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A B S T R A C T   

Efficient conversion of mechanical energy in our surrounding environment into electric power has become a 
promising strategy for meeting the ever-increasing energy consumption of small and distributed electronics. The 
contact-electrification-based triboelectric nanogenerators are one of the emerging devices to achieve such energy 
conversion. However, conventional contact electrifications between two insulators are limited by their low 
current density and alternating current output. Here we report a nanoscale contact electrification induced direct 
current output based on the flow of electrons from the defect states of the ZnO nanowires-packed film to the 
contact sliding conductive AFM tip. Combining experimental materials characterization and density functional 
theory (DFT) calculations, the direct current output is closely related to the concentration of oxygen vacancy 
defect states on the surface of ZnO nanowires: the higher the oxygen vacancy concentration, the higher the 
current output. Under optimized conditions, we obtain an ultrahigh current density of ~108 A m-2, which is 
several orders of magnitude higher than that of the conventional contact electrification and other effects. This 
work provides a new route of utilizing defect states contributed contact electrification for realizing nanoscale 
mechanical energy scavenging.   

1. Introduction 

The ever-increasing energy consumption has become one of the 
greatest challenges of the development of the modern society [1,2]. 
Scavenging mechanical energy from our surrounding environment 
[3–6] has attracted tremendous scientific efforts. The triboelectric 
nanogenerator (TENG) [7–12] is one of such promising devices to 
convert mechanical energy into electric power. Using TENG, various 
environmental mechanical energy sources such as human motion [7], 
rotating motion [8], vibration [9], water drop [10], sea wave [11], wind 
[12], etc., can be scavenged effectively. In conventional TENGs based on 

typical contact electrification, a pulsed AC output can be obtained by the 
periodical vertical/horizontal separation of two dielectric materials 
with opposite electrostatic charges. Although these devices generate a 
high output voltage, its output current density (J) is relatively low 
because of its high impedance. In order to obtain a DC output, some 
rectification methods, such as power management circuits [13] and 
rectifier bridge [14], are needed, resulting in poor portability and dif-
ficulties in the high-efficient utilization of energy. These characteristics 
block the widespread applications of these devices in wearable elec-
tronics and self-powered sensors, etc. 

With the aim to convert mechanical energy directly into DC output, 
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dielectric breakdown has been used to realize a continuous DC output by 
sliding a metal electrode on the surface of polymer materials [15], which 
needs a large breakdown electric field of larger than 3 kV/mm, inducing 
a high impedance of these devices [16]. To obtain a DC output with low 
impedance, the metal electrodes have been utilized to directly slide on 
the surfaces of semiconducting materials [17–19]. The DC output has 
been found by sliding a metal tip on MoS2 multi-layers due to that the 
electrons in MoS2 may be excited from the valence band and the surface 
states to the conduction band, and then transmit into the metal side 
[17]. However, it is necessary to understand where the electrons come 
from: the valance band or the surface states. Moreover, if the electrons 
were excited into the conduction band, it is difficult to be unaffected by 
the built-in electric field in the depletion layer of Schottky junction, 
which will drive electrons to flow along the semiconductor side. By 
sliding a metal tip on the surface of n-type Si materials, an DC output can 
be observed due to the tribovoltaic effect, which is about the excitation 
of the electron and hole pairs in the conduction and valence band, 
respectively, by the energy released due to the formation of new bond at 
friction interface [18]. 

Inspired by the above progress, we used conductive atomic force 
microscopy (AFM) to demonstrate a DC output while sliding on a ZnO 
nanowires-packed film surface. Specifically, we propose defect states 
contributed nanoscale contact electrification between the conductive 
AFM tip and the ZnO nanowires-packed film, which is dominated for 
driving electrons to flow from defect states in ZnO nanowires to metal 
tip. The ZnO sample used here is literally a film that eliminates the 
transverse deflection of the nanowires composing the film during AFM 
scanning. This is different from the piezoelectric nanogenerator case of 
contact scanning AFM tip across spaced grown nanowires so that each 
nanowire can be deflected freely without any space restriction in the 
transverse directions [4,5]. Due to the tip-enhanced electrical field, the 
DC output exhibits an ultrahigh high current density in the order of 108 

A m-2, which is several orders of magnitude higher than that based on 
typical contact electrification and other effects. We systematically 
investigate the influence of various working conditions for the perfor-
mances of the DC output and reveal the current response enhancement 
at surfaces of ZnO nanowires with higher concentrations of oxygen va-
cancy defect states, using larger contact force as well as slower scan rate. 
We also found that repeated scanning at the same location can attenuate 
the current output signal, but the attenuated signal can recover by itself 
with the recovery of oxygen vacancy density. This work provides an 
effective strategy of using the electrons in defect states of some nano-
materials to obtain DC output when the metal tip is sliding on the sur-
faces of these nanomaterials, offering a new method for nanoscale 
mechanical energy scavenging. 

2. Experimental section 

Synthesis. In a typical procedure, the ITO-coated glass substrates 
were cleaned ultrasonically with several times in glass clean agent, 
ethanol and deionized water, and then dried by high purity compressed 
air. Subsequently, a layer of ZnO seeds with thickness of about 150 nm 
was deposited on the cleaned ITO glasses by radio frequency (RF) 
magnetron sputtering (Ar atmosphere, room temperature) under a 
needed time and operating power. Then 2.9748 g zinc nitrate 
(ZnNO3⋅6H2O) and 1.402 g hexamethylenetetramine (HMTA) were 
placed into deionized water (125 ml) under magnetic stirring to form a 
homogeneous growth solution. Meanwhile, seeded ITO substrates were 
fixed on a glass substrate and then immersed downward into the above 
growth solution, and the hydrothermal process was maintained at 85 ◦C 
for 4 h. Finally, the obtained ZnO nanowires-packed film was cleaned 
with deionized water, and then dried in a mechanical convection oven. 

Characterization and Measurements. The prepared ZnO samples 
were observed by a field-emission scanning electron microscope (Nova 
NanoSEM 450). The photoluminescence (PL) spectra was obtained by 
fluorescence spectrometer (FLS980-S2S2-stm). The AFM measurements 

were achieved by using a commercial Tunneling Current AFM (PF-TUNA 
module)/KPFM equipment Dimension Icon (Bruker, USA) and Pt/Ir 
coated conductive-AFM probes (EFM, NanoWorld; force constant: 2.8 
N/m; tip radius: 25 nm). It should be noted that, Tunneling Current AFM 
and Conductive Atomic Force Microscopy (C-AFM) have the same 
working principle and measurement method (both scan in Contact 
Mode), while Tunneling Current AFM has higher sensitivity and larger 
bandwidth (faster sampling rate). In the measurement process, simul-
taneous current and topographic images are generated by using the 
current amplifier and contact-mode scanning, respectively. Moreover, 
all AFM-based measurements were progressed in a glove box filled with 
dried nitrogen. 

DFT calculations. All calculations on ZnO were achieved by utiliz-
ing density-functional theory (DFT) and the projector-augmented wave 
(PAW)/plane wave techniques, as implemented in the Vienna ab-initio 
simulation package (VASP) [20,21]. The geometry optimizations have 
been finished by using Perdew, Burke, and Ernzerhof (PBE) [22]. An 
energy cut-off of 500 eV and a k-point scheme of 6 × 6 × 1, and energy 
and force convergence parameters are set to 0.01 meV and 10 meV/Å, 
respectively. The calculated lattice constant of bulk wurtzite ZnO is 3.27 
Å, which is consistent with the experimental value [23]. To calculate the 
formation energies of the oxygen vacancies and the work functions of 
the ZnO surfaces, (2 x 3) supercells of ZnO slabs, containing 6 repeating 
layers of Zn/O and a large vacuum of ~15 Å in z-direction were con-
structed. The work function (Wf) of the ZnO surfaces, using DFT, is 
calculated as follow: 

Wf =E0 − EF (1)  

where E0 and EF are the vacuum potential and the Fermi energy of the 
surface, respectively. The dipole correction was considered in the cal-
culations to enhance the electronic convergence [23] due to the polarity 
of (0001) and (0001) surfaces. The formation energy of oxygen vacancy 
(Evac) is calculated as: 

Evac =Edef +
N
2

E(O2) − Epri (2)  

where Edef, N, E(O2), and Epri are the DFT calculated total energies of the 
O-deficient surface, the number of O vacancy, the total energy of O2 
molecule and the total energy of the pristine surface, respectively. 

3. Results and discussion 

A schematic illustration of the DC generation has been exhibited in 
Fig. 1a, showing its basic configuration. The defect states contributed 
nanoscale contact electrification is demonstrated by sliding a Pt/Ir- 
coated silicon AFM tip on ZnO nanowires-packed film. When the AFM 
tip is rubbing on the ZnO sample, electrons can be transferred from the 
ZnO surface to the tip spontaneously and then flow to the ground 
through an external circuit, resulting in a negative DC signal. Fig. 1b 
depicts the cross-sectional scanning electron microscopy (SEM) image of 
the ZnO film. The ITO glass was covered by a layer of ZnO seeds with 
thickness of about 150 nm, then a layer of ZnO nanowires-packed film 
with a thickness of about 2 μm was grown on the ZnO seeds. The detailed 
synthesis process of the sample as given in the Experimental Section. The 
top-view SEM image of ZnO film (Fig. 1c), indicating high density and 
highly ordered hexagonal prism-shaped ZnO NWs on top of the ZnO 
seeds. As the tip scanned over the as-grown ZnO sample, the nanowires 
cannot be bent, because nanowires are very densely packed, just like a 
continuous film. Fig. 1d presents a typical AFM topographic mapping of 
the synthesized ZnO nanowires-packed film, where a quality topo-
graphic mapping can be obtained in contact mode, indicating that the 
nanowires maintain a good stability in the scanning process. The cor-
responding current mappings are displayed in Fig. 1e and f for trace and 
retrace channels, respectively. A DC signal can be observed from their 
cross-sectional line analysis (marked with white dashed line) and 3D 
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Fig. 1. The measurement method, material morphology and the corresponding output current mapping. (a) Schematic diagram of the measurement method. (b,c) 
SEM images of ZnO nanowires-packed film: cross-sectional view (b) and top view (c). (d,e,f) AFM topographic image of the ZnO nanowires-packed film at 3 μm scale 
(d) and the corresponding current mappings (e, f), (e) and (f) are trace and retrace channels respectively. A contact force of 232 nN was used here. (g,h,i) AFM 
topographic image of the ZnO sample at 1 μm scale (g) and the corresponding current mappings (h,i), (h) and (i) are trace and retrace channels respectively. A contact 
force of 160 nN was used here. 
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images of Fig. 1f (Fig. S1, Supporting Information). Meanwhile, the DC 
signal can be also obtained in AFM tapping mode (Fig. S2, Supporting 
Information), in which the AFM tip will compress ZnO nanowires 
vertically and then lift [4]. This is different from ZnO nanowires-based 
piezoelectric nanogenerators, which will produce an alternating piezo-
electric signal with the application and release of the force [24,25]. It is 
worth noting that no external bias voltage is applied at any stages of the 
measurement. However, when there is external bias, the current signal 
can be enhanced with a negative sample bias and suppressed even 
reversed with a positive bias. The signal will be completely restrained 
when the bias reaches +5 mV (Fig. S3, Supporting Information), which 
is equivalent to the open-circuit voltage (Voc) of the DC signal. 

We note that almost no current is generated when the tip sliding on 
the layer of ZnO seeds or a ZnO film coated with tellurium (Figs. S4 and 
S5, Supporting Information), indicating that the DC output can only be 
generated by rubbing the surface of the as-grown ZnO nanowires. Such 
contact suggests that the DC output is highly sensitive to the morphology 
and the surface properties of the ZnO. The reproducibility of the DC 
output signal is very good as consistent overall pattern, and densities of 
the DC output are detected for different ZnO nanowires-packed films 
(Figs. S6 and S7, Supporting Information). Cross-sectional line analysis 
in Fig. 1h and i (marked with white arrow line: line 1) shows the current 
distribution on the single ZnO NW (Figs. S1c and S8, Supporting Infor-
mation). Interestingly, the current signal generated at the edge of the 
nanowire is higher and more stable than that in the central region, 
which is associated with the distinct atomic surface structure of the top 
and side facets of the nanowires, as discussed later. The combination of 
the section analysis of the dashed line (line 2 and line 3 in Fig. 1i), and 
calculations using a simple Hertz model (Note S1, Supporting Informa-
tion) allows us to determine an extremely high current density in the 
order of 108 A m-2, which is several orders of magnitude higher than that 
based on typical contact electrification and other effects, as illustrated in 
Table S1 (Supporting Information). Such high current density may have 
to do with the drastically enhanced local electric field at the ZnO surface 
below the tip because of its point-plane contact configuration [17,26]. 
Fig. S8d (Supporting Information) illustrates the I-V curve marked with 
red dots in Fig. 1h and their equivalent circuits. It can be found in the I-V 
data that a Schottky contact is formed across the metal-semiconductor 
interface. Moreover, no apparent difference in the I-V curves is found 
at the different positions, indicating that the Schottky barrier heights 
across the top surfaces are almost identical and the work function of the 
AFM tip (Pt/Ir) is higher than that of the ZnO (Wm > Ws). 

We then illustrate the working mechanisms in Fig. 2a and Fig. S9 
(Supporting Information). The mechanism of the DC output is based on 
the defect states contributed nanoscale contact electrification, mean-
while, the contact electrification process is dominated by electron 
transfer, which is consistent with previous research [27,28]. To under-
stand the mechanism of the DC output, we used density functional 
theory (DFT) to calculate the work functions of the Pt metal tip and the 
ZnO semiconductor surfaces. Subsequently, we construct energy band 
diagrams in Fig. 2e and f, where the friction process between the 
nano-sized tip and a point on the ZnO surface is demonstrated. For the 
work function of ZnO, we considered pristine and O-deficient (0001), 
(0001), and (1010) surfaces (Fig. 2b), the most commonly reported 
surfaces for ZnO nanowires [29]. We find an average work function of 
4.4 eV, where (1010) is the lowest (3.3 eV) and (0001) and (0001) are 
much higher (5.3 eV and 5.5 eV), respectively. The work function of 
(0001) surface (Zn-termination) is higher than that of (0001) surface 
(O-termination) due to the metallicity of (0001). The work function of 
the Pt (111) surface (the AFM tip) is calculated to be 5.9 eV, higher than 
all those of ZnO surfaces. The values reported in this work for both ZnO 
and Pt are consistent with previous theoretical reports [30–33]. Also, it 
is important to be noted that as-prepared ZnO nanowires are known to 
have high densities of surface oxygen vacancies as native defects. Pre-
vious DFT calculations show that oxygen vacancies create defect states 

at the mid-gap which can trap the excited electrons [34]. 
Altogether, the work function of the AFM tip (Pt/Ir) is higher than 

that of the ZnO (semiconductor) (Wm > Ws) (Fig. 2e). When the tip has a 
contact with a point on ZnO surface of the nanowire, a Schottky junction 
across the metal-semiconductor interface is formed. It should be noted 
that the electrons will obey the Fermi-Dirac function in this surface 
states model, as follows: 

f =
1

exp(E− EF )/kT + 1
(3)  

where f is the probability of an electron in the energy level of E, EF de-
notes the Fermi level, k is the Boltzmann constant, and T is the tem-
perature [35,36]. As displayed in Equation (3), at the temperature of T, 
the electrons can be excited, where the corresponding increased electron 
energy (ΔE) is approximately kT, due to that the experiment is per-
formed at room temperature higher than 0 K. Before the metal tip has a 
contact with ZnO surface, the electrons in the ZnO surface states will be 
not excited into the vacuum level, because the increased electron energy 
(ΔE) is not large enough. As shown in Fig. 2e, Fermi level of the metal tip 
(Pt/Ir) is higher than the ZnO and there are electrons in the surface 
states below the Fermi level of ZnO [37,38]. When the metal tip has an 
effective contact with ZnO surface, the Fermi levels of metal and semi-
conductor will be aligned, which results in band bending and upward 
shifting of surface states on semiconductor side [38]. Therefore, the 
surface states previously below the Fermi level of ZnO are now higher 
than the aligned Fermi levels. The electrons previously trapped by ox-
ygen vacancy will be excited and transferred from the ZnO nanowires to 
the metal tip because the highest occupied surface state level of the ZnO 
is higher than the Fermi level of metal, as exhibited in Fig. 2f. During the 
sliding process, the electrons at the metal side would meet a high 
Schottky barrier, so it is hard for them to get back to the semiconductor 
side, the electrons in the ZnO surface states will be constantly released 
due to the driving of ΔE and transported to the ground through the 
external circuit, and then realizing the DC signal. When the probe slides 
forward, it will contact the next point on the ZnO surface, a new 
Schottky junction will be established and the surface state and the band 
at the interface shift up together again, and then the electrons at the 
surface states above Fermi level of ZnO will flow into the metal. Thus, 
during sliding the electrons will be continuously transfer to the AFM tip. 
In addition, electrons from surface states will not excited to the con-
duction band. If electrons are excited to the conduction band, according 
to the tribovoltaic effect [18,39,40], electrons will transfer from metal to 
semiconductor driven by built-in electric field, which is contrary to the 
observed current signal. 

To elaborate on the underlying reasons for the different current 
densities on the edge and centers of the ZnO nanowires in Fig. 1h and i, 
we focus on the influence of the O vacancy concentrations. We find the 
work function of ZnO only slightly decreases (about 0.1–0.2 eV) as the 
concentration of the O vacancy increases from 0 to 3.75% in Fig. 2c. 
While this small work function shift does not change the overall band 
alignment we established above, oxygen defects do introduce mid-gap 
states. Because O-deficient ZnO is an n-type semiconductor [41,42] 
and the Fermi energy is close to the conduction band [34] more surface 
charge carriers can be created for n-type ZnO as compared to the pristine 
ZnO. After the alignment of the Fermi energy of metal and n-type ZnO in 
Fig. 2f, and at a close distance between the tip and the n-type ZnO 
nanowires, the electrons can be transferred from n-type ZnO to metal tip 
and further flow to the external circuit. 

The above analysis indicates that the current generated is originated 
from trap states associated with the oxygen vacancy defects and the 
current density relates strongly with the concentration of the oxygen 
vacancies. Our DFT calculations (Fig. 2d) show that the oxygen vacancy 
formation energies increase drastically from (1010) to (0001) and to 
(0001) with formation energies of 0.46, 1.27 and 3.42 eV/atom, 
respectively. This indicates that the as-fabricated ZnO nanowires exhibit 
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Fig. 2. Mechanisms of the DC output. (a) The mechanisms of the DC output based on defect states contributed nanoscale contact electrification. (b) The DFT 
optimized ZnO surfaces: (0001) surfaces, (0001) surfaces (sub-layered oxygen vacancy) and (1010) surfaces, respectively. (c,d) the average work function of the 
three surfaces shown in (b) and the oxygen vacancy formation energy (normalized to per oxygen vacancy) as a function of the concentration of O vacancies (d). (e,f) 
Energy band diagram of the working process: before contact (e), in contact electrification (f). 
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an intrinsic inhomogeneous distribution of the oxygen vacancies: the 
side (1010) surface potentially has much higher number of oxygen va-
cancies than the top (0001) and (0001) surfaces. This is consistent with 
our experimental observation, where the larger and more stable current 
can be found on the edge than that on the center of the nanowires. 

After having established the working principles, the influence of 

working conditions on the DC output has been investigated, including 
the scan rate and the contact force. Fig. 3a displays a topographic AFM 
image of the ZnO sample with different four scan rates. As illustrated in 
Fig. 3b, c and d, a higher DC signal response and higher current density 
can be obtained at a slower scan rate. More detailed results and analysis 
are given in Fig. S10 (Supporting Information). The derived average 

Fig. 3. The scan rate and contact force dependent measurements. (a,b,c) AFM topographic image of the ZnO sample (a) and the corresponding current mappings at 
different scan rates (b,c), (b) and (c) are trace and retrace channels respectively. (d,e,f) Scan rate dependent current signal with increasing scan rate (d), corre-
sponding relationship between average current of current mappings and the increasing scan rate (e) and statistics of the current signal using different scan rates (f). 
(g,h,i) Force dependent current signal; current mappings with the contact force changes from small to large (g), corresponding average current of current mappings 
(h) and statistics of the current signal using different contact forces (i). Scale bars, 600 nm (d), 600 nm (g). 
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current Iave decreases from 1.96 nA to 0.38 nA when the scan rate in-
creases from 0.1 Hz to 1 Hz, as depicted in Fig. 3e. By comparing the 
statistics in Fig. 3f, the proportion of larger current signal decreases with 
increasing the scanning rate. However, when a position is rubbed 
repeatedly, the current signal will decay, which is associated with Joule 

heating, as discussed latter. We investigate the current response when 
the scan rate changes from fast to slow further. It can be observed that a 
higher current signal can still be obtained at a slower scanning rate 
although there was the influence of current attenuation (Fig. S11, Sup-
porting Information). The slower sliding rate of the probe on ZnO can 

Fig. 4. The stability of the DC output. (a) Current mappings with different repeated times of scanning. (b) The decay of average current induced by repeated 
scanning. (c,d,e) Current mappings of ZnO sample under different conditions (c), corresponding PL spectra of the ZnO sample before and after heating (d) and 
average current under different conditions (e). (f,g) Current mappings of the ZnO sample before heating, after heating, after 6 h, after 18 h, after 30 h and after 42 h 
(f), and corresponding average current in different conditions (g). Scale bars, 200 nm (a), 600 nm (c), 600 nm (f). 
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result in the larger current signal, which is associated with the frictional 
heat caused by the mechanical friction during the scanning. It can 
enhance electron scattering between metal-semiconductor interfaces, 
then affecting the electron transfer process. When the probe slides on the 
sample, a retarding force (kinetic friction force F) will be imposed on the 
probe, and such friction force generates the mechanical friction heat. 
Here, when the probe slides a distance x, the work WF done by the ki-
netic friction force can be regarded as: 

|WF| =

∫x

0

Fdx (4) 

Unlike macro-scale, the friction force is related to the velocity v of the 
friction at the nanoscale. This velocity-dependent friction can be theo-
retically interpreted by Prandtl-Tomlinson (PT) model and a stick-slip 
behavior at the nanoscale [43–45]. Previous AFM investigations have 
reported a logarithmic increase in nanoscale friction with velocity, the 
relationship between the nanoscale stick-slip-related friction force and 
the velocity can be described as: 

f (v)= a1 + a2ln
v
v1

(5)  

where a1 and a2 are characteristic coefficients and v1 is a critical sliding 
velocity, when the friction velocity is greater than v1, the logarithmic 
growth will slow down [44,45]. Therefore, the WF can be modified as: 

|WF| =

∫x

0

(

a1 + a2ln
v
v1

)

dx (6) 

The above expression indicates that the slower the scanning rate can 
induce the less heat generated, so that the easier the electrons will be 
transferred to the tip, therefore resulting in a larger current signal. This 
is different from the tribovoltaic effect, in which the faster the friction 
speed will excite more electrons transition to the conduction band and 
achieving higher current output [18]. 

Moreover, the influence of the contact force on the current output 
has been investigated. The current distribution versus applied force (F) 
is displayed in Fig. 3g. An increased current response can be observed 
with increased F. More detailed results and analysis are given in Fig. S12 
(Supporting Information). Here, the effect of current attenuation caused 
by repeated friction has been excluded, because of the sequence of the 
forces applied in the experiments (F changes from small to large). As 
illustrated in Fig. 3h, the average current Iave increases with increasing 
the contact force. Moreover, by using larger contact force, the proba-
bility of finding higher current signal also increases, as presented in 
Fig. 3i. According to the Hertz model discussed in Note S1 (Supporting 
Information), upon increasing the force, the tip-sample contact area 
increases. The larger contact area makes better electrical contact, which 
is beneficial to electron transfer, thus, allows enhanced current distri-
bution and therefore increased Iave. 

We finally investigate the stability of the current output. As depicted 
in Fig. 4a and b, repeated scanning at the same position will attenuate 
the average current and current mapping signal distribution. Detailed 
results and analysis are exhibited in Fig. S13 (Supporting Information). 
After scanning the same position twice and then shift the friction posi-
tion slightly, the current response in the new position (without friction 
by the probe) was found to be much higher. This indicates that the 
reduction of the current signal is unlikely due to the tip damage but very 
likely because of the variations of the surface characteristics of the ZnO 
caused by friction (Fig. S14, Supporting Information). 

Because of the point-contact geometry at the nanoscale of the AFM 
system (tip-plane), a small voltage between tip and sample can lead to a 
drastically enhanced local electrical field [17,26]. Due to the 
tip-enhanced electrical field, an ultrahigh current density can occur, 
resulting in that the large Joule heating can also be generated [46]. As 
mentioned earlier, when the number of O vacancies increases the output 

current increases. The Joule heating generated during the DC power 
generation could reduce the density of the O vacancies on ZnO surface. 
This hypothesis is consistent with the analysis in the next paragraph, 
where smaller concentration of oxygen vacancy can be found at the 
surfaces of ZnO upon heating at 180 ◦C as compared with that at room 
temperature from PL and XPS analysis. As a result, the current signal is 
attenuated after repeated friction. As compared with the reduction trend 
of the edge and the center area, it can be found that the signal decay of 
the edge part is much slower. From the current mapping with a fixed line 
place (AFM probe is only scanning in the x-direction, no scanning of the 
sample in the y-direction is performed, as illustrated in Fig. S15, Sup-
porting Information), the current signal at the center area decays 
rapidly, while the current signal at some of the edges remains similar. It 
is associated with the higher oxygen vacancy concentration on the edges 
of the nanowires, so that the edges will be less affected by the oxygen 
vacancy attenuation caused by Joule heat during friction. 

Moreover, we also investigated the variations for the work function 
of the ZnO surface before and after the friction using the Kelvin probe 
force microscopy (KPFM). Using KPFM, the work function difference 
between the sample and tip (i.e. WPotential = Wsample - Wprobe) can be 
determined. As depicted in Fig. S16 (Supporting Information), the sur-
face potential of the rubbed region is 0.11 V higher than that of the 
unrubbed region. The slightly increasing surface work function here is 
due to the reduction of oxygen vacancies [47], which is also consistent 
with our DFT predictions in Fig. 2c. Based on the above analysis, oxygen 
vacancy defect states play a key role in our DC generation. As we 
mentioned above, the tip-enhanced electrical field could generate large 
Joule heating between the tip and sample, which has been applied and 
confirmed in the research of nanopatterning and electric-induced 
nano-damage using conductive AFM tip [48–50]. Here, the Joule heat-
ing induced by both the DC generation and friction of AFM tip may 
reduce the density of the oxygen vacancy on the top surfaces of ZnO 
nanowires so that fewer electrons trapped by oxygen vacancy, lead to 
less electrons transfer in the contact electrification process, and there-
fore the current attenuates, which is consistent with the mechanism of 
the DC output. To understand the effect of heating further, the entire 
sample is heated at 180 ◦C in the glove box filled with nitrogen to 
simulate the situation when the sample is heated by the tip. As illus-
trated in Fig. 4c, the current signal is obviously attenuated after heating. 
At the same time, the attenuation of the current response can still be 
observed by rubbing the same position repeatedly on the heated sample, 
which can be attributed to the fact that the probe continues to heat the 
sample (Fig. S17, Supporting Information). 

To understand the influence of the change for the surface stoichi-
ometry on the generated current, we carry out the photoluminescence 
(PL) analysis to investigate the density of surface defect states of ZnO. As 
displayed in Fig. 4d, the PL spectra of the ZnO sample before and after 
heating exhibits three peaks centered at 378 nm, about 550 nm, about 
694 nm. It is generally confirmed that the peak at 378 nm is associated 
with the recombination of electrons in the conduction band and the 
holes in the valence band; the broad peak at about 550 nm is associated 
with surface defects such as oxygen vacancies, whereas the emission 
peak at about 694 nm has been found to explain the presence of excess 
oxygen on the ZnO surface [47,51–53]. It can be observed that the peak 
at 550 nm decreases significantly after heating, which is associated with 
the heating induced reduction of the surface traps such as surface oxy-
gen vacancies. Heating stimulates the migration of the intrinsic defects 
in the ZnO nanowires. For example, interstitial zinc (Zni), known to be 
very mobile owing to their low migration barrier of 0.57 eV [54], may 
migrate to and occupy the site of oxygen vacancy and forms the zinc 
anti-site (ZnO), reducing the number of the oxygen vacancies [55]. The 
formation energy of the zinc anti-site, however, thermodynamically 
unstable, as evidenced by its high formation energy [56]. As a result, the 
number of oxygen vacancy recovers gradually with time, which is 
consistent with the recovery of attenuated current signal. Further X-ray 
photoelectron spectroscopy (XPS) experiments corroborate the analysis 
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above, as depicted in Fig. S18 (Supporting Information). The O 1s XPS 
spectra for ZnO can be fitted with three Gaussian peaks located at 530.2 
(OIII), 531.25 (OII), and 532.1 (OI) eV, which can be attributed to O2−

ions in the Zn-O bonding in the ZnO lattice, oxygen vacancy, and 
chemisorbed oxygen such as -OH, adsorbed H2O, O2, etc., respectively 
(Fig. S18c, Supporting Information). As compared with the sample 
before heating, the relative spectral area of the oxygen vacancy de-
creases from 32.21% to 24.58% after heating, clearly indicating that the 
density of oxygen vacancy is reduced upon heating. 

It can be noted that we find a similar recovery phenomenon in 
samples after heating (in Fig. 4c and e) and the repeated scanning in 
Fig. S19 (Supporting Information). As illustrated in Fig. 4e, the average 
current decreases from 10.1 nA to 1.44 nA upon heating at 180 ◦C while 
it can recover to 7.75 nA after a week later. As displayed in Fig. S20e 
(Supporting Information), both the DC signal and the attenuated PL 
oxygen vacancy defect-related peak can recover after one week, con-
firming that the current signal can be restored once the oxygen vacancy 
density is restored. The same phenomenon has been observed in heating 
experiments at 90 ◦C (Fig. S21, Supporting Information). To explore the 
possible effect of water, a heated sample is first placed in an atmosphere 
with a humidity of 60% for 2 h in order to absorb some water on its 
surface and then stored in the glove box, and the DC output response of 
the sample can be measured at regular intervals (Fig. S22, Supporting 
Information). For comparison, a heated ZnO sample is kept in the glove 
box filled with dry nitrogen after heating, then its attenuated current 
signal recovers gradually with time (Fig. 4f, g and Fig. S23, Supporting 
Information). The current signal recovers neither faster nor slower via 
the absorption of water, suggesting that the effect of water can be 
excluded. 

4. Conclusion 

In summary, the DC output of nanoscale contact electrification be-
tween an AFM tip and ZnO nanowires-packed film has been investi-
gated. Due to the tip-enhanced electrical field at nanoscale, the obtained 
DC output exhibits an ultrahigh high current density of 108 A m-2, which 
is much higher than those of previous strategies based on typical contact 
electrification and other effects. Our combined experimental (XPS, PL 
and KPFM) and theoretical (DFT calculations) analysis reveals that the 
performance of the DC output is closely associated with the density of 
the oxygen vacancies defect states on the ZnO surfaces. The current 
density decays with decreasing the number of the oxygen vacancies, 
which is associated with the Joule heating during repeated frictions of 
the probe and the surfaces of the ZnO nanowire. Notably, the attenuated 
DC output signal can be recovered by itself upon cooling with the re-
covery of oxygen vacancy density. Moreover, it has been found that both 
large contact force and slow scan rate can enhance the current output 
because the former improves the contact area and the latter reduces the 
heat of mechanical friction. Our work provides a potential strategy for 
obtaining DC output from nanoscale contact electrification without any 
rectification methods. We believe this nano-scale effect can be improved 
further through the optimization of the friction materials as well as the 
overall device configurations, offering a new method for using nanoscale 
contact electrification to drive the electrons in the defect states of some 
materials, realizing nanoscale mechanical energy scavenging. 
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