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List of Figures

Figure 1.1 Optical absorption coefficient for some common photodetector semiconductors.

Figure 1.2 Schematics of Schottky junction formation between n-type semiconductor and metal
where work function of metal @, > @, (a) relative position of Fermi levels and band energies
before metallurgical junction formation and (b) equilibrium band positions in dark after junction
formation and electron transfer from semiconductor conduction band minima (CBM) to metal
Fermi level has occurred. Due to increase in electron energies, the CBM and VBM moves
downward creating an upward band bending near metal-semiconductor interface leading to
formation of barrier restricting net flow of charge carriers across junction. The bottom picture

represents the formation of mobile charge carrier free depletion region.

Figure 1.3 A metal n-type semiconductor (MS) metallurgical junction formation and its influence
on relative alignment of conduction band minimum (CBM) and valence and maxima (VBM). (a)
MS junction under reverse bias (d) under forward bias. The I-V curve in the center shows the two
modes of electrical conduction where the MS diode is off resulting in no current in reverse bias
and MS diode on resulting in high current under forward bias.

Figure 1.4 Schematics of charge separation mechanism, device structure and configurations of
few nanostructured photodetectors, (a) Drift and diffusion of both electrons and holes are exploited
in photodiodes. This spatial band diagram depicts the junction between a p-type (hole-rich, left
side) and n-type (electron-rich, right side) semiconductor near equilibrium, (b) In a
photoconductor, one type of carrier is trapped while the other circulates under the influence of an
electric field (electrons are trapped in this depiction), (c) Bulk-heterojunction photodiodes made
from a polymer—nanocrystal (NC) composite exploit charge separation across the interface
between the polymer matrix and the nanoparticles, and rely on differences in work function
between the top and bottom contacts, (d) photodiodes consist of a single phase of a quantum-dot
thin film across which electrical contacts having different work functions. (e) lateral
photoconductors employ coplanar electrodes coated with a continuous film of nanocrystals (f) The
conductance of this lateral three-terminal photodetector can be modulated by electrical and/or

optical fields (shown in red). The channel in this device is a carbon nanotube. The localized gates



V1, V2 and the global back gate Vg achieve selective electrostatic doping along the SWNT. Vsp is

the source-drain voltage.

Figure 1.5 Piezoelectric potential distribution in a ZnO nanowire under transverse and longitudinal
deformation, (a) transversely bent piezoelectric nanowire, (b) c-axis grown nanowire under axial
strain. The dimensions of the nanowire are L= 600 nm and a= 25 nm; the external force is f, = 80

nN.

Figure 2.1 A schematics representing the non-centrosymmmetry in (a) tetrahedral Zn?* and O%
ionic co-ordination under external stress, (b) resulting microscopic dipole in one such tetrahedral
unit, (c) several such unit cell participation resulting into macroscopic polarization, and (d)
COMSOL simulated pictorial representation of polarization with color code scheme and

magnitude of piezo-potential.

Figure 2.2 Piezopotential created inside a nanostructure, as represented by the color code, is the
fundamental physics for nanogenerator and piezotronics. (a) Nanogenerator is based on a process
of piezopotential driven flow of electrons in the external load. (b) Piezotronics is about the devices
fabricated using a process of piezopotential tuned/controlled charge carrier transport at the metal—
semiconductor interface or p—n junction. Piezo-phototronics is about the devices fabricated using
piezopotential to control charge carrier generation, separation, transport and recombination

processes at the interface/junction.

Figure 2.3 A metal n-type semiconductor (MS) metallurgical junction formation and its influence
on relative alignment of conduction band minimum (CBM) and valence and maxima (VBM). (a)
before metallurgical contact of semiconductor to metal is made, (b) equilibrium contact position
of Fermi levels and energy bands after junction formation and in the absence of external bias and
illumination, (c) the same MS junction under reverse bias and illumination and (d) under forward
bias and illumination. The I-V curve in the center shows the two modes of electrical conduction
where the MS diode is off resulting in no current in reverse bias and MS diode on resulting in high

current under forward bias.

Figure 2.4 Energy band diagram for illustrating the effects of laser excitation and piezoelectricity

on a Schottky contacted metal-semiconductor interface, (a) Band diagram at a Schottky contact

Xi



after exciting by a laser that has a photon energy higher than the bandgap, which is equivalent to
a reduction in the Schottky barrier height, (b) Band diagram at the Schottky contact after applying
a strain in the semiconductor. The piezopotential created in the semiconductor has a polarity with
the end in contacting with the metal being low.

Figure 2.5 Ideal metal-semiconductor Schottky contacts with the presence of piezoelectric
charges at applied voltage V=0 (thermal equilibrium). (a) Space charges distribution; (b) electric
field and (c) energy band diagram with the presence of piezoelectric charges. Dashed lines indicate
electric field and energy band in the absence of piezoelectric charges, and the solid lines are for

the cases when a piezopotential is present in the semiconductor.

Figure 2.6 Illustration of ideal metal-semiconductor-metal structures with the presence of piezo-
charges and photon generated charges. (a) Space charge distribution and corresponding (b) energy
band diagram in the presence of piezo charges and photo generated charges. Dashed lines stand
for original barriers without strain nor photoexcitation. The solid line is the finally tuned band
structure by the piezo-charges, with one end being lifted up and one side being lowered. (adapted

with permission from reference?)

Figure 3.1 Schematics of (a) CdSe nanowire array synthesis by CVD and (b) CdSe/ZnTe
core/shell nanowire by PLD.

Figure 3.2 Schematics of the device configuration and measurement set-up, (a-c) Preparation of
substrate for CdSe nanowire array growth, (d) Perpendicular CdSe nanowire array grown by CVD,
(e) CdSe/znTe core/shell nanowire array achieved by pulsed laser ablation of ZnTe shell, (f)
PMMA layer spin coating, (g) Device positioned on PVC board with illumination source
underneath and connected to measurement system (inset is a cross sectional view of the assembled

device).

Figure 3.3 (a) a photograph of a typical prototype device. The dashed white rectangle
(3mmx5mm) represents the area in which CdSe/ZnTe core/shell nanowire is grown. A 100 nm Ag
coated polyester grating as top electrode is positioned on top of core/shell nanowire array, (b) UV-
Vis absorption profile of a muscovite mica substrate, mica/CdSe thin film and CdSe/ZnTe
core/shell nanowire array. The results indicate that light absorption occurs predominately in the

nanowire array.
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Figure 3.4 Morphology and structural analysis of CdSe and CdSe/ZnTe core/shell nanowire
arrays, (a) Low magnification SEM image of a CdSe nanowire array, (b) Low magnification SEM
image of a CdSe/ZnTe core/shell nanowire array, (c) HRTEM image of a single CdSe/ZnTe
core/shell nanowire and (d) a lateral energy dispersive (EDS) line scan across a CdSe/ZnTe

core/shell nanowire that demonstrates characteristic core/shell elemental peaks.

Figure 3.5. (a) I-V measurements of a CdSe/ZnTe core/shell nanowire array device under blue
(465 nm) light illumination at variable intensities, (b) Absolute current of the device with respect
to intensity, (c¢) On-off response of the device at a bias of 1.8 V and under blue illumination, (d)
Photon responsivity of the device relative to the intensity density of the blue (465 nm) excitation

source and bias voltage of 1.8 V.

Figure 3.6 (a) I-V measurements of a CdSe/ZnTe core/shell nanowire array device under green
(520 nm) illumination at variable intensities, (b) Absolute current of the device with respect to
intensity, (c) On-off response of the device at a bias of 1.8 V and under a blue excitation source,

(d) Photon responsivity of the device relative to intensity of a green excitation source.

Figure 3.7 (a) I-V measurements for a CdSe/ZnTe core/shell nanowire array device under UV
(385 nm) illumination at variable intensities, (b) Absolute current of the device with respect to
intensity, (c) On-off response of the device at 1.8 V of applied bias and under a blue excitation

source, (d) Photon responsivity of the device relative to intensity of a UV excitation source.

Figure 3.8 (a) I-V characteristic of CdSe/ZnTe core/shell nanowire array device under blue, green
and UV illumination, (b-d) A typical I-V for a CdSe/ZnTe core/shell array device under different
compressive loads and blue, green and UV illumination, respectively, () Absolute current of the
device relative to compressive load under blue, green and UV illumination, (f) Change in
responsivity of the device subjected to load differences and constant illumination, where Ro is the

responsivity at zero load.

Figure 3.9 Cross sectional view of the piezo-potential distribution, (a) along the x-y plane
(nanowire diameter), (b) along the x-z plane (longitudinal or growth axis - the color scale shows

the potential distribution.
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Figure 3.10 Schematic band alignment of the Ag/ZnTe/CdSe structure. a) At equilibrium. b)
Under illumination only. ¢) Under simultaneous application of compressive load and illumination.

d) Under a compressive load of more than 0.25 kgf.

Figure 4.1 Schematic illustration of the ZnO/ZnS core/shell nanowire photodetector fabrication
process. (a) ZnO nanowire array on ITO substrate synthesized through chemical vapor deposition
(CVD), (b) a ZnS shell layer was deposited by pulsed laser ablation, (c) a ~2 pum PMMA layer was
spin coated onto the ZnO/ZnS core/shell nanowire array, and (d) the finished device mounted on
a measurement cell. To achieve nanowire compression, load is applied on top of silver coated

polyester zigzag electrode (inset figure d).

Figure 4.2 (a) photograph of the ZnO/ZnS core/shell nanowire array device with dimensional

details and (b) piezo effect of ZnO/ZnS core/shell nanowire array under variable loads.

Figure 4.3 Structural characterization of a ZnO/ZnS core/shell nanowire showing low
magnification top view, FESEM images of (a) an as-grown, ZnO nanowire array and (b) a
Zn0O/ZnS core/shell nanowire array, (¢) an HRTEM image of a single ZnO/ZnS core/shell
nanowire, and (d) the corresponding energy dispersive spectroscopy (EDS) lateral line scan
depicting elemental peaks characteristic to core/shell nanowire structure.

Figure 4.4 Electrical characterization of a ZnO/ZnS core/shell nanowire array device under UV
illumination. (a) I-V measurements at different illumination densities, (b) Illumination density
dependence of photo-current, (c) the device’s on-0ff response, and (d) the variation in responsivity

under several UV illumination densities.

Figure 4.5 Electrical characterization of a ZnO/ZnS core/shell nanowire array device under blue
illumination. (a) I-V measurements at different illumination densities, (b) illumination density
dependence of photo-current, (c) the on-off response of the device, and (d) variation in device

responsivity with respect to blue illumination densities.

Figure 4.6 Electrical characterization of a ZnO/ZnS core/shell nanowire array device under green
illumination. (a) I-V measurements at different illumination densities, (b) illumination density
dependence of photo-current, (c¢) the on-off response of the device and (d) variation in device

responsivity as a function of green illumination densities.
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Figure 4.7 Room temperature PL for ZnO/ZnS core/shell nanowires collected with comparable
laser power ~ 145 uW under 532, 442, and 325 nm excitation, respectively. Spectra range from
1.3 eV to the edge of each laser’s emission. ZnO produces green emission at 2.40 eV. Lower
excitation energies produced broader type-II transition peaks. (Inset) Magnification of the type-II

transition PL peaks. The dotted orange line marks the broad peak center at ~1.95 eV.

Figure 4.8 Electrical characterization of ZnO/ZnS core/shell nanowire array devices showing (a)
the photocurrent response under dark, green, blue and UV excitation, (b-d) photocurrent response
at a fixed illumination densities of 1.32 mW/cm? (UV), 3.0 mW/cm? (blue) and 3.2 mW/cm?
(green), respectively, with variable compressive loads. (e) Photocurrent response with respect to

compressive loads and (f) the (%) change in responsivity with compressive loads.

Figure 4.9 Equilibrium band position of an Ag/ZnS/ZnO interface (a) that demonstrates an abrupt,
type-1II band alignment at the ZnS/ZnO core/shell interface before the silver contact is made, (b)
silver (Ag) contact with ZnS promotes Fermi level realignment that induces band bending (c)
under illumination only, displaying direct band-to-band and an indirect type-II transition, and (d)
under illumination with compressive strain together leading to a piezopotential-induced band
bending. The core is wurtzite structured ZnO, and the shell is the zinc blend structured ZnS (in
green color). Dotted line in figure (b) represents the initial position of the valence band maxima
and the conduction band minima, whereas the solid lines represent the respective positions after

band realignment and/or compression of a nanowire.

Figure 4.10 Simulated piezoelectric potential distribution in ZnO core of ZnO/ZnS core/shell
nanowire under (a) uniaxial compression combined with bending, vertical color code scheme
represents the piezo-potential distribution mapping with strain (b) uniaxial compression only and
(c) bending only. This simulation neglects any piezo-potential contribution from the zinc-blend

7ZnS shell.

Figure 5.1 Schematic illustration of the ZnO nanowire array piezo-magneto-photo sensor
fabrication process. (a) ZnO nanowire array on ITO substrate synthesized through chemical vapor
deposition (CVD), (b) a ~2 um PMMA layer was spin coated onto the ZnO nanowire array, and
(c) the finished device mounted on a measurement cell, and (d) to achieve nanowire bending, load

is applied on top of silver coated polyester zigzag electrode.
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Figure 5.2 Structural characterization of a ZnO nanowire array, showing (a) low and (b) high
magnification tilted top view, FESEM images of as-grown, ZnO nanowire array, (c) low
magnification TEM image of a single ZnO nanowire, and (d) HRTEM image and (inset) SAED
pattern of ZnO nanowire depicting characteristic single crystal diffraction pattern.

Figure 5.3 Typical /I-V characteristic of ZnO nanowire array based piezo-magneto sensor in dark
under (a) compressional strain only and (b-f) under compressional strain combined with 600-3000
uT of external magnetic field. A successive decrease in peak current is apparent with increasing

magnetic field strength for any particular fixed strain amount.

Figure 5.4 Typical I-V characteristic of ZnO nanowire array based piezo-magneto sensor in dark
under high magnetic field strength (a) for 10 gf compressional load, and (b) under 20 gf

compressional load.

Figure 5.5 Typical I-V characteristic of ZnO nanowire array based piezo-magneto sensor in dark
under fixed compressional loads of (a) Ogf, (b) 5gf, (c) 20 gf, (d) 50 gf, and (e) 100 gf with varying
magnetic field strengths of 0-3000 uT. In each measurement condition the decreasing trend in peak

current (insets) with increasing magnetic field strength is preserved.

Figure 5.6 Summary of change in peak current in dark with (a) fixed strain and variable external

magnetic field strength and (b) fixed external magnetic field strength with variable strain.

Figure 5.7 Working mechanism of ZnO nanowire array piezo-magneto sensor, where (a)
represents the energy band diagram of Ag-ZnO before metallurgical contact is made, (b) after
contact in equilibrium under external forward bias and in dark, (c) under compressional load
generated polarization charge at inner surface of ZnO in proximity of Ag-ZnO interface, and (d)
under influence of external magnetic field applied parallel to the Ag-ZnO interface and
perpendicular to c-axis of ZnO nanowire growth. Direction of Lorentz force is displayed by x for
electrons and by - for holes. Solid lines and circles represent static and dotted ones represent
dynamic condition where band position are altered (dotted blue lines) and dotted circles

(empty/filled) represents charge carrier flow direction with arrows.

Figure 5.8 Typical /-V characteristic of ZnO nanowire array based piezo-magneto-photo sensor

under UV illumination density of 1.32 mW/cm? (a) compressional strain only and (b-f) under
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compressional strain combined with 600-3000 uT of external magnetic field. A gradual increase
in peak current is apparent with increasing magnetic field strength under steady UV illumination

density.

Figure 5.9 I-V measurements of ZnO nanowire array piezo-magneto-photo sensor in (a) dark and
under UV illumination density of 1.32 mW/cm? (b) steady state UV illumination density of 1.32
mW/cm? combined with varying magnetic field strengths of 600 to 3000 uT, and (c-f) in presence
of steady state UV illumination and fixed loads of 5, 20, 50 and 100 gf with variable magnetic
field strength of 600 to 3000 uT, respectively in each load condition. Insets represents the enlarged

view of the changes in peak current.

Figure 5.10 Summary of change in peak current under UV illumination density of 1.32 mW/cm?
with (a) fixed strain and variable external magnetic field strength and (b) fixed external magnetic

field strength with variable strain.

Figure 5.11 Working mechanism of ZnO nanowire array piezo-photo-magneto sensor, where (a)
under compressional load generated polarization charge at inner surface of ZnO in proximity of
Ag-ZnO interface in presence of magnetic field applied parallel to the interface and perpendicular
to c-axis of ZnO nanowire growth, bottom nanowire drawing represents the trapping of free
electrons by desorbed Oxygen molecule and (b) in presence of magnetic field, strain and UV
illumination., bottom nanowire drawing represents hole trapping by surface states releasing
Oxygen molecule and increasing the conductance. Direction of Lorentz force is displayed by x for
electrons and by - for holes. Solid lines and circles represent static and dotted ones represent
dynamic condition where band position are altered (dotted blue lines) and dotted circles

(empty/filled) represents charge carrier flow direction.
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Abstract
Piezotronic and piezo-phototronic is a burgeoning field of study which emerges from the coupling
of intrinsic materials properties exhibited by non-centrosymmetric semiconductors. In the past
decade research efforts were mainly focused on the wurtzite family of 1D nanostructures, with
major emphasis on ZnO nanowire nanogenerators, MS piezotronic transistors, LEDs and
photodetectors mainly integrated on single nanowires. In view of previously known advantages of
charge carrier separation in radial heterojunctions, particularly in type-11 core/shell nanowires, it
can be anticipated that the performance of photosensing devices can be largely enhanced by piezo-
phototronic effect. Moreover, the performance metrics can be further improved in an array of
nanowires where geometrical feature enabled multiple reflection can efficiently trap incident
illumination. The crux of this dissertation lies in the development of 3D type-11 core/shell nanowire
array based piezo-phototronic device and also to investigate the effect of magnetic field on ZnO

nanowire arrays based piezotronic and piezo-phototronic device for new class of sensors.

In this regard, prototype piezo-phototronic broadband photodetectors integrated on two material
systems, namely type-11 CdSe/ZnTe 3D core/shell nanowire arrays and fully wide band gap type-
Il ZnO/ZnS 3D core/shell nanowire arrays have been developed where the photodetection
performance of each device exhibits high sensitivity, fast response and large responsivity. The
application of piezo-phototronic effect further improves the device performance by three to four
orders of magnitude change numerically calculated from absolute responsivities at multiple

wavelengths.

A 3D ZnO nanowire array based new class of piezo-photo-magnetotronic sensor is also developed

for detection of pressure, illumination and magnetic field suggesting multiple functionality of a
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single device where more than one effect can be coupled together to exhibit piezo-magnetotronic

or piezo-photo-magnetotronic type of device behavior.

Keywords: 3D Photodetector, Piezoelectric, Piezotronic, Piezo-phototronic, Magnetic field,

Piezo-magnetotronic, Piezo-photo-magnetotronic.
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Chapter 1 Introduction and Background

1.1 Photosensors

Photosensor, which is a member of optoelectronic device family, is a generic name for two
distinct device types, namely phodetectors and photovoltaics. In a photodetector, resistance
(conductivity) changes in the presence of light whereas photovoltaic device produces a current or
voltage as its output under light.! Photodetectors are important in data transmission over optical
fibers by demodulation of optical variations into electrical variations which is amplified and
processed for information transfer in addition to other common applications found in relay
switches and security systems. The device function involves the interaction of photon with
semiconductor via three basic processes: 1) electron-hole pair generation by incident photon, 2)
charge carrier transport, and 3) extraction of charge carriers for signal generation.® The
photodetectors must also satisfy certain requirements as high sensitivity at operating wavelengths
and high response speed with minimum noise in addition to physical requirements such as compact
size, low biasing voltage need and reliable under operating conditions.® There are two classes of
photodetectors, namely thermal detectors which detect light by sensing the temperature rise and
photon detectors. The discussion of this work will be mainly focused on the semiconductor photon
detectors only which detect photons via quantum photoelectric effect through the photocurrent
contribution from photo excited charge carriers. As a pre-requisite for photons of a particular

wavelength to be absorbed in semiconductor materials the following relationship is obvious

_ hc _ 124
T AE T AE(eV)

(um) 1.1



here, A is photon wavelength, h is Plank’s constant, ¢ is speed of light and 4E is the gap between
energy levels. Here A represents the minimum wavelength detection limit and ho > 4E can also
cause photoexcitation. Usually 4E corresponds to the band gap energy of semiconductors but it
can also be barrier height as in metal-semiconductor photodetector or transition energy between
the impurity level and band edge as in extrinsic photoconductor depending on the type of
photodetector for which the type of material and wavelength of detection are optimized. In general,
the amount of light absorption, that determines the quantum efficiency of the photodetector, is
indicated by absorption coefficient which can be high for highly absorbing materials where
absorption mainly occurs near the surface. Low absorption coefficient value indicates that light
penetrates deeper into the materials and at extreme side the material can also be transparent for
incident wavelength causing no photoexcitation. Figure 1.1 represents the optical absorption

profile of some of the common semiconductor photodetectors.
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Figure 1. 1 Optical absorption coefficient for some common photodetector semiconductors.
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It is apparent from Figure 1.1 that the optical absorption coefficient is highly dependent on
wavelength of the photon and is usually non-uniform with maximum absorption taking place at
band gap edge. The signal of the photocurrent should be maximized for the sensitivity for which

the basic metric is quantum efficiency defined as the number of carriers produced per photon:

I I hv
n =Lh=p_h( ) 1.2
qe a \Popt

where, Iph is the photocurrent, ¢ is the photon flux, h is Plank’s constant, v is frequency of photon
and Popt is optical power. It can be seen in equation 1.1 that quantum efficiency v is a function of
wavelength principally because absorption coefficient o is dependent on wavelength. The ideal
quantum efficiency is unity however the losses occur either because of reflection, incomplete
absorption or recombination leading to reduced photocurrent. Another metric to photodetectors is

responsivity, described as

Ry = 2 = 14 _ 1Am) Ay 1.3
Popt v 1.24

The responsivity (R;) relates the electric current flowing in the device to the incident optical power,
ideally if every photon generates a single photoelectron a photon flux ¢ would produce an electron
flux ¢ corresponding to a short circuit current Iph = € @. From equation 1.3 it can be seen that R,
increases with wavelength because photoelectric detectors are responsive to photon flux rather
than optical power. As wavelength increases, a given optical power is carried by more electrons
which in turn produces more electrons.® These basic formulations applies equally well to
photoconductors which is a slab of semiconductor with Ohmic metal contacts, photodiodes which
works on the principle of depletion approximation formed between p-n junction and Schottky

barrier diodes where p (or n) semiconductor is replaced by a thin metal film which forms Schottky



contact with the type of semiconductor. The present work is mainly focused on the Schottky
contact devices hence any further discussion will be limited to Schottky barrier diodes. In order to
understand the behavior of these devices it is imperative to have the idea about the junction
formation. In particular, considering the case of n-type semiconductor with work function &,
smaller than the metal work function @, (Figure 1.2 (a)) net electron transfer occurs between
conduction band of semiconductor to metal side to realign the Fermi levels. As the process
continues the electrostatic potential of semiconductor is raised in other words electron energy is
lowered to achieve the equilibrium. Once equilibrium is established, no net charge transfer occurs

across the interface and CBM and VBM bends upwards near the interface region.

(a) Metal n-type Semiconductor  (b)  Metal n-type Semiconductor
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Figure 1.2 Schematics of Schottky junction formation between n-type semiconductor and
metal where work function of metal @y, > @, (a) relative position of Fermi levels and band
energies before metallurgical junction formation and (b) equilibrium band positions in dark
after junction formation and electron transfer from semiconductor conduction band minima
(CBM) to metal Fermi level has occurred. Due to increase in electron energies, the CBM and
VBM moves downward creating an upward band bending near metal-semiconductor interface

leading to formation of barrier restricting net flow of charge carriers across junction. The

bottom picture represents the formation of mobile charge carrier free depletion region.
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The migration of electrons from semiconductor leaves behind the uncompensated donor ions
creating a mobile charge free depletion region with equal and opposite polarity of charge layer
formed due to accumulation of electrons at metal side. The equilibrium contact potential Vo is the
difference between the metal and semiconductor work function @,, - @, which prevents net flow
of charge carriers across junction. The barrier for electron injection from metal to semiconductor
side is @, — y, where gy is the electron affinity measured from vacuum level to semiconductor
conduction band edge. The equilibrium potential difference V' can be tuned by application of
external bias or by inner piezopotential generated in wurtzite semiconductor under strain.” When
reverse bias voltage V is applied to the Schottky barrier, the barrier height is raised to Vp+V, the
electron flow from semiconductor to metal becomes negligible (Figure 1.3 (a)) whereas a forward
bias (Figure 1.3 (b)) reduces the barrier height for electron diffusion from semiconductor to metal
side by Vp —V giving rise to forward current. In either case flow of electrons from metal to
semiconductor is retarded by barrier height @,, — y, the diode equation for this case can be described

as:
I=1, (e% - 1) 1.4

Above description of n-type semiconductor-metal Schottky barrier can also be used to describe the
Schottky barrier formation for p-type semiconductor-metal junction with similar description of
forwards and reverse bias and equation 1.4 can be used to describe the current. In both the cases
the Schottky barrier is rectifying with higher current flowing in forwards direction and negligible
current flowing in reverse direction and that in each case the forward current is due to injection of
majority carriers from the semiconductor into the metal, therefore these devices are majority

carrier devices.
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Figure 1.3 A metal n-type semiconductor (MS) metallurgical junction formation and its
influence on relative alignment of conduction band minimum (CBM) and valence and maxima
(VBM). (a) MS junction under reverse bias (d) under forward bias. The I-V curve in the center
shows the two modes of electrical conduction where the MS diode is off resulting in no current

in reverse bias and MS diode on resulting in high current under forward bias.

1.2 Nanostructured photosensors
1.2.1 Quantum dot (0D) and thin film (2D) photodetector

Nanostructured materials are attractive for photodetection application because of their high
surface to volume ratio and also providing an opportunity of device miniaturization in addition to
other advantages arising from reduced dimensionality. In particular, nanostructures such as
quantum dots® and nanoparticles® exhibit phenomena such as absorption of ultraviolet light,
plasmonic enhancement of absorption,° size-based spectral tuning, multiexciton generation, and
charge carrier storage in surface and interface traps and can be integrated with conventional silicon
electronics! and large area flexible substrates.!? Figure 1.4 represents a schematics of few
configurations of nanostructured photodetectors relying on photodiode (Figure 1.4 (a)) and

photoconductor (Figure 1.4 (b)) mechanism of detection.
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Figure 1.4 Schematics of charge separation mechanism, device structure and configurations
of few nanostructured photodetectors, (a) Drift and diffusion of both electrons and holes are
exploited in photodiodes. This spatial band diagram depicts the junction between a p-type
(hole-rich, left side) and n-type (electron-rich, right side) semiconductor near equilibrium, (b)
In a photoconductor, one type of carrier is trapped while the other circulates under the influence
of an electric field (electrons are trapped in this depiction), (c) Bulk-heterojunction
photodiodes made from a polymer—nanocrystal (NC) composite exploit charge separation
across the interface between the polymer matrix and the nanoparticles, and rely on differences
in work function between the top and bottom contacts, (d) photodiodes consist of a single phase
of a quantum-dot thin film across which electrical contacts having different work functions.
(e) lateral photoconductors employ coplanar electrodes coated with a continuous film of
nanocrystals (f) The conductance of this lateral three-terminal photodetector can be modulated
by electrical and/or optical fields (shown in red). The channel in this device is a carbon
nanotube. The localized gates V1, V2 and the global back gate Vg achieve selective electrostatic
doping along the SWNT. Vsp is the source-drain voltage. (Reproduced with permission, ©
2010 NPG)*




As seen in Figure 1.4 (a), a photodiode utilizes both types of photo excited charge carriers,
namely electrons and holes contribution towards current leading to a quantum efficiency of unity.
In order to increase the quantum efficiency of photodiodes alternative mechanism such as
avalanche or carrier multiplication may be employed. However, photodiodes can have fast
response times which is only limited by electron-hole recombination time that is of the order of
microseconds or less making these devices useful for high speed application as required in fiber
optical communication where more than 40 Gb/sec or higher data transmission rates are desirable.
Figure 1.4 (b) illustrates a photoconductor which works on the principle of utilizing only one type
of charge carrier either electrons as in n-type semiconductor or holes as in p-type semiconductor
whereas keeping the other carrier type trapped in near surface defect states or in the bulk of the
semiconductor thereby significantly reducing the recombination rate and prolonged carrier lifetime
before it can finally recombine with its counterpart.* These device types usually are characterized
by high responsivity values ranging from 100-1000 AW-1 though the tradeoff is reduced
bandwidth. Figure 1.4 (c) shows a nano crystals embedded polymer thin film photodetector
whereas®® Figure 1.4 (d) is a thin film of colloidal quantum dots deposited on a conducting ITO
substrate by spin coating where an organic material was employed to provide the phase for carrier
transport and quantum dots having type-II band alignment with polymer provided the
sensitization.1*%® The thin film analogue of photodetector (Figure 1.4 (e)) was also fabricated by
solution casting of nanocrystal between patterned gold electrodes to achieve superior
photodetection compared to its epitaxial counterpart.’® In a quest to achieve high gain
photodetectors where each incident photon can produce multiple electron-hole pairs
electrostatically doped split gate field effect transistor device integrated on single walled carbon

nanotube (Figure 1.4 (f)) was reported which was truly a one dimensional photodetector and



indicated the potential for nanowire based phodetectors can be advantageous for photodetection in

near-infrared and visible and UV part of the spectrum.”°

1.2.2 Nanowire (1D) photodetector

One dimensional nanostructures such as nanowire, nanorod, nanopillar and nanotubes have
unique optical, mechanical, electrical and thermal properties which can be advantageous for
photodetection applications.? The construction and integration of photodetectors or optical
switches based on such nanostructures with tailored geometries have rapidly advanced in recent
years.?122 Especially, two main factors contributing to the high photosensitivity of such
nanostructures should be recognized: 1) the large surface-to- volume ratio and the presence of deep
level surface trap states in NWs greatly prolongs the photocarrier lifetime; 2) the reduced
dimensionality of the active area in NW devices shortens the carrier transit time. Indeed, the
combination of long lifetime and short transit time of charge carriers can result in substantial
photoconductive gain.?®?® This nano-macro interface is fundamental to the integration of
nanoscale building blocks in electrical or optoelectronic device applications.??” Of particular
importance are earth abundant metal oxide nanowires?®2° such as Zn0,*® Sn02,3! Cu,0,% In,03*
and other binary semiconductors®* such as CdSe,* GaN,*® CdS*" owing to their excellent optical
and electrical properties which in form of nanowire provides unidirectional charge carrier
transport. However, due to relatively easier synthesis and versatility to grow various shapes and
morphology on practically any substrate, ZnO has gained tremendous attention of research for
optoelectronic device development.®®% In particular , owing to its wide band gap (3.2 eV) ZnO
nanowire have found application in UV-visible blind photodetection with large photoresponse
under low illumination intensities of ~ 10 pm/cm? translating to a photoconductive gain of G >

108 which was attributed to enhanced carrier lifetime through high density of surface trap states.?®



1.2.3 Piezo-phototronic photodetector

In view of intrinsic piezoelectric property arising from non-centrosymmetric*® wurtzite
crystal structure, the nanowire based device application of ZnO,* GaN,*?*® CdS* and CdSe® etc.
can be further tuned by application of external stress which results in piezo polarization charges
under elastic deformation limits. The coupling of piezoelectric, semiconducting, electrical and
optical properties can effectively tune/control the charge carrier generation, recombination,
transport and/or separation across an interface/junction and is known as piezotronic/piezo-
phototronic effect, a word coined in 201 0 by Z. L. Wang group.?“® Figure 1.5 represents two basic
modes of elastic deformation mechanism where Figure 1.5 (a) represents transverse bending with
one end of nanowire fixed to the substrate and Figure 1.5 (b) is uniaxial compression/tensile mode
of elastic deformation. It can be seen in Figure 1.5 (a) that the piezopotential distribution is radially
asymmetric whereas it is axially asymmetric in case of compressional/tensile deformation in

Figure 1.5 (b). The origin and asymmetry in piezopotential distribution is fundamental building

block of piezotronic and piezo-phototronic effect.
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Figure 1.5 Piezoelectric potential distribution in a ZnO nanowire under transverse and
longitudinal deformation, (a) transversely bent piezoelectric nanowire, (b) c-axis grown
nanowire under axial strain. The dimensions of the nanowire are L= 600 nm and a= 25 nm;

the external force is f, = 80 nN. (Reproduced with permission,?> © 2010 ACS)
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The concept of piezo-phototronic effect has been successfully applied to enhance the
device performance of many photodetectors based on one dimensional nanostructures.*’ For
instance, the sensitivity of a single ZnO micro-/nanowire based UV photodetector was increased
by more than 500% under nominal (-0.36%) compressional strain*® and also in single CdSe
nanowire based photodetector where the sensitivity of photodetection was found to highly depend
on the applied strain.*® However, the spatial confinement of charge carrier in a single conducting
channel is disadvantageous for device performance due to increased recombination probability.
To overcome this drawback, alternative approach of separating electron-hole pairs in different
conducting channels is critical to inhibit recombination and increased device performance. In this
regard, type-11 core/shell nanowire heterostructure in which electrons and holes are separated and
confined in spatially different conducting channels is considered as a viable approach.>’->* Based
on this principle, a single ZnO/CdS core/shell micro-/nanowire piezo-phototronic photodetector
was realized where the performance of the photodetector was enhanced by more than 10 time by
application of piezo-phototronic effect.>® These findings are intuitive and can also be applied to
array of piezoelectric nanowires which exhibit excellent electrical properties due to multichannel
charge transport via parallel connected nanowires in an array®®-°® and also exhibit enhanced photo
absorption due to geometrical features which enables multiple reflection and trapping of incident
illumination.®®® These features of three dimensional core/shell nanowire arrays have been
successfully employed in realizing the UV/visible photodetector based on carbon fiber/ZnO/CdS
double shell microwire®! and recently, in optical-fiber-nanowire hybrid structure®? suggesting that
three dimensional core/shell nanowire arrays are a very promising candidate for piezo-phototronic

device applications.

11



1.3 Nanostructured magneto sensors

The effect of external magnetic field in certain specific configurations such as the relative
direction of current flowing through a conductor (semiconductor) and the direction of external
magnetic field are of particular importance in view of Hall effect, which has strong effect in
semiconductors and magnetoresistance, which is usually extremely small for many substances
even under strong magnetic fields and is significant only in strong magnetic materials.® On
semiconductors application of external magnetic field results in two distinct effects namely Hall
effect and carrier deflection leading to magnetoconcentration assuming that the field has liner
effects only.®* Especially for semiconductor materials, in particular for InSb bilayer p-n channel
external magnetic application has resulted in controlling the carrier generation and recombination
rate.5>%  Strong magnetic field measurements performed on Si revealed high
magnetoresistance®”% and similar measurements on HgCdTe diode has resulted in observation
magnetoconductance.®® The basic physics of Lorentz force induced carrier deflection was also
applied to investigate the effect of external magnetic field on a Germanium p-n junction
photovoltaic device®® and recently in developing a prototype magnetic field reconfigurable
Boolean logic device based integrated on planar InSb p-n junction.”® From these findings of
magnetic field effect on semiconductors it is apparent that nanostructured semiconductors are also,
in principle, prone to exhibit some of these characteristics such as magnetoresistance and
magnetoconcentration which can modify the conductance leading to alter the device performance.
In view of reduced dimensionality interesting effects can be anticipated to be observed which may
pave way for new type of sensorics which may combine piezoelectric, semiconducting and
optical/electrical properties of nonmagnetic semiconductors, however so far the scientific literature

in this area is scarce.’®
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1.4 Overview of this dissertation

The thesis will mainly be divided in two sections based on slightly different but intricately
connected theme of study. The first part, which includes Chapters 3 and 4, of the work presented
in this thesis will demonstrates the novelty of piezo-phototronic devices based on nearly lattice
matched or abruptly interfaced three dimensional type-11 core/shell nanowire arrays. In second
part, which is Chapter 5, effect of external magnetic field on piezotronic and piezo-phototronic
effect will be investigated and findings will be discussed. Here follows a short abstract for each

chapter.

Chapter 2 will describe the theoretical formulation of piezotronic, piezo-phototronic and piezo-
magneto-phototronic effect which arises from the coupling of intrinsic semiconducting and
piezoelectric property exhibited in non-centrosymmetric wurtzite semiconductor crystal. The
investigation of external magnetic field effect of the performance of piezotronic and piezo-
phototronic device reveals that deflection of charge carriers through Lorentz force plays a

dominant role in modifying the conductance of nanowires in presence of surface defects.

In Chapter 3, a broad-band photodetector based on I1-VI binary CdSe/ZnTe core/shell nanowire
arrays will be demonstrated, where enhanced photo-detection by the piezo-phototronic effect will
be discussed in detail. The photodetector performance under UV (385 nm), blue (465 nm) and
green (520 nm) illumination infers a saturation free response with an intensity variation near two
orders of magnitude that resulted a (%) responsivity change by four orders of magnitude. The
significant increase in responsivity was attributed to: (1) the piezo-phototronic effect induced by
a change in the Schottky barrier height at the Ag-ZnTe junction, and in the type-11 band alignment
at the CdSe-ZnTe interfaces, in conjugation with (2) a small lattice mismatch between the CdSe

and ZnTe epitaxial layers, which lead to reduced charge carrier recombination.
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In Chapter 4, a high-performance broad band UV/Visible photodetector fabricated on a fully wide
bandgap ZnO/ZnS type-II heterojunction core/shell nanowire array will be discussed. The device
can detect photons with energies significantly smaller (2.2 eV) than the band gap of ZnO (3.2eV)
and ZnS (3.7 eV) which is mainly attributed to spatially indirect type-II transition facilitated by
the abrupt interface between the ZnO core and ZnS shell. The performance of the device was
further enhanced through the piezo-phototronic effect induced lowering of the barrier height to
allow charge carrier transport across the ZnO/ZnS interface, resulting in three orders of relative
responsivity change measured at three different excitation wavelengths (385 nm, 465 nm and 520

nm).

Chapter 5 will present the findings of the external magnetic field effect on ZnO nanowire array
based piezotronic and piezo-phototronic device. The experimental observation of external
magnetic field effect under compressional strain and optical illumination exhibits coupling of
aforementioned three stimuli, where they act synergistically to alter the device performance. This
is the first work of its kind whose findings anticipates novel sensorics applications and multiple

functionalities in a single device.
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Chapter 2 Theoretical Framework

2.1 Piezoelectric nanostructures

Discovery of piezoelectric properties dates back to over more than a century, however,
until recently there has been relatively less use of nanostructured piezoelectric materials in devices.
The very first study of piezoelectricity in nanostructured material was demonstrated in ZnO
nanowires and mechanical to electrical energy conversion was successfully achieved by coupling
of semiconducting and piezoelectric properties and the device was named as nanogenerator with a
vision to power up micro/nano devices for biomedical applications.? Since then the research has
been focused on improving the power conversion efficiency of ZnO nanowires by utilizing arrays
where multiple nanowires in parallel connection may deliver higher current and hence higher
power ratings.® Since piezoelectric property arises due to lack of center of symmetry in crystal unit
cell which is responsible for ZnO piezoelectricity it can be extended to any semiconductor from
wurtzite family. Recently, the nanogenerators based on GaN,* CdSe,® CdS,® and InN” has been
successfully demonstrated proving that the principle of nanogenerator is extendable to several
other semiconductor compounds. In particular, ZnO has a hexagonal structure with anisotropy
along two mutually orthogonal directions, specifically along c- and perpendicular to c-axis. Figure
2.1 displays the microscopic origin of polarization charges in non-centrosymmetric hexagonal
structure. As can be seen that tetrahedral Zn?* and O% ionic co-ordination, Figure 2.1 (a), in a
particular unit cell is the underlying mechanism that gives rise to microscopic dipoles, Figure 2.1

(b), under external stress. These microscopic dipoles then constructively adds up giving rise to
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macroscopic dipole resulting in localization of immobile piezo-charges at nanowire ends which

creates the piezo-potential and responsible for potential drop along c-axis of nanowire.
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Figure 2.1 A schematics representing the non-centrosymmmetry in (a) tetrahedral Zn?* and O%

(b)

ionic co-ordination under external stress, (b) resulting microscopic dipole in one such
tetrahedral unit, (c) several such unit cell participation resulting into macroscopic polarization,
and (d) COMSOL simulated pictorial representation of polarization with color code scheme and

magnitude of piezo-potential.

Under elastic structural deformation limit, the piezopotential created at nanowires ends can drive
the flow of electrons through external circuit giving rise to mechanical to electrical energy
nanogenerator phenomena. The distribution of piezopotential in a c-axis ZnO nanowire has been
theoretically calculated using the Lippman theory®%in a dopant free ZnO nanowire. For a ZnO
nanowire with a length of 1200 nm and a hexagonal side length of 100 nm, a tensile force of 85
nN creates a potential drop of approximately 0.4 V between the two ends, with the +c-side positive
(Figure 2.2 (a)). When the applied force changes to a compressive strain, the piezoelectric potential
reverses with the potential difference remaining 0.4 V but with the —c-axis side at a higher
potential. The nanowire when connected to external bias under illumination can give rise to
enhanced photo-current under piezopotential which can also act as gate filed for piezotronic

transistor (Figure 2.2 (b)).
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Figure 2.2 Piezopotential created inside a nanostructure, as represented by the color code, is
the fundamental physics for nanogenerator and piezotronics. (a) Nanogenerator is based on a
process of piezopotential driven flow of electrons in the external load. (b) Piezotronics is about
the devices fabricated using a process of piezopotential tuned/controlled charge carrier transport
at the metal-semiconductor interface or p—n junction. Piezo-phototronics is about the devices
fabricated using piezopotential to control charge carrier generation, separation, transport and

recombination processes at the interface/junction. (adapted with permission from reference?!)

2.2 Coupling of piezoelectric and semiconducting properties

A very simple field effect transistor (FET) built on a semiconductor nanowire with
conducting end electrodes can be assumed with the ends functioning as source and drain electrode
and the gate voltage can be applied either from the top with a gate electrode or from the bottom
substrate. By applying a source to drain voltage, Vps, the charge carrier transport process in the
semiconductor FET is tuned/gated in the presence of an externally applied gate voltage Ve.
Alternatively, the gate voltage Vs can be replaced by the inner piezopotential generated under
elastic mechanical deformation to tune/control the charge carrier transport across the channel.!

This type of transistor is called as piezotronic transistor bearing the name from inner piezopotential
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acting as gate field, in other words the charge transport across the channel can be controlled/tuned

by applying stress to the device which gives rise to several interesting phenomena.

Before Contact No External Bias
(a) f : (b) 1B
........t ....... ECIS EEEEEEEEEENREERNDS
i RS adg
. EFm
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n-type-Reverse Bias n-type-Forward Bias
Figure 2.3 A metal n-type semiconductor (MS) metallurgical junction formation and its
influence on relative alignment of conduction band minimum (CBM) and valence and maxima
(VBM). (a) before metallurgical contact of semiconductor to metal is made, (b) equilibrium
contact position of Fermi levels and energy bands after junction formation and in the absence
of external bias and illumination, (c) the same MS junction under reverse bias and illumination
and (d) under forward bias and illumination. The 1-V curve in the center shows the two modes
of electrical conduction where the MS diode is off resulting in no current in reverse bias and

MS diode on resulting in high current under forward bias.
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2.2.1 Piezotronic effect

Figure 2.3 displays a typical metal-semiconductor (MS) junction for an n-type
semiconducting material where the work function (e¢m) of the metal is larger than the
semiconductor work function (¢s), as in Figure 2.3 (a). When the metal is brought in contact with
semiconductor, owing to the semiconductor Fermi level, which was initially higher than metal, the
charge transfer occurs until the Fermi level aligns at equilibrium (Figure 2.3 (b)).2 The Fermi level
alignment at equilibrium results in raising the electrostatic potential of the semiconductor (i.e.
lowering of electron energies) relative to the metal. In n-type semiconductor a depletion region W
is formed (Figure 2.3 (b)) near the junction. The positive charge due to uncompensated donor ions
within W is equal in magnitude and opposite in sign at metal side, however this region is negligibly
thin. The equilibrium contact potential Vo developed at the junction prevents further net diffusion
of electrons from semiconductor conduction band to metal. The current through the junction can
only pass in forward direction i.e. when the external bias is applied with positive polarity on metal
side. The equilibrium potential difference can be modified by application of external bias (Figure
2.3 (c-d)) or by internal piezopotential generated under elastic deformation, termed as piezotronic
effect as mentioned earlier. In a nutshell, piezotronic effect is to use piezopotential to tune/control

the charge transport across an interface/junction.®

As seen in figure 2.4 (a), the barrier height on metal side prevents net diffusion of charge
carriers which decreases under illumination as a result of newly generated electron-hole pairs in
addition to increasing the conductance. Once the strain is created in n-type semiconductor, which
is also piezoelectric, a negative piezopotential at the junction effectively increases the barrier
height whereas a positive piezopotential decreases the barrier height. The strain, tensile or

compressive, dependent polarity of piezopotential can then be carefully chosen so as to
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tune/control the barrier height in a favorable manner. The same principal and mechanism can be

extended to p-n junction based devices as well.

. < E -
Metal n-type (plepzﬁ

Figure 2.4 Energy band diagram for illustrating the effects of laser excitation and
piezoelectricity on a Schottky contacted metal-semiconductor interface, (a) Band diagram at a
Schottky contact after exciting by a laser that has a photon energy higher than the bandgap,
which is equivalent to a reduction in the Schottky barrier height, (b) Band diagram at the
Schottky contact after applying a strain in the semiconductor. The piezopotential created in the
semiconductor has a polarity with the end in contacting with the metal being low. (adapted with

permission from reference?)

A piezotronic transistor involves a piezoelectric semiconductor, hence electrostatic
equations, current density equations, and continuity equations are required to describe the static
and dynamic charge carrier transport.}* Additionally, piezoelectric equations are needed to
describe the behavior of piezoelectric materials under dynamic stress conditions.’® The basic

electrostatic behavior can be described by Poisson equation:

Vi = (2.2)
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where, yi is the electric potential distribution and p(r) is the charge density distribution and ¢ is the
permittivity of the material. The current—density equations that correlate the local fields, charge

densities and local currents are:

Jn = ql,lnnE"'anVn,

Jp = quppE—qD,Vy, (2.2)
Jcond = Jnt+Jp

Where, Jy and Jp are the electron and hole current densities, q is the absolute value of unit
electronic charge, pun and pp are electron and hole mobilities, n and p are concentrations of free
electrons and free holes, Dy and Dy are diffusion coefficients for electrons and holes, respectively,

E is the electric field, and Jcond is the total current density.

The charge transport under external field is described by continuity equations:*

0 1

a_Ttl =G, — Uy +Ev'ln (2.3)
op __ 1 .

E_Gp_up _EV In

where, Gn and Gp are the electron and hole generation rates, U, and Uy are the recombination rates,

respectively.

The piezoelectric behavior of the material is described by a polarization vector P.
(P); = (&)ijk (S)jk (2.4)

Where, Sjk is a uniform mechanical strain and (e)ij« is a third order piezoelectric tensor. According

to conventional theory of piezoelectric and elasticity, the constitutive equation can be written as

6 =cgS — e'E
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D =eS +KE (2.5)

where o is the stress tensor, E is the electric field, D is the electric displacement, ce is the elasticity
tensor, and Kk is the dielectric tensor. These equations can be applied to obtain analytical solutions
and to visualize simplified charge distribution in metal-semiconductor contact in the presence of

Schottky barrier as shown in Figure 2.5.

(a) Metal n-type —> c-axis
A
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Figure 2.5 Ideal metal-semiconductor Schottky contacts with the presence of piezoelectric
charges at applied voltage V=0 (thermal equilibrium). (a) Space charges distribution; (b)
electric field and (c) energy band diagram with the presence of piezoelectric charges. Dashed
lines indicate electric field and energy band in the absence of piezoelectric charges, and the
solid lines are for the cases when a piezopotential is present in the semiconductor. (adapted
with permission from reference?)
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The charge distribution at metal-semiconductor (M-S) interface is shown in Figure 2.5 (a),

assuming that semiconductor is n-type. Under external strain the immobile piezo charges at

semiconductor side of M-S interface modifies the Schottky barrier height and the depletion

changes accordingly. Additionally, the piezopotential provides advantage in tuning the barrier

height and depletion width by various magnitudes through changing the amount of strain applied

on device. The carrier transport across M-S junction is dominated by majority carriers. The current

density equation 2.2 can be written as!
an
J =Jn = quanE + aDnE

where,

ay; — dEc

E = =
dx dx

The solutions under forward bias, according to diffusion theory, can be obtained as*

Jn = Jpexp (=228 [exp (£2) - 1]

where,

] =q2DnNC quD(ll}bi_V)ex (Q¢Bn)
D= kT p Pkt

(2.6)

2.7)

Jp is the saturation current density. We can define Jpo as saturation current density in the absence

of piezoelectric charges

) _ 4DnNc [2aNp@Wbio=V) , (q<p3no)
bo KT e P\ r
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where, wnio and ¢@sno are built-in potential and Schottky-barrier height in the absence of
piezoelectric charges. In our case, the effect of piezoelectric charge can be considered as a

perturbation to the conduction-band edge Ec. The change in effective Schottky barrier height:

q*PpiezoWpi
®n = PBno — ple;z — (2.9)
and current density,
qu iezoWziezo %4
Jn = Jpexp (—p zngp ) [exp (Z—T) - 1] (2.10)

This means that the current transported across the M-S interface is an exponential function of the
local piezo-charges, the sign of which depends on the strain. Therefore, the current to be
transported can be effectively tuned or controlled by not only the magnitude of the strain, but also
by the sign of the strain (tensile vs. compressive). This is the mechanism of the piezotronic

transistor for M-S case.!

2.2.2 Piezo-phototronic effect

In wurtzite semiconductors, such as ZnO, CdSe, GaN, InN and CdS, application of external
stress result into a piezoelectric potential (piezopotential). The appearance of inner piezopotential
can be effectively used as a “gate” voltage to tune/control the charge carrier generation, transport,
and/or recombination processes at the vicinity of a M-S/p—n junction, and is known as piezo-
phototronic effect.! The presence of piezoelectric polarization charges at the interface/junction can
significantly affect the performance of light emitting diode (LED), photodetector and solar cells.
The equations governing the semiconductor and piezoelectric behavior described earlier through
equations 2.1 to 2.5 can also be applied as basic governing equations to describe piezo-phototronic
effect. This effect can further be elaborated considering a simple metal-n-type-semiconductor-

metal piezo-phototronic photodetector. The thermionic emission theory can be adapted for the
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charge carrier transport,'?> assuming that the measurement of photon-induced current is an
indication of photon intensity, which can be estimated theoretically by appropriate current density

equation under forward bias:
q q
Jp = A*T?e kr¥n (eﬁ" — 1) (2.11)

where, A*is the Richardson constant, T is temperature, ¢n is the effective Schottky barrier height,
and V is the applied voltage across the contact. For a reversely biased metal-n-type semiconductor
junction, however the thermionic emission theory could not be accurately applied as it neglects
the tunneling effects.'® In the particular case of reversely biased Schottky contact the thermionic
field emission theory should be used to calculate the photocurrent density as an indicator of photon

intensity:!’

q q q
J = Jope Fo?ne Rl E) (2.12)

where, Jsv is the slowly varying term regarding applied voltage and Schottky barrier change, Vr is
the reverse voltage, q is electron charge, k the Boltzmann constant, and Eo is a tunneling parameter
of the same order of but larger than kT. Usually Eo is larger than kT, and is constant regarding
barrier height and applied voltage, so it is reasonable to assume that Eo = akT, with a>1, so (2.12)

now becomes,!

1
Jr =]sve‘fﬁ"’”ev’*'3_r(1‘5) (2.13)

As we know that photons (ho) with energy greater than the band gap (Eg) of optical absorber will
produce electron-hole pairs and under steady state illumination condition, the excess charge carrier

concentration is constant which can be written as
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An = Ap = 1,,G,(I) (2.14)

where, n is the excess electron concentration and p the excess hole concentration under light
illumination, T, is the carrier lifetime, and G.(l )is the rate of photon generation, which is a function
of light intensity.'8 In the absence of external bias and under equilibrium, the Fermi level of metal
was aligned to Fermi level of semiconductor which is no more a valid case under photoexcitation
as the excess charge carriers generated by photoexcitation results in splitting of previously aligned
Fermi levels into two quasi Fermi levels for electrons and holes accordingly.'® As long as the
photoexcitation is steady these quasi levels are preserved and cab be describes for electrons (Ern)

and holes (Erp) as follows:

Er, = Ep + kT In (22) (2.15)
0
Ep, = Ep — kT In (%) (2.16)

A slight modification in equation 2.9 provides a way to quantify the change in magnitude of

Schottky barrier height by piezo charges and is written as:

1
Agopiezo = - Z_EPpiezonziezo (2.17)

where, ppiezo IS the density of the strain-induced piezo-charges at nanowire side of the metal—
semiconductor junction, and Whiezo is the width of the piezo-polar charge distribution adjacent to

the interface.!

As mentioned in section 2.2.1, polarization charges produced as a result of elastic
deformation are immobile and mostly remain localized at the ends of the nanowire-metal interface,

shown in Figure 2.6 (a). It should be noted that the entire description of the piezo theory considers
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wurtzite semiconductors as a prerequisite and some of these nanowire single crystals, such as ZnO,

CdSe and GaN, preferentially grow along c-axis, the axis along which stress is applied.
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Fig. 2.6 Illustration of ideal metal-semiconductor—metal structures with the presence of piezo-
charges and photon generated charges. (a) Space charge distribution and corresponding (b)
energy band diagram in the presence of piezo charges and photo generated charges. Dashed
lines stand for original barriers without strain nor photoexcitation. The solid line is the finally
tuned band structure by the piezo-charges, with one end being lifted up and one side being

lowered. (adapted with permission from reference?)

The piezo-polarization along this direction can be described as:
P = e33533 = ppiezolwpiezol = _ppieZOZWpiezoz (2.18)

where, es3 is piezoelectric constant, and szs denotes the strain along the c- axis, ppiezo1 IS the density
of the strain-induced piezo-charges at contact 1, and ppiezo2 IS the density of the strain-induced
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piezo-charges at contact 2. The change in Schottky barrier height resulting from photoexcitation
under steady state and piezo polarization charges can be combined together for quantification

purposes:
1 kT +A
Ap, =— ;ppiezowpziezo T In (u) (2.19)
giving rise to modified barrier height,

Pn = Pno + L@y (2-20)

where, @no iS the magnitude of Schottky barrier height prior to strain or steady state
photoexcitation. The total electron only current density across a forward biased Schottky contact

is:

+A 1
Jn =Jno (no n) exp (:_T;ppiezowpziezo) (2.21)

No

where, Jno is the current density in the absence of photoexcitation or external strain, and
q a
Juo = A'T?e k% (ekr” — 1)

It should also be noted that the sign of polarization charges depend on the direction of strain
(compressive or tensile), appearance of piezo charges can enhance or inhibit the photo excited

charge carrier generation and their transport across junction.

2.3 Coupling of piezoelectric-semiconducting and magnetic properties

The coupling of piezoelectric and semiconducting materials electrical and optical
properties have been extensively studied in the past decade that resulted in the novel physics of
piezotronics and piezo-phototronics. Many useful device concepts such as piezotronic transistor,2*-

22 photodetectors,?>?7 solar cells?®2° etc. have been successfully demonstrated which opens up new
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directions of exploring functional devices based on combination of intrinsic properties or external

effects such as strain, electric field or magnetic field.

For instance, a recent study investigates the effect of high strength external electric field
on the performance of single ZnO nanowire based piezotronic device.*® Findings of this study
suggests that piezotronic effect which arises from the coupling of intrinsic piezoelectric and
semiconducting properties experiences dramatic changes under external electric field and the
carrier transport across Schottky contact can be significantly altered by changing electric field
strength. In a similar way, it can be anticipated that external magnetic field should also have similar
effects on carrier transport across Schottky contacted metal-semiconductor device though the
effect may not be as significant. The effect of external magnetic field has been, to some extent,
studied in magnetotransistor theoretically by modelling of magnetic field induced conductivity
modulation under constant direction of magnetic field.3! It was found that the electron and hole
distribution changes under the action of Lorentz force resulting in electron and hole concentration
to either grow or drop, especially near junction region, depending on sensitivity and affecting the
recombination rates accordingly. The effect of a magnetic field on the carrier flow along the region
of the bulk charge at the junction induces the Lorentz force deflecting the carriers either toward or
away from the junction. The Lorentz force and the force of the bulk charge electric field can be
added or subtracted, which leads to redistribution of the concentrations of carriers on the bulk
charge area boundary. The magneto concentration effect of modulation of charge carriers in the
region of the metal-semiconductor junction determines the current variation along with other
sensitivity mechanisms. Apart from the governing effect of carrier deflection under the action of

the Lorentz force, the sensitivity of the device is affected by the variations in the distribution of
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the injected carriers near the emitter in the high density current region®? and the corresponding

variation in bulk recombination. When a current with density J flows along the M-S junction:
F,=]XB (2.22)

the Lorentz force FL occurs in the magnetic field with magnetic flux density B and affects the
charge carrier flow perpendicular to the junction. The modulation magnitude is dependent on

current density Ic, channel length Lc and width We.

Jo = —% (2.23)

- (LexWe)

Under thermal equilibrium the electric field in the area sufficiently distant from the junction
regions is negligible, therefore the total charge per square unit in the proximity of the junctions
is equal in magnitude and opposite in polarity. Considering a metal-n-type semiconductor junction,
the majority carriers being electrons it can be approximated that Lorentz force predominantly
deflects electrons, the current density from majority carrier electrons in the magnetic field can be

described as:

kT d
Jn = qun (nE + Fd_;l) +/nl 6y (2.24)

where, J, L is component perpendicular to the magnetic field and 8,, is determined by mobility,

concentration and the Hall constant, which can be described as

tan 0,, = qu,nR,(B)n (2.25)
Limiting the consideration only by the drift current component:

En =Jn L Rp(B)n (2.26)

and,
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Xn(H) = x,(0) = JnRu(B)n -~ (2:27)

Xn—xp[H]

|Em| = qNp (2.28)

&

where, Em is the maximum electric field value attained at x=0 due to deflection of charge carrier
near junction region, Xn, Xp IS the thickness of the bulk charge across semiconductor-metal side,
respectively. For the particular case of metal-n-type semiconductor junction it is reasonable to
assume that minority holes do not contribute to current significantly and can safely be neglected.
Thus, in a magnetic field the conductive layers are formed close to the junction’s bulk charge and
the contact potential difference of the junction changes. Altogether, this leads to a change in the

current flowing from across the interface.

2.4 Conclusion

The theoretical framework described in this chapter focusses on three major aspects
namely, piezotronic, piezo-phototronic and piezo-magneto-phototronic fundamentals and are
highlighted through basic mathematical formulations considering the semiconducting and
piezoelectric properties inherently exhibited by wurtzite crystal structure. The mathematical
formulation also clearly describes the coupling mechanism of semiconducting and piezoelectric
property leading to observation of piezotronic and piezo-phototronic effect which is responsible
for achieving enhanced device performance. The effect of external magnetic field on dynamic state
of charge carrier transport and coupling of Lorentz force with piezotronic and piezo-phototronic
effect opens up new research direction for realizing multiple functionalities from a single device.
However, the field of piezo-photo-magnetotronic is still in infancy and continued research efforts
are expected to understand the basic mechanism thoroughly and to enrich the viable device

applications beyond proof of concept demonstrations achieved from our group.

39



References

1. Wang, Z. L., Piezotronics and Piezo-Phototronics. Springer: 2013; p 248.

2. Wang, Z. L.; Song, J., Piezoelectric Nanogenerators Based on Zinc Oxide Nanowire
Arrays. Science 2006, 312 (5771), 242-246.

3. Wang, X.; Song, J.; Liu, J.; Wang, Z. L., Direct-Current Nanogenerator Driven by
Ultrasonic Waves. Science 2007, 316 (5821), 102-105.

4. Huang, C.-T.; Song, J.; Lee, W.-F.; Ding, Y.; Gao, Z.; Hao, Y.; Chen, L.-J.; Wang, Z. L.,
GaN Nanowire Arrays for High-Output Nanogenerators. Journal of the American Chemical
Society 2010, 132 (13), 4766-4771.

5. Zhou, Y. S.; Wang, K.; Han, W.; Rai, S. C.; Zhang, Y.; Ding, Y.; Pan, C.; Zhang, F.; Zhou,
W.; Wang, Z. L., Vertically Aligned CdSe Nanowire Arrays for Energy Harvesting and
Piezotronic Devices. ACS Nano 2012, 6 (7), 6478-6482.

6. Lin, Y.-F.; Song, J.; Ding, Y.; Lu, S.-Y.; Wang, Z. L., Piezoelectric nanogenerator using
CdS nanowires. Applied Physics Letters 2008, 92 (2), -.

7. Huang, C.-T.; Song, J.; Tsai, C.-M.; Lee, W.-F.; Lien, D.-H.; Gao, Z.; Hao, Y.; Chen, L.-
J.; Wang, Z. L., Single-InN-Nanowire Nanogenerator with Upto 1 VV Output Voltage. Advanced
Materials 2010, 22 (36), 4008-4013.

8. Gao, Y.; Wang, Z. L., Electrostatic Potential in a Bent Piezoelectric Nanowire. The
Fundamental Theory of Nanogenerator and Nanopiezotronics. Nano Letters 2007, 7 (8), 2499-
2505.

9. Gao, Z.; Zhou, J.; Gu, Y.; Fei, P.; Hao, Y.; Bao, G.; Wang, Z. L., Effects of piezoelectric
potential on the transport characteristics of metal-ZnO nanowire-metal field effect transistor.
Journal of Applied Physics 2009, 105 (11), 113707.

10.  Sun, C.; Shi, J.; Wang, X., Fundamental study of mechanical energy harvesting using

piezoelectric nanostructures. Journal of Applied Physics 2010, 108 (3), 034309.

40



11.  Wang, Z. L., Nanopiezotronics. Advanced Materials 2007, 19 (6), 889-892.

12. Ben G. Streetman; Banerjee, S., Solid State Electronic Devices. 7 ed.; Pearson Education,
Limited: 2005.

13. Wang, Z. L., Piezopotential gated nanowire devices: Piezotronics and piezo-phototronics.
Nano Today 2010, 5 (6), 540-552.

14. S. M. Sze, S. M. S., Kwok K. Ng, Physics of semiconductor devices. John Wiley & Sons,
Inc.: 2007.

15. Ikeda, T., Fundamentals of piezoelectricity. Oxford university press: New York, 1990.
16.  Rhoderick, E. H.; Williams, R. H., Metal-semiconductor contacts. Clarendon Press: 1988.
17. Neamen, D. A., An introduction to Semiconductor devices. McGraw-Hill: 2006.

18.  Neamen, D. A., Semiconductor physics and devices: basic principles. McGraw-Hill: 2003.
19. Halkias, M., Integrated Electronics. Tata McGraw-Hill Publishing Company: 2001.

20.  Wang, Z., Piezotronic Transistors. In Piezotronics and Piezo-Phototronics, Springer Berlin
Heidelberg: 2012; pp 73-95.

21. Han, W.; Zhou, Y.; Zhang, Y.; Chen, C.-Y.; Lin, L.; Wang, X.; Wang, S.; Wang, Z. L.,
Strain-Gated Piezotronic Transistors Based on Vertical Zinc Oxide Nanowires. ACS Nano 2012,
6 (5), 3760-3766.

22.  Yu, R.; Wang, X.; Peng, W.; Wu, W.; Ding, Y.; Li, S.; Wang, Z. L., Piezotronic Effect in
Strain-Gated Transistor of a-Axis GaN Nanobelt. ACS Nano 2015.

23. Yang, Q.; Guo, X.; Wang, W.; Zhang, Y.; Xu, S.; Lien, D. H.; Wang, Z. L., Enhancing
Sensitivity of a Single ZnO Micro-/Nanowire Photodetector by Piezo-phototronic Effect. ACS
Nano 2010, 4 (10), 6285-6291.

41



24.  Zhang, Z.; Liao, Q.; Yu, Y.; Wang, X.; Zhang, Y., Enhanced photoresponse of ZnO
nanorods-based self-powered photodetector by piezotronic interface engineering. Nano Energy
2014, 9 (0), 237-244.

25. Wang, Z.; Yu, R.; Pan, C.; Liu, Y.; Ding, Y.; Wang, Z. L., Piezo-Phototronic UV/Visible
Photosensing with Optical-Fiber—Nanowire Hybridized Structures. Advanced Materials 2015, n/a-

n/a.

26. Zhang, F.; Ding, Y.; Zhang, Y.; Zhang, X.; Wang, Z. L., Piezo-phototronic Effect
Enhanced Visible and Ultraviolet Photodetection Using a ZnO-CdS Core—Shell Micro/nanowire.
ACS Nano 2012, 6 (10), 9229-9236.

27.  Zhang, F.; Niu, S.; Guo, W.; Zhu, G.; Liu, Y.; Zhang, X.; Wang, Z. L., Piezo-phototronic
Effect Enhanced Visible/UV Photodetector of a Carbon-Fiber/ZnO-CdS Double-Shell Microwire.
ACS Nano 2013, 7 (5), 4537-4544.

28. Boxberg, F.; Sendergaard, N.; Xu, H. Q., Photovoltaics with Piezoelectric Core—Shell
Nanowires. Nano Letters 2010, 10 (4), 1108-1112.

29. Pan, C.; Niu, S.; Ding, Y.; Dong, L.; Yu, R.; Liu, Y.; Zhu, G.; Wang, Z. L., Enhanced
Cu2S/CdS Coaxial Nanowire Solar Cells by Piezo-Phototronic Effect. Nano Letters 2012, 12 (6),
3302-3307.

30.  Xue, F.; Zhang, L.; Feng, X.; Hu, G.; Fan, F.; Wen, X.; Zheng, L.; Wang, Z., Influence of
external electric field on piezotronic effect in ZnO nanowires. Nano Res. 2015, 8 (7), 2390-2399.

31. Kozlov, A. V.; Cheremisinov, A. A.; Polomoshnov, S. A.; Tikhonov, R. D.; Shamanaev,
S. V. In Model of effect of pn-junction magnetic field modulation, Micro/Nanotechnologies and
Electron Devices (EDM), 2011 International Conference and Seminar of Young Specialists on,
June 30 2011-July 4 2011; 2011; pp 137-139.

32.  Tikhonov, R. D., Magnetoconcentration effect on a base pn junction of a bipolar
magnetotransistor. Russ Microelectron 2010, 39 (5), 340-351.

33.  Ashcroft, N. W.; Mermin, N. D., Solid State Physics. Holt, Rinehart and Winston: 1976.

42



Chapter 3 CdSe/ZnTe core/shell nanowire array piezo-
phototronic photodetector

3.1 Introduction

One dimensional nanostructures of non-centrosymmetric semiconducting crystals have
been investigated for their potential applications in mechanical to electrical energy harvesters to
power micro/nano systems.! A mechanical deformation in non-centrosymmetic piezoelectric
crystals produces piezopotential® that could drive the flow of electron through external circuit
converting mechanical energy into electrical energy. The conversion of mechanical into electrical
energy was first demonstrated for ZnO nanowire array by scanning AFM tip over individual
nanowires.® Subsequently, the energy conversion was also achieved from 3D ZnO nanowire array
by using Pt coated zigzag Silicon electrode* mimicking AFM tip to have more noanowires in
parallel contact to achieve higher currents and hence improved power output, which makes it even
more suitable for practical applications. Recent studies have also shown that semiconducting,
optical and piezoelectric properties can be combined together resulting into observation of novel
phenomena that could influence the charge carrier generation, separation, recombination and
transport and is termed as piezotronic® and piezo-phototronic effect.® One dimensional
nanostructures are especially attractive for piezo-phototronic device application in view of their
large surface area and excellent unidirectional charge carrier transport and proof of concept has
been demonstrated in fabricating a single ZnO micro-/nanowire based UV photodetector with
enhanced photosensing performance’, and also in tuning and improving the performance of light
emitting devices.®° It has been found that inner piezopotential appearing as a result of elastic

structural deformation creates polarization charges!® which can tune the metal-semiconductor-
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metal (M-S-M) junction properties by lowering (positive polarity) or raising (negative polarity)
the valence (VBM) and conduction band (CBM) edge and hence the charge carrier transport across
the junction. From the same principle, it is anticipated that energy conversion and piezo-
phototronic effect can be realized in core/shell systems composed of non-centrosymmetric

materials as well, that could open up new avenues for potential technological applications.

Particularly in type-Il core/shell nanowires, the carrier lifetime can be dramatically
increased through separation of electrons and holes in different conducting channels provided by
the core/shell nanowire geometry.%2 Additionally, in core/shell nanowires photo-absorption and
carrier transport takes place in an orthogonal direction, thereby reducing recombination and
scattering losses and, as a result, improving quantum efficiency.*1® This strategy was effectively
employed to enhance the broad-band photodetection response in a single ZnO/CdS core/shell
nanowire device.!” Regarding the core/shell architecture, three dimensional (3D) core/shell
nanowire arrays provides additional advantages over single nanowire-based devices owing to their
unique features, such as a large surface area, excellent multichannel charge transport, and
enhanced light absorption through light trapping and scattering'®!® and the same was used to
realize a 3D ZnO/CdS core/shell, micro-/nanowire-based, UV/visible photodetector.?’ Based on
these findings it can be envisaged that piezo-electric filed created in wurtzite nanowire core in
core/shell nanowires can be effectively used to enhance the photosensing response. Notably, a high
quality interface between core and shell is crucial to inhibit interfacial recombination in addition
to optimal charge carrier separation that could result into higher quantum efficiency.

*This chapter is adapted from: Rai S. C., Wang K., Chen J., Marmon J. K., Bhatt M., Wozny
S., Zhang Y., Zhou W. (2015). Enhanced Broad Band Photodetection through Piezo-Phototronic

Effect in CdSe/ZnTe Core/Shell Nanowire Array. Adv. Electron. Mater., doi:
10.1002/aelm.201400050.
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CdSe and ZnTe are important 11-VI semiconductor material?* having application in variety
of optoelectronic devices such as photodetectors,?>?® solar cells,® transistors®?® and field-
emitters®® etc. Apparently, CdSe and ZnTe are excellent candidates for heteroepitaxial junction
formation in view of their small lattice mismatch, similar thermal expansion coefficient and type-
11 band alignment.®® The type-I1 alignment gives rise to an effective band gap of 1.1 eV as required
for maximal absorption of the solar spectrum. More interestingly, it was found that ZnTe shell
grows epitaxially on CdSe core, implying that the wurtzite core induces the crystallization of ZnTe
in the wurtzite form which, so far, is known to crystallize in zinc blend structure at room
temperature. Recent reports have also shown nanogenerators based on array of CdSe nanowires®!
along with observation of piezo-phototronic effect in single CdSe nanowire? which makes it an
ideal candidate as core material in core-shell nanowire systems to investigate the piezo-phototronic
effect in CdSe/ZnTe core-shell photodetectors. It is reasonable to believe that a 3D architecture of
CdSe/ZnTe core-shell nanowire array could boost the overall efficiency of the photodetector by
improving absorption/trapping of sunlight more efficiently and by efficient charge transport across

epitaxial interface.

3.2 Experimental

Synthesis of CdSe/ZnTe core/shell nanowire array was done via a two-step process. Firstly,
CdSe nanowire array was grown on muscovite mica (Pelco® Mica Sheets, grade V5) substrate by
chemical vapor deposition. Secondly, as grown CdSe nanowire array on mica substrate was
transferred into a home built pulsed laser deposition system. Figure 3.1 represents the detailed

schematics of the two step synthetic process involving CDV and PLD.
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3.2.1 CVD growth of CdSe nanowire array on mica

CdSe target was prepared by cold pressing the CdSe powder to obtain target which was
used for deposition of textured CdSe seed layer. Freshly cleaved muscovite mica substrate was
then loaded into electron beam evaporation system (K. J. Lesker, PVD75) and a 50-100 nm thin
film of CdSe was grown at a substrate temperature of 380 °C followed by spontaneous cooling to
room temperature. The as deposited substrate was then coated with a 3 nm gold (Au) layer by DC
sputtering (Cressington coating system, 308R), which serves as a catalyst for the nanowire array
growth via vapor-liquid-solid (VLS) growth mechanism. The substrate was transferred in a 1 inch
split zone tube furnace (Lindberg Blue M) consisting of 0.1 gram of CdSe powder loaded into
alumina crucible and positioned in the center of the furnace as seen in Figure 3.1 (a). The tube was
pumped down to 30 mTorr and purged by Ar/H> mixture several times before it was backfilled to
atmospheric pressure by Ar/H> mixture. The temperature was ramped up to 750 °C @ 40 °C/minute
and reaction was carried out for a total of 1 hour during which Ar/H2 ambient was consistently
maintained by 200 standard cubic centimeters per minute (sccm) Ar/Hz flow. It should be noted
that the textured CdSe film on muscovite mica substrate is crucial to achieve quasi aligned
nanowire array growth in conjunction with the gold (Au) catalyst which controls the diameter of
the individual nanowire in the array.®® The nanowire array was deposited on substrate in
downstream low temperature region and was taken out at room temperature after spontaneous

cooling was complete.

3.2.2 CdSe/ZnTe core/shell nanowire array by PLD
In order to synthesize CdSe/ZnTe core-shell nanowires, the muscovite mica substrate with
as-grown CdSe nanowire array was transferred into a home built pulsed laser deposition system

depicted in Figure 3.1 (b). Cold pressed pellet of ZnTe powder (99.95%, Alfa Aesar) was used as
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the deposition source. The distance between the ZnTe target and mica substrate was measured as
25 mm. The quartz chamber was pumped down to 30 mTorr and the temperature was ramped up
to 350 °C @ 20 °C/minute. Nd:YAG laser (LOTIS-TII, LS2147) with fundamental harmonic of
1064 nm was used to ablate the target at an energy flux of 360 mJ/cm? with a frequency of 5 Hz.
The ablation was performed for 10-15 min, and the final product was collected for structural and

optical characterization and device fabrication.

e Alumina boat containing precursor

@ Nanowire collecting substrate

(b)

Quartz tube

" Na:vaG |

G
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e Ablation target

@ Nanowire substrate

Figure 3.1 Schematics of (a) CdSe nanowire array synthesis by CVD and (b) CdSe/ZnTe
core/shell nanowire by PLD.
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3.2.3 Materials characterization

Structural characterization of CdSe and CdSe/ZnTe core/shell nanowire array was
performed by Carl Zeiss 1530 variable pressure (VP) field-emission scanning electron microscope
(FESEM) operated at 10 kV, and an FEI Tecnai F20-UT high-resolution transmission electron

microscope (FETEM) equipped with a nanoprobe energy-dispersive X-ray spectroscope (EDS).

3.2.4 Device fabrication and measurements

A photodetector was fabricated by positioning a silver (Ag) coated polyester grating on top
of an as-synthesized CdSe/ZnTe core/shell nanowire array on mica substrate to achieve optimal
bending of the perpendicular core/shell nanowires.* A detailed schematic of device integration and
the measurement configuration is shown in Figure 3.2. Briefly, as-synthesized CdSe/ZnTe
core/shell nanowires array was coated by a thin layer of PMMA (~2 um) to avoid a possible short
circuit and to provide structural integrity. A thin polyester sheet with a parallel lined grating
containing 12700 lines/inch (Edmund Optics) (see the inset of Figure 3.2) was sputter coated with
a 100 nm thin Ag layer that functions as a top electrode. The pitch and trough of the grating, 1 um
and 0.6 um, respectively is enough to accommodate nanowires to promote bending when
compressional load is applied. Cu leads with silver paste were connected to bottom textured CdSe
film and top electrode for carrying electrical measurements. A typical device photograph is shown
in Figure 3.3 (a) with dimensional details displaying a typical device area of ~15 mm?. In order to
investigate the broad band optical absorption behavior of the photodetector, we performed wide
range (300-800 nm) UV-Vis absorption measurements, presented in Figure 3.3 (b) in addition to
the discrete wavelength measurements performed at three different excitation sources (UV, Blue,
Green). Specifically, UV/Visible absorption spectrum (Figure 3.3 (b)) was collected on bare

muscovite mica substrate, mica/CdSe film and mica/CdSe film/CdSe/ZnTe core/shell nanowire
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array. No absorption was observed for bare mica between 350-800 nm wavelengths, and the
absorption for mica/CdSe film is significantly lower than that of core/shell nanowire array, which
confirms that absorption predominantly takes place in the core/shell nanowire array. The electrical
measurements were carried out using low noise current pre-amplifier (SR-570), and a source meter

(Keithley 2401) coupled with computer interface.

CdSe NW

(a) (b) (c) (d)

—_— . mica/CdSe  mica/CdSe/Au ,

A
|
A

measurement
system

@77

light source

Figure 3.2 Schematics of the device configuration and measurement set-up, (a-c) Preparation of
substrate for CdSe nanowire array growth, (d) Perpendicular CdSe nanowire array grown by CVD,
(e) CdSe/znTe core/shell nanowire array achieved by pulsed laser ablation of ZnTe shell, (f)
PMMA layer spin coating, (g) Device positioned on PVC board with illumination source
underneath and connected to measurement system (inset is a cross sectional view of the assembled

device).
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3.3 Results and Discussion
3.3.1 Structure characterization

Figure 3.4 (a) shows a typical low magnification FESEM image of a CdSe nanowire array
grown on muscovite mica substrate by chemical vapor deposition (CVD) method. The nanowires
are well aligned and are oriented perpendicular to the substrate resulting from the bottom textured
CdSe seed layer. They have a length around 5 pm and a diameter around 200 nm . Gold (Au)
nanocatalysts are visible at each nanowire end, thereby implying the characteristic vapor-liquid-

solid (VLS) growth mechanism.

Device area (~15 mm?) under top electrode b
a g0
‘r--n—-—«— .
Cu wir .
=
i
|
e Mica-CdSe/ZnTe 8
core/shell nanowire array g e—Mica
-E e Mica/CdSe TF
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l l ’ ' r l l l | i ZnTe core-shell NW
123456789 |
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Figure 3.3 (a) a photograph of a typical prototype device. The dashed white rectangle
(3mmx5mm) represents the area in which CdSe/ZnTe core/shell nanowire is grown. A 100 nm
Ag coated polyester grating as top electrode is positioned on top of core/shell nanowire array, (b)
UV-Vis absorption profile of a muscovite mica substrate, mica/CdSe thin film and CdSe/ZnTe
core/shell nanowire array. The results indicate that light absorption occurs predominately in the

nanowire array.
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The nanowire aspect ratios (length/ diameter) were maintained between 20 to 30 in order
to provide the necessary rigidity to withstand incoming ZnTe vapor flux, generated from the
subsequent laser ablation process. As shown in the Figure 3.4 (a), the rational density of nanowires
was obtained by carefully controling the Au catalyst‘s layer thickness, thus ensuring an optimal

ZnTe shell layer coating on the CdSe nanowires with minimized shadow effect.

(=2 |
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Figure 3.4 Morphology and structural analysis of CdSe and CdSe/ZnTe core/shell nanowire
arrays, (a) Low magnification SEM image of a CdSe nanowire array, (b) Low magnification
SEM image of a CdSe/ZnTe core/shell nanowire array, (¢) HRTEM image of a single

CdSe/zZnTe core/shell nanowire and (d) a lateral energy dispersive (EDS) line scan across a

CdSe/zZnTe core/shell nanowire that demonstrates characteristic core/shell elemental peaks.
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Apparently, the diameter of CdSe/ZnTe core/shell nanowires, as seen in Figure 3.4 (b),
increases slightly compared to bare CdSe nanowires in Figure 3.4 (a) as a result of ZnTe shell layer
deposition. A HRTEM image of a single CdSe/ZnTe core/shell nanowire (Figure 3.4 (c)) reveals
good epitaxial growth of the ZnTe shell on the CdSe core nanowire as previously reported.®® A
lateral energy dispersive X-ray (EDS) line scan across the CdSe/ZnTe core/shell nanowire clearly
demonstrates a characteristic core/shell elemental distribution (Figure 3.4 (d)), further confirming
the successful synthesis of a CdSe/ZnTe core/shell nanowire array with an abrupt, nearly lattice-

matched interface.

3.3.2 CdSe/znTe Core/Shell Nanowire Array Photodetector
3.3.2.1 Photodetector Under Blue Light Hlumination

The performance of a CdSe/ZnTe core/shell photodetector under blue illumination (A =
465 nm) is presented in Figure 3.5. A typical dark I-V response and under different illumination
densities is displayed in Figure 3.5 (a), the device photo-current reached 0.71 pA, which is about

a 20-fold improvement compared to the dark current value of 0.03 pA with an applied bias of 1.8V

and 3.0 mW cm2illumination density. The sensitivity of the photodetector, defined as _i&x—dark
dark

, is found to be ~ 2.27x10% % under 3.0 mW cm2, which is an order of magnitude higher than the
best performance of previously reported heterojunction photodetectors, such as P3HT:CdSe3* and
n-CdSe/p-Cu20.% Additionally, there is no obvious saturation under a wide range of illumination

densities, which range from 0.3 to 3.0 mW cm 2.

This makes the device functional between low to high illumination, which is a critical
feature for industrial application. The photocurrent’s dependence upon the illumination density is
illustrated in Figure 3.5 (b). Figure 3.5 (c) shows the photodetector’s on-0ff current response under

blue illumination (A = 465 nm). The device quickly attains its peak current value, and shows a
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response speed as high as 0.1s, which is an order of magnitude higher than a reported ZnTe
nanowire-based photodetector.®® The improved response stems from increased photo-absorption
and electron transport in the CdSe core. It is also observed that the off-current decays slowly,
which was attributed to the persistent photocurrent arising from charged surface trap states, and is

an effect previously found in other binary semiconductor nanowires.3"4
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wmm Dark 0.6 1
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Figure 3.5. (a) -V measurements of a CdSe/ZnTe core/shell nanowire array device under blue
(465 nm) light illumination at variable intensities, (b) Absolute current of the device with
respect to intensity, (c) On-off response of the device at a bias of 1.8 V and under blue

illumination, (d) Photon responsivity of the device relative to the intensity density of the blue

(465 nm) excitation source and bias voltage of 1.8 V.
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The performance of a photodetector is also determined by its total responsivity,*! as shown

in Figure 3.5 (d), which is defined as

Iiight— ldark
R= 24— ——
Pin

Py = Iy A,

where liight, and lgark, are currents when the photodetector is under illumination and in the dark
respectively. P, lii, and A are the excitation power, illumination density, and the
active/illuminated device area respectively. The calculated responsivity of a CdSe/ZnTe core/shell
photodetector under 0.3 mW cm 2 of blue excitation (A =465) is 1.6 mA W2, which is comparable
with other heterojunction photodetectors.*>** The decrease in responsivity at higher illumination
densities can be attributed to hole-trapping saturation and a transparent Schottky barrier at higher

illumination densities.”32

3.3.2.2 Photodetector Under Green and UV Light lllumination

Similar 1-V measurements were also performed under green (A = 520 nm, Figure 3.6) and
UV illumination (A = 385 nm, Figure 3.7) to investigate the wide spectral responses of the
photodetector. The detailed measurements are summarized in Figure 3.6 for green illumination
and 3.7 for UV illumination. The measurements under green and UV illumination show an increase
in absolute current from 0.03pA to 0.18 pA (3.24 mW cm 2, 1.8V bias) and 0.13 pA (1.32 mW
cm2, 1.8V bias), respectively. The significant increase in absolute current (an order of magnitude
under blue, a 6-fold increase under green, and more than a 4-fold increase under UV) can be
attributed to the epitaxial interface in a CdSe/ZnTe core/shell nanowire array, which leads to
significantly reduced recombination and scattering losses. Additionally, it can be seen that the

response speed of the device is well preserved (0.1s) as observed under blue light illumination,
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which indicates that the CdSe/ZnTe core/shell nanowire array photodetector has a fast and
saturation free response under a wide optical range from 385 to 520 nm and illumination densities,

e.g. from 0.04 (A = 385 nm) to 3.24 mW cm 2 (A = 520 nm).
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Figure 3.6 (a) I-V measurements of a CdSe/ZnTe core/shell nanowire array device under green
(520 nm) illumination at variable intensities, (b) Absolute current of the device with respect to
intensity, (c) On-off response of the device at a bias of 1.8 V and under a blue excitation source,

(d) Photon responsivity of the device relative to intensity of a green excitation source.
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Figure 3.7 (a) I-V measurements for a CdSe/ZnTe core/shell nanowire array device under UV
(385 nm) illumination at variable intensities, (b) Absolute current of the device with respect to
intensity, (c) On-off response of the device at 1.8 V of applied bias and under a blue excitation
source, (d) Photon responsivity of the device relative to intensity of a UV excitation source.

3.3.2.3 Piezo-phototronic Effect in CdSe/ZnTe Core/Shell Nanowire Array Photodetector
To further investigate the piezo-phototronic effect in the CdSe/ZnTe core/shell nanowire
photodetector’s performance, the device was subjected to compressive loads ranging from 0.05 to
0.30 kgf under blue, green and UV illumination. Figure 3.8 (a) displays the device I-V
measurements under dark, blue (A = 465 nm), green (A = 520 nm) and UV (A = 385 nm)

illumination without applied loads where current increases with increasing excitation frequency.

56



(b) 150

e D ark JA =465 nm, 3.0 mW cm™
0.60 { e UV, 1.32 mW cm? 1204 =0 kgfk .
- - —005 o
Green, 3.24 mW cm™ =
0.45 cetl, 2.2 v e « 904 =010 kef
=] == Blue, 3.0 mW cm ] )
g S 607 m0.20 kef
“ © Tl 030 ket
0+
-0.15 T T T T T -30 T v T T
-2 - 0 1 2 -2 - 0 1
Voltage/V Voltage/V
920 60
(C) A =520 nm, 3.24 mW cm™ (d) |A=385nm, 1.32 mW cm™
75 a0 kgf =0 kgf
60 ==0.05 kef 451 0.05 kef
< =010 kef < |==0.10kef
2 451=0.15 kef 2 304a=0.15 kef
S 30]==0.20 kgf S {=020kef
“ 0.30 kef © 0.30 kef
04 0-
154
-2 -1 0 1 2 -2 -1 0 1
Voltage/V Voltage/V
15k
(e) 120 - Bias: 1.8V (i) 7 == 465 nm
mp= 465 NI 12k | 520 nm
520 nm == 385 nm
90 1= 385 nm
< £ 9k-
T~ xo
—=604
s 2 6k
= 304
3k 1
0 -
r v fr <5 rr1 0 —r—T—r—r—r—r—r—Tr—
0.05 0.10 0.15 0.20 0.25 0.30 0.05 010 0.15 0.20 0.25 0.30
Load/kgf Load/kgf

Figure 3.8 (a) I-V characteristic of CdSe/ZnTe core/shell nanowire array device under blue,
green and UV illumination, (b-d) A typical I-V for a CdSe/ZnTe core/shell array device under
different compressive loads and blue, green and UV illumination, respectively, (e) Absolute
current of the device relative to compressive load under blue, green and UV illumination, (f)
Change in responsivity of the device subjected to load differences and constant illumination,

where Ry is the responsivity at zero load.
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Figure 3.8 (b) represents the I-V measurements at different loads, e.g. from 0 to 0.3 kgf
under blue illumination, and the observed peak current increases from 0.71 pA without load to its
maximum of 125 pA at 0.25 kgf load, where a significant two orders of magnitude change can be
observed. To investigate the performance of the device under a wide spectral range, similar 1-V
measurements were performed under green and UV light illumination with identical compressive
loads (as the blue excitation source), which are shown in Figure 3.8 (c-d). The photocurrent
reached its maximum value of 83 pA (Figure 3.8 (c)) and 51 pA (Figure 3.8 (d)) at 0.25 kgf
compared to no load values of 0.18 pA and 0.13 pA (Figure 3.8 (a)) for green and UV illumination
respectively. Generally, a sequential increment in photocurrent with increasing compressive loads
from 0.05 to 0.25 kgf can also be seen. Figure 3.8 (e) is the variation of peak photocurrents relative
to different compressive loads from 0.05 kgf to 0.30 kgf, representing an increasing tendency of
the photocurrent until 0.25kgf. However, it was found that the photocurrents could not be further
enhanced when compressive loads are over 0.25 kgf, as shown; photocurrents decreased once the
load is 0.3 kgf. The I-V measurements were repeated for several cycles and showed reproducible
results and steady performance. Therefore, structural degradation of the nanowire array as a source

of the photocurrent decrease can be ruled out.

The reduced photocurrent is similar to the previously reported behavior of a single CdSe
nanowire,?® and can be explained by a theoretical model based on band bending at the CdSe/ZnTe
interface under the influence of the piezo-potential, which will be discussed subsequently. The (%)
change in responsivity (AR = (Rroad-R0)/Ro x100) of the CdSe/ZnTe core/shell photodetector at
compressive loads of 0.05 to 0.3 kgf is shown in Figure 3.8 (f) as well. The calculated (%) change
in responsivity between illuminated samples with an applied load of 0.25 kgf and without an

external load and under 1.8V bias results in a change of four orders of magnitude. The variation in
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responsivity is remarkably high for this 3D, 11-VI type-II core/shell nanowire array, which makes

it an ideal candidate for a piezo-phototronic effect enhanced photodetector.

3.4 Working mechanism of piezo-phototronic photodetector

The improved photodetector performance under compressive load can be explained by a
theoretical model based on the relative band alignment and its modification under the influence of
piezopotential at the Ag-ZnTe and type-11, ZnTe/CdSe interfaces. As previously reported,’ a
wurtzite CdSe nanowire undergoing lateral bending generates positive and negative piezopotential

at the stretched (tensile) and compressed sides, respectively, of the nanowire surface.

Figure 3.9 (a) represents the COMSOL simulated piezo-potential distribution in cross
sectional x-y plane perpendicular to z-axis (c-axis, growth direction) CdSe nanowire, whereas
figure 3.9 (b) represents the piezo-potential distribution under same compressional load along x-z

plane, which is longitudinal to c-axis of wurtzite CdSe crystal structure. Color code scheme

0.15V

(a) (b)

-0.15V

Figure 3.9 Cross sectional view of the piezo-potential distribution, (a) along the x-y plane
(nanowire diameter), (b) along the x-z plane (longitudinal or growth axis - the color scale shows

the potential distribution.
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depicting the magnitude of piezopotential under external load represents the variation in magnitude
of piezo-potential across x-y and x-z cross sectional plane which results in localization of electrons
and holes in red and blue colored area in CdSe core and ZnTe shell, respectively. The charge
carrier localization may partially screen the positive polarity piezo charges in CdSe core and
negative polarity piezo charges in ZnTe shell, however the reverse polarity in each core and shell
remains unaffected. This localized piezopotential then modifies the local Schottky barrier height
at the Ag-ZnTe and ZnTe-CdSe interfaces, which controls the charge carrier transport and

separation at the interface through the piezo-phototronic effect.

At equilibrium conditions, it is assumed that no net charge transfer takes place at the
CdSe/ZnTe interface due to the staggered band alignment resulting from ZnTe’s low-lying Fermi
level, and a high electron transport barrier going from CdSe to ZnTe. When a Ag metal electrode
is brought in contact with the ZnTe surface, a net diffusion current flows from ZnTe to the metal
side resulting in ZnTe’s Fermi level moving to lower energy; this also results into a lowering of
the CdSe Fermi level (Figure 3.10 (a)).*>* Once equilibrium is established, the majority diffusion
current is retarded due to Schottky barrier created at the Ag-ZnTe interface. However, this barrier
height can be tuned either by applying an external voltage or by modifying the inner piezopotential
created in the non-centrosymmetric crystal structure under mechanical deformation, e.g. applying

a load.
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Figure 3.10 Schematic band alignment of the Ag/ZnTe/CdSe structure. a) At equilibrium. b)
Under illumination only. ¢) Under simultaneous application of compressive load and
illumination. d) Under a compressive load of more than 0.25 kgf.

Upon illumination, the photo-generated electron-hole pairs momentarily shift the Fermi
level slightly upwards for the thinner (~ 20 nm) ZnTe shell since ZnTe has a weak thickness-
limited photo absorption compared to the thicker CdSe core, where moderate Fermi level lowering
takes place due to greater absorption in the thicker (~ 200 nm), CdSe core (Figure 3.10 (b)). This
Fermi level redistribution gives rise to photocurrent and, at fixed excitation wavelength, increases
with increasing illumination density as observed in illumination density dependent I-V
measurements (Figure 3.5, 3.6 and 3.7 (a)). When the nanowires are bent under an external load,
the appearance of a positive piezopotential at the tensile surface reduces the Schottky barrier height
(Figure 3.10 (c)) at the Ag-ZnTe interface, which leads to increased minority carrier diffusion

electrons from ZnTe and holes from CdSe flow through the interface. The magnitude of the
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piezopotential is dependent on the degree of mechanical deformation, therefore higher current
flows at increased compressive loads.’® However, when the compressive strain is higher than a
threshold value, which is 0.25 kgf in our system, it can raise the valence band edge of CdSe above
ZnTe’s valence band edge, as shown in Figure 3.10 (d), creating hole trapping states that lead to a
decrease in the total current, as observed for 0.3 kgf load. The piezopotential lowering of the barrier
height at the Ag-ZnTe interface and photo-excitation causing relative Fermi level redistribution
create, in conjunction, a favorable situation for higher charge carrier injection between the Ag-
ZnTe and ZnTe/CdSe interface (Figure 3.10 (d)) is created. It should be noted that unidirectional
charge carrier injection, a combined effect of the piezopotential and photo-excitation, is greatly
enhanced owing to the epitaxial nature of the CdSe/ZnTe interface, thereby resulting in higher
peak current and a remarkably high responsivity change under simultaneous employment of load

and illumination.

3.5 Conclusion

In summary, a broadband photodetector based on a type-Il, epitaxially-grown CdSe/ZnTe
heterojunction core/shell nanowire array has been successfully integrated. The epitaxial nature of
the interface plays an important role as manifested by a high responsivity and significant sensitivity
even at low illumination densities. The device performance is greatly enhanced by simultaneous
application of compressive load and illumination owing to the piezo-phototronic effect. Two
orders of magnitude change in the absolute current along with four orders of magnitude change in
responsivity has been achieved, which is the highest increment observed so far. This investigation
demonstrates the enhanced piezo-phototronic effect in a group 11-VI, heterojunction, core/shell

nanowire array fabricated as a photodetector.
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Chapter 4 Piezo-phototronic photodetector based on fully wide
band gap type-I1 core/shell nanowire array

4.1 Introduction

Piezo-phototronic effect, a word coined in 2010,' arises from the coupling of
semiconducting, optical and piezoelectric properties which can play a crucial role in the ability to
tune/control charge carrier generation, separation, transport and/or recombination at an
interface/junction.? The inner piezopotential, generated due to strain in non-centrosymmetric
wurtzite semiconducting crystal, is the underlying mechanism resulting in improved performance
of optoelectronic devices, provided that the material selection/combination and device design can
enable the coupling in a favorable manner.® This concept was first demonstrated successfully in a
single ZnO micro-/nanowire based ultraviolet (UV) photodetector® to increase the responsivity of
the device by more than 500% under nominal (-0.36%) uniaxial compressive strain. In spite of
excellent semiconducting and piezoelectric properties, application of ZnO as a photodetector is
limited to the UV region only owing to its wide band gap (Eg ~ 3.2 eV). Therefore, for more
practical ZnO based piezo-phototronic photo sensing devices, it is critical to overcome the
restriction imposed by the wide band gap which can be done by forming a heterostructure, more
specifically, a core/shell structure, to achieve sufficient photo absorption in a broader spectral

region.

*This chapter is adapted from: Satish C. Rai, Kai Wang, Jiajun Chen, Manish Bhatt, Weilie Zhou, “An
UV/Visible Piezo-phototronic Photodetector Based on Truly Wide Band Gap ZnO/zZnS Core/Shell

Nanowire Array ”, ACS Nano, 2015, 9 (6), pp 6419-6427.
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This strategy does not only allow the efficient use of intrinsic materials properties of
individual components, but also improves the charge carrier collection favored by radial geometry
where electrons and holes are spatially confined in different conducting channels particularly in
type-II heterostructures,”® resulting in reduced recombination losses.”” One such device based on
single ZnO/CdS core/shell micro/nanowire'? extends the photodetection to visible region in which
uniaxial compressive strain can further improve device performance. These promising attributes
of core/shell nanowires can be further augmented in three dimensional arrays where photo
absorption is enhanced by the trapping and re-scattering of incident photons.!! Additionally, in
nanowire arrays simultaneous multi-channel charge transport facilitates efficient collection of
photo generated electron-hole pairs thereby leading to improved quantum efficiency'>!* which,
when combined with piezo-phototronic effect opens up new avenues for achieving largely
enhanced device performance.'* These features of three dimensional core/shell nanowire arrays
have been successfully employed in realizing the UV/visible photodetector based on carbon
fiber/ZnO/CdS double shell microwire'® and recently, in optical-fiber-nanowire hybrid structure!®
suggesting that three dimensional core/shell nanowire arrays are a very promising candidate for

piezo-phototronic device applications.

As an important piezoelectric semiconductor, ZnO has been extensively investigated for

17,18 20,21

application in nanogenerators, electroluminescent'® and self-powered sensing devices,
proving its adaptability to various applications. It has also been reported that ZnO nanowire can
serve as a template to grow a nearly epitaxial ZnS shell layer with an abrupt interface, forming
type-1I heterojunction.??> An earlier work, based on band-corrected pseudopotential density

functional theory calculation,? reports an indirect band gap of ~2.07 eV for type-II transition in

Zn0O/ZnS core/shell nanowires corresponding to Shockley-Quiesser efficiency limit of 23%, which
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implies its potential towards photosensing device applications. In spite of numerous synthesis

2429 and theoretical predictions about sufficient

efforts for ZnO/ZnS heterostructure formations,
photo absorption® as required by photo sensing devices, so far, a prototype photosensing device
based on three dimensional ZnO/ZnS core/shell nanowire array is still lacking. In present work,
we demonstrate an efficient and highly sensitive broad band UV/Visible photodetector based on
fully wide band gap, three dimensional (3D) ZnO/ZnS core/shell nanowire array in which the type-
II transition plays a crucial role. More importantly, the device efficiency can be further improved,

at least, by an order of magnitude rendering three orders of increase in relative responsivity by

piezo-phototronic effect.*

4.2 Experimental

Synthesis of ZnO/ZnS core/shell nanowire array was done via a two-step process. Firstly,
ZnO nanowire array was grown on SiO; passivated ITO/glass (CG80IN, Delta Technologies LTD)
substrate by chemical vapor deposition. Secondly, as grown ZnO nanowire array on 1TO/glass
substrate was transferred into a home built pulsed laser deposition system. Figure 3.1 represents

the detailed schematics of the two step synthetic process involving CDV and PLD.

4.2.1 CVD growth of ZnO nanowire array on ITO/glass substrate

ZnO nanowire array was synthesized on SiO; passivated indium tin oxide (ITO) coated
glass substrate by thermal evaporation of Zn powder (99.9%, metals basis, Alfa Aesar) in a three
zone quartz tube furnace (GSL-1400X, MTI Corp). Initially, 10x10 mm ITO/glass substrate were
cleaned by immersing in acetone, isopropyl alcohol (IPA) and deionized water (DI) each for 60
seconds in ultrasonic bath in the order of acetone/I[PA/DI water. Substrates were taken out of the
ultrasonic bath and were washed by copious amounts of flowing DI water followed by blow drying

under Nitrogen (Nz). This standard substrate cleaning procedure is critical in order to remove dusts,
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lint and grease deposited on it and to facilitate more uniform nanowire coverage on larger areas.
Freshly prepared 15 mM seed solution of zinc acetate dehydrate (Zn(CH3COO); - 2H>0) in DI
water was drop casted on the conductive side and blow dried by Nitrogen (N2). This process was
repeated several time in order to ensure uniform coverage of seed solution followed by air heating
at 500 °C to convert Zn(CH3COO); - 2H»0 into ZnO seeds. 4g of Zn powder was loaded in alumina
crucible and positioned at the center of the three zone tube furnace. The SiO; passivated ITO/glass
substrate was positioned at 25 cm downstream in the second zone of the furnace. The substrate
distance from the central zone is crucial to achieve optimum density, length and diameter of ZnO
nanowires. Quartz tube was evacuated to 30 mTorr using rough pump and was back filled by pure
Ar and the process was repeated several time to eliminate residual gases from the tube. The
temperatures of the first and second zones were ramped to 900 °C and 550 °C under 350 standard
cubic centimeter (sccm) Ar/Oz (6:1) flow for a total reaction time of 1 hour and tube pressure was
maintained at 50 mTorr by controlling the pumping rate. After reaction was complete, the furnace
was cooled down to room temperature naturally and ZnO nanowires were formed in a white layer

on ITO substrate.

4.2.2 ZnO/ZnS core/shell nanowire array by PLD

In order to synthesize ZnO/ZnS core/shell nanowire array, the ITO substrate with ZnO
nanowire array was transferred to a home built pulsed laser deposition system (PLD) as described
previously.® Briefly, a ZnS target (99.99%, Kurt. J. Lesker) prepared by cold pressing was loaded
upright in alumina crucible and positioned in the middle of the furnace (Lindberg/Blue M™ Mini-
Mite™) and tube was evacuated to 30 mTorr base pressure using rough pump. The temperature of
the furnace was ramped up to 500 °C and was maintained during ablation process. Nd:YAG laser

(LOTIS TII-LS 2147) was used to ablate the ZnS target. The laser wavelength, energy density
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and ablation frequency were 1064 nm, 30 mJ/cm? and 2Hz to achieve optimum coating thickness
and uniform shell layer coverage. ZnO nanowire on ITO substrate was positioned 3 cm away from

the target and ablation was performed for 20 minutes at 30 mTorr base pressure.

4.2.3 Materials characterization

Structural and morphological characterizations were carried out with HITACHI Su8010
field-emission scanning electron microscope (FESEM), and a FEI Tecnai G2 F30 ST high-
resolution transmission electron microscope (HRTEM) equipped with a nanoprobe energy-
dispersive (EDS) X-ray spectroscope. Additional details of optical and structural characterizations
can be found in a previously published literature.”> Room temperature photoluminescence (PL)
measurements were measured by a Horiba LabRAM HR800 confocal Raman system with a
Synapse charge-coupled detector (CCD). A 100x MPLAN objective lens (NA = 0.9) were used
for 532 and 442 nm excitation, and a 50x UV objective lens (NA = 0.55) was used for 325nm
excitation. Laser powers were 148.2, 151.7, and 139.6 uW, respectively. Background

measurements of the substrate were subtracted from all spectra.

4.2.4 Device fabrication and measurements

A 3D photodetector was integrated on ZnO/ZnS core/shell nanowire array by positioning
the Ag/polyester zigzag electrode on top of the nanowire array for the contact formation at the
nanowire tips only and to ensure optimal compression under applied load (inset in Figure 4.1 (d)).18
Figure 4.1 represents a schematic pictorial flow of the complete device integration steps. As
synthesized ZnO/ZnS core/shell nanowire array on ITO substrate was spin coated by a thin layer
of PMMA followed by O2 plasma etching for a few minutes. For zigzag top electrode fabrication
polyester grating (12700 lines/inch, Edmund Optics) was sputter coated with 30 nm silver (Ag)
and positioned on top of the nanowire array. ITO substrate and zigzag/Ag film were connected by
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Figure 4.1 Schematic illustration of the ZnO/ZnS core/shell nanowire photodetector
fabrication process. (a) ZnO nanowire array on ITO substrate synthesized through chemical
vapor deposition (CVD), (b) a ZnS shell layer was deposited by pulsed laser ablation, (c) a ~2
um PMMA layer was spin coated onto the ZnO/ZnS core/shell nanowire array, and (d) the
finished device mounted on a measurement cell. To achieve nanowire compression, load is

applied on top of silver coated polyester zigzag electrode (inset figure d).

copper leads using silver paste. The electrical measurements were carried out using low noise
current pre-amplifier (SR-570, Stanford Research Systems), and a source meter (Keithley-2401)
coupled with a computer interface. A typical device photograph is shown in (Figure 4.2 (a)) with
total active device area of 30 mm? which was used to calculate the responsivity. In order to confirm
that piezoelectric property of wurtzite ZnO is unaffected by zinc blend ZnS shell layer deposition,

a current versus time (/-7) measurement of the ZnO/ZnS core/shell nanowire array under cyclic
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strain both in dark and in the absence of any external bias was performed. Figure 4.2 (b) represents
the result of a typical /-7 measurement where peak piezo-current exhibits an increase as the load

increases, which is in accordance with earlier report.3!
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Figure 4.2 (a) photograph of the ZnO/ZnS core/shell nanowire array device with dimensional

details and (b) piezo effect of ZnO/ZnS core/shell nanowire array under variable loads.

Additionally, to eliminate that contact change can achieve better device performance,
control measurements were performed before actual piezo-phototronic measurements were carried
out. The resistance of the device was measured after packing as well as under different load
conditions. For a typical device it was found that resistance varies from ~300 kQ at no load
condition to ~180 k€ at a maximum of 0.4 kgf. Previous studies done on similar nanowire arrays

predicts that at a fixed external forward bias, '3

the peak current is inversely proportional to the
total resistance given by R¢+R;, where R. is contact induced and R; is internal resistance of the
nanowire array. Assuming, that all the nanowires are in contact with top electrode at maximal

compression, at fixed bias the total increase in current due to change in total resistance is expected

to be two times whereas in our case the overall increase of the current is ~31 times. Based on these
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measurements, we can conclude that improved performance of the device is dictated by piezo-

phototronic effect rather than contact change.

4.3 Results and Discussion
4.3.1 Structure characterization

Figure 4.3 represents the structural characterization of a ZnO/ZnS core/shell nanowire
array, where Figure 4.3 (a) and (b) are top views low magnification field emission scanning
electron microscope (FESEM) images of the as-grown ZnO nanowire array and a ZnO/ZnS

core/shell nanowire array on indium tin oxide coated (ITO) glass substrate.®

50 100 150 200

Position (nm)

Figure 4.3 Structural characterization of a ZnO/ZnS core/shell nanowire showing low
magnification top view, FESEM images of (a) an as-grown, ZnO nanowire array and (b) a
Zn0O/ZnS core/shell nanowire array, (c) an HRTEM image of a single ZnO/ZnS core/shell

nanowire, and (d) the corresponding energy dispersive spectroscopy (EDS) lateral line scan

depicting elemental peaks characteristic to core/shell nanowire structure.
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Rational density and smooth surface ZnO nanowires, with lengths and diameters in the
range of 5~6 um and 150~200 nm, respectively, can be seen in Figure 4.3 (a), whereas a slightly
rough surface and increased diameter, with few ZnS particulates deposited on the tips, is observed
in Figure 4.3 (b) for the core/shell nanowires. A high resolution transmission electron microscope
(HRTEM) image of a typical single ZnO/ZnS core/shell nanowire is displayed in Figure 4.3 (c)
where two different lattice fringes, corresponding to the zinc-blend ZnS shell and wurtzite ZnO
core separated by an abrupt interface can be seen, which is similar to the previously reported
work.?2 Furthermore, Figure 4.3 (d) illustrates an energy dispersive (EDS) line scan collected along
the lateral direction of a core/shell nanowire, which shows the characteristic core/shell elemental

distribution further confirming the successful synthesis of ZnO/ZnS core/shell nanowires. 334

4.3.2 ZnO/ZnS core/shell nanowire array photodetector
4.3.2.1 Photodetector under UV illumination

A typical I-V measurement of the photodetector integrated on 3D ZnO/ZnS core/shell
nanowire array under a UV (385 nm) excitation source is displayed in Figure 4.4. It can be seen
that the photocurrent increases, Figure 4.4 (a), with an increase in the UV illumination density
resulting from the higher intensity influenced increment in the generation rate (G) of electron-hole
pairs, within the limit of Av>Ey and defined by G = aF(1-R)e™ where, o is the absorption
coefficient, R is the surface reflectivity, and F is the incident photon flux.3® Under steady state
illumination at a fixed wavelength, the generation rate is solely determined by incident photon flux
density (F), where an increase in F will improve the electron-hole pair generation rate. Since Eg,
zns (3.7 eV) > Ezssnm (3.22 eV) = Eg, zno (3.2 eV), the excitation wavelength used only matches
ZnO optical band gap, and it is reasonable to assume that the photocurrent contribution from the
electron-hole pairs predominantly arise from photo absorption taking place in the ZnO core in a
core/shell nanowire. In addition to band-to-band absorption in ZnO, the contribution from
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simultaneous indirect type-Il transitions occurring between the valence band maxima of the
ZnSvem to the conduction band minima of the ZnOcswm has to be considered, and its effect on

device performance will be discussed in details to follow.
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Figure 4.4 Electrical characterization of a ZnO/ZnS core/shell nanowire array device under UV
illumination. (a) I-V measurements at different illumination densities, (b) lllumination density
dependence of photo-current, (c) the device’s on-off response, and (d) the variation in
responsivity under several UV illumination densities.

Variation in photocurrent with illumination intensity is plotted in Figure 4.4 (b), where an
increase of 325% in photocurrent (~51 pA), at an intensity of 1.32 mW/cm? can be seen as
compared to the (~12 pA) dark current. Time-dependent photocurrent measurement at a power

density of 1.32 mW/cm? and bias of 1.5V is shown in Figure 4.4 (c), which suggests stable device

77



switching behavior. The performance of a practical photodetector is also characterized by its

responsivity (R,) at a particular wavelength, which is an important parameter that is defined as*

Ilight - Idark

R). ==
Py

Py =1y A

where liight, and ldark, are currents when the photodetector is under illumination and in the dark,
respectively. Py, lii, and A are the excitation power, illumination density, and the
active/illuminated device area, respectively. The responsivity for UV (385 nm) excitation source,
denoted as Rassnm, With a 0.04 mW/cm? illumination density was found to be 0.2 A/W, which is
similar to a single crystal ZnS nanobelt UV sensor,*® and is orders of magnitude higher than similar
photodetectors fabricated with a 3D array of nanowires.®?*** This responsivity value corresponds
to an external quantum efficiency (EQE) of about 65% if the internal photoconductive gain is
assumed to be one.*? The high responsivity achieved in the ZnO/ZnS core/shell nanowire array
device can mainly be attributed to the abrupt nature of the interface between ZnO and ZnS, which

effectively inhibits carrier recombination and facilitates an efficient carrier separation.

4.3.2.2 Photodetector under blue and green illumination

The performance of the ZnO/ZnS core/shell nanowire array photodetector was also
investigated under blue (465 nm) and green (520 nm) excitation source, and the results are
summarized in Figure 4.5 and 4.6, respectively. It should be noted that the photon energy
corresponding to blue (2.66 eV) and green (2.38 ¢V) wavelengths are significantly lower than
those needed to promote direct band-to-band absorption in ZnO (E; ~3.2 eV)* and ZnS (Eg ~3.7

eV), which leads us to believe that the photocurrent response must be arising from an indirect type-
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IT transition of electrons between the ZnSvem (shell) and ZnOcpm (core). Remarkably, the

photodetector response exhibits a similar behavior, as observed for UV (385 nm) excitation source

(Figure 4.4).
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Figure 4.5 Electrical characterization of a ZnO/ZnS core/shell nanowire array device under
blue illumination. (a) /-V measurements at different illumination densities, (b) illumination
density dependence of photo-current, (c) the on-off response of the device, and (d) variation in

device responsivity with respect to blue illumination densities.

The peak photocurrents under blue and green excitations reached ~44 pA (3 mW/cm?,
Figure 4.5 (a)) and ~18 pA (3.2 mW/cm?, Figure 4.6 (a)), respectively, which correspond to an
increase of 267% for blue and 50% for green wavelength as compared to the ~12 pA dark current.
The photocurrent variation plot, with illumination intensities (Figure 4.5-4.6 (b)) and time
dependence (Figure 4.5-4.6 (c)), shows electron-hole pair generation rate dependent linear increase
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of photocurrents in addition to fast and stable response as seen from the switching behavior of the
device. Figure 4.5-4.6 (d) contains responsivity vs. intensity plots of the photodetector under blue
and green illumination respectively. Apparently, the responsivity values under blue and green
excitation are smaller than under UV mainly due to the absence of the direct band-to-band

absorption in ZnO, and weaker absorption at longer wavelengths.
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Figure 4.6 Electrical characterization of a ZnO/ZnS core/shell nanowire array device under
green illumination. (a) /-7 measurements at different illumination densities, (b) illumination
density dependence of photo-current, (c) the on-off response of the device and (d) variation in

device responsivity as a function of green illumination densities.
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4.3.2.3 Investigation on indirect type-11 transition

It has been reported previously that strain at the heterostructure interface could reduce the
natural band gap**’ slightly, whereas only a staggered type-11 band alignment could give rise to
a much smaller band gap than either of the individual core or shell material.” The strain and
quantum confinement effect are the two reasons which may affect the natural type-1l band gap (~
1.93 eV) of ZnO/ZnS core/shell nanowire and these two effects were considered to predict an
effective energy gap at the ZnO/ZnS interface near 2 eV for quantum core/shell nanowires.?® In
regards to the ZnO/ZnS core/shell nanowire diameter (150-200 nm), no quantum confinement
effect can play a role in modifying the band gap although a weak effect of strain on type-I1 energy
gap may exist. Figure 4.7 contains room temperature photoluminescence (PL) spectra measured
with three excitation wavelengths: 325 nm, 442 nm, and 532 nm where 325 nm excitation revealed
ZnO band edge emission at 3.26 eV, but the ZnS band edge emission (3.7 eV) was not present
presumably due to the fact that ZnS shell is relatively thin.*® Both blue (442 nm) and green (532
nm) lasers yield a broad band emission with its peak at around 2 eV, in general agreement with
the predicted value for type-11 transition.*” Within this range, ZnO has defect-related peaks at 2.33
and 2.53 eV respectively, while 2.64 eV (ZnS) and 2.25 eV (ZnO/ZnS) were previously reported
with above bandgap excitation.**>® These emissions are expected to be very weak under either 442
or 532 nm excitation. Both green emission quenching® and weak ZnS emission* would result in
some contributions that could lead to the broad emission band which can be understood as resulting
from structural fluctuations in nanowire core size and/or shell thickness, and perhaps also some
defect related transitions, as observed similarly in the type-l1l ZnO/ZnSe core/shell nanowire
array.> The dominant effect of the type-II transition®® observed in photodetection measurements
under blue and green excitation sources is mainly attributed to the abrupt interface between the

ZnO core and ZnS shell.
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Figure 4.7 Room temperature PL for ZnO/ZnS core/shell nanowires collected with comparable
laser power ~ 145 W under 532, 442, and 325 nm excitation, respectively. Spectra range from
1.3 eV to the edge of each laser’s emission. ZnO produces green emission at 2.40 eV. Lower
excitation energies produced broader type-II transition peaks. (Inset) Magnification of the type-

II transition PL peaks. The dotted orange line marks the broad peak center at ~1.95 eV.

4.3.2.4 ZnO/ZnS core/shell nanowire piezo-phototronic photodetector

In order to investigate the effect of the built-in piezopotential on photodetector
performance, ZnO/ZnS core/shell nanowire array devices were subjected to compressive loads
under UV, blue and green excitation sources. Figure 4.8 (a) is a typical /-J measurement of the
device at peak illumination densities under UV, blue and green excitation. In the absence of a
compressive load, the peak photocurrent increases with the photon energy. Figure 4.8 (b) displays
the result of /-J" measurements under a compressive load varying from 0.05 kilogram force (kgf)

to 0.4 kgf at a UV illumination density of 1.32 mW/cm?.
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Figure 4.8 Electrical characterization of ZnO/ZnS core/shell nanowire array devices showing
(a) the photocurrent response under dark, green, blue and UV excitation, (b-d) photocurrent
response at a fixed illumination densities of 1.32 mW/cm? (UV), 3.0 mW/cm? (blue) and 3.2
mW/cm? (green), respectively, with variable compressive loads. (e) Photocurrent response with

respect to compressive loads and (f) the (%) change in responsivity with compressive loads.
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It can be seen (Figure 4.8 (b)) that increasing the compressive load results in an increase in
peak photocurrent under steady photon flux. Interestingly, the peak photocurrent (1.51 mA) at 0.4
kgf under steady state illumination is an order of magnitude (~31 times) higher than peak
photocurrent without a load (51 pA). A similar trend also appears in /-V measurements for blue
(Figure 4.8 (c¢)) and green (Figure 4.8 (d)) excitation sources at fixed illumination intensities of 3
mW/cm? and 3.2 mW/cm? respectively, where the application of a compressive load resulted in a
photocurrent change of an order of magnitude (~18 times) for blue and (~19 times) for green

excitation sources compared to no load.

The change in peak photocurrent at compressive loads varying from 0.05 kgf to 0.4 kgf for
UV (1.32 mW/cm?), blue (3 mW/cm?) and green (3.2 mW/cm?) illumination at a bias of 1.5V is
summarized in Figure 4.8 (e), where the increasing photocurrent with compressive load is a trend.
Additionally, the increment in peak photocurrent is found to be higher for UV illumination
followed by blue and green illumination, which can be attributed to the combined effect of direct
band-to-band UV absorption in ZnO and the type-II transition occurring from the ZnSvswm to the
ZnOcawm. This band-to-band absorption for blue and green wavelengths, however, will not happen
in either the ZnO core or the ZnS shell because of the very high/wide bandgap energies. This leads
to photo absorption only via an indirect type-II transition below individual core and shell bandgap

energies.

Absolute responsivities calculated for a 0.4 kgf compressive load under UV (1.32
mW/cm?), blue (3 mW/cm?) and green (3.2 mW/cm?) illumination at 1.5V bias are 2.5 A/W, 0.54
A/W and 0.13 A/W respectively, which are at least an order of magnitude higher for all the
illumination sources compared to no load conditions. A comparative change in responsivity,

conventionally calculated as'®!"> (Rzoaa—Ro/Ro) %, where Rioqqa and Ry are defined as responsivities
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with and without load, is displayed in Figure 4.8 (f). The (%) change in responsivity under
compressive load observed in the ZnO/ZnS core/shell nanowire array photodetector is three orders
of magnitude higher than the responsivity without a load.
4.4 Working principle of fully wide band gap type-11 piezo-phototronic
photodetector

The piezo-phototronic effect enhanced performance of ZnO/ZnS core/shell nanowire array
photodetector under compressive load can be qualitatively explained through band diagram and
realignment of band positions under the influence of the inner piezopotential. Figure 4.9 displays
the relative band positions of a ZnO/ZnS core/shell nanowire in different configurations. As shown
in Figure 4.9 (a), in the absence of silver (Ag) metal contact to ZnS, there is no net charge transport
across the junction because of staggered type-II band alignment where the Fermi level of ZnO is
higher than that of ZnS, whereas the ZnScpwm 1s higher than that for ZnOcpm. Once silver contact
to ZnS was made, the net electron transfer from silver to ZnS compensates the Fermi level
imbalance, causing a downward bending of ZnS conduction and valence bands, and also
compensates ZnO Fermi level imbalance with minor downward band bending as shown in Figure
4.9 (b). Under UV illumination, as shown in Figure 4.9 (c), a direct band-to-band transition takes
place only in ZnO, and a weak type-II transition occurs between the ZnSysm and ZnOcgm. The
type-1I transition is a preferred absorption mode under both blue and green illumination. No
significant Fermi level shift exists in ZnO and ZnS because of weak absorption under low
illumination densities, whereas the net charge transfer between ZnO and ZnS is suppressed due to
the barrier created for hole injection from ZnO to ZnS, and interface trap states for electron

transport generated from downward bending of ZnO. The appearance of hole and electron trap
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state barriers (Ad1 & Ad») are unfavorable for photosensing devices and can be tuned through the

inner piezopotential to improve charge transport.

(a) Ag Zns Zn0 (b) Ag Zns Zno

EC,IHO
Fm,eqbm.

I F—uoo0  Evao

Figure 4.9 Equilibrium band position of an Ag/ZnS/ZnO interface (a) that demonstrates an
abrupt, type-II band alignment at the ZnS/ZnO core/shell interface before the silver contact is
made, (b) silver (Ag) contact with ZnS promotes Fermi level realignment that induces band
bending (c) under illumination only, displaying direct band-to-band and an indirect type-II
transition, and (d) under illumination with compressive strain together leading to a
piezopotential-induced band bending. The core is wurtzite structured ZnO, and the shell is the
zinc blend structured ZnS (in green color). Dotted line in figure (b) represents the initial position
of the valence band maxima and the conduction band minima, whereas the solid lines represent

the respective positions after band realignment and/or compression of a nanowire.

The structural characterization of ZnO/ZnS reveals that ZnS is zinc blend which is known not
to possess piezoelectric property; therefore the COMSOL simulation of piezo-potential
distribution in core/shell nanowire ignores the effect of ZnS shell. Figure 4.10 represents a typical
simulated piezopotential distribution in ZnO core of a single ZnO/ZnS core/shell nanowire under
three different strain modes at 0.4 kgf compressional load which corresponds to 200 uN at each

nanowire. The strain-piezopotential distribution maps for other loads are different only in the
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magnitude of piezopotential with similar distribution profile in each outlined deformation case.
The scale bar representing the magnitude of piezopotential distribution by color code on vertical

scale has been shown in Figure 4.10.

(a)

6V

1

@

-1 ¥
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Figure 4.10 Simulated piezoelectric potential distribution in ZnO core of ZnO/ZnS core/shell

nanowire under (a) uniaxial compression combined with bending, vertical color code scheme
represents the piezo-potential distribution mapping with strain (b) uniaxial compression only
and (c) bending only. This simulation neglects any piezo-potential contribution from the zinc-

blend ZnS shell.

When nanowires are compressed under zigzag top electrode, each individual nanowire may
undergo one of the three possible (Figure 4.10) elastic deformation modes, resulting in a
piezopotential distribution in ZnO core of ZnO/ZnS core/shell nanowire array. In view of slight
off the vertical axis oriented growth of ZnO nanowires on ITO and high length/diameter (aspect)
ratio (Figure 4.3 (a)), it is reasonable to believe that under externally applied load majority of the
nanowires experienced shear deformation, as shown in Figure 4.10 (a) for a single nanowire, that
dominates the electrical transport properties of the device. However, the existence of either

uniaxial compression (Figure 4.10 (b)) or bending only (Figure 4.10 (c¢)) mode of elastic
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deformation in few nanowires cannot be completely ruled out. In the absence of piezoelectric effect
in zinc blend structured Zn$, the localized negative polarization charges appearing in ZnO>* at the
ZnO-ZnS interface bends the edges of valence (VB) and conduction bands (CB) of ZnO to higher

energy (Figure 4.9 (d)).

It should be noted that in each outlined deformation mode (Figure 4.10 a, b and c) the band
position at ZnO-ZnS interface changes in similar manner provided we consider the negative
polarization charges at the interface. This upward bending of bands of ZnO due to the presence of
negative piezoelectric charges eliminates the pre-existing barrier Ad; that is not favorable for the
separation of electrons resulting in a quick separation of holes and electrons in ZnS and ZnO,
respectively (Figure 4.9 (d)), in addition to unaffected transport of type-II generated holes in ZnS.
Both of these process acts synergistically to increase the conductance that results in higher current
at the same bias and illumination compared to the no strain case. The moderate upward bending
of ZnO valence and conduction band edges may also promote the type-II transition because the
photon energies provided by blue and green excitation sources are still sufficiently high to promote
electron transition from the ZnSvewm to the ZnOcswm, by eliminating the local trapping of electrons
at the interface. Therefore, the electrons and holes are transported through the conductive channels
provided by ZnO and ZnS, respectively. The piezoelectric polarization charges induced electron-
hole separation is referred to as the piezo-phototronic effect,> and it explains the higher
responsivity enhancement observed under blue and green illumination under compressive loads
although the improvement is not as high as seen for UV illumination due to absence of direct band-

to-band absorption.
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4.5 Conclusions

In summary, an efficient and highly sensitive broad-band UV/Visible photodetector was
successfully integrated on fully wide bad gap ZnO/ZnS heterojunction 3D core/shell nanowire
array. The abrupt interface between ZnO and ZnS plays a dominant role in photon absorption via
an indirect type-II transition which was strongly manifested in the photodetection of visible
illumination (blue and green). The absolute device responsivity was further increased through the
piezo-phototronic effect by an order of magnitude under simultaneous application of load and
illumination resulting in three orders of change in the relative responsivity. This investigation
demonstrates an efficient prototype UV/Visible piezo-phototronic photodetector integrated on
truly wide band gap 3D ZnO/ZnS core/shell nanowire array, in which the band gap limited photo
absorption is overcome by a type-II transition, which enables the use of wide band gap materials

in broader (UV to Visible) wavelength detection.
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Chapter 5 3D ZnO nanowire based piezo-magneto-photo
sensor

5.1 Introduction

Optoelectronic devices integrated on nanostructures semiconductors are considered crucial
to achieve improved device performance arising from high surface to volume ratio and also for
miniaturization of these devices!® for optoelectronic device applications such as in transistors,’
field emitters,'*® photodetectors'® and solar cells.®1° Especially, oxide nanostructures such as
ZnO, SnOy, etc. are of particular importance owing to their relatively easier synthesis® by low
temperature hydrothermal/solvothermal and thermal evaporation methods for their application in
visible-blind photodetectors®?? arising from their wide band gap. In particular, ZnO
nanostructures has attracted much attention because of its piezoelectric property and non-
cytoxicity which makes it suitable for self-powered environmentally friendly device applications.
Starting from past decade, research efforts on one dimensional ZnO nanostructures has led to
demonstration of its piezoelectric property enabled mechanical to electrical energy nanogenerator
device for powering micro/nanosystems.?®>? Since then, coupling of piezoelectric and
semiconducting property in ZnO nanowires has been reported to significantly affect the
performance of the devices such as photodetectors,?®?’ biological sensors,?® and light emitting
diodes?® by tuning/controlling the charge carrier generation, recombination and/or transport across
interface/junction popularly known as piezotronics®® and piezo-phototronics.®® It is apparent that
continued research efforts are focused on improving the performance of the device without

cumbersome materials processing steps, such as doping and surface passivation or intricate device
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designs which may not be scalable. The coupling of inherent material properties such as
semiconducting, optical, electrical/magnetic, and piezoelectric is rather more advantageous to
achieve improved device performance and/or to have multiple functionalities in a single device. In
a similar way, external stimulus magnetic field®? has also been investigated for its effect on the
performance of the devices and has been reported that external field does affect the performance
of the device and has been successfully applied in bipolar transistors,® photovoltaics,®*
photodetection® and logic devices.®® From these findings it can be anticipated that the effect of
external stimulus must also act on the devices working on the principle of piezotronic and piezo-
phototronic where coupled piezoelectric and semiconducting property can further be influenced
by externally applied field. However, so far there is no such report on investigation of external
field effect on the performance of piezo-phototronic device except one, where effect of external
electric field on the performance of piezotronic device was studied.®” The findings suggests that
the Schottky barrier height changes under the influence of external electric field in a way that

piezotronic effect was suppressed.

Owing to excellent semiconducting and piezoelectric properties, ZnO is an ideal platform
to study the effect of external magnetic field on the piezo-phototronic effect which can enable the
design of new class of sensor having multiple functionalities such as photosensors, magnetosensors
and pressure sensors or a combination of these thereof. In the present work we investigate the
effect of external magnetic field on the performance of ZnO nanowire array based piezotronic and
piezo-phototronic device. The study reveals that external magnetic field can tune the piezotronic
device performance making it suitable for magnetic field sensorics and, in particular, piezo-

phototronic effect can be further improved under the influence of external magnetic field. The
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findings are supported by theoretical simulations and a working mechanism is also proposed for
this device.
5.2 Experimental
5.2.1 Synthesis and Characterization

Synthesis of ZnO nanowire array was performed as per the details mentioned in earlier
chapter section 4.2.1. Briefly, ZnO nanowire array was grown on SiO. passivated 1TO/glass
(CG8OIN, Delta Technologies LTD) substrate by thermal evaporation of Zn powder (99.9%, metals
basis, Alfa Aesar). Structural and morphological characterizations were carried out with HITACHI
Su8010 field-emission scanning electron microscope (FESEM), and a FEI Tecnai G2 F30 ST high-
resolution transmission electron microscope (HRTEM) equipped with a nanoprobe energy-

dispersive (EDS) X-ray spectroscope.

5.2.2 Device fabrication and measurements

For detailed description of device fabrication steps, section 4.2.4 from chapter 4 should be
consulted except for the change that external magnetic field was applied parallel to the Ag-ZnO
interface, i.e. perpendicular to the substrate plane and along z-axis (c-axis of nanowire growth).
The filed was applied along all three mutually orthogonal axes namely, x, y and z-axis and observed
changes in I-V measurements are discussed in the sections to follow. A brief schematics of the
device processing key steps are illustrated in Figure 5.1 (a-d). The electrical measurements were
carried out using low noise current pre-amplifier (SR-570, Stanford Research Systems), and a

source meter (Keithley-2401) coupled with a computer interface.
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ZnO NW array

) Magnetic field

Figure 5.1 Schematic illustration of the ZnO nanowire array piezo-magneto-photo sensor
fabrication process. (a) ZnO nanowire array on ITO substrate synthesized through chemical
vapor deposition (CVD), (b) a ~2 um PMMA layer was spin coated onto the ZnO nanowire

array, and (c) the finished device mounted on a measurement cell, and (d) to achieve nanowire

bending, load is applied on top of silver coated polyester zigzag electrode.

5.3 Results and Discussion
5.3.1 Structure characterization

Figure 5.2 displays result of structure characterization of ZnO nanowires, where Figure 5.2
(@) and (b) are low and high magnification tilted top view FESEM image of ZnO nanowire array
grown on ITO substrate. The typical length and diameter of ZnO nanowires are ~ 5 pm and ~ 300

nm, respectively.
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Missing low mag TEM/SAED and HRTEM of ZnO nanowire

Figure 5.2 Structural characterization of a ZnO nanowire array, showing (a) low and (b) high
magnification tilted top view, FESEM images of as-grown, ZnO nanowire array, (c) low
magnification TEM image of a single ZnO nanowire, and (d) HRTEM image and (inset) SAED

pattern of ZnO nanowire depicting characteristic single crystal diffraction pattern.

It can be seen that the nanowires are preferentially aligned to the substrate normal and are
grown with uniform coverage and high density. Similar length and diameter of the nanowires is
highly desirable in order to achieve maximum number of nanowires in contact with top electrode
and for optimum straining where each individual nanowire experiences almost same magnitude of
elastic deformation. Figure 5.2 (c) is a low magnification TEM image showing clean surface and

uniform diameter of ZnO nanowire from tip to base and Figure 5.2 (d) is HRTEM image of the
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same nanowires where lattice fringes and SAED characteristic of single crystal ZnO wurtzite

structure can be clearly seen.

5.3.2 ZnO nanowire array piezo-magneto sensor

Figure 5.3 summarizes the I-V measurements of ZnO nanowire array based piezo-magneto
sensor in dark where Figure 5.3 (a) represents the I-V measurements of the device subjected to
variable strain under different compressional loads only, ranging from 0 to 100 gram force (gf). It
can be seen that the peak dark current value increases gradually from ~65 A at no strain to ~536
MA at 100 gf of straining load, which amounts to ~ 725% of increment in peak current. This
increase in the peak current can be attributed to the lowering of Schottky barrier height at ZnO/Ag
interface resulting from inner piezopotential generated due to the bending under compressional
load.?® Figure 5.3 (b) is the 1-V measurement of the device under same measurement condition
except that the device was exposed to a uniform magnetic field of strength 600 uT along a direction
parallel to the ZnO/Ag contact plane and perpendicular to the axis of nanowire growth. The
absolute peak current for no load condition is persevered whereas the peak current at maximum of
100 gf load decreases to ~ 507 WA. The same trend of decrease in peak dark current is also evident
from the measurement of peak current at 5 gf where it decreases from ~ 84 pA to ~77 pA, at 20

gf from ~ 147 pA to ~ 126 pA, and at 50 gf from ~ 429 pA to ~ 422 pA.
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Figure 5.3 Typical I-V characteristic of ZnO nanowire array based piezo-magneto sensor in
dark under (a) compressional strain only and (b-f) under compressional strain combined with
600-3000 uT of external magnetic field. A successive decrease in peak current is apparent with

increasing magnetic field strength for any particular fixed strain amount.
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The decrease amount to ~ 6-8% in our case of small strain generating compressional loads
was a distinct and reproducible feature observed over every measurement performed repeatedly
and cannot be attributed to measurement error. The device was then investigated for its behavior
under linearly increasing magnetic field strengths applied in multiples of 600 uT and reaching to
a maximum of up to 3000 uT in order to understand the effect of external magnetic field of
piezotronic behavior of the device and to rule out the measurement error factor. Figure 5.3 (c-f)
represents the 1-V measurements of the device performed under 1200, 1800, 2400 and 3000 uT of
magnetic field strength while keeping the compressional loads as same as used in 600 uT
measurement condition, Figure 5.3 (b). In each measurement condition the peak current displays
consistent decreasing trend with increasing strength of magnetic field at any fixed load and at
maximum field strength of 3000 uT and 100 gf the peak current attains a value of ~ 383 pA
compared to peak current of ~ 536 YA at no field for 100 gf compressional load which amounts to
a decrease of ~ 29%. This significant decrease in peak current in dark and under 3000 pT of field
strength is indicative of the external field influence on the performance of piezotronic device and
suggests an underlying coupling mechanism. The findings are similar in nature as published earlier
investigating the effect of external electric field on the performance of single ZnO nanowire based
piezotronic device where the decrease in the response was attributed to the suppression of
piezotronic effect by high strength electric field which happens to change the contact between
ZnO-Ag from Schottky to Ohmic resulting in non-rectifying I-V curve.®” However, the changeover
of Schottky to Ohmic contact between ZnO-Ag is not true in our case as the I-V curves (Figure
5.3) are still rectifying in nature. In order to investigate the Schottky to Ohmic flattening of contact

between ZnO-Ag for our 3D piezotronic device, measurements were carried out in magnetic field
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strengths two orders of magnitude higher than the previously used 3000 uT and results are

summarized in Figure 5.4.
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Figure 5.4 Typical I-V characteristic of ZnO nanowire array based piezo-magneto sensor in
dark under high magnetic field strength (a) for 10 gf compressional load, and (b) under 20 gf
compressional load.

In Figure 5.4 (a), 1-V curves were recorded in dark for 10 gf compressional load at O-
20x10* uT field strengths where the decrease in peak current is apparent as magnetic field strength
increases and at peak magnetic field strength of 20x10* uT the total decrease amounts to be ~ 17%.
In a similar measurement that was performed with 20 gf force on the same device the total decrease
in peak current amounts to ~ 12%. However, in spite of following the decreasing trend in the peak
current under magnetic field, the 1-V curves still maintains the rectifying behavior as was seen at
low magnetic field strengths (Figure 5.3) indicating that the Schottky contact between ZnO-Ag
remains unaffected under magnetic field and whatever nominal Schottky barrier modulation occurs

is only resulting from immobile polarization charges.?’
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Figure 5.5 Typical I-V characteristic of ZnO nanowire array based piezo-magneto sensor in
dark under fixed compressional loads of (a) Ogf, (b) 5¢gf, (c) 20 gf, (d) 50 gf, and (e) 100 gf
with varying magnetic field strengths of 0-3000 puT. In each measurement condition the

decreasing trend in peak current (insets) with increasing magnetic field strength is preserved.
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Similar measurements were repeated on the same piezotronic device with fixed
compressional loads at a time and by varying the magnetic field strengths only to examine the
reproducibility and the data is summarized in Figure 5.5. It is confirmed that the decreasing trend
in peak current with increasing magnetic field strength is unchanged and that the total amount of
decrease in peak current with magnetic field is nominal in the absence of strain whereas the total
decrease is more pronounced when the strain is present. The observation certainly infers the
inherent coupling of piezotronic effect with external magnetic field. The detailed mechanism of

coupling will be discussed subsequently.

The measurement results from Figure 5.3 and 5.5 are summarized in Figure 5.6 where
Figure 5.6 (a) is the summary plot of I-V measurements performed at fixed compressional loads
of 0-100 gf with respect to varying magnetic field strength of 0-3000 uT and Figure 5.6 (b) is
summary of measurements performed at fixed magnetic field strengths of 0-3000 uT with respect

to variable compressional loads of 0-100 gf.
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Figure 5.6 Summary of change in peak current in dark with (a) fixed strain and variable
external magnetic field strength and (b) fixed external magnetic field strength with variable
strain.
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A step by step increase in absolute current with increasing load amount from 0 to 100 gf is
seen in Figure 5.6 (a) with linear decrease in peak current at each load with increasing magnetic
field strength. The decrease is gradual and free of any inflection points suggesting that the effect
of external magnetic field is rather continuous. The same inference can also be drawn from Figure
5.6 (b) where absolute current shows more pronounced linear increase with compressional load as
compared to modest decrease in peak current with increasing magnetic field strength. From Figure
5.6 (a-b) it is apparently clear that the compressional load has stronger effect on current than the
magnetic field only and this feature is retained even when load and magnetic field is combined
together indicating that the influence of compressional load and external magnetic field are
essentially independent of each other but can affect the device performance synergistically when

present simultaneously.

5.3.3 Working mechanism of piezo-magneto sensor

The working mechanism of ZnO nanowire array piezo-magneto sensor can be
demonstrated by band energy diagram and by appropriate incorporation of polarization charges
generated by compressional load and by including external magnetic field. Figure 5.7 illustrates
the detailed band diagram of Ag-ZnO nanowire array in various conditions, where Figure 5.7 (a)
is the band energy diagram of Ag and ZnO, assuming that no metallurgical contact is established
and CBM, VBM and Fermi levels are displayed accordingly. No charge transfer occurs at this
point to compensate the relative Fermi level difference. In Figure 5.7 (b), the metallurgical contact
between Ag and ZnO was established and equilibrium was achieved for Fermi level realignment
after thermally generated electron transfer from CBM of ZnO to metal side, thus creating a
downward slope in CBM and VBM in proximity of Ag-ZnO interface leading to creation of

depletion zone of width W and a barrier (Vy) for further electron diffusion from ZnO to Ag side.
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Under applied forward bias (V) the built in barrier potential is reduced by applied the amount of
applied bias (Vb-V) leading to diffusion of majority electrons from ZnO to Ag manifested by
forward current in I-V measurements. When external compressional load is applied polarization
charges are created in ZnO nanowire, especially the positive polarity of charges created along in
ZnO interior along ZnO-Ag interface, as seen in Figure 5.7 (c), lowers the barrier height thereby
allowing diffusion of more electrons resulting in increase in forward current. As the compressional
load increases the elastic deformation of ZnO increases creating more polarization charges and
further lowering of CBM and VBM takes place leading to higher forward current, however the
total majority diffusion current across ZnO-Ag interface is limited by the number of thermally
generated electron-hole pairs in ZnO and by structural integrity imposed elastic deformation limit
of ZnO nanowires, which means that current can only increase to certain extent. When external
magnetic field is applied (Figure 5.7 (d)) in presence of forward bias and compressional load the
free charge carriers experience Lorentz force which deflects the electrons and holes in opposite
directions. The magnetic field was applied parallel to Ag-ZnO interface that is also perpendicular
to c-axis (z-axis or L to substrate normal) of ZnO nanowire growth direction, the simplest form of

Lorentz force on electrons can be written as:

F_y=ev,B_y

where, e is the electronic charge, v is electron velocity and B is magnetic field strength. The
components of magnetic field, Lorentz force and electron velocity is considered in —x, —y and z
directions, respectively. The deflection force on electrons accumulates them along the surface of
ZnO nanowires where they were trapped by surface defects of ZnO, thereby reducing the number
of available free electrons leading to a decrease in conductance or increase in resistance.®® The

altered conductance in presence of external magnetic field then results in reduction of forward
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current. As the strength of magnetic field increases the Lorentz deflection force on majority
electrons becomes stronger and the decrease in forward current is more prominent as summarized

in Figure 5.6 (a).
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Figure 5.7 Working mechanism of ZnO nanowire array piezo-magneto sensor, where (a)

represents the energy band diagram of Ag-ZnO before metallurgical contact is made, (b) after
contact in equilibrium under external forward bias and in dark, (c) under compressional load
generated polarization charge at inner surface of ZnO in proximity of Ag-ZnO interface, and
(d) under influence of external magnetic field applied parallel to the Ag-ZnO interface and
perpendicular to c-axis of ZnO nanowire growth. Direction of Lorentz force is displayed by x
for electrons and by - for holes. Solid lines and circles represent static and dotted ones represent
dynamic condition where band position are altered (dotted blue lines) and dotted circles

(empty/filled) represents charge carrier flow direction with arrows.
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5.3.4 ZnO nanowire array piezo-magneto-photo sensor

To further investigate the effect of external magnetic field on the performance of ZnO
nanowire array piezo-phototronic device, 1-V measurements were carried out on the same device
under UV (A = 385 nm) illumination in presence of magnetic field. Figure 5.8 (a) is the result of I-
V measurements under steady UV illumination density of 1.32 mW/cm? with increasing
compressional loads and in the absence of external magnetic field. The device was soaked under
UV illumination for sufficiently long time in order to saturate the device which ensures no further
increase in the peak current from illumination only. Compared to dark current value of ~ 65 A,
the photocurrent under UV illumination attains a value of 1.15 mA at no strain and no external
field which is an order of magnitude (~ 18 times) enhancement. Keeping the illumination steady,
increase in compressional load results in higher photocurrent as seen in Figure 5.8 (a), where is
attains a value of 5.5 mA at 100 gf load accounting to 85 times increase compared to dark current.
Maintaining the illumination and load, when external magnetic field is applied parallel to Ag-ZnO
interface the photocurrent further increases, though the increase in peak photocurrent is small for
weak magnetic field strength as is the case for 600 T field measurements in Figure 5.8 (b).
However, this increment in photocurrent is consistent with each applied load, namely 5 to 100 gf
and is reproducible over several measurement cycles. It was also observed that when field is
applied parallel to the z-axis (along c-axis of nanowire growth) no change in photocurrent was
recorded, indicating that photocurrent has directional dependence on the external magnetic field.
A similar trend in increasing photocurrent was observed when magnetic field strength was
increased from 600 UT to 1200 uT where peak photocurrent at 100 gf was recorded to be 5.75 mA.
As the field strength increases the photocurrent becomes higher and higher for each compressional

load, reaching to a value of 5.9 mA at 100 gf for 3000 pT of field strength.
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Figure 5.8 Typical I-V characteristic of ZnO nanowire array based piezo-magneto-photo
sensor under UV illumination density of 1.32 mW/cm? (a) compressional strain only and (b-f)
under compressional strain combined with 600-3000 uT of external magnetic field. A gradual
increase in peak current is apparent with increasing magnetic field strength under steady UV

illumination density.
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Similar measurements were also performed to further investigate the reproducibility of the
measurement and robustness of the device under steady state UV illumination density of 1.32
mW/cm?, fixed compressional load and variable magnetic field strength of 600 to 3000 uT. The
measurement results are illustrated in Figure 5.9. I-V response of the device in dark and under
steady state UV illumination density of 1.32 mW/cm? only is presented in Figure 5.9 (a) showing
manifold increase in photocurrent compared to dark current. Figure 5.9 (b) is the 1-V measurement
performed under steady state UV illumination density of 1.32 mW/cm? with varying external
magnetic field strength of 0to 3000 uT and in absence of compressional load. The inset in Figure
5.9 (b) is the enlarged view of the changes in the photocurrent under external magnetic field
influence where peak photocurrent increases gradually with increasing strength of magnetic field
attaining a value of 1.26 mA at 3000 uT compared to 1.15 mA in the absence of magnetic field
amounting to a total change of ~ 10%. Similar nominal increment in peak current was also
observed for intermediate magnetic field strengths applied. Figure 5.9 (c) represents the result of
I-V measurements of the device under steady state UV illumination density of 1.32 mW/cm? at a
fixed load of 5gf and varying magnetic field strength of 0 to 3000 uT. The measured peak
photocurrent under steady state UV illumination with 5 gf compressional load was found to be 1.8
mA which is significantly higher than the peak photocurrent value of 1.15 mA observed for steady
state UV illumination in absence of compressional load. The peak photocurrent further increases
as the magnetic field is applied and rises with increase in magnetic field strength. The total amount
of increase in the photocurrent under external magnetic field at 5 gf load and 3000 uT was found
to be ~6%. A similar trend of increase in photocurrent with increasing magnetic field strength was

also observed for 20, 50 and 100 gf loads and measurement plots are shown in Figures 5.9 (d-f).
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Figure 5.9 /-V measurements of ZnO nanowire array piezo-magneto-photo sensor in (a) dark
and under UV illumination density of 1.32 mW/cm? (b) steady state UV illumination density
of 1.32 mW/cm? combined with varying magnetic field strengths of 600 to 3000 uT, and (c-f)
in presence of steady state UV illumination and fixed loads of 5, 20, 50 and 100 gf with variable
magnetic field strength of 600 to 3000 pT, respectively in each load condition. Insets represents

the enlarged view of the changes in peak current.
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The measurement results from Figure 5.8 and 5.9 are summarized in figure 5.10, where
5.10 (a) is the summary plot of I-V measurements performed under steady state UV illumination
density of 1.32 mW/cm? at various fixed loads ranging from 0 to 100 gf and variable magnetic
field strength of 0 to 3000 UT for each load condition. As can be seen, in Figure 5.10 (a), at each
fixed load the increase in magnetic field strength results in enhanced photocurrent where
magnitude of enhancement varies with field strength. This clearly demonstrates the coupling of
external magnetic field with piezo-phototronic effect. Figure 5.10 (b) is a plot of peak photocurrent
variation with fixed magnetic file strengths of 0 to 3000 uT with changing loads from 0 to 100
gf for each magnetic field applied. It is apparent after comparison of Figure 5.10 (a) and (b) that
the inner piezopotential has stronger effect on the peak photocurrent as compared to the external

magnetic field only and both can be coupled together to achieve enhanced current.
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Figure 5.10 Summary of change in peak current under UV illumination density of 1.32
mW/cm? with (a) fixed strain and variable external magnetic field strength and (b) fixed
external magnetic field strength with variable strain.
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5.3.5 Working mechanism of piezo-magneto-photo sensor

The mechanism of piezo-magneto-photo coupling can be understood through relative band
alignment between Ag-ZnO and a representative drawing of molecular Oxygen adsorption-
desorption on high surface area ZnO nanowire concurrently with Lorentz force mediated
deflection of free charge carriers in presence of external magnetic field illustrated in Figure 5.11.
Figure 5.11(a) is band diagram of Ag-ZnO under compressional strain and external magnetic field
applied parallel to the interface. The bottom drawing represents a typical nanowire surface under
ambient where surface adsorbed Oxygen molecules are shown. Due to high surface area, the
conductance of ZnO nanowire is significantly affected by surface states which has adsorbed
oxygen molecules on the surface. Under dark, limited number of thermally generated free charge
carriers are available to contribute to the conductance of ZnO nanowire and any mechanism of free
charge carrier removal will significantly decrease the conductance, in other words increase the
resistance causing a decrease in current. The adsorbed oxygen molecule on the surface happens to

trap the free electrons,0-41-42-43

0,(g) + e~ = 03 (ad)

In the absence of free electrons near the surface region a low conductivity depletion layer is
formed. When external magnetic field is present, the Lorentz deflection force tends to accumulate
the electrons near the surface which increases the number of adsorbed oxygen molecules hence
increasing the width of low conduction depletion layer.3® Alternatively, the dependence of

nanowire resistance on oxygen partial pressure can be written as*

Ryw < p(0 )"
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In our case, the oxygen partial pressure is proportional to the free electrons accumulation on the

nanowire surface which in turn is dependent on the direction and strength of magnetic field applied.

Figure 5.11 Working mechanism of ZnO nanowire array piezo-photo-magneto sensor, where
(a) under compressional load generated polarization charge at inner surface of ZnO in
proximity of Ag-ZnO interface in presence of magnetic field applied parallel to the interface
and perpendicular to c-axis of ZnO nanowire growth, bottom nanowire drawing represents the
trapping of free electrons by desorbed Oxygen molecule and (b) in presence of magnetic field,
strain and UV illumination., bottom nanowire drawing represents hole trapping by surface
states releasing Oxygen molecule and increasing the conductance. Direction of Lorentz force
is displayed by x for electrons and by - for holes. Solid lines and circles represent static and
dotted ones represent dynamic condition where band position are altered (dotted blue lines)

and dotted circles (empty/filled) represents charge carrier flow direction with arrows.
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This relationship can be described as follows:*
RNW X p(oz)n x Bapp

where, Ryy is the resistance of the nanowire, p(0,)™ is ambient oxygen partial pressure at
nanowire surface and n is empirically calculated index with numerical value between 0 and 1, B,
is external magnetic field strength. As the magnetic field strength parallel to Ag-ZnO interface
increases, it deflects higher number of free electrons to the surface of the nanowires which gets
trapped by surface adsorbed oxygen molecules leaving behind a low conducting depletion layer

and increased resistance of the individual nanowires.

In the presence of UV illumination (Figure 5.11 (b)), electron-hole pairs are generated in ZnO
nanowires leading to hole migration to the surface arising from potential slope produced by band
bending and discharging the negatively charged adsorbed oxygen molecules, consequently oxygen

is photo desorbed (Figure 5.11 (b), bottom nanowire ) from the nanowire surface:
h* + 05 (ads) = 0,(g)

The unpaired electrons then result in increased conductance of ZnO nanowire resulting in
significantly increased photocurrent. At fixed UV illumination density, increase in magnetic field
could only slightly deflect the holes to the surface trap states as the band bending has stronger
effect on hole migration which predominantly dictates the conductance of the nanowires, therefore

only slight increase in photocurrent was observed with increasing magnetic field strength.

5.4 Conclusions
In summary, influence of external magnetic field was investigated on ZnO nanowire array

based piezotronic and piezo-phototronic device. It is observed that the external magnetic field has
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notable effect on the ZnO nanowire array piezotronic device where coupling of external magnetic
field applied parallel to Ag-ZnO interface results in reduced current because of Lorentz force
induced deflection of free charge carriers, in particular majority electrons in intrinsically n-type
ZnO nanowire array piezotronic device. Furthermore, in presence of steady state UV illumination
and fixed compressional load, externally applied magnetic field causes an increase in photocurrent
which increases almost linearly with higher magnetic field strengths. The effect of external
magnetic field on piezotronic and piezo-phototronic ZnO nanowire array device was discussed
qualitatively through energy band diagram and relative band bending caused by inner piezo
charges appearing at the interface of Ag-ZnO. From |-V measurement performed under
compressional load, UV illumination and magnetic field, it is apparent that magnetic field strength
affects the conductance of nanowires via surface trap states tuning. The device exhibits multiple
functionality in its ability to detect external stimuli such as pressure in form of compressional load,
illumination in form of UV wavelength and magnetic field of variable strength and their

combination as well.
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Chapter 6 Conclusion and Perspective

The focus of this dissertation is on the piezo-phototronic device application of type-I1I
core/shell nanowire heterostructures and development of new type of sensor integrated on 3D
nanowire arrays which utilizes the coupling of multiple intrinsic properties and study the

performance of this sensor under external stimuli.

Two case studies have been done to successfully demonstrate highly efficient piezo-
phototronic photodetector. In Chapter 3, a broadband piezo-phototronic photodetector based on
type-11 CdSe/ZnTe core/shell nanowire array is fabricated which exhibits enhanced performance
under compressional load and several orders of enhancement observed in device performance
highlights the importance of nearly lattice matched interface leading to reduced recombination
losses. In Chapter 4, a prototype photosensing device is fabricated on truly wide band gap type-II
Zn0/ZnS core/shell nanowire array. In spite of fully wide band gap core and shell material
components, the device can efficiently detect photons of energies much smaller than the band gap
of either core or shell, an effect arising from the indirect transfer of electrons from VBM of ZnS
to CBM of ZnO and also because of the abrupt nature of interface which drastically reduces the
recombination losses. The device performance is further improved by application of piezo-
phototronic effect. A PL study was performed to investigate and confirm the indirect type-II

transition and to quantify the indirect band gap.

A new type of prototype piezo-photo-magnetotronic sensor device is integrated on 3D ZnO
nanowire array grown on ITO substrate and findings are discussed in Chapter 5. It is observed that

external magnetic field has distinct effect on piezotronic and piezo-phototronic behavior of ZnO
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nanowire array arising from coupling of piezoelectric, semiconducting and electrical/optical
properties and Lorentz force induced deflection of majority carrier electrons in n-type ZnO leads
to magnetoconcentration effect altering the conductance of the nanowires in dark and under UV

illumination.

However, the field of 3D type-Il core/shell nanowire array piezo-phototronic is still in
nascent stage and demands further investigation from materials perspective to incorporate other
radial heterostructures in order to enrich the family of piezo-phototronics devices. The field of
piezo-photo-magnetotronic is a new class of sensorics and more work is underway to completely
understand the underlying mechanism of this effect and to develop a sound theoretical background
so that the principle can be translated to achieve improved performance of device fabricated on
other materials systems such as CdSe, CdS, CdTe and designed materials heterostructures such as
CdSe/ZnTe, ZnO/ZnS type of core/shell nanowire arrays. Furthermore, single nanowire array
based device study is also necessary to establish theoretical framework and simulation studies are
important to critically validate the findings. These devices have the potential of multiple
functionalities which can be used to detect various stimuli such as magnetic field, illumination and

pressure all at once or one at a time.
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