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Abstract
The well-aligned Li-doped zinc oxide nanowires (ZnO NWs) were successfully grown on Si
substrates with seed layer by the hydrothermal method. The presence of Li in ZnO NWs is
confirmed through EELS spectrum analysis. The acceptor energy level of the Li dopant is
estimated to be 93.6 meV from the temperature-dependent PL spectra. From the SQUID
measurements, the coercivity and saturation magnetization of the Li-doped ZnO NWs at room
temperature are found to be 166 Oe and 9.64 memu/g, respectively. Additionally, the Li-doped
ZnO NWFETconfirms that the NWs were p-type with a high carrier mobility of 14.59 cm2/V s and
an effective hole carrier concentration of 1.13� 1017 cm�3. The piezoelectric response of the
Li-doped ZnO NWs produces much higher piezoelectric output current, voltage, and power than
pure ZnO NWs. These results indicated that p-type ZnO NWs are a promising candidate for
nanogenerator devices.
& 2014 Elsevier Ltd. All rights reserved.
014.06.014
hts reserved.
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Introduction

Zinc oxide is a wurtzite crystal with a hexagonal structure;
its wide band gap of about 3.37 eV, high excitation binding
energy of about 60 meV at room temperature make it a
potential semiconductor material for optoelectronic devices
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such as light-emitting diodes [1] and ultraviolet (UV) lasers
[2]. In particular, compared to other materials, the mor-
phology of one-dimensional zinc oxide nanostructure is
diversification [3], which has attracted great interest as a
promising material for nanodevices due to their specific
physical properties. It has been reported that ZnO NW has
various applications in electronics, electromechanical, and
electrochemical nanodevices, including field-emission
devices, solar cells, and piezoelectric nanogenerators [4].
However, because of intrinsic n-type characteristic, the
electrical application of ZnO-based device was hindered,
resulting in considerable effort which has been dedicated
toward the development of p-type ZnO NWs [5–8].

Wide band gap materials usually show a poor doping
efficiency due to the feature of deep acceptor energy level.
Among various dopant candidates, several reports have indi-
cated that Li atoms can act as shallow acceptors in substantial
forms of Zn sites (LiZn) [9]. Li is considered to have a smaller
strain effect and to be highly soluble in ZnO [10] because it has
the smallest ionic radius (0.76 Å) which is close to that of Zn
(0.74 Å) compared to other group I elements. Moreover, the
substitutive Li atom will stabilize zinc vacancies that induce
magnetic moment. Thus, this contributes to an exceptional
class of magnetoelectric materials with immense potential for
spintronic and magneto-optic devices [11].

The properties of optical and field emission in Li-doped
ZnO have been studied by several researches [12,13];
however, for the first time, we report the piezoelectric
study of Li-doped ZnO NWs here. We have demonstrated the
enhanced output current of Li-doped ZnO, showing poten-
tial applications in the field of nanogenerator devices.
The (100) silicon substrates were cleaned by a diluted HF
solution cleaning process to remove native oxide. Ga-doped
ZnO seed layers (100 nm thick) were prepared using the
plasma sputtering system. Next, the Li-doped ZnO NWs were
Figure 1 (a) FESEM image of Li-doped ZnO NWs grown on Si substr
ZnO NW, the corresponding HRTEM image and SAED pattern. (c) XR
single Li-doped ZnO NW, the extracted signal showed a Li K edge p
synthesized in an aqueous solution of 5 mM aqueous zinc
acetate, hexamethylenetetramine, and 20 mM lithium acet-
ate in a digital water bath at a constant temperature of
85 1C for 12 h in an oven. Finally, the NWs were annealed
under a constant oxygen partial pressure of 0.5 Torr at
550 1C for 1 min by the RTA system.

The Li-doped ZnO NWs arrays grown by the hydrothermal
method were investigated with scanning electron microscope
(JEOL JSM-6500F), transmission electron microscope (JEOL
JEM-2100F), and X-ray diffraction (Bruker D2 phaser) mea-
surements for structural analysis. In addition, an electron
energy loss spectroscopy (EELS) measurement using scanning
transmission electron microscopy (STEM) operated at 200 kV
was performed to provide evidence for the existence of
lithium in ZnO NWs. A temperature-dependent PL with
325 nm He–Cd laser was used to study the optical property
of ZnO NWs. The ferromagnetic property was measured by
Superconducting Quantum Interference Device (MPMS-XL).
The electrical properties were measured by semiconductor
analyzers (Agilent B1500A) at room temperature in ambient
conditions. However, the piezoelectric response of the ZnO
NWs was measured by C-AFM (NT-MDT Solver P47).

To improve the aspect ratio and length of Li-doped ZnO
NWs, multistep growth was adopted to synthesize NWs with a
higher aspect ratio as shown in Figure 1(a). After completing
growth cycles 5 times with the same growth conditions
described above, the well-aligned Li-doped ZnO NWs arrays
with 1 μm and 10 μm in length were controlled by one step
and five steps, respectively. The length of the NWs was up to
10 μm with uniform diameters in the range of 200–300 nm
after multistep growth. The lateral growth was suppressed by
adding dilute nitric acid in solution [14]. The aspect ratio of
the Li-doped ZnO NWs increases prominently from 9.8 to
33.3 μm with increase in the steps of growth, resulting in a
higher surface-to-volume ratio. In Figure 1(b), the low
ate (one-step and multi-step). (b) TEM image of single Li-doped
D spectra of Li-doped and pure ZnO NWs. (d) EELS spectrum of
eak at 61 eV.



Figure 3 Hysteresis loops of Li-doped ZnO NWs measured at
room temperature. The Li-doped ZnO NWs after annealing
under a constant oxygen partial pressure of 0.5 Torr at 550 1C
result in an increase in MS. Pure ZnO NWs exhibit diamagnetic
characteristic.
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magnification TEM image of a Li-doped ZnO single NW exhibits
a diameter of about 120 nm and a length of about 2.4 μm. The
high-resolution TEM (HRTEM) image clearly shows the atom-
ically resolved wurzite ZnO single crystal. The growth direc-
tion was also along the 〈0001〉 direction, as observed from the
corresponding selected area electron diffraction (SEAD) pat-
tern. In Figure 1(c), XRD spectrum shows that the relatively
strong (002) peak demonstrates the preferred orientation of
the lithium-doped ZnO NWs and pure ZnO NWs, which were
consistent with the result of TEM. Neither zinc nor lithium
characteristic peaks were observed from the XRD spectra.
Figure 1(d) shows the EELS spectrum of the single lithium-
doped ZnO NW, which clearly demonstrated Li K edge peaks at
61 eV, confirming the appearance of Li in ZnO NW.

Temperature-dependent PL measurements were per-
formed to further infer the emission evolution related to
lithium dopant activation. The low-temperature PL spectra
of aligned lithium-doped ZnO NWs and pure ZnO NWs at 10 K
are illustrated in Figure 2(a), which reveal a clear red shift
of near-band-edge emission in lithium-doped ZnO NWs and
ZnO NWs. This result demonstrates that lithium atoms in
ZnO system reduce the value of band gap, the same
result was also found in UV–vis measurement (S1, 2 details
in the Supporting information). Figure 2(b) shows the PL
emission spectra of the lithium-doped ZnO NWs at tempera-
tures ranging from 10 to 250 K. The intensity of PL
spectra decreases as temperature rises, which can be
attributed to thermal vibration suppressing the emission of
photoluminescence. The near-band-edge red shifted with
increasing temperature because neutral acceptor-bound
exciton peak dominated at low temperature whereas the
free exciton transition dominated at room temperature
[15]. Figure 2(c) is an Arrhenius plot of the integrated PL
intensity of the A1X emission as a function of temperature
for the lithium-doped ZnO NWs. The temperature-
dependent activated behaviors of A1X emission were
described as follows:

IðTÞ ¼ I0
1þC expð�EA1X

b =kBTÞ
where I0 is the emission intensity at 10 K taken to be
approximately the same as the experimentally measured
value at T=10 K, C is a free fitting parameter, kB is the
Boltzmann constant, T is the temperature, and EA1X

b is the
Figure 2 Optical properties of Li-doped ZnO NWs. (a) PL spectra
dependent PL spectra of Li-doped ZnO NWs over a temperature ran
function of 1/T for Li-doped ZnO NWs.
binding energy between the free exciton and acceptor [16].
As shown in Figure 2(c), a fitting value of EA1X

b ¼ 9:36 meV.
According to the Haynes rule, [17] there is a linear
dependence between EA1X

b and EA (acceptor level), and
the value is about 0.1 in the ZnO material system [15].
Therefore, the acceptor level of the lithium dopant was
estimated about 93.6 meV as a shallow acceptor level.

The origin of ferromagnetism in dilute magnetic Li-doped
ZnO semiconductor is zinc vacancy. Theoretical studies have
been carried out to investigate the mechanisms of ferro-
magnetism associated with defects. The results of first-
principle calculations indicated that neutral oxygen vacancy
in ZnO is nonmagnetic [18], whereas zinc vacancy does lead
to magnetism [19]. Cation vacancies introduce local mag-
netic moments as well as holes to the host semiconductor,
and ferromagnetism in such a DMS (diluted magnetic
semiconductors) can be mediated by holes. Moreover, it
has been evidenced that cation vacancies stabilization and
holes increase can contribute to the enhanced ferromagnet-
ism in a ZnO system [20]. In this study, the presence of
lithium would reduce the formation energy of zinc vacancy.
Therefore, such lower energy stabilizes the zinc vacancy
and leads to dilute magnetism (each zinc vacancy carries a
of Li-doped ZnO NWs and ZnO NWs at 10 K. (b) Temperature-
ge of 10–250 K. (c) Integrated intensity of the A3X emission as a



Figure 4 Electrical properties of a Li-doped ZnO NW. (a) The schematic diagram of back gate FET. (b) Output properties of a back
gate field-effect transistor with a Li-doped ZnO NW. (c) Transistor properties of NWFET at VDS=2 V.
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magnetic moment of 1.33 μB), whereas lithium itself is
nonmagnetic. By SQUID measurements, as shown in
Figure 3, the coercivity and saturation magnetization of
the Li-doped NWs at room temperature were 166 Oe and
9.64 memu/g, respectively. In addition, we also observed
that the lithium-doped ZnO NWs after annealing at 550 1C
under oxygen-rich condition result in an increase in satura-
tion magnetization to 46.1 memu/g. It indicates that the
zinc vacancies would prefer to be formed and stabilized as
the oxygen chemical increases [21].

In order to characterize the electrical performance of
lithium-doped ZnO NWs, single NW-based field-effect tran-
sistors (NWFET) were fabricated to study the electrical
transport properties. Lithium-doped ZnO NWs were first
dispersed on a heavily doped Si wafer with silicon oxide on
the top, which served as the back-gate electrode as shown
in Figure 4(a). Contact electrodes, nickel (30 nm) and gold
(120 nm) were subsequently deposited by the processes of
e-beam lithography and e-gun deposition. The resistivity of
single Li-doped ZnO NW was investigated (S3, details in the
Supporting information). Figure 4(b), c shows typical
source-to-drain current (IDS)–voltage (VDS) p-type outputs
at different gate voltages (VG) from �2 to 2 voltage and
transfer characteristics from the device, where the mea-
surement was performed at room temperature in ambient
conditions. It is clear that all IDS�VDS curves were almost
linear, indicating that ohmic contacts were formed between
the lithium-doped ZnO NW and Ni/Au electrodes. The field-
effect mobility of lithium-doped ZnO NW can be estimated
using the following formula [22–23]:

μ¼ dIDSL
2

dVGC

where dIDS/dVG is the transconductance and C is the
capacitance. The capacitance is given by

C¼ 2πεSiO2ε0L
lnð4h=dÞ

where h is the thickness of the gate oxide layer (200 nm), L
is the channel length (1 μm), and d is the NW diameter
(174 nm). εSiO2 is the dielectric constant of the SiO2 gate
oxide (3.9), ε0 is the dielectric permittivity. The NWFET
has a high carrier mobility of 14.59 cm2 V�1 s�1 and the
effective hole carrier concentration is calculated to be
about 1.13� 1017 cm�3 from the following equation: [23]

p¼ VthC

qπLðd=2Þ2

where q is the hole charge and Vth is the threshold voltage.
The NWFET results demonstrate that the channel of
Li-doped ZnO NW shows p-type conductivity characteristic.

Because of non-central symmetric feature in the ZnO
wurtzite structure, the cations and anions are tetrahedrally
coordinated and the centers of the positive ions and negative
ions overlap with each other under strain-free conditions. When
external stress was applied, the center of the cations and
anions was relatively displaced, and produced a dipole
moment. The constructive sum of the dipole moments results
in a macroscopic potential, which is the origin of piezoelec-
tricity [24,25]. Here, the piezoelectric response of the lithium-
doped ZnO NW was measured using AFM with a Pt-coated silicon
tip and the illustration is shown in Figure 5(a). The Indium
island served as the bottom electrode with low resistance.
In the AFM contact mode, a constant normal force was kept
between the tip and the sample surface. The output current
across an AFM load of resistance R=20 MΩ was continuously
monitored as the tip scanned across the ZnO NWs array, with
the Ga-doped ZnO seed layer acting as the conductive film on
the substrate and no external current was applied in the
experiment. Both the topography (blue line) and the corre-
sponding output current (black line) images across the load
were recorded simultaneously in Figure 5(b,c). It can be
observed that the lithium-doped ZnO NWs produce much higher
output current (8 nA) than pure ZnO NWs (1.6 nA). The
corresponding output voltage and power of single Li-doped
ZnO NWs were about 160 mV and 260 pW, respectively. The
piezoelectric property with different doping elements in nano-
wires is included in the Supporting information Table S1
[4,6,24,27]. We suppose also that lithium atoms in substantial
forms of zinc sites will change the structure of the ZnO system
to produce coupling in piezoelectric/magnetostrictive effect to
increase the dipole moment [25–27].
Conclusion

In summary, well-aligned Li-doped ZnO NWs with [0001]
growth direction have been successfully synthesized by the



Figure 5 (a) Experimental setup for piezoelectricity measure-
ment by deforming a NW with a conductive AFM tip. (b) Line
profiles from the topography (blue) and output current (black)
images across a ZnO NW. (c) Line profiles from the topography
(blue) and output current (black) images across a Li-doped
ZnO NW.
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multiple-step hydrothermal method. The acceptor energy
level of the Li dopant was 93.6 meV as measured by the
temperature-dependent PL spectra. From SQUID measure-
ments, the Hc and MS of the Li-doped NWs at room
temperature were 166 Oe and 9.64 memu/g, respectively.
The electron transport property of Li-doped ZnO NWFET
confirms that the single NW is p-type with a high carrier
mobility of 14.59 cm2/V s and an effective hole carrier
concentration of 1.13� 1017 cm�3. The piezoelectric
response of the single Li-doped ZnO NW produces much
higher piezoelectric output current than pure ZnO NW.
Also, the interesting result of ferromagnetic property makes
Li-doped ZnO NWs a promising material in the field of DMSs.
Furthermore, with superior properties and incredibly high
output current, voltage and power, Li-doped ZnO NWs have
significant potential in applications of highly efficient
nanogenerators.
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