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Nanogenerators Based on Vertically Aligned InN Nanowires

Guocheng Liu,*? Songrui Zhao,? Robert D. E. Henderson,® Zoya Leonenko,® Eihab Abdel-Rahman,?
Zetian Mi® and Dayan Ban*?

Piezoelectric nanogenerators (NGs) based on vertically aligned InN nanowires (NWs) are fabricated, characterized, ar .
evaluated. In these NGs, arrays of p-type and intrinsic INN NWs prepared by plasma-assisted molecular beam epitaxy (MB™
demonstrate similar piezoelectric properties. The p-type NGs show 160% more output current and 70% more output powe
product than the intrinsic NGs. The features driving performance enhancement are reduced electrostatic losses due 1
better NW array morphology, improved electromechanical energy conversion efficiency due to smaller NW diameters,

the higher impedance of intrinsic NGs due to elevated NW surface charge levels. These findings highlight the potential ot
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overall NG performance.

1. Introduction

Nanowire (NW) arrays’ unique advantages, such as high surface
area, relatively high flexibility, and sensitivity to small forces,
make them ideal candidates for piezoelectric nanogenerator (NG)
applications.'# Under strain, the ions of crystals within the non-
centrosymmetric wurtzite structures of semiconductors NWs,
such as ZnO, GaN, InN, and CdS, become polarized and generate
piezoelectric potential (piezopotential).> The NWs’ simultaneous
possession of piezoelectric and semiconductor properties
strongly affects carrier transport at interfaces and junctions when
piezopotential is created. Under external strain, NGs made of
NW arrays produce a piezopotential, which is then balanced by
a corresponding transient flow of electrons through an external
load.®

NWs based on Ill-nitrides such as AIN, AlGaN, GaN, and
InN are noted for their tunability, direct band gap, high chemical
stability, and strong resistance to atmospheric moisture.” 8
Earlier research revealed that the piezopotential and
piezoelectricity of these materials increase in the sequence AIN,
AlGaN, GaN, and InN.” Due to their very poor conductivity,
intrinsic AIN and AlGaN cannot produce electric output power
upon the application of mechanical strain. In contrast, INN NWs
demonstrate outstanding potential for piezoelectric energy
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InN based NGs as a power source for self-powered systems and the importance of NW morphology and surface sta

generation, outperforming ZnO and GaN NWs’.” % -
Furthermore, InN can be grown on Si substrates at lo
temperature, within the complementary  metal-oxide
semiconductor (CMOS) thermal budget, thereby enabling °
integration with Si CMOS technology. InN is also criticall®
important for ternary Ill-nitride semiconductors, such a
In(Ga)N-based devices,*'?* which are being widely adopted by
the semiconductor industry. Unlike arsenide and phosphide
based materials, InN is environmentally friendly and much safe”
to use.

While, GaN-based devices and systems are relatively mature
indium-containing Ill-nitride devices remain underdevelopet
hampered by InN planar/bulk structural challenges, such as
uncontrolled surface electron accumulation, and by difficul -s
in realizing p-type and intrinsic InN. The highly efficient strain
and thermal relaxation in NW lateral surfaces can be used to
substantially minimize the large dislocation density observed i .
InN planar structures grown on lattice-mismatched substrates.?-
24

This paper investigates the use of INN NW arrays to develo .
piezoelectric NGs. It demonstrates for the first time NGs baseu
on p-type and intrinsic InN NWs. A systematic study is carrie .
out to compare the materials of p-type and intrinsic INN NWs,
and the performance of piezoelectric NGs based upon then .
Section 2 describes the fabrication and characterization of the
NWs and NGs. Section 3 reports the results of those experiment:
Section 4 analyzes the characteristics of p-type and intrinsic Inl\
NWs and the performance of the NGs based on them, whi!'
section 5 concludes this paper.

2. Methods
2.1 InN NW Growth
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Using radio frequency plasma-assisted molecular beam epitaxy
(MBE), magnesium (Mg)-doped (p-type) and nominally un-
doped (intrinsic) INN NWs were grown on separate Si (111)
substrates under nitrogen-rich conditions by means of the InN
NW growth procedure detailed in 15 1% 25 A thin (~ 0.6 nm)
indium seeding layer was deposited on Si substrates before
introducing nitrogen. This layer forms nanoscale droplets at high
temperature, enhancing subsequent nucleation and growth of
INN NWs. The p-type and intrinsic InN NWs were grown at a
substrate temperature of ~ 480 <C, an indium beam equivalent
pressure of ~ 6 <108 Torr, a nitrogen flow rate of ~ 1.0 sccm,
and RF plasma forward power of ~ 350 W. Under these
optimized growth conditions, nominally un-doped InN
nanowires are nearly intrinsic. To grow p-type InN NWs, a
magnesium (Mg) cell was introduced into the chamber.

2.2 NW Characterization

The morphology and crystalline structure were investigated
using a field-emission scanning electron microscope (FE-SEM,
Zeiss) and a high resolution X-ray diffraction (XRD) system
(Jordan Valley QC3). Raman spectroscopy was taken at room
temperature, using a HeNe laser operating at a wavelength of 632
nm and power of 30 mW, with its focal spot tuned to a diameter
of ~ 5 um. The samples’ electric and piezoelectric properties
were investigated using conductive atomic force microscopy (C-
AFM, SmartSPM™-1000, AIST-NT) with platinum/iridium
(Pt/Ir) coated conductive tips (HQ: NSC14/Pt, MikroMasch) and
a force constant of ~ 5 N/m. Kelvin probe force microscopy
(KPFM) imaging was conducted using MikroMasch tips (HQ-
NSC15/Pt) with a natural frequency of ~ 325 kHz and force
constant of ~ 40 N/m. The examination was carried out in
amplitude-modulation (AM) mode simultaneously with the
topography, by scanning the lines twice (once for height and
another for KPFM) at a setoff distance of 10 nm. AM-KPFM
offers significantly enhanced resolution and sensitivity over the
more traditional lift mode KPFM. The scan rates were kept low
(0.5 —1 Hz) for optimal image quality.

2.3 NG Fabrication

To fabricate the nanogenerators (NGs), an insulating layer made
of polymethyl methacrylate (PMMA), MicroChem 950k A11,
was spin-coated to encapsulate the NWs. The PMMA layer was
then cured at 90<C for 3 hours. The encapsulation protects the
NWs from damage under mechanical strain and prevents
electrical shorting between the NWs’ electrodes.?® It does not
prevent the application of external strain to the NWs, due to the
PMMA’s compliance.?’ To increase the interfacial energy barrier
and protect against the inconsistency of the PMMA polymer
matrix, a thin (10 nm) molybdenum oxide (MoO3) interlayer was
deposited atop the PMMA polymer matrix by vacuum thermal
evaporation, immediately followed by a 50 nm thick gold (Au)
cathode layer to complete the devices. Silver paste was used to
glue copper (Cu) wire leads to the bottom highly doped Si
substrate and the top Au electrode. The completed NGs’ area was
9 x 9 mm2. They were encapsulated in polydimethylsiloxane
(PDMS), Dow Corning Sylgard 184 premixed with curing agent
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at a ratio of 10:1 w/w and degassed, to prevent contamination,
damage, and moisture penetration from the ambient environment.

2.4 NG Characterization

Characterizations of the fabricated INN NW-based piezoelectrt:
NGs was performed using a close loop (Vibration Reseerch
Corporation, VR9500) electromagnetic shaker (Labworks Inc

ET-126B-1). The NGs output voltage and current signals were
measured  using  Stanford  low-noise  voltage/currel ¢
preamplifiers (Model SR560/570) and a National Instruments
1/0 module (NI CompactDAQ USB-9239). For voltage ar i
current measurements, the input resistances of the preamplifiers
were set to 100 MQ (SR560) and 10 kQ (SR570), respectively.
To minimize electromagnetic interference, the copper wire.
connected to the NG leads were twisted together. A’
measurements were taken at ambient room temperature.

3. Results

Fig. 1 shows 45<tilted SEM images of as-grown p-type ar<
intrinsic InN NWs on a Si (111) substrate. The NWs exhibit a
vertical surface morphology with a well-defined hexagonal
cross-section and nearly perfect straight and smooth surfacc.
along the c-axis. The average p-type NW diameter and lengt..
were 400 nm and 1.0 pm, respectively, and the area density we

9 <107 cm. The average intrinsic NW (Fig. 1b) diameter anc
length were 500 nm and 0.7 pm, respectively, and the a -

density was 7 <107 cm-2, We define the NW aspect ratio « as th~
average NW length divided by the average NW diameter, and th.
fill ratio B as the average NW diameter divided by the average
NW pitch. We observe that p-type InNN NWs have higher aspe:*
and fill ratios of @, = 2.5 and 8, = 0.4 than intrinsic NWs a*
a; = 1.4 and B; = 0.3, which are consistent with the resul .~
published by Zhao et al. 125

Fig. 2 shows the 26-scan spectra of the XRD intensity for |
type and intrinsic NWs. The sharp peak at 31.4< corresponding
to the (002) plane, reveals the highly crystalline quality of | .
InN NWs and their c-axis preferred orientation. The full width at
half-maximum (FWHM) of the 8-rocking curve of the (002) peak
is 0.23< (Fig. 2, inset), demonstrating the NWs’ exceller .
alignment. The intensity of the diffraction peak in the XRD 26
scan of the p-type InN NWs is much stronger than that of ...
intrinsic NWs, confirming that incorporating Mg dopan’.
enhances NW growth along the preferred direction.?> The Rama.
spectrum of p-type InN NWs (Fig. S1t) exhibited a very narro'
ED phonon peak at 488 cm™* (FWHM = 4 0.1 cm™) and an 4;
(LO) phonon peak at 593 cm™? (FWHM = 9 +=0.1 cm™®). W,
conclude that p-type InN NWs are strain-free and of hig..
crystalline quality.

The piezoelectric properties of p-type InN NWs were firs
investigated using C-AFM, Fig. 3a. A Pt/Ir coated probe scans i
contact mode across an array of as-grown NWs at a speed of 1+
pm/s under a constant compressive force of 66.7 nN. The scar
simultaneously captures both the topography of the NWs (tc»
profile in Fig. 3b) and their corresponding piezoelectric currort
The bottom profile in Fig. 3b presents a typical current output.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 SEM images of (a) p-type and (b) intrinsic InN NWs grown on Si (1 1 1) substrate, taken at a 45<angle.
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Fig. 2 The 26-scan spectra of the XRD intensity for p-type and
intrinsic InN NWs, demonstrating the high crystalline quality of as-
grown NWs on silicon substrate.

Current spikes of up to more than 300 pA occur at the leading
edge of each nanowire along the AFM probe scanning direction
(left to right). The electric current signal is roughly two orders of
magnitude higher than the noise level in the C-AFM scan (~3
pA). This current arises due to the compressive load applied to
individual NWs by the AFM tip.

The inset in Fig. 3b shows an AFM topography image of the
NWs under test. The scan line is marked with a dashed line in
the inset. The peaks in the topography profile, the upper curve in
Fig. 3b, indicate that the NW heights are about 1.0 pm, consistent
with the SEM images shown in Fig. 1a. The profile also indicates
that the diameter of individual NWs is ~900 nm, which is much
higher than that measured by SEM (~400 nm). This value is an
artefact caused by the conic shape of the probe tip (cone angle
409 and the flexibility of the NWs. Contact typically occurs
between the side face of the probe tip cone and the NW. As the
probe continues to scan, it drags the wire with it. As the wire
deforms, the probe tip climbs across the NW top and drags the

This journal is © The Royal Society of Chemistry 2015

T~

NW along with it, until the tip leaves the NW top surface.
two consecutive spikes in the electric current profile on the right-
hand side of Fig. 3b occur because two neighbouring nanow -
in a row are in very close proximity, such that the topography
profile is unable to distinguish them as two individual wi==-
They instead appear as a joint and broader peak.

The good correlation between the location of electric current
spikes and the leading edge of the NWs indicates that tt»
measured electric current is indeed generated by the InN NWSs &3
they are compressed. For further confirmation, four experimenis
(Fig. S2t) were carried out to exclude the possibility that tf. :
output current arose from friction, contact potential, or othe:
artefacts:

1) Similar C-AFM scans of a heavily doped Si film show no
detectable current signals, which indicates that Si has n.
piezoelectric effect.?® This is consistent with the noise floor
results observed in the troughs of Fig. 3b where the tip contac ;
the Si substrate.

2) C-AFM scans of doped GaN NWs (highly conductiv~
produce no detectable current signals due to a screening effec.,
where the positive and negative charges generated
piezoelectrically are completely compensated for by free charge
carriers.?% 30

3) C-AFM scans of intrinsic GaN NWs lead to sharp out~*
current spikes, attributable to the piezoelectric effect and simila*r
to those reported in Fig. 3b.

4) C-AFM scans of p-type InN NWs with a bare Si tip detect n~
current signals because of Ohmic contact between the Si tip an '
the NW. Typically, a Schottky contact is needed to detect
piezoelectric signals.

In summary, all observations support the conclusion that the
electric current signals measured on p-type InN NWs originai
from the NWs’ piezoelectric effect.

Fig. 3c and e show three-dimensional images of the electr. :
currents measured from p-type and intrinsic INN NWs in C-AFMm
over an area of 10 <10 um?, respectively. Most of the currel ¢
spikes from the p-type InN NWs are positive, with a maximum
output current of 331 pA. Only a few negative current spikes

Nanoscale, 2015, 00, 1-9 | 3
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Fig. 3 Piezoelectric characteristics of INN NWs. (a) Schematic illustration of the experimental setup for C-AFM and KPFM scans. (b) Line profiles of tt .
topography and output current of p-type InN NWs; the inset is an AFM image of the surface; (c) p-type and (e) intrinsic InN NWs’ output current for a C-AF .
of 10 pm %10 pm area with a scan speed of 10 pm/s under a constant normal force of 66.7 nN; and the statistical distribution of (d) p-type and (f) intrinsic NV ,

output current.

(less than 0.02% of the whole population) are observed
exhibiting a smaller magnitude of -20.5 pA or less. Thus, the
overall negative current output is negligible compared to the
positive current output. Fig. 3d shows a histogram of the
measured piezoelectric current. Quantitative analysis reveals that
these NWs can produce an average output current density of 90.7
+70.6 pA over 100 um? area. Four p-type InN NW samples were
tested, producing similar results. For intrinsic NWs, the current
spikes have large fluctuations, with a maximum output current
of 600.9 pA, while most current spikes are below 50 pA. Fig. 3f
shows a histogram of the measured piezoelectric current. The
intrinsic NWs can produce an average output current density of
101.8 + 127 pA over a 100 um? area.

Assuming negligible capacitance, the NW output current

I, can be written as:3!
I, =V /(r+r) (D)
where V% is the piezopotential generated by mechanical strain, 7,
is the resistance of the NWs, including the surface depletion

effect,® and 7. is the contact resistance of the metal-
semiconductor interface.3 The large output current fluctuations

4 | Nanoscale, 2015, 00, 1-9

for intrinsic NWs may indicate more diversified interface and
surface effects.

A series of C-AFM scans were performed on the p-type InN
NWs under identical experimental conditions apart from
progressive changes in the compressive force applied to the AFI |
probe. As expected, the average piezoelectric current was
roughly proportional to the applied force (Fig. 4a). At a force ui
83 nN, the average piezoelectric current from the p-InN NWs
~ 93 pA.

Fig. 4b shows the electrical transport properties of INN NW .
The current-voltage (I-V) curves are obtained by engaging a
conductive Pt/Ir AFM probe tip with individual NWs and usin 4
it as the top electrode. A compressive force of 66.7 nN is applieu
between the tip and the NW to establish and maintain a stab’ :
electric contact. The I-V measurements are performed by

applying a bias voltage to the AFM probe and sweeping th .
voltage. The curves (Fig. 4b) show a clear asymmetric an
rectifying behaviour, which can be ascribed to the Schottk:

contact formed between the Pt/Ir tip and InN NWs. The overa.’
wire resistance (1, + o) at 1.0 V is calculated as 14.2 MQ fo
type and 13.0 MQ for intrinsic NWs. We note that intrinsic Ir"

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) Measured output current as a function of the compressive force
applied to p-type InN NWs; (b) Measured I-V curves for p-type and
intrinsic INN NWs. The inset compares the In 1 — V¥* curves for the
thermionic emission-diffusion model and the experimental results for p-
type InN NWs.

NWs are effectively n-type doped due to the presence of surface
states/defects.?* Adding p-dopant would first compensate the
trap states near conduction band edge, leading to a reduction of
free charge carrier density. Relatively low p-doping level,
together with the low hole mobility, compared to that of electrons,
contribute to the relatively large resistance of the p-doped NWs.
In addition, the longer length and smaller radius (smaller cross-
section area) of the p-doped InN NWs (Fig. 1) may further
contribute to higher resistance. An estimate of the voltage drop
across individual NWs (V) can be found from Equation (1), by
multiplying the measured NW current (I5) by the overall NW
resistance calculated from its 1-V curve. Using this method, the
ratio of V; generated in intrinsic NWs to that generated in p-type
NWs is found to be 1.03. Thus, the average piezoelectric
properties of p-type and intrinsic InN NWs are similar.

To investigate the impact of Mg doping on the overall
resistance of p-type InN NWs, transport behaviour across the
interface between the NWs and the Pt/Ir AFM probe was
modelled as a Schottky junction. This is described by the
thermionic-emission-diffusion (TED) model.3®

This journal is © The Royal Society of Chemistry 2015

Voltage [V]

Fig. 5 (a) Schematic diagram of the InN NW-based NG. (b) The measured
current-voltage curves of the p-type and intrinsic NGs at room temperature
The inset shows the Log;o I-V curves for the NGs.

s 4, qV,
I, = AA T exp(-——)exp(——-1)
kT nk,T

&)

E 20qN KT
Vo [T L(Mm__j

Are, £ q

where A is the area of the Schottky barrier, A** is the effective
Richardson constant, T is the temperature, ¢z is the Schottk ¢
barrier height (SBH), kg is the Boltzmann constant, g is the
electron charge, V; is the voltage drop on the forward biase !
Schottky diode, N is the carrier concentration, and n is the
ideality factor. The inset in Fig. 4b compares the experiment: |
Inl — V¥4 curve and the theoretical curve for p-type INN NWs. It
shows excellent agreement between the model and experimer -
throughout the bias range.

The InN NWs samples were integrated into piezoelectr. :
NGs (Fig. 5a and Fig. S3t). The electric characteristics of NGs
based on p-type and intrinsic INN NWs are next investigated. Fir .
5b shows the measured I-V curves of the NGs. Similar to the I-V
curves of individual NWs, they exhibit nonlinear characteristics,
attributable to the Schottky-junction interface between the *

s
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NGs open-circuit voltage Vo and short-circuit current Iy, recorded over 1050 excitation cycles.

electrode (MoOzs/Au layer) and the InN semiconductor NWs.
The p-type NG is more conductive than the intrinsic (n-doped)
NG in both forward and reverse biases. The NGs’ electric
resistance at 1.0 V is calculated as Ri = 1 kQ and 20 kQ for p-
type and intrinsic NGs, respectively. At 100 kHz, NG
capacitances are measured as Ci = 0.589 and 0.582 nF,
respectively (Fig. S4t). Although the p-type NG contains slight
more high permittivity INN NWs than the intrinsic NG, it also
has a larger capacitive gap due to the longer p-type NWs. As a
result, they end up with similar capacitance.

Fig. 6a and b present the p-type NGs’ open-circuit voltage
(Voc) and short-circuit current (Isc) output, respectively, under
external dynamic strain. The NGs’ substrate was anchored on a
fixed stopper, leaving the top electrode facing outward and free
standing. The shaker moved up and down, applying periodic
strain to the NWs by striking the top electrode at the end of each
cycle (Fig. S51).37: 38 The excitation frequency was set to 3 Hz,
and the acceleration amplitude to 2 m/s?. The NGs’ response to
individual mechanical strain cycles appears as a series of voltage
or current spikes. The peak values of the output voltage and
current exhibit reasonable consistency between pulses, with an
average peak value of ~55 mV for Voc and ~211 nA for Isc. These

6 | Nanoscale, 2015, 00, 1-9

values represent a potential maximum output power density of
(Moc X< Isc)/A of ~0.012 pW/cm?. The inset shows the open-cir: ...
voltage Voc and short-circuit current Isc during a single loading-
unloading cycle. Impact bounce is observed in Voc output during
the loading cycle, as the shaker head bounces on the NG’s tor
electrode surface. It is not observed in Isc because of the increas.
in the effective damping level once the circuit is closed.

Switching polarity tests were conducted to verify that th
measured signals came from the piezoelectric response of the NC
devices rather than from electromagnetic interference noise ¢
other artefacts (Fig. S6¢ct). Switching polarity changed the sigi.
of the measured open-circuit voltage Voc and short-circuit currer .
Isc, but did not change their magnitudes or wave forms. The sam.
experiments were performed on control devices with a laye
structure similar to that of the NG devices but no InN NW laye,
They showed no appreciable voltage or current spikes (Fi¢
S6dt), confirming that the electric signals from the NGs resu:*
from the InN NWs’ piezoelectric response.

The p-type and intrinsic NGs were tested under the sanm.
experimental conditions to compare their performance. At 2
fixed external excitation with an acceleration amplitude of 2 m/s?
and a frequency of 3 Hz, both NGs yielded substar....

This journal is © The Royal Society of Chemistry 2015
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Table I. Comparison of p-type and intrinsic NGs’ performance.

Voe[V] I [UA]  Veexle R @1V C@ 100

[nW] [Q] kHz [nF]
p-type 0.055 0.211 11.6 1k 0.589
intrinsic ~ 0.085 0.08 6.8 20 k 0.582

piezoelectric response (Fig. 6c); nevertheless, their output
differed greatly. The p-type NG’s short-circuit current is 2.63
times that of the intrinsic NG, but it has a lower open-circuit
voltage of 0.055 V compared to 0.085 V for the intrinsic NG.
Table I shows that the power product (Voc % Isc) of the p-type NG
is 70% higher than that of the intrinsic NG.

The long-term stability of the InN nanowire-based NGs was
next investigated. The p-type NG was tested for 1050
consecutive cycles. Strain was applied by an external excitation
with an acceleration amplitude of 2 m/s? and a frequency of 3 Hz,
and the open-circuit voltage and short-circuit current were
recorded. The results, shown in Fig. 6d, are fairly consistent over
the entire test span.

4. Discussion

4.1 Doping Improvement of NW Piezopotential

The NGs’ working mechanism is based on coupled piezoelectric
and semiconducting properties. Once stress is applied to the top
electrode, the piezoelectric effect creates fixed charges close to
the NWs’ end surfaces, resulting in a macroscopic potential
across the length of the NWSs. An important limitation of
piezoelectric semiconductor NWs is that holes and free electrons
present in the NWs can greatly reduce this piezopotential via a
screening effect.3® To investigate this effect in InNN NWs, the
piezopotential profile inside NWs with different doping
concentrations was simulated using the TiberCAD multiscale
simulation tool.*> 4! For simplicity, the simulations were
restricted to steady-state conditions under thermal equilibrium,
at a temperature of 300 K. Fig. 7a and b show the potential along
the c-axis of 1.0 pm p-type and intrinsic (n-type) InN NWs when
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e e w

p-Type InN NW
-150 - s
—N,=2x10"[em"]
----- N,=4x10""[cm”]
- - = N,=6x10""[cm”]

N,=8x10""[cm”]

N,=1x10""[cm”]

-300 4

Piezopotential [mV]

0.6 0.7 0.8 0.9 1.0
z [um]

Nanoscale

subjected to compressive force of 100 nN. Clearly, the higher the
carrier concentration, the lower the magnitude of the
piezopotential, thus the more pronounced is piezoeleci

screening due to free carriers. A finding consistent with result
for individual ZnO NWs.%%-42 The use of low concentration p
type doping to balance the free electrons in intrinsic InN N/«
reduces the screening effect and increases the piezopotential ¢~
p-type InN NWs beyond that realized in intrinsic INN NWs.

In our experiments, it was found that the averac:
piezopotential of p-type and intrinsic INN NWs were similar, as
shown in Fig. 3c and d. This might be attributed to the fact th:
the effective free charge carrier density in the p-type NWs
(estimated in the range of 2 x 105 to 6 x 105 cm3) 25 s
somehow comparable to that in the intrinsic NWs (effective r.
type concentration of ~ 4 x 10*5cm3) 19,

4.2 Scatter of NW Piezopotential

Although the observed maximum piezoelectric current from th.
intrinsic NWs (601 pA) is much higher than that of the p-t
NWs (331 pA), on average their piezoelectric current from NWw
ensembles over an area of 100 um? are comparable, i.e., 101
127 pA for intrinsic NWs and 90.7 + 70.6 pA for p-type NWs.
Furthermore, the piezoelectric current from the intrinsic N ..
exhibits a much larger scattering than the p-type NWs. Th
observed higher maximum piezoelectric current suggests tha*
intrinsic NWs are potentially a better candidate for Nu
application. Nevertheless, the larger divergence in th:
piezoelectric current yields a poorer overall device performance
for intrinsic INN NGs comparing to p-type NGs. This scatter ma
be attributed to their higher vulnerability to unstable surface
states.

InN surfaces are known to possess a high concentration ot
donor-type surface states, resulting in an electron accumulatic 1
layer,10. 43. 44 which may lead to an elevated surface potential.
Using non-contact KPFM, the electrical potential differenc
between the conductive probe tip and the sample surface
provides a measure of the NWs’ surface potentials. Fig. 8aar~ .
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Fig. 7 Calculated piezopotential in (a) p-type and (b) intrinsic (n-type) InN NW (D = 200 nm and L = 1 pum) surrounded by free space and subject w0 a

compressive force of 100 nN.
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Fig. 8 Surface potential (bottom) and topography (top) profiles during a line scan of (a) p-Type; (b) intrinsic InN NWs.

show the topography and surface potential measured along a line
during a raster scan of 10 x 10 um? of p-type and 25 x 25 pm? of
intrinsic InN NWs. The p-type NWs show a potential difference
of up to -160 mV (scan area average -141 + 11 mV) between the
NWs and their surroundings. For intrinsic NWs, the potential
difference is higher, reaching a maximum of -290 mV (scan area
average - 236 + 26 mV). These measurements were repeated on
10 separate areas. While some variability was observed in the
measured surface potential, they all show that p-type NWs’
surface potential difference is much lower than intrinsic NWs.
We propose that the elevated surface potential of intrinsic NWs
increases the instability of their surface states and, therefore, the
variability of their piezoelectric properties.

4.3 NG Performance
To analyse the performance of the NGs, we note that their current
may be approximated as

v
| =— ?3)

|z]
where V is the voltage drop across the NG electrodes, and |Z]| is
the magnitude of its total internal impedance. Since the NGs’
inductance is negligible, impedance Z consists of a resistive
component Zr = R; and a capacitive component Z¢ = (iwCi)*?
connected in parallel, where  is the angular frequency.*
Therefore, the magnitude of the total internal impedance is
R

«fu (RaC)’

Calculating the electric resistance at 1 V from Fig. 3b,
measuring the capacitance at 100 kHz (Table 1), and using
Equation (4), the impedance ratio of the intrinsic to p-type NGs
is ~2.89. Assuming similar piezoelectric performance for the p-
type and intrinsic NGs would suggest a similar open-circuit
voltage ratio. The measured ratio of the intrinsic to the p-type
NGs’ open-circuit voltage Voc is 1.55. The lower Vo ratio reflects
better piezoelectric conversion efficiency of p-type NGs due to
the smaller diameter of p-type NWs compared to intrinsic
NWs.36

|z| -

8 | Nanoscale, 2015, 00, 1-9

Similarly, Equation (3) suggests that the short-circuit curreri.
of a p-type NG should be 2.89 times that of the intrinsic NG.
actual ratio of the short-circuit current is 2.64 (Table I), which ic
in fair agreement with the estimated value. The driving factor .u.
the significant difference between p-type and intrinsic NGs’
impedance and short-circuit current is the lower electrostau:
losses in p-type NGs due to longer and narrower NWs and
higher fill ratio g,.

5. Conclusions

We have successfully fabricated the first piezoelectric NC:
based on InN NWs. Raman spectroscopy, XRD, C-AFM, anr'
KPFM were used to characterize p-type and intrinsic InN NW.

The statistical distribution of their piezopotential, whe~
compressed by an AFM tip, was also measured. While intrinsi

NWs demonstrate the possibility for a much higher piezoelectri-
response than p-type NWs, this prospect is undermined by the.

highly scattered and inconsistent responses across the array. On
the other hand, even though p-type NWs have lower p ‘«
piezopotential, their more consistent response results in average
piezoelectric performance similar to that of intrinsic NW arrays.

We propose that the variability in intrinsic NWs’ response 7,
due to higher instability of surface charge levels than p-type
NWs. This suggests that the surface passivation of intrinsic Nvvs
may improve their performance. On the other hand, tt:
piezopotential of p-type NWs can be significantly improveu
beyond that realized here by lowing the p-type carric’
concentration to reduce free carriers in the NWs and their
detrimental screening effect.

The power product of p-type NGs was 70% more, at 11.6 nW,
than the power product of intrinsic NGs. Both types of NGs ha .
an area of 0.81 cm? and were excited by an acceleratior,
amplitude of 2 m/s? and frequency of 3 Hz. The p-type NGs he .
160% more short-circuit output current, at Isc = 211 nA, tha
intrinsic NGs. The higher output power of the p-type reflects
better piezoelectric energy conversion efficiency than intrinsi
NGs. The higher output current of p-type NGs reflects a m
lower impedance than intrinsic NGs. Both results were due *

This journal is © The Royal Society of Chemistry 2015
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lower electrostatic losses in p-type NGs enabled by a more
advantageous NW morphology, longer and narrower NWs and
increased NW area density, resulting from Mg doping. In
addition, the higher surface charge levels of intrinsic INN NWs
appear to play a role the elevated resistance of intrinsic NGs.
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