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cluding solar cells,’? fuel cells,® ther-

moelectric generators,® and piezo-
electric systems® 7 has attracted intensive
interest in the past years. Wurtzite structure
materials, such as zinc oxide (Zn0)>~° and
gallium nitride (GaN),®'°~'? have been de-
monstrated as great candidates for piezo-
electric nanogenerators and piezotronics.
Nanogenerators have successfully demon-
strated driving small commercial passive
electronic components, such as light-emitted
diodes (LEDs), small liquid crystal displays
(LCDs), and electronic watches.”* "> Nano-
wire-based LEDs are particularly interesting
due to the possible advantages of higher
lumens, higher efficiency, and lower power
consumption than traditional lighting mod-
ules. As an important family member of wurt-
zite structures, GaN nanowires share the same
crystal structure as and analogous physical
properties with ZnO. In fact, GaN can be
the core nanostructures for LED,'® piezo-
tronics,®'°~'2 and even piezophotonics.5'”'®
Although the grhowth of GaN nanowires
(NWs) have been reported by numerous
groups,'® ?? applications of GaN nanowires
for nanogenerators and piezotronics are rela-
tively few.

In this paper, a GaN nanowire based
nanogenerator and LED are fabricated uti-
lizing n-type GaN nanowires grown on a
p-type GaN substrate. The nanogenerator
(NG) showed an output power density
around ~125 mW/m? The images of
lighted GaN NWs LEDs and corresponding
electroluminescence (EL) spectra have been
recorded and investigated. An integrated
self-powered LED system totally based on
wurtzite-structured materials is demon-
strated by using a ZnO piezoelectronic NG

E nergy-harvesting nanotechnology in-
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ABSTRACT

Single-crystal n-type GaN nanowires have been grown epitaxially on a Mg-doped p-type GaN

substrate. Piezoelectric nanognerators based on GaN nanowires are investigated by conductive

AFM, and the results showed an output power density of nearly 12.5 mW/m>. Luminous LED

modules based on n-GaN nanowires/p-GaN substrate have been fabricated. CCD images of the

lighted LED and the corresponding electroluminescence spectra are recorded at a forward bias.

Moreover, the GaN nanowire LED can be lighted up by the power provided by a Zn0

nanowire based nanogenerator, demonstrating a self-powered LED using wurtzite-structured

nanomaterials.
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self-powered system

combined with energy storage capacitors to
light up the LED.

RESULTS AND DISCUSSION

Development of LED Module and Characteriza-
tion of GaN Nanowires. Figure 1 illustrates a
concise fabrication of the final LED
modules after providing several procedures
for e-beam photolithography, including (i)
growing a p-type GaN thin film on a c-plane
(0001) sapphire by MOCVD, (ii) depositing a
Au catalyst thin film in ultrahigh-vacuum
thermal evaporation, (iii) growing n-type
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Figure 1. Fabrication flowcharts of a GaN NW LED device, including (i) growth of a p-type GaN thin film on (0001) sapphire, (ii)
Au catalyst thin-film evaporation, (iii) growth of n-type GaN NWs, (iv) piezoelectric investigation with an atomic force
microscope, (v) spin-coating of a polymer spacer (PMMA) in the LED device, and (vi) deposition of InO and Au/Ni electrodes for

n-type and p-type contact, respectively.
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Figure 2. Growth and characterization of GaN NW LEDs on a p-GaN/sapphire (0001) substrate via a V-L-S process. (a) 3D model
depicting the detailed structure of the GaN NW LED. (b) Low-magnification SEM image of the LED arrays. (c) Top-view SEM image
and its inset showing the high-density GaN NWs grown on the substrate. (d) Tilt-angle SEM image showing the long and free-
standing GaN NW grown with a unique orientation. (e) TEM image displaying the diameter of the NW around 50 nm. The inset shows
the NW grown via a V-L-S process. (f) HRTEM and selected area diffraction pattern images presenting the growth of the signal-crystal
GaN NW with [0001] direction. The inverse fast Fourier transform (IFFT) image indicates a higher resolution crystal structure.

GaN nanowires on a p-type thin film by a vapor—
liquid—solid (V-L-S) process, (iv) investigating piezo-
electric performance by a unique AFM measurement,
(v) spin-coating of polymethyl methacrylate (PMMA) as
the binding spacer in LED devices, and (vi) depositing
an indium oxide (InO) layer and Au/Ni electrodes for
n-type and p-type contact, respectively.

Figure 2a illustrates a briefly three-dimensional
structure of the GaN LED devices. The parallel LED
arrays are based on n-GaN nanowires/p-GaN substrate
structure, and their effective light-emitting area is
around 30000 um?, shown in Figure 2b. The SEM
images (Figure 2c and d) and the inset show the high
density of GaN NWs synthesized on the p-GaN/
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sapphire substrate. The free-standing GaN NWs are
~3 um in length. The diameter of the NWs is ~50 nm,
as shown in the TEM image (Figure 2e). A gold nano-
particle catalyst is observed clearly in the high-
magnification TEM image (inset of Figure 2e), which
suggested that the growth of GaN NWs on the p-GaN
substrate was via the V-L-S process.'"'>*? A high-
resolution TEM image and a digitally noise-filtered
image are shown in Figure 2f, which depicts our GaN
NW grown with single-crystal orientation. In the inset
image, the selected area diffraction (SAD) pattern
reveals that the GaN NW grows along [0001] due
to its perfect match to the p-GaN/sapphire (0001)
substrate.
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Figure 3. (a) Schematic of AFM measurement setup. (b) Calculated piezopotential distribution at the cross section of a [0001]
growth GaN NW with length = 3 um and diameter = 50 nm. The inset shows a piezopotential distribution in cross section. (c)
AFM image revealing the surface of GaN nanowires. (d and e) 3D negative and 3D positive voltage output signals recorded
across an external load when scanning over an area of 10 um x 10 um. (f) Statistical distribution of piezoelectric output signal
measured from four different GaN NW samples as a function of time to test the stability and reproducibility.

Piezoelectric Nanogenerator of Individual GaN Nanowires.
The scheme in Figure 3a presents the experimental
setup of using atomic force microscopy (AFM) to
characterize the energy-harvesting properties of GaN
NWs. The details of the Experimental Methods and the
AFM characteristics are similar to our first demonstra-
tion of the piezoelectric nanogenerator based on ZnO
NWs.> The piezoelectric feedback signals of the GaN
NWs are characterized utilizing an AFM with the Pt-
coated Si tip in contact mode. While the Pt-coated Si tip
scans across the GaN NWs, output electrical signals are
detected simultaneously from those deformed nano-
wires, which are continuously recorded across an ex-
ternal load (R,) of about 500 MQ. The corresponding
simulation result is shown in Figure 3b, which is carried
out by using commercial software (COMSOL Multi-
physicals 3.5). The color scale distribution reveals the
output potential, in which the red and blue areas
represent positive and negative output potential, re-
spectively. In addition, the piezopotential distribution
depends on the growth direction of the NW. In our
case, the GaN NWs were grown along the [0001]
orientation. Moreover, the piezopotential distribution
in the cross section at the top of the nanowire is shown
in the inset of Figure 3b. Some material constants of
the GaN NW used in the COMSOL software are given as
the following: lattice constants a = 0.319 nm, ¢ =
0.519 nm; transverse isotropy possesses five indepen-
dent elastic constants, denoted by C;; =390 GP, C;, =
145 GP, C;3 = 106 GP, C33 = 398 GP, and C44 = 105 GP.
The piezoelectric constants are e;s = —0.49 C/m?,
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e3; = —049 C/m? and e33 = 0.73 C/m?; relative di-
electric constants k17 =k =k, =9.28, k33 =k = 10.01;
and the density p=6150 kg/m>."°~"? It is assumed that
the n-type GaN NWs grow with a [0001] orientation on
the p-type GaN substrate. The top side of the nanowire
is contacted and pushed by a Pt-coated Si tip with a
force of 80 nN. The length and diameter of the GaN
nanowire used were 3—4 um and 50 nm, respectively.
The simulation results describe clearly that both the
positive and negative signals have a maximum value at
the head of the nanowire. The extended surface of the
individual GaN NWs demonstrates a positive piezo-
potential with a magnitude of 500 mV; on the other
hand, the compressed part of the GaN NW exhibits a
negative magnitude of —500 mV. The topography
(feedback signal from the scanner) image of GaN
nanowires on the substrate is recorded by AFM in
Figure 3c. In contact mode, as the tip scans over the
free-standing NWs, the NWs are bent consecutively.
The corresponding output voltage signals produced
from GaN NWs due to the piezoelectric effect are
shown in Figure 3d and e. The data are recorded over
the R_ when the AFM tip scans across the GaN nano-
wire in an area of 100 ,umz, and the color scale stands
for the magnitude of the output signal. Figure 3d and e
reveal that the GaN NWs generated not only positive
output voltage but also a negative one. The real
experimental results are consistent with the theoretical
trend, which is shown in Figure 3b. Figure 3d and e
show that most of the electric outputs belong to the
negative signals, and the highest output voltage could
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Figure 4. (a) CCD images recorded from a GaN NW LED at forward biases of 10, 10.5, and 11 V, respectively. The
representation of the two-terminal device is indicated in the upper-left inset figure. (b) Corresponding electroluminescence
spectra of the emitted light at forward biases of 10, 10.5, and 11 V. (c) |-V characteristics of GaN NW LED at room temperature,
which shows rectifying behavior of a two-terminal device with a threshold voltage of ~2 V. (d) Schematic energy band
diagram of the p—n junction under forward bias. The wiggle represents vis (visible light).

reach —300 mV (in Figure 3f). Compared with the
negative output signals, only a few of positive output
signals could be obtained in Figure 3e. Their positive
outputs are relatively lower than the negative ones,
and the positive output signals might have a magni-
tude of 50 mV. For the stability and reliability tests, the
piezoelectric outputs of the GaN NWs have been
collected from four samples. The statistical data repre-
senting the output signal distribution generated by
the GaN NWs are shown in Figure 3f. In quantitative
analyses, our GaN NWs can generate an average output
voltage of about 24.95 mV and average output current
of 49.90 pA in an area of 100 um?, i.e, a power density
around ~12.5 mW/m? (see Tables S1 and S2 in the
Supporting Information); therefore, we determine that
the total maximum self-power output would be
around 0.38 mW per GaN NW LED (~30 000 xm?).
Figure 4 demonstrates the GaN NW LED's perfor-
mance. Two microprobes for /—V measurements are
positioned on the LED module as shown in the upper
left image in Figure 4a. The LED is lighted up with a
bright area of 200 um? at voltages of 10, 10.5,and 11V,
respectively. The better luminous efficacy occurs at the
forward bias condition during the entire emission
process. For LED electroluminescence measurements, its
homologous EL spectra shown in Figure 4b have been
characterized by a fiberoptics system coupled with the
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grating spectrometer (Acton SP-2356 imaging spectro-
graph, Princeton Instruments), which covers a visible
spectrum range from 400 to 700 nm. The intensity of
the EL spectra are increased with increasing injection
current at forward bias. Apart from that, two major, broad
EL peaks in the visible emission spectra related to point
defects and/or impurities are observed, including yellow-
band luminescence (540 nm) and orange-band lumines-
cence (680 nm). The yellow-band luminescence is a broad
emission centered at 2.2—2.3 eV. A number of reports
have observed such broad midgap optical transitions in
GaN at ~2.2 eV due to the intrinsic defects in n-type or
undoped GaN."8?*?* The additional data further show the
intrinsic band gap state transitions extending from 1.65 to
3.1 eV (400 to 750 nm) below the conduction band edge
of the GaN nanowires® The electrical characteristics of
p-GaN thin-film/n-GaN NW homojunctions are measured
in ambient conditions at room temperature as shown in
Figure 4c. The I-V character reveals a rectifying behavior
with a threshold voltage of ~2 V. The LED was lighted up
under a forward bias, and its energy band diagram is
shown in Figure 4d. When the homojunction is
forward biased, the electrons emitted from n-GaN
NWs recombine continuously with the holes from
the p-GaN thin film substrate; therefore, photons
with visible (vis) wavelength emit at the p—n junc-
tion interface in the LED.?®
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Figure 5. (a) Circuit diagram depicting our self-powered LED system composed of a ZnO NG, rectifying bridges, capacitors,
and the GaN LED with a charging and discharging process selecting switch. (b) Charging graph of a supercapacitor, which was
fully charged by 10-layer integrated NGs for ~500 s. (c—e) GaN LED was lighted after the capacitors were powered by a

10-layer integrated NG.

Our previous research has shown that NGs based
upon ZnO NWs or its hybrid structure can power some
electronic devices such as commercial LEDs,'* electronic
watches,'® and small LCDs.>” On the other hand, ZnO NGs
are also used for highly sensitive environmental sensors
for detecting targets such as concentration of Hg* " ion,'?
pH value, or UV photodetector” ZnO NGs with 20 V
output voltage have been chosen as the power source for
lighting up the GaN LED. Figure 5a shows the designed
circuit diagram in which a GaN LED is attached. For the
energy-harvesting process, a circuit is connected in the
charging loop (Figure 5a) with NGs and a rectifying diode
bridge to store generated charge in the capacitor (47 uF,
Bennic). After a sufficient charging process, the connec-
tion is changed to the discharging loop, when it was
ready to light up the GaN NW LED. An energy charging
process produced by 10-layer integrated NG'> has been
recorded in Figure 5b. One capacitor is fully charged to 2V
after 503 s by this high-output NG (10 Hz, 1.2 cm vibration
distance). Then 10 charged capacitors were connected in
series to work as a power supply of approximately 20 V.
When the switch is connected with the discharging loop,

EXPERIMENTAL METHODS

n-Type GaN NWs were grown by the V-L-S process. The
commercial doped p-type GaN thin film on a c-plane (0001)
orientated sapphire was chosen as the desired substrate for
manufacturing LEDs. The polished c-plane sapphire substrate
was cleaned with acetone, isopropyl alcohol, and DI water in an
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the GaN NW LED lights up for 3 s. The lighting processes
of the LED are recorded in panels ¢, d, and e of Figure 5.

CONCLUSION

In conclusion, luminous LED modules based on
n-GaN NW arrays, grown epitaxially on the Mg-doped
p-GaN substrate, have been fabricated successfully. The
statistical distributions of piezoelectric potential pro-
duced by GaN nanowires under the deflection of AFM
tips were investigated. A maximum output power density
was obtained around ~12.5 mW/m?, i.e., approximately
0.38 mW per GaN NW LED. The better luminous efficacy
and their corresponding electroluminescence spectra
appear under an increasing forward bias. Moreover, the
GaN NWs LED can be driven and lighted up by a self-
powered system, which is composed of a 10-layer inte-
grated NG and a charging circuit. On the basis of the
above results, the GaN NW LED shows great potential to
be utilized for piezoelectric energy generation. A GaN NW
LED might be driven by its own internal power output,
and it might be able to be operated with low power
consumption in future nanotechnology.

ultrasonic machine. The p-type GaN thin film with (0001)
orientation was grown epitaxially on the c-sapphire with a
thickness of 1.7 um in a metal organic chemical vapor deposi-
tion (MOCVD) system. The concentration of free holes in the film
at room temperature reached its maximum value at about 3 x
10"/cm? for a magnesium (Mg) doping concentration of about

VOL. XXX = NO.XX = 000-000 = xxxx ACS

)\

WWW.acsnano.org


http://pubs.acs.org/action/showImage?doi=10.1021/nn301814w&iName=master.img-005.jpg&w=300&h=247

10'8/cm?3. After the growth, the p-type GaN on sapphire was
loaded immediately into an ultrahigh-vacuum e-gun evapora-
tor for depositing a 5 nm thick Au catalyst layer on the surface.
The Ga,03 and graphite powders were used as Ga source and
reducing agent, respectively.’® Ammonia gas (NHs;) was se-
lected as carrier gas and served as the N source for GaN
nanowire growth. The mixture of Ga,03 and graphite powders
at a weight ratio of 1:5 was put on the alumina boat located in
the center of the furnace. Then, the furnace system was heated
to 1000 °C at a heating rate of 25 °C/min under a NH; flow of
200 sccm. The reaction system was maintained at 1000 °C for 12 h.
The morphologies and crystal structures of the as-synthesized
nanowires were analyzed with a scanning electron microscope
(SEM, LEO-1530). The high-resolution lattice images were
obtained with a transmission electron microscope (TEM, JEM-
3000F). Finally, the electrical characteristics were measured with
contacts deposited with a dual-wire measurement (Keithley,
4200) apparatus. For EL measurements, a fiberoptics system
coupled with the grating spectrometer (Acton SP-2356) was
chosen for the study.
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