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Abstract
Group-III nitride nano-dimensional materials with noncentrosymmetric crystal structure offer an
exciting area of piezotronics for energy conversion applications. We experimentally report the
piezotronic and piezo-phototronic effects of n-InGaN nanowires (NWs) having an emission
wavelength in the visible region (≈ 510 nm). The n-type InGaN NWs, exhibiting high structural
and optical quality, were grown by plasma-assisted molecular beam epitaxy (PAMBE) on
Ti/TaN/Si substrates to facilitate the direct bottom electrical contact to the NWs. Further, we use
Pt/Ir conductive atomic force microscopy (c-AFM) tip as a top electrical contact to the NW.
Applying compressive strain on the NWs using a c-AFM tip, the Schottky barrier height (SBH)
formed at the metal-semiconductor NW interface was tuned by means of strain induced piezopotential. Thus, we study the two-way coupling of mechanical and electrical energy results in
piezotronics of n-InGaN NWs. Such measurements were further carried out under optical
excitation with 405 nm laser to understand its effect on change in SBH. Thereby, we demonstrate
the three-way coupling of the piezo-phototronics of n-InGaN NWs by exploiting their excellent

visible optoelectronic properties. The photogenerated carriers reduce the SBH while they play a
lesser role at higher tip deflection force on NWs. This revealed that at the higher strain on NW,
the piezo fields screen the photoexcited carriers hence resulting in a negligible change in I-V
characteristics for ≥ 6 nN tip force with and without illumination. Thus, the investigation of
nanoscale piezotronic and piezo-phototronic effects of n-InGaN NWs provides an opportunity to
enable piezoelectric functional devices to be used as strain-tunable, self-powered electronics and
optoelectronics applications.

Graphical abstract

The two-way coupling of mechanical and electrical energy is examined by applying external
compressive strain on the n-InGaN NWs, using a c-AFM Pt/Ir conductive tip, which induced a
piezoelectric potential in the NW. Furthermore, the piezo-phototronics effect associated with the
three-way coupling of n-InGaN NWs is demonstrated by exploiting their excellent visible
optoelectronic properties. Under optical excitation, the photogenerated carriers reduce the strain
induced SBH. At higher compressive strain, no change in the I-V characteristics was observed
which reveals the dominant role of strain induced piezo fields.
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Introduction
The conversion of nanoscale mechanical energy into electrical energy in conjunction with photon
excitation is an essential process enabling a new area of research in recent years for energy
harvesting applications apart from being of fundamental concern.[1–4] Though the perovskite
oxides (lead zirconate titanate - PZT) with wider bandgap and high piezoelectric coefficients
showed enormous applications in the area of mechanical sensors and actuators, their electrical
insulating properties hinder them from being a part of the electronic devices.[5,6] In contrast,
despite the low piezoelectric coefficients, wurtzite structured semiconducting materials with a
relatively smaller bandgap, have a unique advantage over perovskite oxides due to the feasibility
of optical excitation and the doping controlled excellent conductivity properties. Among wurtzite
structured

materials,

group-III

nitride

semiconducting

nanowires

(NWs)

with

the

noncentrosymmetric crystal structure, having versatile applications in electronics and
optoelectronics,[7–11] can be used as piezotronic devices by coupling their semiconducting and
piezoelectric properties. When the size in the radial directions of nanostructures is reduced, the
strain along the axial direction turns more eﬀective. In piezotronic semiconducting materials,
such directional strain renders better dipole alignment hence higher piezoelectric field and
energy conversion eﬃciency. Moreover, since the low dimensional nanostructured (NS)
materials are proposed to have enhanced piezoelectricity as compared to the thin films[12], they
have been widely utilized as nanogenerators, strain sensors, actuators, piezo-potential controlled
field effect transistors, and self-charged cardiac pacemakers.[13–16] The clean energy from
environmental sources can power up the nanodevices using the piezoelectric properties of
semiconducting NWs acting as an energy conversion medium.[17] Recently, Zhao et al. have
demonstrated a tunable Schottky barrier height at the interface of atomic force microscopy
(AFM) Pt tip and c-plane GaN NW by varying the normal compressive force. Nevertheless, this
was observed to be unaltered on m-plane GaN NWs having the transverse piezoelectric
polarization axis.[1] Thus, the polar nature of wurtzite III-nitrides is an advantage that allows
tuning the charge transport properties across metal-semiconductor interfaces for fabricating
piezotronic effect based functional devices. Very recently, Xue et al. studied the layer-dependent
in-plane and out-of-plane piezoelectricity of α-In2Se3 (2D layered material) using piezo force
microscopy (PFM) where the piezoelectric coefficient of the single layer was observed to be less

than that of the bulk layered material.[4] Thus, the piezotronic effect, resulting from the prior
mentioned two-way coupling, has been observed in both 2D layered and 3D bulk
semiconducting nano-dimensional materials irrespective of the presence of dangling bonds at the
surface.[1,18,19] On the other hand, the three-way coupling, associated with the semiconductor,
piezoelectricity and photonic excitation, leads to the piezo-phototronic effect which permits to
tune the electro-optical processes in the presence of strain induced piezo-potential in the
material.[5] Hence, accompanying the piezotronics with photoexcitation opens additional
promising

opportunities

in

photodetection,

photovoltaics

and

strain

modulated

electroluminescence.[2,20,21] However, many efforts have been made along the direction of
two-way coupling using wurtzite II-VI and III-V materials.[1,12,14,22–25] The experimental
evidence of unique three-way coupling, using c-AFM in combination with optical excitation, to
accomplish piezo-phototronic effect in the technologically important n-InGaN NWs has yet to be
demonstrated, while the limited attempts have been reported on this for ZnO NWs.11 Du et al.
claimed the piezo-phototronic effect controlled dual-channel visible light communication
(PVLC) using InGaN/GaN multi-quantum wells (MQWs) nanopillar structure.20 The piezophototronic effect can be achieved in the presence of visible photoexcitation using group-III
nitride InGaN NWs exhibiting tunable direct bandgap from NUV to NIR spectral range and
reasonably high piezoelectric coefficients with wurtzite non-centrosymmetric crystal structure.
Also, indium containing III-nitride alloys exhibit relatively higher piezoelectric coefficients,
consequently resulting in a prominent deformation potential among other nitrides.[23] The strain
induced piezoelectric polarization charges govern the built-in electric fields and Schottky barrier
height thereby modulating carrier separation and transport properties of NWs. Several attempts
were made to understand the piezotronic properties of the III-nitride NWs using c-AFM.
However, no efforts in combining the c-AFM with optical excitation in the visible wavelengths
regime have been made to study the piezo-phototronic effect of n-InGaN NWs.
In this report, we prepared high-quality n-type InGaN NWs with ≈ 32% In composition
emitting at around 510 nm using PAMBE. Importantly, these NWs were grown directly on
Ti/TaN deposited Si substrates to facilitate a direct bottom electrical contact to the NW. The
surface morphology along with current maps, structural and optical quality of the NWs were
examined

using

c-AFM,

scanning

transmission

electron

microscopy

(STEM),

and

photoluminescence (PL) (temperature- and power dependent) measurements. Furthermore, using

c-AFM combined with a 405 nm laser source, the piezotronic and piezo-phototronic effects of
the NWs were studied by applying stress on the NWs under optical excitation. This study
enabled us to understand the piezo-phototronic effect of n-InGaN NWs by tuning the electrical
transport in the presence of the strain and optical excitation.

Experimental methods
The n-type InGaN NWs were grown on Ti/TaN/Si(100) substrates using a Veeco GEN 930
plasma-assisted molecular beam epitaxy (PAMBE) at 600 oC. A combination of an ion pump and
a cryopump was used to accomplish a base pressure of 3×10-11 Torr and oxygen partial pressure
<10-12 Torr, as determined by a residual gas analyzer (RGA). The cleaning procedure of the
Si(100) substrate is reported elsewhere.[27] The Ti metal having a thickness of about 250 nm
was deposited onTaN/Si(100) wafers using e-beam evaporation method, here TaN was deposited
using atomic layer deposition (ALD). Later, the Ti/TaN/Si(100) substrate was loaded into the
MBE growth chamber. During growth, the nitrogen plasma source was operated with the flow
rate of 1.0 standard cubic centimeter per minute (sccm) and RF-power of 300 W and group-III
metals are supplied by standard Knudsen cell with beam equivalent pressure (BEP) values of (In)
5×10-8 and (Ga) 9×10-8 Torr. The k-cell temperature of Si dopant is 1120 oC. From the flux rates
and high-resolution x-ray diffraction (HRXRD) measurements, the estimated In composition of
n-InGaN NWs is ≈32%. Field emission scanning electron microscope (FESEM), by Nova Nano
FEI, was employed to investigate the surface morphology of the NWs. The crystallinity was
examined by high-angle annular dark-field scanning transmission electron microscopy (HAADFSTEM) operating a probe-corrected FEI Titan at an acceleration voltage of 300 kV. Electron
energy loss spectroscopy (EELS) acquisition was performed by using Gatan’s GIF Quantum of
Model 966. Temperature- and power- dependent PL measurements were performed using 405
nm laser as an excitation source. Piezotronic measurements were carried out on individual nInGaN NWs in contact mode using C-AFM, (Agilent SPM5500) at room temperature (RT)
loaded with a Pt/Ir coated tip. The Ti intermediate layer was employed as an electrical contact
with the NWs and the Pt/Ir tip grounded. The characterization of the piezotronic and piezophototronic effects was achieved by using an Agilent AFM system combined with a 405nm laser
as optical excitation source. The optical power of the laser was 100 mW. The conductive probes
used, for this study, were CONTV-PT from Bruker with a Pt (5 nm)/Ir (20 nm)-coating. The

applied force on the tip was calibrated from the probe spring constant (N/m), and deflection
sensitivity (nm/V) of the cantilever. For piezotronic studies, the AFM tip was placed on the top
of a single n-InGaN NW to carry out the electrical measurements. A constant force on the tip
was maintained by keeping a fixed deflection set point for collecting each I-V measurement.
Additionally while acquiring the I-V measurements on selectively chosen single NW, the sample
was illuminated with the 405 nm laser using an optical fiber that set close to the sample area of
interest.

Results and discussions

Figure 1 SEM and c-AFM images of n-InGaN NWs sample. (a) SEM top view, and (b) crosssectional view. c-AFM (c) surface morphology and, (d) current mapping images acquired on 2 ×
2 µm2 area.

To probe the surface morphology of the NWs sample, FESEM, and c-AFM measurements were
carried out. Figures 1(a) and 1(b) show the top and cross-section views of the FESEM images,
respectively, obtained on the n-InGaN NW sample. The density and an average diameter of NWs

were estimated from the plan-view FESEM and c-AFM were ≈ 2×109 cm-2 and ≈ 80 nm,
respectively. From the cross-sectional FESEM images, the length of the NWs was determined to
be ≈ 300 nm. The tapering of the NWs in Figure 1(b) is due to the shadow effect and reduced
surface temperature promoting a lateral growth with increasing length of the NWs.[28] Also,
owing to the surface roughness of the overgrown Ti layer /TaN/Si, the orientation of some of the
NWs is found not to be perpendicular to the substrate surface. As shown in Figure 1(b), the NWs
sample contains Ti/TaN interface layers on the Si substrate where Ti serves as an electrical
contact to the NWs. The TaN layer aids to hinder the cracks in overgrown Ti film resulting from
the thermal expansion mismatch. Additionally, TaN serves in preventing the inter-diffusion
between Ti and Si, hence avoiding the metal delamination caused by both inter-diffusion and
different thermal expansion coefficients.[29] Thus, we accomplished an electrically continuous
Ti thin film as a bottom contact to n-InGaN NWs. Furthermore, to understand the localized
electrical properties of the NWs we acquire a current mapping along with the surface topography
using a conductive Pt/Ir AFM tip. Figure 1(c) shows a surface topography image of the NWs
sample acquired on 2 × 2 µm2 surface area. The AFM root mean square surface roughness is
found to be ≈ 4 nm for a 5 × 5 µm2 scanned area shown in Supplementary information. The AFM
surface morphology in Figure 1(c) is as similar to that of the top-view SEM image of Figure 1(a).
Figure 1(d) shows the current mappings of Figure 1(c) while the sample was biased at 2 V with
respect to the Pt/Ir conductive tip. The current mapping is clear evidence that almost all NWs are
conductive. The color bar placed beside Figure 1(c) and (d) indicates the height and current
contrast of the NWs sample, respectively. Images of large area surface morphology and current
mapping are shown in the Supplementary Information (Figure S2). Furthermore, the observed
current maps in Figure 1(d) reveal that the current across the diameter of each NW is not uniform
leaving the highly conducting paths at the perimeter of the NWs. As a consequence, the wires
exhibit higher conductivity along the lateral surface (perimeter) than in the core part of the wires.

Figure 2 High-angle annular dark field - scanning transmission electron microscopy (HAADFSTEM) results of typical n-InGaN NW. (a) HAADF- STEM image of the NW. (b) Highresolution atomic lattice image. (c) a selective area electron diffraction (SAED) pattern collected
along the

̅

zone axis. (d) STEM-EELS elemental color maps where the elements Ga,

In and N across the NW are, respectively, represented by red, blue, and green colored pixels.
HAADF-STEM studies were carried out on n-InGaN NWs to assess the crystalline structure,
quality, size and the reasons for non-uniform conductivity across the diameter of the NWs.
Figure 2(a) shows a low-magnification HAADF-STEM image acquired along the  1120  zone
axis. This depicts that the NWs were vertically grown without coalescence and tapered with
increasing diameter from the bottom (≈ 40 nm) to top (≈ 70 nm) while the length is ≈ 300 nm.
Figure 2(b) shows the high-resolution atomic lattice image of the InGaN NW and Fig 2(c)
displays the selected area electron diffraction (SAED) pattern for bright field image. From this
lattice image, any defects such as the stacking faults and misfit dislocations in the NW were not
observed. The SAED pattern collected along the  1120  zone axis inferring the single
crystalline wurtzite n-InGaN NWs. STEM-EELS imaging data sets were acquired to generate the
elemental maps of Ga, In and N elements by employing Ga (1117 eV), In (443 eV) and N (401

eV) EELS edges, respectively. The background removed core-loss EELS spectrum consisting of
the electron scattered-signals of energy-loss edges for N, In, and Ga elements is shown in the
supplementary information (Figure S4). The elements Ga, In and N across the NW were,
respectively, represented by red, blue, and green colored pixels. Figure 2(d) depicts the elemental
mapping acquired along n-InGaN NW showing the existence of Ga, In, and N atoms. The
elemental mapping reveals that the surface of the NW consists of the nitrogen-rich region as
compared to the bulk region of n-InGaN NW core which could be due to the unintentional
nitridation during the growth of NWs. Thus, this is an immediate consequence for the observed
non-uniform current mapping along the diameter of the NW which is in good agreement with the
current mapping image as shown in Figure 1(d). Thus, these results reveal that the n-InGaN NWs
grown on Ti metal templates/Si are of c-axis oriented high quality single crystalline
nanostructures having nitrogen-rich n-InGaN at the perimeter of the NW.

Figure 3 Temperature- and power- dependent PL studies of n-InGaN NWs. (a) The TDPL of
NWs sample, excited using 405nm laser; (b) integrated PL intensity versus inverse temperature

plot and the continuous line is an Arrhenius fit to the data points using Eq. (1). Inset of (b) shows
the temperature dependence of the PL emission peak where the dashed line represents the
Varshni’s fit using Eq. (2) to the data points. (c) Power dependent PL spectra and (d) integrated
intensity and peak energy versus excitation power plot where the dashed line represents the
power law fit to the data points, and the solid line of peak energy is a guide to the eye.
Temperature- and power- dependent PL measurements were carried out using a 405 nm laser as
an excitation source to inquire about the optical quality and compositional inhomogeneity
induced localized states of n-InGaN NWs. Figure 3(a) shows the TDPL measurements from
which the internal quantum efficiency (IQE) is estimated to be ≈ 45% which is a ratio of
integrated PL intensity at 300 K and 10 K (I300/I0), assuming that the non-radiative
recombination centers are frozen at 10 K.[30] The obtained IQE value is reasonably high due to
material quality demonstrated from the STEM results described in Figure 2. The full width at
half maxima (FWHM) of low temperature (LT) PL spectrum is relatively higher (≈ 250 meV)
than that of the GaN NWs, which is usual for n-InGaN NWs.[31] The thermal quenching of PL
mainly involves two processes which are associated with the delocalization of carriers and
activation of the extended point defect states. The first process requires lower activation energy
than the latter. By considering these two recombination channels, the integrated PL intensity (IT)
at a temperature (T) can be described by Arrhenius equation, expressed as
(1)

where I0 is the integrated PL intensity at 0 K, kB is the Boltzmann constant, A and B are fitting
parameters, and E1 and E2 are the activation energies of the processes related with the
delocalization of carriers and thermal quenching, respectively.[32–34] Figure 3(b) describes the
Arrhenius fit, using eq (1), to the integrated intensities of TDPL peaks possessing the best fit
resulting in the two processes with activation energies of 6 and 58 meV. The smaller activation
energy depicts the weak localization effect which stems from the nitrogen-rich region of NW
perimeter. The larger activation energy corresponds to thermal activation of defects leading to
thermal quenching of luminescence. Moreover, as shown in the inset of Figure 3(b), extended
Varshni’s equation fit is carried out to the TDPL peak energies using the following equation.

(2)
T
0
where Eg and Eg are the energy band gaps at temperature T and 0 K, respectively, and α and β

are the Varshni’s fitting parameters having the values of 3×10-4 eV/K and 750 K, respectively. σ
indicates the degree of carrier localization and the more significant value of σ represents the
stronger localization effect.[35] In this case, fitted σ value is as low as 0.7 meV which is far less
than the literature values[35–37] indicating the absence of localized states or negligibly small
localization in NWs. Consequently, the S-shape behavior is not observed in the inset of Fig
3(b).[30] This is well corroborated with the obtained extremely low activation energy (6 meV)
from the Arrhenius analysis manifesting the carrier delocalization. Thus, Arrhenius and Varshni
studies of the TDPL data infer that the n-InGaN NWs are homogeneous in the composition
which is in good agreement with HAADF-STEM results shown in Figures 2(a) and 2(b),
however, we observe slightly nitrogen-rich conditions at the perimeter of the NW as shown in
Figure 2(d).
Furthermore, to understand the recombination processes involved in PL spectra of the nInGaN NWs, the dependency of the excitation power on the integrated intensity and the PL peak
emission was studied. Figure 3(c) shows the excitation power (P) dependent PL spectra acquired
at 10 K while Figure 3(d) shows the power dependence on the PL intensity (I) and peak energy.
The power dependence is usually studied using a power law I ~ Pα, where the exponent (α)
depicts the type of carrier recombination.[38,39] The observed non-linear dependence (α < 1),
shown in Figure 3(d), indicates the free-to-bound and donor-acceptor pair recombination
processes which originate from the In or Ga vacancies (acceptors) and nitrogen-related point
defects (donors).[40,41] Such point defects are prone to exist in the bulk crystal lattice of Incontaining III-nitrides due to the kinetically driven MBE growth that occurs far away from
thermodynamic non-equilibrium.[42–46] Additionally, Figure 3(d) shows a blueshift of the
characteristic PL peak energy (on alternate Y-axis) with increasing excitation power which can
be attributed to the band filling effect that results from increasing number of photogenerated
carriers.[47] Thus, the optical excitation renders more carriers in NWs which contributes the PL
blueshift.

Figure 4 Schematic representation of c-AFM measurements, electrical characterization and
schematic view of Schottky barrier height (SBH) formation at the metal-semiconducting NWmetal (NW/Ti and NW/Pt/Ir) interfaces. (a) The pictorial representation of c-AFM measurements
conducted on a single NW under strain (ɛ) and optical excitation. I-V characteristics across the
NW (b) at various tip deflection force values and (c) under optical illumination using a 405 nm
laser. (d) Diode parameters (change in SBH and ideality factor) versus tip deflection force. (e)
Schematic view of SBH formation at the metal-semiconductor interfaces with and without
photoexcitation. Here

and

are the barrier heights at NW/Pt-Ir tip and NW/Ti and

metal-semiconductor interfaces formed under forward bias (FB) and reverse bias (RB).
and

are modified SBHs due to strain and photoexcitation.

is change in the SBH.

To understand the piezotronic and piezo-phototronic properties of MBE grown n-InGaN
NWs/Ti/Si, we employed c-AFM measurements in conjunction with optical excitation. The
morphology and current mapping c-AFM images, shown in Figure 1(c) and (d), are used to
select the NW of interest to study piezotronic and piezo-phototronic properties. While
performing the AFM measurements, the tip degradation was thoroughly monitored. As shown in

Figure 4(a), we use tip deflection force to induce strain thereby enhancing the piezo-potential in
the NW. With increasing tip deflection force, the current-voltage (I-V) characteristics were
acquired with and without photoexcitation. For heavily doped semiconductors, thermionic-field
emission is expected to be a dominant mechanism for the electrical transport via Schottky barrier
(SB) that is formed at the ends of the NW under both forward and reverse biases. Thus the
resultant current through SB can be given as[23,48]
]

(3)
(4)

Where ƞ is ideality factor, φSBH is Schottky barrier height, q is electron charge, kB is Boltzmann's
constant, T is temperature, A is the area of the Schottky barrier,
constant,

√

and,

√

. Here,

is the effective Richardson
,

, V,

, and

are image

correction force, donor concentration, applied voltage, built in potential, and permittivity,
respectively. Figure 4(b) shows the I-V characteristics, obtained with increasing deflection force,
which are fitted with eq (3) to obtain diode parameters of the metal-semiconductor-metal (MSM)
junctions (Supplementary Information). Interestingly, the on-set voltage increases with
increasing tip deflection force applied on NWs which is an immediate consequence of the strain
induced piezopotential summing up with the applied bias across the NW. These results are in
accordance with the recent study in the literature where the authors reported the crystal face
dependent nanopiezotronic properties of obliquely aligned InN nanorods.[23] On the other hand,
the this study is important for the researchers since the n-InGaN NWs with non-centrosymmetry
crystal structure having the visible emission offering a three way coupling of strain, electronics
and photonics. Thus, we confirm that the electrical properties of semiconducting n-InGaN NWs
can be tuned by means of piezotronics and piezophototronics. It is worth to point out that since
the piezoelectric constants of InN are higher than that of GaN[49], increased In composition
would enhance the strain induced piezo-potential and hence it can result a prominence in
piezotronic and piezo-phototronic effects.
Simulations of the forward and reverse bias I-V characteristics using eq (3) allowed us to
estimate the barrier height at n-InGaN/Ti and n-InGaN/tip metal semiconductor Schottky

interfaces by varying the deflection force. Figure 4(c) shows the I-V characteristics acquired with
optical excitation. The threshold voltage reduces for the I-V curves obtained with optical
excitation which could be due to the compensation of the strain induced piezo fields by
photogenerated carriers. At higher compressive strain, I-V curves remain unaltered with and
without optical excitation. However first we illuminate the NWs and then measure the I-V
characteristic of the nanowires with and without external force, the observed results are as
similar as Figure 4(c). Further, to understand this, we acquire the diode parameters using eq (3)
to find the change in SBH.
Figure 4(d) describes the change in SBH and ideality factor with increasing tip deflection
force with and without optical excitation. The change in SBH is higher than that of the values
under optical excitation for lower tip deflection forces whereas both coincide at higher deflection
force values. However, in both cases, the change in SBH linearly develops, the linear fit to the
data points intersects at higher tip deflection force values (≥ 6nN). This infers that the change in
SBH closely matches with the change in SBH under optical excitation at the higher compressive
strain on NWs. The intersecting point of the linear fit reveals that, after certain strain on NW, the
photogenerated carriers, as described in Figure 3, are screened by the strain induced piezo fields
thereby strain fields render a dominant role over the optical excitation induced field. This results
in the overlapping of IV curves at ≥ 6nN force as shown in Figure 4(c). Furthermore, the
estimated barrier height for the n-InGaN/Ti (≈ 100 meV) is found to be less than that of nInGaN/tip junction (≈ 750 meV) in the absence of external compressive strain on n-InGaN NW
which is a consequence of the observed higher on-set voltage in FB. This is in accordance with
the Schottky-Mott rule, (W-χ)n-InGaN/Ti < (W-χ) n-InGaN/Pt-Ir, for metal-semiconductor interfaces. We
observe lesser barrier height values (≈750 and 100 meV) than the theoretical predictions (≈1000
and 110 meV) which can be ascribed to the presence of interface states at the M-S junctions.
These states can result from the unintentional formation of TiN during MBE growth of n-InGaN
NWs and the presence of thin native oxide layer at n-InGaN/tip interface. Figure 4(e) is a band
schematic representation illustrating the higher, smaller and the change in SBH profiles at the
ends of the NW (Ti/n-InGaN/Pt-Ir). The barrier height represented by dashed lines depicts the
suppression of SBH under optical illumination.

Conclusions
In summary, n-type InGaN NWs were grown by plasma-assisted molecular beam epitaxy
on Ti /TaN/Si substrates to facilitate the direct bottom electrical contact to the NWs. The
structural and optical characterization revealed that the grown NWs are of high quality and
defect free with wurtzite crystal structure. The c-AFM measurements in combination with optical
excitation were utilized to understand the piezotronic and piezo-phototronic properties of the
NWs. We used Pt/Ir conductive atomic force microscopy (c-AFM) tip as a top electrical contact
to the NW. The external compressive strain on the NWs, using a c-AFM Pt/Ir conductive tip,
was applied to tune the SBH formed at the metal-semiconductor NW interface using strain
induced piezo-potential. Thus, the two-way coupling of mechanical and electrical energy results
in piezotronics of n-InGaN NWs. Furthermore, three-way coupling was demonstrated while
these measurements were carried out under optical excitation. This revealed the piezophototronic effect of n-InGaN NWs by exploiting their excellent visible optoelectronic
properties. The observed SBH at both the ends of NWs, respectively with Ti and Pt/Ir metal
contacts, obeyed the Schottky-Mott rule. Under optical excitation, the photogenerated carriers
reduced the strain induced SBH, while the change in SBH with and without photoexcitation
exhibited a linear relationship with the external compressive strain. Moreover, the piezo fields
have a prominent role by screening the photoexcited carriers at the higher strain on NW which
resulted in an overlap of I-V characteristics for 6 nN tip force with and without illumination.
Thus, the electromechanical stimuli under optical excitation of n-InGaN NWs revealed the
piezo-phototronic effect. Thereby, this investigation of nanoscale piezotronic and piezophototronic effect of n-InGaN NWs explore a new way to enable piezoelectricity based
functional optoelectronic devices.
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Highlights


We report the first systematic study on the piezotronic and piezo-phototronic effects in ntype InGaN nanowires (NWs) with the well-revealed mechanism. The high-quality nInGaN nanowires are grown by plasma-assisted molecular beam epitaxy on Ti /TaN/Si
substrates to facilitate the direct bottom electrical contact to the NWs.



The two-way coupling of mechanical and electrical energy is verified by applying
external compressive strain on the NWs using a c-AFM Pt/Ir conductive tip. The strain
induced piezoelectric charges could effectively modulate the Schottky barrier height
(SBH) at both ends of the NW.



The piezo-phototronics effect by means of the three-way coupling of n-InGaN NWs is
demonstrated by exploiting their excellent visible optoelectronic properties. Under optical
excitation, the photogenerated carriers reduce the strain induced SBH.



More interestingly, after introducing the visible light laser illumination, the change of
SBH is obvious when the applied force is relatively small whereas the change of SBH is
negligible when the applied force is ≥ 6 nN. The change in SBH with and without
illumination exhibited a linear relationship with the external compressive strain.

