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An  S-doped-ZnO-nanospire-based nanogenerator that
converts environmental vibration into electrical energy is
proposed. The nanogenerator piezoelectricity is improved by
loading weight, ultraviolet (UV), and a sharp Pt/ZnO
nanowire electrode. The output current and voltage of
nanogenerator in the dark and under UV light are ~4.32x10"
*A and ~0.646V and 5.73x10*A and ~0.689V.

1. Introduction

Harvesting energy from the environment has attracted great
interest. Energy resources include light, wind, thermal energy,
mechanical vibration, and body movement.! Harvesting such
sources is important for long-term sustainable development.
Portable and wearable electronics have gained increasingly
complex functions and decreased in size. Because battery size
is difficult to reduce, self-powered devices have attracted
attention. Various energy harvesting approaches have been
developed for self-powered devices, including those based on
electromagnetic,2 solar cell,® triboelectric, pyroelectric,5 and
piezoelectric harvesters.® Among these, piezoelectric harvesters
effectively harvest mechanical vibration and body movement
energy. Piezoelectric harvesters can be made of single-crystal
(e.g., quartz, LiNbO;, LiTaO;, KNbO),” bulk ceramic (e.g.,
PZT, BT),? thin film (e.g., AIN, InN, Zn0),’ and polymer (e.g.,
PVDF)'® materials. The impedance and permittivity of ZnO is
lowest among these materials, and its high conductivity allows
high output current.

ZnO nanowires (NWs) have been widely applied in
triboelectric, pyroelectric, and solar harvesters and piezoelectric
nanogenerators (NGs).>® The performance of ZnO-NW-based
piezoelectric NGs has been improved using approaches such as
doping'' and the use of suitable electrode materials'? and
flexible substrates.'**® Dopants can change the intrinsic
properties of ZnO, making it n-or p-type. Contact electrode
materials affect the energy level of the Schottky barrier height
(SBH), which influences piezoelectric characteristics. Because
the mechanical resistance of flexible substrates (e.g., those
made of paper, plastic fibers, thin metal foil, or polymers)'>?’ is
lower than that of hard substrates (e.g., those made of Si, glass,
or sapphire), the deformation of flexible substrates is usually
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larger than that of hard substrates for a given compression or
tensile strain force. Our previous work reported that the
performance of ZnO-NW-based NGs is improved by a flexible
polyethylene terephthalate (PET) substrate.”® In the present
investigation, sulfur (S)-doped ZnO (ZnO:S) NWs were
synthesized on a PET substrate. The doping increased the
conductivity of piezoelectric NGs. A rectangular region was cut
in the center portion of the electrode substrate to enhance
deformation. The results show that ZnO:S-NW-based
piezoelectric NGs can output energy converted from
environmental vibration. Increased weight stress and ultraviolet
(UV) light illumination improved the piezoelectric properties of
ZnO:S-NW-based piezoelectric NGs.

2. Experimental Section

PET is a transparent and chemically stable material, but it
becomes weak at high temperatures. In general, the operating
temperature of the hydrothermal method does not exceed 100
°C, making it suitable for PET substrates. Al-doped ZnO
(AZO) thin film as a seed layer was deposited on a PET
substrate via radio-frequency sputtering. ZnO:S NSs were
synthesized on the AZO seed layer via the hydrothermal
method in a sealed chamber heated to 99°C for 6 hours. The
reagents were 0.06 M hexamethylenetetramine (HMTA,
C¢éH;;Ny) and  0.06 M zinc nitrate  hexahydrate
(Zn(NO3),-6H,0) with 0.002 M (sample A) or 0.01 M (sample
B) thiourea (CH4N,S). HMTA and zinc nitrate hexahydrate
were the growth sources of synthesized ZnO NWs. Thiourea
was the S dopant source. The nanostructured contact electrode
was 20-nm-thick platinum (Pt) coated on a ZnO NWSs/PET
sample via direct-current sputtering. A rectangular hole (0.6 cm
x 1.4 cm) was cut out in the center of the Pt/ZnO NWs/PET
substrate to enhance deformation. The piezoelectric NG was
assembled from a ZnO:S NW sample and a Pt/ZnO NWs/PET
substrate combination with hot-melt adhesive. Similar growth
and processing steps were reported in a previous study."?

Figures 1(a) and 1(b) show a photograph and a schematic of
the cross-section structure of the piezoelectric NG, respectively.
The environmental vibration source was a table in our
laboratory. Environmental vibrations are mostly low-frequency
vibrations. The piezoelectric NG samples were placed on a
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table to absorb and convert environmental vibration energy.
The crystallinity, optical properties, and doping concentration
were measured with scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and photoluminescence (PL) spectroscopy. These
measurement tools are same as previously reported.'> The
current-voltage (I-V) curves were measured by Keithley 4200.
The output piezoelectric current and voltage were measured
using Stanford SR570 low-noise current and SR560 low-noise
voltage amplifiers.

Fig. 1 (a) Photograph and (b) schematic structure diagram of piezoelectric NG.

3. Results and discussion

Figures 2(a) and 2(b) show cross-section SEM images of
samples A and B, respectively. The ZnO:S NWs grew
uniformly on the PET substrate. The S dopant concentrations in
sample A (0.002 M CH4N,S) and sample B (0.01 M CH4N,S)
were 1.06 and 2.03 at.%, respectively, as obtained from energy-
dispersive X-ray spectroscopy (EDS) analysis. Compared to
previously reported work®*>' on undoped ZnO NWs, the
morphology of ZnO:S NWs has been changed from NWs to
nanospires (NSs) by increased S dopants. The tops of the doped
NWs were needle-shaped. The tip length increased with
increasing S concentration.

Figures 2(c¢) and (d) show 20-scan XRD patterns and room-
temperature PL spectra of undoped and ZnO:S NS samples,
respectively. The XRD peaks of the ZnO:S samples correspond
to a wurtzite crystal structure and shift to smaller angles with
increasing S concentration. The PL spectra show that the green
emission peak of ZnO:S samples was blue-shifted and
increased with increasing S content. The PL peak of oxygen
vacancies in ZnO is around the green emission position, and
thus the results indicate that the S dopant increased the quantity
of oxygen vacancies.

Figures 3(a) and 3(b) show a TEM image, EDS eclement
mapping, high-resolution TEM image, and selected area
electron diffraction (SAED) pattern of ZnO:S NSs. Based on
the TEM image and Zn and O element mapping, Zn and O were
the main elements. The S spot signal was uniformly distributed
over the NSs. The SAED pattern of ZnO:S NSs indicates a
wurtzite crystal structure. The high-resolution TEM image
shows a single crystal with no observed defects.
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Fig. 2 Cross-sectional SEM images of (a) sample A and (b) sample B, revealing

uniform ZnO:S NWs. (¢) 20-s
doped ZnO NWs.

can XRD patterns and (d) PL spectra of pure and S-
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Fig. 3 (a) TEM image and corresponding Zn, O, and S EDS mapping images. (b)
High-resolution TEM image and SAED pattern of ZnO:S NW.

Figure 4(a) depicts I-V curves of the piezoelectric NG
measured under a loading weight force and UV light exposure.
Figures 4(b) and 4(c) shows I-V curves of piezoelectric NGs
based on pure ZnO NWs and ZnO:S NSs with and without a
loading weight force (12.5 g/cm?) and UV light exposure
measured at a relative humidity of 45%. These I—V curves
correspond to the Schottky junction properties. The dark
current and UV photocurrent of the ZnO NW and ZnO:S NS
samples slight increased with a weight force (12.5 g/cm?).
When weight was applied, the distance between the ZnO:S NSs
and Pt/ZnO N'Ws slightly decreased, increasing the contact area
and thus the conductivity current. The UV photocurrent of the
piezoelectric NGs based on ZnO NWs and ZnO:S NSs are
larger than dark current ~2.01 and ~2.84 times without loading
weight force. These photocurrent gains of the piezoelectric NG
are smaller than previously reported values for photodetectors
with a small UV light source (wavelength 365nm, power
density 0.25 mW/cm?) and UV light almost absorbed by the
PET substrate.”® The dark current (4.86x10°A) of the ZnO:S-
NS-based piezoelectric NG was larger than that of the NG
based on ZnO NWs (8.29x10°A) by ~5.86 times under a 10-V
bias, indicating that the S dopant reduced that resistance of the
ZnO:S NS sample.

Figures 5(a) and 5(b) show the output piezoelectric current of
piezoelectric NGs based on ZnO NWs and ZnO:S NSs with and
without a loading weight force in the dark and under UV
exposure. The output piezoelectric currents were produced by
the NG devices converting environmental vibration energy. The
piezoelectric currents increased with increasing loading weight.
These NG devices were isolated vibration energy transmission
from table by placed NG devices above glass or expandable
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polystyrene (EPS) substrate, which act isolation layer and
absorbs partial environmental vibration energy. EPS is softer
than glass and absorbs most vibration energy, decreasing the
output piezoelectric current. EPS and glass were used to verify
that the output current of the piezoelectric NG was from the
conversion of environmental vibration.
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Fig. 4 (a) Piczoelectric measurement environment. /-7 curves of NGs based on
(b) pure ZnO NWs and (¢) ZnO:S NSs with and without weight force and UV
light exposure.

In the dark without vibration isolation, the highest output
piezoelectric current was ~4.32x10® A for the ZnO:S-NS-based
NG device, slightly higher than that of the ZnO-NW-based NG
(~4.14x10"® A) around 4.3% under loading weight 500 g/cm?
force. The lowest output current of the ZnO-NW-based NG was
~1.0x10" A under 0 g/cm?® force in the dark. This result is
higher a previously reported value (5x10"'° A) for converting
electrical energy from environmental vibration,'? indicating that
the rectangular hole enhanced NG structure deformation. Under
UV illumination and a 500 g/cm’ force, the highest output
piezoelectric current was 5.73x10® A for the ZnO:S-NS-based
NG device, larger than that for the ZnO-NW-based NG
(4.97x10°% A) around 15.3% without any vibration isolation
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layer. The output piezoelectric current of NGs based on ZnO
NWs and ZnO:S NSs increased by 20.2% and 32.6% under UV
exposure. These output piezoelectric currents were increase

slower and toward saturation when weight forces over 50 g/cm®.

According to our experiences, the measurement safe range is
preferably less than 500g/cm?, due to these NG samples were
stable outputted electrical power for a long time under weight
force < 500g/cm>.
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Fig. 5 Output current NGs based on ZnO NWs and ZnO:S NSs with various
weight forces (a) in the dark and (b) under UV exposure.

Figures 6(a) and 6(b) show the output piezoelectric voltage of
piezoelectric NGs based on ZnO NWs and ZnO:S NSs with
loading various weight forces in the dark and under UV
exposure. The output voltages were converted from
environmental vibration energy and increased with increasing
weight force. The EPS and glass isolation layer reduced the
output voltage. Without the isolation layer, the highest output
piezoelectric voltage was ~0.646 V for the ZnO:S-NS-based
NG, higher than that for the ZnO-NW-based NG (~0.586 V)
around 10.2% under loading weight 500 g/cm? force in the
dark. Under UV illumination and a 500 g/cm? force, the highest
output piezoelectric voltage was ~0.689 V for the ZnO:S-NS-
based NG, slightly larger than that for the ZnO-NW-based NG
(~0.659 V) around 4.6% without any vibration isolation layer.
The highest output power values for the ZnO:S-NS- (dark: 2.4
nW, UV: 3.9 nW) and ZnO-NW-based NGs (dark: 1.8 nW,
UV: 3.2 nW) were obtained without a weight force. Under a
500 g/cm® force, the highest output power values for the
ZnO:S-NS- (dark: 27.9 nW) and ZnO-NW-based NGs (dark:
24.2 nW) were 39.5 and 32.8 nW under UV exposure,
respectively. The output power increased around 10-fold when
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the loading weight was > 12.5 g/cm?. The output power of NGs
based on ZnO:S NSs and ZnO NWs increased by 41.5% and
35.5% under UV illumination, respectively.
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Fig. 6 Output voltage of NGs based on ZnO NWs and ZnO:S NSs with various
weight forces (a) in the dark and (b) under UV light.

The filter function of the measurement equipment was used to
measure the ZnO:S-NS-based NG. The output current signal of
the ZnO:S-NS-based NG was filtered to > 1 kHz and < 1 kHz
regions, as shown in Figure 7(a). These current signals
increased ~3-fold when a 12.5 g/cm?® force was applied. The
frequency of the output current signal has a significant
correlation with environmental vibration frequency, and thus
the current of the < 1 kHz signal is larger than that of the > 1
kHz signal, which means that environmental vibration
frequency is lower than 1 kHz. To further analyze the < 1 kHz
output current signal region, it was filtered into smaller
sections: 1~3 Hz, 3~10 Hz, 10~30 Hz, 30~100 Hz, 100~300
Hz, and 300 Hz~1 kHz. Figure 7(b) shows the filtered
frequency sections of the output current signals of NG based on
ZnO:S NSs. The highest output current in each frequency
section is shown in Figue 7(c). These output current signals at
various frequencies are similar to sine waves, and thus may
have been affected by the Fourier transform of the filter. The
30~100 Hz frequency section had the highest output current.
The voltage and frequency of our laboratory electrical power
(standard electricity output in Taiwan) are AC-110 V and 60
Hz, respectively. In general, the frequency of machinery
vibration is correlated with the electrical power frequency. The
highest output current at 30~100Hz was assumed to be
generated by laboratory machinery vibration. These results are
consistency with corresponding to ZnO:S NSs NG devices
transferred electrical energy from environmental vibrations.

This journal is © The Royal Society of Chemistry 2015
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on substrate and expected that piezoelectric current larger than
mA region, but these NG only generated a small current ~43
nA. Calculated the current ratio, the ultra-long ZnO NSs are
around ~10° wires. Compared with the deformation of the
common electrode plate, that of the proposed electrode
substrate was enhanced by the rectangular hole. The modified
electrode substrate is more sensitive to environmental vibration
and produces more electrical energy. When applied loading
weight, the smaller electrode size was suffered higher stress

y i 4

(2)
PET substrate

PET substrate
U PUZa0 NWs clectinde

PUZ80 NWs electrode

Loading Weight

(U] an (o) av)

Fig. 8 (a) Common electrode plate and (b) proposed Pt/ZnO NWs/PET substrate
on ZnO nanostructures. Schematic illustration of piezoelectric electrons of
ZnO:S-NW-based NG (¢) without and (d) with applied loading weight force.

Figures 8(a) and 8(b) show a common electrode plate and the
proposed Pt/ZnO NWs/PET substrate on ZnO nanostructures,
respectively. Figures 8(a) and 8(b) show a common electrode
plate and the proposed Pt/ZnO NWs/PET substrate on ZnO
nanostructures, respectively. Although the ZnO:S NSs and ZnO
NWs are uniform growth on PET substrate by SEM observed,
but it is difficult to prevent growth few, ultra-long ZnO:S NSs
or ZnO NWs. These few ultra-long ZnO:S NSs are major
outputted power source due to touch and sustain Pt/ZnO NWs
electrode. Based on past AFM measurement reports, the single
ZnO NW produced 10~100 pA piezoelectric current with
various force.® * In this study, there are billions of ZnO:S NSs

This journal is © The Royal Society of Chemistry 2015

Figures 8(c) and 8(d) show the piezoelectric current four
types of ZnO:S-NS-based NG without and with an applied
weight force, respectively. The electron flows and piezoelectric
potential increased with increasing applied force. The positive
potential (V') and negative potential (V) are generated on the
tensile and compression sides of ZnO:S NSs, respectively.”!
The Schottky barrier contact formed between ZnO NWs and
Pt/NW electrode interface, as shown in Fig. 4. In Fig. 8(c), the
type II and III generates electrons flows from ZnO:S NSs to
Pt/ZnO NW electrode, due to the Pt/ZnO NW electrode
contacted on the compression side of ZnO:S NSs. Compared
with Fig. 8(c), the type II, III, and VI in Fig. 8(d) produced
more electrons with applied weight force due to the distance
between ZnO:S NSs and the electrodes being shortened and the
force on NSs to cause more compression. The contact between
ZnO:S NSs and Pt/NW electrodes increased with decreasing
distance. The ZnO:S NSs will be contact to two or more
Pt/NWs electrodes, which has more opportunities to contact the
compression side of ZnO:S NSs, such as Fig.8 type VI. Under a
500 g/cm? force, the output current and voltage of the ZnO:S-
NS-based NG increased by ~32.6% and ~6.6% under UV
exposure, respectively. According past reports,™*>* the output
current and voltage of ZnO NG was decreased significantly by
UV irradiation (100W and 2W/cm?). Their AIN/sapphire and
sapphire substrate are high UV light transmittance ~70%. In
this study, the handheld UV (365nm) power density is only
0.25mW/cm?, which is much lower than previous reports 3~4
orders of magnitude intensity. UV transmittance of the Pt/ZnO
NWs electrode is only 1.41%. The weak UV irradiation was
very slight to exposure on NSs and electrode interface.
Thermometer was measured that surface temperature of NG
was increased 3~5°C under UV exposure. Because of handheld
UV lamp (~50°C) was near to NG position, and caused that NG
temperature increase due to absorption and associated heating.
Thermal expansion (coefficient: 40~80 pm/K) of PET substrate

RSC Advances, 2015, 00, 1-3 | 5
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induces the NG structure deformation and then increase output
power performance.

In general, the piezoelectric coefficient (d3;) of ZnO can be
presented as ds; = 2Pé-808rQ€ﬁ;35 where P, denotes spontaneous
polarization, g, denotes permittivity of free space, ¢, denotes
relative permittivity and Q,; denotes effective electrostriction
coefficient. The P, and ¢, have been adjusted and increased with
dopant,*® which enhance the d;; performance. The Young’s
modulus values of PET and ZnO are 2~2.7 and 114.6~217.5
GPa, respectively (PET is much softer than ZnO). When
applied loading weight in ZnO:S NSs NG, the deformation ratio
of PET substrate was larger than ZnO:S NSs or ZnO NW,
which means that a lot part force be absorbed by PET substrate
and caused nano size deformation on surface of PET, as shown
in Fig. 8(d).

Figure 9(a) and 9(b) show interface band diagrams of ZnO
NW and ZnO:S NS with Pt electrode. The ZnO/Pt and ZnO:S
NS/Pt electrode interface are a Schottky barrier contact.
Compression and tensile strain change the Schottky barrier
height, and conduction band (E.) and valence band (E,) curves
due to the piezoelectric materials property.>’

(@) pt ZnONW Top f

Compressive strain %o er.,
(b) Pt ZnO:SNSs Top V

No strain —|
Compressive strain ....s? . \&

Fig. 9 Band diagrams of (a) ZnO NW/Pt and (b) ZnO:S NS/Pt interface.

According the previous reports, the n-type doping will increase
the electron concentration and cause screening effect,*® which
reduces the piezoelectric potential of ZnO NG. In this study, the
S dopant has changed that morphology of ZnO NWs and
formed ZnO:S NSs. The tops of ZnO:S NSs were needle-
shaped, which diameter is smaller than ZnO NWs around 5~7
times. Under the same strain force, the deformation of ZnO:S
NSs tip is greater than ZnO N'Ws and compensate for the loss
piezoelectric potential of screening effect. The small diameter
of ZnO:S NSs top cause that contact area of ZnO:S and Pt
electrode are substantially reduced. The slight environmental
vibration energy will transfer to make these ZnO:S NSs
constantly shaking in small size. The small moving of ZnO:S
NSs continuity change the contact position of Pt/ZnO NWs
electrode and produce great amount electrons. The energy of
environmental vibration deformed the PET surface, increasing
the internal stress of the PET substrate. The ZnO:S NSs NG
produce more piezoelectric power and is more sensitive to
environmental vibration. Previous reported flexible ZnO-
nanostructure-based NGs are compared with the proposed NG
in Table 1. In past reports, these applied force energy were

6 | RSC Advances, 2015, 00, 1-5

used ultrasonic power, human finger and bending machine. In
this study, the vibration energy is not using any applied force
from machine or human, it is only supplied by laboratory
environmental vibration.

4. Conclusions

High-density, vertical ZnO:S NSs were uniformly synthesized
on a PET substrate via the hydrothermal method. The S dopant
(2.03 at.%) was uniformly distributed over the NSs. A
rectangular hole was cut in the center of the Pt/ZnO NWs/PET
electrode to enhance the deformation of the NG. Under a
loading weight of 500 g/cm?, the ZnO:S-NS-based piezoelectric
NG had an output current of ~4.32x10® A and a voltage of
~0.646 V in the dark by converting environmental vibration.
Under UV illumination and a weight of 500 g/cm?, the highest
output current and voltage of the ZnO:S-NS-based NG were
5.73x10® A and ~0.689 V, respectively. Based on filter
function analysis, the highest response current was obtained at
30~100 Hz, which is assumed to be generated by laboratory
machinery vibration. A ZnO:S-NS-based NG with large output
current and voltage was thus obtained.
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Tab. 1 Applied force and measured output electrical results of various flexible ZnO-nanostructure-based NGs.
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