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Synopsis

Zn0 is a well known semiconductor which has been used for a long time in paints, sun-
screen lotions, tooth paste, phosphor, varistor etc. However in recent past it has drawn
the attention of semiconductor research community because it is a wide bandgap semi-
conductor with a bandgap of ~ 3.38 eV at room temperature. By nature of its wide
bandgap, ZnO is transparent in the entire visible spectral region. As a consequence, it
is a suitable candidate for transparent conducting electrode applications and also as an
active ingredient for novel and futuristic transparent electronic devices. Moreover being
a direct bandgap semiconductor with its bandgap falling in the UV spectral region, it is
also an efficient UV emitter. The large excitonic binding energy of ~60 meV ensures that
excitons can be present in ZnO even at room temperature that further enhances the UV
emission efficiency. The excitonic nature of the near band edge emission makes ZnO a
very good material for UV laser device applications. It can also be used in solar blind
photo-detectors. Further ZnO has a very rugged wurtzite crystalline structure with a high
cohesive energy which renders it radiation hard and high temperature stable. Therefore
the ZnO based devices can be used in space and nuclear reactors and in applications that
demand high temperature and high power handling. ZnO films and nanostructures have
been grown by a variety of methods such as sol-gel, sputtering, MBE, MOCVD, elec-
tron beam evaporation, pulsed laser deposition (PLD), atomic layer deposition (ALD)
etc. Among these PLD is a very simple and versatile technique that offers multiple advan-
tages for growth of ZnO thin films and nanostructures. This technique uses high power

pulsed laser at optimized fluence for ablating the target material to produce a luminous
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plume that subsequently gets condensed on the suitable substrates placed in the path of the
plume. No matter what growth method is used, the grown ZnO films will almost always
have some degree of defects and disorders in it. These may be intrinsic point defects like
zinc and oxygen interstitials and vacancies, unintentional impurities like H, Al, Ga etc.
and structural disorders. Another important source of defects and disorder is the inten-
tional doping of ZnO, required to tailor the electrical and optical properties. For example
Zn0 is doped with group III dopants such as Al, Ga, In, B, Si etc. to increase its electron
concentration for applications in transparent conducting electrodes. Mg and Cd are intro-
duced in ZnO for bandgap engineering. N, P, As, Sb, Li etc. are used as dopant for p-type
conversion. The above mentioned defects and disorders in the doped/undoped ZnO films
are randomly positioned throughout the film volume. The random potential fluctuations
associated with disorder cause band tailing and bandgap narrowing. The free carriers
released by the defects may bring about semiconductor to metal transition as well. The
disorder in semiconductor lattice is also a source of carrier scattering that reduces their
transport mean free path and mobility. If due to multiple scatterings from these randomly
positioned defects the mean free path of the carriers becomes comparable to the Fermi
wavelength, the carriers can no longer be considered as classical particles under effective
mass approximations. In such cases quantum interference effects come into picture re-
sulting in quantum corrections to the Boltzmann conductivity. Under these circumstances
the low temperature transport properties of doped ZnO films get modified significantly.
If the strength of disorder is very high, it may even cause strong localization of the carri-
ers leading to metal to insulator transition and highly resistive ZnO films. Moreover the
intentional or unintentional defects introduce trapping or luminescent levels in the ZnO
bandgap resulting in defect related optical transitions which modify the photolumines-
cence and photoabsorption spectra. There exist numerous reports on the growth and char-
acteristics of undoped and doped ZnO films. However systematic studies on the effects
of disorder on the electrical and optical properties of doped ZnO thin films are needed

for its practical applications. In the present thesis we have grown doped ZnO thin films
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using optimized pulsed laser deposition. Their structural, electrical and optical properties
have been characterized by high resolution X-ray diffraction (HRXRD), atomic force mi-
croscopy (AFM), photoluminescence (PL) and photoabsoprtion (UV-Vis) spectroscopy,
Hall, resistivity and magnetoresistance measurements, X-ray photo electron spectroscopy
(XPES) and secondary ion mass spectrometry (SIMS) to understand the effects of defects

and disorder on the electrical and optical properties of doped ZnO thin films.

Chapter I gives brief introduction on ZnO and its physical properties, different method-
ologies of depositing ZnO thin films and the effects of defects and disorder on the elec-
trical and optical properties of semiconductor thin films. Following these, a brief review
of the existing literature on the effects of disorder on ZnO thin films is presented. The

motivation of the present thesis is also discussed in this chapter.

Chapter II describes the method of preparing ablation targets and the growth of ZnO
thin films by PLD. The growth process including the ablation of target material and con-
densation of the ablated species on the substrate surface to form continuous thin film
is discussed. A brief discussion about sequential PLD scheme which was used for de-
position of doped ZnO films is also provided. In addition to these, basic principles of
the characterization techniques such as HRXRD, SIMS, PL, UV-Vis, AFM, XPES, Hall,
resistivity and magnetoresistance measurements are also presented. A brief discussion

about error analysis is also given in this chapter.

In chapter III the effects of disorder on the room temperature electrical and optical prop-
erties of c-axis oriented Si doped ZnO (SZO) thin films of typical thickness = 150 nm
grown by sequential Pulsed Laser Deposition have been discussed. The concentration
of Si was varied in the range from 0.5 to 6.5%. As a result of doping, the resistivity of
the SZO thin films decreased to ~ 6.2x10™* ohm-cm which is two orders of magnitude
lower than that of the undoped ZnO films grown under same conditions. The electron
density in the Si doped ZnO films was more than the Mott critical density (5x10"cm™2),

signifying semiconductor to metal transition. The room temperature electron mobility
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decreased with increasing Si doping due to enhanced scattering from the statistically dis-
tributed impurities and defects. The band gap of the Si doped ZnO thin films was found to
increase due to the collective effects of high carrier concentration induced Burstein-Moss
blue shift and doping related disorder induced bandgap narrowing. UV photolumines-
cence (PL) was also observed at room temperature from these Si doped ZnO films. The
intensity of PL spectra was found to decrease while their FWHM increased with increas-
ing Si doping concentration due to the potential fluctuation caused by random distribution

of the impurity ions.

The low temperature transport properties of Si doped ZnO thin films showed elegantly
the effects of defects and disorder. These are discussed in detail in chapter IV. Multiple
scattering of electrons from the defects and disorder brings about the quantum corrections
to conductivity. To study these effects two sets of Si doped ZnO thin films were grown
by sequential PLD on alumina substrates. In one set the film thickness was kept at 230
nm and Si doping concentration was varied in the range from 0.5 to 5.8 %. In the other
set the Si concentration was kept at 2%, but the thickness was varied in the range from
15 to 40 nm. The electron concentrations in the films belonging to the first set were in
the range from 1.7x10%° to 4.8x10%° cm™ showing their degenerate nature. However,
temperature dependent resistivity measurements in the range from 300 to 4.2 K revealed
negative temperature coefficient of resistivity (TCR) for all the films at low temperature.
The observed negative magnetoresistance and temperature independent nature of electron
density in the films at low temperature pointed to disorder induced weak localization as
the dominant contributor towards the negative TCR. In the second set of films (with fixed
silicon concentration of ~ 2%) while the film with thickness of ~ 40 nm showed typical
metallic behavior in the temperature dependent sheet resistance measurements, the film
with thickness ~15 nm showed a strongly localized behavior wherein the dominant mech-
anism of conduction at low temperature was variable range hopping (VRH). This implied
a thickness driven metal to insulator transition in SZO films. On the other hand, the film

with thickness of ~ 20 nm showed a temperature dependent dimensional crossover from
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3D to 2D weak localization with decreasing temperature. This was due to the decrease of

the inelastic scattering length with increasing temperature.

Chapter V deals with effects of disorder on the electrical and optical properties of MgZnO/ZnO
heterostructures which are important for different practical applications of ZnO. Diffusion
of Mg across the interface in these heterostructures reduces the electron mean free path
and increases the bandgap on the ZnO side of the heterointerface which significantly ef-
fects the electrical and optical properties of the MgZnO/ZnO heterostructures. To begin
with, the thermal stability of the interface in MgZnO/ZnO heterostructures with a fixed
Mg concentration of ~30% was studied by annealing the heterostructures at tempera-
tures ranging from 600 to 900°C to optimize the growth conditions for sharp interface. It
was found that the bilayers were quite stable upto the temperature of ~ 700°C. Beyond
that diffusion of Mg across the interface severely deteriorated the interface quality and
modified the PL spectra from the heterostructures. The experimental PL spectra matched
quite well with the theoretically calculated PL spectra which was simulated from the
measured SIMS data. To study the electron transport in MgZnO/ZnO heterostructures,
a set of bilayers with Mg concentration varying in the range of 16 to 40% were grown
at temperature of ~ 400°C. The thickness of ZnO layer was ~ 80 nm and that of the
MgZnO was ~50 nm. It was found that on increasing Mg concentration in MgZnO layer
of the heterostructures, the sheet electron concentration monotonically increased and the
sheet resistance decreased. In addition the electron concentration and mobility in the het-
erostructures were almost temperature independent in the temperature range from 300 to
4.2 K, indicating the formation of 2-dimensional electron gas (2DEG) at the heterointer-
face. The 2DEG can form as a result of accumulation of a large quantity of electrons at the
MgZnQO/ZnO interface due to macroscopic polarization mismatch between MgZnO and
ZnO layers. The temperature dependent resistivity measurements of the heterostructures
showed a negative temperature coefficient of resistivity at low temperatures together with
negative low field magnetoresistance which were attributed to disorder induced electron

interference effects.
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The thesis is finally concluded in chapter VI. In this chapter brief summary of the effects
of defects and disorder on the electrical and optical properties of doped ZnO thin films and
heterostructures as understood from our studies are discussed. It was found that disorder
in doped ZnO thin films and heterostructures causes bandgap narrowing, semiconductor
to metal transition and quantum corrections to conductivity. The degenerately doped ZnO
thin films can even undergo metal to insulator transition if the degree of disorder is in-
creased. Moreover it emerged from the present research work that Si can be used as an
effective dopant in ZnO for cost effective transparent conducting electrode applications.

Scope of future work in the field is also presented briefly in this chapter.
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Chapter 1

Introduction and overview

Zn0O as a semiconductor has some unique properties that make it suitable for various
applications [1]. It has an wide bandgap of about 3.3 eV at room temperature which
makes it transparent in the visible spectral region. The excitonic binding energy in ZnO is
60 meV implying that excitons can be stable even at room temperature. ZnO has a rugged
wurtzite structure with high cohesive energy that enables it to be used in environments
with high temperature and radiation hazards [2]. It is non-toxic and environment friendly.
Moreover it is pyroelectric, piezoelectric, piezooptic, phosphorescent and a good thermal
conductor [1]. It can be doped easily with n-type dopants such as Al, B, In, Ga and
Si [2-6]. It can also be alloyed with Mg and Cd for the purpose of bandgap engineering
[7,8]. The growth of ZnO in single crystal as well as thin films and nanostructures are
quite well established [1,2]. Doping with other elements such as transition and rare-earth
elements for tailoring the electrical and optical properties of ZnO can also be carried out

using a variety of methodologies quite easily [9, 10].

ZnO has been used for different purposes since prehistoric times. In ancient India Zinc
Oxide was used in medicine and is mentioned in Charaka Sambhita [11]. It was also used
by ancient Greek physicians for treating a variety of skin diseases. In recent times ZnO is

used in various industries such as rubber, pigment, ceramic industries. It is also used in
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pharmaceutical industry as a sunscreen, calamine lotion etc. However its unique electrical
and optical properties soon caught the attentions of material science and semiconductor
research communities. Because of wide bandgap and high exciton binding energy, ZnO
is an efficient UV emitter at room temperature and hence a suitable candidate for LED
applications [1]. It has also been used as solar blind UV detector [12]. It is considered
suitable material for electrically pumped random laser and polaritonic laser applications
as well [13,14]. Al, B, Ga and Si doped ZnO thin films are found to be highly conducting
as well as transparent in the visible region. Therefore they can be a low cost alternative
to ITO as transparent conducting electrodes [4—6, 15]. Researchers have also shown the
utility of ZnO as piezoelectric, gas and bio-sensing applications [16, 17]. Radiation re-
sistance property of ZnO due to its high cohesive energy makes it suitable for space and

nuclear reactor applications [2].

ZnO films and nanostructures have been grown by a variety of methods such as sol-gel,
RF-sputtering, MBE, MOVPE, electron beam evaporation, pulsed laser deposition (PLD),
atomic layer deposition (ALD) etc [17-24]. Irrespective of the growth method, the grown
ZnO films almost always have some degree of defects and disorders in it. These may
be intrinsic or extrinsic defects and disorders [4—6,25-28]. These defects and disorders
in the doped/undoped ZnO films, be it intrinsic, extrinsic or structural, are randomly po-
sitioned. The random potential fluctuations associated with disorder causes band tailing
and bandgap narrowing [29,30]. The free carriers released by the defects may bring about
semiconductor to metal transition as well [31,32]. The disorder in semiconductor lattice
is also a source of carrier scatterings that reduce their transport mean free path and mobil-
ity [32]. If due to multiple scatterings from these randomly positioned defects the mean
free path of the carriers becomes comparable to the Fermi wavelength, the carriers can
no longer be considered as classical particles under effective mass approximations. In
such cases quantum interference effect is important and we have to treat the wave na-
ture of the charge carriers. This results in weak localization of the carriers and quantum

corrections to the Boltzmann conductivity [32-34]. If the strength of disorder is very

26



high, it may even cause strong localization of the carriers leading to metal to insulator
transition [32] [35, p. 225]. Moreover the intentional or unintentional defects introduce
trapping or luminescent levels in the ZnO bandgap resulting in defect related optical tran-

sitions which modify the photoluminescence and photoabsorption spectra [36].

In the first section of this chapter we give an overview of the structural, electrical and
optical properties of ZnO briefly. We then proceed to provide a brief review of the differ-
ent phenomena brought about by defects and disorder in semiconductors thin films in the
second section of this chapter. In the third section we give an overview of the different
methods that has been used to grow epitaxial ZnO thin films. Brief literature review on
the effects of disorder in ZnO thin films is provided in the fourth section and in the fifth

section we discuss the motivation of the present thesis.

1.1 Properties of ZnO as a semiconductor

As already mentioned ZnO is an wide bandgap semiconductor with bandgap of ~ 3.3 eV at
room temperature. It has a rugged crystal structure with cohesive energy of ~ 1.89 eV. As
aresult it is a radiation hard semiconductor. It’s melting and boiling points are ~ 1785 and
1980°C, enabling it to withstand without degradation the high temperature required for
alloying and various device formation [1,2]. We discuss some of the physical properties

of ZnO from the perspective of semiconductor applications in following subsections.

1.1.1 Crystal structure

The crystal structure of ZnO at normal temperature and pressure is hexagonal wurtzite. It
consists of two interpenetrating hexagonal sub-lattices of Zn and oxygen atoms displaced
with respect to each other along the ¢ axis by u = (3/8) of the c-axis length. In this

structure each oxygen atoms are tetrahedrally surrounded by four Zn atoms and vice versa,
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which is typical of the sp* covalent bonding [2]. However because of the difference in
electronegativity of the constituent atoms the bonds have also a partially ionic character
which is about 0.616 in Philips ionicity scale. ZnO wurtzite unit cell is shown in the figure

1.1.

Figure 1.1: ZnO wurtzite unit cell. Light and Dark structures respectively represent oxy-
gen and zinc atoms.

The lattice parameters of ZnO wurtzite lattice, namely ¢ and a, are related by g = +8/3 =
1.633. The reported values of these lattice parameters as found in the literatures ranges
from 3.2475 to 3.2501 A for the a parameter and from 5.2042 to 5.2075 A for the ¢
parameter. Correspondingly the u parameter and c/a ratio deviates from the ideal for
wurtzite ZnO and has been found to be in the range from ~ 0.3817 to 0.3856 and ~ 1.593
to 1.603 respectively. This variation is thought to be caused by ionicity and presence of

points and extended defects [1,2].

Due to the absence of inversion symmetry, ZnO crystals exhibit crystallographic polar-
ity. The closed pack (0001) basal planes differ from (0001 ) planes. Therefore there will
be a net dipole moment and spontaneous polarization along the c-axis in wurtzite ZnO.
According to the convention, (0001) axis pointing from the face of the O plane to the Zn

plane is taken as the positive z direction. Therefore when the bonds along the ¢ direction
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are from Zn to O, the polarity is referred to as Zn polarity. Similarly, when the bonds
along the c direction are from O to Zn, the polarity is called O polarity [2]. Many proper-
ties of ZnO depend on its polarity, for example, growth and etching rate, defect generation
and plasticity, luminescence efficiency, spontaneous polarization and piezoelectricity. In
wurtzite ZnO, other than the primary polar plane (0001) and the corresponding direction,
which are the most commonly used surface and direction for growth, many other sec-
ondary planes and directions exist. For example two other common surfaces are (1120)
and (1010) faces of ZnO, both of which contain an equal number of O and Zn atoms and

hence non-polar [1].

A variety of substrates has been used for the growth of ZnO thin films and the structural,
electrical and optical properties of ZnO thin films depends significantly on the substrates
used [1]. The most commonly used substrate is (0001) alumina substrates. The epitaxial
relationship between alumina substrates and the grown ZnO films generally depends on
the growth temperature. The two most common epitaxial relationships are ZnO (0001) ||
Al,O3 (0001) and ZnO (1010 ) || Al,O3 (1010 ) or ZnO (0001) || Al,O3 (0001) and ZnO
(1010 ) || Al,O3 (1120 ) [37]. The former happens at lower temperature and the lattice
mismatch in that case is about 32% while the later occurs at higher growth temperature
with an in-plane lattice mismatch of about 18% due to 30° in-plane rotated growth of
ZnO0 on sapphire. In the former case growth happens on the Al sub-lattice of the sapphire
while in the later case it happens on the O sub-lattice. Moreover in the later case due to
domain epitaxy the overall lattice mismatch is reduced to = 0.9%, facilitating epitaxy [38].
Although the growth of ZnO on alumina generally proceeds along the c-axis due to its
polarity, resulting in preferentially c-axis oriented films, the films usually contains a large
number of grains packed together in mosaic structure and separated by grain boundaries
[2]. The lattice parameters of ZnO films grown on sapphire deviates from the ideal value
due to lattice mismatch induced strain and various kinds of points and structural defects
arising due to high lattice mismatch. However there are some reports in the literature

of growth of high quality ZnO films growth on sapphire using a specially prepared buffer
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layers [39]. Moreover the crystalline quality of ZnO thin film could be improved manifold
by using lattice matched substrates like ScAIMgO4 (SCAM) which resulted in almost

single crystal ZnO thin films [40].

ZnO also crystallizes in rock salt and zinc blend structures at under different conditions.
The rock salt phase only materializes at high pressure and zinc blend phase could be

grown only on cubic substrates [2].

1.1.2 Optical properties

The optical property of ZnO is related to both intrinsic and extrinsic effects. Intrinsic
optical transitions take place between electrons in the conduction band and holes in the
valence band, including Coulomb interaction mediated excitonic effects. ZnO is a direct
bandgap semiconductor with both the conduction band minima and valence band maxima
at the I" point in the Brillouin zone [1]. Its conduction band is primarily made of empty 4s
states of Zn?* ions and the valence band is primarily composed of filled 2p sates of O*".
The valence band splits into three bands due to spin-orbit and crystal field splitting. The
near band edge emissions or absorptions in ZnO are due to transitions involving one of
these bands. Accordingly the corresponding excitonic transitions involving these bands
are referred as A, B and C (crystal field spitted band) as shown in figure 1.2. The A-B
splitting is ® 6 meV and B-C is = 38 meV [2]. The electron effective mass () in the
conduction band is ~ 0.28m and is almost isotropic. The hole effective masses (m;) in
the A and B valence bands are also isotropic having the value of ~ 0.59m [40]. On the
contrary the hole effective masses on the C band are about 0.31m, for parallel to ¢ axis

and 0.55my, for direction perpendicular to ¢ axis [2].

Electrons and holes generated in ZnO by the absorption of a photon of suitable energy
can form a hydrogen like bound state due to the attractive Coulomb interaction. It is

known as free exciton [29]. Free excitons are generally seen in pure and doped ZnO with
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low impurity concentration. The energy of an exciton is calculated with respect to the

conduction band and is given by,

* 4
_ we  Eg
Eer= 2R2e2n: T n? 1.1y

Here n is the usual principle quantum number denoting the energy levels of the exciton
and Ej is called the excitonic binding energy, i.e. the energy required to break an exciton
in the n = 1 state into a free electron-hole pair. e is the dielectric permittivity of ZnO and

- is the effective reduced mass given by,

(1.2)
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Figure 1.2: Schematic E-k diagram of ZnO.

A schematic representation of the excitonic level is also shown in figure 1.2. Due to
negative energy of the excitons with respect to the conduction band, the excitonic features

in the optical absorption and emission spectra are seen (in the form of narrow peaks) at
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energies slightly less than the bandgap energy (Eg), given by [29]

hv = Eq — Eo, (1.3)

In ZnO the excitonic binding energy is about 60 meV [1], implying that the excitonic
peaks corresponding to the n = 1 exciton will appear for photon energies 60 meV lower
than the bandgap. Moreover, from this binding energy value it is also evident that excitons
can exist in ZnO at temperatures far higher than the room temperature. As the excitons
can only be formed at or near the I'(k = 0) point, their transition linewidth is very narrow
which broadens only slightly with increasing temperature [35, p. 241]. Owing to their
delta function like density of states and narrow emission linewidth, excitons are of partic-
ular importance for laser diode applications [29]. As a result ZnO is considered a suitable
material for UV laser diode applications [41]. In very pure ZnO and at low temperature
excitonic features corresponding to n > 1 levels could be seen in the optical absorption or
emission spectra [41]. However the intensity of the higher order peaks sharply decreases

with increasing n.

Due to partly ionic bonding in ZnO the vibration of the cations and anions against each
other give rise to long range polarization field which can be considered as a superposition
of LO phonons [35]. The scattering of excitons with these LO phonons can give rise to
LO phonon mediated excitonic recombination (emitting one or more LO phonon) whose

peak positions are given by [29],

hv = E, — E,, — nhiwro (1.4)

Here 7w, 1s the LO phonon energy and # is the numbers of LO phonons emitted. There-
fore depending on n a number of replicas of excitonic recombination can be seen in the

emission spectra of ZnO [2].

The excitons can bound themselves to various defects and impurities to give rise to bound
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excitons [41]. Most of the times these defects are neutral or ionized donors and acceptors
and the corresponding excitons are called donor or acceptor bound excitons. Because of
the additional binding energy of the bound excitons, their transition peak is found to be
slightly red shifted with respect to the free excitons [2]. Moreover these bound excitons
are generally seen only at low temperature due to their low binding energy. At higher
temperature they decay to free exciton states. Since the bound excitons are localized to
their binding centers, their kinetic energy spread is very small and hence bound excitons
peaks are found to be narrower as compared to their free exciton counterparts. LO phonon
replicas of these bound exciton peaks can also be seen in the photoluminescence spectra
of ZnO at low temperature [2]. Binding energies of the bound excitons to the donor
or acceptor species depend on the nature of the binding centers and typically vary in
the range from about 3 to 27 meV [41]. The excitons bound to neutral donor bound
excitons can sometimes recombine leaving the donor in an excited state, thereby leading
to transition energy slightly less than normal donor bound exciton transition energy. This

is called a two electron satellite line (TES) [2].

Another feature that is seen in the emission spectrum of ZnO is the donor-acceptor pair
transitions (DAP). This involves transition between a shallow donor and acceptor species.
DAP transition generally show blue shift with increasing temperature, as with increas-
ing temperature the transition may involve conduction or valence band [29]. Apart from
these near band edge transitions (NBE), other intrinsic or extrinsic defect related tran-
sitions in the visible spectral region are also observed in ZnO. For example the famous
green emission from ZnO is known to be caused by defects like Zn vacancy, O vacancy,
Cu impurities etc. The orange luminescence is contributed to the presence of additional

oxygen in the ZnO lattice [25,42-47].

The optical properties are gauzed by either temperature dependent photoabsorption or
photoluminescence measurements. Using these techniques different exciton complexes

in ZnO and their binding energies have been calculated [41]. For ZnO films grown on
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alumina, strain induced due to large lattice parameter mismatch prevented the observa-
tion of well resolved peaks corresponding to the ground state and excited states of A,
B and C excitons. Using lattice matched substrates to grow ZnO thin films, transition
corresponding to all these excitons could be resolved [2]. Moreover strain also shifts the
excitonic resonance energy. Temperature dependent PL measurements revealed that the
temperature dependence of different excitonic transition energies was in agreement with
the well known laws of variation of semiconductors bandgap with temperature [48]. Stim-
ulated emission and lasing actions have also been observed in ZnO thin films and bulk.

Electrically pumped random laser have also been realized in ZnO [14].

1.1.3 Electrical properties

The bulk electrical property of ZnO is often decided by the defects present in it. It is
mostly found to be n-type conducting due to presence of native donor type defects such
as oxygen vacancy and zinc interstitials and zinc antisites [1]. The presence of extrane-
ous impurities like H, Al, Ga etc may also be responsible for the n-type conductivity of
Zn0 [27]. The electrical properties of ZnO are measured by temperature dependent Hall
coeflicient (Rpy) and resistivity (o) measurements. From these data the carrier density (n)
and Hall mobility (uy) can be deduced using the formula Ry = ry/ne and uy = Ry/p,
where ry is the scattering mechanism dependent Hall scattering factor and e is the elec-
tronic charge. The drift mobility (i) is calculated from the Hall mobility using the fact
that uy = ryu. Mobility depends on the scattering mechanism of the charge carrier and
the parameter that decides the mobility for a given semiconductor is scattering time 7 and

it is related to the mobility by,

w=— (15)
m

In a semiconductor at the same time multiple scattering mechanisms are usually active and

the effective scattering time combining all the dominant scattering mechanism is given by
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Matthiessen’s rule,

l - l (1.6)

T -4 T;

1

where 7; is the mean scattering time for i’th scattering mechanism.
The different dominant scattering mechanisms active in bulk ZnO are as follows [2].

(i) Ionized impurity scattering due to deflection of free carriers by the long range electric

field of the ionized defects.

(ii) Being a polar semiconductor a long range polarization field is created in ZnO due
to vibration of cations against anions. The charge carries may get scattered from this

polarization field causing what is known as polar LO-phonon scattering.

(iii) Acoustic phonon scattering via deformation potential created due to the strain asso-

ciated with acoustic phonons.

(iv) ZnO being a non-centrosymmetric material, the strain caused by phonons can gener-
ate a piezoelectric field which can scatter the charge carriers. This is known as piezoelec-

tric scattering.

(v) If the dislocation density is high, then they can also significantly scatter the electrons.
Basically acceptors centers are produced along the dislocation line which traps the elec-
trons, creating a space charge region around them. The charge carriers get scattered from

this space charge.

Using Monte-Carlo simulation and considering the above mentioned scattering mecha-
nisms, Albrecht er al. predicted the room temperature electron mobility to be ~ 300
cm?/V-s in ZnO [49]. The highest room temperature electron mobility for ZnO single
crystal grown by vapor phase transport method was reported to be about 205 cm?/V-s
with an electron concentration of ~ 6 X 10' cm™ by Look et al [50]. They also stud-
ied the temperature dependence of mobility of bulk ZnO and argued that below 8 K, the

mechanism of conduction was hopping, whereas for temperatures higher than 40 K, band
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conduction dominated. In the intermediate temperature range mixed band and hopping
conduction was active. The band conduction was via the scattering mechanism mentioned

earlier.

On the contrary the electron mobility in ZnO thin films grown on alumina substrates
are rather poor (< 100 cm?/V-s) compared to that of the bulk ZnO [2]. The background
electron density is such films are also quite high, ranging from 10'¢ to 10" cm=3. The poor
electron mobility in ZnO thin films grown on alumina is primarily thought to be due to
scattering from grain boundaries arising because of the mosaic structure of ZnO thin films
grown on alumina substrates. The grain boundaries acts as trapping centers for electrons,
thereby producing a space charge region and potential barrier for electron transport. In
spite of these there has been some success in growing ZnO thin films with quite high
electron mobility. Kaidashev et al. reported room temperature electron mobilities in
the range from ~ 115 to 155 cm?/V-s with electron densities of about 10'® cm™, for
undoped ZnO thin films grown on alumina [39]. They used a multistep PLD process. An
electron mobility of ~ 130 cm?/V-s with electron concentration of ~ 1.2 x 10! cm™ was
reported by Kato et al for their MBE grown ZnO thin films on sapphire substrates [51].
Iwata et al. using a ZnO/MgO double buffer layer could obtain an electron mobility
of about 145 cm?/V-s for ZnO films on sapphire substrates [52]. Using lattice matched
substrate ScAIMg0,, Tsukazaki et al. have shown impressive room temperature electron
mobility of about 440 cm?/V-s in ZnO/MgZnO heterostructure [53]. It was attributed to
the formation of 2DEG at the interface. Subhnikov-de Haas oscillation and quantum Hall

effect was also reported in such structures.

Using various dopants like Al, Ga, B, In, Si etc from group III and IV, the electron density
and conductivity of ZnO thin films can be enhanced [3—6]. Such films being transparent
in the visible spectral region can be utilized as transparent conducting electrodes. These
dopants can enhance the electron density in ZnO films to ~ 10*! cm~ and bring down the

resistivity to a value as low as 8.1 X 10~ ohm-cm [54]. In such transparent conducting
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oxide (TCO) films the dominant scattering mechanism are ionized impurity scattering
and grain boundary scattering. Although n-type doping in ZnO is easy to achieve, stable
p-type doping is very difficult yet. There are numerous reports of p-type conversion using
group-I dopants like Li, Na, K, Ag substituting for Zn and group - V dopants like N, P,
As substituting for O. However stability of the p-type ZnO is an issue as with time the
electrical properties of these doped ZnO films deteriorates [2]. Large background electron
concentration is also an hindrance in obtaining stable p-type conversion. Difficulty in
achieving stable p-type conversion is major problem for commercial application of ZnO

based electronic and optoelectronic devices.

Impurities act as scattering centers for electrons. As a result the electron mean free path
for elastic scattering decreases [33]. If the impurity concentration is so high that the
electron mean free path is lower than or comparable to the Fermi wavelength, quantum
effects will be prominent which significantly changes the transport properties of ZnO thin
films. These phenomena are known as the quantum correction to conductivity, which will

be discussed in detail in the next section.

1.2 Effects of defects and disorder on properties of semi-

conductors

Defects and disorder are always produced in semiconductor bulk or thin films during
growth or other processing methods. For example randomly placed dopants or alloy atoms
disturbs the periodicity of the lattice, thereby producing disorder. The same thing happens
in case of intrinsic defects like vacancies and interstitials. Other sources of disorder are
structural defects, interface and surface roughness etc. [35, p. 225]. These have profound
effects on the optical and electrical properties of semiconductor. Some of these effects,

which are important for ZnO thin films are discussed below.
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1.2.1 Band tailing and bandgap narrowing

Band tailing and bandgap narrowing is quite common in semiconductors at high impurity
concentrations. lonized impurities interact with the electrons in conduction band and
holes in valence band via Coulomb interaction. For example an ionized donor will provide
an attractive potential for the conduction band electron and repulsive potential for the
valence band holes. This interaction will locally lower the energy of the electrons and
enhance the energy of the holes. The reverse will happen for the ionized acceptors. Since
the impurities are distributed at random in the host lattice, the local fluctuation in energy
positions of the conduction and valence bands will also be random in position as well
as magnitude. Although the bandgap i.e. the energy separation between the bottom of
the conduction band and the top of the valence band of the semiconductor is maintained
constant locally as shown in figure 1.3a, but the density of states distribution with energy
that integrates all the states at each energy for the whole volume of the semiconductor will
have conduction band states at relatively low energy and valence band states at relatively
high energy as shown in figure 1.3b. This gives rise to the phenomenon of band tailing as
can be seen in figure 1.3b. These tail states also reduce the effective bandgap giving rise

to bandgap narrowing [29,30].

Another phenomenon associated with impurities that can give rise to band tailing and
bandgap narrowing is random deformation potential. Since the impurities have different
size than the lattice atoms, they give rise to randomly varying local tensile or compres-
sional strain and associated deformation potential. Impurities at interstitial sites induce
deformation potential corresponding to compression and likewise lattice vacancies induce
deformation potential corresponding to tensile strain. The deformation potential perturbs
the positions of conduction and valence band throughout the lattice. Dislocation can also

contribute to band tailing via deformation potential [29].

Apart form these effects, another phenomenon that occurs at high impurity concentration

is impurity band formation. As the concentration of impurities is increased the impurity

38



A
2| G, (@ £ ®)
LVt Vel o Y A v
Y2 e Vel S W N P
V. B.
X NE)

Figure 1.3: (a) Perturbation of band edges due to Coulomb interaction of randomly dis-
tributed impurities and (b) associated band tailing. Dashed curves in (b) show unperturbed
density of states.

levels broaden and merge together to form a band near the conduction and valence band
edges making tail states. If the impurity concentration becomes larger than the Mott
critical density, the impurity band can merge with the conduction band, thereby effectively
lowering the bandgap of the semiconductor [29,31,32]. Moreover, the local fluctuations
in the bandgap due to carrier - impurity interaction or via deformation potential would
change the energy positions of the impurity levels with respect to the band extrema. This
would result in tailing of the impurity bands as well which contributes to formation of
an impurity band [29]. The electron-electron or hole-hole exchange interaction is also
capable of reducing the bandgap due to their energy lowering effects [30]. The bandgap

narrowing and band tailing has been reported in some heavily doped ZnO films [55].
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1.2.2 Semiconductor to metal transition

At high donor or acceptor concentration, the free carriers screen the Coulomb potential of
the donor or acceptor ions. The screening radius (ry) is given by [32]
dmren' P\

g =ylan™)” 1.7

In this equation m* is the effective mass of the carrier, n is the carrier concentration, € is
dielectric permittivity and ap is the Bohr radius of the ions. If the Bohr radius is less than
the screening radius then the carriers are attached to their respective donor or acceptor
atoms and the material acts as semiconductor or insulator. However if it so happens
that for certain impurity concentration, the screening length is less than the Bohr radius,
the state of the insulator becomes unstable. If the electrons (holes) leave their respective
donor (acceptor) atoms, they won’t be able to return as they would not be able to find their
respective donor atoms due to strong screening. The material in such condition would
function as a metal and the impurity concentration required for this to happen can be
readily obtained form equation 1.7 assuming r; = ag. This critical doping concentration
is known as the Mott critical concentration for semiconductor to metal transition and is

given by [31,32],

3
ne = (%) (1.8)

ag

For ZnO the value of Mott critical concentration is ~ 5 x 10" cm™. However, the ex-
perimental value may vary within one order of magnitudes of this value [56]. This kind
of semiconductor to metal transition is known as Mott transition and can be seen in ZnO

films doped with donor type impurity like Al, Ga, B, Si etc. [4,7,56].
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1.2.3 Quantum corrections to conductivity and weak localization

Doped semiconductors with donor (acceptors) concentration exceeding Mott critical con-
centration are called degenerate semiconductors since in such cases the Fermi level would
be deep inside the conduction (valence) band. In respect of electrical properties, the de-
generate semiconductors essentially behave like metals and the transport mechanism ac-
tive in them is band transport [2]. So as per the Drude’s model, their conductivity should

be of the form

(1.9)

Here n is the carrier density, m* is the conductivity effective mass and 7 is the average
scattering time. The randomly positioned impurities and other defects act as disorder in
semiconductor and scatters the carriers at random. If the impurity and defect density in
the semiconductor is high, the value of 7 and as a consequence, the mean free path (/) de-
creases. In the event that the mean free path is comparable to or less in magnitude than the
Fermi wavelength (Ar), the charge carriers can no longer be treated as classical particles
as per Drude’s model [32,57]. Their wave nature and the corresponding interference phe-
nomenon have to be taken into account while calculating the conductivity. This quantum
interference phenomenon puts additional terms in the expression for conductivity which
are known as the quantum corrections to conductivity. The effects of quantum corrections
are negligible in the case that kgl >> 1, where kr is the Fermi momentum. Quantum
corrections are most significant when krl < 1, which is known as the Ioffe-Regel crite-

rion [57].

In disordered semiconductors because of multiple scattering from the randomly posi-
tioned scattering centers like impurities, the electrons diffuse through the lattice under
the action of applied electric field. Suppose in the semiconductor one electron reaches
from the point r to point r’ in time ¢. Figure 1.4a shows two possible trajectories for the
electron to traverse from r to r’ via multiple elastic scattering (i.e. the scattering them-

selves do not alter the phase of the electron waves).

41



a)

b)
A4, A4,
4,

Figure 1.4: (a) Two possible electron trajectory due to multiple elastic scatterings and (b)
closed loop trajectory.

If the probability amplitudes of reaching via the two alternative paths are A; and A, re-

spectively, then the total probability of reaching from the point r to r’ would be [31],
P(r,7,t) = |A|]* + |Asf* + 2|A;]|A2] cos 6 (1.10)

where 6 is the phase difference between the electron wave reaching point r’ via the two
alternate paths. Since the electrons suffer collision at random, the phase difference 6
between any pair of paths will also be random. So if all possible pairs of such paths are
considered, then on average the electron waves will be as likely to interfere constructively
as to destructively. Therefore the interference term of equation 1.10 will be washed out
and total probability will be simply the classical probability given by (considering there

are 1 pairs of paths) [32],
P(r,r 1) = " (14LF + 145P) (1.11)

1

On the other hand if the initial and final points of carrier’s paths are same i.e. it traverse
a closed loop path as shown in figure 1.4b. In this case due to time reversal symmetry
the two alternate closed paths - one clockwise and one anticlockwise - will have the same

probability and they would have the same phase at the origin of the carrier. So the total
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probability for this to happen is [32]
P(r,r, 1) = |A1 + Aol + 2141 [|As] = (JA1] + A,))° (1.12)
For i pairs of closed path, the total probability,

P(r,r, 1) = Z (IA’il + |A§|)2 (1.13)

1

Therefore the charge carriers will have an enhanced probability of coming back to the
origin forming closed loop paths. This is known as coherent back scattering [31,32]. The
higher probability of finding the carrier at its origin implies that it will spend more time
at the origin. This essentially means that the carrier is weakly localized at its origin and
the phenomenon is given the name weak localization. Because of weak localization a

correction term (Ao) appears in the expression for conductivity.

So far we have only considered the elastic scatterings. However at a finite temperature
there will always be inelastic collisions like carrier-carrier or carrier-phonon scatterings as
well, which will change the phases of the electrons randomly (or in other words, destroy
the phase coherence in closed loops). Therefore in presence of these inelastic dephas-
ing collisions, the back-scattering probability will be reduced and hence the correction
to conductivity due to weak localization will also decrease. Considering these inelastic
scattering mechanisms, the corrections due to weak localization in 3D semiconductor is

given by [31,32],

2
a:ao—e—(l—i) (1.14)

where o is the Drude conductivity and L;, is the phase breaking length or simply the
inelastic scattering length. In general the inelastic scattering length increases with de-
creasing temperature ( L;, o< T~"/2, p depends on the scattering mechanism and system
dimensionality) and hence the conductivity at low temperature also increases according to

formula 1.14. This gives rise to the well known negative temperature coefficient of resis-
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tivity in degenerate semiconductors (and metals) at low temperature [7,32]. In 2D system
the corrections due to weak localization varies linearly with logarithm of temperature as
given by,

2
o= op+ p% In(T/T"y) (1.15)

Another important phenomenon that can also give rise to quantum correction is inter-
electron interference in n-type semiconductors. In presence of random scattering or dif-
fusion the probability of two electrons that were close to each other at + = 0 to meet
again in same phase increases. As a result the density of states in the vicinity of Fermi
level depends on temperature bringing about the following correction in conductivity (in
3D) [31],

e

2\ 1
Ao ~ (%) — — const (1.16)

ee
L,. is the phase correlation time for the conduction electrons having energy spread equiv-

alent to k7', T being the temperature.

In presence of a magnetic field, the electrons acquire an extra phase in traversing a closed
loop, the magnitude of which is proportional to the area of the loop. Since the area
would be different for different closed loops, the additional phase acquired would also
be random. Therefore the phase coherence at the origin will be broken in presence of
a magnetic field and the weak localization phenomenon will be suppressed. Therefore
semiconductors having weak localization as the dominant contributor to quantum correc-
tions are expected to show negative magnetoresistance [32,58]. On the contrary in the
cases where inter-electron interference is dominant, the resistance is rather insensitive to
magnetic field. These facts can be used to distinguish between the two types of quantum
corrections in low temperature transport properties of semiconductors [58]. The quantum
corrections can be further analyzed by studying the variation of magnetoresistance as a
function of applied magnetic field. The inelastic scattering length or the dephasing length

can be estimated by fitting the magnetoresistance data with appropriate theoretical model.
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1.2.4 Strong localization or Anderson localization
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Figure 1.5: (a) Periodic potential and (b) corresponding density of states. (c) Disordered
system and (d) corresponding density of states with localized and delocalized states [35,
p. 226].

In a perfect periodic system, as shown in figure 1.5, because of the resonant overlap of
wave functions from neighboring wells, the density of states consists of a band of Bloch
states with certain width B. The edges of such bands are sharp. Disorder can be introduced
in the system by excessive doping where either the identical dopant atoms are randomly
placed (Lifshitz model) or by varying the potential depths of uniformly placed impurities
(Anderson model) [35, p. 226]. In general both types of disorder are present in the system
together. Figure 1.5¢ shows an Anderson type disorder where the potential depths of
uniformly placed wells vary randomly within the energy range W. In such cases two
things can happen - the sharp edges of the density of states get smeared into exponential
tails and localized states appear at the band edges. If W/B < 1, the localized states remain
at the band edges and band center is filled with extended states. However for W/B > 1,

there are only localized states in the band [32]. The difference between Bloch states,
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extended states and localized states can be understood from their wave functions. For
Bloch states, which is a superposition of atomic orbitals ¢, placed at every lattice points

R; with a proper long-range phase correlation, the wave function is [35, p. 226]

¢ro"(r) = 3 exp(k.Ri)g,(r — Ry)
= exp(ik.r) 3 ; exp[—ik.(r — Ry)]¢,(r — R)) (1.17)
= exp(iK.r)uy(r)

where uy(r) is a function having the periodicity of the lattice. In case of an extended state
in a disordered system the long range phase correlation is missing. Therefore the wave

function for extended state is [32, 35],

o) = D ciha(r — Ry) (1.18)

1

For the localized states the wave function is localized around a point, say ry, and decays

exponentially around it as given below [32,35],

(1) = D cihu(r = Ri) exp(—Ir — 1ol /) (1.19)

]

¢ is called the localization length. The three different types of wave functions are illus-

trated in figure 1.6.

As already mentioned, if the disorder is such that W/B < 1, there will be extended states
at the band center and localized states at the band edges. The energy which separates the
localized states from the extended states is called the mobility edge. Usually the mobility
edge is not sharp; it is actually a transition region of finite width. If by varying the disorder
or the electron density, the Fermi level can be moved across the mobility edge, a metal
to insulator transition will occur [31]. Conduction in the localized states can occur via
carrier hopping from one localized state to another. Depending on the temperature and

disorder density, hopping can be between nearest neighbors or between states separated

46



Re (Wave function)
A (a)

Bloch state

—_

Extended state ,/\/\
L\ -

l I'y (c)

ol Y P Localized state
I AVAONL
__'_—____,_,- —— g ns

Figure 1.6: Illustration of (a) Bloch state in periodic potential, (b) extended state and (c)
localized states in a disordered system [35, p. 227].

in energy as well as space. In case of nearest neighbor hopping (NNH) the conductivity

as a function of temperature is given by [32],

o =opexp(—E,/kT) (1.20)

E, is the activation energy for hopping. And in variable range hopping (VRH), neglecting

the electron-electron interaction, the conductivity is [31]

o = ogexp(=Ty/T)" @D (1.21)

Here, Ty, is known as the Mott hopping temperature which depends on the density of
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states at the Fermi level and the Bohr radius of the localization centers. The conductivity
in case of VRH depends on the dimensionality d of the system. Generally at low tem-
peratures when sufficient number of empty states is not available near the filled states,
the variable range hopping is the dominant phenomenon [31, 32]. With increasing tem-
perature, the NNH probability increases. If the electron-electron interaction is taken into
account for variable range hopping, the conduction mechanism is called Efros-Shlovskii

hopping (ESH). In this case the conductivity in 3D systems is given by [32],

o =ogexp(=Tgs/T)'? (1.22)

Tgs 1s the ES hopping temperature that depends on the Bohr radius and the dielectric
constant of the medium. EHS is generally seen in insulating systems at very low tempera-
ture. As the temperature is increased the hopping mechanism changes from ESH to VRH
and then to NNH at higher temperature. At higher temperatures, a parallel mechanism
of conduction in insulators could be activation of carriers from the localized states across
the Fermi level to an extended state in the band center. It is called thermal delocalization
of carriers. This will lead to band transport the nature of which is determined by differ-
ent carrier scattering mechanisms [35], as already discussed in relation with the electrical

properties of ZnO.

A strongly disordered system has no translation invariance, therefore momentum is not
conserved and hence it is not a good quantum number. So the E — k dispersion relation
has no meaning. Instead a disordered system is characterized by its density of states. The
phenomenon of localization depends on the dimensionality of the system. It has been
shown by scaling theory that even the slightest amount of disorder can localize carriers
in 2D and 1D systems [58]. However often in such cases the localization length is much
larger than the sample size, thereby manifesting extended wave function and diffusive or

weakly localized transport.
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1.2.5 Effect of defects and disorder on photoluminescence

Some of the defects and disorder responsible for weak and strong localization of carri-
ers in ZnO give rise to defect related luminescence as well. In fact this luminescence
can sometimes be used to identify the defects present. In ZnO the two most prominent
defect related luminescence bands are the green band centered around =~ 2.4 eV and the
orange red band centered around 1.9 eV. The origins of these two bands are often debated
in literature. However it is certain that they involve some defect related transitions. The
green band has been attributed by various authors to oxygen vacancy (Vy), Zinc vacancy
(Vz,) and to Cu substitutional impurity at Zn site (Cug,). Van Heusden et al. attributed
the green luminescence to transition from singly ionized oxygen vacancy [42]. How-
ever, recent theoretical calculations by Janotti and Van de Walle [25] and experiments by
Reynolds et al., Kohan et al. and Sekiguchi et al. [44-47] showed that the transition from
conduction band or a shallow donor to a Zn vacancy (Vz,) acceptor level is possible and
has transition energy of about 2.5 eV. The origin of orange red luminescence is related
to the presence of extra oxygen in the lattice. It may originate due to a transition from a
shallow donor to a deep acceptor level, which may be related to the presence of additional

oxygen in ZnO.

Apart from these native defects various extrinsic impurities present in the lattice may
also give rise to defect related luminescence. For example Cu substitutional impurities
give rise to strong green luminescence [43], Eu and Dy impurities give luminescence in
red and yellow region [59, 60] respectively. These dopants are sometime intentionally
introduced into ZnO lattice for the purpose of visible luminescence applications. As
already discussed in connection with optical properties of ZnO, the excitons can bind
with these defects to form bound excitons at low temperatures, the feature of which can
be seen in low temperature photoluminescence spectra. The structural defects may also be
responsible for luminescence in ZnO. One example is basal plane stacking fault in c-axis

oriented ZnO films. The excitons confined in the quantum wells formed by the stacking
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faults are responsible for this emission at ~ 3.321 eV [61].

The random potential fluctuations associated with the presence of disorder in the lattice
broaden the near band edge (NBE) emission and absorption peaks. The reason is quite
similar to the cause of bandgap narrowing. The electron-hole pairs and excitons will
experience different potential at different point in the lattice due to the random distribution
of defects. As a result their transition energies vary accordingly, broadening the emission
as well as absorption peaks. By considering the standard deviation of a Gaussian potential

fluctuation, the FWHM of the NBE transition peak has been calculated to be [62],

2

4 s
AEgwin = 3—;6 (Np + NA)’% exp(=3/4) x V21In2 (1.23)

Here € is the dielectric constant, Np and N, are respectively donor and acceptor concen-

trations and r; is the screening length.

1.3 Methodologies for growth of ZnO thin films

ZnO thin films have been grown by a variety of methods including sol-gel, chemical
vapor deposition (CVD), metal-organic CVD (MOCVD), atomic layer deposition (ALD),
pulsed laser deposition (PLD), RF and DC-sputtering, molecular beam epitaxy (MBE)
etc. In this section we will give a brief overview of some of the important methods to

grow epitaxial ZnO thin films.

1.3.1 Pulsed laser deposition (PLD)

PLD is a physical vapor deposition where a ceramic target of the material to be deposited
is ablated by a high intensity pulsed laser beam and the ablated species are condensed on
the substrate surface to grow the epitaxial film. PLD is highly suited for the growth of

thin films of various oxides under non-equilibrium condition [63]. For PLD, generally
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a fast UV laser like KrF excimer or 3rd harmonic of a pulsed Nd:YAG laser is used.
However as the PLD plume is highly forward directed, it is difficult to grow uniform thin
films on large substrates. Another problem of PLD is particulate generation. Yet, PLD
is a very popular method of growth for thin films of complex oxides including ZnO due
to its inherent simplicity, congruent evaporation and ease of handling reactive oxygen,
greater adhesion of the film to the surface and better film quality due to energetic plume
species. The first report of the growth of ZnO thin films by PLD appeared in 1983 [64].
Since then there has been numerous reports on the growth of undoped and doped ZnO
thin films on different substrates by PLD. Often during the growth of ZnO thin films by
PLD, the deposition chamber is first evacuated and then filled with high purity oxygen
to a pressure of about 107® to 1072 mbar [2], depending on the sought characteristics of
the films. The growth temperature used for ZnO thin films varies in the range from 400
to 850°C. The PLD grown ZnO thin films are often found to have large grain size of ~
250 nm with very good crystalline quality [2]. The carrier density can also be varied by
tuning the deposition condition and dopants in the range from ~ 10'° to 10*° cm™ [2].
PLD grown ZnO thin films grown under optimized conditions and appropriate substrates
had very high electron mobility of about 400 cm?/V-s [53]. Non-equilibrium nature of
PLD facilitates growth of metastable alloys of ZnO such as MgZnO and CdZnO with Mg
and CD contents far more than allowed by thermodynamic solubility limit [7,65]. p-type
doping of ZnO by PLD has also been successfully achieved using N, P, As, Na, Li, Ag etc
as dopant [2]. Moreover PLD have been used to grow quantum wells and quantum dots

of ZnO as well [66].

1.3.2 Metal-organic chemical vapor deposition (MOCVD)

It is a type of chemical vapor deposition for the growth of single or polycrystalline
thin films, especially of compound semiconductors using metal-organic precursors. The

chemical reactions responsible for the growth typically take place in gas phase in mod-
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erate pressure. The gaseous mixture containing precursors of required composition for a
particular semiconductor is passed over a heated substrate wherein the precursor molecules
break up and form layers of the semiconductor on the substrate surface. MOCVD has
been traditionally utilized for the growth of III-V semiconductors. However it has also
been shown to be a suitable method for the growth of ZnO thin films. The organometallic
precursors of Zn used for the growth of ZnO by MOCVD are diethyl zinc (DEZ) and
dimethyl zinc (DMZ) [64]. Water, oxygen, nitrus oxide, ozone etc. along with a carrier
gas such as dry nitrogen, has been used as the precursor of oxygen [67]. DEZ and DMZ
are highly reactive with O,, H,O and ozone, resulting in severe premature reaction in
gas phase which produce unwanted particulates in the grown films. This has motivated
research to find alternative less reactive precursors like zinc propionate, zinc acetate etc.
as source of Zn and CO,, NO,, N,0 etc. as source for O [67]. Separate inlets for the
introduction of precursors of Zn and O have been used to reduce the problem of prema-
ture reaction. Growth of ZnO thin films with very good structural, optical, and electrical
properties have been reported by various authors [65, 66]. The typical electron mobility
of MOCVD grown ZnO thin films on alumina substrates have been found to be about
20 to 100 cm?/V-s [68]. The FWHM of rocking curve of ZnO thin films on sapphire
grown by MOCVD was found to as low as = 100 to 255 arcsec [68]. Nitrogen doping
for p-type doping of ZnO could also be achieved by MOCVD using NH; or N, plasma as
precursors [69]. Phosphorous doped p-type ZnO has also been grown using P,Os as the
precursor of P [70]. Ternary alloy films of MgZnO and CdZnO have also been success-
fully grown using MOCVD [71,72].

1.3.3 Atomic layer deposition (ALD)

Atomic layer deposition is a self limiting, surface controlled chemical vapor deposition
method for the growth of thin films and nanostructures with atomic level control on the

thickness and composition [73]. Like MOCVD, gas or vapor phase precursors are used in
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ALD as well. However, unlike MOCVD, the precursors are fed onto the heated substrates
sequentially. ALD reactions occur on the substrate surface in a self limiting manner,
leading to the possibility of controlling the thickness and composition of the growing
film down to the monolayer level. A simple ALD cycle consists of at least two different
precursor pulses separated by a purging pulse of inert gas being fed into the reaction
chamber containing the substrate. There are numerous reports in the literature about the
growth of ZnO thin films by ALD. In most of these reports the precursors for Zn and O
are DEZ and water respectively [74]. Other precursors like zinc acetate, DMZ, ZnCl,
for Zn and ozone, N,O, H,0, for O have also been used [75]. However the growth of
high quality ZnO in terms of structural, electrical and optical properties is a challenging
task. The ALD grown ZnO films on alumina and glass substrates, especially those grown
at lower temperature, are often found to be polycrystalline with no preferred orientation.
At lower growth temperature there is the possibility of incomplete reaction and at higher
temperature the growth is hindered due to precursor decomposition. It is only in a narrow
range of temperature between 150 to 200°C, that the growth of ZnO thin films on sapphire
substrates using DEZ and water as precursors is found to be (0002) oriented [74]. The
electron concentration in ALD grown ZnO thin films could be varied in the range from
10'6 to 10%° cm™ by changing the growth temperature and precursor pulsing and purging
times. However the electron mobility in these films still remains low at ~ 10 - 50 cm?/V-

s [74].

1.3.4 Molecular beam epitaxy (MBE)

In this method effusion cells containing the precursors are used to send molecular beams
onto the substrate where they react and form the film under ultra high vacuum in non-
equilibrium conditions [76]. Since the molecular beams can be switched off in less than
the time to grow a monolayer, MBE provides high degree of control over the thickness

and composition of the grown films. MBE is a well established growth technique for
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compound semiconductors. It has also been used to grow ZnO thin films as well [77].
High purity Zn metal evaporated from the effusion cell serves as the source of Zn and
O, gas as the source of oxygen. Often oxygen plasma produced by electron cyclotron
resonance and radio frequency ion sources are also utilized to produce atomic oxygen
which enhance reaction with Zn. H,O, and NO, vapor were also utilized as an alternative
to oxygen plasma [78,79]. MBE grown ZnO films on different substrates such as alumina
and ZnO has been shown to be of high quality with FWHM of the rocking curve as low
as .0050 with electron mobility as high as 260 cm?/V-s [80]. The electron density in these

ZnO filmed were in the range from 10'7 to 10" cm™ [80, 81].

1.3.5 Sputtering

DC and REF field is used to sputter Ar ions onto a ceramic target containing the material
to be deposited. The sputtered material then condenses on the substrate surface, growing
the film [82]. Sputtering has been used to grow a variety of materials including metals,
oxides, nitrides etc. An important advantage of sputtering is that even the materials with
very high melting points can be easily sputter deposited. Compared to evaporated films,
sputtered deposited films have greater adhesion to the surface. Since the sputtering system
contains no hot parts, it is compatible with reactive oxygen. As a result there are multiple
reports on the growth of ZnO thin films by sputtering. By varying the oxygen partial
pressure during the growth, the resistivity of the ZnO thin films grown by sputtering could

be tailored in a broad range [1,2].
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1.4 Literature review on effects of disorder on properties

of ZnO thin films

In the existing literature there are some reports that show how the electrical and optical
properties of the ZnO thin films grown by a host of methods gets affected by the presence
of disorder. Disorder induced bandgap narrowing in ZnO thin films was first reported
in 1982 by Roth et al. They found that the narrowing appeared suddenly at the electron

concentration of ~ 2 x 10" ¢m™3

, which is the about the density required for semicon-
ductor to metal transition in ZnO [83,84]. Lu ef al.. and Sernelius et al. reported that
the overall bandgap increase of Al doped ZnO thin films follows a combination of heavy
doping induced Burstein-Moss shift and bandgap narrowing caused by carrier- carrier and
carrier impurity interaction at high densities [55, 85]. There are few other reports as well
on the heavy doping induced bandgap renormalization in doped ZnO thin films. Ye et al.
reported bandgap renormalization in Ga doped ZnO thin films [86]. Kim and Park dis-
cussed variation of bandgap of In doped ZnO thin films as a function of In concentration.
They found that at the electron concentration of ~ 5 x 10"?cm™3, the bandgap suddenly
decreased due to merging of donor and conduction bands. Beyond this electron density

the bandgap showed linear variation with further increase in the In concentration due to

bandgap narrowing caused by impurity induced potential fluctuation or disorder [87].

The effect of random potential fluctuation on the photoluminescence properties of Ga
doped ZnO was reported by Makino et al. [62]. They found that this random potential
fluctuation actually caused a broadening of the near band edge photoluminescence peak.
Apart from these, various defects and disorder give rise to defect related luminescence
in the visible spectral region. Most prominent among them are the famous ZnO green
and orange-red emissions. Vanhuesden et al. attributed the green luminescence to singly
ionized oxygen vacancies [42]. However subsequent theoretical studies by Janotti and Van

de Walle [25] and experimental data from Sekiguchi et al., Reynolds et al. and Kohan et
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al. pointed that the green luminescence actually was related to Zn vacancy [44—47]. The
green luminescence has also been known to originate due to unintentional Cu impurities
in ZnO [43]. The orange-red luminescence is thought to be related to the presence of extra

oxygen in the ZnO lattice [88].

The effects of disorder on the electrical properties undoped ZnO thin films have been stud-
ied by Nistor et al. [33]. They found that the presence of disorder brings about a transition
from negative to positive temperature coefficient of resistivity (TCR) in the temperature
dependent resistivity of ZnO thin films grown by MOCVD [33]. It was attributed to dis-
order induced weak localization. The effects of disorder induced weak localization and
quantum corrections to conductivity was also studied by Bhosle ef al. in Ga doped ZnO
thin films [92] grown by PLD. They observed that with increasing Ga concentration the
semiconducting ZnO films turned metallic. On further increasing the Ga concentration
the films showed a transition from negative to positive TCR because of disorder induced
weak localization. Liu et al. also found transition from negative to positive TCR at low
temperature in case of boron doped ZnO thin films grown by MOCVD [89]. From the oc-
currence of negative magnetoresistance, they attributed the transition to disorder induced
weak localization. The effects of weak localization and electron-electron interaction on

the electrical properties In doped ZnO nanowires was studied by Thompson et al. [90].

1.5 Motivation for present thesis

In our discussion earlier in this chapter we have mentioned that ZnO is wide bandgap
semiconductor with potential for applications in UV photonics, transparent conductors
and electronic devices, solar cells, high temperature and radiation stable electronics etc.
Many of these applications require ZnO thin films doped or alloyed with different ele-
ments such as Si, Al, In, Ga, N, P, Mg, Cd etc. These doped ZnO thin films are grown

by a variety of methods. But irrespective of the growth method used, there would always
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be some degree of defects and disorder present in the doped ZnO films. We have dis-
cussed in this chapter that defects and disorders can significantly alter the electrical and
optical properties of semiconductor thin films. Although in literature there are reports
discussing disorder related effects in ZnO thin films, a systematic study on the effects of
disorder on electrical and optical properties of doped ZnO thin films is essential. Such a
systematic study on these issues would be beneficial for successful application of ZnO in
photonic and electronics devices. In the present thesis we have carried out detailed stud-
ies on doped ZnO thin films deposited by pulsed laser deposition. Si and Mg have been
chosen as the intentional impurities. The structural, electrical and optical properties of
these doped ZnO thin films have been characterized by high resolution X-ray diffraction
(HRXRD), photoluminescence (PL), photoabsorption (UV-Vis), Hall, resistivity, mag-
netoresistance measurements, X-ray photo electron spectroscopy (XPES) and secondary
ion mass spectrometry (SIMS) to understand the effects of disorder on the electrical and

optical properties of ZnO thin films.
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Chapter 2

Growth of ZnO thin films by pulsed
laser deposition and different

characterization methods

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD) method used for thin
film deposition of a variety of materials [63]. In PLD a high-power pulsed laser beam
is focused inside a vacuum chamber, called the PLD chamber, to strike a target of the
material that is to be deposited. This material is vaporized or ablated from the target in
the form of a plasma plume which gets deposited as a thin film on a suitable substrate
such as a sapphire, glass, silicon wafer etc. which are positioned facing the target inside
the PLD chamber [63]. This process can occur in ultra high vacuum or in the presence
of a reactive background gas, such as oxygen or nitrogen. PLD is particularly suited for
the growth of oxides wherein oxygen is commonly used as the background gas to fully
oxygenate the deposited films. Apart from thin films, quantum dots, wells, nanostructures
of different materials including oxides, nitrides, metals etc. have also been successfully
grown using by PLD [66,91-94]. Even carbon nanotubes, C¢p, diamond, graphite and
graphene could be grown by PLD [95-99].
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Soon after the technical realization of the first laser in 1960 by Maiman, Smith and Turner
utilized a ruby laser to deposit the first thin films in 1965 [100]. However, the deposited
films were still of inferior quality to those obtained by techniques such as CVD and MBE.
The breakthrough in thin film growth by PLD came in 1987 when D. Dijkkamp, Xindi
Wu and Venkatesan ef al. were able to laser deposit a thin film of the high temperature
superconducting material YBa,Cu3;0O; which was of superior quality to that of films de-
posited with alternative techniques [101]. Since then, Pulsed Laser Deposition has been
utilized to fabricate high quality crystalline films of different material [66,91-99]. The
development of new laser technology in the 1990s, such as lasers with high repetition
rate and short pulse durations, made PLD a very competitive and widely used tool for
the growth of thin films and nanostructures with complex stoichiometry. Although the
basic PLD setup is simple compared to many other deposition techniques, the physical
phenomena of laser-target interaction and film growth are quite complex as discussed in

the following paragraphs [63].

2.1 PLD Process

PLD process consists of the ablation of the target material by the laser pulse, the devel-
opment of a plasma plume with high energetic species, and the crystalline growth of the

film on the heated substrate. The process of PLD can broadly be divided into four stages:

2.1.1 Laser ablation of target and creation of plasma

The laser-mater interactions responsible for the ablation of target material and the plasma
formation are very complex processes. PLD process is a non-equilibrium process where
the removal of atoms from the bulk material is done by melting and vaporization of the
target material at the surface region [102]. The incident laser pulse penetrates into the

surface of the material within the penetration depth which is dependent on the laser wave-
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length and the target material and is typically of the order of few nm for most materi-
als [63]. The strong electric field of the laser pulse is sufficient to remove the electrons
from the bulk material of the penetrated volume. This process occurs within the first 10
ps of a nanosecond laser pulse and is caused by non-linear processes such as multiphoton
1onization [102]. The free electrons oscillate due to the oscillating electromagnetic field
of the laser light and can interact with the atoms of the target material, thus transferring
a part of their energy to the lattice of the target material within the surface region. The
timescale for electron-phonon coupling is of the order of picoseconds. As a result of
these interactions between the oscillating electrons and the target atoms, the surface of
the target is heated up and the material is melted and vaporized [102]. The electronic ex-
citation upon irradiation by laser pulse is enhanced by the presence of microscopic cracks
at the surface, voids, and nodules which increase the electric field. The vaporized material
cloud shields the target surface from further irradiation and can absorb energy from the
remaining of the laser pulse through inverse Bremsstrahlung [103]. As a consequence the
ablated material gets more and more ionized and the temperature of the plume increases
to as high as 20000 K. The energy of the plume species can be as high as 100 eV and
their velocity (u) distribution follows a drifted Maxwellian function with a center of mass
velocity normal to the surface as given by P(u) ~ u’ exp [-m(u — i1)?/2kT], where m is
the mass of the particles, T temperature and i is the velocity of the center of mass of the
plume [102]. The high pressure resulting from the high temperature propels the materi-
als forward with very high velocity in the form of PLD plume [104, 105]. As a result of
expansion the plume cools to about 3000 to 5000 K [106].

2.1.2 Plume dynamics

In the second stage, the material expands in the form of plasma normal to the target surface
towards the substrate due to Coulomb and recoil forces from the target surface [63]. The

spatial distribution of the plume around the normal vector to the target surface is depen-
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dent on the background gas pressure inside the PLD chamber. The PLD plume is highly
forward directed and the density of the plume can be described by a cos” 6 law, where
0 is the angle with respect to the target normal [63, 102, 107]. The value of n typically
ranges from 2 to 20, depending on the laser fluence and background gas pressure [102].
Presences of a background gas enhance the scope of multiple scatterings of the plume
species, leading to a lower value of n and hence plume broadening. In the initial stage
after material ejection from the surface, the plume is very narrow and forward directed
and there is almost no scattering with the background gases [102]. In the intermediate
stage splitting of the high energetic ions from the low energetic ones occurs. Finally the
plume suffers a diffusion-like expansion of the species contained in it. In this stage the
scattering of the ablated species is dependent on the mass of the background gas and it
can influence the stoichiometry of the grown film. If the background gas pressure is in-
creased, the high energetic species of the plume will slow down. The rationale of using
background gas is either to thermalize the plasma species through multiple collisions, or
to compensate for the loss of an elemental component of the target through incongruent
ablation [108]. Background gas has also been used to enable gas phase condensation for
the growth of nanoparticles [109]. Studies have shown that particles with kinetic energies
more than 50 eV can resputter the film already deposited on the substrate resulting in a
lower deposition rate, a change in the stoichiometry of the film and poor surface morphol-
ogy [110]. The narrow and highly forward directed plume is responsible for one of the
major disadvantage of PLD. It limits the maximum substrate size where uniform film can

be grown to only few cm? [111].

2.1.3 Deposition of ablated material on substrate

This is an important stage of PLD process which determines the quality of the deposited
films. The high energetic species ablated from the target constantly bombard the substrate

surface and may damage the surface by sputtering off atoms from the surface [110]. The
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incoming plume species may also cause defects formation in the deposited film due to
sputtering. The sputtered species from the substrate and the incoming plume particles
from the target together form a collision region. This collision cloud serves as a source
for condensation of particles on the substrate [112]. If the condensation rate is sufficient,
equilibrium can be reached and the film grows on the substrate surface at the expense of
the direct flow of ablation particles. The advantages of pulsed laser deposition over other
deposition technique is its pulsed nature leading to precise thickness control, possibility
of carrying out surface chemistry far from thermal equilibrium, and under appropriate
condition the possibility to obtain thin film with the same chemical composition as the
target even for highly complex cases. Another advantage offered by PLD for the growth
of crystalline thin films is the high energy of the incident plume particles, which help in

better quality crystal growth [102].

2.1.4 Nucleation and growth of film
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Figure 2.1: (a) layer-by-layer growth, (b) island growth and (c) Stranski-Kastronav
growth modes.

The nucleation and growth of the film deposited by PLD depend on several growth pa-

rameters. Laser parameters such as the laser fluence, wavelength, pulse duration and
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degree of ionization of the plume affect the film quality, stoichiometry and the deposi-
tion flux [63,113]. The nucleation density is found to generally increase with increasing
deposition flux which can be attained by increasing the laser fluence. The laser pulse du-
ration dictates the nature of laser-target interaction [63]. For example in case of pico and
nanosecond lasers there can be melting of the target material, but in case of femtosecond
laser, the target material is ejected without melting [102]. The penetration depth of the
laser energy in the bulk of the target is determined partly by the laser wavelength. The
penetration depth in turns decides particulates formation in the grown films due to either
splashing or exfoliation [102]. Another important parameter is the substrate temperature.
The nucleation density generally increases as the substrate temperature is increased. The
condition of the substrate surface also determines nucleation and growth. The substrate
surface condition can be modified by chemical etching, pre-deposition annealing, mis-
cut and roughness of the substrate etc [113]. Lattice mismatch between the substrate
and the grown film can also control the growth mechanism. Often during the growth of
oxides reactive oxygen background gas is used to maintain stoichiometry of the grown
film. However precise tuning of the background gas pressure is needed. For example if
the background gas pressure is too low, the film may be off stoichiometric and if the gas
pressure is too high the growth rate will decrease and gas phase condensation can happen
resulting in poor quality thin films [102]. Moreover extra oxygen may get incorporated in
the film, undesirably modifying the film properties [114]. A large supersaturation occurs
on the substrate during the pulse duration of the plume in PLD. The plume pulse lasts
around 10 to 40 microseconds depending on the laser parameters. This high supersatu-
ration causes a very large nucleation density on the surface increasing the smoothness of
the deposited film [63]. Depending of the growth parameters and the substrate conditions,

three different growth modes are possible. Those are as follows [63, 113]:

(a) Layer-by-layer or Frank-van der Merwe growth - In this growth mode, adatoms
attach preferentially to surface sites resulting in many 2D islands on the substrate surface

until a critical island density is reached. As more material is added, the islands continue to
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grow sideways until the islands begin to run into each other. This is known as coalescence.
Even after coalescence the surface generally will have a large number of pits which are
filled by subsequent of addition of materials from the condensation cloud till the 2D layer
is complete. This process is repeated for each subsequent layer. It is shown pictorially
in figure 2.1a. It is called layer by layer or 2D growth because a complete layer is first
formed before the growth of the subsequent layers [63, 115]. This kind growth will be
promoted by strong film-substrate bonding, low film surface energy and high substrate

surface energy. In this growth mode there is no free energy barrier.

(b) 3D or island or Volmer-Weber growth mode - In this growth mode the adatom-
adatom cohesive force is stronger than the adatom-substrate adhesive force. As a result
the nucleation centers grow in a three dimensional way leading to the formation of 3D
islands or clusters. The growth of these islands or clusters will results in rough multilayer

film to grow on the substrate surface [116]. It is shown in figure 2.1b.

(c¢) Stranski-Kastranov growth or mixed growth mode - It is an intermediary process
characterized by both 2D layer and 3D island growth. The film initially grows in 2D layer
by layer fashion. However after about 1 to 5 monolayers the 2D growth may change to
three-dimensional island growth due to a change in the energy situation with the addition
of successive monolayers. This might be an increase in stress with increasing layer thick-
ness due to mismatched lattice spacing. Transition from the layer-by-layer to island-based
growth occurs at a critical layer thickness which is highly dependent on the chemical and
physical properties, such as surface energies and lattice parameters, of the substrate and

film [63,113,117]. It is schematically shown in figure 2.1c.
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2.2 Pulsed laser deposition of pure and doped ZnO thin

films

First report of the growth of ZnO thin films by PLD appeared in 1983 [118]. Thereafter
hundreds of reports were published in scientific literature detailing the growth of high
quality ZnO thin films by PLD and the characteristics of the ensuing ZnO films. The lasers
that are most commonly used for the PLD growth of ZnO are either KrF excimer at 248
nm or 3rd harmonic of pulsed Nd:YAG at 355 nm [1,2]. Almost always during the growth,
oxygen ambient at different partial pressure is used. In the following subsections we

outline the deposition conditions and growth parameters that we used in our experiments.

2.2.1 Target Preparation

A high quality, high density target is very important to grow good quality thin films by
PLD. For PLD of ZnO a variety of targets including ceramic ZnO pellet, single crystal
Zn0O, Zn metal have been used. However for best result a high density and uniform
ceramic pellets is the most preferred one among these [63]. The ZnO ceramic target used
during our experiments were made in-house using ceramic processing root. High purity
Zn0O powder (99.9995% from Alfa Aesar) obtained from commercial sources was used
for this purpose. Using a suitable die-press the powder was made into pellets of = 1.5 cm
diameter and 2 to 3 mm thickness. These pellets were subsequently sintered at 1200°C
for two hours to obtain the high density ceramic targets. The heating and cooling of the
target was carried out at ~ 50°C per min. The density of the ZnO target was determined
to be about 95%. For making the Mg Zn,_,O pellets required for bandgap engineering,
MgO and ZnO powders were properly mixed in suitable concentration in a agate mortar.
The mixed powder was then calcined at 1000°C for 4 hours to ensure uniform reaction.
The calcined powder was again grinded in a mortar pestle and palletized the same way as

done for ZnO pellet. Finally the pellets were sintered at 1400°C for two hours to obtain
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the ceramic targets. The surface of the as prepared targets were polished before each
deposition and pre-ablated prior to the growth. The target was rotated as well rasterized
during growth to get uniform target erosion and uniform rate of deposition and also to
reduce the chance of target surface deterioration which would otherwise result in lot of

particulate in the grown film.

2.2.2 Substrates

For the growth of ZnO thin films a variety of substrates have been used. These include
alumina, glass, GaP, Si, Ge, GaP, GaN, ScAIMgQO,, CaF,, ZnO, SiC and even plastics and
clothes [1]. Among these the single crystal alumina is perhaps the most popular substrates
for the growth of epitaxial thin films of ZnO because of its similar crystalline structure,
small difference in lattice parameters, high thermal and structural stability, high thermal
conductivity, availability of high quality and large size single crystals, affordability and
high transparency in UV-visible spectral range [2]. We have used c-axis oriented (0001)
single crystal alumina substrates (Impex HighTech Ltd., Germany) for the deposition of
ZnO thin films and bilayers by PLD. These substrates were epipolished on both sides
with surface roughness smaller than 0.5 nm. The FWHM of w-rocking curve of alumina
(0006) peak was =~ 16 arc sec. Before loading in to PLD chamber, the substrates were
cleaned by ultrasonicating in tricholoroethylene (TCE), acetone and methanol followed
by rinsing in de-ionized water. The alumina substrates were then dried using dry nitrogen

gas flow and mounted on heater using either clamp or silver paste.

2.2.3 Growth conditions

We used KrF excimer laser for most of the depositions. The pulse duration of the laser
was 20 ns. The laser fluence in our experiments was maintained in the range from 0.8

to 1.2 J/em?. The PLD chamber was evacuated before each deposition to a base pressure
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Figure 2.2: Schematic of a PLD system.

of ~107° mbar and it was filled with high purity oxygen gas to a pressure of typically in
the range from 1 x 107> to 1 X 1072 mbar, depending on the growth requirements. The
exact growth parameters for different studies have been mentioned in the corresponding
chapters. In this section we briefly describe a modified PLD scheme, henceforth referred

as sequential PLD, that we have used in some of our studies.

(a) Sequential PLD - This PLD scheme was introduced first to grow CdZnO alloy and
Sn doped CdO thin films by PLD, as it was difficult to make the corresponding tar-
gets [38, 119]. We have used sequential PLD scheme to grow Si doped ZnO thin films.
This method allowed us to achieve very low doping concentrations which are otherwise
difficult to achieve using a single target. Traditional PLD uses a ceramic target of a suit-
able composition to deposit the films. In case of very lightly doped ZnO thin films it
was difficult to make the corresponding pellets as that required mixing a tiny amount of
dopant with comparatively large amount of ZnO powder and mix them properly. There
was always the risk of inhomogeneous mixing. As a consequence, during ablation the

grown films may have random composition. Moreover, since the dopant concentration is
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very small, the mixing process will increase the chance of significant contamination dur-
ing handling. This problem can be circumvented by using two different targets - one of
the ZnO and the other of the dopant material during deposition. These targets are ablated
sequentially many number of times till the desired thickness is achieved keeping the ratio
of durations of ablation of the two targets fixed for a particular film. For example for a
specific doping concentration, the ZnO target was ablated for ten seconds and the dopant
target for 1 second. This cycle was repeated a large number of times till the desired thick-
ness of the films were achieved. Before starting each deposition both the target surfaces
were polished and pre-ablated to reduce the risk of contamination and particulate forma-
tion due to exfoliation. The exact deposition conditions used for the growth of Si doped
ZnO thin films by sequential PLD has been mentioned in the corresponding chapters 3

and 4.

2.3 Characterization methods of ZnO thin films

In this section we provide a brief discussion on the basic principles of the experimental

methods used to characterize the PLD grown undoped and doped ZnO thin films.

2.3.1 Electrical characterization

Electrical properties of doped ZnO thin films were measured using four probe resistivity,
Hall, and magnetoresistance measurement methods to study the effects of defects and

disorder. These methods are described briefly in the following sections.

(a) Four probe van der Pauw resistivity measurement - The temperature dependent
resistivity measurements of the ZnO thin films were carried out in van der Pauw four
probe geometry [120, 121] using a standard lock-in amplifier. The typical size of the

ZnO thin films were 5 mm X 5mm. Indium contacts were made on the four corners of
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Vepag

Figure 2.3: Sample geometry for van der Pauw four probe measurements.

the samples as shown in figure 2.3. The contacts were annealed at 400°C in nitrogen
atmosphere to ensure proper connection to the sample. The linearity of the contacts was
confirmed by I-V measurement. 19 Hz ac signal from the output of the lock-in amplifier
was applied to the sample through standard high resistor connected in series with the
sample. The resistance of this standard resistor was chosen to be much higher than the
sample resistance so that the resistor coupled with the output of the lock-in amplifier
formed an ideal current source. A set of voltage measurements across the sample were
made by sending a known current (/) through the sample. To explain the method, let us

define the following voltages:

Vaspc = Voltage between A and B while current is passing from D to C,

Vbeap = Voltage between D and C while current is passing from A to B,

Veacp = Voltage between B and A while current is passing from C to D,

Veppa = Voltage between C and D while current is passing from B to A,
_ Vagpc + Vpeas + Veacp + Vepsa

R = 2.1
H m; (2.1)

Vapsc = Voltage between A and D while current is passing from B to C,
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Vscap = Voltage between B and C while current is passing from A to D,
Vpacp = Voltage between D and A while current is passing from C to B,

Vespa = Voltage between C and B while current is passing from D to A,

_ Vappc + Vecap + Vpacs + Veppa

R
v 41

(2.2)

Then as shown by van der Pauw, the sheet resistance (Ry) of the sample will be given
by [120,121],

e RvIRs 1 gmmRulRs = (2.3)
Since for a square sample Ry = Ry = R, therefore sheet resistance will be given by,

R
RS =

=12 2.4)

In general Ry is not exactly equal to Ry and the formula for sheet resistance is modified

to,
/s RH +RV
R = —
In2 2

SRy, Ry) (2.5)

where f(Rpy, Ry) is called the van der Pauw correction function and is given by,

1 In2 Ry —R In2
— exp (n_) = cosh( TV n_) (2.6)
RH +RV f

The resistivity (o) of the films can then be calculated from the measured sheet resistance

if the thickness (¢) of the film is known. The resistivity is given by [120, 121],

o = Rt (2.7)

The samples were mounted on the cold finger of a cryostat and by varying the sample

temperature resistivity of the samples could be measured as a function of temperature.

(b) Hall measurement - The carrier concentration of the ZnO thin films were determined
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using Hall measurement [122]. It was also carried out in four probe van der Pauw geom-
etry using lock-in amplifier. To measure the Hall voltage, a known current (I) was sent
across two diagonal ends of the sample and the voltage was measured across the other
diagonal in presence of a perpendicular magnetic field. The magnetic fields as well as the
direction of current flow were reversed and the data were noted. In this case also let us

define the following voltages (referring to figure 2.3):

Vacsp+ = Voltage across A and C with current flowing from B to D and +B magnetic
field,

Veapps = Voltage across C and A with current flowing from D to B and +B magnetic
field,

Vacsp- = Voltage across A and C with current flowing from B to D and -B magnetic field,
Vcaps- = Voltage across C and A with current flowing from D to B and -B magnetic field,
Vac = Vacsp+ — Vacsp-

Vea = Veaps+ — Veaps-

Vepac+ = Voltage across B and D with current flowing from A to C and +B magnetic
field,

Vpecar = Voltage across D and B with current flowing from C to A and +B magnetic
field,

Vepac- = Voltage across B and D with current flowing from A to C and -B magnetic field,
Vppca— = Voltage across D and B with current flowing from C to A and -B magnetic field,
VBD = VBDAC+ - VBDAC—

Vs = Vppca+ — Vbpea-

Then the Hall voltage is given by,

_ Vac+Vea+ Vpp + Vpp
e 8

(2.8)
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The carrier concentration can be calculated from the Hall voltage using the fact that,

Vy = — 2.9)
nge

where e is the electronic charge and ng is the sheet carrier concentration. If the thickness

of the films are ¢, then the volume carrier density (n) is given by,

IB
n=
VHet

(2.10)

From the sign of the Hall voltage the carrier type can also be determined. The quantity
1/ne is given the name of Hall coefficient (Ry). If the Hall factor (ry) is taken into

account, then Hall coefficient is given by [122],

Ry="" @2.11)
ne

The Hall factor depends on the scattering mechanism and if with changing temperature
the scattering mechanism changes, then Hall factor will vary as well. Typically the value
of Hall factor is close to 1. Therefore, by measuring the Hall voltage as a function of
temperature for a given sample the temperature dependence of the carrier concentration
in that sample can be measured. If the resistivity (p) of the sample is also known from

resistivity measurement, then the carrier mobility can be calculated by using,

fp=— (2.12)

A magnetic field of ~ 0.5 T was used for most of the Hall measurements in our studies.

(c) Magnetoresistance measurements - It is basically resistivity measurement in pres-
ence of an applied magnetic field [122]. The change is resistivity when an external mag-

netic field is applied to the sample is called the magnetoresistance (MR). It is often ex-
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pressed as percentage of zero field resistance and given by,

Rsr —R
%MR = —E2 5% % 100 (2.13)
S0

Where R r is the sheet resistance in presence of a magnetic field and Ry is the sheet
resistance in zero field. The sheet resistances were measured in four probe van der Pauw
geometry. Similar to Hall and resistivity measurements, the temperature dependence of
magnetoresistance can be determined by mounting the samples in a suitable cryostat. Also
by changing the magnitude of the magnetic field magnetoresistance as a function of field

can be plotted.

(d) Cryostat - For temperature dependent electrical measurements the samples were
mounted in a CCR cryostat, which could vary the sample temperature in the range from
4.2 to 310 K. Here CCR stands for closed cycle refrigerator. Closed-cycle cryostat con-
sist of a chamber through which cold helium vapour is pumped. An external mechanical
refrigerator extracts the warmer helium exhaust vapor. This extracted helium vapor is
again cooled and recycled. CCR cryostat consume a relatively large amount of electrical
power, but need not be refilled with helium. As a result these can run continuously for an
indefinite period. Samples can be cooled by attaching them to a metallic coldplate (inside
a vacuum chamber) in thermal contact with the helium vapor chamber. The temperature
of the coldplate is measured accurately by using suitable resistance thermometers like
Cernox (Zirconium oxy-nitride) and rhodium-iron RTDs or Si diodes based temperature

Sensors.

2.3.2 Optical characterization

To determine the effects of defects and disorder on the optical properties of doped and pure
ZnO0 thin films photo-absorption and photoluminescence measurements were carried out

on the grown films. The basic principles of these techniques are given below.
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(a) Photo-absorption measurements - According to Beer-Lambert law the intensity of
light passing through a sample of given thickness 7 suffers exponential reduction in inten-
sity given by [29],

I = lyexp [-a(v)i] (2.14)

Where I, is the initial intensity and [ is the intensity after passing through the sample
of thickness # and a(v) is called the absorption coeflicient of the material which depends
on the frequency (v) or wavelength of light. In case of a semiconductor if the energy
of the incident photons (hv) are less than the bandgap E,, the absorption coefficient is
very small in magnitude and light almost pass completely through the sample. However
when the incident photon energy approaches the bandgap energy, the absorption coeffi-
cient start to increase and at hv = E,, there is a sudden increase in the absorption. In fact
under parabolic band approximation for a direct bandgap semiconductor, the absorption

coeflicient is related to the incident photon energy by the following formula [29],

av=A(h-E,)" (2.15)

where A is a material dependent constant. In figure 2.4 a(v) is plotted as a function of Av,
which is known as the absorption spectrum. However this simple relationship gets mod-
ified if significant band tail states are present in the semiconductor due to various defects
and disorders. The transitions between this band tail states can change the absorption
spectrum near the band edge. In such cases there will be significant absorption below
the absorption edge due to the band tail states and instead of a sharply rising band edge,
an exponentially increasing band edge is found in the absorption spectrum [29]. This is
known as Urbach’s tail and the absorption coefficient for photon energies less than the

bandgap is approximately given by [29, 123],

(2.16)

a(v) = Cexp (hv _ El)

Ey
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where C, E, and E; are constants determined by fits to experiments. The constant Ej is

related to the impurity concentration and disorder.

a(v)

Parabolic
Band

Band ,
Tail .-

W

hv

Figure 2.4: Continuous line shows variation of @ with #v whereas dashed line represents
Urbach’s tail.

Moreover excitons can exist in the semiconductor under given conditions [29, 35]. In
such cases for direct bandgap semiconductors at energies slightly lower than the bandgap
energy, a series of sharp absorption peaks in the form of delta function corresponding to
different exciton resonances can appear. With increasing temperature the exciton peaks
generally broadens. Since the excitons can be created with some kinetic energy, higher
energy photons can also create them thereby contributing a component to the absorption

coeflicient in the region of band to band transitions [29].

The instrument used to measure the photo-absorption spectrum is known as the spec-
trophotometer. For ZnO thin films generally an UV-VISIBLE spectrophotometer is used.
It consists of a white light source light from which light is dispersed through a monochro-
mator and selected using a slit. The selected monochromatic light is split into two com-
ponents. One component of the split beam is used as the standard and other is passed
through the sample. From the ratio of the two light beams the absorption coefficient can

be determined using proper baseline correction. The schematic of a UV-VISIBLE spec-
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Figure 2.5: Schematic of a UV-VISIBLE spectrophotometer.

trophotometer is shown in figure 2.5.

(b) Photoluminescence (PL) measurements - The different radiative recombination pro-
cesses occurring in the semiconductor give rise to the luminescence spectrum [29, 123].
For this to happen the semiconductor first have to be excited by using a suitable light
source with photon energies higher than the bandgap energy of the semiconductor. This
incident light will create electron-hole pairs, free excitons, excitonic complexes, bound
excitons etc. depending on the semiconductor and its conditions. Some of the excited
species subsequently can recombine radiatively giving rise to the phenomena of photolu-
minescence. The typical PL. measurement system consist of a suitable excitation source,
which is often a laser of appropriate wavelength, a spectrometer, a detector in the form of
either CCD or photo multiplier tube (PMT) and necessary collecting optics. A schematic
of a typical PL set-up is shown in figure 2.6. For PL measurements of ZnO thin films,
we have used a He-Cd laser lasing at 325 nm as an excitation source. A CCD detector
coupled to a 0.5 m spectrometer has been used to detect the PL spectrum. The sample
is mounted in a cryostat so that the temperature of the sample can be varied in the range
from 4.2 to 300 K. As ZnO is a direct bandgap semiconductor with high exciton binding
energy, the near band edge PL spectra of ZnO is dominated by excitonic recombination.
At lower temperature the bound excitons are dominant whereas at higher temperature

the free excitons. The photoluminescence spectra of ZnO may give valuable information
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about the quality of the films and the various defects and disorder present in it [2].
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Figure 2.6: Typical schematic of photoluminescence measurement set-up.

2.3.3 Structural characterization

The structural quality of the ZnO thin films were determined using high-resolution X-ray
diffraction measurements [124]. The w — 26 scan and w-rocking curves provide important
information about the crystalline quality of the ZnO thin films. Moreover Williamson-
Hall plot have been used to distinguish the different components causing the broadening
of the XRD peaks. The surface morphology of the films was studied using atomic force

microscope. A brief discussion about the basic principles of these measurements follows.

(a) High resolution X-Ray Diffraction (HRXRD) - HRXRD is one of the most widely
used techniques to investigate the crystalline structure of thin films. When X-rays inter-
act with a crystalline substance, a diffraction pattern is formed. Each crystalline solid
has its characteristic X-ray diffraction pattern, which may be used as a "fingerprint" for

its identification [124]. Depending on the experimental setup, XRD can be used to per-
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Figure 2.7: Typical geometry of X-ray diffraction with angle of incidence w and diffrac-
tion angle 26.

form different tasks such as determination of crystal structure, lattice parameters, grain
size, phase composition, residual and micro strain, epitaxial quality, and orientation re-
lationships. X-ray diffraction pattern is formed when the well known Bragg condition is

satisfied for a set of crystal planes and incident x-ray i.e.,

2dsinf = nAd (2.17)

where d is the lattice spacing and A is the wavelength of incident X-ray, 6 is the diffraction
angle as shown in figure 2.7. n is the order of diffraction. For epitaxial thin films the most
widely used HRXRD methods are w — 26 scan, w-rocking curve, ¢-scan and Williamson-

Hall plot, where w and 26 are angles of incidence and diffraction respectively (figure 2.7).

In w — 26 scan both w and 26 are varied. This is achieved by rotating the sample as well
as the detector about an axis perpendicular to the page (refer to figure 2.7) but the inci-
dent beam direction is kept unchanged [124]. The detector is rotated by an angle twice
that of the sample rotation. When the Bragg condition is satisfied, a diffraction peak is
obtained. This method is used to identify the planes. If there is uniform strain or change

in lattice parameter then the position of the peak shifts from the original value. More-
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over the broadening of the w — 26 is caused by microstrain and finite vertical coherence
length. Therefore, from the peak position in the w — 26 scan, the crystalline structure and
macro strain or lattice parameter can be calculated. On the other hand the peak width or

broadening can provide information about the microstrain or vertical coherence length.

In w-scan, the positions of the detector as well as incident beam is fixed and the sample
is rotated or "rocked" by a very small angle around the w-axis. This is w scanning and
it is done to find out if there is any mismatch between the adjacent unit cells or grain
boundaries. For a perfect crystal the width of the w-rocking curve is infinitesimal. How-
ever due to finite lateral size of the grains and their orientation mismatch, the w-rocking
curve is broadened. Therefore, from the width of the rocking curve, the lateral coherence
length or lateral grain size and tilt between the grains with respect to each other can be

calculated [125].

Williamson-Hall plot [126] can be used to identify the contributions of each of vertical
coherence length and microstrain in the width of w — 26 peak. As per the Debye -Scherrer
law the vertical coherence length is related to the peak width (FWHM) in w — 26 scan by

the relation [124],
0.92

= 2.18
ocosf ( )

Bs

where ¢ is the vertical coherence length. Again the broadening (FWHM) due to micros-
train (e) is given by,

Bu = 4etan b (2.19)
Combining these two equations total broadening,

Beosd 0.9 N 4€esinf
PR A

B =pBs +Bu — (2.20)

Therefor from a plot of (Bcos@/1) vs. (sinf/A), the contributions of microstrain and
vertical coherence length to the overall w — 26 peak broadening can be separated. This

plot is called the Williamson-Hall plot [126]. The slope of the plot will give a measure
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of microstrain whereas the y-axis intercept will give the vertical coherence length. From
a similar kind of analysis of the w-rocking curve, the contributions of lateral coherence

length and tilt to the broadening of w-rocking curve can also be differentiated [127].

¢-scan is performed by rotating the sample about an axis perpendicular to the thin film
surface [127]. It is used to find epitaxial relationship between the substrate and the thin
film. Typically in XRD measurements Cu - K, X-ray radiation (1.54 A) is used which is

further monochromatized using Ge crystals.

(b) Atomic force microscopy - Atomic force microscopy (AFM) is a very high-resolution
scanning probe microscopy, with resolution on the order of fractions of a nanometer, more
than 1000 times better than the optical diffraction limit [128]. Atomic Force Microscope
(AFM) utilizes a sharp probe (tip) moving over the surface of a sample in a raster scan.
The probe is a tip at the end of a cantilever made of silicon or silicon nitride, which bends
in response to the force between the tip and the sample [129]. The radius of curvature of
the tip is of the order of nanometers. Typically, the deflection of the tip is measured using
a laser spot reflected from the top surface of the cantilever into an array of photodiodes
(figure 2.8). To prevent damage to the tip due to collision with the surface being probed,
a feedback mechanism is often employed to adjust the tip-to-sample distance to maintain
a constant force between the tip and the sample. Generally the AFM probe or the sample
is mounted on a stage containing three piezo crystals, with each responsible for scanning
in the x,y and z directions [130]. The AFM can be operated in a number of modes,
depending on the application. The possible imaging modes in general, can be divided into
static or contact modes and a variety of dynamic (non-contact and tapping) modes where
the cantilever is made to oscillate [128, 130]. In contact mode, the tip is dragged across
the surface of the sample and the contours of the surface are measured either directly
using the deflection of the cantilever or using the feedback signal required to keep the
cantilever at a constant position with respect to the surface [128]. In non-contact mode,

probe does not contact the sample surface. The cantilever is instead made to oscillate at or

81



Detector and
feedback loop

Photodiode
UJ'TE.I'__}J

Cantilever
and tip

. PZT stage

Figure 2.8: Schematic of AFM set-up.
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near its resonant frequency where the amplitude of oscillation is typically less than a few
nanometers. The van der Waals forces or any other long-range force that extends above
the surface decreases the resonance frequency of the cantilever. The feedback loop system
of the AFM using this decrease in resonant frequency as the input, maintains a constant
oscillation amplitude or frequency by adjusting the average tip-to-sample distance. The
scanning software constructs a topographic image of the sample surface by measuring
the tip-to-sample distance at each (x,y) data point [131]. In tapping mode as well, the
cantilever is made to oscillate up and down at or near its resonance frequency similar to
non-contact mode. However, the amplitude of this oscillation is greater than that in non-
contact mode (typically 100 to 200 nm). The interaction of forces acting on the cantilever
when the tip comes close to the surface cause the amplitude of this oscillation to decrease
as the tip gets closer to the sample. The feedback loop maintains the oscillation amplitude
by adjusting the height of the tip over the sample surface. From this height variation
topographical imaging of the surface can be obtained. Thus in tapping mode, the AFM

image is produced by imaging the force of intermittent contacts of the tip with the sample
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surface [132].

2.3.4 Compositional analysis

It is essential to study the composition in case of doped ZnO thin films to find the con-
centration of dopant and thus to get an estimate of the degree of disorder present in the
film. We have used secondary ion mass spectrometry, x-ray photoelectron spectroscopy
and energy dispersive x-ray analysis for compositional characterization of the doped ZnO
thin films grown by PLD. The basic principles of these methods are discussed here in

brief.

(a) Secondary ion mass spectrometry (SIMS) - It is a mass spectrometry technique
that is used to analyze the composition of solid surfaces and thin films by sputtering the
specimen surface with a focused primary ion beam and collecting and analyzing ejected
secondary ions [133,134]. The charge to mass ratios (e/m) of these secondary ions are
measured with a mass spectrometer to determine the elemental composition of the surface
to a depth of about 1 to 2 nm. SIMS is the most sensitive surface analysis technique, with
elemental detection limits as low as parts per million to parts per billion. Although SIMS
is generally considered to be a qualitative technique, quantification is possible with the
use of standard samples. A typical SIMS consists of a primary ion gun which generates
the primary ion beam, a primary ion column to focus the primary ions onto the sample sur-
face, secondary ion extraction lenses, a mass analyzer and an ion detection unit. All these
are contained in a high vacuum chamber. The primary ions may be generated by ionizing
the noble gases, oxygen, SFs, Cq, Cs etc [133]. The mass analyzer can be of three dif-
ferent types - sector, quadrupole and time of flight. A sector type mass spectrometer uses
a combination of an electrostatic and a magnetic analyzer to separate the secondary ions
by their charge to mass ratio. In quadrupole mass analyzer the secondary ions are sep-
arated by resonant electric fields, which allow only the selected masses to pass through.

The time of flight (TOF) mass analyzer separates the secondary ions in a field-free drift
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path according to their drift velocity. Since all the ions possess same kinetic energy, their
velocity and hence their time of flight in the field free drift path varies according to their
mass. It can be stressed here that it is the only mass analyzer type able to detect all gen-
erated secondary ions simultaneously, and is the standard analyzer for SIMS instruments.
The 1on detector is typically a Faraday cup or an electron multiplier. Depth profiling of
elemental composition can also be done using SIMS by the use of an additional etching

gun. We have used TOF-SIMS in all our SIMS measurements [133, 134].

(b) X-ray photoelectron spectroscopy (XPES) - It is a surface sensitive and quantitative
electron spectroscopic method that measures the elemental composition, empirical for-
mula and chemical and electronic state of the elements that exist within a few nanometers
of the surface of a given specimen. XPES spectra are obtained by irradiating a material
surface with a beam of X-rays while simultaneously measuring the kinetic energy and
number of the photoelectrons that escape from the top 0 to 10 nm of the material [52].
The typical elemental detection limit of XPES is about parts per thousand. The binding

energy (Ep) of the photoelectron in XPES is determined from the following formula,

Eg=hv—(Ei+ @) (2.21)

where hv is the energy of the incident X-ray photons, E; is the kinetic energy of the de-
tected photoelectrons and ¢ is work function of the spectrometer. In XPES spectra the
number of photoelectrons is plotted against the binding energy. Peaks are obtained in the
XPES spectra at binding energies corresponding to the different atomic energy levels of
the elements present in the material. Typically Al-K,, line at 1486.7 eV or Mg- K,, line
at 1253 eV are used as the X-ray source. Other primary components of an XPES sys-
tem are electron focusing lenses, an electron energy analyzer (hemispherical analyzer),
an electron detection system etc. All of these components are enclosed in a high vacuum
chamber [135, 136]. In case of ZnO thin films XPES could provide with valuable infor-

mation regarding not only the chemical compositions but also about oxygen vacancies

84



and interstitials present in the films.

(c) Energy dispersive X-ray analysis (EDX) - It is a technique used for the elemental
or compositional analysis of a specimen. EDX is based on the emission of characteristic
X-rays when the specimen is irradiated with a high energy electron beam. The incident
high energy electron can eject an inner shell electron from an atom, thereby creating a
hole. This hole can be subsequently filled by an outer shell electron of the same atom
along with the emission of characteristic X-rays. Since the photon energies of the char-
acteristics X-rays are unique for each element, elemental analysis is possible by detecting
the emitted characteristic X-ray photons. Typical EDX system consists of an electron
gun with accelerating and focusing lenses, X-ray detector, pulse processor and the ana-

lyzer [137].

2.4 Error analysis

Error analysis is very important in any experiment. The experimental data is quite mean-
ingless without specified error. In scientific context error refers to unavoidable impreci-
sion in measurements. Since it is not always possible to measure things with arbitrarily
high precision, it is important to quantify the imprecision of the results in the form of
error. Errors can be classified into two main categories - random error and systematic
error. Random errors are errors, which fluctuate randomly from one measurement to the
next. They yield results distributed about some mean value. Random errors can be re-
liably estimated by repeating measurements. Standard deviation is used as a measure
to quantify random error. On the other hand systematic errors are errors, which tend to
shift all measurements in a systematic way so their mean value is displaced. Systematic
errors are caused by a flaw in the equipment or in the design of the experiment. These
may be such things as incorrect calibration of equipments, consistently improper use of

equipments or failure to properly account for some effect. Large systematic errors must
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be eliminated in a good experiment. But small systematic errors are always present. For
instance, no instrument can ever be calibrated perfectly. It is not possible to estimate sys-
tematic errors by repeating the experiment with the same equipment. In order to identify
systematic errors, the nature of the experiment and the instruments involved have to be

properly understood.

If the quantity to be calculated is the function of two or more variables independently
measured, the error in the final result may be calculated as follows. For simplicity of
typing, we consider the quantity of interest z to be a function of two variables x and y

which are independently measure, i.e. z = f(x,y). The absolute error in z, Az is given by,

2 2
Az = \/(6_f) (Ax)> + (%) (Ay)? (2.22)

ox

where Ax and Ay are respective absolute errors in x and y.

In case of doped ZnO thin films grown by pulsed laser deposition, the growth process
itself is a major source of variation in the obtained electrical and optical properties of
the films. Even if the growth conditions like substrate temperature, laser fluence, target to
substrate distance are strictly monitored, a slight change in position of the substrate on the
surface of the heater or the condition of the target and substrate surfaces or small fluctua-
tions in the laser fluence during the ablation (which are difficult to control) can change the
films properties significantly. Moreover in case of electrical measurements the size of the
contacts used is yet another source of error. The bigger the contact sizes, larger will be the
proportion of error. For temperature dependent electrical measurements the samples are
often mounted in a CCR cryostat, the vibration from which can also add random noise to
the experimental data. In case of optical measurements, the improper wavelength calibra-
tion and inaccurate measurement of response function of the spectrograph can add errors
to the measured photoluminescence and photoabsorption spectra. Besides all these fac-
tors, the instrumental limitations will always be a source of finite error in the experimental

results.

86



Chapter 3

Effects of disorder on electrical and
optical properties of Si doped ZnO thin

films at ambient temperature

Zn0 is doped by different impurities to tailor its electrical and optical properties for spe-
cific applications [2,91]. Being a wide bandgap semiconductor with transparency in the
visible spectral region and inherent n-type conductivity, ZnO is considered to be a very
good material for transparent conducting electrode applications [91, 138] in display pan-
els, solar cells, transparent non-volatile memories etc. It’s suitability is further enhanced
by the fact that ZnO can be easily doped with various n-type dopants such as Al, Ga, In
etc. [4,54,55,139-141] which increase the carrier concentration and hence the conductiv-
ity of ZnO film. The rugged wurtzite structure of ZnO ensures that even after doping, the
crystalline quality of the ZnO thin films is reasonably good so that relatively high elec-
tron mobility and low resistivity can be obtained [4—6]. For example, in case of Ga doped
ZnO, the minimum resistivity has been found to be ~ 8.12 x 10~ ohm-cm with a carrier
concentration of ~ 10?2 cm™3 [54] at Ga concentration of ~ 5 wt%. Others have also found

minimum resistivity varying from =~ 8.1 x 107> — 1.69 x 10~* ohm-cm [4, 139, 140] in Ga
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doped ZnO films. In case of Al doped ZnO the resistivity was found to be about 1.3x 107*
ohm-cm [141]. Si, being in group 1V, also acts as a donor and hence enhance the carrier
concentration and conductivity of ZnO [142]. Silicon can be a very useful dopant in ZnO
for TCE application due to its ease of availability, low cost, ease of doping and good qual-
ity of the ensuing films. During doping, the impurity atoms occupy positions in the ZnO
lattice at random causing substantial disorder. As a result, apart form the desired prop-
erty of enhanced electrical conductivity, the disorder caused by the introduction of these
atoms in ZnO lattice brings about with it a hoard of other effects like bandgap narrowing
and band tailing, photoluminescence peak broadening, weak localization and even strong
localization of electrons [32,35]. In this chapter we will present the results of our stud-
ies on the room temperature electrical and optical properties of Si doped ZnO thin films
deposited by sequential pulsed laser deposition [38,119]. We show that Si doping indeed
causes semiconductor to metal transition, bandgap narrowing and PL peak broadening in

the ensuing ZnO thin films.

3.1 Growth and characterization

All the films were grown on single crystal (0001) alumina substrates by sequential ab-
lation of separate ZnO and Si targets using the 3rd harmonic of a Q-switched Nd:YAG
laser (355 nm), operating at 10 Hz. Laser fluence was maintained at ~ 1 J/cm?. The
sintered ZnO target was prepared in-house from high purity ZnO powder. Single crystal
Si wafer was used as the other target. Concentration of Si in the films was controlled by
varying the durations of ablation of ZnO and Si targets. The duration of ablation of Si
target was fixed at 1 sec while that of the ZnO target was varied from 10 to 50 sec. These
sequences were repeated number of times to get the desired film thicknesses of ~ 150 nm
in each case, which was measured using a DEKTAK surface profilometer. The alumina
substrates were cleaned prior to deposition using traditional organic cleaning procedure

and then rinsed thoroughly in deionized (DI) water and finally dried using dry nitrogen
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gas jet. The deposition chamber was initially evacuated to a base pressure of ~ 1 x 1076
mbar using a turbo-molecular pump and during the deposition a pressure of ~ 1 x 10
mbar of flowing high purity oxygen gas (99.999%) was maintained. The substrate tem-
perature was kept at ~ 600°C with an accuracy of +1°C to facilitate homogenized doping
of Si in ZnO. The composition of Si doped ZnO thin films were studied using energy
dispersive x-ray (EDX) measurements. The crystalline characteristics of these films were
studied using high resolution X-ray diffractometer with a resolution of ~ 5 arcsec. The
optical properties of these films were studied at room temperature using optical transmis-
sion and photoluminescence spectroscopy. A UV-Visible spectrophotometer was used to
record the transmission spectra of these films at room temperature. For PL measurements
a 20 mW HeCd laser operating at 325 nm was used as the excitation source and PL was
collected and detected through a 0.5 m long spectrometer attached with a CCD detector.
The Carrier concentration, mobility and resistivity of these films were measured by using
Hall measurement in four probe van der Pauw configuration. For these measurements,
Indium contacts were made on the films which were subsequently annealed in vacuum at
~ 400°C for ~ 2 minutes to allow proper mixing of the Indium with that of the ZnO films.

The linearity of the I-V curves was checked to ensure ohmic nature of these contacts.

3.2 Structural and compositional characteristics

The incorporation of Si in ZnO matrix was confirmed by EDX measurement, which
showed conspicuous peak of Si besides the characteristic peaks of Zn and O. The con-
centration of Si in the films was estimated using the respective EDX spectra and is shown
in the figure 3.1. It can be seen that the Si concentration in these films increased mono-
tonically with increasing Si to ZnO ablation duration ratio . The incorporation of Si in
Zn0O along the growth direction can be considered to be uniform due to the fact that the
thickness of the grown ZnO layer in each sequence varies form 1 nm to 5 nm for different

samples considering a growth rate of 0.1 nm per second. In an work by Skriniarova et
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Figure 3.1: Dependence of Si concentration on Ts;/Tz,0 -

al. [143], the diffusion lengths of Si in ZnO in case of ZnO: Al films deposited on Si sub-
strate by sputtering and subsequently annealed at 500°C was reported to be about 8 and 14
nm respectively for the as grown and the annealed samples as measured by SIMS. In our
case the thickness of ZnO layer was much less than the reported diffusion lengths of Si
in ZnO and the deposition temperature was higher ~ 600°C. Moreover the kinetic energy
of impinging plume particles in case of PLD is very high compared to that in Sputtering.
In addition in our films each ZnO layer is sandwiched between two Si layers. So it is ex-
pected that Si will diffuse into every ZnO layer both from top as well as bottom interface
resulting nearly uniform distribution of Si in ZnO in the growth direction. The bandgap of
Si doped ZnO films showed monotonic increase with increasing Si concentration, which
is an indication of proper mixing of Si in ZnO along the growth direction. Earlier Misra
et al [38] had also found using RBS in the case of ZnO-CdO sequential ablation that the

mixing of ZnO and CdO in the growth direction was uniform.
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Figure 3.2 shows normal 6—26 x-ray diffraction (XRD) patterns of the Si doped ZnO films
with Si concentration of = 0.5% and that of pure ZnO thin film grown under the same
deposition conditions for comparison. The w rocking curves of (0002) ZnO peak for both
the films are shown in inset of the same figure. It can be seen that the ZnO thin films with
and without Si doping are both c-axis oriented and in pure wurtzite phase having only
(0002) reflection of ZnO. The full width at half maximum (FWHM) of w rocking curve
of (0002) Si:ZnO peak was found to be ~ 0.55° compared to ~ 0.25° for the undoped
ZnO thin films, indicating deterioration in the crystalline quality due to enhancement in

the strain and other crystalline defects on doping with Si.
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Figure 3.2: Normal 8 — 260 XRD pattern of pure ZnO and = 0.5 atomic % Si doped ZnO
films. Insets show corresponding w rocking curves.

However the resulting broadening of the (0002) ZnO peak with increasing Si concen-
tration is found to be within the limits of suitability for its application as transparent
conducting electrode. One may notice here that the normal XRD pattern of Si:ZnO ap-

pears to be slightly asymmetric and broadened around the central peak. The broadening
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of the XRD peak in the 6 —26 scan arises either due to limited vertical coherence length or
micro-strain. In our case since the thickness of the film is about 150 nm it does not con-
tribute significantly to broadening. On the other hand the micro-strain which is related to
the density of point defects and other structural defects arising due to Si doping seems to
be mainly responsible for observed unusual broadening of peak. Inhomogeneous in-plane
distribution of these point defects throughout the film may give rise to a broad distribution
of lattice parameters and hence unusually and asymmetrically broadened peak in 6 — 26
scan [144] as observed in our case. Therefore the broad and asymmetric XRD peaks are
an indication of the presence of disorder in the Si doped ZnO thin films which are to be
expected due to random distribution of Si atoms. Moreover the lattice disturbance created
by Si incorporation also brings with it other kinds of defects like Zinc vacancy, oxygen

interstitials and SiO, particulates as discussed later in this section.

3.3 Electrical properties

Variation of electrical resistivity of the films as a function of Si concentration is shown in
figure 3.3. Resistivity of the undoped ZnO films was found to be about 3.0 x 1072 ohm-
cm. As can be seen from this figure, the resistivity first decreased rapidly and reached a
minimum value of 6.2 X 10~ ohm-cm and then increased slightly with increase in the Si
concentration in the films. Si being a group-1V element can act both as donor as well as
acceptor. If Si occupies the Zn lattice sites or the interstitial sites it will act as donor and
if it goes to the O lattice site, it will act as acceptor. However the Hall measurement of
the films confirmed that all the films were n-type, indicating that Si was indeed acting as

a donor dopant in ZnO, occupying Zn sites and donating free electrons to the ZnO lattice.

The variation of n-type carrier density and mobility with Si concentration is shown in
figure 3.4. On increasing Si concentrations up to 6.5 atomic % in the ZnO films, the

carrier density increased to = 3.25 x 10** cm™ which is higher than the Mott critical
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Figure 3.3: Variation of resistivity of Si:ZnO thin films with Si concentration.

density in ZnO. This indicated a semiconductor to metal transition caused by Si doping.
Moreover, the observed carrier concentration in these films was found to be less than that
of the concentration of added Si and as can be seen from figure 3.4, the carrier density
initially increased rapidly with increasing Si concentration up to ~ 1.1 atomic % and
then steadily, showing a tendency of saturation. To understand the observed behavior of
Si doping in ZnO we have carried out XPS measurements on one of the representative
sample (with Si concentration 4.1 atomic %). The XPS spectrum of the Si 2s core level

is shown in the figure 3.5.

This 2s peak could be deconvoluted using standard Gaussian peak fitting algorithms into
four Gaussian peaks at peak energies 154.2 eV, 153.1 eV, 152.4 eV and 151.1 eV as shown
by dashed curves in the same inset. These four peaks imply that Si actually exists in four
different oxidation states in ZnO films, namely, Si**, Si*?, Si*?, Si*! [145]. The Si in

Si** state in ZnO means either the presence of SiO, kind of bonds or that Si goes to Zn
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Figure 3.4: Variation of carrier concentration (n) and mobility () in Si doped ZnO thin
films with different Si concentrations.

lattice sites and donate two electrons. But the probability of the latter is energetically
much lower after the donation of first electron due to the build up of positive charge at the
Si ion. Two other peaks namely, Si*? and Si*! are possibly due to the formation of Si,O,
or Si,O kind of bonds. Si in Si*? state implies that either Si is going to the Zn sites and
donating one electron to the lattice or formation of Si,03 kind of bonds in ZnO lattice.
Among these four possible valence states the dominating contribution is from Si** as can
be seen in figure 3.5. Si can donate significant free electrons in Si** state substituting
Zn in ZnO lattice. The reason for observed lower free electron concentration compared
to Si doping concentration in the samples may be understood considering the nature of
Si oxide formation in ZnO lattice during the growth. It is anticipated that, initially when
the Si doping concentration is low, the Si is predominantly substituting Zn in ZnO lattice
in Si*? state thereby donating one electron for each Si dopant and enhancing the carrier

concentration rapidly. However with increasing Si concentration in ZnQO, the probability

94



600

500 -

Intensity (arb. unit)
w
(=]
o
1

<) v

. :
152 154 156 158 160
Binding Energy (eV)

Figure 3.5: XPS spectrum of the Si 2s-core level and its deconvolution into four peaks in
the film with Si concentration of 4.1 atomic %.

of formation of various SiO, kinds of bonds and their segregation along grain boundaries
increases. In these cases Si remains electrically inactive in ZnO lattice and does not
donate free electrons. Therefore the carrier concentration shows a tendency of saturation.
These defects do not usually contribute to the optical transmission studies and being in
feeble concentration, they are also not visible in XRD patterns. This kind of variation
of electron concentration with increasing doping concentration has also been reported
in Ga doped ZnO films where at higher Ga concentrations Ga-O bond formation occurs
at the grain boundaries [146] which does not contribute further to carrier concentration.
Further acceptor kind of defects like Zn vacancy and O interstitials may arise in ZnO films
at higher doping concentrations [86]. The SiO, segregation along the grain boundaries
is expected to increase the disorder in the films which will result in reduced electron
mobility due to enhanced scattering. This can be seen in figure 3.4 which shows the

variation of mobility with Si concentration. The mobility of the undoped ZnO films,

95



which was ~ 52 ¢m?/V-s was found to decrease with increasing Si concentration and
reached a minimum value of ~ 10 cm?/V-s for higher Si concentrations. The increased
electron-electron, electron-impurity and grain boundary scatterings are also responsible
for the reduced mobility. This also explains the observation stated earlier of slight increase
in the resistivity beyond Si concentration of about 1.1 atomic % as shown in figure 3.3.
The reduced mobility with increasing Si concentration in the ZnO films also implied that

disorder in the films increased with increasing Si doping.

3.4 Optical properties
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Figure 3.6: Transmission spectra of Si doped ZnO thin films with different Si concentra-
tions. Inset shows variation of ZnO bandgap with different Si concentrations.

Transmission spectra of the films were recorded using a UV-visible spectrophotometer

in the wavelength range from 250 to 800 nm, which are shown in figure 3.6. All the
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films were found to be highly transparent with an average transmission of =~ 80% in the
visible spectral range. Using these transmission spectra the bandgap of these films were
calculated from the a? vs hv plot by extrapolating the linear portion of the curve to v = 0.
Variation of the ZnO bandgap with increasing Si doping concentration is shown in the
inset of figure 3.6. It is clear that bandgap of the films monotonically increased from

about 3.28 to 3.44 eV as the Si concentration was increased from O to 6.5 atomic %.

To explain the observed increase of the bandgap of ZnO thin films with increasing Si
concentration we propose that this is due to the competing effects of heavy doping induced
Burstein-Moss (BM) shift [147, 148] and the bandgap narrowing, reported earlier by Jain
and Roulston [30]. The BM shift in the Si doped ZnO films is inevitable because of
the observed increase in the electron density as shown in figure 3.4. To calculate the
BM shift (AEgy,) and the resulting bandgap (Ey) we used the standard expressions as

follows [147, 148]:

o, s 1 1

AEpy = ——Q@rnn)”" | — + (3.1)
82 m;  m;

EBM = E() + AEBM (32)

In equation 3.1, while /& and 7 are the usual constants, 7 is the electron density measured
at different Si concentrations as shown in figure 3.4, the effective mass of electrons ()
was taken to be 0.28m, and that of the holes (m;), 0.59m, in terms of the free electron
mass (m,) from the references [41,55,91]. In equation 3.2, E| is the bandgap of undoped
stoichiometric ZnO taken to be ~ 3.38 eV at room temperature [2,91, 138]. Variation in
the bandgap of ZnO films with increasing carrier concentration i.e. at increasing Si con-
centration, calculated form the above formula of the BM shift is shown in figure 3.7 by the
blue dotted curve. The experimental values of the bandgap are shown by the filled squares
in the same figure. As can be seen from the dotted curve and the experimental points, the

bandgap obtained from the BM shift alone is higher and it increases much faster than that
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observed experimentally. Thus the BM shift alone can not explain the observed bandgap
variation with the carrier concentration. In view of the above finding it is imperative to
look for other possibilities, which result in the decrease of the bandgap with increasing
carrier concentration to compensate for the values calculated from the BM shift alone.
We applied the concept of bandgap narrowing developed for heavily doped semiconduc-
tors [91, 149-151], which was later treated extensively by Jain and Roulston to deduce
an expression applicable to any heavily doped semiconductor [30]. The bandgap narrow-
ing is known to result from many body interactions between the carriers and interactions
between carriers and impurities [30, 91, 149—151]. In n-type semiconductors, beyond a
certain doping concentration, semiconductor to metal transition occurs which is marked
by the merging of the conduction band and the donor band [31, 55]. The corresponding
carrier concentration is known as Mott critical density. For ZnO, the critical density has
been experimentally found to vary between ~ 5.4 - 8.4 x 10!° cm™ [55]. At or above this
critical density, which indeed is the scenario in the present case, many body interactions

become effective.

To calculate the bandgap of Si doped ZnO as a function of carrier concentration due
to bandgap narrowing we used the formulation reported by Jain and Roulston [30]. The
same formulation has also been used earlier by Lu et al. for Al doped ZnO thin films [55].
According to this formalism, there are four effects causing the bandgap narrowing (i) shift
of the conduction band edge due to exchange interaction amongst the electrons (AE,,),
(i1) shift of the valence band edge due to electron-hole interaction (AE,;), (iii) shift of
conduction band edge due to electron-impurity interaction (AE,;) and (iii) shift of the
valence band edge due to hole-impurity interaction (AEj;). All the shifts are into the gap

and the total energy shift (AEgsy) 1.€. bandgap narrowing is given by,

AEBGN = AEex + AEeh + AEei + AEhi (33)

As calculated by Jain and Roulston [30] this expression simplifies to the following for-
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mula under the assumption that electron concentration is equal to the donor concentration,

AR 0.95R Myin | 1.57R
AEBGN = 183]\];/3’»Y + r3/4 [ + mmaj:| Nbrg/z (34)

Here A is the correction factor due to anisotropy in the conduction band. It usually is in
the range from 0.75 to 1 [151-153]. In our calculations the effect of band anisotropy was
ignored by assuming A = 1 in accordance with available literatures [55, 152, 153]. N, is
the number of equivalent valleys in the conduction band for n-type semiconductors and

its value can be taken to be 1 [55]. R is given by,

_ 13.6m,

R
€

eV (3.5)

where m,. 1s the ratio of the effective mass of electrons in the conduction band and the free
electron mass. The value of m, has been taken to be 0.28 [1,41, 55]. €, is the dielectric
constant of Si doped ZnO. Since its value is unavailable, we have assumed it to be equal
to the dielectric constant of pure ZnO films. This assumption is valid because the doping

concentration is rather small. The value of €, for pure ZnO is 8.65 [55]. r; is given by,

ry = — (3.6)

where r, is half the average distance between the donor atoms and a is the effective Bohr

radius of the donors. The values of r, and a are calculated using the formulation from [30],

which are:
3 1/3
S 37
" (47TN) 3.7
0.53¢,
a=—2% «10%m (3.8)
m,

Here N is the donor concentration. As discussed earlier, each Si donor gives one electron
to the ZnO lattice. Moreover other donors such as Zn interstitials (Zn;) and oxygen vacan-

cies (Vo) are also primarily singly ionized so that N is equal to the electron concentration.
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Myq; and m,,,;, are majority carrier (electrons) and minority carrier (holes) effective masses
respectively. We have used equation 3.4 for calculating the bandgap narrowing under the
aforesaid assumptions. The bandgap of Si doped ZnO thin films considering only bandgap
narrowing is given by,

Epon = Ey — AEpgN (3.9)

The variation of Epgy with carrier concentration is shown by the red dashed curve in
figure 3.7. The total bandgap (E,) considering both the BM shift as well as bandgap
narrowing is given by,

Eg = Ey+ AEgy — AEpgn (3.10)

The solid line curve in figure 3.7 shows the variation of the theoretical bandgap as calcu-
lated from 3.10 with carrier concentration. As mentioned earlier, the bandgap of the films
measured from the transmission spectra are shown by filled squares. Now it can be seen
that the experimentally observed bandgap variation of Si doped ZnO thin films matches

quite well with those calculated from the theory.

Room temperature photoluminescence was studied for all the films, essentially to see the
bandgap and other luminescence characteristics. The PL spectra of these films are shown
in figure 3.8. As can be seen, the intensity of the PL peak was found to decrease with
increasing Si concentration in the films. This was due to deterioration in the crystalline
quality of the films and enhanced electron-electron scattering with increase in carrier den-
sity observed with increasing Si concentration. This is in line with the observation made
by HRXRD studies which indicated deterioration in the crystalline quality of ZnO with
increasing Si doping. The FWHM of the PL peak was found to increase from ~ 144
to 198 meV. This increase in the FWHM of PL peak can be attributed to the increasing
disorder and the resulting potential fluctuation due to random distribution of the impurity
ions [62,154] i.e., Siin ZnO. All the films also showed Stokes shift of the bandgap mea-
sured from PL as compared to the absorption data. The Stokes shift was found to increase

from ~ 27 to 187 meV with increasing Si doping. The reason of this Stokes shift in Si
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Figure 3.7: Variation of ZnO bandgap with carrier concentration. Filled squares are the
experimental data points measured from the transmission spectra. The upper dotted curve
is theoretical bandgap calculated considering only BM shift, whereas thelower dashed
red curve is bandgap calculated using only bandgap narrowing effect. The continuous
line curve in the figure is the bandgap calculated considering collective effect of both.

doped ZnO is not very well understood; however in literature for heavily doped n-type
ZnO0, it has been attributed to the different natures of absorptive and emissive optical tran-
sitions. In n-type ZnO the absorptive optical transition is from valance band to Fermi level
whereas the emissive transition is from the donor band to the valence band. Because of
this difference the luminescence peak is red shifted i.e. Stokes shifted as compared to the
absorption edge [62]. The values of the Stokes shifts in our samples compare quite well
with those found in Ga doped ZnO films (22 meV to 396 meV) as reported by Makino et

al. [62] for the corresponding electron concentrations up to ~ 3 X 10 cm=.
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Figure 3.8: Room temperature photoluminescence spectra of (a) ZnO and Si doped ZnO
thin films with different Si concentrations of (b) 0.5%, (c) 1.1%, (d) 4.1% and (e) 6.5%.

3.5 Conclusion

In conclusion, highly transparent and c-axis oriented Si doped ZnO films have been grown
by sequential pulsed laser deposition on alumina substrates. Resistivity of these films was
found to decrease rapidly to a minimum and then increase slightly with increasing Si
doping. This decrease of resistivity was due to enhancement in the carrier density and
associated semiconductor to metal transition due to Si doping. Blue shift in the ZnO
bandgap due to Si doping was explained collectively considering the BM blue shift due

to Fermi level being pushed into the conduction band and the bandgap narrowing caused
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by disorder. The optical transmission spectra also showed that with increasing Si concen-
tration the steepness of band edges decreased due to band tailing caused by heavy doping
induced disorder. Further, room temperature near band edge photoluminescence was ob-
served in all the films, the FWHM of which increased with increasing Si doping due to
disorder induced potential fluctuations. Thus in this chapter we have shown that the dis-
order caused by Si doping brings about significant changes in the electrical and optical
properties of ZnO thin films. These changes include semiconductor to metal transition,

bandgap narrowing, PL peak broadening and band tailing.
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Chapter 4

Effects of disorder on transport
properties of Si doped ZnO thin films at

low temperatures

One prominent feature of disorder in degenerate or metal like semiconductor thin films is
quantum corrections to conductivity, which can be observed in the low temperature trans-
port properties of such films [31,32,35]. Multiple elastic scattering of the charge carriers
from the defects reduces the transport mean free path to such an extent that it becomes
comparable to the Fermi wavelength. In such cases the wave nature of the carriers be-
come important and the interference of the electron waves change the transport properties
at low temperature [57,58]. This is known as the quantum corrections to conductivity as
has been discussed in chapter 1 [31,32]. If the strength of disorder is further enhanced, the
carriers may get strongly localized leading to a metal to insulator transition [155-157].
As has been discussed in chapter 3, the Si doped ZnO (SZO) thin films are metal like
or degenerate due to the fact that the Si atoms acts as shallow donor in ZnO. The Fermi
level lies in the conduction band. It has been also shown that Si atoms create substantial

disorder in the films, which scatters the conduction band electrons randomly. Therefore,
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it would be interesting to study the low temperature transport properties of such degen-
erate Si doped ZnO thin films to probe the signature of quantum effects in the transport

properties that may be brought about by disorder.

In this chapter we present the results of our studies on the low temperature transport prop-
erties of Si doped degenerate ZnO thin films. In the section 4.1 we present the details of
our studies on SZO thin films with same thickness but varying Si concentration. And in
section 4.2 we present the results of our studies on SZO thin films with fixed Si concen-

tration but varying thickness. Interestingly the results in the two cases are different.

4.1 Quantum corrections to conductivity in Si doped ZnO

thin films with varying Si concentration

The temperature dependent transport properties of ZnO thin films doped with Si in the
concentration range from 0.5 to 5.8 % has been studied in the temperature range from
4.2 to 300 K. Although the films were degenerately doped with electron concentration
greater than the Mott’s critical density in ZnO [55], it was found that quantum corrections
to conductivity produced a negative temperature coefficient of resistivity (TCR). Detailed
description of the experimental methods and the obtained results are discussed in this

section.

4.1.1 Experimental methods

The Si doped ZnO films with thickness of = 230 nm were grown on c-axis alumina sub-
strates by sequential pulsed laser deposition (PLD) using two separate targets of Si and
Zn0 [38,119]. By adjusting the ablation durations of Si and ZnO, the Si composition in
the films were varied in the range from 0.5 to 5.8%. The growth was done at 400°C using

a KrF excimer laser having 20 ns pulse duration at 10 Hz repetition rate. Laser fluence
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was maintained at ~ 1.0 J-cm™2. The PLD chamber was evacuated to achieve a base pres-
sure of 5x10~° mbar and then it was filled with oxygen up to a pressure of 1 X 10~ mbar
prior to deposition. Indium contacts were made on the films to make Ohmic contacts
for electrical measurements. Temperature dependent electrical measurements of the SZO
films were carried out in four-probe van der Pauw geometry using lock-in amplifier in the
temperature range from 4.2 to 300 K. The magnetic field of = 0.5 T was used for Hall as
well as magnetoresistance measurements. The concentration of Si in the films, including
the depth profile, were measured by using a commercial time of flight secondary ion mass

spectrometer (TOF-SIMS), with the analysis beam of Bi* and sputtering beam of O.

4.1.2 Compositional characteristics
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Figure 4.1: Si doping concentration as a function of ratio of ablation duration of Si and
Zn0 targets (Ts;/Tz,0) as measured by TOF-SIMS. Inset shows typical SIMS depth pro-
files for ~ 1.7% Si doped ZnO film.

From TOF-SIMS measurements, it was found that Si concentration in the Si,Zn;_,O films
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increased with increase in the ratio of ablation durations of Si and ZnO targets (Ts;/Tz,0)
as shown in figure 4.1. This proves the usefulness of sequential pulsed laser deposition for
the growth of doped ZnO films. The inset shows the SIMS depth profiles of the ~ 1.7%
Si doped ZnO film. It is evident that although the concentration of Zn is almost constant
throughout the film thickness, the Si concentration slightly varies with depth. This may
be due to non-uniform ablation of the single crystalline Si target with time. At the start of
the deposition the ablation rate was higher, however as time progressed the ablation rate

of Si target decreased due to deterioration of the target surface.

4.1.3 Electrical characteristics and quantum corrections to conduc-
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Figure 4.2: Variation of resistivity of Si doped ZnO films grown by sequential PLD as
a function of Si doping concentrations. Inset shows corresponding variation of electron
concentration and mobility.
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Figure 4.2 shows the resistivity of the Si doped ZnO thin films as a function of Si con-
centration. The resistivity was found to first decrease from ~ 1.4 x 107 to ~ 4.6 x 107*
ohm-cm as the Si concentration was increased from 0.5 to 1.7% and then it increased to
~ 5.0 x 1073 ohm-cm with further increase in Si doping concentrations. This observation
was similar to what we discussed in the last chapter. The inset of figure 4.2 shows the
variation of electron concentration (n) and mobility (u) as a function of Si concentration.
With increasing Si concentration from = 0.5 to 2.0%, the electron density initially in-
creased from =~ 1.7 x 10%° to = 4.8 x 10?° cm™. As discussed in chapter 3, the increase in
electron concentration is because of the fact that Si acts as a donor in ZnO [6, 142]. How-
ever on further increasing the Si doping to =~ 5.8 %, the electron concentration gradually
decreased to ~ 2.5 X 10?° cm™>. The reason for the decrease in electron concentration
at higher Si concentration may be trapping of electrons in acceptor type defects created
due to heavy Si doping [86]. The point to be noted here is that the electron concentration
in all the films was more than the Mott’s critical density for ZnO [55], implying that all
the films should be metallic in nature. The mobility on the other hand decreased from ~
30 to ~ 5 cm?/V-s on increasing the Si concentration from ~ 0.5 to 5.8%, as a result of
deteriorating crystalline quality of the films and enhanced carrier scattering [119]. This

results are similar to the results presented for Si doped ZnO thin films in chapter 3.

The results of temperature dependent resistivity measurements of the films in the tem-
perature range from 4.2 to 300 K are shown in figure 4.3. Whereas the 0.5% doped film
showed negative TCR in the entire measurement temperature range, the 1.0, 1.7 and 2.0
% doped films showed transition from negative to positive TCR with increasing temper-
ature. The two films with 3.8 and 5.8 % Si concentration, on the other hand, showed
negative TCR in the entire temperature range. The reasons for some of the films showing
transition in the TCR and others showing only negative TCR are discussed later. Further
as seen in figure 4.3 the ratios of resistivity at 4.2 K to that at room temperature in all the
films were not more than 1.2. This small increase in resistivity with decreasing temper-

ature implied the absence of carrier activation or hopping phenomena [32]. Therefore as
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Figure 4.3: Temperature dependent resistivity (filled circles) of Si doped ZnO films with
Si doping concentrations of (a) 0.5, (b) 1.0, (¢) 1.7, (d) 2.0, (e) 3.8, and (f) 5.8 %. Con-
tinuous curves show the corresponding fittings of the data according to equation 4.4.

previously mentioned, the films are thought to be essentially metallic in nature. The direct
evidence of absence of carrier activation came from the results of temperature dependent
hall measurements. As shown in figure 4.4, the electron concentration for all the films
was found to be temperature independent in the entire measurement temperature range
from 4.2 to 300 K. This was expected as the films were degenerate with the Fermi level

inside the conduction band [55, 119].

The negative TCR in metallic films could be seen when the Fermi wavelength Ar given
by [27/(3n%n)!/3] becomes comparable to the electronic mean free path [ (h/pne’Ar) be-
cause of multiple scatterings, as pointed out by loffe and Regel [57, 158]. In such cases,
the Boltzmann transport equation is no longer applicable and the interference of electron
waves significantly alters the transport properties of metallic samples. It is known as

the quantum correction to conductivity [32]. The values of [ and Ay for our samples are

110



6x10% -

& ] 2 % Si
: R
e -

~
5 . /% 1.7 % Si

g 4x107 - 3.8 % Si
g F——H—1+—1
()

c

S 1.0 % Si
: T
£ .8 % Si
K
W 2x10% 4 0.5 % Si

1
I T T T T T T
0 100 200 300

T (K)

Figure 4.4: Variation of electron concentration (n) of Si doped ZnO films as a function of
measurement temperatures.

shown in table 4.1. It can be seen that in all of them the mean free path is of the order of
Ap. Therefore we have to include quantum corrections to Boltzmann conductivity in our
analysis of the temperature dependent transport properties of the films [89, 158]. The two
main components responsible for quantum correction are the disorder induced weak lo-
calization and renormalized electron-electron interaction (REEI) effects [32,33, 89]. The
Si dopant atoms occupy lattice sites randomly in ZnO, thereby giving rise to disorder in
the ZnO lattice. The electron waves get scattered coherently from these statistically dis-
tributed impurities along a closed path and interfere to give rise to the phenomenon of
weak localization due to which the conductivity decreases. However, the phase break-
ing inelastic scatterings like electron-electron and electron-phonon scattering suppresses
the effect of weak localization. The temperature dependence of resistivity due to weak
localization comes into existence because of the temperature dependence of these phase-

breaking inelastic scattering mechanisms [32]. On the other hand, the correction due to
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Table 4.1: Values of mean free path and Fermi wavelength for Si doped ZnO films.

Si concentration (%) Ar (nm) [ (nm)

0.5 3.6 2.8
1.0 3.2 2.6
1.7 2.6 4.7
2.0 2.6 4.3
3.8 2.9 1.4
5.8 32 0.7

REEI arises because of Coulomb electron-electron interaction renormalized by electron
interference effects [32, 33, 89]. The overall resistivity considering quantum corrections

1s written as [33],

1 2
P=oxarmyore Tl @1

Where o is residual conductivity, aT?/? describes the effect of weak localization where
the parameter p is governed by the nature of inelastic collision and system dimensional-
ity. It is 2 for electron-electron collision and 3 for electron-phonon interactions in three
dimensions [33]. The term bT'/? gives the effect of REEL The last term ¢7? is included

to take into account the effects of high temperature scatterings [33].

It is known that a uniform magnetic field breaks the time-reversal symmetry and thereby
destroys the phase coherence of the scattered electronic waves in a closed loop [32].
Therefore in presence of magnetic field the weak localization is suppressed and as a result
the sample would show negative magnetoresistance [32, 158]. On the contrary the renor-
malized Coulomb electron-electron interaction is supposed to be relatively indifferent to-
wards the presence of magnetic field [32, 58]. Figure 4.5 shows the magnetoresistance
measured at a perpendicular magnetic field of ~0.5 T as a function of temperature for
three of the representative samples with Si concentrations of 0.5, 2.0 and 5.8 %. It can
be seen that all of these samples showed negative magnetoresistance at low temperature,
the magnitude of which decreased with increasing temperature, implying weak localiza-
tion as the dominant contributing factor towards quantum correction. Further, in presence

of REEI, the Hall coefficient or the electron concentration is expected to be temperature
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dependent according to the following formula [159],

AR A A
Ay __An_ 5,40 (4.2)
Ry n o

where Ry is the Hall coefficient, o is the conductivity and A represents change in the
corresponding quantity. However as shown in figure 4.4, the electron density (n) was
practically constant with temperature for all the films. This implied the insignificance
of REEI in the low temperature transport properties of Si doped ZnO thin films. Conse-

quently in our calculations, the value of » was assumed to be 0.
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Figure 4.5: Variation of magnetoresistance (MR) of Si doped ZnO films with Si concen-
trations of (a) 0.5, (b) 2.0 and (c) 5.8 % at a field of 0.5T as a function of measurement
temperature.

The correction term due to weak localization requires further attention. As can be seen

from figure 4.3, the effect of quantum correction is prevalent in the SZO films even at
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fairly high temperature. Therefore both the electron-electron and electron-phonon de-
phasing mechanisms could be expected to be active in the films simultaneously and we
have to consider their combined effects in the expression for corrections due to weak lo-

calization. The two dephasing mechanisms can be coupled using Matthiessen’s rule [160],

1 1 1
—_ = — 4
Ti Te—e Te—ph

4.3)

where 7, is the effective inelastic scattering time and 7., and 7,_,, are the electron-
electron and electron-phonon dephasing times respectively. Combing equation 4.3 with
equation 4.1, taking into consideration the already mentioned dependencies of 7._, and
T.—pn ON temperature and using the value of b equal to zero, the expression for resistivity

as a function of temperature can be written as [160],

1

oo+ \/asz + a2T3

where a; and a, are two parameters that decide the relative strengths of electron-electron

+cT? 4.4)

p:

and electron-phonon dephasing mechanisms respectively. With these, the results of quan-
titative fitting of the experimental resistivity curves by equation 4.4 are shown in figure 4.3
in red curves. As can be seen, the equation fits the experimental data very well. The values
of the fitting parameters are listed in table 4.2. The relative strength of the electron-phonon
dephasing mechanism with respect to that of the electron-electron dephasing mechanism
(ay/a;) was found to decrease with increasing Si concentration. This observation was in
accordance with reported results [160, 161]. As discussed by Schmid [162], the electron-
phonon inelastic collision time increases with increasing concentration of impurities in the
system. This lead to the observed reduction in the strength of electron-phonon dephasing
mechanism with respect to that of the electron-electron dephasing mechanism. Moreover,
the model of quantum corrections to conductivity is applicable under the condition that
the correction terms are small in magnitude as compared to the residual conductivity [32].

To look into this requirement, we calculated the ratios of Ao/o, where Ao is the quan-
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tum correction term given by Ao = \/m . The calculated values of Ao/o at
140 K for different Si concentrations are shown in table 4.2. From this table it is clear that
Ao /oy was less than ~0.05 for the films with transition from negative to positive TCR.
For other films where there were no transition in TCR, it was little larger than this value
but still smaller than = 0.09. As discussed earlier the negative TCR at low temperature
is caused by the electron interference effects. With the increase of temperature, the in-
elastic mean free path decreases and when it becomes smaller than the mean separation
between the Si atoms, the interference effect is subdued and the films show normal metal
like behavior dominated by high temperature scattering terms [139]. To understand the
plausible reasons for some of the films showing transition in the TCR and others showing
only negative TCR at different concentrations of Si we need to look into the functional de-
pendence of transition temperature on the diffusion coefficient and doping density [139].
In the Si,Zn,_,O films with Si concentration of 0.5, 3.8 and 5.8 % the disorder and doping
density were such that perhaps the inelastic scattering length was always greater than the
mean separation between the Si atoms. As a result the temperature dependent resistivity
behavior was dominated by weak localization effect which gave rise to the negative TCR
in these films in the entire range of temperature. In the other films however the weak
localization is dominating at low temperatures while at high temperatures the correspond-
ing scattering terms of equation 4.4 would dominate. From table 4.2 it is also evident that
the values of residual conductivity increased with increasing doping till the Si concentra-
tion of ~ 2.0% in the films. It was due to enhancement in the electron density. Beyond
this concentration of Si, the residual conductivity decreased due to reduction in electron

density and mobility as already discussed in connection with figure 4.2.
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Table 4.2: Values of the fitting parameters of equation 4.4 obtained from the fitting of the
resistivity curves. The values of Ao/o has been given for 140 K.

Si (%) oy [(ohm-cm)~!] a a» c Ao /oy
0.5 603.7 69x103 101.0x 10 15.7x107'% 0.09
1.0 817.5 48x 1073  23.1x107° 13.0x107'° 0.03
1.7 2126.1 799 %1073 270.0x 10> 55x 10710 0.04
2.0 2190.0 68.7x 1073 225.0x 107 8.1 x107'° 0.04
3.8 497.4 22.1x1073  69x%x107 9.2x 10710 0.05
5.8 166.9 10.2 x 1073 3.0x 107 9.0x 10710 0.09

4.2 Metal-insulator transition and dimensional crossover
for weak localization in 2% Si doped ZnO thin films

with varying thickness

In this section we present the results of our studies on the temperature dependent transport
properties of Sig,Zng 93O films with thickness varying in the range from 15 to 40 nm. In
literature it has been reported that as the thicknesses of the metallic films are reduced,
their sheet resistance increases and there is a possibility of metal to insulator transition
with decreasing thickness if the electron mean free path eventually becomes smaller than
the Fermi wavelength [57, 158]. From our studies we found that whereas the SZO film
with thickness of ~ 40 nm showed typical metallic behavior in temperature dependent
resistivity measurements, the SZO film with thickness of ~ 15 nm showed strongly local-
ized behavior where the transport was dominated by hopping conduction. Therefore with
decreasing thickness there was indeed a metal to insulator transition. In the intermedi-
ate thickness regime, negative temperature coefficient of resistivity was observed at low
temperatures as a result of quantum corrections to Boltzmann conductivity. The detailed

discussion about the experimental methods and results are presented in this section.
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4.2.1 Experimental methods

Sig.02Zng 930 films were grown by pulsed laser deposition on (0001) alumina substrates
at a temperature of 400°C using a KrF excimer laser with 20 ns pulse duration and 10
Hz repetition rate. The laser fluence was maintained at ~ 1.0 J-cm™ and the oxygen
partial pressure during the deposition was kept at 10~ mbar. The thickness of the films
were varied in the range from 15 to 40 nm, which were estimated from known growth
rate of ZnO thin films under same condition as well as using thickness profiler. For
electrical measurement indium contacts were made on the films, the linearity of which
was confirmed from I-V measurements. Temperature dependent electrical measurements
were carried out in the range from 4.2 to 300 K in four probe van der Pauw configuration.

A magnetic field of ~ 0.5 T was used for Hall as well as magnetoresistance measurements.

4.2.2 Thickness dependent metal to insulator transition

Figure 4.6 shows the results of temperature dependent sheet resistance measurements of
the SZO films of different thickness. The sheet resistance increased continuously with
decreasing thickness of the SZO films. For the film with thickness of about 40 nm, the
room temperature sheet resistance was = 0.14 kQ and the films showed metallic behavior
in the entire measurement temperature range. The room temperature electron concentra-
tion in this film was ~ 2.4 x 10?° cm™. The values of room temperature sheet resistance
in the films with thickness of 30 and 20 nm were =~ 1.0 and 6.3 kQ respectively. Whereas
the sheet resistance of the 30 nm film was almost temperature independent, the 20 nm
thick film showed a negative temperature coefficient of resistivity (TCR). From Hall mea-
surements it was found that the room temperature electron concentrations of the 30 and
20 nm films were respectively ~ 1.6 x 10?° and 8.7 x 10" cm™. For the 20 nm film,
the ratio of sheet resistances at 4.2 K to that at 300 K was =~ 2. The negative TCR and

small increase in resistivity with decreasing temperature in this film implied the presence
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of quantum corrections to conductivity [32, 158] as described later in detail. Finally in
the film with thickness of about 15 nm, the room temperature sheet resistance was =~ 240
kQ which increased to ~ 17.3 MQ at 4.2 K, showing the possibility of strong localization
of electrons [58, 158]. The electron concentration in this film could not be determined
by Hall measurement. From the sheet resistance data presented in figure 4.6, it can be
seen that the increase in sheet resistance of the films was much faster than the decrease in
thickness of the film. This may imply the onset of a metal to insulator transition which is
discussed in detail in the following paragraphs. The dashed horizontal line in figure 4.6
represents the quantum of resistance h/e? = 25.8 kQ. It can be noted here that thickness
dependent metal to insulator transition and superconducting to insulator transitions have

been reported in literature for metallic thin films [163—-165].
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Figure 4.6: Sheet resistance as a function of temperature for Si doped ZnO films with
different thickness.

As pointed out by Ioffe and Regel [57], when the Fermi wavelength (45) becomes longer

than the mean free path (/), the Drude model for the conductivity of metallic system
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breaks down and a metal to insulator transition is expected if kz/ is close to unity, where
kr 1s the Fermi momentum. It is generally observed that for kz/ >> 1, the system shows
normal metallic behavior and for kz/ << 1, the system is insulating i.e. strongly localized
[158,166]. Moreover as already discusses in the last section, when the Fermi wavelength
becomes comparable to the mean free path, quantum effects due to interference of electron
waves also become important [32]. It is known as quantum corrections to conductivity.
This effect is most pronounced for intermediate values of kr/ and the corresponding region
is called the weakly localized region. Therefore on the basis of the value of kx/, the films
can be loosely classified into three categories - metallic, weakly localized, and insulating
(or strongly localized) corresponding to high, intermediate or low values of kzl [32, 57,
158, 166]. The values of krl can be deduced from the known values of sheet resistance
and electron density, but for that it has to be ascertained whether the system is 2D or 3D.

For a 2D system [32, 158],

I’l 2
kel = 4.5)
where R; is the sheet resistance. On the contrary for a 3D system [1],
kl_3h/ez/1p (4.6)
PT4R, '

Fermi wavelength Ay = 2(r/3n)!/® where n is the electron concentration and ¢ is the film

thickness. These two formulas cross-over for r = (3/4)Ar.

As shown in figure 4.7, the TCR for the film with thickness of ~ 40 nm in the entire
measurement temperature range was positive implying it’s metallic state. The resistivity
(p) of the film only decreased about = 1.1 times from its room temperature value to a
residual resistivity of ~ 5.0 x 10~* ohm-cm, limited primarily by ionized impurity and
grain boundary scatterings [167, 168]. At higher temperature the resistivity increased al-
most linearly with temperature. Below 100 K, however, it showed a typical quadratic
dependence on temperature (shown in the inset of figure 4.7). These behaviors are con-

sistent with reported results for degenerately doped bulk or 3D transparent conducting
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Figure 4.7: Resistivity as a function of temperature for Si doped ZnO film with thickness
of 40 nm. Inset shows resistivity as a function of square of temperature.

oxide (TCO) films [167,168]. As mentioned earlier, the electron density in the film was
~ 2.4x10% ¢cm™. Therefore the values of Ar and k[ calculated as per equation 4.6 would

be ~ 3.2 nm and =11 respectively, which are consistent with 3D metallic film.

For the film with thickness of ~ 15 nm, electron concentration could not be determined by
Hall measurement plausibly due to very low electron mobility. As the room temperature
sheet resistance of this film increased by more than ~1700 times as compared to the film
with thickness of ~ 40 nm (i.e. decrease of thickness by only ~ 3 times), the crystalline
quality of the film must have deteriorated drastically that would result in lower mean free
path and mobility. If it is assumed that the electron density in this film was same as that
in the film with thickness of ~ 20 nm, the value of Fermi wavelength comes out to be ~
4.6 nm which is much smaller than the film thickness. Therefore this film was also 3D

in nature and using equation 4.6, the value of kr/ could be calculated to be ~ 0.02 and
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Figure 4.8: Logarithm of sheet conductance (o) as a function of (1/7)"* for the film
with thickness of = 15 nm. Inset shows corresponding log-log plot of reduced activation
energy (W) as a function of temperature (7).

0.003 respectively at 300 and 4.2 K. As a consequence this film could be expected to show

insulating or strongly localized behavior. Inset of figure 4.7 shows the logarithmic plot

dlno
olnT

of reduced activation energy (W = ) with temperature (7') for this film, following
the scheme of Zabrodsky er. al. [29]. Here o represents sheet conductance. As is
evident, at low temperature the slope is negative with a magnitude of ~ 0.32, implying
that the electrons are strongly localized and the conduction mechanism is variable range

hopping (VRH) [166, 169]. In VRH mechanism, the sheet conductance (o) is related to

temperature by the following formula [32],

o = Cexp[—(Ty/T)"] 4.7

Here Ty and C are material dependent constants. For noninteracting d-dimensional sys-
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tem, the hopping exponent is given by @ = dﬁ (Mott VRH) [1]. On the other hand
if the electrons are interacting with each other the exponent happens to be 1/2 (Efros-
Shhklovskii VRH) [32]. The plot of In(c) as a function of 1/7!/* is shown in figure 4.8.
The linear fit of the data below 50 K implied good agreement with a 3D VRH mechanism.
However, it can be stressed here that due to limited range of temperature of the fitted data
it was difficult to precisely determine the hopping exponent. Comparable fit of the data
below 50 K could also be obtained with @ = 1/3 and @ = 1/2. Since from earlier dis-
cussion it was found that the sample was indeed 3D, it would be appropriate to rule out
a = 1/3. At higher temperatures the value of kr/ increased and the behavior of the In(o)
vs. 1/T"* plot deviated from linear fit. It may be due to transition from a strongly local-
ized regime to a weakly localized regime with increasing temperature [32]. The fact that
the conductance at low temperature for this film was consistent with 3D VRH, implied a
thickness driven metal to insulator transition from a 3D metallic state (for ~ 40 nm SZO)

to a 3D insulating state.

4.2.3 Dimensional crossover for weak localization

Now we turn our attention to the films in the intermediate thickness regime. These are the
films with thicknesses of ~ 20 and 30 nm for which the values of kr/ at room temperature
as calculated from equation 4.6 were 0.3 and 2.3 respectively. Among these, the sheet re-
sistance was almost temperature independent (figure 4.6) for the 30 nm film. It might be
due to the fact that the classical and quantum contributions to conductivity compensated
each other completely as their TCR have opposite signs [32]. For the films with thickness
lower than this, the TCR changed sign (it was negative for the film with higher thickness)
and it is said that the intermediate or critical region is attained [32] where the quantum
corrections due to electron interference effects become important in the low temperature
transport properties. As already mentioned in section 4.1, there are two main components

of quantum corrections. One is the result of self interference of electron waves along a
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closed loop. It is known as weak localization. The other is the result of inter electron
interference renormalized by coulomb interaction [32, 58, 158]. While the former is ex-
pected to give rise to negative magnetoresistance, the later would be rather insensitive to
the presence of a magnetic field [32,58]. Moreover in case of inter electron interference
the Hall coeflicient is supposed to change with temperature [159, 160]. In this sample,
however, the Hall coefficient was found to be practically temperature independent. The
magnetoresistance (MR) of the 20 nm sample is shown as a function of temperature in
the inset of figure 4.9. It is evident that the MR was negative and its magnitude decreased
with increasing temperature. These two facts, namely - the temperature independent na-
ture of the Hall coefficient and negative magnetoresistance imply that weak localization
was the dominant contributing factor towards quantum correction in this film. The weak
localization is considered to be 2D or 3D in nature depending on whether the inelastic
scattering length (L;,) is longer or shorter than the film thickness respectively. In the 2D
case, considering the quantum corrections due to weak localization, the expression for the

conductivity (o) can be written as [58, 158],

2
e
o =09+ pE In(T/T"y) 4.8)

where o is the Drude conductivity, T is temperature and p is a parameter that depends
on the nature of inelastic dephasing mechanism and system dimensionality. In 2D for
electron-electron collision it is 1 and for electron-phonon collision it is 3 [158]. The con-
stant 7" 1s related to the mean free path for elastic collision. Figure 4.9 depicts the sheet
conductance as a function of In(7T") for the film with thickness of ~ 20 nm in the tem-
perature range from 4.2 to 40 K. As can be seen, the linear fitting of the data yielded a
slope of about 1.2 x 107 S which is equal to the constant ¢?>/xh, implying that the value
of pis 1 [158]. Therefore the electron-electron interaction was the dominant dephasing
mechanism, at least at low temperature. At temperatures higher than 50 K, the conductiv-

ity did not vary linearly with In(7"). One possible reason for that might be the crossover
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Figure 4.9: Sheet conductance as a function of logarithmic temperature for the 20 nm film.
Inset shows variation of magnetoresistance as a function of temperature for the same film.

from 2D to 3D weak localization regime with increasing temperature [170]. Since the
inelastic scattering length (L;,) decreases with increasing temperature, it is possible that
at higher temperatures the value of L;, becomes less than the film thickness, causing this
dimensional crossover from 2D to 3D weak localization [170]. For a 3D system, consid-
ering the quantum corrections due to weak localization, the expression for conductivity

is [58, 159,
2
aza@—f;(l——L) (4.9)

Here [ is the mean free path for elastic collisions. Since the inelastic scattering length L;,
is given by L;, = AT ™2, the expression for conductivity can be simplified as [159],
e? 1

U:C+;%ZWW (4.10)
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where A and C are a constants. The exponent m depends on the nature of the dephasing
mechanism. For electron-electron collisions in the dirty limit in 3D the value of m is
1.5 [171]. The plot of conductivity (o) as a function of 7/ (with m = 1.5) is shown in

figure 4.10. As can be seen the conductivity varied linearly with 7"/ in the temperature
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Figure 4.10: Conductivity as a function of 7/? with m = 1.5 for the film with thickness
of ~ 20 nm. Inset shows variation of inelastic scattering length (L;,) with temperature.

range from ~ 50 to 210 K implying the presence of 3D weak localization in the film in this
temperature range. From the slope of the linear fit, an estimate of the inelastic collision
length could be obtained using the fact that L;,, = AT™? . The values of L;, for various
temperatures calculated using this 3D weak localization model is shown in the inset of
figure 4.10. As can be seen at high temperature, the value of L;, was much smaller than
the films thickness, justifying the 3D nature of the variation of conductivity with temper-
ature. With decreasing temperature, the value of L;, gradually increased. If the data is
extrapolated to 4.2 K, a value of ~ 46 nm is obtained for L;,, which is more than the films

thickness (= 20 nm). This fact when combined with the logarithmic temperature depen-
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dence of sheet conductance at low temperatures implied that with decreasing temperature
there was indeed a dimensional crossover for weak localization from 3D to 2D in the SZO

film with thickness of ~ 20 nm [170].

4.3 Conclusion

In conclusion, two sets of studies were carried out to study the effects of disorder on the
low temperature transport properties of Si doped ZnO thin films. In the first set we have
deposited Si doped ZnO thin films with Si concentration in the range from 0.5 to 5.8%
using sequential pulsed laser deposition. The lowest resistivity obtained was ~ 4.6 x 10~
ohm-cm at a Si concentration of = 1.7%. Although the electron concentration in the films
were higher than the Mott critical density, the temperature dependent resistivity measure-
ments in the range from 300 to 4.2 K revealed negative TCR for the 0.5, 3.8 and 5.8%
Si doped ZnO films in the entire measurement temperature range. The 1.0, 1.7 and 2.0%
Si doped films showed a transition from negative to positive TCR with increasing tem-
perature. The temperature independent nature of electron concentration together with the
negative low field magnetoresistance found in the films at low temperatures pointed to
weak localization as the dominant contributor towards negative TCR. A phenomenologi-
cal fit of the temperature dependent resistivity data for all the films could be obtained by
considering the quantum corrections to conductivity arising due to disorder induced weak
localization effect, wherein both the influences of electron-electron and electron-phonon

inelastic dephasing processes were included using Matthiessen’s rule.

In case of the Sig (,Zng 950 films with fixed Si concentration of ~ 2% and thickness vary-
ing in the range from =~ 15 to 40 nm grown by PLD on c-alumina substrates, the film
with thickness of ~ 40 nm showed typical metallic behavior in the temperature depen-
dent sheet resistance measurements. On the other hand the film with thickness ~15 nm

showed a strongly localized behavior where the dominant mechanism of conduction at
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low temperature was 3D VRH. This implied a thickness driven metal to insulator transi-
tion in SZO films. The sheet resistance of the film with thickness of ~ 30 nm was almost
temperature independent implying it to be in the critical region. Finally the film with
thickness of ~ 20 nm showed a temperature dependent dimensional crossover from 3D
to 2D weak localization with decreasing temperature due to decrease of inelastic scatter-
ing length with increasing temperature. The results of this chapter clearly demonstrate
that the disorder caused by excessive Si doping dramatically changes the low temperature
transport properties of Si doped ZnO thin films. It could also be seen that the effects of
disorder on the transport properties of the SZO films depend not only on the Si concentra-
tion but on the film thickness as well. At lower thickness possibly the crystalline quality
deteriorates drastically resulting in metal to insulator transition. From this study it there-
fore also emerged that there is a lower limit to the thickness of Si doped ZnO film for its
application as transparent conducting electrode. These findings generated deeper insights
about the effects of disorder on the low temperature transport properties of Si,Zn;_,O

films.
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Chapter 5

Effects of disorder on optical and
electrical properties of MgZnO/ZnO

heterostructures

Mg is a very important element for bandgap engineering of ZnO. If ZnO is alloyed with
MgO, which has higher bandgap than ZnO, the bandgap of the resultant MgZnO alloy
increases as per the Vegas law [172]. Since MgZnO alloy has lattice structure same
as that of ZnO and higher bandgap, it is suitable for being used as the barrier mate-
rial in ZnO quantum wells. Moreover, MgZnO and ZnO both crystallize in hexago-
nal wurtzite structure and have spontaneous polarization direction along the c-axis. If
MgZnO/ZnO heterostructures are grown along the polar c-axis direction, accumulation
of a large quantity of electrons occurs at the heterointerface due to strong built-in po-
tential arising out of macroscopic polarization mismatch between the two layers of the
heterostructures [173, 174]. This results in the formation of a 2DEG at the ZnO side of
the heterointerface. MgZnO, therefore, has been extensively used as the barrier layer
in MgZnO/ZnO heterostructures for the confinement of carriers in various applications

like quantum well lasers, resonant-tunneling diodes, high electron mobility transistors,
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quantum Hall effect structures etc. [66, 175-177].

The solubility limit of MgO in MgO-ZnO binary system is reported to be only = 4 mol%
under thermal equilibrium condition [178]. However, much higher concentrations of Mg
up to = 40% are required for most practical applications which essentially lead to the
formation of a metastable phase in MgZnO [178]. Moreover MgZnO/ZnO heterostruc-
tures are grown using various methodologies wherein for the good crystalline quality of
MgZnO, growth temperatures are kept in the range of ~ 600 to 800°C [66,177,178]. A
high growth temperature and the metastable nature of MgZnO alloys are known to cause
significant diffusion of Mg across the interface from MgZnO to ZnO layer [178,179]. Dif-
fusion of Mg across the interface increases the band gap on the ZnO side of the interface
resulting in the modification of optical properties. It also creates disorder on the ZnO layer
which scatter 2DEG (electrons) randomly reducing their mean free path. If the mean free
path under such conditions becomes smaller than or comparable to the Fermi wavelength,
quantum interference effects would alter the low temperature transport properties of the
2DEG significantly [160]. In short the diffusion of Mg across the interface is expected to

change the optical and electrical properties of the MgZnO/ZnO heterostructures.

To understand these effects we have carried out two sets of studies. In the first set, the
photoluminescence (PL) properties of MgZnO/ZnO bilayer system with Mg composition
of = 30% were studied under different conditions of annealing to ascertain the effects of
Mg diffusion on the PL properties of the heterostructures. In the second set, studies on
electrical properties of the MgZnO/ZnO heterostructures were carried out to ascertain the
effects of disorder on the transport properties of 2DEG confined at the ZnO side of the
interface. Results from these experiments and numerical simulations are presented in this

chapter.
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5.1 Effects of Mg diffusion on optical properties of MgZnO/ZnO

heterostructures

In this case the MgZnO/ZnO bilayers with Mg concentration of =~ 30% were annealed in
the temperature range from 600 to 900°C to allow diffusion of Mg from the MgZnO into
Zn0O layer. As a result of Mg diffusion the optical band gap on the ZnO side increased
and that on the MgZnO side decreased till the annealing temperature of 800°C. At the
annealing temperature of 900°C the two layers merged together to form a single layer with
a uniform Mg composition. A theoretical model has also been developed and numerical
simulations were carried out to correlate the PL spectra with the diffusion of Mg across
the interface. Detailed description of the experimental methods and the obtained results

are discussed in this section.

5.1.1 Experimental

Mg 3Zny70/Zn0O bilayer films were grown on c-axis (0001) alumina substrates using
pulsed laser deposition (PLD) with a KrF excimer laser. The bottom ZnO film (= 80 nm
thick) was grown at a substrate temperature of ~ 750°C and then the top Mg, 3Zn ;O layer
(~ 80 nm thick) was grown at 400°C. Oxygen partial pressure in the PLD chamber was
maintained at ~ 107> mbar during the growth. The laser fluence was maintained at about 1
J/cm?. The bilayers were subsequently annealed at different temperatures in the range of
600 to 900°C for three hours under oxygen ambient. Diffusion of the constituent elements
across Mg 37Zny7;0/Zn0 interface was studied using secondary ion mass spectrometry
(SIMS) depth profiling technique. A separate set of MgZnO films of thickness of ~ 150
nm with Mg concentration in the range from 0 to = 40% were also grown using ceramic
targets made by mixing ZnO and MgO powder in appropriate concentrations to study
the variation of bandgap of MgZnO films as a function of Mg concentration which was

required for the simulation performed on the photoluminescence spectra of the bilayers.
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These films were grown at 400°C and at 1x 107> mbar partial pressure of oxygen on (0001)
alumina substrates using same PLD. Optical properties of the as grown and annealed
samples were studied at room temperature using optical absorption measurements using
a standard UV-visible spectrophotometer and PL. measurements with an excitation laser

at 266 nm and a half meter long spectrometer coupled to a CCD.

5.1.2 Optical Properties of annealed MgZnO/ZnO heterostructures
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Figure 5.1: Absorption spectra (left) and its derivative (right) of (a) as grown and annealed
Mg 3Zn,,0/Zn0O bilayers at (b) 600°C, (c) 700°C, (d) 800°C and (e) 900°C.

The left panels of figure 5.1 show the absorption spectra of the as grown and annealed
MgZnQO/ZnO bilayers. Corresponding derivative absorption spectra are shown in the right
panels of figure 5.1. The absorption spectrum of the as grown bilayer shows sharp absorp-
tion edges for the ZnO and MgZnO layers at = 3.36 and 3.98 eV respectively as shown

in figure 5.1a confirming the growth of MgZnO/ZnO heterostructure with well defined
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interface. Spectral position and sharpness of the absorption edges can be evaluated more
precisely from the derivate absorption spectra. One does not see a noticeable change in
the absorption edge of ZnO layer up to the annealing temperature of 700°C as shown in
figures 5.1b and 5.1c, implying no significant Mg diffusion across the interface occurs
till this temperature. However, at the annealing temperature of 800°C, absorption edge of
Zn0 layer blue-shifts and that of the MgZnO layer red-shifts as a result of the diffusion of
Mg to the bottom ZnO layer (figure 5.1d). As the annealing temperature was further raised
to 900°C, the two layers are mixed completely, thus forming an MgZnO alloy with Mg
concentration much less than = 30% as is apparent from the red-shifted single absorption

edge of MgZnO layer (figure 5.1e).
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Figure 5.2: Experimental (black) and simulated (red) PL spectra of (a) as grown and
annealed Mg 3Zn70/ZnO bilayers at (b) 700°C, (c) 800°C and (d) 900°C.

PL spectra of the as grown and annealed MgZnO/ZnO bilayers are shown in figure 5.2.
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The as grown bilayer shows two distinct peaks corresponding to the ZnO and MgZnO
layers at ~3.28 and ~3.82 eV respectively (figure 5.2a). PL peak positions are maintained
almost at the same energies at the annealing temperature of 700°C (figure 5.2b). It is
expected since there is no significant diffusion of Mg across the interface as shown by
SIMS depth profile and absorption spectrum up to 700°C. However, when the annealing
temperature is raised to 800°C, the PL peak corresponding to the ZnO layer blue-shifts
to = 3.40 eV while that of the MgZnO layer slightly red shifts to = 3.80 eV due to Mg
diffusion across the interface (figure 5.2c). For the heterostructure annealed at 900°C,
only a single PL peak is observed at ~ 3.60 eV corresponding to a completely homoge-
nized MgZnO layer as expected (figure 5.2d). Furthermore, the PL intensity of sample
annealed at 700°C is the maximum indicating an overall improvement in the layer quality
due to annealing which is also ascertained by a more uniform depth profile in SIMS mea-
surements (as shown in figure 5.3b) and the sharpness of derivative absorption spectrum

(figure 5.1c¢).

5.1.3 SIMS depth profile of Mg distribution

More evidences about Mg inter-diffusion can be obtained from the SIMS depth profiles of
the as grown and annealed bilayer samples that are shown in figure 5.3. For the as grown
bilayer, the interface is sharp where Mg concentration decreases from ~30% to less than
1% within a depth of < 20 nm at the interface as shown in figure 5.3a. The bilayer that
was annealed at 700°C also shows a similar Mg distribution with depth as depicted in
figure 5.3b indicating no degradation of the interface. However, at the annealing temper-
ature of 800°C, significant Mg diffusion into the ZnO layer is apparent from figure 5.3c.
Mg concentration decreases gradually from ~ 25% to ~ 4% over a depth of ~ 100 nm,
rendering a significant diffusion of Mg across the interface. Mg content in the top MgZnO
layer is found to decrease from its initial value of *30% to 25% as a result of diffusion.

Mg is present over the entire depth of the underlying ZnO layer thereby blue-shifting its
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Figure 5.3: Variation of Mg and Zn concentration (measured by SIMS) as a function of
depth for (a) as grown and annealed Mg, 3Zn,-70/Zn0O bilayers at (b) 700°C, (c) 800°C
and (d) 900°C. Thickness of the top MgZnO (as grown) layer in plot (b) was ~ 60 nm due
to unintentional variations in the growth rate.

band edge. When the annealing temperature was further raised to 900°C, the bilayer gets
homogenized to a single MgZnO layer with ~ 13% Mg distributed almost uniformly as

shown in figure 5.3d. These results are in conformity with the absorption spectra of the

samples.

5.1.4 Correlation of photoluminescence spectra with depth profile of

Mg concentration

To theoretically correlate the PL spectra of the bilayers with the experimental Mg depth
profiles as measured by SIMS, we proceeded as follows. First a relation describing the

dependence of PL peak position on the Mg concentration (x) was needed. For that a set
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Figure 5.4: Variation of PL peak positions of Mg,Zn,_,0 films as a function of x. Upper
inset shows corresponding PL spectra of the films. Lower inset shows full range PL
spectra for films with Mg concentrations of about 26 and 40 %.

of Mg,Zn,_,0 films with varying x in the range from 0O to ~ 0.4 were grown and their
PL spectra were recorded. Figure 5.4 shows the PL peak positions of these Mg,Zn,_,O
films as a function of Mg concentration (x), whereas the inset shows the corresponding

PL spectra. PL peak position can be expressed as follows [172],

Epr(x) = xEpgo + (1 = X)Eza0 — 0x(1 — x) (5.1)

where Ep;(x) is the PL peak position of Mg,Zn;_,O film. Ej;,0 and E,( are the bandgaps
of MgO and ZnO which are taken respectively as 5.2 [180] and 3.28 eV in our calcula-
tions, and ¢ is known as the bowing parameter. The value of bowing parameter is found
to be = 0.18 eV by fitting the experimental PL peak positions using equation 5.1 (shown

by black line in figure 5.4). It has been predicted by the density functional theory that
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the bandgap of Mg,Zn;_,0 is a linear function of x with negligible bowing along with
a slope of ~ 2.5 [181]. In our case, the bowing parameter is small and the slope is ~
1.8 which is very close to the values reported by others [12, 181-183]. Moreover it can
be mentioned here that with increasing Mg concentration from O to 40%, the FWHM of
the PL peaks increased from 160 meV to = 240 meV due to increasing inhomogeneity
and the resulting random potential fluctuation in the films [184], which is a prominent
signature of disorder. The lineshape of the PL spectra also changed with Mg concentra-
tions. The suppression of longer wavelength tail at higher doping may be caused by the
suppression of phonon replicas as the crystalline quality deteriorates with increasing Mg
concentrations [184]. The emerging band at lower energies for the 40% Mg doped sample

is attributed in literature to native defect related luminescence in MgZnO [185].

SIMS depth profiles give Mg concentration (x) in the film as a function of depth (y)
from the film surface. We can divide the whole depth profile into many infinitesimally
small elements dy at a distance y from the surface with constant Mg composition, each
of which would give PL corresponding to its Mg concentration with peak positions given
by equation 5.1. The contribution to the overall PL at the frequency v due to this small
element will be given by,

dl(v) = G(v,Epy) dy (5.2)

where G(v, Epy) is the PL line shape function for the element with PL peak position at
Ep;. We approximate it, for our calculations, as the PL profile of pure ZnO thin films,

found by fitting PL data of ZnO by three Gaussians and is given by,

_ 2
(_ 2(l’lV EPL + Ak) (53)

2

GO, Ep) = ) Agexp ~
k

k=123

where oy = 0.074 eV, 0, =0.12eV,03 =0.21eV,A; =24, A, =2.6,A3;=1.0, A, =0,

A; =0.042 eV and A;= 0.11 eV. The line shape function G(v, Ep;) is a function of y via
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Ep;. The overall PL profile of the heterostructures will then be given by,

Iv) = f G(v,Epy) dy 5.4
0

where ¢ is the total thickness of the sample. The integration was evaluated numerically
using GNU scientific library [186] taking the SIMS depth profile data x(y) as the input.
The resultant PL spectra are plotted on figure 5.2 in red color. As can be seen, the agree-
ment between the theory and experiment is reasonable with a slight discrepancy which is
within experimental limitations. Further, the line shape function and luminescence effi-
ciency depend on Mg concentration [187] and also on the annealing temperature, which

has been ignored in these preliminary calculations.

5.2 Effects of disorder on electrical properties of 2DEG

confined at MgZnQO/ZnO interface

In this section we discuss the effects of electron interference on temperature dependent
transport properties of two dimensional electron gas (2DEG) confined at the interface
in polycrystalline MgZnO/ZnO heterostructures grown by pulsed laser deposition on c-
alumina substrates. The Mg concentration in the MgZnO layer was varied from 16 to
40%. On increasing Mg concentration in the MgZnO layer, the sheet electron concen-
tration was found to increase and the sheet resistance found to decrease. In addition the
electron concentration and mobility were almost temperature independent in the range
from 4.2 to 300 K, indicating the formation of 2DEG at the interface. The temperature
dependent resistivity measurements showed a negative temperature coefficient of resistiv-
ity at low temperatures together with negative magnetoresistance. These were found to
be caused by electron interference effects and the experimental data could be explained

using the models of quantum corrections to conductivity. Detailed discussion of the ex-
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perimental methods and the obtained results are given in this section.

5.2.1 Experimental

The Mg,Zn;_,0O/Zn0O heterostructures with Mg concentration (x) varying from 16 to 40%
were grown on c-alumina substrates by pulsed laser deposition using a KrF Excimer laser
operating at 10 Hz and appropriate ceramic targets. The fluence used was ~ 1 J/cm? and
oxygen partial pressure of 1x10~> mbar maintained during the growth. First, about 80 nm
thick film of ZnO was grown on alumina at a growth temperature of ~ 750°C. Subsequent
MgZnO layer of ~ 50 nm thickness was grown at 400°C. X-ray diffraction measurement
was used to confirm c-axis oriented growth. Indium contacts were made on the films’ sur-
face for electrical measurements. To make sure the successful growth of the MgZnO/ZnO
heterostructures we carried out photoabsorption measurements as well. The ohmic na-
ture of the contacts was confirmed from the linearity of I-V curves. Resistivity and Hall
measurements were carried out in the van der Pauw four-probe geometry. For doing tem-
perature dependent resistivity measurements in the range from 4.4 to 300 K, the samples
were mounted in a cryostat. Isothermal transverse magnetoresistance measurements were

carried out in the magnetic field range of 0 to 8 T.

5.2.2 Structural and optical properties

Figure 5.5 shows the w — 26 plot of the Mg,Zn,_,0/Zn0O heterostructure with x = 0.26. It
is evident from the figure that both the layers of the heterostructure are in c-axis oriented
hexagonal wurtzite phase. The two peaks correspond to the ZnO and ZnMgO films re-
spectively. The XRD peak corresponding to the ZnMgO layer is at slightly higher angle

with respect to that of ZnO layer because of lower value of the lattice constant c.

The result of photoabsorption measurements on the Mg,Zn;_,0O/Zn0O samples is shown in

figure 5.6. The blue, purple and the black curves respectively represent the photoabsorp-
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Figure 5.5: w — 260 scan of Mg,Zn,_,0/Zn0O heterostructure with x = 0.26.

tion data for x = 0.16, 0.26 and 0.40. For comparison we have also presented the result
of photoabsorption measurements on bare ZnO film in the same figure by red curve. The
results clearly show successful growth of MgZnO/ZnO heterostructures with quite well
defined band edges. The band edge of ZnO was found to be at =~ 3.3 eV, whereas the band
edges of Mg,Zn;_,O were found to be at 3.79, 4.13 and 4.64 eV respectively for x = 0.16,
0.26 and 0.40. However the band edges somewhat flattens for higher values of x due to

degradation of lattice structure and the associated band tailing.

5.2.3 Electrical properties and 2D weak localization effect

The results of room temperature sheet resistance measurements on the Mg,Zn;_,0O/ZnO
are shown in figure 5.7. The sheet resistance of bare ZnO thin film was =~ 19 k€ which

drastically reduced to ~ 1.8 kQ as a result of introduction of a ~ 50 nm thick Mg,Zn;_,O
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Figure 5.6: Photoabsorption spectra of Mg,Zn;_,0/ZnO heterostructures with x = 0, x =
0.16, x =0.26 and x = 0.4.

(with x=0.16) film on top. It can be noted here that Mg,Zn;_,O films when grown on
alumina were insulating. On increasing the Mg concentration (x) in the MgZnO layer to
~ 40%, the sheet resistance further reduced to ~ 0.8 kQ. In the figure 5.8, the results of
room temperature Hall measurements are shown. As can be seen the electron concen-
tration increased monotonically from ~ 3x10'* cm™2 for bare ZnO to ~ 3x10'* cm™2 for
the Mgy 4Zny60/Zn0. The increase in electron concentration and decrease in resistivity
of Mg,Zn;_,0O/Zn0O heterostructures are attributed in literature to the creation of a two
dimensional electron gas (2DEG) at the heterointerface as a result of accumulation of a
large quantity of electrons at the interface due to strong built-in potential arising out of
macroscopic polarization mismatch between MgZnO and ZnO layers [173,174,188]. This
accumulation of large number of carriers at the interface is expected to screen the ionized
impurity and the grain boundary potential resulting in the increase in electron mobil-

ity [188—190]. The variation of electron mobility as a function of Mg concentration (figure
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5.8) in Mg, Zn,_,0/Zn0O heterostructures demonstrates this fact. As can be seen, the mo-
bility increased from ~ 11 cm?/V-s for bare ZnO to ~ 34 cm?/V-s for the Mg, Zn;_,0/ZnO
with x = 0.26. On further increase in the Mg concentration mobility slightly decreased to

~ 27 cm?/V-s possibly as a result of lattice structure degradation [188].

Sheet Resistance (Q)

Mg concentratioon (%)

Figure 5.7: Variation of sheet resistance of Mg,Zn;_,O/Zn0O heterostructures as a function
of Mg concentration (x).

The results of temperature dependent electron concentration (n) measurements on the
films are shown in figure 5.9. There was no significant variation of electron concentration
with temperature in all the Mg,Zn;_,0O/Zn0O heterostructures as well as the ZnO film im-
plying that the conducting electrons are not a result of thermal activation. Moreover, as
previously mentioned, the sheet carrier density in the Mg,Zn;_,0/ZnO heterostructures
is much higher than that in pure ZnO films. This supports that the reduction in resis-
tivity and increase in the sheet electron concentration is due primarily to the formation

of a 2DEG at the heterointerface. The slight decrease in n with lowering temperature
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Figure 5.8: Variation of electron concentration and mobility as a function of Mg concen-
tration (x).

seen for the heterostructures with x = 0.16 and 0.26 was plausibly caused by the presence
of electron interference effects as discussed later [58, 160, 191]. Further support for the
2DEG can be seen from the temperature dependent electron mobility data shown in figure
5.10. It has been already mentioned that the electron mobility in the Mg,Zn;_,0/ZnO
heterostructures were almost 3 times higher than that in pure ZnO film. From figure 5.10
it can be further seen that the electron mobility was almost temperature independent in
all the Mg,Zn,_,0O/Zn0O heterostructures, especially at temperatures lower than 100 K.
On the contrary the electron mobility in ZnO films gradually decreased as the tempera-
ture was lowered. It is a well known fact that the reduction in mobility in semiconductors
with decreasing temperature occurs at low temperature region because of ionized impurity
scatterings [188—190]. The absence of this effect implied that the high sheet carrier con-
centration of the 2DEG at the interface effectively screens the impurity potentials, thereby

nullifying their scattering effects. In fact, the surface roughness scattering of the 2DEG
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Figure 5.9: Variation of electron concentration as a function of temperature (7') for
Mg, Zn,_,0O/Zn0O heterostructures with x = 0 (green), x = 0.16 (purple), x = 0.26 (blue)
and x = 0.4 (red).

at the MgZnQO/ZnO interface would make the electron mobility at low temperature to be
temperature independent [192]. Hence it can be concluded from the results of tempera-
ture dependent mobility and electron concentration measurements that a 2DEG is indeed

formed at the MgZnO/ZnO interface.

Having established the formation of 2DEG at the interface, we now proceed to discuss
the temperature dependent resistivity behavior of the MgZnO/ZnO heterostructures. The
variation of sheet resistance of the structures as a function of temperature is shown in
figure 5.11 in the temperature range from 100 to 4.2 K. It is clear that all the structures
showed negative temperature coefficient of resistivity i.e. as the temperature was reduced
the sheet resistance increased. The ratio of sheet resistance at 4.2 K to that at 300 K was
about 1.1, 1.6 and 2.1 for the MgZnO/ZnO heterostructures with Mg concentration of 40,

26 and 16 % respectively. One possible reason for this rather small increase in resistivity
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Figure 5.10: Variation of electron mobility as a function of temperature (T) for
Mg, Zn,_,0O/Zn0O heterostructures with x = 0 (black), x = 0.16 (blue), x = 0.26 (purple)
and x = 0.4 (red).

is the electron interference effect which arises if the mean free path (/) of the electrons
becomes comparable to the Fermi wavelength (47) [32,57]. For a 2D system, the ratio of

[ to A is given by [16, 18],
[ h/e?

= 5.5
/lF 27TRS ( )

The values of this ratio at 4.2 K for the three Mg,Zn;_,0/ZnO structures are 1.0, 2.1 and
4.4 for x = 0.16, 0.26 and 0.40 respectively. Therefore the electron interference effects
should, in principle, be quite important to determine the low temperatures resistivity be-
haviors. As has been mentioned in chapters 1 and 4, there are two main components to
the electron interference effects. One is called electron self interference or weak localiza-
tion whereas the other is inter-electron interference effect which is more formally known
as renormalized Coulomb electron-electron interaction (REEI) [32,58]. Weak localiza-

tion is caused by the enhancement of the probability of backscattering of electrons due to
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Figure 5.11: Variation of sheet resistance as a function of measurement temperature (T)
Mg, Zn,_,0/Zn0O heterostructures for x = 0.16 (red), x = 0.26 (blue), x = 0.4 (black).

constructive self-interference of electron waves around a closed path via multiple elastic
scattering. Since a perpendicular magnetic field can destroy the phase coherence of elec-
tron waves, the backscattering probability diminishes in presence of magnetic field. As a
result the presence of weak localization in a sample can give rise to negative transverse
magnetoresistance [32,58]. On the other hand, although REEI can give rise to positive
transverse magnetoresistance, its magnitude is relatively small compared to that obtained
for weak localization. Therefore in presence of weak localization, the transverse magne-
toresistance is almost always found to be negative, except at very high fields where the
effect of weak localization is minimized [58]. However, REEI is expected to give rise to a
change in Hall coefficient proportional to change in conductivity as per equation 4.2. The
small change in n seen in the heterostructures with x = 0.16 and 0.26 may be because of
this small change in Hall coefficient as a result of inter-electron interference effects. But

this effect was negligible in the heterostructure with x = 0.40 where there was practically
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no variation in Hall coefficient with temperature.
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Figure 5.12: Magnetoconductance [o(H) — o(H = 0)] in units of ¢?/xh as a function of
magnetic field H at different temperatures for Mg,Zn;_,O/Zn0O heterostructures with (a)
x=0.16, (b) x =0.26 and (c) x = 0.40. Red curves show fit of the data as per equation 5.6.
(d) Inelastic scattering length as a function of temperatures for the three heterostructures.
Solid lines show fitting according to L;, o< T~!/2,

To study electron interference in detail, we measured magnetoresistance of the heterostruc-
tures as a function of magnetic field (H) and temperature. All the films showed negative
transverse magnetoresistance (positive magnetoconductance), the magnitude of which de-
creased with increasing temperature, implying that the low temperature transport proper-
ties of the heterostructures were dominated by weak localization. Figure 5.12a-c show
the magnetoconductance [o(H) — o (H = 0)] of the MgZnO/ZnO heterostructures in units

of e*/mh as a function of H at different temperatures. For weak localization in 2D, in
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absence of spin-flip scattering, the magneto conductance can be calculated by [58],

e’ 11
O'(H,T)—O'(H:O,T): %[lﬁ(—'i'g)"'lnz

> (5.6)

where i is the digamma function and z = L2 4eH/h, L;, is the inelastic scattering length.
The magnetoconductance of the heterostructures were fitted using equation 5.6 as shown
by the red curves in figure 5.12. The values of the fitting parameter L;, as a function
of temperature are shown in figure 5.12d. The slope of the L;, vs. T graph in log-log
plot was found to be close to -0.5, implying L;, «< T-'/2. This means that the dominant
dephasing mechanism in the heterostructures was electron-electron scattering [58, 158].
It can be seen that with increasing Mg concentration in the heterostructures, the magne-
toconductance and inelastic scattering length increased. This was due to increase in the
electron concentration in the heterostructures, which enhanced the Fermi energy resulting
in increase in the electron-electron inelastic scattering length [32]. We observed positive
magnetoconductance even at 300 K for the sample with x = 0.4, which implied quan-
tum effects at room temperature. This kind of behavior in ZnO is due to the fact that the
electron dephasing length can be longer than the elastic scattering length even up to room

temperature [191].

The temperature dependence of the weak localization and REEI arise because of the tem-
perature dependence of the phase breaking inelastic scattering mechanisms [32]. The-
oretically it has been found that in both the cases of the quantum interference effects
the conductance of a 2D system varies logarithmically with the temperature and is given
by [58],

2

o=0)+ —

wh

p+ (1 - %FU)] In(T/T)) (5.7)

where o is the Drude conductance, T is the temperature and 7 is a constant. The first
term in the bracket gives the contribution due to weak localization and the second term

gives the effect of REEIL. p is a parameter whose value depends on the nature of the de-
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phasing mechanism active. For weak localization if the dominant dephasing mechanism
is electron-electron collision, the value of p is 1 and if the dominant dephasing mecha-
nism is electron-phonon collision, then p = 3 [58, 158]. F, is a parameter that takes into
account the Hartree part of the REEI. The value of this parameter is difficult to determine

accurately unless positive magnetoresistance is observed.
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Figure 5.13: Sheet conductance as a function of In(7") for Mg,Zn,_,0O/Zn0O heterostruc-
tures for x = 0.16 (triangles), x = 0.26 (squares), x = 0.4 (circles).

Figure 5.13 shows the sheet conductance as a function of In 7. The linearity of the graph
in the temperature range from 40 to 4.2 K indeed proves the presence of 2D quantum
interference effects. The values of slope obtained for the three heterostructures were
0.8x107°, 1.5x107° and 0.9x107> S for x = 0.16, 0.26 and 0.40 respectively, which are
close to 1.2x1073 S, the value of e?/mh. Therefore the value of [p + (1 — 3F,/4)] is

close to 1, implying that the dominant interference phenomenon is weak localization
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(electron self interference) wherein the main dephasing mechanism is electron-electron
collision [158], as was also found from fitting of magnetoconductance data. However, the
role of REEI cannot be ruled out altogether from the data obtained, as the transverse mag-
netoresistance may be negative even if REEI is present [58]. The deviation of the value of
[p+ (1 =3F,/4)] from unity may indeed be caused by the presence of REEI. In fact the
variation in slopes for the three samples may be due to different degree of REEI present.
Nevertheless, the logarithmic variation of conductivity with temperature reveals that the
quantum interference effects play a significant role in shaping up the low temperature

transport properties of 2DEG formed at the polycrystalline MgZnO/ZnO interface.

5.3 Conclusion

In conclusion, two sets of studies were carried out to understand the effects of disor-
der on the electrical and optical properties of MgZnO/ZnO heterostructures. In the first
set Mgy 3Zny70/Zn0 bilayers were successfully grown by PLD on alumina substrates.
The bilayers were subsequently annealed at different temperatures from 600 to 900°C to
study the effect of Mg diffusion on the optical properties. The diffusion of Mg across
the interface from MgZnO to ZnO layer could be directly seen from SIMS depth profile
measurements. It was found that the diffusion of Mg significantly modified the optical
properties of the ZnO layer of the heterostructure and as a result changed the overall PL
spectra. Numerical simulations using the experimental Mg concentration profile as the in-
put nicely reproduced the PL spectra of all the samples. The defects and disorder brought
about by diffusion of Mg thus play a significant role in deciding the optical properties of

the ZnO and MgZnO layers of MgZnO/ZnO heterostructure.

In the second set polycrystalline MgZnO/ZnO heterostructures were deposited by pulsed
laser deposition on c-alumina substrates and the role of quantum interference effect on

its low temperature transport properties was studied. It was found that on increasing Mg
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concentration in the MgZnO layer from 0 to 40%, the sheet electron concentration in-
creased and the sheet resistance decreased. In addition the electron concentration and
mobility were almost temperature independent, indicating the formation of 2DEG at the
interface. The low temperature resistivity measurements showed a negative temperature
coeflicient of resistivity together with negative transverse magnetoresistance. These could
be explained using the models of electron interference mediated quantum corrections to
conductivity suitable for 2D system, implying the fact that electron interference phenom-
ena is important in case of 2DEG formed at the MgZnO/ZnO interface. From these studies
it could be concluded that the disorder related to the diffusion of Mg and other structural
and point defects significantly alter the low temperature transport properties of the 2DEG

confined at the ZnO side of the heterostructures.
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Chapter 6

Conclusion and scope for future work

In conclusion we have studied the effects of disorder on the optical and electrical proper-
ties of doped ZnO thin films. ZnO films are doped with different impurities for different
practical applications. It is understood that doping creates disorder as the dopant atoms are
statistically distributed throughout the film. Moreover, the atomic sizes of dopant atoms
are different from that of Zn and O, which creates additional structural and point defects.
These defects and disorder were found to cause bandgap narrowing, band tailing, PL peak
broadening, semiconductor to metal transition, quantum corrections to conductivity and

strong localization of carriers in doped ZnO thin films.

To study the effects of defects and disorder on the optical and electrical properties of
doped ZnO thin films, we first chose Si as a dopant in ZnO. Si is an n-type dopant, which
is useful for the application of ZnO thin films as transparent conducting electrodes. Highly
transparent and c-axis oriented Si doped ZnO thin films were grown by sequential pulsed
laser deposition on c-alumina substrates. Resistivity of these films was found to decrease
rapidly to a minimum of ~ 6.2x10™* ohm-cm and then increase slightly with increasing
Si doping. The decrease of resistivity was due to enhancement in the electron density and
associated semiconductor to metal transition caused by Si doping. It was found that with

increasing Si doping the optical bandgap increased. This blue shift of the bandgap was

153



a collective effect of the Burstein-Moss blue shift due to the Fermi level being pushed
up into the conduction band and the bandgap narrowing caused by disorder. The opti-
cal transmission spectra also showed that with increasing Si concentration the steepness
of band edges decreased due to band tailing caused by heavy doping induced disorder.
Further, room temperature near band edge photoluminescence was observed in all the
films, the FWHM of which increased with increasing Si doping due to disorder induced
potential fluctuations. Therefore it could be concluded that Si doping related disorder
caused semiconductor to metal transition, bandgap narrowing, PL peak broadening and

band tailing in Si doped ZnO films.

One important aspect of doping related disorder is quantum corrections to conductivity,
which can be observed in the low temperature transport properties of doped ZnO thin
films. To study quantum corrections to conductivity in Si doped ZnO thin films, two set
of experiments were carried out. In one set, the film thickness was kept constant at =
230 nm and the Si concentration was varied from 0.5 to 5.8%, while in the other set Si
concentration was kept constant at ~ 2% but the film thickness was varied from ~ 15
to 40 nm. In the first case, although the electron concentration in the films were higher
than the Mott critical density, all the films showed negative temperature coeflicient of
resistivity (TCR) at low temperatures. The temperature independent nature of electron
concentration together with the negative low field magnetoresistance found in the films
at low temperatures pointed to weak localization as the dominant contributor towards
negative TCR. A phenomenological fit of the temperature dependent resistivity data for
all the films could be obtained by considering the quantum corrections to conductivity
arising due to disorder induced weak localization effect, wherein both the influences of
electron-electron and electron-phonon inelastic dephasing processes were included using
Matthiessen’s rule. In case of the SigZngogO films with fixed Si concentration of ~
2% and thickness varying in the range from = 15 to 40 nm grown by PLD on alumina
substrates, the film with thickness of ~ 40 nm showed typical metallic behavior in the

temperature dependent sheet resistance measurements. On the other hand the film with
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thickness ~15 nm showed a strongly localized behavior where the dominant mechanism
of conduction at low temperature was 3D VRH. This implied a thickness driven metal to
insulator transition in Si doped ZnO films. The sheet resistance of the film with thickness
of ~ 30 nm was almost temperature independent, signifying that it was in the critical
region. Finally the film with thickness of ~ 20 nm showed a temperature dependent
dimensional crossover from 3D to 2D weak localization with decreasing temperature.
These results clearly demonstrated that the disorder caused by doping significantly alters
the low temperature transport properties of Si doped ZnO thin films. It could also be
seen that the effects of disorder on the transport properties of the Si doped ZnO films
depends not only on the Si concentration but on the film thickness as well. These findings
generated deeper insights into the effects of disorder on the low temperature transport

properties of Si,Zn;_,O films.

Next we considered the MgZnO/ZnO heterostructures. These heterostructures are suit-
able for applications in High Electron Mobility Transistor (HEMT), quantum well lasers,
quantum Hall effect, resonant-tunneling diodes etc. Due to macroscopic polarization mis-
match between MgZnO and ZnO layers there can be accumulation of electrons at the
interface quantum well on the ZnO side of the heterostructures. Since the MgZnO films
are often grown in metastable state with much higher Mg composition than that is allowed
by solubility limit, diffusion of Mg from the MgZnO into the ZnO layer during the growth
process can hamper the sought after electrical and optical properties of the heterostruc-
tures. The diffused Mg will increase the bandgap on the ZnO side of the heterostructure.
They will also act as scattering centers for electrons. We carried out two sets of studies to
understand the effects of disorder on the electrical and optical properties of MgZnO/ZnO
heterostructures. In the first set, Mgy 3Zn,7;0/Zn0O bilayers were successfully grown by
PLD on c-alumina substrates. These were subsequently annealed at different tempera-
tures from 600 to 900°C to study the effect of Mg diffusion on the optical properties. The
diffusion of Mg across the interface from MgZnO to ZnO layer could be directly seen

from SIMS depth profile measurements. It was found that the diffusion of Mg signifi-
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cantly blue-shifted the PL peak position of the ZnO layers and, as a consequence, altered
the PL spectra of the heterostructures. Numerical simulations using the experimental Mg
concentration profile as the input nicely reproduced the PL spectra of all the samples.
The defects and disorder brought about by diffusion of Mg thus play a significant role
in deciding the optical properties of the MgZnO/ZnO heterostructure. In the second set,
polycrystalline MgZnO/ZnO heterostructures were deposited by pulsed laser deposition
on c-alumina substrates and the role of quantum interference effect on their low tempera-
ture transport properties was studied. It was found that on increasing Mg concentration in
the MgZnO layer from 0 to = 40%, the sheet electron concentration increased by one or-
der of magnitude from 3x10'* cm™2 to 3x10'*cm™2. The sheet resistance was also found
to decrease correspondingly. In addition the electron concentration and mobility were
almost temperature independent, indicating the formation of 2DEG at the interface. The
low temperature resistivity measurements of the heterostructures showed a negative tem-
perature coefficient of resistivity together with negative magnetoresistance. These could
be explained using the models of quantum corrections to conductivity suitable for 2D
system, implying the fact that electron interference phenomena was important in case of
2DEG formed at the MgZnO/ZnO interfaces. The electron interference phenomena occur
due to multiple elastic scattering of electrons from disorder caused by Mg diffusion and
other related structural and point defects present at the interface. From these studies it
could therefore be concluded that the disorder related to the diffusion of Mg significantly
alters the low temperature transport properties of the 2DEG confined at the ZnO side of

the MgZnO/ZnO heterostructures.

It emerged from our studies that Si can be used as a suitable dopant in ZnO for transpar-
ent conducting electrode (TCE) applications. However, it has also been found that there
is a lower limit to the thickness of Si doped ZnO thin films for its practical application
as transparent conducting electrodes. At lower thickness the quantum effects dominate
the transport properties of Si doped ZnO films and the films can even undergo a metal to

insulator transition. The cause of this thickness driven metal to insulator transition is not
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clearly understood. But one possible reason could be drastic changes in crystalline quality
of the films at lower thickness. The porosity of the films may be yet another reason for the
observed metal to insulator transition at low film thickness. This aspect of the ultra thin Si
doped ZnO films can be further probed by using detailed x-ray reflectivity measurements,
which is left in the present thesis as future scope of work. In case of the MgZnO/ZnO
heterostructures, there was reduction of resistivity as a result of accumulation of electrons
at the interface. As a result, these kind of heterostructures can also be a suitable candi-
date for 2DEG based transparent conducting electrode (TCE) applications. However this
requires further optimization of the growth process of the heterostructures, which would

be carried out in the future.
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