboelectric charges on the ﬁlm surface gradually turn into negative ones with the increase in the annealing
temperature. This phenomenon is attributed to the broken valence bonds between organics and organic–inorganic composites in the ﬁlm at
high temperature, which causes oxygen vacancy defects and consequently changes the surface states of the ﬁlm. A surface states model is
established to understand the process of CE, which further conﬁrms that electron transfer is the dominant mechanism of CE. Moreover, it
indicates that in addition to oxygen vacancies, there are also many other factors that can inﬂuence CE, including but not limited to
non-stoichiometric ratios, impurities, and other types of defects. These factors will modify the surface states through changing the potential
barrier energy of the bound electrons on the surface and thus impact the amount and even the direction of electron transfer.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055312

As an emerging technology based on contact-electriﬁcation (CE)
and electrostatic induction, the triboelectric nanogenerator (TENG)
has been providing people with an option to solve the world’s energy
problems.1–3 In the meantime, its wide range applications draw people’s attention to explore the mechanism of CE, which is a well-known
but not clearly understood effect.4–6
CE has generally been explained by three types of mechanisms in
history, namely, electron transfer, ion transfer, and material transfer.7–9 Among these mechanisms, in recent years, electron transfer was
extensively highlighted and rigorously validated on both macroscopic
and microscopic scales. For instance, a macroscopic CE mechanism
was explored through introducing the initial charges and observing
evolution characteristics of the surface charge density/amount of
TENG under different temperature conditions over time.10,11 The
results were in good agreement with the thermionic emission model,
conﬁrming the fundamental role of electron transfer in CE between
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two different solid materials. Based on this, efforts were made to suppress thermionic emission and further develop the high temperatureresistant TENG at 673 K, which revealed a universal CE mechanism
with consideration of temperature effects.12 In terms of research on
the microscopic CE mechanism, bias voltages were acted on Kelvin
probe force microscopy (KPFM) to control the quantity and characteristic of the generated charges.13 In addition, it was found that there
existed a threshold photon energy for releasing the triboelectric
charges from the dielectric surface under photon excitation, which was
attributed to the photoelectron emission of the charges trapped in the
surface states of the dielectric material.14 The KPFM-based charge
transfer process at the nanoscale was also found to follow the modiﬁed
thermionic emission model under the high temperature conditions.15
In previous studies, one of the key ﬁndings was the determination
of the role of electron transfer in CE under the high temperature
conditions. Materials involved in these studies were mainly high
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temperature-resistant semiconductors or insulators, while polymers,
even for those with high temperature-resistant properties, were
subjected to the damages of electriﬁcation characteristics on their
surfaces.16,17
In this study, different organic–inorganic composite oxide ﬁlms
are prepared by the sol–gel method. They are ﬁrst annealed at different
temperatures and then placed on the KPFM for observation of changes
in triboelectric charge quantities and characteristics at the ambient
condition. Some details about the preparation, characterization, and
treatment can be found in the supplementary material.
The sol–gel ﬁlms were prepared on a highly doped Si substrate,
and the triboelectric charges were generated by scanning a Pt coated
tip on the surface using the KPFM setup [Fig. 1(a)]. Speciﬁcally,
Nb2O5 ﬁlms were prepared with NbCl5 as the precursor, followed by
annealing at respective temperatures of 423, 523, and 623 K for 0.5 h.
Then, the CE charges were measured after cooling to room temperature. As shown in Fig. 1(b), the triboelectric charges, which were generated by contacting with the conductive tip, induced the ﬁlm surface
potential changes DV of 15, 4, and 13 mV, and they correspond to
surface charge densities r of 91, 24, and 79 lC/m2, respectively.18
It should be noted that, with the increase in the sample annealing temperature, the CE charges on the surface measured at room temperature
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turned from positive to negative. Even after annealing at 623 K for 0.5
h, the ﬁlm is still amorphous and no crystal phase formation is found
[Fig. 1(c)], though the surface topography is slightly coarser than that
after annealing at 423 and 523 K (see supplementary material Fig. S1).
As shown in the Fourier transform infrared spectra (FTIR) [Fig. 1(d)],
there are many functional groups in the ﬁlm after annealing at 423 K,
including the C@O stretching vibration peak at 1730 cm1, the -CH3
bending vibration peak at 1381 cm1, and the Nb–O–Nb peaks at 803
and 674 cm1.19–23 After annealing at 623 K, the peak of C ¼ O basically completely disappears, and those of Nb–O–Nb and Nb–O
become broadened. As shown in the x-ray photoelectron spectroscopy
(XPS) results of Nb 3d [Fig. 1(e)], the binding energies of Nd 3d5/2 and
Nd 3d3/2 are 207.1 and 209.9 eV, respectively. As shown in Fig. 1(f),
there are peaks of Nb–O–Nb at 530.2 eV, Nb–OC at 531.6 eV, and
Nb–OH at 533.4 eV, respectively, after the peak split of O 1s. As the
annealing temperature rises, the proportion of Nb–O–Nb gradually
grows, while those of Nb–OC and Nb–OH representing organic matter gradually fall. In addition, according to the energy difference,
D(O–Nb) ¼ BE(O 1s) -BE(Nb 3d5/2) ¼ 323.1 eV, all of the Nb in the
ﬁlms should be of þ5 valence after annealing.24 As the annealing temperature increases, the molar ratio of O/Nb decreases from 5.49 to
4.97, and ﬁnally to 3.45, which is indeed higher than the stoichiometric

FIG. 1. (a) The generation of the triboelectric charges on the ﬁlm surface by
using the KPFM mode. (b) The triboelectric charges under the room temperature
on Nb2O5 ﬁlms after the samples being
annealed at different temperatures. (c)
XRD results of the ﬁlms and inset is the
surface topography of the ﬁlm annealed at
623 K. (d) FTIR results of the ﬁlms. XPS
results of (e) Nb 3d and (f) O 1s of the
ﬁlms.
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FIG. 2. (a) Setup of the laser irradiation
platform. (b) The triboelectric charge
transfer measured at room temperature
after Nb2O5 ﬁlms being laser irradiated.

ratio of 2.50 due to the presence of oxygen-containing organic compounds in the ﬁlm (see supplementary material Table 1).
The next experiment is aimed at the investigation of the effect of
laser irradiation on CE. In Fig. 2(a), the nanosecond laser irradiation
platform with a 1064 nm and 12 ns Nd:YAG laser is shown. The radiation laser energy was about 1 J cm2. Since the silicon is a high absorption substrate and the sol–gel ﬁlm is highly transparent, laser
irradiation plays a role similar to rapid thermal annealing. The
annealed samples [red dashed line, Fig. 2(b)] are further treated with
laser irradiation [solid blue line, Fig. 2(b)], and all of the triboelectric
charges shift to the negative direction, sharing much consistency with
the phenomenon in Fig. 1(b). This is because the temperature on the
Si substrate may be much higher than 623 K due to the extremely high
energy of laser irradiation, and such high temperature leads to a certain amount of negative charges in all the samples disregarding their
annealing temperatures.
ZrO2 ﬁlms were prepared by the sol–gel method and then were
annealed at 353, 423, 523, and 623 K for 0.5 h. The charge density is
332 lC/m2 at 353 K [Fig. 3(a)], which drops to 258 lC/m2 at 423 K,

58 lC/m2 at 523 K, and ﬁnally 92 lC/m2 at 623 K. It is noted that
changes in charge densities and characteristics of the ZrO2 ﬁlm after
annealing are consistent with those of the Nb2O5 ﬁlms, namely, gradually reduced positive charges and emerging negative charges. In addition, due to the low phase transition temperature of ZrO2, weak
diffraction peaks appear in the XRD patterns (see supplementary
material Fig. S2 may be a tetragonal (101) crystal plane.25 According
to the FTIR spectra [Fig. 3(b)], there are many functional groups in
the ﬁlm after annealing at 353 K, including the conjugated C¼O
stretching vibration peak at 1597 cm1, the C¼C stretching vibration
peak at 1527 cm1, the C–O stretching vibration peak at 1026 cm1,
the -CH3 bending vibration peak at 1381 cm1, and the Zr–O peaks at
772 and 636 cm1.26 As the annealing temperature increases, the peaks
of functional groups gradually weaken. After annealing at 523 K, the
C¼O peak completely disappears; after annealing at 623 K, the C–O
peak also disappears, whereas the Zr–O peaks become broadened.
However, similar to the case in Nb2O5 ﬁlms, there are still a small
amount of organic functional groups in the ﬁlm, such as -CH3 and
C¼C, even after annealing at 623 K. As the annealing temperature

FIG. 3. (a) The triboelectric charges under
the room temperature on ZrO2 ﬁlms after
treated at different temperatures. (b) FTIR
results of the ﬁlms. XPS results of Zr 3d
(c) and O 1s (d) of the ﬁlms.
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rises, there are only slight shifts of Zr 3d5/2 and Zr 3d3/2 components
in the XPS spectra [Fig. 3(c)]. According to the observation of the O 1s
spectrum [Fig. 3(d)], the oxygen-contained bonds include the
Zr–O–Zr bonds with a binding energy of 530.0 eV, Zr–OC bonds with
a binding energy of 531.5 eV, and Zr–OH bonds with a binding energy
of 532.6 eV. The proportion of Zr–O–Zr gets elevated as the annealing
temperature rises, which indicates a decrease in organic matter content. Here, Zr 3d5/2 has a binding energy of 182.7 eV, which corresponds to zirconium in the Zr4þ state.27,28 It is seen in Table 2
(supplementary material) that the O/Zr ratio decreases from 4.61 to
3.69 as the annealing temperature increases, and it suggests the
generation of more oxygen vacancies at higher temperatures.
Moreover, sol–gel HfO2 ﬁlms were prepared with HfCl4 as the precursor and acetylacetone as the additive, followed by annealing at
different temperatures from 353 to 623 K. Disregarding the low
charge density on the surface of the HfO2 ﬁlm, it is clearly seen
that positive charges gradually reduce, while negative charges
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gradually emerge, as the sample annealing temperature increases
(see supplementary material Fig. S3).
It has been demonstrated in this study that CE on the organic–
inorganic composite ﬁlms is accompanied by the ﬁrst emergence of
positive charges and subsequent transition to low positive charges and
ﬁnally negative charges as the annealing temperature increases. Based
on the experimental data, it is speculated that some valence bonds in
organics or organic–inorganic composites in the ﬁlm are broken due
to high temperature, which result in escaping of some internal carboncontaining functional groups. During this process, the oxygen content
in the ﬁlm reduced, resulting in oxygen vacancy defects. The emergence of these defects changes the ﬁlm surface states, whose strong
electron-withdrawing characteristics are considered to be the most
important reason for the change in the electriﬁcation characteristics of
the ﬁlm. Here, we propose a surface states model to elaborate CE
mechanisms of metal and dielectric annealed at different temperatures.
Figures 4(a)–4(c) schematically illustrate electron transfer between the

FIG. 4. Surface states model for explaining charge transfer between the metal and
dielectric after (a)–(c) T1 annealing. (d)–(f)
T2 annealing. (g)–(i) T3 annealing. U,
metal work function; EF, Fermi level; EVAC,
vacuum level; EC, conduction band; En,
neutral level of surface states; EV, valence
band; EOV, level of oxygen vacancy;
T1 < T2 < T3.
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metal and dielectric before, during, and after their contact after annealing at lower temperature T1. The metal has a work function U, and its
electron distribution conforms to the Fermi–Dirac distribution function. The dielectric has a large En before contact with the metal, which
is much higher than the energy level occupied by the electrons in the
metal. When the two materials are in contact, electrons in the dielectric will jump into the metal, resulting in an En that is identical to the
highest energy level occupied by electrons in the metal. When the two
materials are separated, the dielectric is positively charged, while the
metal is negatively charged, thereby resulting in CE. As the annealing
temperature rises to T2, oxygen vacancies are generated due to decomposition of some organic matter in the dielectric. The electronwithdrawing characteristics of oxygen vacancies may cause surface
electrons to transit to these vacancies, resulting in changes in their surface states [Fig. 4(d)]. In this case, when two materials are in contact
with each other, the number of electrons that are capable of transitioning from the surface to the metal gets reduced [Fig. 4(e)]. As a result,
the amount of negative charges gained by the metal is lowered, while
the amount of positive charges carried by the dielectric is also reduced
[Fig. 4(f)]. As the annealing temperature is further increased to T3,
more oxygen vacancies appear in the dielectric, allowing more electrons to transition from the surface to these vacancies, which triggers
more intense surface states’ changes [Fig. 4(g)]. Such surface states’
changes occur even when the two materials are in contact. Speciﬁcally,
during the contact process, electrons in the metal transition to the
dielectric, due to decrease in En. Moreover, these electrons that have
transitioned to the dielectric may further transition to oxygen vacancies [Fig. 4(h)]. When separated, the metal is positively charged, while
the dielectric is negatively charged. In other words, as the annealing
temperature increases, not only the triboelectric charge quantity
changes, but also the charge characteristic reverses [Fig. 4(i)].
In this study, we prepare organic–inorganic composite ﬁlms by
the sol–gel method, including Nb2O5, ZrO2, and HfO2 ﬁlms. After
annealing at different temperatures, positive triboelectric charges on
the ﬁlms gradually become negative ones. According to the results,
valence bonds in organic or organic–inorganic composites in the ﬁlm
are broken at high temperature, resulting in oxygen vacancy defects
that change the ﬁlm surface states and further change electriﬁcation
characteristics. Accordingly, we propose a model to elucidate the CE
between the metal and dielectric after different temperature annealing,
followed by detailed explanations about the mechanism. The ﬁndings
in this paper provide an idea for controlling the CE and further changing the output of the TENGs.
See the supplementary material for more experimental details.
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