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Z
inc oxide (ZnO) has been demon-
strated as one of the most promising
materials for the realization of piezo-

electric energy harvesting devices, due
to its environmentally safe nature, abun-
dance, mechanical robustness, and low
permittivity.1�6 Thus, piezoelectric nano-
generators (NGs) based on ZnO have been
actively investigated to date.7�12 However,
the piezoelectric potential screening in
intrinsic ZnO13 inhibited the realization of
high performance piezoelectric NGs. There-
fore, consistent efforts have been made to
overcome this fundamental limitation and
thereby enhance the output performance
of ZnO-based piezoelectric NGs. For in-
stance, several approaches, such as surface
O2 plasma treatment,14 p�n junction forma-
tion,15,16 and triboelectric layer insertion,17

have been adopted to boost piezoelectric
output power. However, performance en-
hancement of ZnO-based piezoelectric
NGs has still been hindered due to its in-
herently low piezoelectric coefficient18 by

comparison to other well-known piezoelec-
tric materials such as PbZrxTi1�xO3 (PZT)19

and BaTiO3.
20

Previously, it was reported that ZnO with
the wurtzite crystal structure, which inher-
ently reveals piezoelectric property along
the c-axis,21 can be doped with lithium (Li)
and the ferroelectric phase transition can be
induced in Li-doped ZnO. This phase transi-
tion is originated by atomic replacement in
ZnO by substitution of the Zn atoms with
introduced off-centered Li atoms, enabled
by the large difference in ionic radii be-
tween Zn (0.74 Å) and Li (0.60 Å).22,23 By
exploiting this finding, we first employ the
Li-doped ZnO nanowires (NWs) for piezo-
electric NG fabrication to extend perfor-
mance limits of the ZnO-based NGs. Here,
with the use of the composite solution
prepared by mixing hydrothermally grown
Li-doped ZnO NWs and polydimethylsilox-
ane (PDMS) polymer, the NGs were fabri-
cated by simply spin-coating the solution
on the electrode layers, followed by curing
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ABSTRACT We present a method to develop high performance flexible

piezoelectric nanogenerators (NGs) by employing Li-doped ZnO nanowires

(NWs). We synthesized Li-doped ZnO NWs and adopted them to replace intrinsic

ZnO NWs with a relatively low piezoelectric coefficient. When we exploited the

ferroelectric phase transition induced in Li-doped ZnO NWs, the performance of the

NGs was significantly improved and the NG fabrication process was greatly

simplified. In addition, our approach can be easily expanded for large-scale NG

fabrication. Consequently, the NGs fabricated by our simple method exhibit the

excelling output voltage and current, which are stable and reproducible during periodic bending/releasing measurement over extended cycles. In addition,

output voltage and current up to ∼180 V and ∼50 μA, respectively, were obtained in the large-scale NG. The approach introduced here extends the

performance limits of ZnO-based NGs and their potentials in practical applications.
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and high voltage poling steps. Owing to ferroelectricity
in Li-doped ZnO NWs, it can be poled under high
electric field to maximize piezoelectric behavior. The
spontaneous polarization induced in Li-doped ZnO
NWs improves piezoelectric coefficient (d33),

24 which
plays an important role in performance enhancement
of the NGs. In addition, it can greatly relieve the
requirement for c-axis orientation of undoped ZnO
NWs onto substrates in order tomaximize output power
generation. Therefore, our simple approach provides
two distinct advantages over previously reported
undoped ZnO-based flexible piezoelectric NGs. First,
the performance of the NGs is significantly enhanced
by spontaneous polarization in Li-doped ZnO NWs.
Second, the NG fabrication process is greatly simplified
and can be easily expanded in large-scale.
Our NGs demonstrate open-circuit voltage (Voc) of

∼180 V and short-circuit current (Isc) of∼50 μA during
the periodic bending condition (active area of 10 cm�
10 cm). Stable and reproducible output voltage and
current were also confirmedduring the cyclicmeasure-
ment over 1350 cycles per each run, which was re-
peated over 4 weeks. The approach introduced here
extends performance limits of ZnO-based piezoelectric
NGs, which also provides a simple, cost-effective, and
suitable way to fabricate large-scale flexible NGs.

RESULT AND DISCUSSION

The NG fabrication is schematically shown in
Figure 1a. First, Li-doped ZnO NWs were synthesized
by solution-based hydrothermal method, followed
by high temperature annealing step at 550 �C for 1 h
30 min in O2 ambient. The annealing step promotes
activation of lithium atoms in the wurtzite crystal
structure.25 The detailed Li-doped ZnO NW growth

recipe is described in the experimental method. Dif-
ferent from typical NW growth on the substrate coated
with a seed layer,26,27 the NWs here were grown in the
solution with zinc nitrate as seed reagent. Next, after
drying and cleaning steps, the synthesized Li-doped
ZnO NWs were mixed well with PDMS. The composite
solution was then spin-coated on the indium tin oxide
(ITO)-coated PET substrate, which was precleaned by
acetone, IPA, and deionized (DI) water, respectively.
Lastly, an ITO coated PET substrate was pasted on the
opposite side of the device as a counter electrode,
followed by curing in a convection oven, which fina-
lizes the NG fabrication. The detailed device fabrication
process is described in the experimental method. The
as-fabricated device is flexible and semitransparent
(Figure 1b). The scanning electron micrograph (SEM)
in Figure 1c shows the synthesized Li-doped ZnO NWs,
revealing hexagonal wurtzite crystal structure [Figure 1c
(inset)]. The building blocks of the fabricated piezo-
electric NG consist of two main parts (Figure 1d): two
ITO (100 nm)-coated PET substrates with a thickness of
∼170 μm and the composite layer made of Li-doped
ZnO NWs and PDMS. The dispersed Li-doped ZnO NWs
inside PDMS can be observed in a cross-sectional SEM
(Supporting Information Figure S1).
To determine proper Li-doping condition, Li-doped

ZnO NWs were synthesized by varying the concentra-
tion of lithium nitrate (LiNO3) from 0 to 75 mM while
maintaining the same zinc nitrate (Zn(NO3)2) concen-
tration (50 mM). We note that other experimental
conditions were kept the same during the growth
process. With the use of room temperature photolu-
minescence (PL) spectroscopic analysis, the doping
related optical properties of the NWs were character-
ized (Figure 2a�c). The strong ultraviolet (UV)

Figure 1. (a) Schematic representation of the NG fabrication process: composite layer, containing Li-doped ZnO NWs and
PDMS, is sandwiched between two electrode layers. (b) Photograph of the fabricated NG exhibiting semitransparency and
flexibility (inset). (c) A SEMof hydrothermally synthesized Li-doped ZnONWs after cleaning and drying steps. The inset shows
hexagonal-shaped Li-doped ZnOwith the wurtzite crystal structure. (d) A cross-sectional SEM of the fabricated NGwhere the
composite layer is sandwiched between ITO-coated PET films as top and bottom electrodes.
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emissions were observed near ∼380 nm, which are
related to near band edge excitonic emissions.28 As the
lithium concentration increases, the UV emission peaks
in Li-doped ZnO NWs were shifted to higher photon
energy from 3.18 eV (Figure 2a) to 3.25 eV (Figure 2c),
indicating a broadening of the optical band gap.28 The
PL spectra in broadband emission (500�800 nm) are
related to the defects in the ZnO crystal. Specifically,
the blue emission (420�500 nm)29 and green emission
(480�600 nm)30 have been reported to originate from
interstitial Zn ions of ZnO crystals and oxygen vacancy
(VO), respectively. The red emission is attributed to
excess oxygen on the ZnO surface.31 The yellow emis-
sion in Figure 2a for undoped ZnO NWs (yellow solid
line) can be due to the OH group.32 On the other
hand, the relatively high intensity of yellow emissions
in Figure 2(b,c) is due to both substitutional Li (LiZn)
and interstitial Li (Lii) in the ZnO crystal since the
transitions from donor levels (Vo or Lii) to LiZn acceptor
levels release yellow emissions.33 It can be obviously
observed that relative intensity of yellow emission
gradually increases as Li doping concentration in-
creases. The results presented here are consistent
with the study reported previously.28�33 Next, the
NGs were fabricated using grown Li-doped ZnO NWs
with different Li concentrations and were subse-
quently poled under high electric field to align piezo-
electric domain of the NWs. Figure 2d shows the
representative piezoelectric output voltages of the
NGs, measured after poling under different electric
fields from 0 to 105 kV cm�1 at 65 �C for 20 h: the
NWs used here were synthesized in the solution with a

ratio of LiNO3:Zn(NO3)2 = 50:50 mM. It can be noted
that the output voltage of the NGs increases in propor-
tional to applied poling E-field, which can also indicate
that theNWs are indeeddopedwith Li and ferroelectric
phase transition is achieved. The details of power
generation mechanism of the NGs, which generate
alternating current and voltage, are described in
Supporting Information Figure S2. Figure 2e shows
the output voltage dependence of the NGs on Li
concentration in the NW synthesis solution: LiNO3

concentration was increased from 25 to 75 mM while
maintaining the same Zn(NO3)2 concentration, 50 mM.
Here, all the devices, having the same dimension
(2 cm � 2 cm), were poled at 105 kV cm�1 and
measured during periodic bending and releasing
motions, induced by horizontal travel (5 mm) of the
bending stage. The results show that the output
voltages (Voc) were clearly affected by the Li concen-
tration in the synthesis solution (Figure 2e). The highest
output voltage (∼9 V) was observed in the NG fabri-
cated with the NWs synthesized from the solution with
LiNO3:Zn(NO3)2 = 50:50 mM [Supporting Information
Video File 1]. In case that the relative LiNO3 concentra-
tion is 25 mM, the output voltages were reduced to
∼4 V. The ferroelectric property is still induced here,
however, it is insufficient to maximize piezoelectric
output. On the other hand, at the LiNO3 concentration
of 75 mM, excessive holes and defects may be induced
in the NWs, reducing the output voltage (∼5 V) as they
screen the piezoelectric output potential.34 We note
here that the results were confirmed in multiple de-
vices. Besides, to ensure the validity of the generated

Figure 2. (a) PL spectra for ZnO NWs synthesized by varying the concentration ratio between LiNO3 and Zn(NO3)2 as (a)
0:50 mM, (b) 50:50 mM, and (c) 75:50 mM. The Gaussian fitting curves are used to clarify the emission lines. The insets show
magnified Gaussian fitting curves for the wavelength range between 500 and 800 nm. The yellow intensity (marked with the
arrows) gradually increases as the LiNO3 concentration is increased, indicating lithium incorporation in ZnO NWs. (d) The
output voltage increases in proportional to the applied electric field, demonstrating poling effect and ZnONWdopingwith Li.
The NG was fabricated using the NWs synthesized in the solution with LiNO3:Zn(NO3)2 = 50:50 mM. (e) Output voltage
dependence on Li concentration in the NW synthesis solution. Each NGwas fabricated using the NWs synthesized at different
concentration of LiNO3: 25, 50, and 75 mM, respectively.
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piezoelectric signals, the switching polarity test35,36

was performed under the reverse connection mode.
The magnitude of the generated outputs was equal
to that under the forward connection mode with an
opposite polarity (Supporting Information Figure S3).
Figure 3 explicitly shows Li-doping effect and related

piezoelectric output voltage enhancement by compar-
ing with the intrinsic ZnO NW-based NG. In the case
of undoped ZnO NWs not retaining ferroelectricity,

randomly oriented electric dipole state was main-
tained even after the poling process as a schematic
drawing in Figure 3a. Thus, in undoped ZnO NWs, the
poling process has no impact on piezoelectric output
voltage as expected. On the contrary, the NG with
Li-doped ZnO NWs after poling process generates
significantly enhanced output voltage (Figure 3b).
Due to the spontaneous polarization in Li-doped ZnO
NWs, the randomly oriented electric dipole state can

Figure 3. (a) Output voltages (on the left) of the NG fabricated with undoped ZnO NWs, not retaining ferroelectric property.
Even after poling process, no difference can be observed in the generated output voltages. The schematic diagram (on the
right) shows the polarization of the NWs inside the NG before/after poling process: (before) randomly oriented polarization
inside PDMS (after) randomizedpolarizationmaintains inside PDMS. (b) Output voltages (on the left) of theNGs fabricatedwith
Li-doped ZnO NWs. After poling process, the output voltage is significantly enhanced. The schematic diagram (on the right)
shows the polarization of the NWs inside the NG before/after poling process: (before) randomly oriented polarization inside
PDMS (after) polarization alignment inside PDMS, owing to the incorporation of lithium rendering ferroelectric property.

Figure 4. (a) Photographs of the NG at bending (right) and releasing states (left) mounted on the bending stage. (b)
Reproducible and stable output voltage measured over 4 weeks: identical output values were measured without any
performance degradation for each run (1350 cyclic measurement), repeated over 4 weeks. The insets showmagnified signals
of the green colored regions.
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be readily aligned by the externally applied high elec-
tric field between two electrodes. The results here
clearly indicate the output performance enhancement
of piezoelectric NG by Li-doped ZnO NWs.
In Figure 4, reliability of the NG was examined by

cyclic measurement. During periodic bending and
releasing motions by horizontal travel (5 mm) of mov-
ing stage (Figure 4a), the NG's output voltage was
measured. For each run, the NG was measured for
1350 cycles, which were then repeated over 4 weeks to
monitor any performance degradation (Figure 4b). We
observed a consistent output voltage (16 Vpeak‑to‑peak)
under 0.32% strain for the entire measurement cycles,
revealing superior mechanical durability of the NG. We
investigatedmultiple devices and confirmed the stable
and reproducible output signals (Supporting Informa-
tion Figure S4). This is partly originated from structural
advantage of the NWs and polymer composite, where
PDMS prevents the NWs from cracking upon cyclic

or excessive mechanical deformation while effectively
transmitting the applied force to the NWs. In addition,
natural degradation of the NWs can be prohibited by
PDMS encapsulation.
To boost the output power of the NG such that it can

light up commercial light-emitting diode (LED) without
charging capacitors, its size was enlarged to an active
area of 3.5 cm � 3.5 cm by simply spin-coating on a
bigger substrate. We kept all other experimental con-
ditions the same for consistency. Two output nodes
of the NG were first connected to a full-wave bridge
rectifier circuit, which converts AC to DC output, and
the rectified output power was fed directly to a red
commercial light-emitting diode (LED) (Supporting
Information Figure S5). After the NG was mounted on
the bending stage, the output voltage and current
were measured during the periodic bending/releasing
motions induced by 5 mm horizontal travel of the
stage, triggering 0.19% strain. We note that increasing

Figure 5. Output performance of the NGs with a size of 3.5 cm� 3.5 cm. (a) Output voltage and (b) output current during the
cyclic bending and releasing motions. (c) A red LED lights up by the NG. The output of the NG was fed through a full-wave
bridge rectifier circuit whose output was again connected to inputs of the LED. The LED turns on at both bending and
releasing states.

Figure 6. Output voltage (left) and current (right) of a large-scale NG. Output voltage and current up to∼180 V and∼50 μA
were obtained during 30 mm horizontal travel of the bending stage. (Inset) Fabricated large-scale NG with an area of
10 cm � 10 cm.
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the travel range of the stage accordingly increases
output voltage and current (Supporting Information
Figures S6 and S7). The rectified output voltage and
current from theNGwere, respectively,∼30Vand∼7μA
(Figure 5a,b), which was enough to directly turn on a
commercial LED without an aid of capacitor (Figure 5c
and Supporting Information Video File 2). For large-scale
NG demonstration, we fabricated the NG with a size of
10 cm� 10 cm [Figure 6 (inset)]. The output voltage and
current up to∼180 V and∼50 μAwere obtained during
30mmhorizontal travel of the bending stage.We expect
that the NG's output power can be further increased
either by enlarging active area or stacking vertically.

CONCLUSION

In summary, we have developed a novel approach to
realize high performance flexible piezoelectric NGs by

employing Li-doped ZnO NWs. The output perfor-
mance of the NGs was greatly improved by enhanced
piezoelectric coefficient thanks to spontaneous polar-
ization in poled Li-doped ZnO NWs. In addition, the
c-axis orientation of ZnO NWs, required in typical ZnO
NW-based NGs for maximizing output power genera-
tion, became less critical in the device design. Thus, it
leads to the simplified NG fabrication process, which
can be easily adopted for a large-scale device fabrica-
tion. The NWs�polymer composite structure also
provides excellent durability and stability in our NGs.
Further, by enlarging the size of the NG, we achieved
output voltage and current up to ∼180 V and ∼50 μA,
respectively. Our approach provides a simple and
cost-effective way to extend performance limits of
ZnO-based piezoelectric NGs, which is also suitable
for a large-scale NG fabrication.

EXPERIMENTAL METHODS

Li-Doped ZnO NW Synthesis. The 50 mM of zinc nitrate
(Zn(NO3)2 3H2O, Sigma-Aldrich) and 50 mM of hexamethylene-
tetramine (HMTA, Sigma-Aldrich) were poured into a container
filled with deionized (DI) water of 50 mL. The lithium doping
reagent, lithium nitrate (LiNO3, Sigma-Aldrich), was added
to the solution. The solutions with different mixture ratios
(LiNO3:Zn(NO3)2 3H2O) were prepared: (0:50 mM), (25:50 mM),
(50:50 mM), and (75:50 mM). Each solution was stirred on a hot
plate at 60 �C for 2 h. Next, for the hydrothermal growth of
undoped and Li-doped ZnO NWs, the solutions were kept in
oven at constant temperature of 95 �C for 10 h. After the growth
process, liquid content was completely removed and remaining
the NW powder was subsequently cleaned with DI water and
ethanol. The container was then dried in oven at 200 �C for 3 h,
and then the container was cooled down to room temperature.
Lastly, the grown NWs were annealed in a furnace at 550 �C for
1.5 h in oxygen atmosphere.

NG Fabrication. The NG fabrication process can be summar-
ized as the following. First, the ITO (100 nm) coated PET
substrates (Sigma-Aldrich) were cleaned by acetone, IPA, and
DIwater. Next, the Li-doped ZnONWs (10wt%)werewellmixed
with PDMS (Sylgard, 184 Silicon elastomer) that was prepared
with a (10:1) elastomer to curing agent mixing ratio. The
prepared composite solution was spin-coated on a substrate
at 2500 rpm for 30 s and precured in oven at 85 �C for 5min. The
composite solution was spin-coated on another ITO (100 nm)
coated PET film at 5500 rpm for 40 s, which was subsequently
attached on the preformed composite thin film. Lastly, the
devices were cured in oven at 85 �C for 2 h.

Characterization. The output voltage and current were mea-
sured by using a voltage meter (Agilent, 34401A) and current
preamplifier (Stanford Research Systems, SR 570), respectively.
The cyclic bending and releasing motions were provided by a
custom-built bending stage setup. A PL spectrometer (Horiba
Jobin Yvon, Inc., LabRAM HR-800) was used to analyze the PL
spectra of undoped and Li-doped ZnO NWs. The PL measure-
ment was carried out by using He�Cd laser (325 nm). The
FE-SEM (Hitachi, S-4800) was used to observe Li-doped ZnO
NWs and device structures.
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