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ABSTRACT

Electrical manipulation of magnetization has grown as an essential ingredient in rapidly evolving spintronic
research. Switching of nano-scale magnetization can be induced by a spin-polarized current via spin-
transfer torque, domain wall motion, and/or spin-orbit torque, which are being increasingly utilized for
magnetic memory devices under development. Apart from current dissipation, the electric field itself can
also be used to control the magnetism in various materials, especially in dilute magnetic semiconductors
(DMSs). A gate-voltage-induced accumulation of charge could alter magnetic exchange interactions and
eventually lead to changes in magnetic moment, coercivity, anisotropy, and transition temperature.
Semiconductor spintronics has garnered increasing attention due to the concept behind the spin field-effect
transistor (spin-FET), where the spin precession is governed by the gate-controllable Rashba field. Tuning
the magnetization of the source and drain in the spin-FET architecture offers additional state variables in

future state-of-the-art electronic applications.

This dissertation addresses the study of dramatic gate-induced change of ferromagnetism in ZnO nanowire
(NW) field-effect transistors (FETs). The ZnO NWs used in this study were grown by using chemical
vapor deposition (CVD) technique. The crystal structure and composition of ZnO NWs were studied by X-
ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and X-ray
photoelectron spectroscopy (XPS). Ferromagnetism in our ZnO NWs arose from oxygen vacancies, which
constitute deep levels hosting unpaired electron spins. The magnetic transition temperature of the studied
ZnO NWs was estimated to be well above room temperature. The in situ UV confocal photoluminescence
(PL) study confirmed oxygen vacancy mediated ferromagnetism in the studied ZnO NW FET devices. Both
the estimated carrier concentration and temperature dependent conductivity reveal the studied ZnO NWs
are at the crossover of the metal-insulator transition. In particular, gate-induced modulation of the carrier
concentration in the ZnO NW FET significantly alters carrier-mediated exchange interactions, which causes
even inversion of magnetoresistance (MR) from negative to positive values. Upon sweeping the gate bias
from —40 V to +50 V, the MRs estimated at 2 T and 2 K were changed from —11.3% to +4.1%. Detailed
analysis on the gate dependent MR behavior clearly showed enhanced spin splitting energy with increasing
carrier concentration. Gate voltage dependent PL spectra of an individual NW device confirmed the
localization of oxygen vacancy-induced spins, indicating that gate-tunable indirect exchange coupling

between localized magnetic moments played an important role in the remarkable change of the MR.
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Chapter 1

Introduction

1.1 Spintronics

With the scaling of CMOS technology reaching to its fundamental limits, there are several new technologies
are being actively explored as potential replacements. Among them, Spintronics or spin electronics is an
area of research which exploits the spin (angular momentum) properties of electron instead or in addition
to charge degree of freedom, considered to be a promising direction for the post CMOS era.! In spintronics,
the major challenges are the measuring electron spin lifetimes, transport of spins across relevant length
scales and detection of spin coherence in nanoscale systems and interfaces. The utilization of spin property
as spin up (one state) and spin down (zero state), make the way to perform the Boolean logic operations to
realize the computer chips based on spintronic devices. However, to be able to realize spintronics based
computer chips it is necessary to build fundamental spintronic devices in which spin state can be

manipulated.

Spintronic devices are well suited for realizing memories that are highly dense and non-volatile. Compared
to the CMOS counterparts such as SRAM and DRAM, the spintronic memories have low leakage current
and therefore have greater potential to revolutionize the storage and computing capabilities of future
systems. In 2007 Nobel Prize in physics has been awarded to Albert Fert and Peter Grunberg for their
independently discovered giant magnetoresistance (GMR) effect in 1988.2 3 This discovery is considered
to be the beginning of the new generation of the spin based electronics. After the discovery of GMR effect,
read heads of hard disk drives were commercialized, where the GMR sensor reads the data written on the
disc. For an extension of GMR effect, the TMR effect was discovered in which an insulating barrier is
separated by the two ferromagnetic layers. This invention gives the way to extend the research by
incorporating various nonmagnetic materials as a channel between the two ferromagnetic layers for spin
transport mechanism. In 1985, Johnson and Silsbee was first performed experiments and realized spin valve
device in which aluminum (Al) is used as a spin transporting channel.**® In this type of so called spin valves,
the resulting spin signal may include spurious signals such as Hall and AMR effects” 8 which are quite
similar to the spin valve signals. Later Jedema et al used the nonlocal spin detection technique to eliminate

the spurious signal contribution from the spin signal. In his study, he used Al and Cu to investigate the spin
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transportation.®! Followed by this research, the same non-local technique has been used to perform spin
transport studies in various nanostructures, for example in a graphene layer,'?carbon nanotube,® and several

semiconducting nanowires, such as germanium?®#, silicon® ¢ and other I11-V NWs,1" 18

After the preliminary realization of spin property and its potential benefits in spintronics, Datta and Das
proposed the most prominent device proposal called spin field effect transistor (spin-FET)*® in the late 1989
and opens a new gateway to spin information processing® 2. According to Datta and Das spin FET
proposal, the Rashba spin-orbit 2 coupling serves as the ingredient to perform controlled rotations of spins
of electrons passing through the channel layer in a FET-type device. Although the ability of manipulation
of electron spins in semiconductors is now possible?*#’, the realization of a fully functional spin-FET for
information processing is yet to be realized, owing to several fundamental challenges such as the low spin
injection efficiency due to resistance mismatch, spin relaxation and the spread of spin precession angles. In
order to avoid conductivity mismatch problem one possibility is that incorporation of tunnel barrier between
ferromagnetic electrode and semiconductor channel, for efficient spin injection by spin dependent tunneling
process. Other possibility is the development of ferromagnetic semiconductors or diluted magnetic

semiconductors (DMS) for source and drain materials in order to rules out conductivity mismatch problem.

1.2 Diluted Magnetic semiconductors (DMSs)

AS we discussed in the previous section, the first generation of spintronics devices were based on passive
magnetoresistive sensors and memory elements using electrodes made from alloys of ferromagnetic 3d
metals. Their development was later boosted by the discovery of giant magnetoresistance and tunneling
magnetoresistance.?® Next generation is expected to consist on active spintronic devices that will necessarily
comprise the creation and manipulation of spin-polarized electrons in a host semiconductor?. In order to
achieve an operational device, the electrons must be spin-polarized and their polarization largely preserved
as they travel through the semiconductor material. For achieving this, there are a few complications and

challenges which need to be seriously addressed,

e The most obvious way for spin injection would be injecting from a FM metal in a metal/SC
junction. This type of heterostructures have been extensively studied; however, it has been shown
that it is difficult to preserve the electron spin across the interface, mainly due to the large mismatch

in electrical conductivity between the two materials.



e Itis difficult to realize such a device because semiconductors currently used in integrated circuits,
transistors and lasers, such as silicon and gallium arsenide are nonmagnetic. Moreover, the
magnetic fields that would be required to have a useful difference in the energy between the two
possible electron spin orientations (up and down) are too high for everyday use.

e Therefore, the design of materials combining both SC and FM properties turns to be crucial in the

development of such devices and presents a serious materials physics challenge.

In this prospective the magnetic semiconductors are important ingredient to realize future spintronic
devices. Moreover, magnetic semiconductors should allow easier integrability with the existing
semiconductor technology, and would be vital for signal amplification with highly spin-polarized carriers.
However, for realization of semiconductor spintronics, significant challenges related to the lifetime, control
and detection of spin polarized carriers is seriously addressed. Also, one more important criteria is that
realization of diluted magnetic spintronic device above room temperature is also one of the biggest

challenges to meet.

Magnetic semiconductors are much needed materials in spintronic applications, due to its ability of
coexistence of both ferromagnetism and important semiconducting properties. In 1980s, the first DMSs to
be identified were 11-VI semiconductor alloys? with very low Curie temperatures of about a few K. Later,
during the investigations of ferromagnetism in Mn-doped 111-V semiconductors. 3 a relatively high Tc
of 173 K was achieved in Mn-doped GaAs.*® 3" It is observed that, in all these materials carried carrier
mediated ferromagnetism was proven to be the source of ferromagnetism and which even enables the
modifications of magnetism through charge manipulation. This has motivated a continuous search for
materials with even higher T. and carrier mediated ferromagnetism. It is point out that, the oxide based
DMS have the capability of high electron doping and would be the key material for future spintronic devices
with high T value (above room temperature).®® In this direction, Matsumoto et al.** “° have achieved the
groundbreaking discovery of RT ferromagnetism in Co doped TiO.. Later many research groups started
investigations in other oxide based DMS such as TM-doped ZnO*, Sn0,*?, Cu,0* and In; §Sno203*. The

detailed summary of high T oxide-based DMS can be found elsewhere®.



Among the various DMSs, ZnO is a promising spin source since it epitomizes DMS with T well above
room temperature (RT). In particular, magnetization of ZnO can be induced by either transition ion doping
and/or by intrinsic defects, such as oxygen vacancy (Vo) and zinc vacancy (Vzn). In particular, Vo-induced
RT ferromagnetism in as-grown ZnO nanowires (NWs) has been well established*-°. The Vo-induced
emissions in the photoluminescence (PL) spectra in as-grown ZnO NW are always concomitant with the
presence of ferromagnetism*-C, The presence of Vo defects as well as ferromagnetism in ZnO can be
eliminated by annealing the ZnO in an oxygen environment, and these features can be even resurrected by
vacuum annealing®® %, It has been shown that formation of Vo energetically attracts interstitial Zn
(Izn)%2. While the former presents as a deep level trap, the latter forms a shallow donor level. Thus, the pair
creation of defects causes ZnO to be a primarily n-type semiconductor®?. An electron spin resonance (ESR)
study showed that singly charged deep levels from Vo can host unpaired electron spins®. Recent study
revealed native Vz, and/or defect complexes involved with Vz,can also derive the appearance of
ferromagnetism in ZnO®>* %, Whether the main source of spin moments isVo or Vz, should depend on the
sample growth method in this material. The origin and mechanism of this d° ferromagnetism need to be
further studied. In general, charge transport in ZnO NWs strongly relies on the native doping level and
varies from hopping to the weakly localized limit>® 57, Thus, the magnetic exchange interaction between
randomly distributed defect-induced spins is also subject to the doping concentration. Recent studies have
suggested two different mechanisms®® for ferromagnetic ordering in transition metal-doped ZnO: one is the
formation of bound magnetic polarons in the localized limit*: % € and the other involves carrier-mediated
exchange interactions in the metallic regime®?. It would be intriguing to probe how the gate-controlled

carrier concentration affects the spin exchange in this unique magnetic semiconductor system.



1.3 Scope of thesis

In this thesis, | present experimental work on gate-tunable magnetotransport studies in ferromagnetic ZnO
nanowire field effect transistor (FET) devices. Particularly | display the dramatic gate voltage tuning of
magnetoresistance in ferromagnetic ZnO NW due to carrier mediated spin exchange interactions. Here,
ZnO nanowires (NWSs) used in this thesis were grown by chemical vapor deposition (CVD) technique and
further characterized by various characterization techniques. | also present gate dependent
photoluminescence (PL) study on single ferromagnetic ZnO NW devices. The chapters in this thesis are:

Chapter 2:

Some basic theoretical concepts of spintronics are introduced. Particularly | discuss the concepts of various
magnetoresistance effects occurs in normal metals, ferromagnetic metals, non-magnetic semiconductors
and magnetic semiconductors. | also discuss briefly about the spin orbit interaction induced
magnetoresistance effects such as anomalous Hall effect (AHE) and spin Hall Effect (SHE). I also briefly

discuss about the electric field controlled magnetism in DMS.

Chapter 3:
Here | describe the fabrication techniques used for the production of single ferromagnetic ZnO nanowire
field effect transistor (FET) devices. Also a large part of the chapter is used to discuss a number of

experimental and characterization techniques used to develop this thesis.

Chapter 4.

Here | discuss the growth and characterization of ZnO NWs. ZnO NWs used in this thesis were grown by
chemical vapor deposition (CVD) technique. The crystal structure and composition of ZnO NWs were
studied by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and X-
ray photoelectron spectroscopy (XPS).

Furthermore, | also present the magnetic properties of as grown ZnO NWs grown by CVD method. The
magnetic property was observed from 300K to 10K by using super conducting quantum interface device

(SQUID). The ferromagnetism in our ZnO NWs was observed well above the room temperature.

Chapter 5:
In this chapter | present the fabrication and characterization of ZnO nanowire FET devices. The

measurements at room temperature show that good ohmic contact between Ti/Au and ZnO NW which leads



to the estimated mobility of ~ 32.5 cm?/V-s. The temperature dependent conductivity and estimated carrier
concentration at Vg = 0 V reveal that, the studied ZnO NWs in this thesis were natively doped and lies at

the crossover of the metal-insulator transition.

Chapter 6:

In this chapter | present the gate-tunable magnetotransport studies on single ferromagnetic ZnO nanowire
FET devices. Upon sweeping the gate bias from —40 to +50 V, the MRs estimated at 2 K and 2 T were
changed from —11.3% to +4.1 %. Detailed analysis on the gate dependent MR behavior clearly showed
enhanced spin splitting energy with increasing carrier concentration. | also present the results of threshold
voltage dependent behavior of magnetoresistance values, which were collected from the various device

performances.

Chapter 7: Here | discuss the results of gate-tunable photoluminescence (PL) study on single ferromagnetic
ZnO NW FET devices. Gate voltage dependent PL spectra of an individual NW device confirmed the
localization of oxygen vacancy-induced spins, indicating that gate-tunable indirect exchange coupling
between localized magnetic moments played an important role in the remarkable change of the MR,

discussed in chapter 6.



Chapter 2
Spintronics: Magnetoresistance overview

2.1. Introduction

Spin-based electronics, or spintronics, refers to the study of the role played by the intrinsic spin of the
electron in solid state physics, and possible devices which are specifically exploit spin properties instead of
or in addition to charge degree of freedom. Currently spin transport electronics including spin injection,
transport with its precession control and detection is currently a hot topic, which offers opportunities for a

new generation of multifunctional devices.

spin

Figure 2.1. Schematic illustration of electron spin with net magnetic moment x and charge e.

In spintronics, magnetoresistance (MR), the change of material's resistance with the application of a
magnetic field, is a well-known phenomenon. There are several different ways in which a magnetic field
can affect hopping conductivity. The most obvious difference is between affecting it via spins and affecting
it via the orbital motion. However, the magnetoresistance effect can be well observed in various materials
including normal metals, ferromagnetic metal, normal semiconductor, ferromagnetic semiconductors,
topological insulators and also in the organic materials. The observation of magnetoresistance effect can be
enabled by various device geometries and approaches. This chapter dedicated to briefly outline the various

types of magnetoresistance effects in spintronics.



2.2. Ordinary Magnetoresistance (OMR)

In a non-ferromagnetic metals, the presence of an externally applied field perpendicular to the current
induces a Hall voltage in a direction orthogonal to both the current and magnetic field. An applied field
causes a change in the longitudinal resistance of a material because the Hall effect causes charge carriers to
deflect from the current direction. Due to the Lorentz force, the conduction electrons are forced into
cyclotron orbits about the applied field. Once a charge carrier begins to orbit around the magnetic field, it
no longer contributes to the current density until it is scattered. Once the conduction electron is scattered,

it then begins its next cyclotron orbit, with an initial velocity biased towards the applied field.

The effect of an applied field on the electrical resistivity thus depends upon the original resistivity; the
longer the relaxation time z, the larger the effect of an applied magnetic field. This is the ‘ordinary’

magnetoresistance effect which is analytically described by Kohler’s rule:

2
P P

Where A o is the change in resistivity, o is the resistivity of the material in the absence of an applied field
and H is the applied field and a is a constant of proportionality. Experimentally, it is observed that the
change in resistivity A o is maximum when the applied field and the electric current are perpendicular and

a minimum (weaker effect) when they are parallel.

In a ferromagnetic metals, this effect is often masked by the presence of a much larger phenomenon, known
as the ‘extraordinary’ magnetoresistance effect. Due to the existence of strong spontaneous magnetization,
M, in ferromagnetic metals, the extraordinary effects are much stronger than the normal metals. Also
because of spin-orbit effects, the magnetization couples to the current density and there is an interaction

between the spin and the orbit of the electron motion. Kohler’s rule can be extended for ferromagnetic

2 2
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Where b is a constant of proportionality.

materials as:



2.3. Anisotropic Magnetoresistance (AMR)

The discussion of magnetoresistance effects in this section is restricted to the changes in electrical resistance
in ferromagnetic metals associated with the direction of magnetization relative to the applied current: this
is known as anisotropic magnetoresistance. This effect was discovered in 1857 by Thomson’ and sometimes
it is called as the orientation effect due to its dependence upon the orientation of the magnetization to the
applied current. In general, the resistance of a ferromagnetic metal varies as:

p(0) = p, +Apcos®(6)

The change in resistivity Ap is @ minimum when the magnetization and the electric current are
perpendicular (o, ) and is a maximum when they are parallel (p,) .> ® The values of p, and p, can be

measured experimentally in typical scans as shown in Figure 2.2. The change in resistivity between the
parallel and perpendicular states, Ap is defined by the relation:

Ap:pn — P

Resistivity (Qcm)

Applied Field (Oe)

Figure 2.2. The typical anisotropic magnetoresistance in a ferromagnetic metals and alloys and its
corresponding schematics to show the orientation of magnetization and current density.

In contrast to OMR, the effect is anisotropic, where Ao, decreases with field and Ap, increases with field.



2.4. Giant Magnetoresistance (GMR)

Giant Magnetoresistance (GMR) is a quantum mechanical magnetoresistance effect in which the magnetic
multilayers are composed of an alternative stack of thin magnetic and nonmagnetic layers. The magnetic
layers are coupled through the nonmagnetic layers in either a ferromagnetic or antiferromagnetic
configuration depending on the thickness of the nonmagnetic layers. In 2007 Nobel Prize in physics has
been awarded to Albert Fert and Peter Grunberg for their independently discovered giant magnetoresistance
(GMR) effect in 1988.2 2 This discovery is considered to be the beginning of the new generation of the spin
based electronics. After the discovery of GMR effect, read heads of hard disk drives were commercialized,
where the GMR sensor reads the data written on the disc. Figure 2.3 (b) shows the structure of magnetic
multilayers composed of magnetic (Fe ) and nonmagnetic (Cr) superlattices and Figure 2.3 (a) shows its
corresponding magnetoresistance curves at T = 4.2 K. The magnetoresistance value of -50% was observed.
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Figure 2.3. Magnetoresistance of three Fe/Cr superlattices at 4.2K. Here the current flow direction and the

applied magnetic field are along the [110] axis in the plane of the layers?

The GMR effect requires two important characteristics. (1) The change of relative orientation of the
magnetization in magnetic layers could be easily controlled by an external magnetic field. (2) The

thickness of films must be less than the mean free path of the electrons.
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2.5. Tunneling Magnetoresistance

Tunneling magnetoresistance (TMR) effect is an extension to the GMR effect, in which the
magnetoresistance is governed by the similar quantum mechanical laws. The schematic representation of
TMR effect is shown in Figure 2.4, where the two magnetic layers are separated by a thin insulating layer
and a bias voltage is employed to pass the current between two ferromagnetic layers. The change of
tunneling current in magnetic tunnel junctions is depends on the relative magnetizations of the two
ferromagnetic layers. TMR effect is larger than GMR effect by about a factor of 10 and currently being
exploited as a better mechanism for read heads of modern hard disk drives, TMR or magnetic tunnel

junction, is also the basis of MRAM, a new type of non-volatile memory, logic devices and sensors.

N1(e) N, (&) N (¢) N,(¢) N, (&) N, (&) N4 (¢) N,(¢)

(a) (b)

Figure 2.4. Schematic illustration of the tunneling magnetoresistance (TMR) effect by means of spin
dependent tunneling. In a magnetic tunnel junction, the density of states of both ferromagnetic layers

determines whether a large current (a) or small current (b) tunnel through.
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Ferromagnetic materials consists of intrinsic magnetization due to the different density of states for up and
down spins. It means that the spin states available for one spin orientation higher than the other. The spin
transport takes place in this device based on the quantum mechanical tunneling after applying a bias across
the barrier. The basic working principle is that due to the application of bias voltage across the barrier,
electrons will tunnel from the FM1-FM2 via tunnel barrier depending on the availability of free states for
that particular spin orientation. As shown in Figure 2.4, if the two magnetic layers are parallel 2.4 (a), a
majority of electrons in FM1 will find many states of similar orientation in the other FM2, causing a large
current to tunnel through and a lowering of overall resistance. If two magnetic layers are anti parallel 2.4
(b), both spin directions will encounter a bottleneck in either of the two ferrimagnets, resulting in a higher

total resistance.

The tunneling current between the two electrodes separated by an insulating barrier can be calculated on

the basis of Fermi's golden rule.

| = Ze% " IM(E)N,(E—eV)N,(E)[ f (E—eV) - f (E)]dE

Where, N1, N are the density of states for up and down spins.
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2.6. Magnetoresistance in a non-local spin valve

In 1985, Johnson and Silsbee introduced the concept of spin valve during their study of spin accumulation
in metals,* and developed extensively by other research groups for spin transport and detection in metals,®
10 GaAs,? & Si6: %6 and graphene.!? Figure 2.5 shows the typical nonlocal spin valve (NLSV) geometry

used to detect pure spin currents and also to estimate the spin lifetimes via the Hanle effect.
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Figure 2.5. (a-b) Schematic view of four terminal NSLV device with (a) parallel and (b) antiparallel
magnetization of the spin injector and detector. (c-d) The spin splitting of the electrochemical potential Au
corresponding spin accumulation produced by spin injection from contact 2. Depending on the direction of
magnetization, the V. measured at contact 3, either spin up (c) or spin down branch (d) of the chemical
potential.
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The concept is based up on the fact that, the generated spin from the point of contact will diffuses away
independently of the direction of charge current path. As shown in Figure 2.5, the FM metal with tunnel
barrier contact 2, inject a spin polarized current into the semiconductor channel. When a bias current applied
between contact 1 and 2, the spin polarized current will diffuse into the semiconductor channel and travel
to the detector contact 3, which is placed outside of the contact 1 and 2. The detector contact 3 senses the

spin-splitting of the chemical potential, Azz = £z, — £¢, corresponding spin accumulation resulting from
spin diffusion away from the FM injector, contact 2.

Once the spin is accumulated from the injector ferromagnetic contact, it decays with increasing distance
from the injector contact with a certain spin diffusion length A . The voltage obtained at the detector

contact of FM 3 is proportional to the difference of chemical potential A,z and the projection of the

semiconductor spin polarization onto the contact magnetization. Therefore one can use some mechanism
to manipulate the semiconductor spin polarization (magnitude or orientation) to encode or process

information with the pure system, and directly read out the result as a voltage at this third contact.®’
There are two key concepts to be familiar in NLSV geometry:

e Separate and distinguish a pure spin current from a spin polarized charge current

e The efficient detection of a real voltage induced by the spin accumulation.

The nonlocal magnetoresistance can be defined as,

MR = M
I INJ
where, V, and V,, are the sensing voltages when magnetizations of injecting and detecting ferromagnets

are parallel and anti-parallel, and 1, is the injection current.

INJ
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Nonlocal magnetoresistance in hanowire based spin valves:

Nanowire spintronic devices embrace possible applications based on carrier control and tunable spin-orbit
interaction. Hence, spin injection, detection, and control of spin in accessible manner in these nano devices
is particular interest. In this direction, several semiconducting nanowires, such as germanium?, silicon® 16
and other 111-V NWs,*" 18 have been explored for the spin transport channel in a nonlocal spin valve (NLSV)

geometry.
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Figure 2.6. (a) Schematic layout of the four terminal NLSV. (b) Nonlocal magnetoresistance characteristic
of the GaN nanowire at room temperature under in plane magnetic field. The arrows indicate the relative

orientation of the injector (contact 2) and detector (contact 3).%”
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2.7. Magnetoresistance due to weak localization (WL)

In metal or semiconductors system weak localization effect is causes by the constructive interface of two
phase coherent electronic waves propagating in opposite directions along a same closed trajectory.%®-"° This
effect gives rise to a suppression of conductivity. When a magnetic field is applied perpendicular to the
system, the constructive interference is broken as a result of a phase difference between the two electronic
waves. The suppression of conductivity is gradually removed in increasing the magnetic field consequently
a positive magneto conductivity appears usually within in a small magnetic field window around O T. The

effect displays itself as a positive correction to the resistivity of a metal or semiconductor. This is shown in

Figure 2.7(a).
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Figure 2.7. Transport in a diffusive regime: (a) Weak localization due to constructive interference. (b)

Weak-anti localization due to incoherent scattering of electron waves.
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However, the WL effect is sensitive to the spin-orbit interaction. In a system with spin-orbit coupling the
spin of a carrier is coupled to its momentum. The spin of the carrier rotates as it goes around a self-
intersecting path, and the direction of this rotation is opposite for the two directions about the loop. Because
of this, the two paths along any loop interfere destructively which leads to the change of sign in
magnetoconductivity. This is referred as the weak anti localization effect’® shown in Figure 2.7(b). In

general WL & WAL effect is used to measure dephasing, spin-orbit scattering, tunneling times, etc.

The appearance of weak anti localization in a two-dimensional system is thus suggestive of the presence of

spin-orbit coupling. The Hamiltonian for this coupling is given by
H (k) = hic-Q(k)
Where o is the vector Pauli matrices, Kk is the electron wave vector and Q is an odd function of k.

In the case of two dimensions, Hikami-Larkin Nagaoka equation™ for the change of conductivity due to

WL or WAL takes the following expression.

2 B B
o(®)-0(0) =+ h{'”(f}‘”[%%ﬂ

+e2 In By, + B, Ly E+Bso+Be
7°h B 2 B

3e? {In((4/3) B, +B, j_l//[l"' (4/3)Bg, +B, H

+
27°h B 2 B

Where y and B, corresponds to the digamma function and the phase coherence characteristic field. B

is the spin-orbit characteristic field and B, in the elastic characteristic field.

When in the limit of strong spin orbit coupling B, > B,. the above equation simplified to the following

form:

R ORC)

Where, the value of « is -1 for WL and +1/2 for WAL.
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2.8. Spin-orbit interaction and Hall effects

SOl refers to the coupling of spin with the orbital motion of electrons. In addition to AMR, SOI also gives
rise to the other interesting transport properties called as anomalous Hall effect (AHE) and spin Hall effect
(SHE) as well as electric field-induced spin accumulation in two-dimensional electron gas (2DEG)."
Although most of the theoretical studies are on bulk systems, there are several experimental studies are
performed on mesoscopic or nanosize systems. In this section, the concepts of SOI, AME and SHE are

briefly discussed.
2.8.1. Spin-orbit interaction

SOl and its corresponding Hamiltonian is given by

eh

HSO :—W(U'[EX p])

en (dv
= 2mic? (EJ(SI)

Where E is an electric field induced by a potential gradientdV /dr, c is the light velocity, and | is the orbital

angular momentum. There are several origins of the internal electric field™ :

e Inversion asymmetry of the lattice such as the zincblende structure. The SOI is called Dresselhaus-
type SOI."

e Inversion asymmetry of the structure such as the 2DEG. The SOl is called Rashba-type SOI.”

e | —s coupling on atoms.

e Potential gradient caused by impurity potential and | —s coupling of atoms.

The first three types of SOI are known as intrinsic SOI since they exist in uniformly in the system, the last
one is called an extrinsic SOI as it is caused by impurity potentials. The SOI in semiconductors is usually
caused by the Dresselhaus and/or the Rashba-type SOI, while that in metal and alloys may be related to the

| —scoupling.
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2.8.2. Anomalous Hall effect

In 1879, the Hall effect was discovered by Edwin Hall,”* during his studies about the force acting on a
charged particle under an external electric (Eex) and a magnetic fields (Hex). This effect refers to the
"ordinary" Hall effect. According to this effect, when the electrons travel under the influence of magnetic
field, because of the Lorentz force the electrons will deflect into the direction of Eex X Hex:. If we talk about
ferrimagnets, usually there are two contributions to the Hall effect, the "ordinary" Hall effect and the

"anomalous™ Hall effect (AHE). The Hall resistivity p,, is thus given as
oy =RH +47R.M
In the above equation, the first term belongs to the ordinary Hall effect and the second term belongs to the

anomalous Hall effect. The Coefficient R, is known as the ordinary Hall coefficient and R, is known as the

anomalous Hall effect coefficient.
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2.8.3. Spin Hall effect

Figure 2.8. Schematic illustration of the spin hall effect.

For non-magnets, although the two charge Hall currents cancel and no Hall voltage develops, spin-
dependent scattering still produces the up and down “spin” currents (flow of spins) that flow in the opposite
directions, as long as the SOI is non-vanishing. Therefore we thus believe a Hall effect solely with spin,
which is called spin Hall effect (SHE).”* A schematic view of SHE is shown in Figure 2.8. The extrinsic
SHE is responsible for the observed spin Hall current if it is originated from the scattering of electrons by
impurity potentials with SO interaction.” 7® The spin Hall device studies are placed in a broader context of

the field of spin injection, manipulation, and detection in non-magnetic conductors.

Apart from semiconductors, the SHE is also observed in transition metals and normal metals in which the
SOl exists. The experimental observation of inverse SHE in Al, Pt was realized by few research groups, #*
" by injecting the spin-polarized current from ferromagnetic metal into a non-magnetic metal. A schematic
illustration of the inverse SHE is shown in Figure 2.9. The injected spin current from ferromagnetic metal
gives rise to a spin dependent chemical potential shift. Since the chemical potential shift decays with
increasing the distance from the point of the spin injection, a Hall current is induced. Here, the spatial
dependence of the spin-down and spin-up chemical potentials have opposite signs, and down-spin and up-
spin Hall currents flow into opposite directions.” In a study of realistic tight-binding model, the large value

of the spin Hall conductivity has also been predicted for Pt and transition metals.®
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Figure 2.9. Schematic illustration of experimental setup to measure inverse SHE.

21



2.9. Control of magnetism by electric fields

The ultimate goal of 'spintronics' is to combine ferromagnets with semiconductors to develop the electronic
devices that exploits the spin of electrons as well as charge. One aim is to integrate information storage
with information processing, but a broader goal of spintronics is to develop new functionality that does not
separately in a semiconductor or ferromagnet. Based on this motivation, the researchers are searching for
‘emergent behavior' in combined ferrimagnet/semiconductors structures, in which the whole is more than
the sum of its parts.?° In this regard, in 2000 Ohno et al. provides a striking example of such behavior. In
their invention, electrical manipulation of the magnetic phase transition was first observed in a thin film of
magnetic semiconductor (In,Mn)As, which was used as a channel material in a field effect transistor.®! This
is shown in the above Figure. 2.10. The anomalous Hall effect has been used to probe the magnetization
(M), and the effect on this material from an applied electric field. Later on investigations into the electric
field control of magnetism have expanded to cover a wide range of magnetic semiconductors® which are
in the form of bulk or thin films, including group 11-V1,22% group 111-V 2 8% group IV,® wide gap

materials,®® and topological insulators.% %
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Metal gate ? ? ?
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Figure 2.10. An electrically controlled magnetic switch designed by Ohno et al 2! where the field effect
control of the hole induced ferromagnetism in magnetic semiconductor (In,Mn)As field effect transistor.
The cross section of the metal insulator semiconductor field effect transistor is shown in the above figure.
The applied gate voltage (Vg) controls the hole (filled circles) concentration in the semiconductor channel.
Negative V¢ increase the hole concentration, resulting in enhancement of ferromagnetic interaction among
Mn ions, whereas the positive Vg has an opposite effect. The schematic arrow in the above figure shows
the magnitude of the Mn magnetization. The buffer layer corresponds to the InAS/(Al,Ga)Sh/AlISb

structure.
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Chapter 3

Experimental Techniques

This chapter describes the experimental techniques applied in the research discussed in this thesis.
3.1. Device fabrication procedure

This section introduced about the experimental procedure we approached in order to fabricate the high

quality ZnO nanowire field effect transistor device to study the gate tunable magnetotransport properties.

Electron beam lithography was used to define multiple electrode on the nanowire (NW). The device

fabrication procedure involves several steps and are displayed in the above Figure 3.1.

ZnO NW Harvested on
the SiO,/p-Si substrate
ZnO NWs on the Substrate on hot

0
sapphire substrate plate at ~70 °C

mmm

Al O, capping Layer Ti/Au electrode
using ALD position and liftoff

E-Beam Lithography

Figure 3.1. Experimental procedure for ZnO NW device fabrication

23



To fabricate the device:

e The as-grown ZnO NWs on sapphire substrate were suspended in IPA solution. A slight sonication
was performed to extract the NWs from the sapphire substrate.

o While transferring nanowires on to the SiO, (300 nm)/p-Si substrate, the temperature of hot plate,
on which the SiO, (300 nm)/p-Si substrate was maintained at 60°C ~ 70°C to evaporate the IPA
solution quickly.

e The extracted NWs from the sapphire substrate were transferred onto a SiO, (300 nm)/p-Si
substrate with a pre-defined number patterns as shown in Figure 3.2.

e The pre-defined number patterns on the SiO; (300 nm)/p-Si substrate as shown in Figure 3.2 was
transferred by using photolithography. These number patterns serves as reference sites to find the
position of the NW in the 1cmxlcm sample size.

e Explore the sample by using optical microscope/SEM to find the location of the suitable nanowire
site to fabricate the device.

e Using AutoCAd software, the multiple electrodes were designed to the NW located site on the
lcmxlcm sample with the help of reference number patterns.

e  After spin coating with PMMA resist, with the help of AutoCAD file consists of electrodes design
and the reference patterns on the substrate, electron beam lithography defines the electrode patterns
on the NW.

o After the electron beam lithography writing process, the sample was developed in MIBK: IPA
solution. (see Figure 3.3 (a))

e The lithographically patterned sample was then transferred to the ALD chamber to perform Argon
plasma treatment in order to remove the PMMA residues and the other contaminants at the contact
area.

e After Argon plasma treatment the samples were immediately transferred to the high vacuum system
incorporated with the electron beam and thermal evaporation electrode deposition techniques. The
evaporation of titanium (Ti) adhesion layer is done by electron beam evaporator technique, and
followed by this step the gold (Au) electrode was deposited using thermal evaporation technique.

o Followed by the electrode deposition, liftoff was performed to remove the unwanted PMMA and
then using optical microscope/SEM the device was inspected.

o After the liftoff process, the device was transferred to the ALD chamber for annealing and Al,Os

capping layer deposition.
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o  After takeout from the ALD chamber, the wiring was performed and then transferred to the PPMS

chamber for the electric and magnetotransport measurements.

Figure 3.2. The image of Reference number patterns, transformed onto SiO; substrate to identify the

location of nanowire while performing e-beam lithography.

(a) (b)

Figure 3.3. (a) Optical microscope image taken after the e-beam lithography processing and development.
(b) Optical microscope image taken after the process of liftoff step. Figure (a and b) also shows that, during
the spin coating process, sometimes the unwanted nanowire debris will migrate into the NW location and

causes the electrode damage.
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3.2. Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is an advanced vapor phase technique used to coat high quality thin films
on a desired substrates. In contrast to chemical vapor deposition (CVD) and physical vapor deposition
(PVD), in ALD the deposition of high quality thin films is achieved based on the self-limiting surface
chemical reactions. In ALD process, the intrinsic surface control mechanism is based on the saturation of
an individual, sequential self-limiting surface reactions between the precursor molecules and the substrate
surface. In CVD and PVD where the saturation mechanism takes place based on the time of growth or the
concentration of reactant whereas in ALD process, the saturation mechanism takes place based on the
number of reaction cycles. Due to its ability of layer by layer growth, the number of reaction cycles is
proportional to the thickness of the film. Thus, ALD is particularly advantageous in depositing high quality
ultrathin films with highly uniform and conformal coating for several applications. There is another
advantage of ALD is that the film can be deposited at lower substrate temperatures compared to the CVD
process. However, there is a so called temperature window for the ALD process; because, the adsorption

of precursor to the desired surface is mainly thermally driven.

The above schematic shows the general temperature window of an ALD process.
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In order to prevent the condensation of any of the reactants, the substrate temperature must be required
greater than T: (high enough) at which ALD process will takes place. If condensation happens during an
ALD cycle, uncontrollable or undesired chemical reactions might happen, resulting in the formation of

impure and porous films. However, if the temperature is too high (greater than T,) an undesirable
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decomposition of reactants will occur. Furthermore at very large temperatures (greater than T), CVD
reactions will takes place and because of this an uncontrollable and undesired film depositions will occur.
Moreover, there is an effect which might exist more likely at higher temperatures called as re-evaporation

effect, causes the decreasing growth per cycles versus temperature.
Mechanism:

To demonstrate the underlying mechanism of ALD processes, a deposition process of Al.Os using

trimethylaluminum (TMA) and water (H-O) precursor is shown in Figure 3.4.
The deposition of Al,O3; by using ALD process takes four repetitive steps:

(1) Aluminum source TMA precursor induce surface reactions with the reactive sites (OH groups
figure (2)) on a substrate and form an intermediate layer. The intermediate layer will form by
release of CH, as the byproduct (figure (b and c).

(2) A purging phase following the self-terminated reaction to evacuate the over supplied non reacted
TMA and gaseous byproduct CHa.

(3) Supply of oxygen precursor H,O to start a second surface reaction ( figure (d) ) with the reactive
groups of the intermediate layer to produce target Al,O3 as well as new active sites (OH groups
figure (e))

(4) Another purging phase to evacuate the non-reacted oversupplied H>O precursor and gaseous
byproduct CHa.
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Figure 3.4. The visualization of ALD process by depositing Al,O3; using TMA and H,O precursors.
(a) The surface of the substrate initially covered with hydroxyl groups. (b) Formation of new intermediate
layer after reacting TMA molecules with hydroxyl groups. (c) The substrate covered with new intermediate
layer. (d) Reaction between H,O molecules and intermediate layer, leading to the target Al,Oz and new
hydroxyl groups. (e) The substrate again covered by hydroxyl groups. [Reproduced from Meng, X.B. et al.,
2012.%7
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Experimental set up:

The experimental setup for ALD (SVTA ALD system) is shown in the above Figure 3.5. The SVTA ALD
system is a versatile research deposition tool for thermal or plasma enhanced ALD. The ALD system is

integrated with the RoboALD automation software, which increases the process reproducibility.

Figure 3.5. Experimental setup for ALD: Various components of SVTA ALD system. [Extracted From
SVTA ALD Manual]
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Figure 3.6. The picture of the RoboALD software main page. The RoboALD software is written in
LabView language and ranges from complete manual operation of each component to full recipe

automation.
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The SVTA ALD system equipped with many components for ALD process. Out of which there are a few
components are layout in Figure 3.5. This section is intended to give brief overview of the components

displayed in the above Figure 3.5:

(A) Growth chamber integrated with the R.F. Plasma source. The chamber includes convenient hand
knobs for assuring reliable vacuum seal.

(B) Sample heating lamps mounted on the bottom of the growth chamber, and are housed in a shield
of Inconel that allows the substrate to be heated while keeping the surrounding cool.

(C) Inner chamber lid: Removable lid provides flexibility to switch from thermal mode ALD
processes to open chamber ALD processes using the RF Plasma source.

(D) Gauge controllers placed on the front of the console door. Controllers provides convenient visual
display of both inner (2) and outer (1) chamber pressure and provide communication to the
ROBO software

(E) Pneumatic distribution manifold provides air actuation to all pneumatic valves on the system.

(F) Carrier gas flow meters is plumbed with two mass flow controllers. Either Argon (2) or Nitrogen
(1) can be selected for carrier gas.

(G) Chamber venting and pressure gauge: (1) Convenient pressure gauge has a range of 1 mTorr to
1000 Torr. (2) Manual flow control valve (2) for venting. (3) Pneumatic valve for Robo

controlled venting.

Experimental procedures:

In an ALD process, the precursors are loaded into different cylinders and then inserted to the ALD system.
To deposit the target film, the substrate is placed in the ALD chamber and then created vacuum by using
the pump down option in the Robo software. Also, assigned the temperature of the substrate, manifold,
chamber wall and pumping by using Robo software. In this, Robo software is written in LabView language
and ranges from complete manual operation of each component to full recipe automation. During ALD
process, different precursors are supplied in an alternating manner for particular defined time set and also
between the supplies of each precursor there is a purging step to clean out the byproducts and oversupplied
precursors. In order to maintain a stable operation for high quality films with desired thickness, one needs

to carefully keep an eye with the pressure curve which shows good repetition with time.
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3.3. Physical vapor deposition

Physical vapor deposition (PVD) is a method to deposit thin films by vaporizing source materials and
then condensing the vapor on the desired substrate. This process is purely physical and does not involve
any chemical reactions. In general, PVD takes the following processing steps in order to get successful

deposition.

e Evaporation
e Transport
e Condensation

The process can be summarized in the following flow chart.

Source Deposition

_ Gas Gas :
Evaporation Ph Transport Ph Condensation
. R ase | ... ase | .
Solid Solid

PVD used in a variety of applications including fabrication of micro/nano electronic devices, optical and

conductive coatings, surface modifications, diffusion barriers etc.

In this thesis, to fabricate the ZnO NW FET devices for electric and magnetotransport studies, thermal

evaporation and electron beam evaporation techniques was utilized to deposit the electrode materials.

This section briefly introduce the thermal and electron beam evaporation laboratory setup and operation.

3.3.1. Thermal Evaporation:

Thermal evaporation is the one of the PVD techniques, in which the source material is heated in a vacuum
chamber until its surface atoms have acquired the sufficient energy to leave the surface. Once the source
material is evaporated, the vacuum allows vapor particles to travel directly to the target substrate. Here,
heat supplied to the source is through a resistive heating boat. The resistive heating boat used for the
deposition of gold (Au) electrode was Tungsten. The typical current flows through the Tungsten boat in

order to evaporate Au source to achieve deposition rate ~1 A%s is ~55 A in high vacuum condition.
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Figure 3.7. Experimental setup for thermal evaporation technique. Thermal evaporation technique was
used to deposit the gold (Au) electrode to the ZnO NW during device processing.

Advantages:
It is simple, robust and widespread in use and also cheaper heating arrangement
Higher evaporation rate can be achieved at low cost and typical evaporation rate is 1-50 A%sec

High quality films could be obtained

Drawbacks:
It is not easy to evaporate heavy metals due to insufficient temperatures
There is a possibility of metallic boat can form an intermetallic alloy with the evaporate source

There is a possibility of Expose substrates to visible and infrared radiation
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3.3.2. Electron beam evaporation:

In this technique, the high energy electron beam is focused on the evaporant source. The electrons are
emitted by a hot filament and then accelerated by a DC voltage source; a typical voltage source is 3 — 10
kV. The electron beam is focused on the evaporant source by a magnetic field arrangement, typically by
bending beam through ~270°. An additional lateral magnetic field is applied to produce x-y sweep. The
evaporant sits on the water-cooled crucible. Multiple pocket rotary crucibles can be arranged to have
sequential deposition of layers with a single pump down. The schematic illustration of electron beam

evaporation working procedure is shown in above figure.

Electron beam focus
control using magnetic
field

magnetic
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Figure 3.8. Schematic illustration of the electron beam evaporation technique
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Figure 3.9. Experimental setup for electron beam evaporation technique. This technique was used to
deposit various types of materials such as titanium (Ti), aluminum oxide (Al2O3), iron (Fe), and cobalt (Co)
during device fabrication process.

The advantages of this technique are as follows.

Advantages:

Extremely versatile and achieve higher temperatures greater than 3000°C

Deposition rate precisely controllable and also typical high deposition rate 1-100 A%sec

Since the heating can be much localized, the highest temperature materials also can be evaporated
High quality film can be obtained

Drawbacks:

Complex systems are required

Expensive to maintain

Exposes substrates to secondary electron radiation
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3.4. Electrical measurement setup

Electric and magnetic transport measurements were carried out using Quantum Design physical property
measurement system (PPMS). PPMS includes the Even Cool dewar consists the liquid-helium bath in which
the probe is immersed. The probe incorporates the superconducting magnet, sample chamber, power source,
and the basic temperature control hardware. The picture of PPMS and electric measurement setup is shown
in the above Figure 3.10 (a). The sample chamber consists of universal 12-pin platform that contacts the
bottom of an installed sample puck. The installation of sample puck in the Ever cool chamber takes place
with the help of sample puck holder. Figure 3.10 (b and c¢) shows the image of standard puck (sample
holder) and rotatory puck. Ever cool serves as temperature, electric and magnetic field controller. In the
ever cool chamber the high vacuum option allows to perform measurements in the high vacuum conditions.
The chamber can be annealed up to 390 K and cooled down to 1.8 K in liquid helium environment. The

magnetic field can be controlled upto £9 T.

Figure 3.10. Electrical measurement setup. (a) Physical property measurement system and electric
measurement setup, where the measurement was taken by using Keithley electric instrument. (b) Standard
sample puck and (c) rotator puck (for angle dependent measurements) for various magnetic field (-9 T to

+9 T) and temperature dependent measurements.
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The temperature of the sample is monitored by a temperature controller which was inbuilt in the PPMS
chamber. The gate voltage controlled magneto transport properties of the ZnO NW FET device was
characterized by using Keithley K2636A. The voltage was also read out using Keithley K2182 nano
voltmeter. All electric measurements, PPMS options were together controlled by using Multivu and
LabVIEW software installed in PPMS computer.

Figure 3.11. Installed LabVIEW software in a PPMS computer to control all electric measurements and

PPMS options together with the help of Multivu software.
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3.5. Physical property measurement system

Physical Property Measurement System (PPMS) is a versatile instrument consists of £9 T superconducting
magnets in a Ever Cool helium dewar with the temperature range of 1.8-390K. PPMS offering several

combinations of electrical measurements at various temperatures and magnetic fields.

e Magnetotransport measurements

e Conductivity, superconducting critical temperatures estimation

e Heat capacity and thermal transport options

e AC transport, Hall Effect measurements

¢ Rotating sample holder allows to rotate sample for 360° in the magnetic field range of +9 T and
collect the set of angle dependent measurements for detailed analysis

e VSM option for the measurements of M-H hysteresis loop and Temperature dependent

magnetization

Also, the open software architecture allows for additional types of electrical measurements

Ever cool Helium Dewar

Basic setup of dewar consists the liquid-helium bath in which the probe is immersed. The probe incorporates
the superconducting magnet, sample chamber, power source, and the basic temperature control hardware.
The pump is connected to evacuate the sample chamber during measurements. The sample chamber
incorporates an universal 12-pin platform and each of the experimental options uses its own specific insert.
The PPMS is fully controlled by the user friendly and sophisticated Multivu software. Most of the
experimental options can be operated in the temperature range 1.8 — 390 K with applied magnetic fields up

to £9 T. The major components of the PPMS probe are shown in Figure 3.12.

In order to do electrical measurements, the sample is attached to a sample puck which has up to 12 electrical
leads for performing I-V curves, DC/AC resistivity, Hall Effect, magnetotransport etc. Also the facility of
horizontal rotator allows any of these measurements with 360-degree sample rotation under varying

magnetic fields and temperatures.
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Figure 3.12. Major components of the PPMS probe [Extracted from Quantum design PPMS manual].
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3.6. Magnetic property measurement system

The Magnetic property measurement system MPMS3 SQUID VSM is a versatile instrument which offers
one of the most effective and sensitive ways of measuring magnetic properties. The MPMS3 commercial
SQUID magnetometer can be considered as modification of the extraction method for the magnetization
measurement. Advantage over the "classic" method comes from the use of superconducting material for the
detection coils instead of the classical ohmic conductor. The detection coil consists of the loop of
superconducting wire separated by two Josephson’s junctions. When the sample is moved up and down it
produces an alternating magnetic flux in the pickup coil. The magnetic signal of the sample is obtained via
a Superconducting pick-up coil with 4 windings. The voltage between the two junctions is a periodic
function of the magnetic flux inside the loop. Compared to the conventional magnetometers, the SQUID
offers much higher sensitivity. In principle, signals corresponding to the magnetic flux quantum h/2e can
be detected. The scheme of the magnetometer is in the Fig. 3.13 (left). Typical response curve, i.e. induced
voltage as a function of the position of the sample with respect to the coil set is shown in the Fig. 3.13

(right). The sensitivity of the device is upto 10 emu.
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Figure 3.13. Scheme of the MPMS SQUID magnetometer (left), geometry of the detection coil and sample
response curve (right) [From QD MPMS manual].
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The operation of Magnetic property measurement system takes the following steps in order to measure the

magnetic moment of a given sample.
(1) Sample mounting, (2) Sample loading (3) Centering sample (4) measure sample
Sample mounting:

This is very important step in order to extract the accurate measurement of the sample. For the accurate
magnetic moment measurements, the magnetic signature of the sample holder should be measure before
inserting the sample. The magnetic contribution of the sample holder should subtract from the total

magnetic signal in order to estimate the accurate magnetic moment of a give sample.
Sample loading:

In this step, the sample holder with mounted sample need to attach to the sample rod before loading into
the MPMS chamber. During the attachment, the sample holder should be handle carefully to avoid

contamination from the hands.
Centering Sample:

This step is very important for the accurate measurements. In this step, for the accurate measurements, the
sample must be centered within the detection coils. Specify the sample offset so that it may be properly

centered during measurements.
Measure sample:

e Choose the type of measurement, such as Moment Vs Field or Moment Vs Temperature.

o Write the sequence, to automate the magnetic field, temperature and data collection.
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Chapter 4

ZnO nanowires: Growth and characterization

4.1. Introduction

ZnO and its applications

ZnO is a wide-band-gap semiconductor with a direct gap of EG ~ 3.3 eV at room temperature. It
preferentially crystallizes in the hexagonal wurtzite-type structure (see figure 4.1) which is the stable phase
of ZnO at room temperature. Along the hexagonal c-axis, adjacent polar lattice planes of zinc and oxygen
are found. Every oxygen atom is surrounded tetrahedrally by four zinc atoms and vice versa. Zinc-blende
and rock-salt phases also exist, but these phases are only stable under high pressure. The bonding between
adjacent atoms of zinc oxide is found to be covalent, but with a partial ionic bonding component. Due to

the partially ionic bonding and the lack of an inversion center, ZnO is a piezoelectric material.*?

ZnO involves promising applications in the fabrication of transparent electronics,* spintronics,* photonics,
shorter wavelength optoelectronics,® Photovoltaic®” and sensors.®® Compared to the GaN (~25 meV), ZnO
has higher exciton binding energy, ~60 meV, and fascinates it with higher light emission efficiency for
brighter UV/ blue lasers and LEDs. Although the room temperature electron Hall mobility of single crystal
ZnO has slightly lower (~200 cm? /V) than that of the GaN, it exhibits higher saturation velocity. Also,
ZnO exhibits higher radiation resistive than that of the GaN, therefore might have possible applications in
space and nuclear. The easier achievable growth on cheap substrates such as glass and plastic, makes ZnO
as special candidate to fabricate low-cost devices. ZnO is also considered to be a much needed DMS
material in spintronic research due to its Curie temperature well above the room temperature (RT). Also

ZnO serves as the best host material for doping with transition metals, noble metals, and rare earth metals.
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Figure 4.1. Schematic view of the primitive unit cell of the wurtzite type ZnO crystal structure. The light
grey spheres corresponds to oxygen, whereas dark spheres corresponds to zinc. The base plane primitive

translation vectors a and b include an angle of 120° and c is orthogonal to them.%
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Synthesis of ZnO nanostructures: Different Methods

A wide variety of methods are available to synthesize ZnO nanostructures. In general, these methods can
be divided into two categories: vapor-phase growth and solution-phase growth. Figure 4.2 represents the
various growth methods for synthesis of ZnO nanostructures.®

[ Zn0O nanostructures ]

Vapor phase
deposition

| l
Physical Vapor ] [ Chemical Vapor f . )
L Deposition (PVD) L Deposition (CVD) | L Solution Synthesis )
|
( Thermal ) ([ Metal Organic ) [ Hydrothermal
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| [
( Activated Reactive ) [ Plasma Enhanced ) [ Electro chemical |
| Evaporation (ARE) ) L CVD ) L Deposition )
| |
Sputtering | ([ Vapor Phase
L (DC, RF) ) . Epitaxy (VPE)

Pulsed Laser
_ Deposition (PLD)

Figure 4.2. Schematic chart representing various methods employed in the growth of ZnO nanostructures

In the following sections, the growth and characterization of ZnO nanowires utilized in the framework of

this thesis is presented.
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4.2. Experiment: Synthesis of ZnO nanowires using CVD method

ZnO NWs used in our devices were synthesized by chemical vapor deposition (CVD) technique on a
sapphire substrate!®. A 3-nm-thick Au film was initially deposited on the substrate, followed by rapid
annealing at 300°C for 1 min in ambient nitrogen. As is well known, Au film aggregates into well-separated
Au nanoparticles, which can enhance the growth of the NWs. An alumina boat with pure Zn and ZnO
powders (99.9%, Alfa Aesar) was introduced into a quartz tube furnace and the sapphire substrate with Au
nanoparticles was placed downstream of the boat. The tube was initially evacuated to 10 mtorr. Then, Ar
gas (100 sccm) containing traces of oxygen was introduced into the tube. The furnace temperature was
increased to approximately 900 °C and maintained at this temperature for 1 h for the growth. After the
reaction, the furnace was cooled to room temperature by flowing Ar. The schematic illustration of the
growth mechanism of ZnO NWs using CVD technique is shown in Figure 4.3.

300 nm Au deposition

on sapphire Alumina boat with pure

7

( ~ \ Zn0/Zn
loading
Annealing
l (300°C, 1 min) »
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AP inlet

L .

Catalyst on substrate pump

Vaccum

Figure 4.3. Schematic illustration of the growth mechanism of ZnO nanowires using CVD method
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The Scanning electron microscopy (SEM) image of ZnO NWSs on sapphire substrate grown by CVD method

is shown in the above figure.
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Figure 4.4. Scanning electron microscopy (SEM) image of an assembly of ZnO NWs grown by CVD
method.
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4.3. Characterization of ZnO nanowires

4.3.1. Results and Discussion: XRD and HR-TEM analysis

To confirm the crystal structure and composition of CVD-grown ZnO NWs, we characterized our samples
by using X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and X-ray
photoelectron spectroscopy (XPS). The XRD pattern of the ZnO NWs grown on the sapphire substrate is
displayed in Figure 4.5. According to the X-ray results, our CVD-grown ZnO NW formed a hexagonal
wurtzite structure. Figure 4.6 shows the HRTEM image of our ZnO NW sample and the inset displays the
corresponding selected area electron diffraction (SAED) pattern. Both the HRTEM image and SAED

pattern clearly confirm uniform growth of the ZnO NW along the c-axis of the hexagonal wurtzite structure.
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Figure 4.5. Structural characteristics of ZnO NWs grown by the CVD method. (a) XRD pattern of as-
grown ZnO NWs grown on a sapphire substrate by CVD method.
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Figure 4.6. HR-TEM image of ZnO NW shows growth in the c-axis direction of the hexagonal wurtzite
phase. Inset shows the corresponding SAED pattern.
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4.3.2. Results and Discussion: XPS analysis
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Figure 4.7. Elemental characteristics of ZnO NWs grown on the sapphire substrate. (a) Survey XPS

spectrum of ZnO NWs on the sapphire substrate. (b-c) Magnified views on the XPS spectrum corresponding

to the Zn-2p (b) and O-1s (c) core level regions.
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Figure 4.7 displays XPS results for the assembly of as-grown ZnO NWs. XPS was performed to investigate
whether impurities and other undesirable chemical residues had formed on the sample during the synthesis.
The XPS survey of the as-grown ZnO NWs shown in Figure 4.7(a) indicated the presence of Zn, O, and
adventitious C, but no other contaminants in our sample.'”" An XPS spectrum of the ZnO NWs (Figure
4.7(b)) displayed two peaks, corresponding to Zn-2p3» and Zn-2pi». These peaks were observed to be
approximately symmetric and centered at ~1021.7 and ~1044.8 eV, indicative of Zn** in ZnO.!> The
linewidths (FWHM) of these peaks were measured to be about 1.8 eV. Both the positions and linewidths
of these peaks are consistent with the pure ZnO NW phase.!”! Figure 4.7(c) displays the XPS spectra of the
O-1s core level region in our sample. To gain insight into the oxygen vacancies in the ZnO NWs, the O-1s
core level spectrum was deconvoluted into multiple Gaussians. These peaks were observed to be located at
about 530.6 eV, 531.8 eV, and 533.4 eV, respectively. The highest binding energy peak at 533.4 eV is
generally attributed to chemisorbed oxygen on the ZnO NW surface (blue curve). The lowest binding
energy (530.6 eV) component is associated with the O* ions in hexagonal wurtzite ZnO phase (red curve).
The medium binding energy (531.8 €V) component arose from O* in the oxygen-deficient regions of the
ZnO matrix!'?> 19 (green curve). Therefore, the XPS analysis clearly showed that our as-grown ZnO NWs
accommodated noticeable amounts of oxygen vacancies, but no transition metal contamination. Therefore,
the observed ferromagnetism in our studied ZnO NW assembly may be confidently associated with the spin

host from oxygen vacancies in the matrix of the ZnO wurtzite phase.
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4.4. Ferromagnetism in ZnO NWs

4.4.1. Introduction

There is current interest in the development of dilute magnetic semiconductors (DMS) exhibiting
ferromagnetic behavior for spin-based transistors, light emitting diodes, and sensors. Among the various
DMSs, ZnO is a promising spin source since it epitomizes DMS with T. well above room temperature (RT).
Dietl et al. prediction of critical temperatures for various semiconductors are shown in Figure 4.8.1% In
particular, magnetization of ZnO can be induced by either transition ion doping and/or by intrinsic defects,
such as oxygen vacancy (Vo) and zinc vacancy (Vzn). In particular, Vo-induced RT ferromagnetism in as-
grown ZnO nanowires (NWSs) has been well established.®® 0 The Vo-induced emissions in the
photoluminescence (PL) spectra in as-grown ZnO NW are always concomitant with the presence of
ferromagnetism*¢-*°, The presence of Vo defects as well as ferromagnetism in ZnO can be eliminated by
annealing the ZnO in an oxygen environment, and these features can be even resurrected by vacuum
annealing*® °L, It has been shown that formation of Vo energetically attracts interstitial Zn (12,)%2. While the
former presents as a deep level trap, the latter forms a shallow donor level. Thus, the pair creation of defects
causes ZnO to be a primarily n-type semiconductor®. An electron spin resonance (ESR) study showed that

singly charged deep levels from Vo can host unpaired electron spins®,

In this section, we show the magnetic property of our CVD grown ZnO nanowires utilized in the context
of this thesis is presented.
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Figure 4.8. Dietl et al. predicted of critical temperatures for various Mn-doped p-type semiconductors

(diluted magnetic semiconductors).1%
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4.4.2. Results and Discussion

SQUID measurement

ZnO NWs used in our study were synthesized by chemical vapor deposition on a sapphire substrate. Figure
4.9 displays the M-H hysteresis loops for an assembly of ZnO NWs grown on a sapphire substrate. The
measurements were taken at T = 300 K, 200 K, 100 K, and 10 K using a Quantum Design superconducting
guantum interference device (SQUID). The diamagnetic contribution from the sapphire substrate was
carefully subtracted. Robust ferromagnetic moment with small coercivity (~10 Oe) can be well observed at
300 K.
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Figure 4.9. Magnetization as a function of magnetic field measured at T = 300, 200, 100 and 10 K for an
assembly of ZnO NWs.
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Figure 4.10 displays the temperature dependence of the saturation magnetization, which was fitted to the

power-law

M,(T)/M, =(1-T/T.)’

The obtained A was 0.365, which corresponds to the 3D Heisenberg model.*® The critical temperature T,
was estimated to be 416 K, significantly higher than room temperature (RT). Here,

M, =M, (T =0)=M, (T =10K)
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T (K)

Figure 4.10. Normalized saturation magnetization (Ms/Mo) as a function of temperature. The estimated

Curie temperature to be well above room temperature (approximately 416 K)
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45. Conclusions

In conclusion, we discussed the growth and characterization of ZnO NWSs grown by chemical vapor
deposition (CVD) technique. The crystal structure and composition of ZnO NWs were studied by X-ray
diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), and X-ray photoelectron
spectroscopy (XPS). According to the X-ray results, our CVD-grown ZnO NW formed a hexagonal
wurtzite structure. Furthermore the HRTEM image and SAED pattern clearly confirm uniform growth of
the ZnO NW along the c-axis of the hexagonal wurtzite structure.

We also studied the magnetic properties of as grown ZnO NWs grown by CVD method. The magnetic
property was observed from 300K to 10K by using super conducting quantum interface device (SQUID).

The ferromagnetism in our ZnO NWs was observed well above the room temperature.
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Chapter 5

ZnO nanowire field effect transistor

5.1. Introduction

The "transistor" or "transfer-resistor" is a semiconductor device used to control the resistance between two
terminals by using a third terminal. In a bipolar transistor, the current between collector and emitter can be
controlled by the much smaller current at the base (third) terminal. The first realization of a bipolar transistor

was pioneered by Bardeen, Brattain, and Shockley in 1947106107

A different approach to realize transistor was first patented by Julius Edgar Lilienfeld in 1925.1% In a field
effect transistor, the current flow between two terminals (source and drain) is controlled by the electric field
from the third terminal (gate). In contrast to the bipolar transistor, the third terminal is capacitively coupled
and is not in direct contact with the semiconductor. The schematic view of a typical Al.Os-capped ZnO

NW device is shown in Figure 5.1(a).

Transport parameters
Using 14 vs V, curve (Figure 5.3), the field-effect mobility can be estimated by

dly L?

= —X——— 5.1
dV;g, Vas X Cox ( )

u

where, gm = dla/dVy s the transconductance, Vs is the source-drain voltage. Coy is the gate capacitance and
defined as,
21y, ol

where g =8.85 x 10 F/cm is the vacuum permittivity, d = 120 nm is the diameter of the ZnO NW, and

Cox = (5.2)

tox = 300 nm is the thickness of the back-gated dielectric.
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Using Drude model, the carrier concentration (n) can be estimated as,

n=1/p0u (5.3)

where p is the resistivity of the NW, q is the charge of the electron.

The resistivity p can be further estimated as,

p=R

=~

(5.4)

where R is the resistance of the NW, A is the area of cross section of the NW, and L is the channel length.

Then, the kgl values were estimated from the free electron model according to

_ hBr)s

kel = (5.5)

ezpnl/f)‘

5.2. Experiment: Device fabrication

To fabricate the device, the as-grown ZnO NWSs were sonicated and suspended in IPA solution, which were
transferred to a SiO2 (300 nm)/p-Si substrate. The transferred NWs on SiO2/Si substrate were inspected by
using optical microscope and identified the NW for device fabrication. Electron beam lithography was used
to define multiple electrodes on the NW. Before the electrode (Ti (10 nm)/Au (120 nm)) deposition, argon
plasma etching was performed to improve contact resistance between Ti/Au and the ZnO NW.1%° After
performing a lift-off process in acetone, samples were transferred into an atomic layer deposition chamber
and were annealed for 4 hours prior to the deposition of the 15 nm-thick Al,O3 capping layers. Post
annealing was then done for 3 hours. The substrate temperature was maintained at 120 °C throughout the
annealing and Al,O3 deposition process. Note that these low-temperature annealing procedures also assist
in the formation of Ohmic contacts between Ti/Au and the ZnO NW.° The schematic view of a typical
Al,Os-capped ZnO NW device is shown in 5.1(a). Figure 5.1(b) shows the corresponding SEM image of a
ZnO NW FET device with multiple electrodes.
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(b)

Figure 5.1. (a) Schematic illustration of a typical Al,Os-capped ZnO NW FET device and (b) its

corresponding SEM image with multiple electrodes. Here, the effective channel length was L = 1.5 um.
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5.3. Results and Discussion

Transport properties of all our devices were characterized by using a Quantum Design physical property
measurement system (PPMS). Figure 5.2 shows the /; - Vs characteristics at various gate voltages at room
temperature. The linear /-V curves confirm the excellent Ohmic contact between our ZnO NW and the
Ti/Au electrode. Therefore, we can effectively avoid other effects from field-dependent impurity scattering

at the interface when we characterize the MR of a two-terminal FET discussed in the following chapter.

The resistivity of the ZnO NW was estimated to be p ~ 0.023 Q-cmat V;=0 V.

40.0

20.0

)

o

o
1

-40.0}

Figure 5.2. I-V characteristics of the studied ZnO NW at T = 300 K. The extracted resistivity was
determined to be p ~ 0.023 Q-cm at Vg=0 V.
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Figure 5.3 shows the FET characteristics of the ZnO NW at room temperature, which exhibits the majority
carriers are n-type. This device characteristic indicates Vo rather than Vz, is the main source for the native
doping in our studied sample. The field-effect electron mobility (1) and carrier concentration (n) extracted
from the FET curve were estimated to be ~ 32.5 cm?/ V-s and ~ 8.04 x 10'® cm by using the equations
shown in the above section. Here, the effective channel length and diameter of the ZnO NW was L = 1.5

pmand d = 120 nm.

40F .
3.6
3.2}
<< .
=
=]
— 2.8}
T =300 K
VdS = 100 mV 7
24+t u =325 cm?/V-s
n=28.04x 108 cm™
20F

-40 -20 0 20 40
Vys (V)

Figure 5.3. The corresponding Vy—lacharacteristics at Vas= 100 mV. The obtained field-effect mobility was

u =325 cm? (V-s), and the carrier density was n = 8.04 x 10®¥cm?=3,
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Figure 5.4 shows the temperature dependence of the resistance of the ZnO NW device at Vg =0 V. When
the temperature was decreased below 250 K, the resistance of the device increased, indicating that the
studied NW follows semiconductor behavior. But the change of resistance with temperature was not large,
which reveals that this NW was natively doped and lies near the metal-insulator transition region.%® 57
Above 250 K, the device resistance displays anomalous increase. This behavior could be also understood
if the native doping concentration of our studied batch of sample is at the crossover of the metal-insulator
transition. Then, the ZnO NW can behave like metal at high enough temperature because nearly all the
electrons at the shallow donor levels are activated. However, as temperature decreases, activation energy
plays more important role for the device resistance. As discussed in the chapter 7, the shallow donor levels
in the ZnO typically lie at ~ tenths of meV below the conduction band edge. This energy scale and the

temperature of the turning point for the device resistance are qualitatively consistent together.
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Figure 5.4. Temperature dependent transport of ZnO NW device at Vg =0 V.
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Estimation of gate dependent k¢l value at T=2 K

Figure 5.5(a) displays the transport characteristics of the ZnO NW FET device at 2K. Using Eqn 5.1, the
estimated mobility (p) at ¥, =0V was 21.49 cm?/V-s.

The carrier density (n) at V=0 V based on the Drude model can be obtained from

of
o=neu >n= —2 ~754%x10%¥cm™3  (5.6)
U
where oy is conductivity at V=0 V. Using n (at V=0 V) as the reference value, we estimated the carrier
density (left axis of Figure) in the channel region for various gate voltages from V,=—-40 V to V;=+40 V.

The kel values were estimated from the free electron model according to Eqn 5.5. As shown Figure 5.5(b),
the calculated k¢! values (right axis) were found to be less than unity, indicating the studied ZnO NW system

to be in the strongly localized regime.

(a) (b)

T T T T T 060
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Figure 5.5. FET behavior and transport parameters at T = 2K. (a) Vg-14 curve of ZnO NW FET
device at Vgs = 100 mV. At Vy =0 V, the carrier density was estimated to be n = 7.54 x 10'® cm and the
mobility to be = 21.49 cm? /V-s. (b) The carrier density n (left axis) and the corresponding kel value (right

axis) as a function of V.

60



5.4. Conclusions

In conclusion, we fabricate and characterized the ZnO nanowire FET devices. The measurements at
room temperature shows that good ochmic contact between Ti/Au and ZnO NW. The mobility was estimated
to be ~ 325 cm?V-s at 300 K. The temperature dependent resistance measurement and carrier
concentration at Vy = 0 V reveal that the studied ZnO NWs were natively doped and lies at the crossover of
the metal-insulator transition. Furthermore, we estimated the kel value less than unity, which indicates that
the NWs used for our study are in the strongly localized regime (kel < 1).
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Chapter 6

Gate-tunable magnetotransport in ferromagnetic ZnO
nanowire FET devices

6.1. Gate-tunable spin exchange interactions and magnetoresistance

6.1.1. Introduction

Electrical manipulation of magnetization has grown as an essential ingredient in rapidly evolving spintronic
research.®% 8! Switching of nano-scale magnetization can be induced by a spin-polarized current via spin-
transfer torque, ** 12 domain wall motion, 3 1* and/or spin-orbit torque, ' ¢ which are being
increasingly utilized for magnetic memory devices under development. Apart from current dissipation, the
electric field itself can also be used to control the magnetism in various materials, especially in dilute
magnetic semiconductors (DMSs).8 8. 117. 118 A gate-voltage-induced accumulation of charge could alter
magnetic exchange interactions®® and eventually lead to changes in magnetic moment, coercivity,
anisotropy, and transition temperature. Semiconductor spintronics has garnered increasing attention due to
the concept behind the spin field-effect transistor (spin-FET), where the spin precession is governed by the
gate-controllable Rashba field.? ¥ Tuning the magnetization of the source and drain in the spin-FET

architecture offers additional state variables in future state-of-the-art electronic applications.

Recently, several nonmagnetic semiconductor NWs, such as silicon,* ¢ germinum,** and other group I11—
V NWs,!" 18 have been explored for the spin transport channel with spin sources from conventional
ferromagnetic electrodes. Engineering local ferromagnetism of NWs in an accessible manner can promote
efficient spin injection'?® 12! and allow the realization of NW-based all-in-one spin FET. Moreover,
incorporating electrical tunability of ferromagnetism in NW systems enables us to directly control the
source of spins, which can be served as an additional state variable in future nanospintronics. However,
comprehensive study on the NW systems for the gate voltage control of ferromagnetism is still lacking and
no study has revealed full conversion of magnetoresistance (MR) with electrical field only. Ferromagnetic
ZnO NW is particularly interesting candidate for displaying electric field-induced drastic change of MR
since the mechanism of magnetic ordering in this system is governed by the carrier concentration, as
discussed previously. Thus, the effect of gate voltage on spin exchange coupling in ZnO NWs could

significantly vary depending on the initial doping level. It is also desirable to investigate the PL spectra in
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individual ZnO NWs and their evolution under gate voltage, since defect-related emissions are directly

associated with electron spins in this system.

6.2. Results and analysis

Gate-tunable inversion of magnetoresistance in ferromagnetic ZnO NW

One of the characteristic features of ferromagnetism in ZnO is magneto-transport, which can be used to
probe spin-exchange interactions. Here, we demonstrate the effects of gate voltage on magneto-transport in
ferromagnetic ZnO NW FET at various temperatures. Figure 6.1 shows the schematic illustration of the
magnetotransport of ZnO NW FET device, where the magnetic field (H) was applied perpendicular to the
axial direction of the NW.

Figure 6.2 displays the MR, defined as Ap/ o, = [o(H) — p(0)1/(0) » Mmeasured at T = 2K under various

gate voltages for H=-2 T to +2 T. When V, was swept from —40 V to +50 V, the sign of the MR changed
from negative to positive. At an intermediate bias (+10 V < V4 < +30 V), both positive and negative
contributions coexisted in the MR. Figure 6.3 shows the magnitude of MR determined at H = +1.5 T and
field-effect resistance (blue) at 2 K. While sweeping V, from —40 V to +50 V, the MR was found to change
from —10.9% to 4.3%. This dramatic tuning of MR by varying the gate voltage in ferromagnetic ZnO NWs
has not been explored before. Recently, Chang et al. reported the modulation of MR in Mn-doped ZnO
NWs by up to 2.5% by varying the gate voltage between —40 V and +40 V at 2 K and 7 T. However,
magnetic ordering in ferromagnetic ZnO NWs relies highly on the carrier concentration, so that gate
voltage-induced MR can significantly vary depending on the initial doping level. According to the observed
temperature dependent conductivity, our studied ZnO NWs are typically in the metal-insulator transition

regime, which could lead to gate-induced fully converting MR behavior.
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Figure 6.1. Schematic view of the magnetotransport in ZnO NW FET device, where the magnetic field is

applied perpendicular to the axial direction of the NW.
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-12

Figure 6.2. Gate-dependent magnetotransport of a single ferromagnetic ZnO NW FET device. Gate
voltage induced inversion of magnetoresistance from negative to positive was observed under various gate
voltages Vg between —40 V and +50 V at 2K.
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Figure 6.3. Gate-dependent MR value of a single ferromagnetic ZnO NW FET deviceatH=0and 1.5 T,
T = 2K. Left axis shows the magnitude of MR as a function of gate voltage, where the MR value is
dramatically tuned upon sweeping the gate voltage from —40 V to +50 V at 2K. Right axis shows the field
effect resistance as a function of gate voltage at H = 0 value.
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Temperature dependent magnetotransport of ferromagnetic ZnO NW

The magnitudes of measured MRs at V4 = —40 V and —30 V under various temperatures. The magnitudes
of negative MRs decreased with increasing temperature. Figures 6.4 show the temperature dependent
behavior of the MR measured at Vy = —40 V and —30 V.

otVg=20Y 50 K _
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= ] 10 K
_8-
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12+ 1
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Figure 6.4. Temperature dependent magnetotransport of a single ferromagnetic ZnO NW. The
observed negative MR for (a) Vq =—40 V and (b) Vy = —30 V under various temperatures. The temperature
dependent behavior shows that, the magnitude of MR was dramatically decreased as the temperature was

increased.
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The magnitudes of measured MRs at Vy = +50 V and +40 V under various temperatures. The magnitude of
MR was dramatically decreased as temperature was increased and it turns out to be a negative at 30 K, and
then became negligible at 50 K. This temperature dependent inversion of MR sign for Vg = +50 V and +40
V under varied temperatures is shown in above Figure 6.5.
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Figure 6.5. Temperature dependent magnetotransport of a single ferromagnetic ZnO NW. The
observed negative MR for (a) Vq = +50 V and (b) Vy = +40 V under various temperatures. The temperature
dependent behavior shows that, the magnitude of MR was dramatically decreased as the temperature was
increased and at T = 30 K the sign of MR was inverted from positive to negative before it reaches to the
negligible value at 50 K.
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The temperature dependence of MR under various gate voltages at H = +1.5 T are summarized in Figure
6.6. When the temperature was lowered to below 30 K, the MR bifurcated into positive and negative values

according to the applied gate voltage, and its magnitude increased as the temperature was decreased further.
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Figure 6.6. Summary of temperature dependent magnetotransport of a single ferromagnetic ZnO NW under
various gate voltages at H = 1.5 T. When the temperature was lowered to below 30 K, the MR bifurcated
into positive and negative values according to the applied gate voltage, and its magnitude increased as the

temperature was decreased further.
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Fitting of experimental results with semi-empirical model

Here, we adopted a semi-empirical model from Khosla and Fischer,'?? which describes magneto-transport
based on spin-dependent scattering in a system of localized moments with itinerant electrons. The magneto-
transport in DMS has been often described within this semi-empirical model.*?% 124 This model was also
successfully employed to describe the behavior of MR in undoped,'? Co-doped,*? 2" Mn-doped, and Ga-
doped ZnO thin films'?® as well as of Al-implanted ZnO NWs.?° The semi-empirical model of Khosla and

Fischer'?? is composed of both positive and negative contributions as follows.

A 2H?
P a2 In(1+ b%2H?) + ¢

Po 1+ d2H? 6.1)

The negative component in Eqn 6.1 is associated with the third-order expansion of the spin exchange
Hamiltonian between localized moments and itinerant electrons. Here, H is the applied magnetic field and

a and b are parameters given by

a=A;JD(ep)[S(S + 1) + (M?)] (6.2)

akBT

p2 — [1 4 452 72 (ZJDg(SF))4] ( giB )2 (6.3)

where J is the exchange interaction energy, D(eg) is the density of states (DOS) at the Fermi level, (M?)
is the average of the square of the magnetization, ug is the Bohr magneton, g is Boltzmann constant, and

130. 131 The quantities S and g are the total spin and the

« is a numerical factor that is on the order of unity.
effective Lande g factor of the localized magnetic moments, respectively. The parameter A, is a measure

of the spin scattering contribution to the total MR.
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The positive component in Eqn 6.1 is derived from a two-band model*?* 2% 132 with asymmetric

conductivities for spin-split sub-bands. The coefficients ¢ and d are related to the band parameters and are

given by
o2 = 010, (Uy + piz )? (6.4)
(01 + )2 '
_ 2
d? = (o144 — o241 ) (6.5)

(o1 + 02)2

where y; and o; are the mobilities and conductivities of the carriers in the two sub-bands. The subscripts 1

and 2 denote the majority-spin and minority-spin carriers, respectively.

Discussion

Gate-field-induced inversion of MR, especially in semiconductor systems, is often attributed to the tuning
of Rashba spin-orbit coupling **3. Here, the gate-controlled Rashba SOC affects the phase coherence of
carrier electrons, which leads to a change in the quantum interference of self-crossing trajectories, and
eventually switches charge transport from the weak localization (WL) limit to the weak anti-localization
(WAL) limit.%® " However, one has to be careful about describing MR in terms of quantum corrections
because phase coherence can be easily destroyed with a small applied magnetic field, and the typical
magnetic field windows for MR changes by WL and WAL are narrow (on the order of ~ 100 Oe).*** But,
the MR in our sample was observed to persist in a relatively strong field. Besides, both WL and WAL
effects occur only in the weakly localized limit (kel > 1). In our case, the kel was estimated to be ~0.5,
indicating our sample to be in the strongly localized regime. There are also other possible candidates for
the mechanisms of the observed positive and negative MRs.® In particular, quantum correction in variable
range hopping can produce both positive and negative MR.3¢ 137 Other mechanisms, such as wave function
shrinkage'®® and electron spin blockade*® can lead to positive MR. However, the temperature dependence
of the positive MR in these mechanisms can be scaled as T2,** which is far from what we have observed

in our system (see Figure 6.6).

70



[ fitting curve . T=2K
0.04 e
A '&m e +30 V-
0.00 B oriod AA;,)/Y; q n
S
\Q L
Q
~ -0.04}
-0.08 }
-012 ' l * . A 1 s 1 . ' l .

Figure 6.7. Description of the fit of a semi-empirical model to the measured MR values. Eqn 6.1 curves
fit to the measured MR values at T = 2K for various gate voltages in ZnO NW. All curves fit well to the

collected data over all gate voltages.

71



Figure 6.7 display curves from Eqgn 6.1 of semi-empirical model fit to the measured MR values. All curves
fit well to the collected data over all applied gate voltages. The obtained fitting parameters a, b, ¢, and d are
listed in Table 6.1. As shown in Figure 6.8, the value of b, which determines the magnitude of negative
MR, was found to decrease as the gate voltage was increased from —40 V to +30 V. In DMS film, it was
also found that the increasing magnetic doping suppress the negative MR component.'?®* Having stronger
exchange between localized moments weakens the change in degree of moment alignment by the
application of an external field. Since negative MR originates from spin-dependent scattering by localized
moments, enhanced exchange interactions reduce the magnitude of the MR. Figure 6.9 displays the band
parameters ¢ and d as a function of gate voltage at 2 K. The obtained band parameters band parameters c
and d are strongly depending on the applied gate voltage. This bias dependent behavior of fitting parameters

might be associated with the enhanced exchange interaction with increasing gate voltage.

We further display curves from Eqgn 6.1 of semi-empirical model to the measured temperature dependent
MR values for various gate voltages Vq = +50V, +40 V, =30 V and —40 V. Eqn 6.1 produces qualitatively
good fits over a wide temperature range as shown in Figures 6.10 (a-d). The extracted fitting parameters a,
b, ¢, and d for the observed MR values are listed in Tables 6.2-6.3.

Figure 6.11 displays the plot of b vs T for gate voltages Vy = —40 V and —30 V. The obtained plot of b vs
T showing the linearity down to 10 K. This behavior well corresponds to Eqn 6.3 of the semi-empirical
model. However, large deviation in T behavior of parameter b was observed below 10 K. This might be
associated with the enhanced g factor at lower temperature due to increased spin relaxation. Similar trend
in temperature dependent g factor has been reported in DMS system of (Ga,Mn)As.'*° Figure 6.12 shows
the plot of the obtained band parameters ¢ and d as a function of temperature at Vg = 50 V, The band

parameters ¢ and d are tuning with temperature at particular gate voltage.
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Table 6.1: Parameters describing the fit of the semi-empirical model to the observed MR values for various
gate voltagesat T=2 K

V a b @ d

—40 0.1411 15.132  0.09224  0.34218
@T=2K
-30 0.09222  9.7133 0.02722  0.3146
-20 0.08805  6.91347  0.02661  0.28654
~10 0.08002  2.13303  0.02547  0.26572
0 0.08415  2.07536  0.01971  0.1945
+10 0.09521 125917 025321  4.406
+20 0.16616  0.50926  0.28567  4.26552
+30 0.18678  0.38903  0.4876 3.8796
+40 0.08311  0.45422  0.50177  2.53848

+50 0.1032 0.49211 0.51995 2.28376
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Figure 6.8. The obtained fitting parameter b as a function of gate voltage Vg at T= 2 K.
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Figure 6.9. The obtained fitting parameters ¢ and d of Eqn 6.1 obtained at V4 = +50 V.
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Figure 6.10. Description of MR in ferromagnetic ZnO NW by fitting the measured values with a semi-
empirical model of Eqn 6.1. (a-b) Fitting the measured values with semi-empirical model, at a gate voltage
of Vg = +50 V and +40 V under varied temperatures. The MR values were observed to decrease with
increasing temperature, and became negative at around 30 K. The MR was negligible at 50 K. (c-d) Fitting
measured MR values with a semi-empirical model, at a gate voltage of Vy=-30 V and -40 V under varied
temperatures. In all above cases, the experimental values are in good agreement with the semi empirical

model.
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Table 6.2: Parameters describing the fit of the semi-empirical model to the observed MR values for various

temperatures at Vg = —40 V and —30 V

@V,=-40V

@V,=-30V

10

15

30

50

10

15

30

50

a

0.1411

0.10648

0.09007

0.07665

0.07466

0.07774

0.09222

0.08294

0.07041

0.08834

0.0898

77

b

15.132

13.73

11.63

6.823

0.66433

0.4316

9.7133

5.58

3.32

0.90507

0.4227

c

0.09224

0.06145

0.0243

0.0223

0.0151

0.021

0.02722

0.02396

0.0213

0.0201

0.01991

d

0.34218

0.2601

0.253

0.2304

0.16

0.1309

0.3146

0.2441

0.2014

0.1584

0.12595



Table 6.3: Parameters describing the fit of the semi-empirical model to the observed MR values for various
temperatures at Vg = +40 V and +50 V

T a b c d
2 0.08311 0.45422 0.50177 2.53848
@V =+40V
g 5 0.08233 0.41 0.456 245
10 0.16299 0.44298 0.401 2.24658
15 0.16785 0.4401 04 2.245
30 0.094 0.71811 0.0156 0.128
50 0.09 0.30019 0.0035 0.009
2 0.1032 0.49211 0.51995 2.28376
@ Vy="= 50V
5 0.09928 0.471179 0.50189 2.24453
10 0.18417 0.4621 0.469 2.10707
15 0.1861 0.4434 0.4609 2.04361
20 0.09 0.2 0.25722 1.41466
30 0.09125 0.82057 0.01822 0.132
50 0.09168 0.31024 0.0076 0.009
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Figure 6.11. The obtained fitting parameter b as a function of temperature for gate voltages Vq=—-40V and
-30 V.
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Figure 6.12. The temperature dependent parameters ¢ and d of Eqgn 6.1 obtained at V4 = +50 V.
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Reproducibility of the Results

In this section, we show the reproducibility of the gate-induced inversion of MR in our ferromagnetic ZnO

NW devices. As discussed in the previous section, the behavior of MR in ZnO NWs strongly depends on

the doping level. Within the same batch of sample, all the MR characteristics were found to be reproducible

despite a number of device fabrication processes.

4110

4100

(@) — (b) I —
8 8 T=2K
\|:| Ja}
6 6 /
4 4 2
= 2 < 2 /
S S Ve
X L ol H=1T \p—0—"
= = < o0~ o
-4 4 \D\
6 6 n/ O—o—p H=0T
O
8l i 8l D\n
-10 T T 10 1 1 1 1 1
-3 2 1 0 1 2 3 -60 -40 20 0 20 40 6
H(T) v, (V)
©) — (@, .
8r eyt \:%‘+50V- V. =440V |
n ™ i 3
— '_ .-'l H 2K .
L 4t ® 5K e
9\/ 4 .. : A 15K - 9\/ 2
o V¥ 25K o
[/ LI | 11
) { ° _.M s
n
ﬁ.e '55' i 0
Al
oF Y Wy
1
va vw v v E
3 2 1 0 1 2 3 3 -2 1 0 1 2 3
H(T) H(T)

140

4130

4120

(G)RS|

Figure 6.13: Reproducibility of the gate dependence of MR in our ferromagnetic ZnO NW FET
(device B). (a) Gate-tunable inversion of MR at 7= 2K. (b) Gate-dependent MR value ofatH=0and 1 T,

T = 2K. Left axis shows the magnitude of MR as a function of gate voltage, where the MR value is

dramatically tuned upon sweeping the gate voltage from —40 V to +50 V at 2K. Right axis shows the field

effect resistance as a function of gate voltage at H = 0 value. (c-d) Temperature dependence of MR collected

at Vg =+50V and +40 V.
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6.3. Threshold voltage dependence of Giant magnetoresistance in
ferromagnetic ZnO NW FET devices

In general, charge transport in ZnO NWs strongly relies on the native doping level and varies from hopping
to the weakly localized limit®® %7, Thus, the magnetic exchange interaction between randomly distributed
defect-induced spins is also subject to the doping concentration. Therefor it would be very intriguing to
study how the influence of the initial level of native defects and applied gate voltage on the performance of

the ZnO NW FET devices and its corresponding magneto transport studies.

In this section, we study how the effects of native defects on electric and magneto-transport in ferromagnetic
ZnO NW FET device. Here we fabricated and characterized three types of NWs, whose initial doping levels
lies from insulating regime to the mental-insulating transition regime. According to the observed transport
studies we conform that, the NW used for device # 1, typically lies in the insulation regime, whereas the
NW used for device # 3, 2, lies near the metal-insulator transition regime. Figure 6.14 displays the device

# 1, magnetoresistance (MR), defined as Ap/p, =[p(H)— p(0)1/ p(0) » Mmeasured at T = 2K under gate

voltages Vq = +35 V and +40 V for H = =3 T to +3 T. In this study the magnetic field (H) was applied
perpendicular to the axial direction of the NW. As shown in Figure 6.14 (a), the giant MR was observed
and tuned by the back-gate voltage Vy swept from +35 V to +40 V. Figure 6.14 (b) shows the maximum
extracted value of magnitude of MR (right axis) and zero field resistance (left axis) as a function of gate
voltage Vgyat 2 K. While sweeping Vq from +35 V to +50 V, the MR was found to change from ~50% to
~73%. Figure 6.15 shows the performances of the three type devices as explained above. 6.15 (a) shows
the conductance as a function of Vg at T = 300 K. The performance of field effect conductance is
significantly varies for three types of NWs with different initial native doping levels. Figure 6.15 (b) shows
the corresponding MR curves for Devices # 1 and 3 at Vg =+40V and T = 2 K. The inset shows the extracted
MR value as a function of device number (#) at Vg = +40 VV and H = 1 T. The value of MR decrease while
moving from device #1 (NW lies at the insulation regime) to device # 3 (NW lies at the metal-insulator
transition regime). However, magnetic ordering in ferromagnetic ZnO NWs relies highly on the carrier
concentration, so that gate voltage-induced MR can significantly vary depending on the initial doping level.
From the observation of the MR value and its dependence on the initial doping level of NW and the value
found to be increasing while moving from near metal-insulator transition to insulator regime. However

further comprehensive studies are needed to conclude the above result.
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Giant Magnetoresistance in ZnO NWs
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Figure 6.14. Gate-dependent magnetotransport of a ferromagnetic ZnO NW. (a) Gate voltage
induced tuning of giant magnetoresistance for Vg = +40 V and +35 V at T = 2 K. (b) The right axis shows
the extracted value of maximum MR, and left axis shows the zero field resistance as a function of gate

voltage.
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Comparison of the obtained MR values for three types of ZnO NWs
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Figure 6.15. (a) Vq-14 characteristics of a ZnO NW FET devices at T = 300 K. The FET characteristics of
the Devices # 1,2,3 was governed by the native doping concentration in ZnO NWSs, where Device #1 lies
at the insulator regime, devices # 2,3 lies at the crossover of metal-insulator transition regime. (b) The
corresponding MR curves for Devices # 1 and 3 at Vg = +40 V. The inset shows the extracted MR value as
a function of device number (#) at Vg =+40VandH=1T.
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6.4. Conclusion:

In summary, we have shown the ability to dramatically change MR in ferromagnetic ZnO NWs by applying
gate voltage for wide range of temperature. Changes in the carrier concentration induced by the gate voltage
greatly influenced the MR signal, whose sign was observed to change from negative to positive when the
gate voltage was swept from —40 V to +50 V. We note that such a full conversion of MR was observed for
ZnO NW with the initial doping level lying at metal-insulator transition regime. The behavior of the
observed MR fits well the semi-empirical model of Khosla and Fischer. The obtained fitting parameters
show that the gate voltage-induced carrier concentration facilitates exchange interactions between localized
moments. The observed effect of applying a gate voltage on the PL spectrum of an individual device (shown
in chapter 7) was also consistent with magnetic ordering through carrier-mediated exchange interactions,
which can be effectively tuned by the applied gate voltage. We also studied the gate tunable giant MR value
at T =2 K in ZnO NW FET device with the initial doping level of NW lies at the insulator region. While
sweeping Vg from +35 V to +50 V, the large extracted value of MR was found to change from ~50% to
~73%. Furthermore, we also observed the MR value and its dependence on the initial doping level of NW.
We found that the MR value increasing while moving from near metal-insulator transition to insulator

regime.

Our study solely displayed fully controllable MR in NW system by applying electrical field only. Along
with efforts for realizing spintronic device with nano-materials, accessible tuning of ferromagnetism in NW
is highly desirable for the functional operation of spintronic device, where device resistance switches
depending on the magnetic alignment of ferromagnetic layers. ZnO NW exhibits rich variation of robust
ferromagnetic properties compared to other DMS systems. However, its relatively low mobility needs to
be improved to facilitate coherent spin transport. Further challenge for the realization of fully functional
spin-FET using ZnO NW is the incorporation of Rashba spin-orbit coupling, which has never been
demonstrated in this system. Nevertheless, our study has shown the ability to markedly manipulate the
ferromagnetism in a NW system, which provides the promise of additional degrees of freedom for data

processing in future nano-spintronics.
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Chapter 7

Gate-tunable photoluminescence study of single

ferromagnetic ZnO nanowire FET devices

7.1. Experiment: UV Confocal microscopy

The PL spectral imaging of a single ZnO NW device with gate voltage control was performed using the
confocal method shown in the schematic of Figure 7.1. A 355-nm-wavelength laser line of a diode-pumped
solid-state laser was used for the PL excitation. A 0.9 NA objective lens was used to tightly focus the laser
light onto the sample, and the PL emission from the sample was collected with the same objective lens and
guided to the spectrometer equipped with a cooled charge-coupled device (CCD), which was synchronized
with the scanning of the sample stage. The laser power applied to the sample was typically 50 uW and an
acquisition time of 150 ms per pixel was used for PL spectral imaging. Spectral images for which each

pixel contained the full PL spectrum were obtained for back gate voltages of 0 V and +30 V.
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Figure 7.1. Schematic view of the UV confocal PL spectral imaging of a single ZnO NW device with the
application of gate voltage. The laser power applied to the sample was typically 50 uW and an acquisition

time of 150 ms per pixel was used for PL spectral imaging.
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7.2. Results and Discussion

7.2.1. PL imaging of a Single ZnO NW FET Device

In order to clarify the presence of ferromagnetism and oxygen vacancies in the studied ZnO NW FET, we
performed a UV confocal PL study for the individual device using a lab-made confocal microscope as
shown in Figure 7.1. Typical PL intensity mapping for individual ZnO NW device is shown in Figure 7.2(a),

which was collected by an excitation of 355 nm laser line.
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Figure 7.2. Optical properties of the studied ZnO NW. (a) The RT-PL intensity mapping of single ZnO

NW device with zero gate bias. Contrast scale of the PL image represents the photon counts, i.e., PL
intensity. (b) RT-PL spectra of a single ZnO NW device.
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Figure 7.2(b) shows a PL spectrum measured from a ZnO NW device exhibiting the general feature of near-
band-edge ultraviolet (UV) emission at 380 nm and a broad deep-level emission 52 in the visible region.
The natively doped ZnO, as shown in the schematic band diagram of Figure 7.3, has shallow donor levels
typically lying approximately 50—100 meV below the conduction band edge.>® Accordingly, the main UV
emission was accompanied by a satellite feature at about 395 nm (Figure 7.2(b)). The broad DLE in the
visible region can be attributed to the transition involving optical centers from the deep levels. The origin
of the DLE has been controversial since this emission can be attributed to several kinds of defects and
vacancies. The commonly reported defects present in ZnO-based nanostructures are oxygen vacancies, zinc
vacancies, interstitial zinc, and adsorbed molecules. However, it has been most widely accepted that the
several DLEs are associated with oxygen vacancies with different charged states.®® 47 50 141-146

Deconvolution of the DLE in natively doped ZnO NWs generally produces three main features.
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Figure 7.3. Schematic illustration of the energy band diagram of the ZnO NW including various defect-

related energy levels.



As shown in Figure 7.3, the green emission (~ 520 nm) is associated with singly charged oxygen vacancies
(Vo"), which have been attributed to localized moments.*" 144146 A recent study suggested that the presence
of Vo + Vz, di-vacancies (Vzio) can also contribute to the green emission, since it is located around ~ 0.9
eV above the valence band edge.'*” 18 The spinless doubly charged oxygen vacancies (Vo*) yield a yellow
emission (~ 570 nm).*" 144146 And the orange-red emission (~ 610 - 750 nm) is ascribed to the excess
oxygen on the ZnO surface*” **! and/or donor-acceptor recombination process between Vo and Vz,
defects.’® The relative intensity and location of these peaks essentially depend on how the material was
processed, such as growth conditions, annealing, etc. Figure 7.2(b) shows the strong suppression of the
orange-red emission peak, indicating a lack of excess oxygen on the NW surface and/or Vz,. This lack of
excess oxygen might be due to the surface modification of the ZnO NW with the Al,O3 capping layer. As
discussed in the Introduction, the correlation between the DLE of singly charged oxygen vacancies Vo* and
ferromagnetism has been well established according to several previous reports.*650 149 The observation of
green emission in an individual ZnO NW device indicates that the ZnO NW in our FET carries oxygen

vacancy induced ferromagnetism.

7.2.2. Gate tuned PL imaging of a Single ZnO NW device

We also performed a PL study on an individual NW device to investigate how the gate voltage affects
emissions associated with both free carriers and localized moments. Figures 7.4(a and b) display PL images
of a single ZnO NW FET with non-overlapping emission wavelength ranges and with zero gate bias. A
wavelength range of 370—450 nm was chosen to display the main band edge emission (Figure 7.4(a)), while
480—640 nm was the range selected to display the oxygen vacancy-induced emission (Figure 7.4(b)). PL
images for the same range of wavelength, but under a gate voltage Vg of +30 V, are shown in Figure 7.4(c
and d). When applying a gate bias, the intensity of the main emission was strongly quenched, whereas
defect-related peaks maintained their emission intensities. We inspected several NW devices and observed

the same trend.
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Figure 7.4. Gate-tuned RT PL emission intensity mapping of a single ZnO NW device. (a-d) The
emission intensity mapping of the UV band edge emission peak (main peak) and defect-related peaks at
gate voltages Vy =0 and +30 V. A wavelength range of 370-450 nm was chosen to display the main band
edge emission (a and c), while 480-640 nm was the selected range to display oxygen vacancy-induced

emission (b and d). Dotted line in PL images represent the location of the NW and the electrodes.
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The corresponding RT PL spectra are shown in Figure 7.5 for gate voltages of both Vg =0 V and +30 V.
The strong suppression of the main emission reflects excitons associated with the band edge are loosely
bounded and hence easily dissociated upon application of even a relatively weak field. However, the lack
of suppression of the intensities of the defect-related peaks suggests the defect-related moments to be rather
localized in the system. The response of the PL emission to the applied voltage is consistent with the carrier-

mediated exchange interaction mechanism and with these interactions having been tuned by the gate field.
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Figure 7.5. Gate-tuned RT PL spectra of a single ZnO NW device. The PL spectra of the single ZnO
NW FET measured at Vg = 0 V and +30 V. The PL spectra showed the intensity of the "main peak™ at Vq =
0 V was decreased considerably upon application of a gate voltage Vy = +30 V. The inset shows that the

intensity of "defect peak" at Vg = 0 V changed slightly upon application of a gate voltage Vy = +30 V.
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7.3. Conclusion

In summary, In order to clarify the presence of ferromagnetism and oxygen vacancies in the studied ZnO
NW FET, we performed a UV confocal PL study for the individual device using a lab-made confocal
microscope. The observation of green emission in an individual ZnO NW device indicates that the ZnO
NW in our FET carries oxygen vacancy induced ferromagnetism. We also demonstrated the effects of gate
voltage on photoluminescence (PL) spectra in an individual ferromagnetic ZnO NW FET devices. The PL
spectra of an individual NW device conforms the localization of oxygen vacancy induced spins in the NW.
The response of PL emission spectra to the applied gate voltage is consistent with carrier mediated exchange

interaction mechanism and these interactions having been tuned by the gate field.
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