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ABSTRACT: In this work, by employing halogen elements (fluorine,
chlorine, bromine, and iodine) as dopant we demonstrate a unique strategy
to enhance the output performance of ZnO-based flexible piezoelectric
nanogenerators. For a halogen-doped ZnO nanowire film, dopants and doping
concentration dependent lattice strain along the ZnO c-axis are established
and confirmed by the EDS, XRD, and HRTEM analysis. Although lattice
strain induced charge separation was theoretically proposed, it has not been
experimentally investigated for wurtzite structured ZnO nanomaterials.
Tuning the lattice strain from compressive to tensile state along the ZnO c-
axis can be achieved by a substitution of halogen dopant from fluorine to other
halogen elements due to the ionic size difference between dopants and
oxygen. With its focus on a group of nonmetal element induced lattice strain
in ZnO-based nanomaterials, this work paves the way for enhancing the
performance of wurtzite-type piezoelectric semiconductor nanomaterials via
lattice strain strategy which can be employed to construct piezoelectric nanodevices with higher efficiency in a cost-effective
manner.
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1. INTRODUCTION

Recent advances in material science enable us to harvest
ambient mechanical energy from the environment, convert it
into electric energy, and then power portable electronics.1,2

Piezoelectric nanogenerators (PENGs) and triboelectric nano-
generators (TENGs) have attracted a great deal of attention
from the scientific community and are considered as promising
building blocks for the design and application of renewable,
lightweight, and low-cost energy sources.3−5 The output
performance of the nanogenerator is highly dependent on
nanomaterials employed in TENGs or PENGs.5−9 With respect
to large piezoelectric coefficients in PZT, PMN-PT, and PZN-
PT materials, there is always a strong push to explore lead-free
building materials because of environmental concerns.10−15

Therefore, it is essential to develop high-performance PENGs
and TENGs with environmental friendly materials, especially
for the case of implantable or human skin wearable energy
harvesting systems.16−21

ZnO is one of the most fascinating environmentally benign
functional materials with distinguished performance in PENGs
and piezotronic devices, such as piezoelectric field effect
transistors, piezoelectric diodes, piezoelectric strain sensors,

biological sensors, and photodetectors.1,22−24 Therefore, the
output performance of a ZnO-based piezoelectric nanodevice
should be further optimized by modulating the characteristic of
intrinsic ZnO.25 In order to improve the utilization efficiency of
piezoelectric charge, it is indispensable to synthesize non-
centrosymmetric materials to broaden the investigation of the
p- and n-type doped ZnO.26 For instance, Sb-doped ZnO
nanowire/belt exhibited its potential applications in thermo-
electric nanogenerators, self-powered ultraviolet photodetec-
tors, and gesture recognition devices.27 Recent works revealed
that the optical and electronic properties of semiconductor
nanomaterials can be tuned via strain-engineering, e.g., buckled
CdS nanowires, bent ZnO nanowires, and strain-driven redox
behaviors in carbon nanomaterials.28−33 It is known that
piezocharges can be generated by externally applied tensile or
compressive strain to the ZnO micro/nanowire or thin film, but
less attention has been paid to the piezoelectric effect enhanced
by lattice strain along the polar c-axis direction of wurtzite
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ZnO.34 It has become more compelling that chemical doping is
one of the prevalent approaches in tailoring the optical,
electrical, and magnetic properties achieved by diverse dopants
and different doping concentration. Such advantages make
chemical doping a promising route toward boosting the
performance of ZnO-based piezoelectric nanogenerators and
piezo-phototronic nanodevices. Considering the notable differ-
ence in ionic radii between oxygen and halogen ions (F−, Cl−,
Br−, and I−), it would be expected that the compressive or
tensile lattice strain can be achieved in a doped ZnO film that
has an inevitable impact on the fundamental properties of
doped ZnO materials and performance of ZnO-based piezo-
electric nanodevice.
In this work, we highlight the unique synthetic strategy which

leads to the enhancement of the output performance of ZnO-
based flexible piezoelectric nanogenerator through tailoring the
lattice strain along the ZnO polar c-axis. In a comparison to the
study of F- and Cl-doped ZnO, the investigations of Br- and I-
doped ZnO materials are rather scarce.35,36 More importantly, a
systematical investigation on a group of halogen elements as
nonmetal dopants has been difficult, which may open a new
dimension in the field of ZnO-based piezoelectric nanomateri-
als. Focusing on the lattice strain induced by different halogen
dopants, we characterized a series of halogen element doped
ZnO nanowire films by energy dispersive X-ray (EDX)
spectroscopy, X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), photoluminescence spectroscopy (PL),
and high-resolution transmission electron microscopy
(HRTEM). The electron transport property of the halogen-

doped ZnO nanowire film was investigated as well. Our
experimental observation highlights the essential role of varied
halogen dopants as the key element in inducing the lattice
strain along the ZnO c-axis. The current synthetic strategy is in
stark contrast to the previous reports with attention
concentrated on metal-doped ZnO as the building block in
PENG, but the role of dopant with different ionic size remains
unexplored.37,38

2. EXPERIMENTAL SECTION
2.1. Material Synthesis and Characterization. The synthesis

process of undoped and halogen-doped nanowire films is carried out
by a modified hydrothermal method. First, a ZnO seed layer was
deposited by standard RF magnetron sputter deposition using a high-
purity ZnO target (99.99%) and Ar/O2 (flow rate was fixed at 8:1) as
the sputtering gases at ambient temperature. Second, the PET with
ZnO seed layer was placed in the nutrient solution consisting of zinc
nitrate hexahydrate (100 mM) and hexamethylenetetramine (100
mM) and 10 mM NaX (X = F, Cl, Br, and I). After 7 h reaction in an
oven (at 95 °C), the as-prepared ZnO nanowire films were carefully
rinsed by deionized water to remove the unreacted chemical on the
surface of the sample. Prior to the assembly of flexible PENG, the
undoped and halogen-doped ZnO nanowire films were placed in 40
°C conditions overnight. The morphology of the halogen-doped ZnO
nanowire was examined by TEM (F20). The crystal structure of the
undoped and halogen-doped ZnO nanowire film was obtained by
XRD using a Bede D1 ZM-SJ-001 diffractometer. The XPS
characterization was conducted by Thermo Scientific ESCALAB
250Xi.

2.2. Device Fabrication and Characterization of PENG. The
fabrication of PENG was fulfilled by sputtering 100 nm Cu (99.99%

Figure 1. (a) TEM images of the ZnO:X nanowire, chemical mapping images of Zn, O, F, Cl, Br, and I. (b) EDX spectra of ZnO:X NW film (X = F,
Cl, Br, and I).
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purity) on the top of ZnO nanowire film and on the bottom of PET.
In order to protect the Cu electrode and PENG during measurement,
the PDMS layers were deposited on the top and bottom sides of the
flexible PENG. The photograph of a ZnO-based PENG was presented
in Figure S1 (see Supporting Information). The output voltage and
current of the PENG were characterized by a LeCroy 610Zi
oscilloscope, Stanford Research System SR 570, low-noise current
amplifier. The room temperature electrical property was measured by a
semiconductor characterization system (Keithley 4200-SCS).

3. RESULTS AND DISCUSSION

All of the halogen-doped ZnO nanowire (NW) films were
synthesized by the modified hydrothermal routine in the
presence of NaX (X = F, Cl, Br, and I). A detailed discussion of
synthesis and fabrication of doped ZnO NW film PENG is
described in the Experimental Section. Hereafter, the
synthesized materials will be abbreviated as ZnO:X, where X
denotes the corresponding halogen element (e.g., ZnO:Br is
denoted as Br-doped ZnO). All as-synthesized doped ZnO
compounds were synthesized using the hydrothermal method
in the present of NaX containing nutrient solution. Figure 1
shows transmission electron microscopy (TEM) images of
halogen-doped ZnO nanowires that were peeled off from the
ZnO:X NW films. The chemical mapping images pointed out
the distribution of halogen dopant throughout the whole ZnO
nanowire in each sample, Figure 1a. The TEM characterization
indicates the ZnO:X nanowire served as the building block in
the textured films. The surface features of the as-synthesized
ZnO:X NW film are similar to the undoped ZnO NW film. The
EDX and XPS spectra of halogen-doped ZnO NW film
exhibited signals from halogen dopant in each sample which
agree well with TEM characterization. The doping concen-
tration in each sample is 0.10% in ZnO:F, 0.20% in ZnO:Cl,
0.15% in ZnO:Br, and 0.08% in ZnO:I, Figure 1b and Figure S2
(SI).39 Due to the small atomic number of fluorine, EDX
characterization only can give the qualitative result on the
presentation of F dopant, which is influenced by the sample
size, quality, and its low doping concentration.40,41 Figure S3

(SI) shows the PL spectra of undoped ZnO and ZnO:X NW
film excited by a He−Cd laser at 325 nm. For ZnO:X NW film,
the observation of the strong emission peak in the ultraviolet
and broad green emission peaks in the visible region was
comparable to previous reports.42 The considerable difference
was shown in the visible part as the incorporation of halogen
dopant due to its different concentration and ionic size.
Recently, Wang and co-workers reported that a heavily doped
ZnO single nanowire with chlorine ions exhibited metallic
conductivity. Compared to that of the undoped ZnO film, the
conductivity of ZnO:X slightly increases by selecting a different
dopant source in nutrient solution, see Figure S4 (SI). The
morphology of undoped ZnO and Br-doped ZnO NW film was
characterized. The cross-sectional and top views of ZnO NW
film are presented in Figure 2 and Figures S5 and S6,
respectively. The above-mentioned results provide solid
evidence that the halogen ions were doped into the ZnO
lattice in the process of hydrothermal synthesis and the doping
concentration of halogen ions is quite low in ZnO:X.
The output performance of PENG essentially depends on

the sandwiched piezoelectric materials between two electrodes.
The device structure is schematically presented in Figure 2c, as
well as the comparison of their output performance. The PET
layer is multifunctional in the design of PENG including serving
as flexible platform and avoiding the electron leakage. With
application of a stress (1 MPa) to the PENG surface, the
positive and negative piezocharges are generated and
accumulated at the ZnO:X/PET interface and ZnO:X/Cu
interface, respectively. The obtained Vpp (peak-to-peak voltage)
and Ipp (peak-to-peak current) values for as-grown ZnO are
estimated at 2.40 V and 400 nA/cm2, respectively. The
piezoelectric output performance of ZnO:X NW film is
demonstrated in comparison to that of undoped ZnO NW
film as well. When NaBr was added into the nutrient solution,
the performance of the ZnO:Br NW film can be achieved in the
aspects of both output voltage (up to 5.90 V) and current (up
to 1910 nA/cm2). The measurements of the output of ZnO

Figure 2. SEM cross-sectional view of (a) undoped ZnO and (b) ZnO:Br NW film. The scale bar is 5 μm. (c) Schematic diagram of the structure of
halogen-doped ZnO NW film PENG. (d) Output voltage and (e) current of undoped ZnO and halogen-doped ZnO NW film as flexible
piezoelectric nanogenerators.
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NW film PENG with and without halogen element dopants
were conducted under repeatedly applying a stress more than
30 cycles, see Figure S7 (SI). When the same amount of NaF
was employed as the doping source, the output performance of
ZnO:F NW film is lower than that of undoped ZnO NW film
and other ZnO:X (X = Cl, Br, and I) NW films, see Figure 2d,e.
The influence of different concentrations of the same halogen
dopant on the piezoelectric performance improvement was
carried out as well. The chlorine was chosen as the dopant to
prepare ZnO:Cl NW films. With an increase in the NaCl
concentration in nutrient solution, the enhancement in the
output voltage of ZnO:Cl NW film was obtained, see Figure S8.
According to the previous reports, the morphology, density,
and size of ZnO NW will have impact on the output
performance of PENG.43 The length of the ZnO NW or the
thickness of the ZnO NW film will influence the output voltage,
while the diameters of ZnO NW will influence the output
current. On the basis of our results, all of as-prepared undoped
ZnO and halogen-doped ZnO films are composed of closely
compacted ZnO nanowires with identical thickness and
diameters mainly ranging from 150 to 350 nm, see Figure
2a,b. The output performance of undoped and doped ZnO NW
textured film depends on the film thickness, which is different
from the case of ZnO NW arrays film. Because we synthesized a
halogen-doped ZnO NW film with identical thickness and fully
covered on the PET substrate (see Figure S6), it can be
considered that the difference in their piezoelectric perform-
ance resulted from the corresponding dopant.
The crystal structure of ZnO NW film was analyzed by X-ray

diffraction using Cu Kα radiation (λ = 1.5406 Å). In order to
accurately evaluate the influence of halogen dopant on the
crystal nature of ZnO NW film, the diffraction peaks had been
calibrated by the peak position of Si (004) for the as-prepared
samples, see Figure 3. The lattice spacings of ZnO (0002)
calculated from the diffraction patterns are 5.2058 Å in

undoped sample while 5.2040 Å in ZnO:F, 5.2214 Å in
ZnO:Cl, 5.2291 Å ZnO:Br, and 5.2139 Å in ZnO:I. Figure 3c,d
shows HRTEM images of the individual undoped and ZnO:Br
nanowire which were peeled from a NW film. In a comparison
to the undoped ZnO sample, the slight change of c parameters
can be attributed to the incorporation of halogen ions in ZnO
NW film in the process of the hydrothermal synthesis. In fact, it
would be expected that the corresponding ZnO (0002) plane
spacing will be tuned due to the difference in ionic radius
between oxygen ions (r(O2−) = 0.140 nm) and halogen ions
(r(F−) = 0.133 nm, r(Cl−) = 0.181 nm, r(Br−) = 0.193 nm, and
r(I−) = 0.220 nm)) when the oxygen ions are replaced by
halogen ions. We notice the lattice strain along ZnO polar c-axis
has two contributions which can be interpreted by simulta-
neous analysis of the ionic size of dopant and doing
concentration.
In comparison to vapor deposition techniques, hydrothermal

synthesis has its advantage in the preparation of doped ZnO
nanomaterials in low temperature.35,44 As revealed from recent
work, the doping concentration of chlorine ions can be
controlled around 0.20% regardless of catalytic effect from
other cations or anions. In nutrient solution, halogen ions X−

act as the dopant source, diffuse and bind to the surface of ZnO
NW film, and then form Zn(OH)xXy

(x+y−2) from Zn(OH)2+x
x−

species temporarily. After the deposition of Zn(OH)2+x
x−/

Zn(OH)xXy
(x+y−2)− and dehydration of the OH− group,

halogen ions were permanently preserved in the ZnO lattice,
see Figure 3e. We suspect their different doping concentration
resulted from the ionic radii of the varied halogen dopants that
influence the amount of intermediate Zn(OH)xXy

(x+y−2)−

forming in the synthetic process.
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Figure 3. (a, b) XRD spectra of ZnO and halogen-doped ZnO NW film; (c, d) HRTEM images of the individual undoped ZnO and ZnO:Br
nanowire which peeled from NW film, the scale bar is 5 nm; (e) crystal structure of ZnO:X (X = F, Cl, Br, and I).
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Under our conditions, the strain along the c-axis, czz, is given
by eqs 1−3, where c is the lattice parameter of ZnO:X NW
films calculated from X-ray diffraction data and c0 is the lattice
parameter of undoped ZnO synthesized by the same method
without dopant source. The value of czz is used as a sensitive
parameter to understand the variation of the strain state in the
ZnO lattice.45 In this way, the calculated strain in halogen-
doped ZnO is about −0.035% in ZnO:F, 0.30% in ZnO:Cl,
0.45% in ZnO:Br, and 0.16% in ZnO:I. Even for iodine, with
larger ionic radius than chlorine and bromine, the low doping
concentration results in the relatively smaller lattice strain in
ZnO:I NW film in comparison to ZnO:Cl and ZnO:Br samples,
see Figure 4.

According to previous work on the individual ZnO nanowire,
the local lattice spacing can be tuned by the elastic bending
deformation, and the maximum strain was achieved about
1.0%.34,46,47 The calculated lattice strain in ZnO:X samples is
lower than that in the case of an externally bending ZnO
nanowire which can be explained as the presentation of the
limited amount of halogen ions along the c-axis of the ZnO
nanowire. It is found that the compressive strain can be
obtained by choosing F as the dopant since the ionic radius of
F− is slightly smaller than that of O2−. These results are in good
agreement with the ionic radius difference because the ionic
radius of O2− is larger than that of F−, but smaller than those of
Cl−, Br−, and I−. With the undoped ZnO sample taken into
account, the lattice strain in the ZnO:X varies from
compression to tension state which was modulated by
substituting the selected dopant from F to Cl, Br, and I ions
with apparently increasing their ionic radii. Halogen ions play
an indispensable role in modulating lattice strain along the ZnO
polar c-axis. Previous works described the scenario of utilizing
strain for charge separation in semiconductor materials at the
nanoscale.48−50 The ZnO:X nanomaterials synthesized in our
condition have demonstrated that both ionic size and doping
concentration were found as the driving force for increasing
and decreasing the lattice strain along ZnO polar axis.
Therefore, it can be concluded that the maximum lattice strain

depends on the selected dopant as well as its doping
concentration. With ionic radius larger than oxygen’s, the
existence of halogen element in ZnO lattice leads to the tensile
strain that naturally causes a static polarization to the ZnO
lattice and thus the piezocharges at the two ends. However, it
should be mentioned that the dopant can induce the lattice
distortion and the lattice disorder as well, which may have a
negative contribution on the performance of ZnO-based
PENG.43,51 Precise estimation of the lattice strain and disorder
contribution to ZnO:X film requires an in situ study on ZnO:X
nanowires, which is underway, and complete analysis of these
factors will be presented in the future. According to previous
studies, the piezoelectric potential screening by free electrons in
undoped ZnO has limited the energy conversion efficiency of
the ZnO-based PENGs.52−55 The deposition of CuO or other
p-type materials can consume the free electrons in ZnO layer
and further improve the output performance of PENG. Due to
the CuO/ZnO pn heterojunction, a depletion region is formed
near the junction boundary. Therefore, the built-in electric field
near the heterojunction/interface effectively depletes free
electrons in the ZnO layer, which reduces the screening effects
for the generated piezoelectric potential and leads to an
enhancement of piezoelectric output voltage. In order to
illustrate whether chemical doping increases the electron
screening effect, we synthesized undoped ZnO, ZnO:Cl, and
ZnO:Br nanowire films on a predeposited CuO layer. The
enhanced output performances were obtained for ZnO
nanowires film with and without halogen dopants. For undoped
ZnO NW film, the output voltage increased from 2.4 to 4.8 V.
For ZnO:Cl and ZnO:Br NW film, their output voltages
increased from 4.9 to 7.2 V and from 5.9 to 8.1 V, respectively.
The enhancement of halogen-doped ZnO NW film is
comparable to the undoped ZnO NW film, which indicates
the chemical doping does not cause a significant electron
screening effect and the improvement in their piezoelectric
originated from the corresponding dopants. The larger XRD
shift and lattice strain can be achieved by increasing the ionic
size of dopants and doping concentration. However, if the ionic
size of the dopant is too large and/or the doping concentration
is too high, the existence of dopants may result in more lattice
defects, which increases the concentration of free electrons and
the screening effect and decreases the output performance. In
our case, the halogen element doped ZnO NW film can have
larger lattice strain and without extra electron screening effect.
Therefore, dopants (Cl, Br, and I) played an essential role in
enhancing the piezoelectric output of ZnO NW film. For
instance, previous work demonstrated that the S-doped ZnO
NW demonstrated a large XRD shift and high doping
concentration, which exhibited slight enhancement in piezo-
electric output compared to that of the undoped ZnO NW.43

This indicates chemical doping can be regarded as a practical
routine for enhancing piezoelectric performance only by
controlling the ionic size of dopants and controlling the doping
concentration. The dopant induced the lattice strain, and the
electron screening effect has a different contribution to the
mechanically generated piezopotential, which is a competitive
process. For the enhancement of the performance of
piezoelectric nanogenerator and nanodevice, introducing p-
type nanomaterials onto the ZnO film has been reported
recently.47−49 However, our synthetic strategy achieved the
objective of enhancing the piezoelectric performance of ZnO
film in a one-step solution process at low cost.54−56

Figure 4. ZnO lattice strain dependence of the output performance of
piezoelectric nanogenerator.
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4. CONCLUSIONS

We have performed a unique synthetic strategy that modulates
the lattice strain along ZnO polar c-axis by a low-cost chemical
doping approach. Tuning the lattice strain from a compressive
to tensile state can be achieved by the variation of halogen
dopant from fluorine to other halogen elements by taking
advantage of the ionic size between the dopant and oxygen
element. For halogen-doped ZnO nanowire film, dopants and
doping concentration-related lattice strain along ZnO c-axis are
established and confirmed by the experimental characterization.
As the successful and comprehensive investigation on a group
of nonmetal element induced lattice strain in ZnO-based
functional materials, this work paves the way for enhancing the
performance of wurtzite-type piezoelectric semiconductor
nanomaterials via lattice strain which can be potentially
employed to construct piezoelectric nanodevices with higher
efficiency in a cost-effective manner.
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