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 Renewable and green energy sources would be viable candidates 
to meet world’s energy demands. [  1  ,  2  ]  At present, solar cells, [  3–5  ]  
thermoelectric modules, [  6  ,  7  ]  and hydrogen fuel cells [  8  ]  demon-
strate possibilities of applications for future alternative energy 
sources. However, mechanical energy, such as wind energy, tidal 
energy, vibrational energy, body movements, and heart beating, 
also possesses the promising potential to supplement the energy 
needs because it exists not only almost everywhere but also at 
all time just in our daily life and environment. Recently, uti-
lizing the coupling effects of semiconducting and piezoelectric 
properties possessed by wurtzite structured materials, such as 
ZnO, [  9–16  ]  ZnS, [  15  ]  CdS, [  17  ]  GaN, [  18  ]  and PVDF, [  19  ]  the piezoelectric 
nanogenerator has been demonstrated to convert mechanical 
energy into electricity. When deformed by an external force, the 
nanowires (NWs) would generate a piezoelectric potential (piez-
opotential), which acts as the driving force to propel the fl owing 
of carriers through an external load. Moreover, the Schottky bar-
rier between the Pt-coated AFM tip and NW serves as the gate to 
rectify the fl owing direction of carriers. 

 Group III nitride materials, such as InN, GaN, and AlN 
are well known for their excellent optical and electronic prop-
erties. [  20–23  ]  To have superior performance and effi ciency, 
Group III nitride nanostructures are widely utilized for the 
applications of electronic and optoelectronic devices, such as 
LEDs, [  24  ,  25  ]  lasers, [  26  ,  27  ]  solar cells, [  28  ,  29  ]  and high-performance 
FETs. [  21  ,  22  ]  Among Group III nitride materials, InN possesses 
the narrowest bandgap, the highest electron mobility, and the 
smallest effective electron mass. [  20  ,  30  ,  31  ]  Due to the unique prop-
erties, InN NWs are promising building blocks for future opto-
electronic nanodevices. In this paper, the fi rst InN NW based 
nanogenerator is demonstrated for harvesting mechanical 
energy. A detailed study is shown to present the understanding 
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about the output generation process. Importantly, the output 
of a single NW can reach as high as 1 V, which is the highest 
among all types of NWs that have been studied. This shows its 
great potential for fabricating high-output nanogenerators. 

 The growth of InN NWs was based on a vapor-liquid-solid 
(V-L-S) growth process with the use Au nanoparticles as catalyst 
(See Experimental Section).  Figure    1a   shows a 30 °  tilted view 
scanning electron microscopy (SEM) image of the as grown 
InN NWs, revealing that as-synthesized samples consist of large 
quantity of 1D nanostructures on the surface of the Si substrate. 
There are high-density and uniform InN NWs with lengths up 
to 5  μ m and diameters 25 to 100 nm. Transmission electron 
microscopy (TEM) analyses, including the low-magnifi cation 
TEM images, high-resolution TEM (HRTEM) images, selected-
area electron diffraction (SAED), and energy-dispersive X-ray 
spectroscopy (EDS), demonstrate the detailed crystal structures 
and compositions of InN NWs. The low-magnifi cation TEM 
study of an InN NW shows that the NW grows along the [01  1   0] 
(Figure  1 b). Figure  1 c shows an HRTEM image recorded at the 
tip region of the InN NW shown in Figure  1 b. The structure 
of the InN NW is found to be high-quality single crystal and 
free from dislocations. In addition, an Au catalyst is found to be 
located within the tip region of the NW and sheathed by a thin 
InN shell. The EDS spectra shown in Figure  1 d,e are collected 
from the tip region and body region of the InN NW shown in 
Figure  1 b, respectively, indicating the presence of In, N, Au, C, 
and Cu elements, where the C and Cu peaks result from Cu 
grid covered with C fi lm.  

 According to our previous study, a Schottky barrier formed 
between the electrode and the NW plays a crucial role in the 
process of energy harvesting. It not only serves as a rectifi er to 
determine the fl owing direction of the carriers but also affects 
the effi ciency and performance of piezoelectric nanogen-
erator. [  9–15  ,  17  ,  18  ]  In this study, a Schottky barrier is formed at the 
Pt-InN contact (see supporting information). 

 The schematic shown in  Figure    2a   presents the measure-
ment system used for harvesting electricity from InN NWs. 
The details of the experimental setup and the measurements 
are the same as fi rst utilized for demonstrating the piezoelec-
tric nanogenerator (see supporting information). [  9  ]  The piezo-
electric responses of the InN NWs are characterized utilizing 
an atomic force microscope (AFM) with the Pt-coated Si tip in 
contact mode. When the AFM tip scans across the sample, the 
output electrical signals, generated by deformed InN NWs, are 
continuously recorded across an external load (R L ).  

 To understand the mechanism of energy harvesting using 
InN NWs, the piezopotential distribution in a bent InN NW 
needs to be further investigated. Based on our previous study, 
bH & Co. KGaA, Weinheim 1



2

C
O

M
M

U
N

IC
A
TI

O
N

www.advmat.de
www.MaterialsViews.com

          Figure  1 .     Crystal structures and compositions of a InN NW. a) 30 °  tilted view of the InN NWs. Inset is an enlarged image. b) Low-magnifi cation TEM 
image of InN NW. Inset is the corresponding SAED of InN NW with [0001] zone axis. The growth direction of InN NW is along the [01  1   0]. c) Atomic reso-
lution TEM image of InN NW with a catalyst embedded in its tip. d,e) EDS spectra acquired from the tip region and body region of InN NW in (b).  
the carrier concentration and their distribution play a signifi cant 
role in dominating the magnitude of the piezopotential. [  32  ,  33  ]  
However, numerical calculation without considering the carrier 
concentration in a NW can give us a semi-quantitative under-
standing. For simplicity, the Lippman theory was utilized to 
calculate the piezopotential distribution in a bent InN NW. [  32  ]  
The material constants of the InN NW utilized in the calcula-
tions are a  =  0.3536 nm, c  =  0.5709 nm, C 11   =  223 GP, C 12   =  
115 GP, C 13   =  92 GP, C 33   =  224 GP, C 44   =  48 GP, [  34  ]  piezoelec-
tric constants e 15   =   − 0.57 C m −2 , e 31   =   − 0.57 C m −2 , e 33   =  0.97 C 
m −2 , [  35  ]  relative dielectric constants    κ  11   =     κ  12   =     κ  ⊥   =  13.1,    κ  33   =  
    κ   =   =  14.4, [  36  ]  and the density   ρ    =  6810 Kg m −3 . We assume that 
© 2010 WILEY-VCH Verlag G
the InN NW grows vertically on the substrate. The tip of the 
NW is laterally pushed by an AFM tip with a force of 80 nN. 
The length and diameter of the InN NW was set to be from 
1  μ m to 3  μ m and 50 nm, respectively. As viewed from side 
and in cross section, the plot shown in Figure  2 b represents the 
calculated piezopotential distribution of a 1- μ m-long InN NW 
with a growth direction of [0001]. The color code represents the 
output piezopotential. The stretched side of the InN NW would 
demonstrate a positive piezopotential with a magnitude of 0.191 V. 
The compressed side of the InN NW exhibits a negative piezo-
potential with a magnitude of  − 0.2 V. For a NW growing along 
[01   1  0], the coordinate system shown in Figure  2 c is defi ned for 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, XX, 1–6
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              Figure  2 .     a) Schematic of AFM measurement system. b) Calculated piezopotential distribution at the cross section of [0001] growth InN NW with 
length  =  1  μ m and diameter  =  50 nm. c) Coordinate system used to defi ne the direction of lateral force applied from the AFM tip. d–f) Calculated 
piezopotential distributions at the cross section of [01   1  0] growth InN NW under lateral force of 80 nN from three different directions. The dimensions 
of InN NW are length  =  1  μ m and diameter  =  50 nm. g,h) Calculated piezopotential distributions at the cross section of [01   1  0] growth InN NW with 
different length under lateral force of 80 nN. g) length  =  2  μ m and diameter  =  50 nm. h) length  =  3  μ m and diameter  =  50 nm.  
easy description of the followiing calculation. For simplifying 
the calculation, we assume that the vertically aligned InN NW 
is laterally bent by the AFM tip through three different ways, 
along  + y,  − x, and  + x axis directions. In Figure  2 d, the 1- μ m-long 
InN NW is bent laterally by the AFM tip along the  + y direction. 
The plot reveals the stretched and compressed sides would pos-
sess positive and negative potentials, respectively. Both positive 
and negative piezopotential would have a maximum value at 
the bottom of NW. The plots of calculated piezopotential distri-
butions in the 1- μ m-long InN NW, bent by AFM tip along the 
 − x and  + x directions, are shown in Figure  2 e and f, respectively. 
The top region of the NW would possess only positive (3.887 V) 
or negative ( − 3.887 V) potential. If we consider the infl uence of 
the carrier concentration and conductivity of n-type InN NWs 
on the calculation, [  20  ,  37  ]  the magnitude of positive piezopoten-
tial would be greatly suppressed because of the screening effect 
of electrons. Contrary to the positive piezopotential, the nega-
tive piezopotential would be unaltered as long as the conduc-
tivity of the InN NW is not too high. [  32  ,  33  ]  Based on the results 
of calculations, it was found that the magnitude and distribu-
tion of the piezopotential in a bent NW would strongly depend 
on the growth direction of the NW. The magnitude of negative 
piezopotential in the NW with a [01   1  0] growth direction would 
be almost 20 times larger than that in the NW with a [0001] 
growth direction if the diameter, length, and applied force are 
the same. 
© 2010 WILEY-VCH Verlag GAdv. Mater. 2010, XX, 1–6
 When the diameter of the InN NW is kept constant at 50 nm, 
the infl uence of varying the lenght of the InN NW with growth 
direction of [01     10] has been investigated. When the InN NW is 
bent by AFM tip along the  + x direction, the plots of calculated 
piezopotential distributions shown in Figure  2 g,h represent 
the results that the InN NW with 2  μ m and 3  μ m in length, 
respectively. The InN NW with 2  μ m and 3  μ m in length could 
generate a negative piezopotential of   −  7.974 V and  − 12.456 V, 
respectively. In addition, the magnitude of the positive piezo-
potential shown in Figure  2 e depends on the length of the InN 
NW. The result reveals the positive and negative piezopotential 
generated by a bent InN NWs with 5  μ m in length could reach 
the magnitude of about 20 and  − 20 V, respectively, provided 
that there is no doping.  

 The 3D electric images of output potential peaks shown in 
 Figure    3   are recorded continuously over the external load (R L ) 
when the AFM tip scans over the InN NWs with a scan area of 
20  μ m  ×  20  μ m and the color code stands for the output poten-
tial. The 3D electric images shown in Figure  3 a,b represent the 
negative and positive output signals generated by the same InN 
NWs, respectively. The result reveals that the InN NWs could 
produce not only negative output signals but also positive 
output signals. Almost all of the output signals are negative, 
and the highest output voltage could reach the value of about 
 − 1000 mV. Compared with negative output signals, only very 
small amount of positive output signals could be observed in 
3mbH & Co. KGaA, Weinheim
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      Figure  3 .     a) 3D Negative and b) 3D positive voltage output signals 
recorded across an external load when the AFM tip scanned and 
defl ected the InN NWs with an area of 20  μ m  ×  20  μ m. c) A typical 
line scan profi le of the output voltage, revealing the majority of output 
signals is negative and only small amount of positive output signals 
could be observed.  
Figure  3 b. In addition, the magnitude of output voltage is rela-
tively small and most of them range from 0 to 50 mV. Figure  3 c 
shows a 20  μ m line profi le of output signals. Almost all of the 
output signals are negative with the magnitude up to  − 800 mV. 
Compared with negative output signals, only small amount of 
relatively small positive output signals could be observed. 

 To understand the energy harvesting phenomena using InN 
NWs, the relation between the strain induced piezopotential 
and the Schottky barrier, formed between the Pt-coated AFM 
© 2010 WILEY-VCH Verlag G
tip and the InN NW, would be the key (Figure  2 ). Based on the 
principle of the nanogenerator, the Schottky barrier formed 
between the Pt-coated AFM tip and the InN NW serves as a 
“gate” that rectifi es the fl owing direction of the carriers. [  9–18  ]  The 
Pt-coated AFM tip has a nearly zero potential (V m   =  0). When 
AFM tip is in contact with the positive piezopotential region of 
the bent InN NW (Vs  >  0), it would set the Schottky diode work 
in the reverse biased region ( Δ V  =  V m  – V s   <  0). On the other 
hand, the Schottky diode would work in the forward bias region 
( Δ V  =  V m  – V s   >  0) if the piezopotential generated by the bent 
InN NW is negative (V s   <  0). 

 Owing to the unique growth direction of the NWs, the sign 
and magnitude of the piezopotential in the NW depends on the 
direction along which the force is applied. If we consider the 
carriers and conductivity of the n-type InN NW, [  20  ,  37  ]  the positive 
piezopotential would be greatly screened by electrons. [  32  ,  33  ]  The 
case shown in Figure  2 d might produce a small negative output 
voltage or no output voltage. The cases shown in Figure  2 e,f 
possess a much higher piezopotential. The positive piezo-
potential region would be greatly screened in n-type material 
depending the concentration of the doping. [  32  ,  33  ]  However there 
are still some positive output voltage signals appearing in the 
3D electric image shown in Figure  3 b. The phenomenon reveals 
that the screening effect does not entirely suppress the positive 
piezopotential, due to fi nite doping concentration. As a result, 
a small amount of the reduced positive piezopotential is large 
enough to overcome the reverse-biased Schottky barrier since 
InN exhibit a high piezopotenital according to our calculation. 
The high negative piezopotential shown in Figure  3 a might result 
from the large negative piezopotential shown in Figure  2 f–h, 
under which the Schottky diode is operated at the forward 
biased region. In practical experiments, once the AFM tip scans 
across the sample, the three cases illustrated in Figure  3 d–f 
could happen; zero, large negative and small positive output 
voltage signals can be received, respectively, in agreement with 
our observation shown in Figure  3 . 

 We have examined the stability and reproducibility of 
piezoelectric output generated by InN NWs by utilizing the 
same sample for all of the measurements during a period of 
almost 4 months. The chart shown in  Figure    4a   presents the 
statistical distribution of the output voltage generated by the 
InN NWs. The statistical result reveals that the distributions 
between each measurement did not change too much. About 
40% to 55% of output voltages range from  − 1 to  − 20 mV and 
25% to 30% of output voltages would exceed  − 100 mV. Most 
important of all, some output voltages could reach the magni-
tude of  − 1000 mV. The average number of voltage peaks and 
average magnitude of output voltage as a function of time are 
shown in Figure  4 b. The average magnitude of output voltage 
is quite stable and is within the ranges from  − 110 to  − 120 mV. 
However, the average number of voltage peaks dropped a little. 
When the AFM tip scanned across the InN NWs, it would 
produce destructive damage to the InN NWs. In addition, we 
use the same sample for all of the measurements for almost 
4 months. The drop in the average number of voltage peaks 
might result from the damage and wearing of InN NWs. Based 
on the excellent stability and performance, InN NWs would 
be a promising candidate for the application of piezoelectric 
nanogenerator.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, XX, 1–6
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      Figure  4 .     a) Statistical distribution of the piezoelectric output recorded from the same InN 
NWs sample during almost 4 months of measurements. b) The average number of voltage 
peaks (left axis, red triangle) and average magnitude of output voltage (right axis, blue circle) 
as a function of time in days for testing the reproducibility and stability of the InN NWs.  
 It needs to point out that the Au nanoparticle impregnated 
in the tip of the NW (see Figure  1 ) should not affect the piezo-
electric measurement because a thin layer of InN around the 
particle is suffi cient, if not all, to screen the effect of the Au tip 
for piezoelectric measurement. 

 In summary, we have successfully synthesized InN NWs via 
the V-L-S process. The growth direction of InN NWs is along 
[01     10]. The calculated results reveal that the magnitude and dis-
tribution of the piezopotential in a bent NW strongly depends 
on the growth direction of the NW. The magnitude of the nega-
tive as well as positive piezopotential in the NW with a [01     10] 
growth direction would be almost 20 times larger than that in 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2010, XX, 1–6
the NW with a [0001] growth direction if the 
diameter, length, and applied force are the 
same. Because the positive piezopotential 
generated by the bent InN NW is relatively 
large and could not be greatly suppressed by 
free carriers, small amount of the reduced 
positive piezopotential is large enough to 
overcome the reverse-biased Schottky barrier. 
Small amount of positive output signals could 
be observed in 3D electric image. On the other 
hand, due to the high negative piezopotential 
generated by the bent InN NW, the InN NWs 
show excellent performance of piezoelectric 
nanogenerator. About 40% to 55% of output 
voltages are within the ranges from  − 1 to 
 − 20 mV and 25% to 30% of output voltages 
would exceed  − 100 mV. Furthermore, some 
output voltages could reach up to  − 1000 mV. 
The statistical result indicates that the InN 
NWs have excellent stability and reproduci-
bility during almost 4 months of piezoelectric 
measurements. The average magnitude of 
output voltage ranges from  − 110 to  − 120 mV. 
Therefore, InN NWs show a great potential 
for fabricating high output nanogenerators. 

  Experimental Section 
   Synthesis of InN NWs : The growth was based 

on V-L-S growth process. A 2-nm-thickness Au 
fi lm was deposited onto (100) Si substrates by 
a magnetron RF sputter system. Commercial In 
ingot and ammonia gas (NH 3 ) were used as the 
In and N sources, respectively. The In ingot was 
placed in a crucible at the center of the alumina 
tube. The Au-coated Si substrates were placed 
in the downstream region of the alumina tube 
for the collection and growth of InN NWs. After 
being evacuated to a pressure below 8  ×  10  − 3  torr 
for several hours, the furnace was introduced a 
constant fl ow of 100 SCCM (SCCM denotes cubic 
centimeter per minute at STP) NH 3  for 60 min to 
reduce the concentration of the residual O 2  within 
the alumina tube. Then, the furnace was heated 
from room temperature to 900  ° C at a heating rate 
of 20  ° C min  − 1  with the NH 3  fl ow of 10 sccm under 
a pressure of 1 Torr. After reaching the desired 
temperature, the furnace was kept at the desired 
temperature for 300 min and allowed to cool down 
naturally to room temperature.     

 Supporting Information 
 Supporting Information is available online from Wiley InterScience or 
from the author.    
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