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Abstract

Spintronics (spin transport electronics), in which both spin and charge of
carriers are utilized for information processing, is perceived to be a candidate to
extend and possibly to become the next-generation electronics. Its advantages include
nonvolatility (data retention without electrical power), lower energy consumption,
faster processing speed, and higher integration densities in comparison with the
current semiconductor devices relying solely on electron charge. To realize a
spin-field effect transistor, two respects are prerequisite. On the one hand, the
mechanism of ferromagnetism should be addressed before one could prepare
magnetic semiconductor films in a controllable way. On the other hand, excellent field
effect properties should be sought through a convenient and low-cost strategy for
manufacturing future nano-scale spintronic devices. This thesis is comprised of two
parts. Firstly, it deals with the synthesis, characterization, and magnetism of
transition-metal-doped or un-doped zinc oxide (ZnO) thin films. Secondly, it focuses
on the field effect properties of solution processable ZnO thin films, which are not
only of great interest for current charge-carrier based thin film transistors, but also of
fundamental importance in future spin-based transistors.

A facile spin-coating technique has been developed to fabricate ZnO thin films.
Even without magnetic element doping, the film is found to show room temperature
ferromagnetism. A broad series of advanced microscopic and spectroscopic
techniques are utilized to characterize the thin films properties. Oxygen vacancy
defects are tentatively attributed to the  observed ferromagnetism.
Following the similar method, Ga doped or Ga, Co co-doped ZnO thin films are
prepared. The ferromagnetism is enhanced with Ga doping, providing more carriers. It
is discovered that room temperature ferromagnetism can exist in both highly

conductive regime and the less conductive or near insulating regime. Transition metal



doping is not necessary to realize ferromagnetic coupling. By annealing single
crystalline ZnO in high vacuum, similar hysteresis loops indicative of ferromagnetism
have been observed, which excludes the interfacial and grain boundary effects in
polycrystalline ZnO as the origin of ferromagnetism.

High performance thin film transistors are featured by high carrier mobility, low
power consumption, facile and low cost fabrication process, low temperature
preparation, and high throughput to meet the demands in next generation large area
and flexible display technology. By developing a novel process to fabricate alumina
gate dielectric and proper doping into ZnO thin films, the high performance devices
are attained with larger mobility than most ever reported devices fabricated by low
cost solution process without high temperature annealing. By employing this
technique, the device is endowed with almost all features mentioned above.
Spin-coated alumina provides unique dielectric properties, excellent thermal stability >
visible transparency, low cost, and seamless integration with oxide channel layers,
which will probably pave the way for wide applications in transparent flexible
electronics in future.

This thesis research contributes a deeper insight into the microscopic origin of
ferromagnetism in wide-band-gap oxide based DMSs. Meanwhile, a novel process of
alumina gate dielectric dedicated to low operating voltage application has been
unveiled, with which the field-effect performance of ZnO TFTs has been significantly
improved. This technique may not only make significant impact on conventional
charge based transparent electronics, but also might provide clues and simple

platforms in future to investigate the spin-related field effect properties in ZnO.
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Chapter 1 Introduction

1.1 Spintronics

Since the 1970's, the national security, economic growth and daily lives in our
societies have reaped the benefits of the rapid improvement of computers, appliances
and communication devices, in their improved performance and decreased costs by
virtue of Moore's Law. The Law postulates that circuit performance or the number of
transistors per chip doubles roughly every 18 months. The information technology
pertaining to the modem microelectronics has created a multi-trillion dollar industry
globally per year whose products are entirely ubiquitous. However, manufacturers in
the present microelectronic industry have recognized the continued advances
predicted by Moore's Law will cease in the near future [1]. It is due to the fact that
current microelectronic devices composed of transistors would have been scaled down
to sizes where quantum effects are beginning to interfere the functionality, resulting in
severe leakage currents. The limitation of top-down technology has motivated efforts
worldwide to search for new strategies. Spintronic devices are anticipated to be the
ideal solution to such an standoff in that spin of electron can also carry information,
be easily manipulated by externally applied magnetic fields and survive for relatively
long coherence times [2,3]. Accordingly, the potential advantages of spintronic
devices would be non-volatility (permitting data retention in non-powered conditions),
lower energy consumption, faster processing speed, and higher integration densities
compared with today's semiconductor devices that rely solely on electron charge [2].
By exploiting these benefits, computers may become much faster and chips may
become much smaller. Moreover, they are expected to play an increasing
technological role in future high-density 3D data storage, magnetic sensors, quantum
computing, and biomedical applications.

There is strong evidence that the technology shift taking place from



microelectronics to spintronics will help to meet the sensing and storage demands of
information technology in the 21st century. The next-generation electronics,
spintronics, will bring us new technologies to further improve quality of our life. For
example, we might see more powerful computers and robots equipped with
spin-based microprocessors that could liberate us from heavy mental and physical
tasks dramatically. It is anticipated that the impact of spintronics on the
microelectronics industry and other fields could be comparable to the development of
the laser/transistor research in the last century [4]. It will most likely have a
significant impact on the future of all aspects of electronics as we continue to move
into the 21st century

Spintronics (spin-transport electronics) is a nascent area of breakthrough science
with expected outcomes of advanced materials and nanotechnology. It is a rapidly
boosting interdisciplinary research field, extensively involving physics, materials
science and solid state electronics [1, 2, 5, 6]. Spintronics exploits the inherent
guantum properties of electron spin as well as the other degree of freedom of charge
for memory and logic operations [2]. Splitting and manipulating the spin-up and
spin-down currents (a new kind of binary logic of one and zero) through
nanostructuring of magnetic materials is promising to add a new dimension to the
practice of electronics. All spintronic devices act according to the following schemes:
(i) information is stored (written) into spins as a particular spin [6], orientation (up or
down); (ii) the spins, being attached to mobile electrons, carry the information along a
wire; and (iii) the information is read at aterminal [6].

Spintronics first emerged in 1988 when giant magnetoresistance effect was
discovered in metallic thin film sandwich multilayer heterostructures, which are the
basis for the earliest spin-dependent spin-valve device [7]. The device clearly
demonstrated that the electronic properties of materials can be manipulated by
magnetic field.

There are several other kinds of spintronic devices, the most two important of

which includes spin field effect transistors (spin-FET) and spin-LED.
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Fig.1-1-1 A schematic of a spin-FET based on transition metal-doped ZnO. Co-doped ZnO

can be used as the source and drain contacts (adapted from Ref. [8]).

Sato and Katayama-Yoshida proposed a ZnO based spin-FET, as shown in
Fig.1-1-1. The authors did first principles calculations for the ground state of
transition metal-doped ZnO, and concluded that (Zn, Mn)0 is of antiferromagnetic
ground state, and ferromagnetism can be induced by hole doping. In this proposed
structure, holes can be injected into Mn-doped ZnO by applying a negative bias gate
voltage, and the system changes to a half-metallic ferromagnet. When ferromagnetic
(Zn, C0)O0 is used for source and drain contacts, spin polarized electrons can flow in

half metallic (Zn, Mn)O0.

GaMnAs _
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Fig.l-1-2 Injection of spin-polarized holes into a light-emitting p-n diode using a ferromagnetic
semiconductor (Ga, Mn)As. (a) Sample structure. Spin-polarized holes h+ travel through the
nonmagnetic GaAs and recombine with spin-iinpolarized electrons in the (In,Ga)As quantum
well. | represents the current, and cr+ represents circularly polarized light emitted from the edge

of the quantum well (adapted from Ref. [9]).



Spin light emitting diode (spin LED) allows modulating the polarization of the
light emitted by the spin LED by application of an external magnetic field, which is of
interest to optical switching and optical communication with increased bandwidth.
Spin polarized light emission has been demonstrated in 11—VI semiconductors [10]
and I11-V GaAs [9]. The latter is discussed here, particularly since the GaN varieties
are not yet available and there are some fundamental issues whether one circular
polarization over the other is promoted. The sample structure of a GaAs-based spin
LED is depicted in Fig.1-1-2. The structure contains a p-type ferromagnetic
semiconductor (Ga, Mn)As and n-type nonmagnetic semiconductor GaAs, which
were epitaxially grown by MBE. The use of ferromagnetic (Ga, Mn)As allows one to
inject spins in the absence of magnetic field. Spontaneous magnetization develops
below the Curie temperature in the ferromagnetic p-type (Ga, Mn)As semiconductor,
indicated by the arrows in the (Ga, Mn)As layer. Under forward bias, spin polarized
holes are injected from the (Ga, Mn)As side into the nonmagnetic region and
recombine with spin unpolarized electrons injected from the n-type GaAs substrate in
a nonmagnetic quantum well made of (In, Ga)As (hatched region), as shown in Fig.
1-1-2, through a spacer layer with thickness d producing polarized electroluminesence
(EL). Due to the crystal symmetry of GaAs, injected spin-polarized electrons have
been detected in the form of circularly polarized light emission from the quantum well,
which corresponds to the magneto-optical Kerr effect loops and can be directly related
to spin-polarization. The presence of spin polarization has been confirmed by the
observation of hysteresis in the polarization of the emitted light as a function of the
magnetic field. The Curie temperature of (Ga, Mn)As is 52 K.

Both above devices have not yet realized in practical application, as a result of
insufficient understanding of the mechanism of ferromagnetism in DMS. As one of
the goals, the present work is dedicated to provide new insights and promote the

complete understanding.



1.2 Spintronic materials-dilute magnetic semiconductors

Just as silicon forms the heart of microelectronics, spintronic materials will be the
material bases of spintronics. No matter what kinds of spintronic devices are designed,
none of them can be realized without qualified spintronic materials that will
effectively allow spin-polarized carriers to be injected, transported, and manipulated
in the device. The candidates for spintronic materials are half-metals [2,11],
magnetoelectric  multiferroics  [12-14], diluted magnetic  (semi-magnetic)
semiconductors (DMSs) [2, 5, 14-16] and etc. Among them, DMSs are fascinating
materials that combine both ferromagnetic and semiconducting properties [17], thus
allowing in principle the possibility of combining logic and storage operations on the
same semiconductor chip [16]. By randomly replacing cation sites of the host
nonmagnetic semiconductors with minute amounts of TM ions or rare earths, as
illustrated in Fig. 1-2-1 [16], one can make diluted ferromagnetic semiconductors such
as (Ga, Mn)As and (In, Mn)As [5,15,18]. Fig. 1-2-2 shows the schematic density of
states of a DMS below Curie temperatures (7c), in which magnetic exchange
interactions split the spin up and spin down bands at the Fermi level, leading to 100 %
spin polarization [2]. However, the Tc of those "conventional" ferromagnetic
semiconductors are too low (typically below 200 K) to fulfill the practical spintronics
applications [15,18]. This requires the above-room-temperature ferromagnetic
semiconductor, normally Tcover 500 K for practical applications. In 2000, Dietl et al
used a mean-field theory based on Zener model calculations to predict that
room-temperature ferromagnetic semiconductors might be created by substituting
proper Mn ions in p-type wide-band-gap semiconductors such as GaN and ZnO (see
Fig. 1-2-3), provided that the hole density is sufficiently high [19]. Shortly thereafter,
the topical wide-band-gap oxide DMSs, such as ZnO [20-22], TiC" [20,22,23], SnO2
[24] and 11203 [25] and nitride DMSs, such as GaN [20,22] and AIN [20] have
become extensively studied. Nonetheless, there is a strong open debate in the reported

magnetic behaviors and theories.
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Fig.1-2-2 A schematic "half-metallic" density of states of a DMS below Tc, E is the electron

energy, Ep is the Fermi level, and N(E) is the density of states (Adapted from Ref. [6]).
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The search for high-Tc ferromagnetic semiconductors has led to numerous studies
on various candidate materials. Within the realm of DMSs, the wide-band-gap diluted
magnetic oxides such as ZnO [20-22], TiCh [20,22,23], SnOi [24] and IniOs [25] are
the particularly desirable host materials because they possess unusual optical and
electronic properties for integrated opto-spintronics applications in addition to their
other merits, such as low cost, environmentally safe, easy processing, and etc.
Although the state-of-the-art theoretical and experimental studies on high-Tc FM in
these diluted oxides have been widely reported since Dietl's prediction in 2000 [19],
the origins of magnetic interactions have remained highly controversial and confusing
[20,22]. This is one of our direct reasons in mind to employ a broad spectrum of
advanced techniques to carefully investigate the magnetic properties and
microstructures, thus providing the in-depth insight into origin of magnetism—such a
debated problem so far. In the following, the latest progress in the theoretical and

experimental studies on oxide DMSs is reviewed.

(1) Theoretical Studies

The mechanisms responsible for the intrinsic FM have not been fully understood
and been still in its infancy so far. The theory dealing with FM driven by the exchange
interaction between carriers and localized magnetic ions was first proposed by Zener
[26]. Zener theory indicates that direct superexchange between the magnetic ions is
not ferromagnetic but the indirect superexchange involving carrier mediation is.
Therefore, the features of DMSs are induced by the exchange interaction between
localized d shell electrons of the magnetic ions and the delocalized band carrier states
(s or p origin), namely sp-d exchange. In recent years a large number of theoretical
efforts have been undertaken to explain the detailed exchange mechanisms involved
in FM. But there are still notable variations between the theoretical and experimental
results. Models based on the (i) Ruderman-Kittel-Kasuya-Yosida (RKKY)
interactions, (ii) mean-field theory, (iii) double exchange, (iv) magnetic polarons, (v)
nanoscale phase separation; (vi) ab initio calculations, and etc., have been developed

to account for the magnetic properties observed experimentally. It is believed that



with the significant improvements in the experimental techniques for DMSs, for
example, an advanced electron energy-loss magnetic circular dichroism (EMCD)
technique was invented and reported in Nature in 2006 [27], the theories pertinent to
understanding of the underlying mechanisms in DMSs would be expected to get
coherent in due time.
/. Ruderman-Kittel-Kasuya-Yosida (RKKY) model

Early attempts to understand the magnetic behavior of DMSs are based on models
in which the local magnetic moments are assumed to interact with each other via
RKKY interactions. The basic idea behind the RKKY interaction is based on the
exchange coupling between the magnetic ion and the conduction band free electrons
[28]. The conduction electron is magnetized in the vicinity of the magnetic ion, with
the polarization decaying with distance from the magnetic ion in an oscillatory
fashion. This oscillation causes an indirect superexchange interaction (RKKY)
between two magnetic ions on the nearest or next nearest magnetic neighbors. This
coupling may result in a parallel (ferromagnetic) or an anti-parallel (antiferromagnetic)
setting of the moments dependent on the separation of the interacting atoms. The
model becomes efficient when a high concentration of free carriers is present

especially at higher temperatures.

Il. Mean-field Zener model

Dietl et al. used mean-field Zener model to successfully predict Tc in various
p-type semiconductors (see Fig.1-2-3) [19]. This model assumes that FM occurs
through long-range interactions between the local moments of the Mn atoms mediated
by free holes in the material by use of mean-field approximation. As compared to the
RKKY interaction, the mean-field Zener model takes into account the anisotropy of
the carrier-mediated exchange interaction associated with the spin-orbit coupling in
the host materials. In the process it reveals the important effect of the spin-orbit
coupling in the valence band in determining the magnitude of Tc and the direction of
the easy axis in p-type ferromagnetic semiconductors. However, it overestimates the

Tc substantially for lower magnetic ion concentrations.



Ill. Double exchange model

Sato and Katayama-Yoshida performed ah initio calculations of the electronic
structures of TM-doped ZnO and proposed the double exchange mechanism for the
carrier-mediated FM [29]. In this model, magnetic ions in different charge states
couple with each other by virtual hopping of the extra electron from one ion to the
other, which has been well developed for mix-valence manganites [30]. In the oxide
DMSs, double exchange is thought to be not suitable to explain the high-temperature
FM because Tc in this model is proportional to the density of carriers and the band

width [31].

IV. Bound magnetic polaron (BMP) model

The BMP model is inherently applied to low carrier density systems [32]. BMPs
are formed by the alignment of the spins of many TM ions with that of much lower
number of weakly bound carriers within a polaron radius (Fig.1-2-4). The localized
carriers of the polarons act on the TM impurities surrounding them, thus producing an
effective magnetic field and aligning all spins. The average radius of BMP increases
exponentially with decreasing temperature, finally overlapping with other isolated
BMP, thus leading to the ferromagnetic transition at percolation [32]. Recently Coey
and co-workers have used a spin-split donor impurity-band model based on BMPs to
explain the observed systematic variation of magnetic moments across the TM-doped
ZnO series [33], where Co shows much larger magnetic moment than other TM
metals. High Tc,s are found whenever unoccupied 3d states overlap the impurity band,
but not otherwise. This model elegantly solved the gap between high Tc and
insulating behavior of diluted ferromagnetic oxides. Complementarily, Calderon and
Das Sarma suggested that a combination of BMP model at low temperatures and
RKKY-Zener model at high temperatures should be responsible for the high-7¢c FM in

oxide DMSs [31].



Fig. 1-2-4 Interaction of two BMPs. The polarons are shown with gray circles; small and large

arrows show impurity and localized carrier spins, respectively (Adapted from Ref. [32]).

K Nanoscale phase separation model

Since no quantitative arguments supporting the polaron scenario have been put
forward, Dietl and Sato ef al have proposed this new model recently [34]. There are
two kinds of phase separation in this model [34], the spinodal decomposition
(chemical phase separation) and disorder-driven electronic phase separation. In
spinodal decomposition, nanoscale phase is separated into regions with low and high
concentrations of the magnetic constituent, in which the high concentration of
magnetic constituent accounts for the high-rc FM in the most of DMSs. On the other
hand, the disorder-driven nanoscale phase can be separated into paramagnetic and
ferromagnetic regions below and close to the apparent Tc. The paramagnetic phase
can persist down to the lowest temperatures that are characterized by the blocking

temperature (Tb). Theoretically, Tbcould be approximated by:

T.AKV/25k, (1.1)

where K is the density of the magnetic anisotropy energy, V is the nanoparticle
volume, KV product means the energy barrier for the magnetization reversal in a
single particle, and ks is Boltzmman's constant. The ferromagnetic ordering exists in
the regions where the carriers mediate long-range ferromagnetic interactions between
the randomly distributed TM ions. This model well explains why insulating DMSs
can have the high-rc FM. Co-doping and post-growth processing are very effective to

control the distribution of charge states of magnetic constituents and the resultant FM.



VI. Ab initio  calculations

Ah initio first-principles spin-density functional theory (DFT) calculations are
more definitive than other theories/models because the calculations are
comprehensive by nature in terms of being inclusive of all the mechanisms that may
take place. It is viable to obtain an accurate determination of whether the material is
ferromagnetic and if so what the Tc is. After Dietl and co-workers predicted
hole-mediated FM above room temperature in p-type Mn-doped ZnO [19], Sato et a/
predicted that the high-Tc FM could be realized in V, Cr, Fe, Co, and Ni-doped n-type
ZnO as well by performing ab initio calculations based on the local density
approximation (LDA), as shown in Fig. 1-2-5 [35]. Recently, the "beyond-LDA"
methods are proposed to handle the strong correlation effects and lattice relaxations in
the theoretical calculations. Using generalized gradient approximation-based ab initio
calculations, Lee and Chang also found that electron doping stabilizes the FM in
Co-doped ZnO, and a high concentration of both Co ions and electron carriers are

necessary to achieve FM in (Zn > Co)0 [361. In the similar way, Wang et al also
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calculated the total energies of (Zn,Mn)0 [37], finding that in the diluted limit when
Mn atoms are far apart, the system is paramagnetic; as the Mn concentration increases,
the system is antiferromagnetic, leading to the spin-glass state. The ferromagnetic
ground state of (Zn,Mn)0 is stabilized by N co-doping (hole doping) by virtue of the
large hybridization of the N Z2p states with the Mn states, consistent with
predictions by Dietl et al [19] and Sato et al. [35]. Using LDA-based ab initio
calculations, Hu et al showed that Co atoms favor antiferromagnetic coupling
through oxygen without additional carriers and semiconductor band structures were
obtained in (Zn,Co0)0 [38]. Gopal and Spaldin reported that the ferromagnetic state is
generally disfavored in the realistic (LDA + U) calculations, and the calculated
magnetic behavior is strongly dependent both on the computational details and the
choice of Hubbard coefficient U [39]. Using an all-electron B3LYP hybrid DFT study
Patterson strongly suggested the important role played by defects indeed in promoting
magnetic interactions in (Zn,Co)0 [40], which is essentially the same as the
impurity-band model proposed by Coey et al [34]. Very recently, Katayama-Yoshida
and Sato et al have proposed a unified physical picture of magnetism and an accurate
calculation method of Tc in DMSs based on ab Initio calculations by the
Korringa-Kohn-Rostoker coherent-potential approximation (KKR-CPA) method
within the LDA [41]. They also proposed that the nanoscale phase separation model
associated with spinodal nano-decomposition are responsible for the high-rc phase in
the inhomogeneous system by combining with the Monte Carlo simulations [41].

In summary, most theoretical studies in diluted magnetic oxides and other DMS
systems are in agreement with the point regarding the crucial role played by
additional carriers/defects in the ferromagnetic state in spite of the general

inconsistency.

(2) Experimental  Studies
The aforementioned theoretical predictions have launched an explosion of active
experimental research on TM-doped ZnO - TiC» SnOi, and In"Os as potential DMS

materials for spintronics. A number of approaches have been explored to prepare



oxide DMSs, among which are mostly traditional sputtering, molecular beam epitaxy
(MBE), pulsed laser deposition (PLD), metal organic chemical vapor deposition
(MOCVD), and vapor transport with ion implantation, mostly with high processing
temperature. Depending on the growth conditions employed for growing DMSs, one
could readily produce samples that span the entire spectrum of possibilities from
single phase (showing intrinsic FM with a wide distribution of 7c, paramagnetism,
antiferromagnetism, or spin-glass behavior) to secondary-phase or an interface
formation (indicating extrinsic FM) [42,43 ], resulting in the difficulties in
experimentally identifying the mechanism exactly responsible for the observed FM if
it really exists. The inconsistency is, to some extent, caused by the extreme sensitivity
of magnetic properties to the sample forms, the associated growth conditions, and
post-growth treatment with the sufficiently detailed materials characterization in
advance. Furthermore, Mofor et at. reported that the sapphire substrate itself rather
than the sample could show ferromagnetic behavior [44]. Abraham ef al. reported that
the improper handling with stainless steel tweezers can lead to contaminations of the
sample [45]. Even etched Si/Si02 interfaces can show magnetic hysteresis, too [43].
Consequently, it is of vital importance to carefully correlate the measured magnetic
properties with detailed material analysis methods that are capable of detecting other
tiny secondary phases and precipitates. According to the theoretical predictions, it is
generally believed that only p-type Mn-doped ZnO and n-type Co-doped ZnO can
show high-7c FM. Recently Gamelin and co-workers have made a significant
progress in experiment to verify such abipolar regulation, as summarized in Fig. 1-2-6
[46], which place the reports of ferromagnetic n-type (Zn,Mn)0 on a questionable
position. One report by Philip et al is especially worth noting, which reported high-Tc
FM in atruly ferromagnetic semiconductor, i.e., (In,Cr)203 thin film, that fulfilled the
perfect spintronic functionality, providing the most convincing and encouraging
evidence of high-Tc FM in the oxide thin films, and paved way for the practical
silicon-based spintronic microprocessors [4,25]. However, the lack of utilization of
relatively low-cost bottom-up synthetic route would prohibit their ultimate

commercial realization for the viable nano-spintronics applications. In this regard,



significant attention has been paid to the preparation of nanostructured spintronic
materials. Different from the traditional fabrication methods, wet-chemical synthetic
routes (including our own work) [47-49] are entering into this realm since solution
processing routes are generally combined with the self-assembly strategies that have
become a mainstream of nanosicence and nanotechnology. A more detailed summary

of recent work on dilute magnetic semiconductors can be found in Ref. [50].

pdype (localized”i prepared wfth N «-type; prepared without N
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Fig.1-2-6 300 K magnetization data of (Zn, Mn)0 and (Zn, Co)0 films prepared by direct
chemical synthesis with or without addition of nitrogen, (a, b) 0.2 % Mn"ZnO with and
without added nitrogen, respectively; (c, d) 3.5 % Co™:ZnO with and without added nitrogen,

respectively (Adapted from Ref. [46]).

It is worth noting that recently, various oxides have been reported to show room
temperature ferromagnetism even without the doping of magnetic ions. Detailed
literature review in this part is summarized in Chapter 2.

Conclusively, although enormous efforts have been made to study the diluted
magnetic oxides for more than ten years, and people have gained lots of
understanding of their microstructures and properties, there is still a long way to go

for these oxide DMSs to be extensively used in nano-spintronics.



1.3 Features of ZnO as awide band-gap semiconductor

Zn0 » as a multifunctional semiconductor with aesthetic morphologies, direct wide
band gap (3.37 eV at 300 K), large excitonic binding energy (60 meV), and
outstanding electro-optic and piezoelectric properties, has triggered a great deal of
interest in the past few years [51]. The seamless integration of FM as a result of
TM-doping into ZnO host further expands its multifunctionality into spintronics
especially in the aspect of opto-spintronics. Due to its UV light laser emission and
low cost, ZnO may become an advantageous alternative to GaN as a UV laser
material [52]. Moreover, wet chemical processing of ZnO is feasible; for instance,
single-crystal bulk and various ZnO nanostructures have been successfully prepared
by solvothermal/hydrothermal technique [ 53 ]. ZnO exhibits native n-type
conductivity due to electron doping via defects originating mainly from Zn
interstitials, O vacancies and/or hydrogen interstitials in the ZnO Iattice. However,
p-type doping in ZnO remains abig challenge [54]. If hole-mediated FM is the major
mechanism in DMSs, the attainment of p-type ZnO could pave the way for a
promising prospect for ZnO-based spintronic devices. Further more, n-type ZnO
possesses longer spin coherence lifetime (188 ps at 280 K), suggesting that spin
polarized electron currents would be sufficiently useful if such currents could be
generated in TM-doped ZnO [55]. Compared with GaN, ZnO also crystallizes in the
hexagonal wurtzite phase in the P63mc space group (with a = 3.249 A and ¢ = 5.206
A). Fig. 1-3-1 exemplifies the hexagonal crystal structure of Co-doped ZnO diluted
oxide (with Zn sites substituted by Co atoms). The solubility of Co and Mn into ZnO
host is usually high and can reach up to 30 % and 35 %, respectively [56,57], mainly
due to the fact that electrons of Co and Mn easily participate in the bonding

process with O atom that lacks 2 electrons in its 2p shell.
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Fig.1-3-1 Schematic lattice structural model of Co-doped ZnO DMS with the hexagonal
wurtzite structure. Co™ ions are sitting on the Zn sites and thus produce magnetic moments
(arrows). It shows the +(001) polar surfaces. The intrinsic polar nature of ZnO host makes it

grow faster along [001] direction (Adapted from Ref. [58]).



1.4 ZnO-based thin film transistors

Electronic systems that can cover large areas on flexible substrates have received
increasing attention in the last couple of decades because they enable classes of
applications that lie outside those easily addressed with wafer-based electronics.
Examples include flexible displays, electronic textiles, sensory skins, and active
antennas [59,60]. This type of electronics, sometimes referred to as macroelectronics,
differs from established microelectronic and nanoelectronic systems, where progress
is driven primarily by reducing the critical dimensions of the functional elements (e.g.,
channel lengths and dielectric thicknesses in transistors) to increase the speed and
computing capacity and to reduce the operating voltages. Macroelectronics, instead,
uses thin-film transistors (TFTs) distributed over large areas where, in existing
applications that use glass substrates, they provide switching elements in
active-matrix liquid-crystal displays (AMLCDs) or medical X-ray imaging devices
[61]. Here, the overall size of the systems rather than the minimum feature size of an
individual circuit component represents the primary scaling metric. Amorphous
silicon (a-Si) is currently the dominant semiconductor used for transistors in these
systems. In fact, this material is now the second most economically significant
semiconductor, behind single-crystal silicon. An emerging direction in research is to
develop alternative materials and patterning techniques for these macroelectronic
systems, with a goal of increasing their performance, decreasing their cost (per unit
area), and enabling them to be formed on low-cost, bendable substrates.
Low-temperature deposition or printing-type techniques for fabricating of
high-quality semiconductor films on substrates such as metal foils [62], plastic sheets
[63] and even paper [64] are of particular interest. Integrating semiconductors with
plastic substrates which are the most attractive type of flexible substrate for many
applications requires processing temperatures below the glass-transition or
thermal-degradation temperatures of the plastics. Although many promising results
have been obtained with thin films of small-molecule organics and polymers [65], the

electrical performance that can be obtained from them is still too low (comparable to



a-Si in the best cases) for many potential applications. Even with high-purity single
crystals of these materials, the motilities are less than those of polycrystalline silicon
[66,67]. Furthermore, the uncertain long-term reliability and lack of controlled doping
techniques for these materials represent other areas that require further research. By
contrast, many inorganic semiconductors exhibit high carrier motilities and excellent
stability [68]. The main challenge, for uses in macroelectronics on plastics, for
example, is that forming high-quality films of these materials and certain steps
associated with processing them into devices require temperatures that exceed the
glass-transition and/or thermal decomposition temperatures of the plastics. Also,
many aspects of the growth and processing do not scale easily to large areas without
the use of complex manufacturing systems. Progress in the last several years, however,
has led to examples of methods that avoid these limitations. The literatures with
regards to this work are reviewed below, emphasizing inorganic semiconductor films
that have been, or have the potential to be, integrated with plastic substrates to
generate high-performance TFTs, since most of organic electronic materials which

have thus far been processed are modest in performance.

| Films of Silicon~From  Amorphous to Large-Grained Polycrystalline

TFTs fabricated with hydrogen-terminated amorphous Si (a-Si: H) represent, by
far, the most successful systems for applications in large-area electronics. Silicon
films with various degrees of crystallinity and mobilities that can be orders of
magnitude larger than a-Si: H can be formed using a-Si precursor films and thermal
treatments. These films are classified as nanocrystalline Si (nc-Si), microcrystalline Si
(lie-Si), and polycrystalline Si (pc-Si). The motilities, in general, increase with grain
size because the grain boundaries often represent scattering and trapping sites.
Fig.1-4-1 summarizes the properties of different Si films formed through chemical

vapor deposition (CVD) approaches.
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Fig.1-4-1 Grain sizes and carrier mobilities of Si fidms with various crystal Unities grown via
dry processes. Abbreviations: RF-PECVD, radiofrequency plasma-enhanced chemical vapor
deposition; ECR-PECVD, electron cyclotron resonance plasma-enhanced chemical vapor
deposition; HW-CVD, hot-wire chemical vapor deposition; SPC, solid-phase crystallization;

ELA, excimer-laser annealing; SLS, sequential lateral solidification (adapted from Ref. [69]).

The main issues of silicon films in applications oriented to above mentioned
macroelectronics prepared by various methods, e.g. chemical vapor deposition (CVD)
or solution processing include one or several of these: lower mobility (—0.1 cm

high temperature, high cost equipment, vacuum requiring and being opaque,
etc., which may prevent silicon films, in current forms, from being used with plastic
substrates.
Il Films of Chalcogenides

Chalcogenide compounds, including sulfides, selenides, and tellurides, are classes
of semiconductors that have been used for transistors and other devices since the early
days of solid-state electronics. In fact, the first TFT, demonstrated by Weimer in 1962,
was fabricated with athin film of polycrystalline CdS in a structure similar to that of
metal-semiconductor field-effect-transistors (MESFETs) [70]. Furthermore, the first
AMLCD reported by Brody et al in 1973 used CdSe-based TFTs as the pixel
switches [71]. Chalcogenide TFTs were successfully fabricated in the 1970s on not
only rigid glass slides but also flexible plastics (e.g.. Mylar films and Kapton strips)
and certain types of paper [72]. The emergence of MOSFETs and integrated circuits

based on crystalline Si technology caused a decline in these development activities.



The emergence of nanoparticle and nanowire versions of chalcogenides has led to a
re-examination of these materials for transistor applications, particularly in fields such
as large-area or flexible electronics, where silicon-wafer-based electronics cannot be
used easily.

Typical mobilities in this class of thin films are less or close to 1 cm?V'"\s'M [73,74].
The advantages of this class of materials include the attainment of both p and n type
thin film transistors, which is appealing and useful in the fabrication of CMOS
circuits, unlike that of oxide thin films based transistors (to be discussed below).
However, the mobility is still insufficient. Furthermore, chalcogenide compounds are

usually very toxic, which makes them rather unpleasant.

Il Films of transparent oxides

Oxides of transition metals, such as ZnO and its derivatives, provide another
class of inorganic semiconductor for large area electronics. These oxides are usually
transparent in the visible owing to their large bandgaps of >3 eV. This optical behavior,
when combined with transparent conductors and dielectrics, allows unusual
applications, such as invisible electronics for heads-up displays on windshields or
cockpit enclosures. Such oxide thin films, with properties suitable for TFTs, can be
formed on both inorganic and plastic substrates by either gas-phase deposition or
solution processes.

Radiofrequency magnetron sputtering [75] and pulsed-laser deposition [76] are
the most commonly used techniques to form films of ZnO for device applications.
Mobility as large as 70 cm”"V~s" has been reported at room temperature deposition
[77]. p-type ZnO thin films can also be prepared by pulsed laser deposition technique,
using P or As as the dopant, although the p-type field effect has seldom been
observed.

ZnO films can also be formed by spin-coating solution suspensions of ZnO
nanocrystals in the form of chemically synthesized and functionalized spheres or rods.
Although the mobility of ZnO thin films prepared by spin-coating method is usually

0 11 . .
less than 1 cm V" , obviously much worse than sputtered films, they are



nevertheless interesting owing to the compatibility of solution-based techniques with
low cost, large-area deposition. It is because of this great potential significance in
practical application, in this work, field effect properties of ZnO thin films prepared
by spin-coating are investigated.

ZnO can crystallize with other materials, such as In203, GasO] - and SnO[] - to
form binary or ternary oxides that are transparent and offer high mobility. An example
is single crystalline InGa03(zZn0)5 (1IGZO) films, which can be epitaxially grown on
(111) single-crystal yttria-stabilized zirconia (YSZ) substrates, with mobilities as high
as ca. 80 crn®V" reported for TFTs fabricated using them [78]. Typically, high
mobility can be achieved in amorphous oxide systems, ie. -
InsOs-GazOs  (a-lGO) > Gaz0] —Zn0 (a-GZO), InzOs-ZnO (a-1Z0), and
INiOs-Gaz0s-ZnO (a-1GZ0). Transparent TFTs of this type are promising for a range
of applications, such as backplanes for backlit liquid-crystal displays and for certain
types of organic light-emitting diodes (OLEDs). This latter possibility has been
demonstrated with TFTs consisting of zinc tin oxide (ZTO; 60 nm thick) as the
semiconductor, ITO {Rsheet= 8 Q/square) as the gate electrode, A\207ITi02 (ATO; 220
nm thick) as the gate dielectric, and Al-doped ZnO (AZO; Rsheef' 8 Q /square) as the
source and drain electrodes [79]. However, these devices were all relying on vacuum
based pulsed laser deposition or sputtering techniques, which are considerably
expensive and throughput is very low. The aim of this work is to obtain high
performance thin film transistors by spin-coating method, while the cost is
significantly reduced and the throughput can be increased tremendously at the same

time.



1.5 Significance of this work

This work studies the ferromagnetic properties and field effect properties of ZnO
thin films prepared by the same spin-coating method. By investigating the magnetic
performance of un-doped and doped ZnO thin films by various tuning methods,
assisted with various structure and electrical properties characterization, the puzzling
mechanism of ferromagnetism in ZnO thin films has been complemented with new
insights, which broadened the understanding of ferromagnetism in dilute magnetic
oxides. A comprehensive mechanism has been initially put forward, although far from
perfect. It is complementary to the previously proposed mechanism, but it is
generalized into a more generalized form.

High mobility, low voltage ZnO based thin film transistors are fabricated. The
active channel layer is prepared by a solution processing method, which required no
high temperature annealing. Our devices show larger mobility than most of others
ever obtained to date by solution processing without experiencing high temperature
annealing, and they are comparable to other devices otherwise needing expensive
vacuum based deposition techniques. A gate dielectric prepared by rarely reported
spin-coating method is discovered, which can be seamlessly integrated with
transparent ZnO channels. This finding would make significant impact on future
transparent electronics.

Our study shows that carrier mediated ferromagnetism is not impossible in certain
conducting regime, which suggests that ferromagnetism and field effect properties of
ZnO thin films may be unified into spin field effect transistors. Although our study of
field effect properties of ZnO thin films are simply charge based, it is highly expected

that clues might be provided in future spintronic device investigation.
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Chapter 2 Characterization Techniques

2.1 Study approach

To study the magnetic properties and the mechanism behind spin-coated ZnO
(un-doped or doped), we adopt the triangle approach as shown in Fig. 2-1-1 in this
work. Firstly, we prepare zinc oxide (ZnO) thin films. Then we examine the magnetic
properties to investigate whether they do satisfy the aimed properties or not.
Furthermore, we carry out detailed microscopic and spectroscopic techniques, such as
x-ray diffraction, x-ray photoelectron spectroscopy, Raman spectroscopy, and other
advanced characterization techniques to investigate the mechanism responsible for the

observed magnetic properties.

Magnetic \
propeity |

Fig.2-1-1 Schematic of study strategy adopted to investigate the magnetism of ZnO thin films

Before the detailed discussion, in this chapter, several important characterization
techniques used in this work and their related physics are described in a concise way.
They include magnetometry (superconducting quantum interference device
magnetometer (SQUID)), x-ray photoelectron spectroscopy (XPS), Raman

spectroscopy, photoluminescence and cathodoluminescence, etc.



2.2 Characterization techniques

2.2.1 Magnetometry

Magnetic susceptibility measurements are performed using a superconducting
quantum interference device (SQUID, Quantum Design MPMS XL-7 Tesla) with a
maximum sensitivity of —10—8 emu) magnetometer, which is the most sensitive device
available for measuring magnetic fields. Before the sample measurement, the machine
is accurately calibrated by a small piece of magnetic material having the known mass
and magnetic susceptibility.

SQUID uses two Josephson junctions in a closed superconducting loop to detect
extremely small changes of small current in external magnetic fields, allowing
measurement of a sample with very small magnetic moment. The movement of the
sample through superconducting detection pickup coils induces a current through the
detection coils that forms a closed superconducting loop with the connecting wires
and the SQUID input coil. The system makes use of a second order derivative coil
configuration to eliminate effects of stray fields. The sample chamber is at low
pressure of helium gas. SQUID is the most sensitive magnetometry technique
available now [1]

In addition to magnetization-field (M-H) measurement, temperature dependent
magnetization (Zero field cooling (ZFC) and field cooling (FC) conditions) in
continuous mode is another important way to investigate the magnetic nature of
samples. The nomenclature ZFC denotes the procedure of cooling the sample in zero
field and measuring the magnetization upon warming up with the applied field on.
The nomenclature FC denotes the procedure of cooling the sample in a specific
applied field and measuring the magnetization with the field on. The net result of ZFC
and FC measurement is the determination of the temperature range over which
irreversibility in the magnetization exists. This range of irreversibility can also be
seen by performing field-dependent magnetization (i.e., M vs. H loop) at varying
temperature. If both hysteresis in the Mvs f}-loop and a difference in the FC and ZFC

traces can be observed, then the materials are deemed ferromagnetic. The occurrence



of the divergence in the ZFC-FC curves is simply due to the fact that the spins of the
ferromagnetic materials tend to align with the easy crystalline axis and remain frozen
in that direction at lower temperature. ZFC-FC has been recognized as a reliable
technique that can indirectly detect any ultra-small magnetic nanoclusters in the DMS
matrix, which otherwise could not be easily detected by usual characterization
techniques [2, 3]. If there existed the ultra-small magnetic nanoclusters then they
would have normally displayed the superparamagnetic behavior with a low blocking
temperature [2,3], When the particles are too small, the magnetic-anisotropy energy
holding the particle becomes so small that the thermal energy becomes strong to cause
it to demagnetize (randomize). So a collection of particles acts like aparamagnet. This
phenomenon is known as superparamagnetism. Th is defined as the peak temperature
where the net moment of the system reaches a maximum (i.e., all spins align with the
external applied field). Experimentally Th can be determined by the peak in the
conventional ZFC magnetization in a small field. More accurately, it should be
determined by the magnetization curve where the remanence and coercivity reduce to
zero. For example, Fig. 2-2-1 shows the typical ZFC-FC curves for Co nanoparticles
with different sizes. The TG increases with increasing particle size. Above TB, ZFC and
FC curves overlap and the superparamagnetism phenomenon takes place with

evidence of neither remanence nor coercivity.
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Fig.2-2-1 ZFC-FC curves of Co nanoparticles with differentsizes in the applied external field of

50 Oe. The blocking temperature (Tb) is marked by arrows (Adapted from Ref. [4]).

2.2.2 X-Ray Photo electron Spectroscopy {XPS)

XPS is a unigue and non-destructive surface-sensitive technique to determine the
chemical state, bonding environment, and elemental compositions in the surface
(typically within 10 nm thickness) of the samples at the larger scale, which is a good
complement to other technique. XPS works according to the principle of photoelectric
effect, where an x-ray photon can knock out an inner electron from a core level of an
atom, as seen in Fig. 2-2-2. The kinetic energy of emitted photoelectrons is defined as
[3]

(2-1)

where hv is the energy of the photon, 0 is the work function of the spectrometer, and

Eb is the binding energy of electron in the solid. Thus the binding energy becomes:
Erhv-®— Eg (2-2)

where Eb is the binding energy of the orbital from which the electron is expelled.



Photoelectron

Vacuum Level
Work Function

Valence Band

B
i Binding Energy
‘2p or LA
Core Levels » orL.
(Kand L) [ 47T
X-Ray Photon . " e *ls or K-

Fig.2-2-2 The schematic energy level diagram of the photoemission process. The L shell can be

split into L2 and L3 levels as a result of spin-orbit coupling.

Since the kinetic energy of the outgoing electrons is measured and hv and 0 are
known, Eb can be determined. Each Eb peak in the spectra corresponds to a different
atomic orbital, therefore the formal oxidation state of the atom and the local chemical
and physical environment can be obtained. Knowing the electron binding energy
allows the identification of all elements except hydrogen since each element has its
unique electron binding energy. The chemical shift of the binding energy can occur,
which enables one to obtain information on chemical states from the variations in
binding energies of the photoelectron. The relative surface concentrations of elements
in the sample can be obtained by knowing the corresponding peak area A (humber of
photoelectrons per second in a peak) and the atomic sensitivity factor S. A general
relevant expression for the atomic fraction of element x in a sample (Cx) is illustrated

below:

nJSA
C 2-3
ZA | IS, (2-3)

where rix is the number of atoms of element x per cm) of the sample. A software

package can be used to obtain the relative concentrations of each element contained in



the sample. Usually the detection limit is in the range of 0.1 % —1 % dependent on the
elements to be detected. The analysis area is usually at a few hundred micrometers,
and the depth profile is about 510 nanometers in the surface due to the short mean

free path of the emitted photoelectrons.

2.2.3 Micro-Raman  Spectroscopy

Raman scattering spectroscopy is a fast and nondestructive tool to investigate the
microscopic structure, topological disorder, and the influence of impurity doping on
the host lattice dynamic properties. It could give an alternative perspective on the
possible existence of secondary phase in the DMS host materials that may be not
detectable by the usual characterization techniques such as x-ray diffraction (XRD).
In this work, Raman spectroscopy is performed at room temperature using a
micro-Raman spectrometer (Renishaw InVia) with a 514.5 nm (2.4 eV) Ar+ laser as
an excitation source in the backscattering geometry. The laser power is kept low
enough to avoid heating the sample by optical filtering and/or defocusing the laser
beam in the samples. The incident laser power on the samples is estimated to be
below 10 mW. The spectra are performed in the frequency range of 100—900 cm™"*
with a spectral resolution of about 1 cn—i and the scattered photons are collected by a
liguid-nitrogen-cooled CCD detector. The wave number shift resolution is estimated
to be better than 0.5 cm~\ The laser spot size on the samples is 1-2 jim in diameter
within 1 f-im depth. In this case, while inhomogeneity in the Raman spectra on the
micron scale or larger may not directly provide the signature of the secondary phases,
it does indicate a nonuniform sample that is therefore less desirable for the detailed
magnetic characterization. In order to obtain a good signal-to-noise ratio, small slits
and long integration times are used. We collected spectra from three different
locations of the same sample and we presented the representative one. All the spectra
obtained are calibrated with the reference single-crystal silicon line centered at 520

an—1 and normalized to the incident photon flux.



2,2.4 Other Characterization Techniques
I. X_Ray Diffraction ~ {XRD)

XRD is a nondestructive technique that can provide crystallographic information
from arelative larger area of the sample compared with TEM. It is an initial screening
for the presence of secondary phases if existed in the DMS host lattice. Its sensitivity
is usually lower than 1% - so it may not be good enough to identify minute amounts of
secondary phases or nominal contamination. Thin film XRD patterns are obtained
from a Bruker D8 Advance X-ray diffractometer (Cu Ka radiation, 1.5406 A) in
the a-20 geometry. The samples are mounted in the XRD sample holder and run at
room temperature for a period of around 3 hours with the x-ray generator operated at
a power of 40 kV and 40 mA. The scan rate used depended on the thickness of the
sample, sample, and data are typically collected for 26 values ranging from 20" to 80"

by solving Bragg's Law.

Il. Scanning Electron Microscopy {SEM)

SEM is capable of producing high-resolution images of the sample surface
structure and cross-section view. The morphology and qualitative analysis of elements
in samples are acquired from SEM (LEO 1450VP). This instrument is coupled with
an energy dispersive x-ray spectroscopy (EDX) detector. When energetic electron
beam is incident on the sample, x-rays are generated that are characteristic of the
elements present in the sample, allowing one to identify and roughly quantify the

elemental species. The accelerating voltage for the scans is 15 kV.

Ill. Atomic Force Microscopy  {AFM)

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very
high-resolution type of scanning probe microscopy, with demonstrated resolution on
the order of fractions of a nanometer, more than 1000 times better than the optical
diffraction limit [6].

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to

scan the specimen surface. The cantilever is typically silicon or silicon nitride with a



tip radius of curvature on the order of nanometers. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a
deflection of the cantilever according to Hooke's law. Depending on the situation,
forces that are measured in AFM include mechanical contact force, van der Waals
forces > capillary forces, chemical bonding, electrostatic forces, magnetic forces -
Casimir forces, solvation forces, etc. Along with force, additional quantities may
simultaneously be measured through the use of specialized types of probe. Typically,
the deflection is measured using a laser spot reflected from the top surface of the
cantilever into an array of photodiodes. Other methods that are used include optical
interferometry, capacitive sensing or piezoresistive AFM cantilevers. These
cantilevers are fabricated with piezoresistive elements that act as a strain gauge. Using
a Wheatstone bridge, strain in the AFM cantilever due to deflection can be measured,
but this method is not as sensitive as laser deflection or interferometry.

The AFM can be operated in a number of modes, depending on the application. In
general, possible imaging modes are divided into static (also called contact) modes
and a variety of dynamic (or non-contact) modes where the cantilever is vibrated. In
our study, AFM, DI Nanoscope 3 in contact mode is used to observe the surface of the

thin film.

IV. Inductively  Coupled Plasma—~Mass Spectrometry {ICP—MS)

In order to examine the nominal possible amount of ferromagnetic impurities, the
sample composition is scrutinized by ICP-MS (ELAN DRC-e, PerldnElmer, US). The
sample is soaked in the nitric acid solution to completely dissolve the thin film. The

detection limit of ICP-MS is on the order of ppb (part per billion).

V. Micro-Cathodoluminescence (C2)

The luminescence properties of the samples are measured by a CL spectrometer. CL
is a phenomenon of optical and electrical interaction, where a beam of electrons
generated by an electron gun impacts on a material and causes it to emit UV, visible

and infrared light according to the electronic structure of the material due to the



recombination of generated electron-hole pairs. A Cambridge S-360 SEM equipped
with a tungsten filament is used to perform the CL experiments. The accelerating
voltage of the primary electron beam is set at 10 kV, and the probe current is set at 5
nA. Whenever the electron beam irradiated the sample, the electron beam is scanned
for arectangular pattern with area according to the magnification of the SEM. The CL
emitted from the sample is collected by a parabolic mirror and the collected light is
directed to an Oxford Instruments MonoCL2 spectrometer system for analysis. The
monochromatic light passing through the spectrometer is detected by the CCD

detector.

VI Photoluminescence  Spectroscopy {PL)

Pliotoluminescence is a process in which a substance absorbs photons
(electromagnetic radiation) and then re-radiates photons. Quantum mechanically, this
can be described as an excitation to a higher energy state and then areturn to a lower
energy state accompanied by the emission of a photon. This is one of many forms of
luminescence (light emission) and is distinguished by photoexcitation (excitation by
photons), hence the prefix photo-. The period between absorption and emission is
typically extremely short, on the order of 10 nanoseconds. Under special
circumstances, however, this period can be extended into minutes or hours.

Ultimately, available energy states and allowed transitions between states (and
therefore wavelengths of light preferentially absorbed and emitted) are determined by
the rules of quantum mechanics. A basic understanding of the principles involved can
be gained by studying the electron configurations and molecular orbitals of simple
atoms and molecules. In this work, PL is used to study the defect scenario in ZnO thin
films. We utilize Jobin Yvon HR (High resolution) 800UV with the light source of

He-Cd 325 nm.



2.3 Summary

This chapter briefly introduces the principles, applications and characteristics of
the techniques that are utilized to investigate the inter-relationship of composition,

structure and magnetic performance of ZnO thin films.
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Chapter 3 Ferromagnetism of Un-doped ZnO Thin Films

3.1 Introduction

Transition metal (TM) doped ZnO materials have attracted considerable attention
due to their potential applications in spintronics, as Dietl et al theoretically predicted
that room temperature ferromagnetism (RTFM) could be realized in ZnO-based
magnetic semiconductors [ 1]. However, the mechanism of ferromagnetism in
ZnO-based materials is increasingly controversial, with the co-existence of favoring
carriers [2-4] or defects, including zinc vacancies [5] > zinc interstitials [6,7], and
oxygen vacancies [8,9], H impurities [10], etc.

In addition to TM doped ZnO [11,12], there are reports that intrinsic RTFM has
also been found in un-doped ZnO nanostructures, either in thin fiims [13,14],
nanoparticles [15] or nanowires [16], The necessity of magnetic doping to form
ferromagnetism in oxide is still under discussion [17-19]. With the absence of
magnetic ions, the saturation magnetization moment ranged from several thousandths
of emu/g to tens of emu/g. Xu efflf/.[13] attributed the ferromagnetic origin to zinc
vacancies, while Banerjee ef al [20] claimed the oxygen vacancy (F+ centers) clusters
as the primary contributor. Sundaresan et al. [21] even generalized the ferromagnetic
performance to be a universal feature of un-doped oxide nanoparticles. Theoretically,
Wang et al. [22] concluded that the FM is due to zinc vacancies, whereas Sanchez et
al. [23] found the local spin-polarization induced at the O atoms with dangling bonds
at the surface. Recently, by first principles calculation, E. Liu et al [24] concluded
that it is oxygen vacancies rather than electrons that mediate the spin-spin interaction
in Co-doped ZnO. R. Podila et al. attributed the origin to be oxygen p orbital, where
the dynamic exchange between O2 and O- leads to FM coupling [25]. The unique
properties of Zp states has been ascribed to the intrinsic origin of ferromagnetism in

both oxides and nitrides, provided that the threshold hole concentration is achieved,



whether it is magnetically doped or not [26]. Further discussion could be found in
[27-29]. However, due to the poor detection limit of normal characterization
techniques (XRD or XPS, etc.) used in previous work, it is often difficult to exclude
magnetic impurities and to claim an intrinsic RTFM. Meanwhile, experimental
evidence supporting the defect origin is limited. The defects in ZnO can be indirectly
investigated by electrical characterization and spectroscopic characterization.
Systematic evidence provided by these techniques to examine the defect origin of
RTFM in ZnO is still quite scarce. In this chapter, results are presented which support
the intrinsic nature of RTFM in un-doped ZnO thin films, and details about the defect
change observed in different treatment processes are studied by electrical
measurement and photoluminescence spectroscopy. Without magnetic doping, the
guestion becomes much simpler. Phase segregation presumably accompanying with

the doping process can be easily ruled out.



3.2 Preparation and characterization

ZnO thin film is prepared by spin-coating method in the following conditions.
Zinc acetate (Zn (CH3COO2, 99.99 %) is dissolved (concentration: 0.7 M) in
2-methoxyethanol (99.9 %), with monoethanolamine (MEA, 99.5 %) as the stabilizer.
A homogeneous solution is obtained after stirring the mixture for 2 hours at 60 °C.
The molar ratio of zinc acetate to MEA is kept at 1: 2. The sol is spin coated onto 1
cm X 1 cm Si (100) substrate at 3000 rpm for 30 seconds. Before spin-coating, the
substrate is ultrasonically washed consecutively by DI water, ethanol, and acetone for
30 minutes respectively. The precursor films are preheated at 300 °C for 10 minutes to
evaporate the organics. This coating and preheating process is repeated several times
until the desired thickness (—120 nm, confirmed by surface profiler). This process is
schematically shown in Fig. 3-2-1. The as-prepared thin films are further treated by
rapid thermal annealing (RTA) under N2, O2, and Ar (with purity of 99.99 %) ambient
for 1 minute at about 680 °C. Before investigating the magnetic properties, the
composition, structure and surface morphology are examined by SEM, AFM, XRD
and XPS characterization measurements. Results of representative ZnO thin films
annealed in O2 are shown here. The difference of annealing ambient makes no

significant impact on these properties.
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Fig.3-2-1 Schematic flow chart showing the preparation process.



The surface and cross section of ZnO is shown in Fig.3-2-2 by SEM.

Fig.3-2-2 Surface morphology of spin-coated ZnO thin films by SEM.

100 lun

Fig.3-2-3 Cross section view of ZnO thin films on Si substrate.

It can be observed that the thin film is very uniform in a large area. The thickness
estimated from the cross section view agrees very well with that obtained by surface
profiler. The size of the particle is approximately 30 nm.

The surface roughness of the ZnO thin films is observed by AFM, as shown in

Fig.3-2-4.
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Fig.3-2-4 Surface morphology of ZnO thin films.

High quality polycrystalline thin films are obtained. The root-mean-square surface
roughness in 2 x 2 pm scan area is close to 5 nm. The grain size can be estimated to
be 30 —50 nm.

Fig.3-2-5 shows the XRD pattern of the same ZnO thin film. The wurtzite structure
of polycrystalline ZnO can be clearly found, and no impurity phase has been observed

within the detection limit. The preferential growth direction is along c-axis.
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Fig.3-2-5 XRD pattern of ZnO thin film annealed m O2.
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Fig.3-2-6 XPS spectrum of iin-doped ZnO thin film (survey scan).
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Fig.3-2-7 XPS depth profile ofun-doped ZnO thin film.

The elemental composition is investigated by XPS, as demonstrate in Fig.3-2-6
and Fig.3-2-7. It is found that no ferromagnetic metal related species are present in the
sample down to the detection limit of 0.1 %. In order to check the interior of the thin
film, the depth profile is performed. The etching speed is about 15 nm per minute.
Again, the thickness can be roughly estimated to be close to 100 nm, in agreement

with previous findings by other technique. The composition of the inner side is



identical to that in the surface, which implies that the prepared thin film is
homogeneous across the whole depth direction. Only Zn and O are detected. The
oxygen deficient non-stoichiometry is clearly demonstrated before the removal of the
thin film. The increase of oxygen at the tail is ascribed to the thin silicon dioxide layer
on the Si substrate.

To thoroughly determine the concentration of unintentionally introduced
impurities (for example, from the starting chemical agents, washing solutions,
annealing environment, or even from the handling tools), which is beyond the
detection of XPS, we choose several samples prepared by following the identical
conditions and handled with identical tools to perform ICP-MS measurement. The
sample is soaked in the nitric acid solution to completely dissolve the thin film. The
mass of the thin film is calculated by comparing the mass loss before and after the
soaking of the sample. The sample results show only the presence of Ni with a
concentration much smaller than 10", and no other metal elements including Fe and

Co are detected.



3.3 Magnetic properties

To avoid the magnetic interference from the substrate, a clean substrate undergoes
all the handling process (washing, preheating, annealing and cutting) except
spin-coating and is measured by SQUID. This test is repeated for several blank
substrates. The applied magnetic field is parallel to the thin film surface, which is the
default direction in the magnetization measurement in the present study unless
specifically stated. Fig.3-3-1 shows the diamagnetic behavior, which ensures that
there is no ferromagnetic impurity inside and in the air-bearing surfaces of the

substrate.
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Fig.3-3-1 Diamagiietic behavior of the clean substrate after washing.

In Fig.3-3-2, we show the zero field cooling (2FC) and field cooling (FC)
magnetization curves for the as-prepared thin film. For ZFC, the sample is cooled
down to 5 K in the absence of magnetic field, and the data are collected while
warming up to 300 K in the field of 500 Oe. The FC data are taken while warming up
the sample after cooling it down to 5 K in the presence of 500 Oe. For the FC curve,
as the temperature increases, due to thermal energy, the frozen magnetic moments
may become randomized, as aresult, the magnetization decreases [20]. The separation
between these two curves, although quite small (on the order of 10 emu, and the

machine we used has the detection limit of 2x10" emu), demonstrates the



ferromagnetic properties of the un-doped thin film. There is no superparamagnetism

observed.
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Fig.3-3-2 ZFC and FC curves for the as-prepared ZnO thin film.

The magnetization dependence on field (M versus H) of the as prepared ZnO thin
film is measured at 300 K and 5 K, respectively. The result is shown in Fig,3-3-3. It is
noticeable that the saturation magnetization moment only increases moderately
(corresponding to the small increase of magnetization in Fig.3-3-2) with the decrease
of temperature, which is consistent with the defect nature of the weak ferromagnetism
in ZnO film as discussed below. These results are in good agreement with the reported

finding for ferromagnetism in pure ZnO nanostructure [13].
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Fig.3-3-3 In-plane room temperature (300 K, circle) and low temperature (5 K, triangle)
hysteresis loops for as-prepared ZnO thin film; Black curve (in square) is for H normal to the

film at room temperature.

The hysteresis loop at room temperature for the same sample when the field is
applied normal to the film (out-of-plane direction) is also shown in Fig.3-3-3.
Compared to the in-plane loop, the out-of-plane saturation magnetization moment {Ms)
decreases almost by half. The magnetic moments in the film have the tendency to fix
along certain directions. This large anisotropy corroborates the claim that the
ferromagnetism might come from defects, because it is usually supposed that defects
cannot be symmetrically magnetic [30]. It may also eliminate the possibility of
explaining the magnetization in terms of the segregated ferromagnetic impurities in
the thin films [31].

To investigate the magnetic performance of the un-doped ZnO thin films, an
as-prepared sample is cut identically into four pieces, three of which are annealed in
N2, O2 and Ar, respectively. These four pieces are measured by SQUID, with the
results shown in Fig.3-3-4. Clear M-H loops can be observed. The unit volume Ms for
the as-prepared thin film is close to 1 emu/cm”, which agrees very well with other
reported results of un-doped ZnO [13,14,16], The diamagnetic nature of the substrate

has been shown previously. As aforementioned, by ICP-MS characterization, the only



possible impurity concentration of Ni is much smaller than 10™, through calculation
(maximum: 10.i0—10.9 emu), Ni and its compounds obviously cannot be responsible
for the measured total magnetization (on the order of 10" or close to 10" emu, film
size: 5mm x 5mm x 120 nm). Therefore, it can be concluded that the observed room
temperature ferromagnetism (RTFM) of the ZnO thin film is an intrinsic behavior

rather than from any other ferromagnetic impurities.
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Fig.3-3-4 Hysteresis loops for the as-prepared and annealed samples in N2, O2 as well as Ar,

respectively at room temperature.

As widely known > oxygen vacancy Vo is easily generated under vacuum or inert

gasin zZnO:

The generated O atoms are very oxidative. Therefore, it is expected that an oxidative
ambient can suppress the generation of Vo’ while areducing condition will facilitate
the creation of oxygen vacancies, which may make theresistance of ZnO annealed in
N2 smaller than in O2 [32]. The annealing effect on oxygen vacancy concentration has
been reported before [33], This may explain the different enhancement effects for Ms

by N2 and Ar annealing. The Ar annealing effect is similar to the vacuum annealing,



which has been reported to enhance the Ms in ZnO [34]. However, because of the
smaller electron negativity of N compared to 0> N2 annealing may facilitate the
creation of oxygen vacancy compared with Ar. The difference between N2 annealing
and O2 annealing treatments for the as-prepared sample may help to exclude Zn
interstitial and other ferromagnetic metal species as the major origin for FM. Hence, it
is more reasonable to speculate that the above mentioned magnetic behavior change
results from the alteration of oxygen vacancy under different annealing conditions.
This oxygen vacancy change could be further supported by optical and electrical
characterization as discussed below.

Fig.3-3-5 shows the photoluminescence spectra for the identically annealed
samples, in which the typical near-band edge peak at around 374 nm for ZnO can be
seen. In addition, a broad peak centered at 500 nm is present, which is widely
regarded as originating from the oxygen vacancy defect [32,35,36], although some
disagreement exists [37]. For eye guidance - the parts around 500 nm for as-prepared
thin film and O2 annealed one are zoomed in, as shown in the inset in the middle.
Normally the relative intensity ratio of peak at 500 nm to peak at 374 nm (simply
denoted as intensity ratio hereafter) provides a bench mark of oxygen vacancy
concentration [35], which is summarized in Fig.3-3-6. It could be found that the
evolution trends for intensity ratio and the correspondent Ms are identical Namely, Ms

increases with the oxygen vacancy concentration.
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Fig.3-3-5 Room temperature PL spectra for as-prepared and annealed samples in N2,02, and Ar,

respectively; Inset: zoomed in parts around 500nm for as-prepared and the O2 treated samples

The resistivity evolution under identical annealing treatments is also shown in
Fig.3-3-6. Oxygen vacancy is one major type of donor defects in ZnO-based
semiconductors [38,39]. As pointed out by Tatsumi et al. [40], the increase and
decrease of electron concentration in un-doped ZnO is ascribed to the generation and
reduction of oxygen vacancy. Theoretical calculations also indicated that oxygen
vacancies produce shallow donor states [41]. It is worth noting that the resistivity
evolution does not exactly follow the Ms alteration. Due to the improved lattice order,
and hence reduced lattice scattering, the O2 treated thin film demonstrates smaller
resistivity, although the oxygen vacancy concentration (donor concentration) is
smaller than that in the as-prepared sample. Under the same annealing temperature for
the identical time duration, the resistivity and Ms change accordingly. The resistivity
change reflects the oxygen vacancy concentration variation, although the carrier
concentration is not necessarily equal to the oxygen vacancy concentration [33, 35].
The consistency between Ms and oxygen vacancy suggests the significant role of

oxygen vacancy in inducing the FM in pure ZnO thin film.
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Fig.3-3-6 Ms, PL intensity ratio and resistivity variations for as-prepared and annealed samples

in N2, O2 and Ar, respectively.

In order to provide more evidence to support the role of oxygen vacancies,
another experiment is designed. The as-prepared ZnO thin film is first annealed in N2,
then in O2 and finally in N2 again .The annealing temperature is always kept at 680 °C
and the time duration is 1 minute as aforementioned. After each annealing, the M'H
curve is collected at room temperature (the magnetic field is parallel to the film
surface, the same as previous measurement). The results showing well-defined M-H
loops are presented in Fig.3-3-7. The unit volume saturation magnetization moment is
quite consistent with that in previous measurement, revealing a good reproducibility.
It can be clearly observed that the saturation magnetization increased with N2
annealing, then diminished with O2 annealing and then re-enhanced in N2 annealing.

The diamagnetic substrate is unlikely to account for the observed ferromagnetism.
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Fig.3-3-7 Hysteresis loops for ZnO thin film with sequential annealing.

This exactly proves the proposed mechanism of oxygen vacancy induced
ferromagnetism. Similarly, more characterization measurements are performed to
observe the alteration of the structure or properties to affirm the assumption.

The annealing effect on oxygen vacancy could find support in the Raman spectra
as well, as shown in Fig.3-3-8, where Raman spectra of samples annealed in O2 and
N2 in addition to the blank substrate are presented. Most of the peaks (including the
highest one near 500 cm are mixed with those from the substrate except the one at
around 438 cm'\ which is the characteristic peak for wurtzite ZnO and is
mainly describing the vibration mode of oxygen atoms [42]. The peak broadening is
related to the defects. Through analyzing the full width at half maximum (FWHM)
variation of different vibration mode corresponding to specific atoms, details about
the defect could be obtained. As shown in Fig.3-3-8 (b), it is obvious that the FWHM
for the one annealed in O2 is the smallest, the widest for the as grown one and the one

annealed in N2 shows



I~

—

Raman Shift {cm')

gVl RTA@N,
As grown
I ——RTA@o"
—+ Blank
E substrate
420 440 460
Raman Shift

Fig.3-3-8 Original (a) and locally enlarged (b) Raman spectra of the substrate, as-grown and

annealed ZnO films.

medium broadening. The one annealed in O2 is the closest to the perfect structure in
its stoichiometry, because the density of oxygen vacancy is reduced significantly.
Annealing in N2 renders the peak broaden to some extent because of the creation of
abundant oxygen vacancies. The largest peak broadening for the as-grown sample is
probably due to the much abundance of disorder without high temperature annealing.
To study the oxygen vacancy variation in the above process, cathodoluminescence
spectroscopy is performed after each annealing. The result is shown in Fig.3-3-9. In

addition to the typical peak at around 370 nm corresponding to the band emission of



ZnO, a broad peak centering at 520 nm could be found once the sample is annealed m
N2, and almost diminished in O2 annealing. This green emission peak is widely
attributed to the oxygen vacancy defect - whose intensity could serve as a barometer
for us to study the variation of oxygen vacancy [32, 35]. From Fig.3-3-9, it can be
seen that the concentration of oxygen vacancy increases in N2 annealing, and
decreases in O2 annealing, and then increases again in the second-time N2 annealing,
which synchronizes the change of the magnetic performance in the same process,
therefore the CL results proved the above-proposed role of oxygen vacancies. It is
noted that in the as-grown piece, the green emission is slightly low, unexpected from
the results of M-H loops. This might be because the lattice disorder reduces the
emission efficiency or increases the scattering of generated photons without annealing

at higher temperature.
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Fig.3-3-9 CL spectra for films annealed in sequence.

From previous discussion, it is expected that the electrical performance might also
exhibit such a reversible behavior following the above mentioned oxygen vacancy
alteration in the annealing sequence. Another separate as-prepared sample (film size:
~10 mm X 10 mm x120 nm) is evenly cut into four pieces, which are named No.l, 2,

3 and 4 > respectively. First, No 2, 3 and 4 are annealed in N2, then No.3 and 4 are



annealed in 02, and finally No. 4 is annealed in N2 again. All of the annealing
conditions are kept the same as before. Therefore, No. 2, 3 and 4 represented the
identical annealing sequence in the magnetism characterization. These four pieces are
tested by four point probe method after Al is evaporated, as the electrode by a shadow
mask. The resistivity results are shown in Fig.3-3-10, together with unit volume
saturation magnetization moment {Ms) for comparison. As expected, after annealing
in N2 - the resistivity is reduced remarkably due to the creation of oxygen vacancies
providing donors, while it increases tremendously then after the following O2
annealing, owning to the depression of oxygen vacancies. Finally, the annealing in N2
again recovers the small resistivity. This again supports the proposed mechanism very
well. The inconsistency between the as-grown one and the one after annealing in 02,
when considered in terms of their magnetic behavior, could be attributed to the lower

mobility in the as-grown sample without annealing.
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Fig.3-3-10 Unit volume saturation magnetization moment {Ms) and resistivity evolutions with

consecutive annealing.



3.4 Ferromagnetism in single crystalline ZnO

In previous discussion, room temperature ferromagnetism is mainly attributed to
oxygen vacancy. Solution prepared ZnO thin films followed by high temperature
annealing are usually polycrystalline, as shown in our study. Many grain boundaries
are present in polycrystalline thin films. Recently, it is claimed by Ref. [43] that room
temperature ferromagnetism in pure oxide nanostructures is originated from grain
boundaries. When there is little grain boundary, the ferromagnetism may disappear. It
is worth investigating whether room temperature ferromagnetism can be observed or
not in single crystalline ZnO, provided that oxygen vacancies are present.

A comparative study is performed following the similar way. Single crystalline
ZnO substrate sized 5 mm x 10 mm is bought from Hefei Kejing Materials
Technology, Co., LTD, and it is cut identically into two halves. One is annealed in a
ultrahigh vacuum chamber (8.0 X 10""° mbar ) at —700 °C for 15 minutes, the other

is not treated in any way, named as "virgin".
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Fig.3-4-1 Magnetization dependence on magnetic field of virgin and annealed single crystal

Zn0.

The one without annealing shows expected diamagnetic nature, while after

annealing, a clear hysteresis loop can be observed. Since the annealing process is



performed in an ultrahigh vacuum chamber (8.0 X W-(1) mbar), foreign impurities
could be excluded easily. There are no grain boundaries in single crystalline ZnO.
This result unambiguously proves that RTFM is not relying on grain boundaries.
Interface induced ferromagnetism as claimed by [44] can be excluded as well. It is
easy to understand this in terms of oxygen vacancy based mechanism. The variation
of oxygen vacancy in the annealing process has been investigated by
photoluminescence spectroscopy in a previous publication [45], where a clear
increase of defect concentration is observed.

Similar RTFM has been found in single crystalline TiO: [46], where the origin of

©3+

magnetic moments are attributed to Ti -Vo complex. It is suspected that a similar
defect complex composed of Zn atoms and the nearby oxygen vacancies is present.
Zn I13M45M45 peak is examined to study whether a Zn related charge transfer process
is involved. Compared to Zn 2p peak, the Auger peak Zn LMM is much more
sensitive to chemical surroundings, and is more often selected to investigate the
chemical state of Zn [47,48]. In the kinetic energy spectrum, Z3M45M45 peak lies at
988 eV for Zr?”, while that of metallic Zn is close to 992 eV [48].

The result of single crystalline ZnO is shown in Fig.4-4-2. It is very obvious that
the peak shifts towards a larger energy. This might be ascribed to a relieved bonding
with oxygen vacancies nearby. A similar shift is observed when comparing the peaks
of the spin-coated ZnO thin films annealed in O2 and N2, respectively, which is
demonstrated in Fig.4-4-3. This shift is correlated with the Zn involved charge
transfer process. In the present work, we include such kind of oxygen vacancy

complex as well when referring to oxygen vacancies.
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Fig.3-4-2 XPS spectra of Zn Z3M45M45 transitions in single crystalline ZnO.
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Fig.3-4-3 XPS spectra of Zn LiM"sM”s transitions of spin-coated ZiiO thin films annealed in O2

(blue), N2 (magenta) and the as prepared (Black).



3.5 Oxygen vacancies and ferromagnetic interaction

It is assumed that oxygen vacancies in ZnO not only provide carriers responsible
for conductivity, but also induce magnetic moment in adjacency. It is well known that
oxygen vacancy mainly assumes +1 charge state (singly ionized), which is one of the
main defects responsible for the n-type nature of pure ZnO [32, 35], Singly ionized
oxygen vacancies have been widely proved to be paramagnetic centers providing
local magnetic moment by electron spin resonance [48-50]. In order to study the
possibility of magnetic moment induced by oxygen vacancies in ZnO, the
first-principle calculations are performed within Vienna ab initio simulation package
(VASP) [25], The PW91 general gradient approximation (GGA) is used [52-53]. The
electron-ion interaction is described by PAW method [54]. 400 eV is used as the
Plane-wave basis set cutoff. The on site coulomb interaction for Zn is used, namely
GGA+U [55]. A 3 X 3 X 2 super cell with a single oxygen vacancy is considered,
corresponding to 2.8 % vacancy concentration. We use K- - > VA Vg to denote oxygen
vacancy with neutral, +1 and +2 valence states, respectively. The magnetic moments
for FgO, Vo™ and Vgt at 2.8 % concentration are 0.001 jtis (Bohr magneton), 0.752 |Ib
and 0.002 jj,B, respectively. The spin polarized density of states (DOS) of Vg*at 2.8 %
concentration is shown in Fig.3-5-1. The Fermi level is within the band of spin up

state and in the gap of spin down state.
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Fig.3-5-1 Spin polarized density of states (DOS) of FoMn a 3 x 3 x 2 supercell.

For a rough estimation to compare the experimental value with the calculation, by
taking the oxygen vacancy concentration of around 2 % [56], using the magnetic
moment of 1.6 emus per cubic centimeter in our experimental case, we can obtain the
average magnetic moment of a single oxygen vacancy of 0.2 {Ib, which is on the same
order of magnitude of our calculated result for singly ionized oxygen vacancy. It is
worthy of noting that the first-principles calculation is only applicable to the low
temperature scenario. Our experimental result indicates that the low temperature
ferromagnetism and RTFM of ZnO show almost the same magnitude. The above
calculation corroborates the validity of the proposed assumption. Similar spin moment
induced by singly ionized oxygen vacancy has been reported in TiCh [57], which has
been found to show RTFM in the absence of magnetic doping as well [58].

Another theoretical study has also reported the oxygen vacancies mediated
spin-spin interaction in ZnO by use of the projector augmented wave (PAW)
formalism of DFT as implemented in the VASP package [59]. It is found that the
coupling of 3d states with delocalized 0-2/? states leads to the FM coupling between
the localized magnetic moment. The FM coupling is calculated to be energetically
more stable than the anti-FM state, although the Vo at different sites contributes

differently to the spin interaction. The electrons of O ions is also spin-polarized to



some extent.

In addition to pure ZnO, such oxygen vacancy induced ferromagnetism has also
been confirmed theoretically in pure TiO! [60]. It is found that in a2 x 2 x 2 supercell,
one oxygen vacancy can induce a magnetic moment of 0.22 jiB in the near
neighboring Ti site because of chare redistribution. This magnetic moment is very
close to our calculation in the case of ZnO, as shown previously. Nevertheless, like
the wide dispute in the experimental result, various other defects such as zinc
vacancies, extended surface states, etc. have been attributed to induce the
ferromagnetism in other theoretical works [61-62], which suggest the complexity of
the defect scenarios or the importance of the calculation parameters or other
approximation treatments.

It is claimed that net magnetic moment is formed by clustered oxygen vacancies
[20]. It is difficult to distinguish the role of isolated and clustered oxygen vacancies;
both cases are included in the present work. In these reports of defect induced
ferromagnetism, it is usually observed that there is only a slight difference between
the ferromagnetism at low temperature and room temperature [13,63], including
results presented here. This might be because of the compromised effect of the
reduced defect concentration (magnetic moment centers) and the weaker thermal
disturbance to ferromagnetic interaction at lower temperatures.

Another possibility is that the creation of oxygen vacancy leads to the d orbital of
nearest neighboring Zn not fully being occupied, presumably in a charge transfer
process. This local unpaired 3(i electron provides local magnetic moments. In this
case, the defective complex of Zn and oxygen vacancy serves as the magnetic
moment centers, as opposed to the single oxygen vacancy (or vacancy clusters) alone.
Similar mechanism has been described in single crystal TiO: [64]. Evidence in favor
of this mechanism has been provided aforementioned. This complex is sensitive to
charge transfer in re-dox reactions and environments, which may account for the
different behaviors in different annealing conditions, and in some other reported
surface modifications [15]. Localized carriers around the local moment form the

bound magnetic polaroii (BMP). More BMPs would be formed provided that the



localized carrier and moment concentrations are increased. The role of these localized
carriers mediating the coupling between moments has been confirmed in [65]. As the
concentration of defect complex increases beyond the percolation threshold, hopping
of localized carriers are large enough to form a long-range ferromagnetic order
between the magnetic moment centers (oxygen vacancies themselves or Zn-oxygen
vacancy defect complex).

Experimental evidences in favor of oxygen vacancies induced ferromagnetism has
been provided previously. In most cases of ZnO thin films prepared by spin-coating,
they are poorly semiconducting or near insulating, which is hardly explained by the
carrier mediated ferromagnetism. The defect nature of ferromagnetism in this
conducting regime has been confirmed in a majority of previous studies [5-9], and can
be well explained by the bound magnetic polaron model proposed by J. M. D. Coey et

al [66].
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Fig3-5-2 Representation of magnetic polarons.

The mechanism of bound magnetic polaron is illustrated in Fig.3-5-2 [66], where
the black solid circles indicate otherwise the isolated magnetic moment and the square
represents the defect bound with the magnetic moment. The defect captures bound

electron nearby. Within the localization radius of the bound electron (the blue shaded



region), the magnetic moments can be ferromagnetically coupled. As long as the
defect concentration and the magnetic moment concentration are large enough, the
overlapping of these bound magnetic polarons can interact with each other to exhibit a
long range ferromagnetism - as found in other coupling models such as RKKY. In the
magnetically doped ZnO or other oxide, the magnetic moments arise from the doped
magnetic ions. However, without magnetic doping, this magnetic moment is supposed
to arise from the oxygen vacancy itself. This possibility has been reported in other
works [20]. As mentioned previously, this local magnetic moment can also be created
by the less fully occupied d orbital of Zn as aresult of local charge transfer. Therefore,
the traditional s-d exchange interaction mechanism can be still applicable.

The exchange interaction between a localized spin moment S and the bound donor

electron s can be described in the following equation [66]:

{8 A (3-2)
where Jsd is the s-d exchange interaction parameter, r is the localization radius of the
donor electron and Cl is the volume of the magnetic polaron. With this model, it is not
difficult to wunderstand that the collective ferromagnetism is related to the
concentration of magnetic moments and the coupling strength between these moments.
Therefore, this model agrees with our finding that larger Ms is observed when the
oxygen vacancy concentration is increased.

The ferromagnetism in oxide without magnetic doping is called (f* magnetism. On
the other hand, this magnetism can be explained qualitatively from the energy point of
view. Unlike the traditional bound magnetic polaron model, defect states themselves
give rise to magnetic moments associated with molecular orbitals localized in the
vicinity of the defects, as shown in Fig.3-5-3. These states then create the impurity
band needed to mediate a long-range ferromagnetic interaction between them [67].
The impurity band need not be metallic. It can facilitate the spin exchange provided
the localization length is less than the distance between the defects. This is the basis

of a calculation by Monnier and Delley [68]. In ZnO or other oxides, these defects are



typically oxygen vacancies (F centers). High Curie temperatures arise when the 3d t
or 3d | density of states mixes with the spin-split impurity band at the Fermi level
[69]. In this picture, the criterion for ferromagnetism is a sufficiently large density of

states at the Fermi level D(Ef) for the Stoner criterion [69]

D{E")I >
(3-3)

to be satisfied, where / is the band exchange integral. Almost inevitably, this means a
d or f band, so magnetic metals and alloys generally involve d or f elements with

partly-filled bands [69].

Inipuia> hffld

Fig.3-5-3 Population of an unoccupied band by overlap with an impurity band > which leads to

spin splitting of the latter.

It has been claimed that the reason leading to the controversial reported magnetic
properties in ZnO based dilute magnetic oxide is partially the magnetic phase
inhomogeneity in dilute magnetic oxides by Y. H. Wu et al [70]. In our study, this is
possible as well, because the microscopic coexistence of ferromagnetic coupled
region or paramagnetic region can't be excluded. The oxygen vacancies may not be
uniformly distributed. In those regions where magnetic polarons are too far away to

be interactive, paramagnetic phase may exist. The collective magnetic performance



may depend on the relative amplitude of the ferromagnetic phase or the paramagnetic
phase.

Very recently, in the crystalline ZnO nanowires, a close investigation between the
oxygen vacancy concentration, room temperature magnetization moment and PL
intensity ratio of green band and UV emission intensity has been reported [71]. It is
found that oxygen vacancies boost both the green band emission and the magnetism,
which is in good agreement with our findings. It might be argued that the green band
emission in PL can be attributed to other defects such as zinc interstitials, however,
because of the larger formation energy than oxygen vacancy, these defects are usually
only formed in the O2 rich environment [72-73], Although both PL and magnetic
properties are closely linked with the oxygen deficiency, the associated physical

mechanisms and their quantitative dependence are not necessarily identical.



3.6 Conclusion

To conclude this chapter, RTFM has been found in spin-coated un-doped ZnO thin
films. With the support of ICP-MS and other composition characterization techniques,
it is concluded that this RTFM is intrinsic. The correlations between the magnetic,
optical and electrical characterization of the films under various treatment processes
provide evidences for the role of oxygen vacancies, which is consistent with the
findings of ferromagnetism in other un-doped oxides [31,74], During a sequential
annealing in N2-O2-N2, consistent reversible correlation among the ferromagnetism,
cathodoluminescence, and electronic performance evolution has been found with the
support of Raman spectra. A presumptive description about the magnetic moment
formation and ferromagnetic interaction mechanism has been put forward. Theoretical
calculations show good agreement with the assumption based on the experimental

findings.
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Chapter 4 Ferromagnetism of Doped ZnO Thin Films

4.1 Introduction

In the preceding chapter, we preliminarily conclude that oxygen vacancy is the
dominant defect responsible for the observed room temperature ferromagnetism in
un-doped ZnO thin film. There is dispute about whether magnetic doping is necessary
or not for ZnO or other oxides to show ferromagnetism. However, our results tend to
agree that the magnetic moment may come from the defect itself. Questions still
remain whether the magnetic doping makes any profound influence on the
ferromagnetic properties of ZnO thin film.

Meanwhile, our previous study focuses on un-doped ZnO thin films, which are
less conductive or near insulating from the resistivity measurement in the preceding
chapter. It is unknown yet whether there is a different story in the highly conductive
region with far larger density of carriers. Moreover, most of the published work on
doped ZnO has concentrated on insulating phase [1-4]. The observation of
ferromagnetism has been reported in Al doped ZnO thin films where the carrier
density is very high [5]. Motivated by this, G. A. Gehring et al. [6] made a systematic
study on the relationship between the magnetism and conductivity in transition metal
(TM) doped ZnO, where three distinct conductivity regimes have been identified:
variable range hopping regime in which the least conducting films are the most
magnetic; metallic phase at high carrier densities, in which the ferromagnetism
depends on the ratio of density of free carriers to the magnetic ion; and an
intermediate phase in which the ferromagnetism disappears.

Nevertheless, J. C. A. Huang et al. [7] drew a distinct conclusion after closely
investigating the magnetic and transport properties of Co doped ZnO single
crystalline thin films. Only two disparate ferromagnetism mechanisms in different

conductivity regimes are found. In the near insulating regime, carriers tend to be



localized, favoring the formation of bound magnetic polarons, which leads to
ferromagnetism. In the metallic regime, however, most carriers are weakly localized
and the free carrier-mediated exchange is dominant.

The above two findings broadened our understanding of ferromagnetism in oxides
extensively. Various otherwise contradicting outcomes can be unified into the
proposed models. However, in addition to abundant findings of ferromagnetism in
un-doped ZnO [8,9], Sn02[10], CeOs [11], TiOz [12] and InsOs [13,14] thin films,
nonmagnetic doping by carbon [15] or gallium [16] have also been reported to lead to
the occurrence of ferromagnetism. The models above apparently can't account for
ferromagnetism in these systems. Therefore, it is necessary to investigate relation
between the magnetic properties and transport behaviors where no magnetic ions are
introduced. In this chapter, we are going to answer the above two questions: a.
whether the magnetic doping can significantly increase the magnetization moments
even it is not necessary to exhibit ferromagnetism and b. whether similar models
based on the relation of magnetism and conductivity can be generalized into the

non-magnetically doped system.



4.2 Magnetic properties tuning of ZnO thin films by doping

In this section, the magnetic properties of ZnO thin film is tuned by different
doping to examine whether: (a) electrical conductivity or carrier concentration is
influencing the magnetic performance; (b) magnetic doping can enhance the
ferromagnetism significantly. Gallium in |ll state is a widely investigated donor,
which can markedly increase the carrier concentration in ZnO thin film [17], whereas
cobalt (1) is the usual magnetic dopant widely adopted to prepare ZnO based dilute
magnetic semiconductors. We study three cases:

(1) Gasingly doped ZnO thin film,
(11 Co singly doped ZnO thin film,

(1) Ga and Co co-doped ZnO thin film.

4.2.1 Gasingly doped ZnO thin film

Ga singly doped ZnO (ZnGaO) thin film is prepared in this way. Gallium nitrate
hydrate (99.9%) and zinc acetate (Zn ( CH3COO ) 2, 99.99%) are dissolved
(concentration: 0.7 M) in 2-methoxyethanol (99.9%), with monoethanolamine (MEA,
99.5%) as the stabilizer. The doping concentration is Ga: (Ga + Zn) = 1. 100. A
homogeneous solution is obtained after stirring the mixture for 2 hours at 60 °C. The
molar ratio of zinc acetate to MEA is kept at 1: 2. The sols are spin coated onto 1 cm
X 1 cm Si (100) substrate at 3000 rpm for 30 seconds. Before spin-coating, the
substrate is ultrasonically washed consecutively by DI water, ethanol, and acetone for
30 minutes respectively. The precursor films are preheated at 300, C for 10 minutes to
evaporate the organics. This coating and preheating cycle is repeated several times
until the desired thickness (—120 nm, confirmed by surface profiler). The as-prepared
ZnGao thin film is treated by rapid thermal annealing (RTA) under N2 - O2 or Ar (with
purity of 99.99 %) ambient for 1 minute at about 680 °C.

XPS is employed to check whether Ga is substitutionally doped into ZnO structure
or forms a segregated phase. High resolution Ga 2p peaks are shown in Fig.4-2-1. It is

found that the positions of Ga 2p3/2 and Ga Zpl/2 peaks are located at 1119.0 and



1146.2 eV, respectively. These peak positions are in good agreement with the

3+

previously reported values [17,18], which suggests that Ga exists as Ga . No other
element is detected. The XRD pattern is almost the same as that of un-doped ZnO thin
fiim, which has been shown in Chapter 3. This indicates that Ga™ occupies Zn

substitutional sites and, therefore, can act as an effective donor.

Ga 2p3/2

Ga 2pl/2
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Fig.4-2-1 XPS spectrum of Ga 2p.

4.2.2 Co singly doped ZnO thin film
Co singly doped ZnO (ZnCoO) thin film is prepared in the same way. Cobalt
acetate (99.99 %) is used as the starting agent. The doping concentration is Co: (Co
+ 2Zn) = 5: 100.
Similarly, XPS is employed to check whether Co is substitutionally doped into
ZnO structure or forms a segregated phase. High resolution Co Zp peaks are shown in

Fig.4-2-2.
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Fig.4-2-2 XPS spectrum of Co Zp.

It is observed that there are four peaks present: the 2/73/2 and 2pll2 doublet and
the shake-up resonance transitions (satellite) of these peaks at higher binding energies.
The obtained binding energies for the Co 2p 3/2 and 2p 1/2 are 781.8 eV and 797.3 eV,
respectively. These binding energies are very close to those reported for Co) ,in Co -
O bonding with the energy difference between Co Z2p 3/2 and Co Z2p 1/2 being 15.5 eV
[19-21]. If Co were in the form of Co clusters this energy difference would have been
15.05 eV [21-24], Therefore, it is evident that there are no Co clusters present in the

samples which could be detected in the XPS data.

4.2.3 Co and Ga co-doped ZnO thin film

Co and Ga co-doped ZnO (ZnGaCoO) thin film is prepared in the same way. The
doping concentration is Co: Ga: (Co + Ga + Zn) = 5: 1: 100.

The XPS survey scan is shown in Fig.4-2-3. Compared with that of pure ZnO
shown in Chapter 3, Co Zp peaks are clearly found. Other discernable peaks are either
from Zn, O or C. Because of the low doping concentration of Ga, it can only be
clearly found in the high resolution scan. The respective high resolution Ga Zp and Co

2p XPS spectrum is the same as those with single element doping.
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rig.4-2-3 XPS spectrum ofZnGaCoO thin film.

The magnetization dependence on field of above three kinds of thin films
annealed in N2 is shown in Fig.4-2-4. The annealing in N2 may help to prevent the
oxidation of Co from secondary phase segregation, which has been suspected to
happen when it is annealed in O2 or air. The saturation magnetization moment in unit
volume {Ms) of ZnGaO, ZnGaCoO and ZnCoO are 43, 12 and 2.5 emu-cm'* Such a
large Ms has been reported previously [25]. The interference from the substrate or
unintentionally introduced magnetic impurity can be excluded in the same way as in
previous study. We remembered that in Chapter 3, Ms of ZnO thin film annealed in N2
is 1.6 emu-cm"*. Therefore, magnetic doping of Co shows no significant increase of
magnetization moment. Interestingly, non-magnetic dopant increases the
magnetization moment tremendously. The Hall effect resistivity ratio of ZnGaO:

ZnGaCoO: ZnCoO is 0.1: 1: 10. The carrier concentration of ZnGaO thin films
20 3

annealed in N2 is on the order of 10 cm" . Therefore, it could be initially concluded
that the ferromagnetic interaction is more closely related to the electron concentration,

rather than the concentration of magnetic dopant.
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Fig.4-2-4 Hysteresis loops of ZnGaO (red square), ZnGaCoO (blue triangle) and ZnCoO (black

circle).



4.3 Comparison study of ferromagnetism in Ga doped and un-doped ZnO thin

films

So far, room temperature ferromagnetism has been observed both in highly
conductive and less conductive ZnO thin films. In this section, a comparative study is
conductive between the Ga-doped and un-doped ZnO thin films.

Similar to the previous study, the ferromagnetic properties of Ga doped ZnO (1 %)
thin film annealed in disparate ambients. One piece of ZnGaO thin film prepared in
the same way as aforementioned with the size of 10 mm x 10 mm x 120 run is cut
evenly into four pieces, three of which are annealed in N2 > Ar and O2. Again, the
purity is 99.99 %. The annealing temperature is 680 and the time duration is 1
minute. After subtraction of the diamagnetic background of the Si substrate, the

hysteresis loops are shown in Fig.4-3-1.
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Fig.4-3-1 Hysteresis loops of Ga doped ZnO thin films annealed in different atmosphere.

For comparison convenience, the corresponding ferromagnetic behaviors of

un-doped ZnO thin films are shown again in Fig.4-3-2.
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Fig.4-3-2 Hysteresis loops of un-doped ZnO thin films annealed in different atmosphere.

It is easy to observe that the saturation magnetization moments of the Ga doped
ZnO thin film is obviously larger than that of the un-doped counterparts. This might
be due to significant increase of band conducting electrons by Ga doping, as
mentioned previously, which may increase the ferromagnetic coupling tremendously.
The relative variation of Ms in ZnGaO thin film is almost the same as that in un-doped
ZnO thin film, except that for ZnGaO thin film, Ms in the sample annealed in O2 is
not the smallest. This may be because different donor nature of the two thin films. In
Ga doped ZnO thin film, the predominant donors are introduced by the additional
doping of nominal Ga atoms, although oxygen vacancy still introduces donors as well.
The coercive magnetic field for both is close to 100 Oe, which suggests the identical
origin of magnetic moments.

Low temperature ferromagnetic behavior of Ga doped ZnO thin film is measured as

well, which is demonstrated in Fig.4-3-3.
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Fig.4-3-3 Hysteresis loop of Ga doped ZnO thin film measured at 5 K. Before low temperature
measurement, the thin film is annealed in N2. The corresponding room temperature M-H. loop

is shown in Fig.4-3-1.

In comparison with Fig.4-3-1, the saturation magnetization moment at 5 K
decreased to less than tenth of that at 300 K. This behavior is totally different from
that of un-doped ZnO thin film, where the Ms is found to be changed little when
measured at low temperature (5 K). This implies that the mechanism of ferromagnetic
coupling at room temperature and low temperature might be different, which is
presumably originated from the disparate electrical conducting mechanisms.

The electronic transport can be described by a combination of thermal excitation
model, which describes those carriers which have been thermally excited from
localized states to the conduction band, and the variable range hoping model (VRH),
which describes those carriers hopping between localized states. The resistivity
dependence on temperature can be generalized into the following equation [26]:

(T) =Aexp(-(CITf')+B / KT)

R (4-1)
where A and B are constants, Ed is the activation energy, which is the energy gap
between the localized states and the lowest point of the conduction band, and C is the

constant associated with the localized radius and the hopping radius of carriers around



localized states. The first term depicts the VRH transport model, whereas the seconds
depicts the thermal excitation model. For the former model, a linear relation can be
observed if In (1/R) is plotted against (I/1Y—while for the latter, a linear relation is
obtained by plotting In (J/R) against MT.

In order to study the electrical conduction mechanism, resistivity dependence on
temperature of Ga doped and un-doped ZnO thin films annealed in N2 are measured.
Fig.4-3-4 shows the In (VR) against (1/7)"4 from 50 K —4 K in Ga doped ZnO thin

film.
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Fig.4-3-4 Linear fitting of In (1/7?) against from 50 K —4 K.

It can be found that excellent linear fitting is obtained in the temperature range of
4 K —50 K for the relation of In (1/R) against » which indicates that below 50
K, the electronic transport is following the VRH model. The ferromagnetic coupling
may be via the hopping of electrons between the localized states mainly.

Fig.4-3-5 shows the plot of In (7/R) dependence on 7/T from 300 K to 100 K in
the Ga doped ZnO thin film. It can be seen that in the range of 300 K ~ 150 K, the
linear fitting is excellent, which indicates that above 200 K, the electronic transport in
Ga doped ZnO thin film is following the thermal excitation model dominantly. In
other temperature regions, the electronic conduction is the combination of both

models.
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Fig.4-3-5 Linear fitting of In (IAR) against 1/Tfrom 300 K —100 K.

Similar study has been conducted for un-doped ZnO thin film after annealing in
N2 in the same way. As expected, in the low temperature region, excellent linear
fitting is obtained in the temperature range of 17 K —60 K for the relation of In (I/R)
against (1/7)"4. Below 20 K, the measurement is aborted because of too large
resistance of the thin film. It can be concluded that in the low temperature region, the
electronic transport in un-doped ZnO thin film is mainly obeying the law of the VRH

model.
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Fig.4-3-6 Linear fitting of In (1/i?) against (1/7)"4 from 60 K —20 K.

In the near room temperature region, the fitting result is also supporting a VRH

model, as shown in Fig.4-3-7.
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Fig.4-3- 7 Linear fitting of In (VR) against (1/7)in the near room temperature region.



It is assumed that the ferromagnetic coupling can be mediated by both localized
electrons and conduction band electrons. The ferromagnetic coupling is much
stronger by the mediation of band electrons than that of the localized electrons. The
magnetic moment is intrinsic, rather than imported from the doping of magnetic ions.
In the VRH conducting region, the mechanism can be well explained by the bound
magnetic polaron model. A localized carrier is trapped by oxygen vacancy, which
induces magnetic moment nearby as well. The exchange interaction aligns the
moment of the localized carrier and the moment induced by the oxygen vacancy.
Magnetic moments falling within the same localization radius of the localized
electrons can be ferromagnetically coupled indirectly. This agrees very well with what
has been proposed in single crystalline Co doped ZnO [7], in which the magnetic
moment originates from transition metal Co, whereas in our case - the magnetic
moment may originate from oxygen vacancy clusters [9], or d moment from Zn atom
due to charge transfer with oxygen vacancy present around.

Carrier mediated ferromagnetism is possible in the highly conductive region. The
ferromagnetic exchange interaction can be significantly increased due to a large

carrier concentration.



4.4 Carrier mediated ferromagnetism in high conduction regime

In dilute magnetic semiconductors, the mechanism of carrier mediated
ferromagnetism is based on the models in which the local magnetic moments are
assumed to interact with each other via RKKY interactions. The basic idea behind the
RKKY interaction is based on the exchange coupling between the magnetic moments
and the conduction band free electrons [27]. The conduction electron is magnetized in
the vicinity of the magnetic moment, with the polarization decaying with distance
from the local moment in an oscillatory fashion. This oscillation causes an indirect
superexchange interaction (RKKY) between two magnetic moments on the nearest or
next nearest magnetic neighbors. This coupling may result in a parallel (ferromagnetic)
or an anti-parallel (antiferromagnetic) setting of the moments dependent on the
separation of the interacting atoms. The model becomes efficient when a high
concentration of free carriers is present especially at higher temperatures.

There are two major ways of identifying the carrier spin polarization, x-ray
magnetic circular dichroism (XMCD) and anomalous Hall effect (AHE), although a
minority has questioned the latter [28]. XMCD is a difference spectrum of two x-ray
absorption spectra (XAS) taken in a magnetic field, one taken with left circularly
polarized light, and one with right circularly polarized light. By closely analyzing the
difference in the XMCD spectrum, information can be obtained on the magnetic
properties of the atom > such as its spin and orbital magnetic moment. In ferromagnetic
materials (and paramagnetic materials in a magnetic field), the Hall resistivity
includes an additional contribution, known as the anomalous Hall effect (or the
Extraordinary Hall Effect), which depends directly on the magnetization of the
material, and is often much larger than the ordinary Hall effect. Although a consensus
about the origin has not been reached, it is widely attributed to the spin-dependent
scattering of charge carriers.

In the preceding chapter, we have discussed about the ferromagnetic interaction
in un-doped ZnO in terms of the bound magnetic polaron models (BMP), where the

electrical conductivity is often very poor or they are even insulating, following the



VRH transport model. Whilst in this chapter, room ferromagnetism is also observed in
the highly conduction regime, following the thermal excitation model. This
ferromagnetic ordering is mediated by the band conduction electrons. This
two-regime mechanism of ferromagnetism has been first proposed by Behan et al. [29]
in the magnetically doped ZnO. Here we extend this theory to the case without
magnetic doping. The only difference is that the magnetic moment is provided by the
magnetic dopant or the defect itself. Similar to the conclusion of Behan et al. in the
poor conduction regime, the exchange is mediated by occupied polaron orbits, and

ferromagnetism occurs when the polaronic density reaches the percolation limit. As
'in

the electron density exceeds some threshold value (e.g. 10 cm"), the carrier
mediated ferromagnetism is possible. Very large magnetic circular dichroism (MCD)
signal has been measured at the ZnO band edge (3.35 eV), which suggests that the
ZnO band electrons are spin-polarized and contribute to the ferromagnetic ordering

[29].
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Fig.4-4-1 Room temperature magnetic circular dichroism spectra for the highly conductive

ZnO by co-doping [29].



In the single crystalline ZnO, this carrier mediated ferromagnetic ordering has also
been found [30], where the electron concentration is over 5 X cm™. The
magnetization is found to be significantly increased as the electron concentration
increases further. The anomalous Hall resisitivity follows the magnetization curve.
The increase of anomalous Hall conductivity is due to the strengthened spin scattering
due to spin-orbit interaction as the electron concentration increases in the high
conduction regime, which is a strong evidence of carrier mediated ferromagnetism
[30]. Based on this conception, this anomalous Hall effect can be electrically tuned by
a gate voltage across a dielectric material, which modulates the carrier concentration
in the semiconductor below the gate. This has been successfully first observed in the
single crystalline ZnO by F. Hellman et al. [31]. As shown in Fig.4-4-2, as the gate
voltage scans from negative to positive, the electron concentration increases
accordingly. Therefore, the anomalous Hall effect becomes stronger as well. The
electron concentration increase drives the sample into ferromagnetic state, which
shows that the ferromagnetism originates from the electron mediated exchange

interaction.
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Fig.4-4-2 (Upper) Schematic band diagram and carrier concentration in the semiconductor;

(Bottom) Electrode field controlled AHE in single crystalline ZnO [31].

It is worthy of noting that without magnetic doping, clear AHE [32-33] have also
been reported. Therefore, the magnetic moments do not rely on the incorporation of
magnetic ions. It is interesting to note that in these studies, hole-mediated exchange
coupling has been claimed, which is rarely reported.

In addition to ZnO, carrier mediated room temperature ferromagnetism has also
been found in other oxides, such as pure InzOs [34]. Without any magnetic doping,
clear room temperature ferromagnetism has been found once annealed in the vacuum
condition. The magnetic moment has been ascribed to the presence of oxygen
vacancies similarly. The electron concentration is 6x10" cm"*. In order to investigate
the coupling between the charge carriers and the ferromagnetic moment in the InzOs
thin films - point contact Andreev reflection (PCAR) spectroscopy [35-36] has been

used , which has recently emerged as a viable technique to directly measure the



transport spin polarization in magnetic materials [37] including dilute magnetic
semiconductors [38-39]. The PCAR technique is based on the sensitivity of the
guasiparticlesupercurrent  conversion process (Andreev reflection) at a
superconductor/normal contact to the degree of spin imbalance. It is found that in
un-doped In*Os, the spin polarization is about 56 %. The high density of carriers is
provided by oxygen vacancies. The exchange interaction between the electron spin s,

and the local magnetic moments Jj can be given in the following way

; ] (4-2)

where Fgx is the exchange coupling, r! and Rj are the position vector of electron spin s*
and the magnetic moment JJ , The donors can reside in the delocalized conduction
band. The ordering of the localized spin moments will split the conduction band,
resulting in a net spin polarization of conduction band electrons. The high density of
states at the Fermi level accounts for the high Curie temperature [40], which is formed
by the quasilocalized donor states. Because of self-compensation, a carrier
concentration threshold is needed to overcome to mediate the magnetic moments [34].
From all of these results, it can be concluded that a high carrier concentration near
ICP cm-3 is needed to realize the long range ferromagnetic coupling. In the present
study, by doping with Ga, the electron concentration in ZnO can be significantly
increased to afew 10 cm" , and we have observed clear magnetization hysteresis. A
band conduction has been confirmed by the study of resistivity dependence on
temperature. Therefore, it is reasonable to attribute the ferromagnetism to the carrier
mediated exchange coupling without magnetic doping. However, because of
unavailablity of equipment, we can't obtain XMCD, AHE or PCAR data to verify that
the electrons are indeed spin-polarized. Obviously, a thorough and complete study
will be necessary to continue to confirm the carrier mediated ferromagnetic ordering

in the future.



4.5 Summary

By summarizing these two chapters discussing about ferromagnetic properties of

ZnO thin films, we draw conclusions below:

(@) Room temperature ferromagnetism can be observed in un-doped ZnO thin films,
even without the magnetic doping. It is intrinsic, rather than from foreign
impurities or substrates.

(b) The observed ferromagnetism is closely related to defects. By electrical and
spectroscopic investigation, evidences are collected to tentatively attribute the
main origin to oxygen vacancy defect, by which we include oxygen vacancy
clusters and oxygen vacancy related complex defects. The magnetic moment is
more likely induced in a charge transfer process of Zn and surrounding oxygen
vacancy.

(c) Grain boundary and interface are not the main origin of ferromagnetism, because
even in single crystalline ZnO, the ferromagnetism can be observed as well.

(d) The magnetization moment can be tuned by additional donor doping > which is not
necessarily magnetic ion. Both in the cases of highly conductive (Ga doped) and
nearly insulating ZnO thin films, ferromagnetism can be observed, which
indicates disparate mechanisms of ferromagnetic coupling in different electrical
conduction regimes. Carrier mediated ferromagnetism through band conduction
electrons is possible in the highly conductive region, whereas a bound magnetic
polaron model through localized electron states is attributed to account for the

mechanism in the less conductive or nearly insulating region.

It is important to note that due to the complexity of defect scenario in ZnO and
other oxides, without a definitive way to distinguish different kinds of defects, and
then measure the exact density of them, it is difficult to completely to shape an intact
and explicable theory about the mechanism of ferromagnetism. Because of the poor
reproducibility, the exact mechanism is still not clearly understood, although the

evidence presented here supports the role of oxygen vacancies as the origin. Similar to



works of other groups, a direct and causal relationship between the ferromagnetism

and any kind of defects has not been found, therefore the coincident observation of

ferromagnetic,

electrical

and spectroscopic evolution can't be excluded to be

occasional cases ° the controversy still continues. To be more general, Table 4-5-1 lists

all of the experiments we have conducted, showing the issues present in our work and

this field.

Table 4-5-1 Experimental matrix showing the major conducted experiments and remarks.

Experiment

Planned

Composition
structure

analysis

Magnetic

performance

Measurement/
characterization
XRD ofzZnO, Co-doped,

Ga-doped ZnO.

Surface  morphology by

SEM, AFM of  ZnO,

Ga-doped ZnO.

Surface profile for thickness
determination.

Cross section view by SEM
of ZnO and doped ZnO.
XPS study of ZnO annealed

in 02, N2 and Ar

PL, CL study of ZnO thin

flms annealed in different

conditions.

Diamagnetic substrate.

FC/ZFC of ZnO thin films.

Outcome / remark

C axis orientation preferred,

reproducible.

Homogeneous poly crystalline

structure

In agreement with other thickness

measurement, like SEM, XPS

NA

No foreign impurities observed

The typical band peak at 370 nm is
observed, and can be reproduced
The defect

most of the times.

emission is poorly reproducible
from piece to piece.

Confirmed by a second time test.

In agreement with reported results

[20].



Designed

experiment

300 K, 5 K M-H loops of

ZnO thin films.

300 K, 25 K » 5KM-ifloops

of Ga-doped ZnO thin films.

M-H loop of ZnO with

normal field

M-H loop of ZnO with

different thickness (120 nm

/260 nm).

ZnO thin film annealed

02, N2 and Ar.

in

The M-H hysteresis can be
reproduced, the calculated Mg is in
agreement with some reports [13],
and different from some others
[21]. The reported Ms ranges very
broadly. The change of Ms at
different temperatures find support
in either doped or un-doped,
prepared differently.

As temperature decreases, the
magnetization decreases, in
agreement with reported results
[30].

The reduction measured with
normal magnetic field agrees with

other reporting [30],

Confirmed and in agreement with

the reported result [41].

Intended to study the defect change
and Ms. All pieces are cut from the
single sample to avoid the problem
of film inhomogeneity to the largest
extent. The amplitude relation
between annealing in N2, O2 and Ar
can find support in ZnO
nanostmctures fabricated
differently. But the reproducibility

needs to be confirmed.



Sequential annealing in O2

and N2,

Sequential annealing in

H202 and H3POs.

Doping by N or Li to
compensate the  oxygen

vacancy donors.

Surface treatment by
different functional

groups,-SH or -NH.

Intended to confirm the change of
Ms annealed in N2 and O2 in N2 and
02.The measured Ms agrees well
with above group. The regeneration
of Ms in N2 coincides with the
electrical and CL evolution. Again,
the reproducibility needs to be
confirmed.

Intended to study the oxidization
and reduction treatment on the FM
performance. This  experiment
failed, possibly due to the magnetic
impurities introduced from the
solutions.

Intended to confirm whether the
FM is reduced as the acceptor-type
defects are introduced. The
comparison has failed, possibly
because of complex defects
introduced, or acceptor defects not
activated.

Intended to study the charge
transfer process and FM properties.
The charge transfer may have
influence on the chemical
environment of oxygen vacancies.
Unfortunately, no clear conclusion
can be withdrawn. This is possibly

due to weak interaction between



the organic function group and is
covered by experimental or
measurement error.
Co doped ZnO thin film In agreement with the case of
annealed in 02, N2 and Ar. un-doped ZnO.
The Ms is largely increased and
confirmed by the second time
Ga doped zZnO thin film measurement. Hall effect and 4
annealed in O2, Ni and Ar. point probe method confirmed that
the resistivity is about two orders

smaller than un-doped ZnO.

The poor reproducibility of defect study by PL and CL has plagued various
researchers, which is straightforward for the very controversial scenario of the
magnetic properties of ZnO. For a simple comparison, Table 4-5-2 summarizes parts
of reported ferromagnetism in non-magnetically doped oxides. Although our
evidences are not sufficient to completely affirm that the ferromagnetism is induced
by oxygen vacancies, we extend the traditional understanding further, showing that
the ferromagnetism can be found in both near insulating or highly conductive regime
without magnetic doping. Further intensive investigation is needed to study the direct
interaction between defects, carriers and the magnetic moments. What is encouraging
is that spin Hall effect transistors have been experimentally realized in the most recent
breakthrough work [42], which is assumed to bring further intensive study onthe ZnO

based spin field effect transistors.



Table 4-5-2 Summary of reported ferromagnetism in several typical iion-magnetically doped

oxides.
Materials Resistivity Ms Possible origin References
(n -cm) (emu-cm"?)
Zn0O —1 —1 Oxygen vacancy This work
Zn0O NA 0.5 Oxygen vacancy 43
ZnO NA —1 Zinc interstitial 28
ZnO NA —0.03 Oxygen vacancy 9
111203 0.01 —0.5 Carrier mediated 41
(oxygen vacancy for
the weak
ferromagnetism)

ZnO (Ga) conductive —16 Oxygen vacancies 16

ZnO >2000 —1 Zn related factors 44

ZnO (C) conductive —2.16 C related factors 15
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Chapter 5 ZnO-based Thin Film Transistors on SiCVSi Substrate

5.1 Introduction

Solution-processed thin-film semiconductors can potentially enable low-cost
thin-film transistor (TFT) arrays/circuits via mass manufacturing roll-to-roll processes
using a combination of conventional coating and printing techniques (e.g., blade and
dip coating, screen and inkjet printing, etc) [1-7]. Many soluble organic
semiconductors have thus been explored for this purpose, but their functional
performances generally fall short of expectation in addition to other process
complications. Low mobility, low current density, process-dependent performance
variations, and reliability issues are among the critical deficiencies with these
materials. On the other hand, inorganic materials such as metal chalcogenides [4-6]
have been solution processed into high-mobility thin-film semiconductors, but their
inherent toxicity and extreme sensitivities to ambient oxygen and moisture
overshadow their performance attributes. Most recently, a thin-film polysilicon
semiconductor via thermal decomposition of a solution-deposited silane precursor has
been reported [7]. High field-effect transistor (FET) mobilities reaching —6.5 cm* V"

s_1 and —100 cm® V" &'

were achieved for ink-jet printed and spin-coated devices,
respectively. However, the attainment of high mobility in this approach relied on a
post-deposition laser-induced crystallization of amorphous silicon films generated
from thermal decomposition of a silane precursor. Accordingly, this process is
essentially similar to conventional polysilicon technology which is still beset with
process complications such as uniformity issues.

ZnO is a nontoxic inorganic semiconductor which may also offer such salient
features as high mobility, excellent environmental stability, and high transparency.

ZnO thin-film semiconductors prepared by radio frequency magnetron sputtering in

0.1
delicately controlled environments [8] have shown high FET mobility (> 30 cm V'



s.i), but this technique is not likely to be compatible with low-cost TFT manufacturing
processes. In addition, TFTs fabricated by this technique generally failed after several
measurements. Most recently, solution- processed zinc oxide FET electron mobility
reached 5.25 cm V"'s' with a high on-off ratio [9]. This was achieved using processes
including three high-temperature annealing steps, a proprietary sputtered mixed oxide
dielectric (aluminum titanium oxide), and a less stable, more difficult to deposit
source/drain metal (Zn). In another study, a more complex oxide semiconductor FET
reached a mobility of 16.0 cm” V** s* [10].

In this chapter, we use the common Si02 as the gate dielectric, which is a mature
and widely studied material. What is more important, utilizing SiOi as the gate
dielectric is much more easily incorporated into current Si industry. Unlike previous
TFTs obtained by the spin-coating which requires multiple spin-coatings (3 times or
more) of semiconductor precursor with different concentrations and each spin-coating
must be followed by a high temperature annealing process, this work is going to find
out the easiest and most simplified fabrication process. A careful investigation on the
influence exerted on TFT performance by precursor concentration, times of
spin-coating, annealing ambient and annealing temperature is conducted. Although
the mobility is slightly compromised, it concentrates on facile and practical
fabrication process rather than single parameter of the mobility alone. It is of great
significance in future applications. In addition, various dopants are tried to improve

the mobility while maintaining the process simplicity.



5.2 Parameters influencing field effect properties of un-doped ZnO thin films

To be compatible with present silicon based technology, we use thermally
oxidized Si as the gate dielectric. The thickness is 300 nm, and the unit area
capacitance is calculated to be 10 nF-cm' . Highly doped Si is used as the global gate

and the resistivity is 0.001 Q-cm. The whole device fabrication flow chart is shown in

Fig.5-2-1.
SiO; n++ S| substrate
Zn0 precursor Spin coating : it
preparation 3000rpm
AZL
D T toi 0 iiiii

S D contacts
evaporation

Fig.5-2-1 ZnO TFT device fabrication process.

The typical bottom gate top contact structure is schematically shown in Fig. 5-2-2.
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Fig.5-2-2 Schematic diagram of ZnO thin film transistor. The channel layer is prepared by

spin-coating method.

To get the optimized conditions for the best device performance, the factors
including these below would be discussed, respectively,
a annealing temperatures;
b annealing ambient;
C precursor concentration;

d repeating times of coatings.

5.2.1 Annealing temperature

0.1 M ZnO precursor is prepared in the following way. 0.4585g zinc acetate
(99.99 %) is dissolved in 2-methoxyethanol. A transparent clear solution is obtained
after stirring it at 55 °C for 2 hours. Three devices are fabricated by twice spin-coating
of the active ZnO layer. Three such prepared thin films are annealed at 400 °C - 500 °C
and 600 °C for one hour in air, respectively. The whole process is shown clearly in
Fig.5-2-1. The channel dimension is WIL= 2500 jj,m/75 *m in all of the TFT studies,
unless stated specifically. The thickness of the aluminum electrodes is approximately
equal to 150 nm.

The largest mobility is obtained at 600 Its output and transfer characteristics

are shown in Fig.5-2-3.
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Fig.5-2-3 Output (a) and transfer (b) plots ofZnO TFT. The ZnO thin film is annealed at 600, C

for 1 hour in air.

The carrier mobility can be calculated with the conventional

metal-oxide-semiconductor field effect transistor model for drain-source current h :

/%

2L (5-1)
where Wand L are the width and length of the channel, respectively, Vg is gate voltage,
Vth is threshold voltage and C; is the capacitance per unit area, and is the saturation
field effect mobility, which is extracted from the saturation region of the transfer
curves. The slope of 1/~ versus Vg gives the mobility and the intercept at | /*=0

determines the threshold voltage.



Respective transfer plot of ZnO TFTs annealed at 400 °C and 500 °C are shown in

Fig.5-2-4.
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Fig.5-2-4 Transfe: characteristics of ZnO TFT with the active layer annealed at 400 °C for 1
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Fig.5-2-5 Transfe characteristics of ZnO TFT with the active layer annealed at 500 °C for

hour in air.



Table 5-2-1 shows the summary of extracted mobility, threshold voltage, and on-off

ratio annealed at 400 °C, 500 and 600 °C respectively.

Table 5-2-1 Field effect properties of ZnO thin films annealed at various temperatures.

Annealing ji, mobility Fth, threshold On-off ratio
temperature . C) (cm W) voltage (V)
400 0.06 3 2X104
500 0.11 3 4x107
600 0.27 0 2x104

It is obvious that, as the annealing temperature increases, the mobility increases
markedly. This is due to better crystallization at higher annealing temperatures.
Contributions due to scattering by defects or grain boundaries are diminished.
Although the mobility is not very large, it might be improved with proper annealing
process controls, as reported in Ref. [9], However, the complex process is not

compatible with cost effectiveness and throughput requirements.

5,2.2 Annealing ambient.

The annealing environment is very important for the crystallization process and the
electrical performance is significantly influenced by annealing ambient. In this section,
ZnO thin films are prepared in the same way as aforementioned in Section 5.2.1.
Additional two pieces are annealed in N2 (99.99%) and Ar (99.99%), respectively.
The annealing temperature is kept the same at 600 and the duration is one hour.

Fig. 5-2-6 and Fig. 5-2-7 show the transfer plots of ZnO TFTs annealed in N2 and

Ar, respectively.
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Fig.5-2-6 Transfer characteristics of ZnO TFT with the active layer annealed in N2 for 1 hour at

600
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Fig.5-2-7 Transfer characteristics of ZnO TFT with the active layer annealed in Ar for 1 hour at

600 oc

The mobility, threshold voltage and on-off ratio are summarized in Table 5-2-2, in

comparison with the aimealing in air, as discussed in Section 5.2.1.



Table 5-2-2 Field effect properties of ZnO thin films annealed with different gases.

Annealing ju, mobility Fth, threshold On-off ratio
ambient (cmWi) voltage (V)
air 0.27 0 2X107
N2 0.46 -22 0.7X10"
Ar 0.33 -30 0.8X107

It can be observed that the mobility increases in annealing in N2 and Ar, compared
with that in air. This is in qualitative agreement with the discussion in Section 3.3 in
Chapter 3. More oxygen vacancies are created when annealed in N2 or Ar, which
serve as the one of main donor defects in ZnO. Therefore, the electron concentration
is expected to increase, and the mobility increases when ZnO thin films are annealed
in N2 or Ar. However, it is noted that the threshold voltage is shifted negatively greatly,
and the current on-off ratio decreases accordingly.

In practical applications, the threshold voltage is required to be positively close to
0 to save the static energy consumption. Therefore, the overall device performance of

ZnO annealed in air is more appealing, although the mobility is slightly smaller.

5.2.3 Precursor concentration

The interface between the active channel layer and SiOi dielectric is crucial for
transistor performance. The precursor concentration and repeating times have much
impact on the interface quality. ZnO TFTs are fabricated with precursors of different
concentrations - 0.05 M, 0.1 M and 0.2 M - following the method mentioned in Section
5.2.1. After completion of spin-coatings, films are annealed in air for one hour, and

the temperature is kept at 600 °C. Results of the device prepared with the concentr-
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Fig.5-2-8 Transfer characteristics of ZnO TFT. The precursor concentration is 0.05 M. After
spin-coating, the thin film is annealed in air at 600 °C for 1 hour.
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Fig.5-2-9 Transfer characteristics of ZnO TFT. The precursor concentration is 0.2 M. After

spin-coating, the thin film is annealed in air at 600 °C for 1 hour.

-ation of 0.1 M has been provided previously. The transfer plots of devices prepared
with the concentration of 0.05 M and 0.2 M are demonstrated in Figs. 5-2-8 and

5-2-9.



The field effect mobility, threshold voltage and on-off ratio can be calculated in

the same way as aforementioned, which are summarized in Table 5-2-3.

Table 5-2-3 Field effect properties of ZnO thin films prepared with different precursor

concentrations.
Precursor X, mobility Fth, threshold On-off ratio
Concentration (cmWi) voltage (V)
(M)
0.05 0.07 0 7x104
0.1 0.27 0 2x10n
0.2 0.32 -22 0.6x10"

It can be found that the mobility increases with increasing the precursor
concentration. However, beyond 0.1 M, the increase almost saturates. The coverage
and film formation might be deteriorated, if the concentration is too low. It is noted
that the baking temperature in the present study is high compared to other work. The
high baking temperature induces fast nucleation and crystallization. The influence of
baking temperature on nucleation and crystallization has been reported previously
[11]. Beyond 0.1 M, the coverage and the nucleation process changes little with the
increase of precursor concentration. It is also noted that at the concentration of 0.2 M,
the current on-off ratio is diminished, and the threshold voltage is shifted to the
negative markedly. This may be due to the fact that a larger concentration leads to a
thicker ZnO thin film. As the bulk resistance decreases significantly, a more negative
gate bias is needed to turn the device off. Therefore, we conclude that from this

section, 0.1 M yields the best device with the overall performance parameters.

5.2.4 Repeating times of spin-coating
The coverage and film formation are not only related to the precursor concentration,

but also subjected to the times of spin-coatings. In this section, ZnO thin film



transistors are fabricated by the fixed precursor concentration (0.1 M), and the time of
spin-coating ranged from 1, 2 and 4. All films are annealed in air at 600 °C or one
hour. Other conditions remain unchanged as that in Section 5.2.1. We directly cite the
result of twice spin-coating (Fig.5-2-3). Transfer plots of single spin-coating and four

times of spin-coating are presented in Fig.5-2-10.
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Fig.5-2-10 Transfer characteristics of ZnO TFT. The active layer is formed by one time

spin-coating
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Fig.5-2-11 Transfer characteristics of ZnO TFT. The active layer is formed by four times of



spill-coating.

The field effect mobility, threshold voltage, and on-off ratio are summarized in

Table 5-2-4.

Table 5-2-4 Field effect properties of ZnO thin films prepared with different spin coating

layers.
Repeating \x, mobility Vth, threshold On-off ratio
times (cm2v-Vi) voltage (V)
1 0.04 3 9x1o4
2 0.27 0 2x1on
4 0.30 -18 1x1ion

Similarly, poor coverage and film formation lead to smaller mobility with a single
spin-coating layer. With four-times of spin-coating, the mobility increases little, but
the on-off ratio diminishes and the threshold voltage shifts negatively seriously due to
the increase of film thickness and bulk conductivity. We can find that two-time
spin-coating is proper when considering the field effect mobility, the threshold voltage
and the current on-off ratio. Similar results have been reported in Ref. [11].

In summary, from previous four sections, we can extract the optimized conditions

in Table 5-2-5.

Table 5-2-5 Summary of optimized preparation conditions to achieve the best field effect

performance.

Annealing temperature 600, C
Annealing ambient air
Precursor concentration 0.1 M

Times of spin-coating 2



5.3 Doped ZnO thin film transistors

In our previous study, the highest mobility of un-doped ZnO thin film transistors
is less than one, which is far smaller than other devices fabricated by vacuum based
technology, such as pulsed laser deposition and magnetron sputtering. Although the
mobility obtained by solution method may not compete against vacuum based
technology, it can be improved significantly. Doping is an effective way to increase
the mobility, because the mobility increases with the carrier concentration in the
following way:

FQ ("I"0) (5-2)
where {# is the free carrier mobility, n is the free carrier concentration, and hq is the
total induced charge carriers. [12]. Meanwhile, p-type doping in ZnO has been a big
challenge ever since. Although doping by N or Li has been reported to show p-type
conductivity [13,14], however its reproducibility is very poor. What is more, p-type
field effect performance in ZnO thin film transistors has never been reported yet.
Therefore, we chose Li and N to confirm if p-type field effect could be observed.
These two elements have been reported to be effective in inducing p-type conductivity
by hall-effect measurement.

Li doped ZnO thin film transistor is fabricated following the optimized conditions
in previous parts for un-doped ZnO thin film transistors except the composition of the
precursor, which is prepared by dissolving zinc acetate (99.99 %) and lithium acetate
dihydrate (99.999 %) in 2-methoxyethanol before stirring for two hours at 55, C. The
total metal concentration is 0,1 M, and the ratio of Zn to Li is 95: 5. The precursor is
spin-coated onto the cleaned substrate, followed by baking at 220 °C for 10 minutes.
The coating and baking cycle is repeated once more. Then, the film is annealed at
600 °C for one hour in air. Source and drain contacts are deposited by thermal
evaporation of Al as aforementioned.

The precursor for N doped ZnO thin film transistor is prepared in the following
way. Zinc acetate (99.99 %) and ammonium acetate (99.99 %) are dissolved in

2-methoxyethanol before stirring for two hours at 55 °C. The ratio of zinc to



ammonium is 0.1 M: 0.3 M. Other conditions for device fabrication are the same as
above.
Figs. 5-3-1 and 5-3-2 show the output and transfer characteristics of Li-doped and

N-doped ZnO thin film transistors, respectively.

10 20 30 40
V. (V)

0.02

120

Fig.5-3-1 Output (a) and transfer (b) plots of ZnLiO TFT. The doping concentration is 5 %. The

film is annealed in air at 600  for one hour.
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Fig.5-3-2 Output (a) and transfer (b) characteristics of N doped ZnO TFT.

From both output curves of Li-doped and N doped ZnO TFT, typical n-type field
effect could be clearly observed, opposite to the findings of previously mentioned in
Refs. [13 - 14]. The reason may be the deactivation of the acceptors, or compensation
effects by donor defects. Both devices work in enhancement mode.

The field effect mobility, threshold voltage and current on-off ratio of both devices

are summarized in Table 5-3-1.



Table 5-3-1 Field effect properties of ZnO thin films by different element doping

mobility Fth, threshold On-off ratio
(cm2v-Vi) voltage (V)
Li-doped 0.24 16 3x10"

N-doped 0.08 15 5x107

Compared with un-doped ZnO TFT, the mobility is not improved, or even
diminished. Attempts by Hall effect (Machine model: HL5500) to confirm the carrier
nature are tried, but failed, because of too large resistance of these samples. Four
point probe measurement of Li-doped ZnO gave typical resistivity of ~ 500 Q-cm,
which is on the same order of magnitude as that of un-doped ZnO. For N-doped ZnO,
the resistivity is even larger. It is noted that after doping by N or Li, the threshold
voltage is shifted to the positive side greatly. This may serve as evidence that acceptor
energy levels have been introduced by N or Li. When the gate voltage increases, these
acceptor levels should be filled in before the channel is turned on, therefore the
threshold voltage of Li or N doped ZnO increases as compared to the un-doped ZnO.
This finding is in good agreement with the previous report [15]. Although we adopted
similar preparation method, because of the complex defect scenario or poor
reproducibility of ZnO, p-type acceptors might be introduced, but not enough to
exhibit p-type field-effect performance, which still needs tremendous efforts to be
accomplished.

On the other hand, the role of doping by Li can be obtained by comparing the
subthreshold voltage swing before and after the doping. Through calculation, the
respective values are 16 V/decade and 8 V/decade for un-doped and Li-doped ZnO
thin films.

=
N(log/Jd (5-3)
The subthreshold voltage swing serves as an indicator of the interface quality

between the semiconductor channel and the dielectric materials [15]. Therefore,



although doping by Li cannot increase the electron mobility, it is helpful to improve
the interface quality between the channel and the dielectric.

To study the role of Li on the field-effect performance, we measured the same Li
doped and un-doped ZnO TFT after they have been stored in a dry cabinet for 6

months. The transfer plots are shown in Fig. 5-3-3.
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Fig.5-3-3 Transfer plots of Li-doped and un-doped ZnO TFTs measured 6 months after the

fabrication.

As a comparison, the field effect properties can be summarized in the Table 5-3-2.



Table 5-3-2 Summary of field effect properties of un-doped and Li-doped ZnO thin films

measured after the initial fabrication and 6 months later.

ju, mobility Fth, threshold On-off ratio
(cmWi) voltage (V)
Un-doped ZnO 0.27 0 2x10n
Un-doped ZnO 0.13 17 1x10n
(after 6 months)
Li doped ZnO 0.24 16 3X106
Li doped (after 6 0.22 14 7X105

months)

It can be found that with Li doping, the field effect performances show much
smaller degradation than that of the un-doped after 6 months storage. Therefore, the
doping of Li can increase the stability of devices, which is due to the larger
background conductivity after doping by Li, and it also may be attributed to the
formation of a better channel and gate dielectric interface due to Li doping [15].

To increase the mobility, n-type doping is necessary to increase the electron
concentration. Gallium is a commonly used donor. Ga singly doped ZnO can be either
metallic or semiconducting [12], Co-doping by Li can ensure its semiconducting
nature.

Ga and Li co-doped ZnO TFT is fabricated in the similar way. The precursor is
prepared by dissolving zinc acetate (99.99 %), gallium nitrate hydrate (99.9 %) and
lithium acetate dihydrate (99.999 %) in 2-methoxyethanol before stirring for two
hours at 55 °C. The total metal concentration is 0.1 M, and Zn: Ga: Li 93: 2: 5. The
film is annealed in air at 600 °C for one hour. Its output and transfer characteristics

are shown in Fig.5-3-4.
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Fig.5-3-4 Output (a) and transfer (b) characteristics of Ga and Li co-doped ZnO TFT.

)

The field effect mobility, threshold voltage and current on-off ratio are 1.6 cm
V'Vi, 1V and SxIO” respectively. It can be seen that with a small amount of doping
by Ga (2 %), the carrier mobility is increased significantly, compared with that of
un-doped ZnO based device, which is revealed by the significant decrease of
resistivity after doping by Ga. This obtained mobility is comparable or even larger
than many other reported values by solution (aqueous) method. [12,16,17]. It is noted
that the doping ratio is not optimized yet. By optimizing the doping concentration of

each dopant, the mobility may be increased even larger. The process presented is



much easier than most of reported solution method. Only two times of spin-coating
are needed, and the annealing control is not stringent, as required in other reports [9].
To conclude this chapter, the field effect performance of the pure ZnO TFT and

doped ZnO TFTs prepared under optimized conditions are summarized in Table 5-3-3.

Table 5-3-3 Summary of field effect properties of un-doped and doped ZnO thin films.

mobility Fth, threshold On-off ratio
(cmVVi) voltage (V)
Pure ZnO 0.27 0 2x104
Li doped ZnO 0.24 16 3x10n
N doped ZnO 0.08 15 5X104
Ga and Li 16 1 3X104

co-doped
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Chapter 6 Low Voltage Thin Film Transistors with Spin-Coated

Alumina as Gate Dielectric

6.1 Introduction

We have investigated the field effect properties of ZnO based thin film transistors
gated by Si02 in the preceding chapter. Although a considerably large mobility is
obtained by the co-doping of Ga and Li, the device needs to be driven by a high gate
bias, which is due to the small unit area capacitance of the SiCh dielectric. Supposedly
we have a high-k dielectric, the capacitance would be increased. Therefore, with a
small gate bias, equivalent amount of carriers can be induced in the active channel
layer. The bias needed to drive the device can be significantly reduced, which may
lead to the reduction of power consumption tremendously.

In fact, according to the International Technology Roadmap for Semiconductors,
the introduction of a high-k material within the gate stack in complementary
metal-oxide semiconductor (CMOS) baseline is mandatory in the near future for any
kind of application [1]. Previous efforts in search of high-k materials have been
focused on metal oxides with a high permittivity such as TiO] , TaaOs, In*Og , Hf02 and
Zr02. However, these metal oxides tend to have a narrow bandgap, which leads to a
large leakage current [2]. Meanwhile, various organic dielectric materials have been
reported to show excellent dielectric properties with a moderate leakage current when
incorporated into thin film transistor devices [3,4]. Nevertheless, the preparation of
this type of dielectrics usually involves complicated steps and a certain number of
chemicals, which are often environmentally unfriendly, and what is even worse, the
dielectric itself is poisonous sometimes. Another drawback of these dielectric

materials is their poor thermal resistance to high temperature.

Alumina has a dielectric constant almost three times of SiO2, and it owns



attributes such as non-toxity, transparency, high ambient and thermal stability. The
raw materials needed to prepare it are abundant. However, probably due to its
relatively small permittivity, alumina has often been ignored in previous research to
be used solely as the gate dielectric. Although people have tried to prepare alumina
dielectric by atomic layer deposition [5], magnetron sputtering [6] and anodization
[7,8], each of these methods suffers from either one or several of the following
problems: low throughput, high cost, large leakage current, large driven-voltage, etc.
Solution processed alumina offers many advantages such as equipment simplicity,
low cost, and high throughput. To keep the uniformity in the preparation of the
channel layer, we choose to prepare alumina as the gate dielectric by spin-coating
method. To the best of our knowledge, there have been very few reports of TFTs with

spin-coated alumina as the gate dielectric.



6.2 Dielectric properties of spin-coated alumina as the gate dielectric.

Aluminum nitrate nonahydrate (>98%) is used to prepare alumina precursor
Similar to the preparation of ZnO precursor, aluminum nitrate nonahydrate is
dissolved in 2-methoxyethanol (>99.9% ) with the concentration of 0.5 M, followed
by stirring for 30 minutes at room temperature to form atransparent and clear solution.
As the global gate, n-type highly doped Si (+f Si) substrate is ultrasonically washed
by iso-propanol for about 15 minutes, before being blown to dry in high purity N2.
Alumina precursor is then spin-coated onto n++ Si substrate at 3000 rpm for 10
seconds, and then it is baked on a hotplate at 220 °C for 10 minutes. This coating and
baking process is repeated once more to form the amorphous alumina. A batch of such

samples is such prepared under identical conditions for capacitance measurement,
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Fig.6-2-1 Alumina dielectric preparation flow chart.



surface morphology observation by atomic force microscopy > or subsequent
spin-coating of semiconducting channel layers. The preparation process is
schematically shown in Fig. 6-2-1.

The amorphous nature of the prepared alumina thin film is confirmed by x-ray

diffraction as shown in Fig.6-2-2. No characteristic peaks can be found.
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Fig.6-2-2 XRD pattern of spin-coated alumina

Typical surface morphology observed by atomic force microscopy is shown in

Fig.6-2-3.

Fig.6-2-3 Surface morphology of spin-coated alumina



The surface morphology is typical of amorphous nature, in agreement with the
XRD characterization. The surface is very smooth with the root mean square (rms)

roughness of 0.12 nm in the area of 500 nmxSOO nm.

Fig.6-2-4 Cross section view of spin-coated alumina on n++ Si

In order to determine the thickness of the prepared alumina layer, field-emission
scanning electron microscopy (FE-SEM) is performed for the cross section view, as
shown in Fig.6-2-4. It can be found that the thickness is close to 160 nm.

To measure the capacitance of spin-coated alumina, aluminum is thermally
evaporated onto alumina as top electrode through shadow masks. n++ Si served as the
bottom electrode. The diameter of the top electrode is 1 mm. We measured several

pieces to examine the reproducibility.
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Fig.6-2-5 Unit area capacitance dependence on frequency of spin-coated alumina in

AVAI203/n+ Si

We take the average value of capacitance at 20 Hz, which is 57 nF-cm'?. Taking into
account the thickness obtained by SEM, we can calculate the dielectric constant of the
spin-coated alumina, which is found to be 10. The dielectric constant of alumina
usually referred to is 9.2. They are in close agreement.

As a gate dielectric, the leakage current should be as small as possible to achieve
the best performance of field effect transistors. The current density dependence on
voltage in the same Al/AI203/n++ Si structure is shown in Fig.6-2-6. The electrode is a

circle with the diameter of 1 mm as aforementioned.
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Fig.6-2-6 Current density dependence on voltage in Al/AI203/n++ Si.

It can be seen that when the bias is below 2 V, the leakage current density is no
larger than 5 xIO'* A -cm'™. This leakage current density is comparable to that of many
reported dielectric used for low driven-voltage applications [9,10].

It is interesting to note that we find the capacitance of spin-coated alumina
changes when the prepared precursor solution is aged for different periods of time. We
also conducted the spin-coating of alumina after the prepared precursor is aged for 24
hours and 48 hours. Three or two pieces in each batch are measured. The results are
shown in Figs. 6-2-7 and 6-2-8, respectively. These three kinds of dielectrics are

named Dielectrics A, B and C respectively.
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Fig.6-2-7 Capacitance dependence on frequency of alumina spin-coated after 24 hour age of

the prepared alumina precursor (Dielectric B)
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Fig.6-2--8 Capacitance dependence on frequency of alumina spin-coated after 48 hour aging of

the prepared alumina precursor (Dielectric C).

It can be found that the respective average capacitance at 20 Hz after 24 hour
aging and 48 hour aging is 133 nF.cirf and 170 nF-cm_ . For every single batch
prepared at the same time, the capacitance is still quite stable, and the error is no
larger than 10 %. The reason of the frequency discrepancy is not clear yet. It is
speculated that the precursor may undergo gelation or agglomeration during the aging
process, which implies that a proper stabilizer may be useful to keep the precursor

stable. Another interesting feature of the capacitance versus frequency curves is that at



medium frequency (between 100 Hz to 100000 Hz), the capacitance changes little,
while at frequency below 100 Hz , the capacitance changes dramatically. Similar
capacitance dependence on frequency has been reported before [11,12]. The reason
has been possibly attributed to the presence of protons. More evidence in favor of this

assumption will be provided in the following discussion.



6.3 ZnO-based thin film transistors with spin-coated alumina as gate dielectric

After alumina is spin-coated onto n++ Si substrate, ZnO-based semiconducting
layers can be deposited by the similar spin-coating method. From the conclusions
drawn in the preceding chapter, it is known that doped ZnO TFTs exhibit larger
mobilities. We use Ga singly doped and Ga, Li co-doped ZnO as the semiconducting
channel layers to fabricate devices, respectively.

O.IM (total metal concentration) Ga and Li doped ZnO (ZnGaO and ZnGaLiO)
precursor is obtained by dissolving zinc acetate (99.99%), gallium nitrate hydrate
(99.9%) and lithium acetate dihydrate (99.999 %) in 2-methoxyethanol before stirring
for two hours at 55 °C. For Ga singly doped ZnO (ZnGaO), as well as Ga and Li
co-doped ZnO (ZnGaLiO), the metal ratios are Zn: Ga= 98 %; 2 % and Zn: Ga: Li =
93%: 2%: 5%, respectively. ZnGaO or ZnGaLiO precursor is carefully spin-coated
onto alumina dielectric at 3000 rpm for 10 seconds, and then it is baked at 220 °C for
10 minutes. The coating and baking process is repeated once more to form the
required semiconducting layer. The condition and process of the active channel layer
formation and alumina dielectric layer are identical, which is beneficial to increase the
throughput tremendously, and greatly simplifed the whole device fabrication. Both
ZnGaO and ZnGaLiO thin films are annealed in air at 600 °C for half an hour.
Aluminum is thermally evaporated onto doped ZnO thin films by shadow masks to
form source and drain contacts.

The whole device fabrication starting from alumina coated n++ Si substrate is

schematically shown in Fig.6-3-1.
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Fig.6-3-1 Schematic diagram of device fabrication process starting from alumina coated

Si substrate

The typical device structure is shown in Fig.6-3-2.
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Fig.6-3-2 Typical transistor structure with spin-coated alumina as gate dielectric.

The output curve and transfer characteristics of ZnGaO based TFT and ZnGaLiO

based TFT are shown respectively in Fig.6-3-3 and Fig.6-3-4.
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Fig.6-3-3 Output (a) and transfer (b) characteristics of ZnGaO thin film transistor.
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Fig.6-3-4 Output (a) and transfer (b) characteristics of ZnGaLiO thin film transistor.

Both output curves show clear classical n-channel field effect transistor behavior. A
well-defined linear region and saturation region can be found. The devices work in
accumulation mode. As the drain-source bias increases, the conducting path starts
pinched-off, featured by the saturation of current. It is worth pointing out that the area
of the drain/source contacts is slightly smaller than that in the leakage current
measurement. Therefore, the drain-source current is at least two or three orders of

magnitude larger than the leakage current, which unambiguously verifies the nature of



current modulation by the small applied gate bias.
A depth profile by XPS is collected for ZnGaO TFT device. The respective

element distribution can be visualized in Fig.6-3-5.
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Fig.6-3-5 Element distribution along the vertical direction of ZnGaO TFT.

It can be roughly estimated that the thickness of the active ZnGaO layer and
alumina gate dielectric is close to 25 nm and 150 nm, respectively. This estimation is
in good agreement with that obtained by SEM cross section view.

For comparison, we fabricate the pure ZnO thin film transistor. The precursor
concentration is still 0.1 M, and the annealing conditions are completely kept
unchanged. The output and transfer characteristics are shown in Fig.6-3-6.

For convenience, we rewrite the current versus gate bias equation of the classical
MOSFET, as mentioned in Chapter 5:
w

IL (6-1)
. . 2

The capacitance of the spin-coated alumina in this group of TFT devices is 57 nF-cm".
Following the similar way to that in Chapter 5, we can calculate the field effect
mobility, threshold voltage and current on-off ratio for the above three devices,

respectively, which are summarized in Table 6-3-1.



Table 6-3-1 Field effect properties of doped and un-doped ZnO thin films with spin-coated

alumina as the gate dielectric.

A mobility
(cin—-is-i)
Un-doped ZnO 11
TFT
ZnGaLiO TFT 2.1

ZnGaO TFT 4.7

Vth, threshold On-off ratio

voltage (V)
-0.4 0.6 Xlo~»
0.06 4X103
0.2 5X10»
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Fig.6-3-6 Output (a) and transfer (b) characteristics of ZnO thin film transistor.

It can be seen that the mobility for Ga-doped ZnO TFT is the largest, while Ga
and Li co-doped counterpart shows smaller mobility. The reason might be additional
acceptor defects introduced by doping of Li, which reduces the effective carrier
concentration. Un-doped ZnO TFT shows poor field effect performance in terms of
smallest mobility and on-off ratio, which can be attributed to small electron
concentration.

As mentioned in Chapter 5- a larger mobility might be obtained if the doping ratio

between Ga and Li is increased. Here, another ZnGaLiO based TFT is fabricated,



where the ratio of metal element is Zn: Ga: Li= 90: 4: 6. Other fabrication conditions
are exactly following those of the above devices.

Fig.6-3-7 shows the output and transfer plots.
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Fig.6-3-7 Output (a) and transfer (b) plots ofZnGaLiO TFT (Ga: Li= 4: 6).

Classical current saturation behavior at higher drain source voltage can be seen, and
is a clear sign of the pinch-off phenomenon. The calculated field effect mobility >
threshold voltage and current on-off ratio are 7.5 cm” 0.15 V and 6.5X 10"
Therefore, increasing the ratio of Ga to Li can effectively increase the device

performance.



6.4 Amorphous metal oxide semiconductor (AMOS) based thin film transistors

6.4.1 Introduction

Up until now, all of our devices require high temperature annealing (600 °C)
before we can obtain high performance transistors. In fact, similar to our results, the
recent development of oxide transparent TFTs represent a marked advance in the
emerging field of transparent electronics. So far, most of this type of transistors
comprise an active layer of crystalline oxide [13-15] that are typically produced at
relatively high processing temperatures (400-700, C) [16], which is inappropriate for
large area production on flexible substrates. Amorphous metal oxide semiconductors
(AMOSSs) provide an alternative solution to the challenge, because low-temperature
process, large band gap of the material, broad transparency windows, and mechanical
stress tolerance are highly anticipated [17]. AMOSs are usually composed of
heavy-metal cations with ns” {n > 4) electronic configurations and have large
s orbital radii, leading to a high degree of overlap between adjacent orbitals and
considerable band dispersion. Therefore, they can exhibit large mobilities comparable
to those of their crystalline counterparts [16,18].

Various amorphous oxide semiconductor thin films such as InaOs, ZnO, In-Sn-0,
Zn-Sn-0, In-Zn-0, In-Ga-Zn-O, etc.,, have been fabricated, predominantly using
vacuum deposition techniques, such as pulsed laser deposition [19-21], and
magnetron sputtering [22, 16,23]. High cost and low throughput issues overshadowed
the merits of the techniques. In contrast, solution deposition of semiconductors offers
many advantages such as fabrication simplicity, low cost, high throughput and the
ease of controlling chemical stoichiometry. However, the previously reported solution
processed amorphous TFTs still often needed annealing at high temperatures (usually
>400°C) to achieve the best performance [24,25], incompatible with flexible
substrates. Low operation voltage is another prerequisite in order to reduce the power
consumption. Recently, encouraging results have been reported by H. S. Kim et al.
[17] and H. Bong et al. [26], who reduced the annealing temperature to 250, C and

300 °C, respectively, without significantly degrading the device performance.



However, the fabrication of the organic dielectric used is rather complicated,
inherently difficult to be uniform with the subsequently fabricated inorganic
semiconductor film, which may suffer from the integration difficulty, and the device
stability due to high temperature annealing or oxidization. In this section, we report
on solution-processed active layer of amorphous indium tin oxide (ITO) or InGaznO
TFTs, having a high mobility, low annealing temperature, and operation voltage.

Spin-coated alumina is still prepared in the same way as the gate dielectric.

6.4.2 Indium tin oxide (ITO) based TFTs

Indium tin oxide precursor is prepared in the following way. 0.1 M (total metal
concentration) indium tin oxide precursor is prepared by dissolving indium nitrate
(99.9 %) and tin acetate (99.9 %) in 2-methoxyethanol, followed by stirring for 30
minutes at room temperature. The metal ratio is In: Sn = 7: 3. Monoethanolamine
(MEA, 99.5 %) as a stabilizer is added to the solution with aratio of 2: 1 to the total
metal concentration. The channel layer is formed by spin-coating of ITO precursor
onto n+ Si with the same conditions as previous devices. Three such prepared thin
films are annealed at 220 °C, 240 °C and 260 °C respectively. Aluminum source and
drain contacts are thermally evaporated as aforementioned. The temperature error has

been calibrated to be about 10 —20 °C.

Typical surface of ITO thin film annealed at 220, C is observed by atomic force

microscopy as shown in Fig.6-4-1.
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Fig.6-4-1 AFM image of I TO thin film annealed at 220

The spin-coated alumina thin film has a very smooth surface, and the rms
roughness is 0.22 nm, close to that of the alumina dielectric surface. This implies that
the upper semiconducting layer images the surface of the underlying dielectric. The
smooth interface is very beneficial to reduce the interface scattering.

The output and transfer curves of the three devices are shown in Fig.6-4-2.
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Fig.6-4-2 Output (a) and transfer (b) characteristics ofITO TFT annealed at 220, C.

To verify the amorphous nature of the ITO thin film, XRD characterization is

performed. The pattern is shown in Fig.6-4-3.
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Fig.6-4-3 XRD pattern of ITO thin film annealed at 220 °C, followed by Al evaporation.

A broad peak profile at close to 26'= 30° is observed, corresponding to the (222)

plane of indium oxide in its crystalline form, as compared to the standard ITO pattern

(PDF # 894598).
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Fig.6-4- 4 Standard XRD pattern of ITO thin film.

The amorphous nature suggested by XRD pattern agreed with the surface
morphology of the thin film. Similar AFM image and XRD pattern for the ITO thin

films annealed at 240 and 260 °C are observed.
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Fig.6-4-5 Output (a) and transfer (b) characteristics ofITO TFT annealed at 240, C
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Fig.6-4-6 Output (a) and transfer (b) characteristics oflITO TFT annealed at 260, C.

Following the identical way, saturation field effect mobility, current on-off ratio and

threshold voltage are calculated, as summarized in Table 6-4-1. The unit area

capacitance in this sectionis 170 nF cm".



Table 6-4-1 Field effect properties of ITO thin films annealed at different temperatures.

Annealing mobility Fth, threshold On-off S, subthreshold
temperature (cmw) voltage (V) ratio Swing(V/decade)
(CNY)

220 55 -0.32 —14 0.20

240 6.3 -0.05 —14 0.13

260 8.5 -0.23 —14 0.16

The field effect mobility increases slightly as the annealing temperature increases.
At 220 °C, the mobility is still quite large, compared with other devices experiencing

high temperature annealing [13,15]. The current on-off ratio is close to

6.4.3 InGaZnO TFTs with spin-coated alumina as the gate dielectric

Amorphous InGaznO thin film is another widely studied semiconductor for
oxide-based TFT devices, either prepared by pulsed laser deposition or magnetron
sputtering [21,23]. To date, there is no report about the field effect properties of
solution-processed amorphous InGaznO thin films with spin-coated alumina as the
gate dielectric, which is expected to show large field effect mobility according to the
previous studies. In this section, spin-coated amorphous InGaznO thin film on
spin-coated alumina dielectric is fabricated.

INnGazZznO precursor is prepared in the following way. 0.1 M (total metal
concentration) indium gallium zinc oxide precursor is prepared by dissolving indium
nitrate (99.9 %) » gallium nitrate hydrate (99.9 %) and zinc acetate (99.99 %) in
2-methoxyethanol, followed by stirring for two hours at 52 °C. The metal ratio is In:
Ga: Zn=65: 10: 25. Monoethanolamine (MEA, 99.5 %) as a stabilizer is added to the
solution with a ratio of 2: 1 to the total metal concentration. The active
semiconducting channel layer is prepared with the same spin-coating conditions. Two
INnGaznO thin films annealed at 225°C and 260°C are employed as the

semiconducting channel layers, respectively. Aluminum source and drain contacts are



evaporated through shadow masks. The temperatures are calibrated to be 225 ~
245, C and 260 —280, C, respectively.
The surface morphology of InGaznO thin film annealed at 225 °C is observed by

AFM, with the result shown in Fig.6-4-7.

Fig.6-4-7 AFM image ofInGazZnO thin film annealed at 225 °C

Similar to the spin-coated alumina, the InGaznO thin film has a very smooth
surface, and the rms roughness is 0.15 nm, close to that of the alumina dielectric
surface. This implies that the upper semiconducting layer replicates the surface of the
underlying dielectric. The smooth interface is very beneficial to reduce the interface
scattering. The AFM image for the other one annealed at 260 °C is similar.

The output and transfer characteristics of InGaZznO TFT annealed at 225°C are

shown in Fig.6-4-8.



Fig.6-4-8 Outpu (@) and transfer (b) plots oflnGaZznO TFT annealed at 225 °C

The amorphous nature of InGaznO thin film annealed at 225 °C is examined by

x-ray diffraction, as shown in Fig.6-4-9.
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Fig.6-4-9 XRD pattern of amorphous InGazZnO thin film annealed at 225 °C.

Similarly, compared with the standard XRD pattern of indium oxide (Fig.6-4-4),
the peak profile at close to 30° is attributed to the (222) IniOs crystal plane. This
agrees with the previously reported results in the reference [17]. Similar XRD pattern
for InGaZnO thin film annealed at 260 °C is observed.

The output and transfer characteristics are demonstrated in Fig. 6-4-10.
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Fig.6-4-10 Output (a) and transfer (b) characteristics oflnGaZnO thin film annealed at 260 °C.

The saturation field effect mobility, threshold voltage, current on-off ratio and

subthreshold swing are summarized in Table 6-4-2:



Table 6-4-2 Field effect properties of InGaZnO thin films annealed at different temperatures.

Annealing fi, mobility Kth, threshold On-off S, subthreshold

temperature  (€m2 V-VI)  yoltage (V) ratio swing

( © (V! decade )
InGaZnO 225 18.3 -0.05 0.16
TFT 260 30 -0.35 —104 0.15

Exceptionally large motilities of 18.3 and 30 cm V" s' are obtained, which are
larger than most other devices fabricated by solution processing method [13, 15, 19].
They are even comparable with those oxide-based TFTs obtained by vacuum based
techniques [11].

It is noted that the subthreshold swing of both ITO and InGazZnO TFTs is close to
0.2 V decade" and can be used to estimate the maximum density of surface states by

the following equation [28]:
Slogie) 1 C,

. kT1g ) lq (6-2)

N SS

where k, T, g and e are Boltzmann's constant, temperature, elemental charge of
electrons and the base of natural logarithm, respectively. The inferred maximum
density of surface states is 2.47 xio cm" for the AMOS/alumina interface, after
taking into account of Q and S. This value is about one order of magnitude smaller
than that found in previous TFTs on ATO insulator [27] and others [12].

It is noted that in the capacitance-frequency spectroscopy, the capacitance changes
dramatically at low frequency, which has been attributed to the presence of mobile
ions (usually protons) in the reference [11]. It is widely known that clockwise
hysteresis is often caused by a large amount of defect states at the channel/gate
dielectric interface, whereas a counter-clockwise hysteresis is presumably attributed
to mobile ions (protons) [11]. Here, the density of protons may be evaluated, by
taking the InGaznO thin film annealed at 260 °C as an example. The dual sweeping

of transfer curve of InGazZnO thin film annealed at 260 is shown in Fig.6-4-U.



Fig.6-4-11 Transfer hysteresis of InGaznO TFT. The active layer is annealed at 225 °C.
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The density of protons is roughly estimated to be 1 x 10 cm' based on the

following equation [28]:

q (6-3)
where AFth, Q and g are the threshold voltage shift (—0.1 V), unit area capacitance of
spin-coated alumina (170 nF-cm" at 20 Hz) and the elemental electron charge (1.6
X10-19 - ) » respectively. With a positive gate bias applied, protons are moved to the
thin boundary layer at the channel/alumina dielectric interface and induce image
charges in the semiconducting channel layer. When the gate voltage decreases, since
the slow motion of the protons, the electron concentration does not follow the
decrease of gate voltage immediately. Therefore, the measured immediate current is
larger than that in the forward scan, which exactly explains the counterclockwise
behavior. The schematic is shown in Fig.6-4-12. This operation mechanism agrees
very well with the previously proposed electric double layer model (EDL) [11].These
protons are possibly created during the high temperature baking process to evaporate

the organic residuals.
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Fig.6-4-12 Schematic model of protons in the alumina dielectric.

According to the proposed model, it can be inferred that as the scan rate increases,
a more pronounced counterclockwise behavior can be observed, which is exactly what
we found. As shown in Fig.6-4-13, the "fast" mode means the holding time for each
point is 0.01s, while in the "normal" mode, the holding time is 0.1s. We can find that
the transfer hysteresis loop (in counterclockwise direction) in the fast mode is
obviously larger than that in the normal mode. The faster the scanning rate, the larger

hysteresis effect is caused by the slow motion of protons.
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Fig.6-4-13 Transfer plots of IGZO TFT with different scanning rate.

To be more specific, we set the source drain voltage as a constant (1 V), measure

the drain current (/, ) without gate bias, then we apply a pulse gate voltage (1V) with



different pulse durations, and we measure the drain current (4) once the gate voltage
has been withdrawn. The current change against different gate pulse duration is shown
in Fig.6-4-14. It can be found that as the pulse length increases, the measured current
increases accordingly. The reason is that a longer gate pulse can move more protons to
the channel/alumina dielectric interface. Once the gate voltage has been removed,
these protons linger near the interface. Therefore more electrons are imaged in the
channel, resulting in a larger drain-source current. These observations have been
repeated in other devices gated by spin-coated alumina, and can be well explained by
the presence of protons in the dielectric. Unfortunately, by normal composition
analysis (EDX - XPS, ICP-MS, etc), it is very difficult to detect protons because of the

small mass.
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Fig.6-4-14 Drain current change after applying the gate bias for different pulse durations.

Meanwhile, the amorphous nature of metal oxide thin films accounts for the
excellent field effect performance as well. As the annealing temperature decreases, the
completion of atomic rearrangement and lattice formation deteriorates, however, in
AMOSs, its effect on electronic performance may not be dominant because the
conduction is via the spatial expanse of 5-states. Provided that the expanse is greater
than the interaction distance, the spherical symmetry of s orbital and hence high

degree of orbital overlapping render the delocalized electronic transport less sensitive



to the degree of lattice formation or the long-range order [18]. A relatively high
baking temperature as in the present study may be necessary to ensure sufficient

spatial expanse of "-states.



6.5 Discussion

In the previous work, we have fabricated different thin film transistors with doped
or un-doped ZnO as channels and with thermally grown SiO2 or spin-coated alumina
as the gate dielectrics. The semiconductor channels axe either polycrystalline or
amorphous. In this section, we will make some comparisons to discuss in more detail
about some factors, which are playing significant roles in the field effect

performances of devices.

6,5.1 Interface roughness

We have fabricated polycrystalline and amorphous semiconductor thin films as the
channels. Usually, the polycrystalline ZnO thin film has a much larger interface
roughness (rms —. 4 —6 nm), and the field effect performance is very poor without
annealing at high temperature (400 —700 °C); while the amorphous semiconductor
thin film has a very smooth interface (RMS =—0.15 nm), and the field effect mobility
is much larger even by simple baking below 300, C. This can be understood from the

schematic Fig.6-5-1.

Fig.6-5-1 Interface roughness influence on the electron transport in the channel.

For simplicity > in the polycrystalline semiconductor, the channel near the dielectric
can be simplified as round grains arranged in order. A rough interface means a larger
grain size. We can find that as the grain size becomes larger, the gap between grains
becomes larger as well. Therefore, the electrons in the channel experience much larger
scattering by the grain boundary. It has been reported that even when the film

roughness reduction is 1.7 nm, the field effect mobility of ZnO thin film can be



increased by about one order [29]. In the case of amorphous semiconductor, this kind
of scattering by grain boundary can be minimized. This is one of the reasons we can

have larger mobility in InGaZznO TFTs.

6.5.2 Interface carrier traps

The most widely accepted charge transport in semiconductor TFTs involve multiple
trapping and release model (MTR). This model postulates that the free carrier
mobility is diminished by recurrent charge trapping and thermal release from shallow
trap states below the conduction band edge [30]. At room temperature, this carrier trap

density can be estimated by the following equation [30]:

A, 0.435 «C,
N = - - A
0T (6-4)

where N is the carrier trap density at room temperature, T is the temperature (300 K),
k is Boltzman's constant, Q is the unit area capacitance of the dielectric and S is the
subthreshold voltage, as defined in the preceding chapter. Therefore, the product of S
and Ci determines the carrier trap density at the same temperature. We can compare
the ZnO TFTs gated by SiO! and spin-coated alumina. Q for SiO: and spin-coated
alumina is about 10 nF cm" (Fig.5-2-3) and 57 nF-cm' (Fig.6-3-6), respectively. The
calculated Sfor Si02 and alumina gated devices is 15 V/decade and 0.15 V/ decade.
Therefore, we can find that the carrier trap density in spin-coated alumina gated
devices is at least one order of magnitude smaller than that in SiO: gated devices. It
should be noted that Equation (6-3) depicts the mobile charge concentration (net) in a
counterclockwise hysteresis [11] with different measurement process from Equation
(6-4); whilst Equation (6-2) is used to calculate the maximum density of surface states,
which is not necessarily equal to, but often very close to the trap density [28],
calculated by (6-4).

The large carrier trap density in SiOi has been reported previously by various

groups, and this large number of trap density can result in the degradation of field



effect mobility by several orders of magnitudes [17,26], These traps are either from
the dangling bonds or adsorbed H20 molecules on the surface of SiOi. The typical
evidence showing the presence of carrier traps on the surface of SiO: is the clockwise
transfer hysteresis. We examine various Si02 gated ZnO TFTs, either doped or
un-doped, either polycrystalline or amorphous ZnO as the channels. All of them show
very clear clockwise transfer hysteresis. Fig.6-5-2 is atypical result observed from the

Li-doped ZnO TFT gated by Si02.

20 40 60 80
vV (V)

Fig.6-5-2 Transfer hysteresis of Li-doped ZnO TFT gated by SO .

For a better comparison, we show the counterclockwise transfer plot of spin-coated
alumina gated device again. The mechanism of this counterclockwise hysteresis has
been discussed in detail in Section 6.4, which has been mainly ascribed to the

presence of positive mobile ions (protons).
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Fig.6-5-3 Transfer hysteresis of InGaZnO TFT gated by spin-coated alumina.

The reason of clockwise transfer hysteresis by the carrier traps in the surface of

Si02 can be schematically explained in the following way.

SiOj gate
Traps dielectric

Fig.6-5-4 Schematic showing the trap states near the surface of SiO! dielectric.

As the gate voltage increases, electrons are attracted to the channel near the
interface. The electron traps on the surface of SiCh gate dielectric are filled in by these
attracted electrons. The filled traps are negatively charged, therefore, electrons in the
channels are repelled by these traps as well as attracted by the gate bias. As the gate
voltage decreases (backward scan), the trapped electrons cannot be activated
immediately, and the electrons in the channel are repelled away. Therefore, at the

same gate voltage, the current is smaller in the backward scan than the forward scan,



leading to the observed clockwise hysteresis, which is contrary to the protons in the
spin-coated alumina gated devices. This kind of clockwise hysteresis in Si02 gated
TFTs has often been reported previously [31-32].

In essence, in SiOi gated devices, the presence of large amount of electron traps
significantly reduces the mobility, while in spin-coated alumina gated devices, the
density of electron traps is smaller, and its role has been overtaken by the presence of
some positive mobile ions (protons). So - larger field effect mobility can be obtained

by use of spin-coated alumina as the gate dielectric.

6.5.3 Threshold voltage shift

All of our fabricated devices are in a bottom-gate top-contact (BG-TC) structure.
The back channel is bare and can easily adsorb oxygen or water in air. This may result
in the threshold voltage shift of the device.

Fig.6-5-5 shows the transfer plots of the same InGaZnO TFT measured initially
after the fabrication and 5 months after the fabrication. The device is stored in a dry
cabinet. Through calculation, the threshold voltage is - 0.05 V and 0.20 V, respectively.
A clear positive threshold voltage has been observed. It is worth noting that this
positive threshold voltage shift is a common phenomenon in our devices, whether
gated by SiOi or spin-coated alumina, whether polycrystalline ZnO semiconductor
channel or amorphous InGazZnO channel. In Chapter 5, the positive threshold voltage

shift of un-doped ZnO TFT gated by SiO: has been shown (Fig.5-3-3, Table 5-3-2).
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Fig.6-5-5 Transfer plots (square root) of the same InCaZnO TFT measured at different times.

It is well known that O2 can be easily adsorbed onto the back channel area, and
these adsorbed O2 from the ambient atmosphere can capture electrons in the
conducting channel and create the negatively charged species O2' (s) in the following

way [33-34].

(6-5)

The adsorption can be schematically shown in Fig.6-5-6,

IGZO ehanmi
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Fig.6-5-6 O2 adsorption onto the bare back channel of IGZO.

The build-up of negatively charged space may repel the electrons in the amorphous

IGZO conduction channel. Therefore a larger gate voltage is needed to turn the device



on, which well explains the positive threshold voltage shift. In Chapter 5, it has been
shown that doping by Li can help to keep the threshold voltage stable (in Fig.5-3-3).
An alternative way to keep the bottom-gate top-contact device stable is by use of a
passivation layer on the bare surface of the back channel. The role of different
passivation layers on the stability of threshold voltage has been discussed in detail

elsewhere [35-36].

6.5.4 Temperature dependence of mobility

The multiple trapping and release (MTR) model is widely accepted to describe the
charge transport in thin film transistors. The free carrier mobility is diminished by
charge carrier trapping and thermal release from the trap states below the conduction
band edge, which defines the effective field effect mobility as what we measured [30].
The thermal release from the shallow trap states is a function of temperature;
therefore, usually the field effect mobility depends on the temperature in the

following way [30]:

- E
Ki (6-6)
where fiQ are the measured mobility and free electron mobility, respectively. Ea

is the activation energy, k is Boltzman's constant and T is temperature in K. Therefore,
the activation energy can be extracted from the linear relation between In(jUejf) and /T.

We measured the field effect mobility dependence on temperature of
polycrystalline Ga & Li co-doped ZnO (ZnGaLiO) and amorphous InGazZnO thin film

transistors. The result is fitted as shown in Fig.6-5-7.
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Fig.6-5-7 Temperature dependence of field effect mobility from 310 K —360 K.

Based on Equation 6-6, the extracted activation energies for the amorphous
INGaznO thin film and the polycrystalline ZnGaLiO thin film are 50 meV and 300
meV, respectively. As expected, the activation energy for the polycrystalline ZnGaLiO
thin film is much larger than that for the amorphous counterpart. This is due to the
different conduction mechanism in these two films. In the polycrystalline structure,
the electron transport is severely influenced by the grain boundary effect [37], while
in the amorphous structure such grain boundary is not present and as aforementioned,
the conduction is via the spatial expanse of ~-states. As long as the expanse is greater
than the interaction distance, the spherical symmetry of s orbital and hence high
degree of orbital overlapping render the delocalized electronic transport less sensitive
to the degree of lattice formation [18]. Although there is no long-range order in the
amorphous structure, in the very short range, the electron transport is similar to that in
the single crystalline structure. Without grain boundary scattering effect, the energy
barrier is greatly reduced. This can account for the fact that without high temperature
annealing, the amorphous semiconductor channel exhibits comparable or even larger

field effect mobility than the polycrystalline semiconductor thin film.



6.6 Conclusions

In this chapter, we use spin-coated alumina as the gate dielectric. The leakage
current is minute compared to the drain source current. ZnO based TFTs on the
spin-coated alumina dielectric works in exceptionally low voltage range. The field
effect mobility is larger than most of solution processed thin film transistors.

In order to reduce the annealing temperature, amorphous ITO and InGaznO thin
film transistors annealed at low temperature are fabricated with spin-coated alumina

as the gate dielectric. They exhibit large mobilities, especially InGaZznO TFTs, which

) 11

is found to be 18.3 cm V's" at the annealing temperature close to 250 °C. The high
performance enables low power consumption, fast transition speed and deposition on
heat-sensitive plastic substrates at low temperatures. The factors influencing the field
effect performances such as interface roughness, carrier trap density, O2 adsorption
and activation energy has been discussed in detail. Spin-coated alumina provides
unique dielectric properties, excellent thermal stability, transparency, high
cost-effectiveness and seamless integration with oxide channel layers, which suggests
potential wide applications in future transparent electronics based on plastic

substrates.
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7.1

Chapter 7 Summary and Future Work

Summary

In this work - firstly, ferromagnetic properties of ZnO thin films prepared by

spin-coating method have been meticulously investigated. The main conclusions can

be withdrawn as following:

@)

(b)

(c)

(d)

Room temperature ferromagnetism can be observed in un-doped ZnO thin film,
even without the magnetic doping. It is intrinsic, rather than from extrinsic
impurities or substrates.

The observed ferromagnetism is closely related to defects. By electrical and
spectroscopic investigation, we tentatively attribute the major origin to oxygen
vacancy defects, with which we include oxygen vacancy clusters and oxygen
vacancy related complex defects. The magnetic moment is more likely induced in
a charge transfer process of Zn and surrounding oxygen vacancies.

Grain boundary and interface effect are not the main origins of ferromagnetism,
because even in single crystalline ZnO, the ferromagnetism can be observed as
well after annealing under high vacuum conditions.

The magnetization moment can be tuned by additional donor doping, which is not
necessarily magnetic ion. Both in the cases of highly conductive (Ga doped) and
nearly insulating ZnO thin films, ferromagnetism can be observed, which
indicates disparate mechanism of ferromagnetic coupling in different electrical
conduction regimes. Carrier mediated ferromagnetism through band conduction
electrons is possible in the highly conductive region, whereas a bound magnetic
polaron model through localized electron states is attributed to accounting for the
mechanism in the less conductive or nearly insulating regime.

As the second part, field effect properties of ZnO (doped and un-doped) thin films

prepared by spin-coating method has been closely studied, based on both the

traditional SiOs/Si substrate and newly developed AliOs/Si substrate.



(@) The optimized and presumably easiest fabrication conditions of ZnO TFTs have
been found in the lab ambient. Under this condition, by un-optimized doping (Ga and
Li), the field effect mobility can be significantly increased, which is comparable to
many devices demanding delicate and complex growth and annealing control of the
active thin films;
(b) In order to reduce the operation voltage of TFTs, we developed a gate dielectric
by a new process (spin-coating). The spin-coated alumina has unique dielectric
properties, in contrast to those grown by other methods, which is supposedly related
to the protons introduced during spin-coating process. Although the capacitance is
moderate, it is very effective to reduce the operation voltage. Field effect performance
has been greatly improved, compared with those on SiCVSi substrate;
(c) By doping proper dopants into ZnO (e.g. Ga and In in the present work),
amorphous ZnO TFTs can be fabricated, which possess high field effect mobility, low
operating voltage, low preparation temperature, and simplified fabrication process.
With InGaznO thin film annealed at —250°C, the field effect mobility is as high as
18.3 cnf2 which is larger than most other devices fabricated by
solution-processing method;
(d) Spin-coated alumina provides unique dielectric properties, excellent thermal
stability, visible transparency, low cost, and seamless integration with oxide channel
layers, which will probably pave the way for wide applications in transparent flexible
electronics in future.

Although our study of field effect properties of ZnO thin films are simply charge
based, it is expected that clues might be provided in future spintronic device

investigation especially in the highly conductive regimes.



7.2 Recommendations for future study directions

tra

(@)

Future work on ZnO based dilute magnetic semiconductors and thin film
nsistors can be continued.

The mechanism of ferromagnetic coupling in ZnO thin films has not been
completely clarified. With highly conductive ZnO thin films, anomalous hall
effect dependence on the carrier concentration needs to be investigated before
claiming field effect controlled ferromagnetism, which may provide powerful

evidence of carrier mediated ferromagnetism;

(b) Starting from above, the magnetic performance of the highly conductive

(c)

amorphous ZnO can be tried. If it is ferromagnetic, the electrical field tuning of
AHE can be continued. This investigation may lay a foundation for amorphous
ZnO based spin field effect transistors;

For ZnO TFT with spin-coated alumina as the gate dielectric, current on-off ratio
may be improved by a proper surface treatment before coating the active layer.
The metal ratio in amorphous InGaZnO might be fine-tuned to obtain the largest

field effect mobility - and the preparation temperature might be reduced further;

(d) Based on (c), fully transparent InGazZnO thin film transistors on certain

transparent plastic substrates can be fabricated. Moreover, transistor arrays with
logic functions can be obtained, which may find practical application in active

matrix LCD technology.

(e) The stability of threshold voltage of thin film transistors is very crucial to practical

applications. We have investigated the air stability of some devices. A more careful
study on the bias stress test is in need in the future, which may help to find ways to

pin the threshold voltage in a controllable way.
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