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ABSTRACT

Chemical vapor deposition (CVD) has been employed to pursue high quality thin film
growth for four different materials with excellent electronic or magnetic properties for certain
device applications. The relationship between CVD processing conditions and various thin film

properties has been systematically studied.

Plasma enhanced atomic layer deposition (PEALD) is a special type of CVD technique
and can be used for the deposition of very thin (few nanometers) and highly conformal thin films.
PEALD of hafnium nitride (HfN) thin film is studied by using tetrakis (dimethylamido) hafnium
(IV) (TDMAH) and hydrogen plasma. Prior to thin film deposition, TDMAH adsorption and
reaction on hydrogenated Si(100) surface has been investigated by in-situ ATR-FTIR. It has been
found that between 100°C and 150°C surface adsorbed TDMAH molecules start to decompose
based on the B-hydride elimination mechanism. The decomposition species on the surface has
been found hard to desorb at 150°C, which can contaminate the thin film if the purging/pumping
time is insufficient. Uniform and moderately conductive HfN,Cy films are deposited on
hydrogen terminated Si(100) and thermally grown SiO, (on Si) substrates by PEALD process.
The dependence of thin film resistivity on plasma power is found to be related to the change of
surface chemical composition. In vacuo XPS depth profile analysis showed the existence of

hafnium carbide phase, which to a certain degree can improve the film conductivity.

Direct liquid injection chemical vapor deposition (DLI-CVD) has been utilized for

epitaxial growth of nickel ferrite (NiFe;O,4), lithium ferrite (LiFesOg) and barium titanate



(BaTiOg) films on various lattice match substrates. For the deposition of nickel ferrite, anhydrous
Ni(acac), and Fe(acac)s (acac = acetylacetonate) are used as precursor sources dissolved in N,N-
dimethyl formamide (DMF) for the DLI vaporizer system. Epitaxial nickel ferrite films of
stoichiometric composition are obtained in the temperature range of 500-800 °C on both
MgO(100) and MgAl,04(100). Film morphology is found to be dependent on the deposition
temperature with atomically smooth films being obtained for deposition temperature of 600 and
700 °C. Magnetic measurements reveal an increase in the saturation magnetization for the films
with increasing growth temperature, which correlates well with the trend for improved epitaxial
growth. Nickel ferrite films deposited on MgAI,O, (100) at 800°C exhibit saturation
magnetization very close to the bulk value of 300 emu/cm®. Out-of-plane FMR measurement
shows the narrowest FMR line width of ~160 Oe for films deposited at 600°C. For lithium ferrite
deposition, anhydrous Li(acac) and Fe(acac)s; are dissolved in DMF in a molar ratio of 1:5.
Epitaxial growth of lithium ferrite films on MgO(100) are observed in the temperature range of
500°C to 800°C. The as grown films show increasing saturation magnetization with increasing
deposition temperature due to the improved degree of crystal texture. For barium titanate thin
film deposition, Ba(hfa),stetraglyme and Ti(thd),(OPr'), are dissolved in toluene in a molar ratio
of 1:1. Epitaxial growth of barium titanate on MgO(100) has been found at the temperature of
750°C. Film with a thickness of ~500 nm has a relatively large roughness of ~20 nm. Small

amount of F elements, which exists in Ba-F bonds, has been detected in the thin film by XPS.
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CHAPTER 1. INTRODUCTION

Thin films of electronic and magnetic materials have been applied in various high
technology devices and are continuing to be developed for use in next generation technologies.
Microelectronics, data storage, photovoltaics, and microwave devices are few examples where
electronic and magnetic thin films can play a key role. By using these thin film materials, not
only can the volume of devices be minimized but also some desirable properties can manifest,
which are unobtainable in bulk materials. For most practical applications, electronic and/or
magnetic thin films are coupled into multilayer structures, whose interfaces can generate
unprecedented phenomena and behave as completely new and engineered materials. Metal oxide
semiconductor field effect transistor (MOSFET),[1] giant magneto-resistance (GMR),[2]
tunneling magneto-resistance (TMR) [3] and magneto electric effect (ME),[4] all of which exist
in multilayer thin film structures, have been widely investigated and are still attracting lots of
research attention. To realize the as-expected physical characteristics in devices mentioned above,
the thin film deposition process is apparently a very important step. Different techniques have
been developed in the past, including vapor phase methods such as RF/DC magnetron sputtering,
pulsed laser deposition, thermal/E-beam evaporation, molecular beam epitaxy, and chemical
vapor deposition as well as liquid phase methods such as painting, spin-spray plating, chemical
bath deposition, and liquid phase epitaxy. Compared to the latter methods, vapor phase methods
have much wider processing window for substrate material type and deposition temperature and
can generate thin films with better quality. Among the vapor phase methods, Chemical vapor

deposition has several advantages over others, such as large area deposition, relatively high
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growth rate, good step coverage and better control of stoichiometry. In this dissertation work,
chemical vapor deposition of thin films of hafnium nitride (HfN), Nickel ferrite (NiFe,QOy,),

Lithium ferrite (LiFesOg) and Barium titanate (BaTiO3) are investigated.

As a chapter of introduction, the chemical vapor deposition technique itself will be
demonstrated first from the basic concepts to various applications. Next, thin film growth
mechanism with regard to chemical vapor deposition and different thin film characterization
methods will be reviewed. At last, the physical principles of electronic/magnetic thin film
applications in two specific devices, MOSFET and ME layered heterostructure, will be

introduced.

1.1 Chemical Vapor Deposition (CVD)

1.1.1 Introduction

Chemical vapor deposition (CVD), as indicated by the name, is a thin film deposition
technique which employs one or more vapor phase chemical reactants to react with and nucleate
on the thermal heated solid substrate surface and thus achieving continuous growth of solid film
materials. A typical CVD process includes chemical precursor source (gas, liquid or solid), gas
transport line, thin film growth chamber with a shower head for uniform dispersion of gas phase
chemicals and a thermal heated susceptor where the substrate (wafer) is placed, and the exhaust
system usually composed of various vacuum pumps and chemical trapping equipment. A

schematic diagram of a simple thermal CVD system as described above is showed in Fig.1 below.
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Fig. 1. Schematic of a typical CVD system with a horizontal tube reactor.

The precursor selection is an important factor which can greatly affect the CVD
processing conditions and the grown thin film qualities. Generally, few properties have to be
considered before selecting an appropriate precursor, such as, volatility, thermal stability and
potential impurity formation in the grown films. The chemicals often used as CVD precursors
include metal halides, metal alkyls, metal cyclopentadienyls, metal alkoxides and metal B-
diketonates, etc.. Metal halides as the simplest inorganic precursors are highly reactive and
thermally stable, but their vaporization require high temperatures and they produce corrosive
gaseous by-products that etch the film constituents or the reactor walls and pump parts. Metal
alkyls have reactive metal carbon bonds and therefore low thermal energy is needed for
deposition of like metal oxides. The small alkyl ligands can minimize steric hindrance and
generate volatile and relatively inert by-products, which can ameliorate readsorption and
corrosion effects. However, the selection of metal alkyls is always limited by the number of
available metal elements that exist in this format. The low thermal stability of these precursors is
another problem needs to be considered. Metal cyclopentadienyls are usually available for
alkaline earth metals. They also have active metal carbon bonds and produce hydrocarbon by
products. The potential issue with this kind of precursor is film contamination by carbon and/or

hydrogen elements from the precursor decomposition.[5] Metal alkoxides are used only for the



growth of thin film oxides due to the highly strong metal oxygen bond. Generally, low
temperature decomposition can generate the desired oxide. Metal B-diketonates also have a
strong metal oxygen bond. The oxidant used is usually ozone instead of oxygen or water vapor.
A marked issue with these precursors is the effect of steric hindrance, which might leave
unoccupied surface sites and decrease the grown film density. Metal alkylamides have relatively
high volatility and active metal nitrogen bonds for reaction with oxidants. It has been found in
certain chemical vapor deposition research that this kind of precursors would show some
‘readsorption’ behavior and little information is known about the reaction by-products.[5] All the
precursors mentioned above have their own advantages and disadvantages. To make the best
selection, all the precursor properties have to be considered comprehensively. As mentioned
earlier, the selection of precursor is also dependent on the specific type of CVD technique. The

following few paragraphs will introduce the basic classifications.

The CVD technique can be classified into different types due to different standards of
classification. For example, based on the operation pressure, it can be divided into low pressure
CVD (LPCVD), ultrahigh vacuum CVD (UHVCVD) and atmospheric CVD (APCVD). It's
apparent CVD technique can be operated in an environment with a much wider pressure window
than PVD methods, which are often operated under ultrahigh vacuum conditions, for example,
thermal/e-beam evaporation and molecular beam epitaxy. Usually, the lower the system pressure,
the less contamination issues plague thin film growth. However, the decreased pressure is
accompanied with a lower film grow rate. Another way of classification of the CVD technique is
based on different energy types applied to overcome the activation energy barriers of breaking
bonds, such as, thermal CVD, electron beam CVD,[6] laser CVD and plasma enhanced CVD

(PECVD). Among these, PECVD has been extensively studied in the past, especially for thin



film growth on thermally sensitive substrates. The reason is that energetic species (electrons,
ions and free radicals) generated in a plasma can activate certain decomposition or surface
reaction processes at a fairly low substrate temperature. Apart from the classical types of CVD
techniques mentioned above, two special types of CVD techniques which are directly related to

the research work of this dissertation is introduced below.

A special type of CVD technique is named atomic layer deposition (ALD). The
difference of ALD from classic CVD is that the exposure of the substrate surface to different
reactive precursors is in a sequential mode and separated from each other by inert gas purging or
vacuum pumping. An essential feature for ALD process is the self saturation behavior of surface
adsorbing species. In this way, the thin film growth can be controlled with atomic accuracy in
terms of thin film thickness and chemical stoichiometry. More details about this technique will

be introduced in 1.1.2.

An important historical concern with CVD is the availability of both volatile and
thermally stable chemical precursors. The development of novel CVD related precursors itself is
always an active area of research for chemists. Another way to conquer this limitation is to
develop high efficiency vaporization system, which can generate high quality vapor phase by
employing the simple chemicals. Classical CVD technique coupled with a vaporization system is
so called direct liquid injection CVD (DLICVD). More information about this technique will be

illustrated in 1.1.3.

As a chemical reaction process, CVD can be carried out in different reactor geometries,
which might affect the pattern of gas fluid flow and thus induce different effects in thin film

growth. The three generic reactor designs are axisymmetric, tube and batch. The axisymmetric



one can uniformly deliver precursor species onto the substrate surface. The tube reactor (Fig.1)
has higher processing capacity than the axisymmetric one, but the precursor concentration
decreasing (due to decomposition or deposition) as the gas fluid flows downstream might result
in different thin film growth rates at different tube lengths. The batch reactor has the highest
processing capacity. Since there is usually no bulk convection through the space between wafers,
the mass transfer behavior is always in the form of diffusion. For this reactor, the thin film
growth has to be reaction rate controlled to get uniform deposition, which means the diffusion
rate of gas precursors has to be much faster than the surface reaction rate.[7] It's also noteworthy
that temperature uniformity is essential to get uniform thin films in this mode because the

reaction rate is exponentially dependent on substrate temperature.

Different types of materials including metals, ceramics and semiconductors and materials
with different crystallographic features, such as, polycrystalline, single crystalline and
amorphous can be deposited by CVD technique. Apart from the planar thin film growth, CVD
has also been extensively studied for the growth of 3D nanostructures (nanowires, nanotubes,
etc). CVD has been seen as a standard film growth technique in the semiconductor industry for
manufacturing integrated circuits (IC) components for a long time. Due to the mature
engineering design of CVD equipment, this technique is also now a prevalent tool in other

applications, such as, high speed cutting tools, flat panel displays and photovoltaics.

1.1.2 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) as mentioned previously is a chemical vapor deposition
technique based on self-terminating gas solid reactions. A typical ALD process consists of
repeating deposition cycles and each cycle includes four basic steps. These steps are, in sequence,
substrate exposure to gas phase chemical precursor, deposition chamber purging with inert gas or
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simply evacuating with vacuum pump, substrate exposure to the gas phase oxidant or reductant
chemicals, and the last step of purging the deposition chamber with inert gas. A schematic

diagram of steps for a typical ALD cycle is showed in Fig.2.

1) Precursor pulse 2) Purge
3) Oxidant pulse 4) Purge

Fig. 2. A typical ALD cycle with oxidation reaction.

As shown in Fig.2, the first step in an ALD repeating cycle is adsorption of a gas phase
metal containing precursors onto a substrate surface. To satisfy the criteria of self-terminating
adsorption, chemisorption, which has much higher bonding energy to the substrate surface than
physisorption, is necessary. For a chemisorption process, usually new chemical bonds between
the precursor molecule and substrate surface will form and simultaneously certain volatile
reaction products will be generated which will be purged and pumped out of the deposition
chamber in the following step. In addition, the thermal stability of the adsorbed species has to be
high enough to eliminate surface decomposition or intra reaction of the precursor itself, which
will also induce non self-terminating behavior. The next step is purging/evacuating the
deposition chamber, which should sweep out most of the residual gas phase and surface
physisorbed reactive species generated by the previous step. After purging/evacuating, the risk of
gas phase reaction/nucleation by introducing the oxidant/reducer chemicals into the chamber is

minimized. Also, the substrate surface is covered uniformly with chemisorbed reactive species



for the next reaction step as shown in Fig.2. It has been found that the surface coverage after this
step is usually a fraction of a monolayer, which is due to the effect of steric hindrance of the
ligands and thus certain surface reactive sites will not be covered. The third step is to introduce
oxidant/reducer chemicals into the deposition chamber to react with the active sites of the
previously covered surface. This step is mainly to oxidize or reduce the previously adsorbed
surface by substituting the surface organic ligands with new reactive bonds for the reaction with
precursor molecules of the next cycle. Usually this new formed surface has the same chemical
bonds as the bare substrate surface. The last step is to purge/evacuate the chamber to get rid of
the reactive oxidants/reducers and after this step the substrate is ready to start a new cycle of

deposition.

ALD has few advantages such as digital thickness control at the atomic level, perfect 3D
conformality, large area thickness uniformity, low defect density, possibility of low temperature
deposition (RT~400°C), and atomically smooth topography. The main disadvantage of the ALD
method is its low growth rate, which is usually less than one atomic layer per cycle. This low
growth rate has limited ALD method mainly to very thin layers deposition, such as the gate

dielectric layer in the MOSFET structure, which is only 2 or 3 nanometers thickness.[8]

1.1.3 Direct Liquid Injection Chemical Vapor Deposition (DLICVD)

CVD technique coupled with various liquid injection/vaporization equipment is usually
defined as direct liquid injection CVD (DLICVD), in which the precursor source is in the state of
liquid solution and injected into the vaporization equipment to generate vapor for the CVD
reaction. By using DLICVD, all the precursors can be prepared as a single source, i.e. dissolving
them (liquid or solid) into an appropriate solvent. After injection into the vaporizer, these

precursors can be vaporized simultaneously and therefore the molar ratio between different
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precursors would be the same as the corresponding mixing ratio in the solution.[9] Except for
this easy control of element composition, the liquid flow rate can be also controlled simply and
accurately by employing certain liquid mass flow controllers. Compared to the traditional
vaporization techniques, such as bubbler or crucible (for liquid or solid precursors), the mass flux
of precursors entering the CVD chamber is much more reproducible. Another advantage is that
keeping the liquid source at room temperature can minimize the problem of precursor
degradation, which usually happens at elevated temperatures. This method opens up the CVD
process to a larger possibility of precursor chemicals and allows for the deposition of materials
that are very difficult to deposit by conventional vapor transportation. DLICVD has been
successfully applied to the deposition of oxides such as Ba(Sr,Ti)Os, Pb(ZrTi)Os, ZrO, and

La203.[10]

The main goal of vaporizer design is to realize fast, smooth and gentle vaporization.
Usually the liquid precursor is broken into very small droplets (few microns size) first and then
thermally heated by certain hot medium. Either an ultrasonic nozzle or pressurized spraying
technology can be used to break/atomize the injected liquid, which can greatly increase the liquid
surface area and make the vaporization process easier and faster. The thermal heating of the as
generated droplets can be from a hot surface or carrier gas. Generally, the carrier gas, as a
heating medium, can minimize the thermal decomposition effect. A schematic diagram of a DLI

vaporizer using carrier gas as a heating medium is showed in Fig.3 below.
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Fig. 3. Schematic of a typical direct liquid injection vaporization system.

1.2 Thin Film Growth and Characterization

Thin film growth by chemical vapor deposition is a very complex process including bulk
transportation of gaseous fluid flow, gas phase and surface diffusion, homogeneous and
heterogeneous chemical reaction and film material nucleation. The variation of each of these
processes can to a certain degree result in the change of thin film growth behavior and properties
of the as-grown thin films. The introduction of CVD thin film growth mechanism here will
include most of these physical and chemical processes from the gas phase precursor entering the

reaction chamber to the solid thin film growth on the substrates.

1.2.1 Gas Kinetics

To understand the gas phase kinetic behavior of the precursor molecules in the CVD
chamber, basic concepts of gas kinetics based on statistical mechanics are briefly introduced first.
The statistical distribution of velocities of gas phase molecules at thermal equilibrium has been

well described by the Maxwell-Boltzmann equation:[11]

3 | )
iNde _, _o( m \/2 Jme
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In this equation, N, ¢ (m/s), m (kg), ks (J/K), T (K) represent the number of molecules,
molecular speed, molecular mass, Boltzmann constant and absolute temperature respectively. By
using this equation, we assume that the gas phase temperature is in the range of an ordinary
thermal CVD process and thus the main mode of molecular excitation is translational instead of
the other three, i.e., rotational, vibrational and electronic. This equilibrium distribution is from
the continuous energy exchange due to random collisions between molecules or molecules with
the surfaces. An important parameter, mean molecular speed ¢ under a fixed temperature, can be
derived from this equation, which is essential for the calculation of molecular impingement flux
and thus understanding of the thin film deposition rate. The well know Knudsen equation, which
employs this mean speed and the ideal gas law (true for all of the CVD processes where T is at or
above room temperature and P is at or below atmospheric pressure) for molecular impingement

flux calculation is listed below.

Ji=2.63><102°\/% (1.2)

The molecular impingement flux is in the unit of mc/cm?s (molecules per square centimeter per
second) and p, M, and T are in the units of Pa, g, and K respectively. It's noteworthy that this
molecular flux is quite different from the practical thin film deposition flux, which can be
calculated from the thin film growth rate and a thin film density. As will be mentioned later, this
is because a great fraction of the impingement flux would experience reflection from the

substrate surface or even desorption from an adsorbed state of low energy.

An important dimensionless value determining the gas phase flow is the so called
Knudsen number (K,), which is defined as the ratio of the molecular mean free path to the

characteristic dimension of the process.[11] Basically, the value of the molecular mean free path
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is predominantly dependent on system pressure unless the temperature is extremely high. The
characteristic dimension, for example, in a CVD process, can be the tube diameter for a tube
reactor. When K.>1, the process is in high vacuum or molecular flow regime, where the
interactions between molecules are greatly minimized/eliminated. Most physical vapor
deposition methods are operated in this regime to minimize contamination effects. However, the
line-of-sight deposition characteristic makes it difficult to get conformal thin film growth on high
aspect ratio 3D structures. When K,<0.01, the process is in the viscous fluid flow regime and this

is also the regime of typical CVD processes.

1.2.2 Thin film growth in a CVD process

In a CVD process, convection is the primary way by which bulk gas flow transfer from
the entering shower head to the vicinity of substrate surface. The driving force for this
convection, also known as forced convection, is a pressure gradient. A local convection behavior
due to the buoyancy of gases close to a hot surface is known as free convection, which can often
induce circulating flow patterns and affect the uniformity of as grown thin films. This
phenomenon is mainly related to the reactor shape and gas flow pattern and can thus be
minimized by adjusting certain geometry or gas flow parameters. Generally, the flow pattern
resulting from forced convection can change from laminar flow to turbulent flow and this can be
well determined by the dimensionless Renolds number (Re). Nevertheless, for CVD processes,
due to the normal operation conditions, the flow pattern is nearly always in laminar flow
mode.[11] For such a flow pattern (laminar) in a horizontal tube CVD reactor, the gas velocity
decreases from the tube center to the walls by the force of viscous friction and give rise to a
parabolic velocity distribution. However, more complicated velocity profiles can be induced by

abrupt changes in flow path or by a steep T gradient. When the bulk gas flow across the
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susceptor, the flow pattern can be distorted to a certain degree at the beginning, but shortly it will
restore to a balanced laminar flow between the susceptor/substrate and the tube wall. This effect
should not affect the thin film growth considering the small influence on the diffusion behavior
in the stationary boundary layer right above the substrate surface. In an axisymmetric CVD
reactor, the flow pattern is more complicated due to the velocity change in both axial and radial
directions when flowing onto the substrate surface. The velocity boundary layer thicknesses are
never going to be much smaller than the susceptor radius under any reasonable flow

conditions.[7]

After the bulk convection delivers the gaseous precursors to the vicinity of the substrate
surface, the convective transport will change to diffusive behavior in a stagnant boundary layer
due to a no-slip boundary condition (velocity at the wall is zero) and viscous friction. The mass
transfer through this layer is driven by the concentration gradient from the bulk gas phase to the
substrate surface where the thin film forming reaction consumes incoming species. The diffusion
kinetics is illustrated by Fick's law, which relates the mass diffusion flux to the concentration
gradient and a diffusivity constant. This diffusivity constant is dependent on certain gas Kinetic
parameters introduced earlier, i.e., the mean molecular speed (c) and mean free path. Considering
the relative kinetics of this diffusion step and the following surface reaction, either of them can
be a rate control step for the thin film growth. A simple model for the understanding of the
control mode is introduced here. Assuming steady-state CVD thin film growth and negligible
desorption/reevaporation, the diffusing species A moving from the bulk gas phase ( np) to the
growing surface (ng) possesses a diffusivity constant of D and encounters a boundary layer

thickness of 6. According to Fick's law, we can obtain
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or for the fraction depletion of reactant at the surface,

I
Dny, /8,

np-n
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Ny

(1.4)

There are two limiting cases, diffusion control and reaction control, which can be derived from
Eqg.(1.4). That is when fy is very small and there is almost no difference of concentration of
species A from the bulk gas phase to the substrate surface, the thin film growth is in reaction
control mode and the thin film growth rate is dependent on the surface reaction rate only. The
other case is when fy is approaching 1. In this case, the surface concentration of species A is very
low due to the much faster surface reaction rate than the diffusion rate and the thin film growth is
in diffusion control mode. The intermediate case is more difficult to analyze and control
practically, so it should be avoided in CVD process. Appropriate film growth mode can be
selected/controlled to achieve the best film uniformity in different CVD reactors. For example, in
the axisymmetric reactor, where the substrate temperature uniformity is difficult to achieve, the

thin film growth in diffusion control mode can help get uniform films.[12]

In the processes of both convection and diffusion, a unique phenomenon of CVD is
homogeneous reaction. Depending on the thermal stability/reactivity of the precursors and the
temperature profile in the reactor, gas phase homogeneous reaction can start from certain points.
Excessive gas phase reaction can generate particles on the grown thin film and affect its physical
properties. To minimize gas phase interaction, an effective way is to reduce the system pressure
and thus increase the molecular mean free path. Elimination of gas phase reaction can be

achieved by ALD thin film growth, which separates the injection of different reactants by
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purging the reactor with inert gas. In ALD process, the film forming reactions happens only on

the substrate surface.[13]

The interaction of impinging gas phase molecules with the substrate surface in thin film
deposition is similar to those have been well studied in heterogeneous catalysis. As the
impinging molecules get close to the surface (atomic distance), attractive force due to dipole
interaction between the molecules and the surface bonds can pull the precursor molecules further
onto the surface until a potential well is reached. The as-trapped molecules is in the state of
physisorption and has a relatively weak interaction (Van der Waals force) with the surface. The
fraction of physisorbed molecules in the impinging flux is defined by the trapping probability, 6.
These physisorbed species can either desorb from the surface or move through the surface sites
by surface diffusion. Both of these processes need to surpass certain activation barriers and the
latter process is usually more favorable. The surface diffusion behavior can help the precursors
find each other, find the most active sites, or find epitaxial sites. The physisorbed precursors,
after surface diffusion, can go further to react with the active surface sites by forming new bonds
and/or release certain volatile by-products. These newly formed bonds constitute the basis for
thin film growth. The as-formed surface species is in the state of chemisorption, which has much
stronger bonds than the previous physisorption state. The fraction of chemisorbed molecules in
the impinging flux is defined as chemisorption reaction probability, . The chemisorbed species
can also go back to the physisorption state by surface reversal reaction. Due to the desorption
behavior of both physisorption and chemisorption, a more practical parameter called a sticking
coefficient is used to denote the fraction of the arriving vapor that remains adsorbed for the
duration of the experiment. The degree of these surface processes can vary dramatically due to

different surface bonding environments and/or substrate temperatures.[11,14] For example, the

15



surface passivation with certain inert bonds can greatly increase the activation barrier for

chemisorption reaction and thus make thin film deposition difficult.

Nucleation of thin film materials on the substrate surface is driven towards the
minimization of total surface energy, i.e., the sum of the surface energy terms from the as formed
film surface (yf), the interface (y;) and the substrate surface (ys) should be minimized. When the

interfacial bonding is so strong that the resulting small interfacial energy satisfy Eqga. (1.5), the as

Yrtvi< Vs (1.5)

grown film material will wet the substrate surface to minimize total surface energy and exhibit
2D layer by layer growth, which is also known as Frank-van der Merwe growth. If the interfacial
bonding is insufficient to hold Eqa. (1.5), the film material will not wet the substrate but instead
form 3D islands, which is known as the Volmer-Weber growth mode. The third growth mode is
Stranski-Krastanov, for which the growth changes from layer to island after a monolayer or two
due to the change in the energy situation with successive monolayer.[11] It's noteworthy that all
of the growth modes above are based on the assumption of sufficient surface diffusion. That is to
say there has to be reasonable surface diffusion rate to get the thermal equilibrium state.
Therefore, it's possible to achieve preferred surface topography by tuning the surface diffusion
kinetics, which is dependent on the substrate temperature. For example, by lowing the substrate
temperature, the island mode growth can be suppressed because of insufficient surface diffusion
to reach the thermodynamic equilibrium and the surface topography can become smoother.
When the substrate temperature is too low to have any surface diffusion behavior, the film
growth is in '‘quenched mode’, that is the adsorbing species will stay at where they land. For this

case, usually a columnar film structure can be formed and the surface roughness results from
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statistical roughening. For epitaxy, one more parameter, lattice mismatch is also important for

determining the film growth mode.[15] The lattice mismatch (f) is defined as below,

= (af-as)/aS (1.6)

where as and as represent the atomic spacings along some direction in the film and substrate
crystal, respectively. When the thermal expansion coefficients of the two materials are different,
f becomes a function of T and this will also contribute to the temperature dependence of thin film
growth mode or surface topography development.[16,17] For example, at certain high growth
temperatures, due to the difference of thermal expansion, the lattice mismatch becomes large
enough to induce much larger interfacial energy (y;) and thus inequality Eqga. (1.5) will fail and

the thin film growth will change to 3D island mode.

1.2.3 Thin Film Characterization

Thin film characterization includes in situ monitoring of thin film growth behavior and
post deposition measurement of various film properties. The in situ monitoring of thin film
growth can provide continuous updated information such as chemical composition, crystal
structure, surface topography, film thickness, and optical properties, etc.. For instance, reflection
high energy electron diffraction (RHEED) can be used to detect surface crystallographic
information in epitaxy. The RHEED pattern is an instantaneous reflection of the arrangement of
atoms on a thin film surface.[18] Other in situ monitoring tools, such as attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR), ellipsometry, quartz crystal
microbalance (QCM) are also widely used. Post deposition measurement has a much wider
window of option of analysis techniques. For example, for the chemical composition analysis, X-

ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), Energy dispersive X-
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ray spectroscopy (EDS), Wavelength dispersive X-ray spectroscopy (WDS), Rutherford
backscattering spectrometry (RBS) can all serve for this purpose. All of these techniques are
nondestructive and can provide both qualitative and quantitative chemical information. For these
techniques, irradiation of the sample with X-ray, electron beam or ion beams are needed to
generate the characteristic signals of each element in the thin film for detection. To differentiate
these techniques, XPS and AES are much more surface sensitive than the others and can give
better quantitative results for small elements such as C, N and O. EDS, WDS, and RBS have
much larger detection depth and usually used for thick films or bulk material analysis. A
common limitation of these techniques is that they cannot detect the smallest elements such as H,
He and/or Li, which might be an important information for certain practical applications.
Secondary ion mass spectrometry (SIMS), another chemical composition analysis technique,
instead can detect all the elements from H to U and it possesses the highest detection limit
compared to other techniques. However, these advantages is compromised by the character of
destructive analysis. Other thin film properties, such as crystal structures can be characterized by
diffraction techniques employing X-ray, electron or neutron beam, surface morphology can be
characterized by Atomic force microscopy (AFM) or Scanning tunneling microscopy (STM) and
magnetic properties can be characterized by Vibrating sample magnetometer (VSM), Alternating
gradient magnetometer (AGM) and Ferromagnetic resonance (FMR). Few representative
techniques, including both in situ monitoring and post deposition characterization, which are

directly related to this dissertation research will be briefly introduced below.

1.2.3.1 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
Infrared (IR) spectroscopy has been long known as an important tool for analytical

chemistry due to its ability to detect chemical bonds and groups in both organic and inorganic
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samples. The IR absorption behavior is related to the various mechanical vibrational modes in
molecules. A classical vibrational frequency formula for a diatomic molecule containing two
atoms with mass m; and m; is illustrated as Eqga.(1.7). In this equation, v and F represent the

vibrational frequency and the force constant respectively. The number of vibration modes in a
v=o [F(—+—) (1.7)

molecular system with N atoms is determined by the number of internal degree of freedom,
which means for linear molecules the number of vibration modes is 3N-5 and for nonlinear
molecules the number is 3N-6.[19] Among these vibration modes, usually some of them might
be not IR active and this is determined by the IR selection rule. This rule is that the electric
dipole moment of the molecule must change during vibration in order for a particular vibration
mode to be detected by IR absorption. For example, the 1388 cm™ symmetric stretch mode for
carbon dioxide gas cannot be detected by IR spectroscopy, while the 2349 cm™ asymmetric
stretch mode is IR active. A special phenomenon for IR spectroscopy worth to be remembered is
that if a vibration mode of frequency v is detected then its overtones 2v, 3v might also be

detected by IR absorption.[20]

ATR-FTIR is the conjunction of ATR sampling technique into the traditional FTIR
instrument. By doing so, certain samples can be measured more conveniently without complex
sample preparation and moreover it enables the in situ monitoring of certain thin film growth
behavior. For example, the precursor adsorption, reaction with substrate surface and the initial
thin film nucleation can be detected instantaneously without affecting the processing conditions.
ATR technique is based on the principle of total reflection, which happens when the light wave

transmitted from a high refractive index medium into a low refractive index medium and the
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incidence angle is larger than certain critical angle. For ATR-FTIR, the high refractive index
medium is the optical crystal and the low refractive index medium is the sample, which is in
close proximity to the crystal surface. When the IR light is totally reflected at the internal crystal
surface, a part of this IR wave called the evanescent wave can penetrate through the surface and
interact with the sample at the external surface of the crystal. The penetration depth can be as
deep as a few microns, and is dependent on the frequency of the IR light, the optical properties of
the ATR crystal and the properties of the sample.[21] A schematic of the multiple reflection

ART-FTIR spectroscopy is showed in Fig.4 below.

Evanescent wave

IR Source ' Detector

Fig. 4. Schematic of multiple reflection ART-FTIR spectroscopy.

Different materials can be used as the ATR crystal, such as silicon, germanium, zinc
selenide (ZnSe) and zinc surfide (ZnS). Among these materials, ZnSe has the broadest IR
transmittance window (20000~700 cm™), but the hardness and IR useful temperature is low
compared to the others. Silicon is usually the substrate material for microelectronic thin films
deposition. Although the IR transmittance range is narrower (9500~1500 cm™), most useful
vibration modes are included in this range, such as C-H, Si-H, O-H, etc.. Therefore, it's a very
useful tool for the surface adsorption and reaction analysis of certain metal organic precursors on

a silicon surface.
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1.2.3.2 X-ray Photoelectron Spectroscopy (XPS)

XPS is a technique for surface chemical composition analysis. The basic principle is
irradiating the sample surface in vacuum by soft X-rays, such as Mg Ka (1253.6 ev), Al Ka
(1486.6 ev) and monochromatic Al Ka (1486.7 ev), and analyzing the Kinetic energies of
generated photoelectrons by a spectrometer. A schematic of the photoelectron generation process

is showed in Fig. 5.
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Fig. 5. Schematic of photoelectron generation process.

Based on the energy level of the X-rays used, core level electrons instead of valence
electrons are knocked out of the atomic orbital as shown in Fig.5. The kinetic energy of the as
detected electrons can be an indication of the identity of the element from which the electrons
originate. This is based on the equation of energy conservation during the photoelectric effect,

which is given by:
KE=hv-BE-¢_ (1.8)

where hv is the energy of the photon, BE is the binding energy of the atomic orbital from which
the electron originates, and ¢ is the spectrometer work function. Because of the difference in
binding energies for electrons at different atomic orbitals, for each element, there is a unique
XPS energy spectrum. An XPS spectrum is usually plotted in the form of number of electrons

versus the kinetic or binding energy of the as-detected electrons. Besides the sharp peaks
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representing those characteristic photoelectrons, a continuous background of electrons is also
present in the spectrum. These background signals are mainly from the energy loss electrons due
to inelastic scattering effect when they escape from the sample. Although the as used X-rays can
penetrate as deep as few microns into the sample, the as generated photoelectrons can just travel
through tens of angstroms distance in the material without losing energy. Therefore, the XPS is
very surface sensitive and only chemical information of tens of angstroms beneath the sample
surface can be characterized. Depth profile XPS analysis can be done by using ion gun etching,
but the energetic bombarding ions can also induce chemical changes to the sample surface.
Angle resolved XPS is another way to get information of chemical composition distribution with
depth. Depending on the take-off angle, more signal could be collected either from the surface or
the sublayer.[22] However, the range of probing depth is still limited to the range of tens of
angstroms. Auger lines are often present in the XPS spectra too, which is from the process of
Auger electron ejection that releases the excessive energy in the excited ion left after
photoelectron emission. These lines can also be important for the interpretation of XPS spectra.
The p, d, f levels become split upon ionization, leading to vacancies in the pis, Psi2, dsr2, dsp, Ts2,

and f7,. The spin-orbit splitting ratio is 1:2 for p levels, 2:3 for d levels and 3:4 for f levels. [23]

Either qualitative or quantitative results could be achieved by XPS analysis. A main issue
for chemical state identification is the charging effect for insulating samples. Surface deficiency
of electrons could make the surface a little positive charged and thus lower the kinetic energy of
the as detected electrons. Usually this charging effect is in a balanced steady state during
measurement and all the peaks in the XPS spectra shift a few electron volts to a higher binding
energy position. Neutralizer (electron flooding) can be used to minimize this charging effect, but

since it's always hard to determine the degree of charging, more flooding electrons could make
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the surface negative charged. Another way is to shift the peaks based on the adventitious C
(284.8 ev), which is always present on the sample surface after air exposure. For a homogeneous

sample, the number of photoelectrons per second in a specific spectra peak is given by:[22]
[=nfcOyAAT (1.9

where n is the number of element per cm® of the sample, f is the x-ray flux in photons/cm®sec, &
is the photoelectric cross-section for the atomic orbital of interest in cm? 6 is an angular
efficiency factor for the instrumental arrangement based on the angle between the photon path
and detected electrons, y is the efficiency in the photoelectric process for formation of
photoelectrons of the normal photoelectron energy, A is the mean free path of the photoelectrons
in the sample, A is the area of the sample from which photoelectrons are detected, and T is the
detection efficiency for electrons emitted from the sample. If we define foOyAAT as the atomic
sensitivity factor, S. The ratio of surface concentration between two elements can be express as
below.

n _11/8;

1.10
n I/S (1.10)

For any spectrometer, it's possible to develop a set of relative values of S for all of the elements.
Multiple sets of values may be necessary for instruments with multiple x-ray sources at different
angles relative to the analyzer. A general expression for determining the atom fraction of any
constituent in a sample, C, can be written as:

— Ny — I /Sx
xn  XL/S;

C, (1.11)
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1.2.3.3 X-ray Diffraction (XRD)

X-ray diffraction is a classic technique for crystal structure characterization. X-rays that
can be used to probe the material structures in atomic scale (few angstroms) have wavelengths in
the same order. They usually possess much larger energies than those used for XPS analysis and
are thus called hard X-rays. Generation of these X-rays starts from the bombardment of anode
source materials, such as Cu, Co, Ag, Cr, or Fe etc., with a focused high energy (tens to hundreds
of keV) electron beam. When electrons strike these materials, they are decelerated and a
continuous spectrum of X-ray is emitted known as Bremsstrahlung radiation. High energy
electrons can also knock inner shell electrons out of the atoms and leave vacancies in those shells.
When an outer shell electron falls into the inner shell to fill the vacancy, the excessive energies
left will be relieved by emission of characteristic X-ray photons. The as emitted X-ray possess
the energy (wavelength) characteristic of the shell energy gap of atoms of the source material.
For example, Cu Ko X-ray frequently used in XRD measurement has a wavelength of ~1.5418A
(~8.04 keV) and Ka here represents the X-ray originating from the action of filling up a vacancy

in K shell by a L shell electron.

nA=2dsin 0 (1.12)

Fig. 6. Geometric derivation of Bragg's law.
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X-ray diffraction behavior on crystalline materials is vividly described by Bragg's law
(1.12), which clearly illustrates the relationship between X-ray wavelength (), lattice parameter
(d) and the diffraction angle (0). The geometric derivation of Bragg's law is showed in Fig.6. The
difference of path length between the two diffracted X-ray beams determines the interference
situation, e.g., a constructive interference will happen when this difference is an integral number
multiple of the X-ray wavelength. By using this equation, accurate lattice parameters can be
determined by measuring the diffraction angle with a fixed X-ray wavelength. Typical XRD
instruments for thin film analysis have a configuration as showed Fig.7. Usually the incident
beam from the X-ray tube is fixed and the goniometer and detector move in 6(w) and 26 angles
and keep in a reflection geometry. The in-plane (¢) and out-of-plane tilting angles () enable the
instrument to do texture and pole figure analysis which can greatly improve understanding of the

crystalline quality, especially for epitaxial thin films.[24]

X-ray tube . Detector 0

Fig. 7. Schematic of X-ray diffractometer for thin film crystal structure analysis.

The rocking curve, which is obtained from scanning the angle of ® at a fixed diffraction
angle (20), provides valuable information about the out-plane texture of epitaxial films. For non

epitaxial films, more than one lattice plane could be parallel with the thin film surface and
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exhibit diffraction peaks in the normal 0-26 scan. The ratio of peaks height is a way to indicate
the degree of growth at preferential orientation. ¢-scan is a way to characterize the in-plane
texture of epitaxial films, in which a diffraction plane not parallel with the film surface is tilted to
the diffraction position. For example, for films with cubic structure and (001) plane parallel to
the film surface, planes of (101), (011), (101), (011) can be characterized by ¢-scan to indicate
the in-plane texture. The as-scanned peak, either from w-scan or ¢-scan, provide the texture
information by the peak width, full width at half maximum (FWHM). Generally the narrower the

peak, the better the film epitaxial quality.

Epitaxial films are usually strained as a result of lattice mismatch and/or difference in
thermal expansion coefficient between the film and substrate. For films with cubic structure, the
strain effect could make the structure slightly tetragonal. The calculation of both in-plane (a) and

out-of-plane (c) lattice parameters is thus important to understand this behavior.

sin’0=A (h*+k*)+BI*+C {10sin20 (—++)} (1.13)

For cubic/tetragonal structure, Cohen's method,[25,26] Eqa.(1.13), has been proved to be
accurate and reliable, where 0 is the diffraction angle, A is the X-ray wavelength, and A, B and C
are 12/4a?, 2% /4c? and a constant, respectively. By measurements of Bragg angles for various

(hkl) planes, one can determine coefficients A, B and C by least square fitting.

1.2.3.4 Atomic Force Microscopy (AFM)

AFM is tool for nanoscale surface imaging, measuring and manipulating, which was
invented in the early 1980s by scientists from IBM.[27] Different from its precursor, scanning
tunneling microscopy (STM), which requires certain degree of surface conductivity of the
sample, AFM can measure both conductive and insulating materials. AFM has been widely used
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in thin film surface characterization. The basic working principle of AFM is based on the
distance dependency of interatomic forces. As shown in Fig.8, when a sharp tip is brought into
proximity of the sample surface, the interatomic forces (attractive or repulsive) deflect the tip
attached cantilever up or down. This deflection is detected by a reflected laser beam system and
with the tip raster scanning the surface the instantaneous deflection signal is used by a feedback
loop to tune the vertical position of the cantilever or the sample stage to keep a constant force
(deflection) between the tip and the sample surface. The as generated AFM image illustrates the

surface height profile (topography) for a scanned area of the sample surface.

Photo detector

Laser

- —— -

AFM cantilever

Thin film sample

Fig. 8. Main components of atomic force microscopy system.

AFM can operate in different modes, such as contact mode and tapping mode, to meet the
specific requirements of the sample being measured. Contact mode is also called static mode, in
which the tip is brought so close to the surface and only repelling interatomic forces exist. In this
mode, the potential issue of surface or tip degradation with continuous scanning limits its
application to certain soft samples. Tapping mode, however, can avoid this issue by oscillating
the cantilever in its resonant frequency. The resonance amplitude dependent on the surface
height is usually kept constant for AFM scanning. Based on the tip radius of curvature
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(nanometers to tens of nanometers), AFM can generate images with resolution of sub nanometer,
which is higher than scanning electron microscopy (SEM) and comparable to transmission
electron microscopy (TEM). Therefore, for very smooth thin film, which has surface RMS
roughness below one nanometer, AFM is a preferred option due to its resolution capability and
much easier sample preparation than TEM. Also, AFM can operate in air or even liquid
environment, which makes it very versatile surface imaging technique. However, AFM has its
own limitations such as the small imaging dimension (tens of microns) and slow imaging speed

(few minutes to take one image).

1.2.3.5 Ferromagnetic Resonance (FMR)

FMR spectroscopy is a technique to probe the magnetization in ferromagnetic (or
ferrimagnetic) materials. Different from nuclear magnetic resonance (NMR), the as-detected
magnetic moments is from the exchange coupled unpaired electrons. Nowadays, it has been

recognized as a standard tool for probing spin waves and spin dynamics.[28]
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Fig. 9. Magnetic dipole moment precessing about a static magnetic field.

The FMR phenomenon arises from the precessional motion of magnetization (Fig.9) in a

ferromagnetic/ferrimagnetic material which is in a static magnetic field. Usually the magnetic

28



field is strong enough to saturate the sample. To minimize the system potential energy, the
magnetization will be aligned with the direction of the static magnetic field. When a microwave

field is applied in the plane perpendicular to the static magnetic field. The magnetization will

precess around the equilibrium direction. The classical equation of motion of magnetization (M)
is showed as eqga.(1.14). It's noteworthy that this equation is for an ideal case, where no damping
effect of the precessional motion is considered and this is actually not true for practical

ferromagnetic materials.
dM/dt=y(MxH) (1.14)

In this equation, vy is the gyromagnetic ratio (2.8 MHz/G), H is the total magnetic field applied on
the magnetization including both internal and external fields, such as the static magnetic field,

microwave field and the demagnetizing field. Due to the time varying microwave field

(ﬁejmt)with frequency o, there exists a induced time varying magnetization (me®!) with the same

frequency. If we neglect the effect of anisotropy, magnetostriction and exchange interaction, the
internal static field is equal to the external applied static field (ﬁo). When solving the equation of

motion for m, there is a singularity when cozyﬁo and this is the condition of ferromagnetic
resonance based on the assumptions above.[29] For practical ferromagnetic/ferrimagnetic sample,
especially thin film samples, the resonance condition will be different due to various

contributions to the internal magnetic field.

In a typical FMR setup, a resonant cavity and electromagnets are used to exert the
orthogonal static and microwave fields on the sample. The intensity of the microwave signal
after the cavity is detected to determine the absorption behavior. When the precessional

frequency of the sample being measured is equal to the fixed frequency of the resonant cavity the
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strongest absorption of microwave signal is observed and that is the ferromagnetic resonance
phenomenon. Either the frequency or static magnetic field could be swept to observe the
resonance and get the FMR spectrum. The line width of the as achieved FMR curve is an
indication of the resonance damping behavior, which represents the degree of microwave loss.
Usually narrow line width is preferred for low microwave loss devices. The FMR damping
behavior is sensitive and directly related to many factors of the thin film material such as crystal
defects, chemical inhomogeneity, surface roughness and interface diffusion, etc..[30-32]

Therefore, It's analysis is quite useful for certain thin film device applications.

1.3 Thin Film Application in Electronic and Magnetic Devices

1.3.1 Metal Oxide Field Effect Transistor (MOSFET)

MOSFET is a type of transistor mostly used in integrated circuits (IC) for amplifying or
switching electronic signals. A n-type MOSFET structure is showed in Fig.10. By applying
voltage on the gate electrode, which is separated from the semiconductor body by a thin
insulating oxide layer, an electric field is generated through the oxide layer and affects the
distribution of charged carriers in the interface between the oxide layer and the semiconductor
body. For this n-type MOSFET, the semiconductor body is doped into p type and the source and
drain regions are doped into n type. When a positive voltage is applied on the gate electrode, the
as generated electric field will repel the positive holes away from the layer right below the oxide
and a conducting n-type channel (inversion layer) will be formed between the source and drain.
Therefore, by adjusting the gate voltage, the current through source and drain can be turned on or
off. The onset of strong inversion is defined in terms of a threshold voltage Vy, being applied to
the gate electrode relative to the other terminals. In order to assure that the induced inversion

channel extends all the way from source to drain, it is essential that the MOSFET gate structure

30



either overlaps slightly or aligns with the edges of these contacts (self-alignment process). Self-
alignment is preferable since it minimizes the parasitic gate-source and gate-drain

capacitances.[33]

Gate

Source Drain

Metal
contacts

Insulating oxide

v * v
n-dopedregion Substrate

Source substrate

Fig. 10. Schematic of a n-channel MOSFET.

There are three operation modes for practical MOSFET devices. The first one is called
subthreshold mode and it happens when the gate source voltage Vgs is lower than V.. Under this
situation, due to the Boltzmann distribution of electron energies, there are still some high energy
electrons that can flow through the channel and results in a leakage current. This current has
been found exponentially dependent on the value of Vgs. When Vs>V and the drain-source
Vps Voltage is less than the value of Vgs-Vin, the MOSFET is in the linear mode. In this mode,
the conducting channel is created for current flow from drain to source and the MOSFET
operates like a resistor. The current is almost linearly dependent on Vps under a fixed gate
voltage. By changing the gate voltage, the resistivity of the conducting channel is changed too.
The third mode is saturation mode when Vgs>Vy, and Vps>(Ves-Vi). In this mode, the transistor

is in its constant current region and is switched fully on. The onset of this mode is also known as
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pinch-off to indicate the lack of a channel region near the drain. The drain current is now weakly

dependent upon the drain voltage and controlled primarily by the gate source voltage (Vgs).

In the past few decades, the continuous scaling down of the MOSFET in size has
revolutionized the development of the microelectronic industry. The channel length of the
MOSFET structure has been shrinked from microns to tens of nanometers. At this scale, a lot
more functionalities can be realized in a same size wafer and meanwhile the cost of fabrication
can be decreased. However, with this scaling down, few operational problems have been found.
For example, the voltage applied to the gate has to be reduced to maintain reliability. To
maintain performance, the threshold voltage needs to be reduced too. With the reduced V4, the
transistor cannot be switched from completely off to completely on with the limited voltage
swing available. Subthreshold voltage can thus consume as much as half of the total power
consumption. Another problem is with the gate oxide layer: as the thickness of this layer going
down to few atomic layers, the electron tunneling effect occurs and makes the power
consumption even higher. High-k materials (such as hafnium silicate or oxide) have been
developed to replace the traditional oxide material since the layer can be made thicker while
maintaining the same capacitance.[34-36] To work with these new high-k materials, the
properties of the gate electrode materials have to be considered as well. The traditional gate
electrode material polysilicon, for example, when coupled with a very thin (~1 nm) dielectric
layer, a phenomenon observed is poly depletion, where a depletion layer is formed in the
polysilicon layer next to the dielectric layer when the transistor is in the inversion. To avoid this
problem, metal gate materials such as tantalum carbide, tantalum nitride and titanium nitride can

be used with high-k dielectrics.[37-39]
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1.3.2 Ferrite-Ferroelectric Layered Heterostructures

Ferrites (spinel, garnet or hexaferrite structure) have been long known as microwave
materials due to their high permeability and resistivity. When used in tunable microwave devices,
such as band-pass filters, phase shifters, or resonators, the microwave propagation behavior in
these materials could be changed by variation of a bias dc magnetic field. This is because of the
change of the permeability of the ferrites resulting from the changing bias magnetic field. This
magnetic tuning is possible over a very wide frequency range, but it is slow and is associated
with large power consumption. Another way of microwave tuning is using ferroelectric materials,
in which electric field can be used to tune the dielectric constant of the materials and thus change
their microwave properties. The tuning by electric field is fast and energy efficient, but usually
the tunable frequency range is very narrow. A combination of ferrite and ferroelectric materials
into composite or layered structures could provide the possibility of simultaneous magnetic and
electric tuning.[40-43] This dual tuning allows the high efficiency of magnetic tuning and the
high speed and low power requirements of electric tuning to be combined. For the work of this

dissertation, only layered structure is introduced here.

Studies on layered ferrite-ferroelectric structures have showed great importance for both
fundamental understanding of high frequency magnetoelectric (ME) effect and various
microwave applications. Two types of layered structures have been investigated. The first one is
ME coupling in bonded bilayers, in which the deformation (strain) of the ferroelectric layer due
to applied electric field results in a magnetic property change of the ferrite layer. Basically, this
strain effect could change the internal magnetic field and thus generate shift of the ferromagnetic
resonance (FMR) field. The degree of coupling depends on both the piezoelectric and

magnetoelastic constants of the ferrite and ferroelectric material being used. The other type of
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coupling is from unbound ferrite-ferroelectric bilayers, in which hybrid spin-electromagnetic
oscillations and waves are formed.[44,45] Strong ME coupling behavior has been found in both

type of structures.
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Fig. 11. ME coupling in a ferrite-ferroelectric layered structure. Reproduced with permission from ref. [46].

The degree of ME coupling effect is usually measured by the shift of FMR resonance
curve. Fig.11 showed the ME effect in a unbound ferrite-ferroelectric bilayer structure.[46] The
as used ferrite material is barium hexaferrite (BaM, BaFe1,019) and the ferroelectric materials is
barium strontium titanate (BSTO, (Ba,Sr)TiO3). At a fixed resonance frequency (60 GHz), a

FMR shift of 6 Oe is observed by applying 29 V voltage to the BSTO layer.

To improve the ME coupling effect, high quality materials are essential for both ferrite
and ferroelectric layers. Different thin film deposition methods have been investigated for the
preparation of either the magnetic or the ferroelectric layer. However, to get both high quality

and relatively thick (few microns to tens of microns) layers is still challenging.
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CHAPTER 2. LITERATURE REVIEW

Chemical vapor deposition of several electronic/magnetic thin film materials, i.e.,
Hafnium nitride (HfN), Nickel ferrite(NiFe;O,), Lithium ferrite (LiFesOg), and Barium titanate
(BaTiOs3) has been investigated in this dissertation work. All these materials in thin film format
exhibit certain attractive properties and can be promising material candidates for various high
technology devices. In this chapter, a literature review of the physical properties, potential
applications, and various previously reported thin film growth methods for each material is
presented and especially the development of CVD related studies are emphasized.
2.1 Hafnium Nitride (HfN)
2.1.1 Physical Properties and Potential Applications

Hafnium nitride (HfN), a transition metal nitride, has a rock salt structure with lattice
constant of ~4.53A (Fig.12). It possesses various superior properties, such as, low bulk resistivity
(33uQ-cm), high melting point (3380°C), high hardness and density, low work function (~4.8ev)
and good chemical inertness [47-49]. Because of these excellent properties, HfN can be used as

protective coatings on high speed cutting tools, field emission cathode, and gate electrode and
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Fig. 12. Unit cell of HfN crystal with cubic structure.
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diffusion barrier material in microelectronic devices[50-52], for instance, the potential
application of HfN as a gate electrode material in the metal-oxide—semiconductor field-effect
transistor (MOSFET). It has been well known that the substitution of traditional gate oxide SiO,
with high-k material HfO, can dramatically accelerate the scaling down of size of MOSFETS.
However, coupling HfO, with conventional gate electrode layer (poly silicon) will generate
issues like boron penetration and the formation of a low-k interfacial layer, which will affect the
performance of the whole device.[53] HfN can be a good candidate to replace poly silicon to
work with HfO, as a gate stack due to its excellent properties mentioned above. It has been found
that equivalent oxide thickness (EOT) of HfO,-HfN gate stack can be scaled down to less than 1
nm with excellent leakage and long term reliability even after 1000°C post metal annealing.
Fig.13 below shows the well behaved electrical characteristics (14-Vg, 13-Vq) of the n-MOSFET
with an excellent subthreshold slope of 78 mV/dec. The as-used HfN film was deposited by DC

magnetron sputtering of a Hf target in mixed Ar+N; gas ambient. [52]
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Fig. 13. (a) 145-Vg and (b) 14-Vq characteristics of an n-MOSFET using HfN-HfO, gate stack with EOT 1.18 nm.

Reproduced with permission from ref. [52].

2.1.2 Review of HfN Thin Film Growth
Different methods of HfN thin film deposition have been investigated in the past few

decades. Physical vapor deposition methods such as RF/DC magnetron sputtering [54-58],
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pulsed laser deposition [59], nitrogen ion implantation [60] and nitrogen ion beam assisted
evaporation [61] have been reported. However, the poor step coverage which comes intrinsically
with PVD methods makes it not appropriate for certain microelectronic applications.
Comparatively, CVD methods have the advantages of larger area deposition, better step coverage
and better control of morphology and stoichiometry over PVD methods. In the development of
CVD deposition of HfN thin films, the introduction of tetrakis (dialkylamido) hafnium (IV)
complexes [62] as hafnium precursors is an important step. The representative precursors and

their vapor pressures are showed in table 1.

Table 1. Hafnium amide precursors and their properties.[63]

. Melting Temp Temp (1 torr)

Precursor Chemical formula point (“C) (0.1 torr) (°C) ¢C)

Tetrakis (dimethylamido)
hafnium Hf(N(CHs),)4 30 48 75
Tetrakis

(ethylmethylamido) Hf(N(CH3)(C2Hs))4 liquid 83 113

hafnium

Tetrakis (diethylamido) HE(N(C,He),)s liquid 9% 126

hafnium

Most of the following studies are based on these metal organic precursors due to their
higher chemical reactivity than hafnium chloride, which needs a very high temperature (>1000°C)
to react with N,/H, to form HfN [64]. The CVD reaction of tetrakis (dialkylamido) hafnium (1V)
with ammonia was first studied but resulted in the formation of the insulating phase, Hf3Ny,
instead of the conductive phase, HfN [62,65,66]. Highly conformal HfsN, films have been
successfully deposited on high aspect ratio surface features, as shown in Fig.14, by ALD method

using tetrakis (dialkylamido) hafnium and ammonia.
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60nm

Fig. 14. A cross sectional scanning electron micrograph of uniform Hf;N, thin film coating by ALD on a high aspect
ratio trench structure (0.17 um x 0.3 um x 7.3 pm). Reproduced with permission from [67].

To improve conductivity of the as deposited thin films, the effect of post rapid thermal
annealing [68] and Ar® ion milling [69] have been studied. Both of these methods work to a
certain degree by improving the ratio of Hf to N. To satisfy the oxidation state change of
hafnium element from the precursor (+1V) to the product (+111), utilization of a stronger reducing
agent of N,N-dimethylhydrazine (H:NN(CHz),) has been proposed and studied [70]. In spite of
the formation of relatively pure HfN thin films, the high reaction temperature (600~800°C) and
the use of a toxic reactant severely limit its application. By employing hydrogen plasma as
reducing agent, two groups have investigated the atomic layer deposition of HfN thin films with
tetrakis (dimethylamido) hafnium (TDMAH) and tetrakis (ethylmethylamido) hafnium (TEMAH)
respectively [71,72]. In these studies, the hafnium precursors played the role of both a Hf and a
N source. It was found that the incorporation of carbon in the phase of hafnium carbide can
improve the thin film conductivity to a certain degree. In our research, a systematic study on both
CVD and ALD methods by using TDMAH and hydrogen plasma will be carried out. Potential
issues and corresponding reaction mechanisms with these methods will be analyzed and

proposed according to our experimental results.
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2.2 Spinel ferrite: Nickel Ferrite and Lithium Ferrite
2.2.1 Physical Properties and Potential Applications

Nickel ferrite (NiFe,O,) and lithium ferrite (LiFesOg) belong to the family of
ferrimagnetic ferrites, which possess both high permeability and resistivity.[73] In terms of
crystal structure, NiFe,O, and LiFesOg are both spinel structure. In a spinel (AB,QO,) structure,
the unit cell consists of eight formula units and the 8 A** and 16 B>* cations are distributed in the
interstices of the 32 close packed oxygen anions (Fig.15). If all of the 8 A** occupy tetrahedral
sites and all of the 16 B®" occupy octahedral sites then the structure is called normal spinel; If all
of the 8 A% and 8 B** occupy octahedral sites and 8 B** occupy tetrahedral sites, the structure is

called inverse spinel.

™ Tetrahedral
@ Octahedral
™ Oxygen

Fig. 15. Representation of a spinel structure. Adapted from ref. [73].

Usually, NiFe,O4 and LiFesOg both exist in inverse spinel structure at room temperature
and their formulas can be written as Fe*[Ni**Fe**]O, and Fe*'[Li*osFe**15]04 respectively.
According to the Néel model, the ferrimagnetism of these ferrite materials comes from a
mechanism of superexchange, in which different magnetic cation occupied sublattices are
antialigned with each other in the presence of an external magnetic field and thus imbalance in

the number of antialigned sublattices results in net magnetism.
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In spite of the same spinel structure, nickel ferrite and lithium ferrite have their own
crystal parameters and physical properties due to different elements present in the materials.
Nickel ferrite has a lattice constant of 8.340 A, saturation magnetization of ~3200 G (room
temperature) and Neéel temperature of 585 °C. The effect of cation distribution and addition of
different divalent cations (Zn**, Cu*, Mn?") on its magnetic properties have been widely
investigated in the past.[74,75] This material is microwave lossy due to the orbital state of Ni**, a
relaxing ion. Lithium ferrite exists in two states: ordered and disordered state. In the ordered
phase, the lithium and ferric ions are ordered in a 1:3 molar ratio in the octahedral sites of the
cubic structure. The disordered phase of lithium ferrite has a disordered face centered cubic
structure where the lithium and ferric ions are randomly located in the octahedral interstices. The
disordered phase is produced with quenching from high temperatures as it is formed and
prevalent in the temperature range of 750~1000 °C. This is due to the relative diffusion rates of
the ions in the cubic lattice. Slow cooling allows redistribution and ordering of the ions in the
cubic lattice and provides the condition for reversion to ordered phase. The lattice parameters for
the ordered and disordered phase are 8.337 A and 8.333 A, respectively. Lithium ferrite has a
saturation magnetization of 3750G (room temperature) and Néel temperature of ~620 °C, which
are both higher than that of nickel ferrite. A unique feature of lithium ferrite among those spinel
ferrites is its low microwave loss, which is indicated by its extremely narrow FMR line width of
less than 10 G at room temperature, as showed in Fig.16. It's much lower than the value of nickel
ferrite (40~80G) and comparable to that of yttrium iron garnet (Y 3FesOg). This is because only S
state Fe** ions present in this material. Another advantage of lithium ferrite is its low cost
compared to YIG. However, its practical application is still limited by the challenges of high

quality material preparation, especially for thin films. Also, for microwave applications, both
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nickel ferrite and lithium ferrite are usually used only in low frequency bands (C or X band) and
external magnets are needed to magnetically bias the material due to their intrinsic small cubic

anisotropy.
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Fig. 16. Temperature dependence of FMR line width of bulk lithium ferrite single crystal in ordered phase (FMR
measurement at two frequencies: 12.3 and 19.41 GHz). Reproduced with permission from ref. [76].

Nowadays, the potential application of thin films of these ferrite materials in next
generation technologies, such as monolithic microwave integrated circuits (MMIC) and
multiferroic heterostructures, has made them very attractive.[73,77,78] Considering the
requirements of planar, smaller, weigh less and low loss for these microwave applications, much

research attention has been attracted to the high quality thin film ferrites deposition.

2.2.2 Review of thin film growth methods

Different growth techniques for these ferrite films have been developed and investigated
in the past few decades, such as chemical vapor transport,[79,80] chemical vapor deposition,[81-
87] sputtering,[88-91] liquid phase epitaxy,[92-95] spin-spray plating,[96,97] and pulsed laser
deposition.[98-104] However, the achievement of both high quality (structural, morphological,
magnetic and microwave properties) and thick (1-10 micron range) epitaxial films for microwave

device applications remains challenging.[105,106] For instance, pulsed laser deposition of spinel
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ferrites has been investigated extensively due to the relative ease of stoichiometry control.[98-
104] Nevertheless, potential issues such as small deposition area and poor thin film conformality
have limited its use mostly to laboratory research. Low growth rate is another bottleneck for
commercially viable device grade spinel ferrites for microwave applications. Liquid phase
epitaxy, which can provide film growth rates as high as tens of microns per hour, is another
promising method that has been widely studied. As a high temperature growth technique,
challenges such as poor surface morphology (hillock growth) and chemical inhomogeneities due
to interdiffusion between substrate and thin film, which can greatly influence thin film magnetic

properties, are still unresolved (Fig.17). [107,93]
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Fig. 17. FMR measurement (9.07 GHz, perpendicular) of lithium ferrite film grown by LPE method on
Mg(In,Ga),04 (111) substrate. Presence of inhomogeneity in the film is indicated by the complex FMR curve.
Reproduced with permission from ref. [93].

The use of CVD for nickel ferrite film deposition has been limited by the availability of
appropriate metal precursors having both high volatility and thermal stability. Early work
(~1960s) investigated the use of solid metal halide precursors. But the high temperature (>700°C)
required to vaporize these precursors and the formation of corrosive hydrogen halides hampered
further development.[81,82] More volatile metal acetylacetonate precursors for nickel ferrite

deposition, (Ni(acac), and Fe(acac)s), have been utilized in subsequent studies.[108,109]
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However, using traditional vaporization methods (bubbler or crucible), accurate control of vapor
concentrations for the two components in order to obtain stoichiometric films is difficult, often
resulting in unwanted impurity phases such as Fe,O3 or NiO.[108] Precursor oligormerization
(e.g., [Ni(acac);]s) and weak thermal stability above 200°C are two additional drawbacks of this
approach.[109] To the best of our knowledge, no research has been reported for lithium ferrite

thin film deposition by using CVD technique with any metal organic precursors so far.
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Fig. 18. Schematic diagram of a previous reported DLI-CVD system for nickel ferrite growth. Reproduced with
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permission from ref. [83].

The direct liquid injection (DLI) technique, which can generate vapor from a liquid
solution source at relatively low temperatures (< 200°C), has in recent years been successfully
utilized for a number of metal-organic chemical vapor deposition processes.[110-112] DLI-CVD
is a particularly useful method for multi-component systems as several precursors can be
dissolved in the same solution and the relative delivery rates of precursors are defined by the
solution composition. There are only a couple of reports in the literature on DLI-CVD of nickel
ferrite, e.g., using metal thd (thd = 2,2,6,6-tetramethyl-3,5-heptanedionato) precursors.[83,85] In
spite of reported polycrystalline/epitaxial growth of nickel ferrite on different substrates (Si(100)
and MgO(100)), the as-deposited thin film characteristics (morphology and magnetic properties)
are far from satisfactory as compared to bulk nickel ferrite. One of the DLI-CVD experimental
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systems is showed in Fig.18.[83] As one can see, the simple syringe injection and hot plate flash
vaporization has potential issues such as poor control of liquid injection rate and thermal
decomposition of metal organic precursors by direct contact with the hot metallic surface. The
properties of the films are greatly influenced by the specific vaporization procedure, the selection
of metal organic precursors, solvent and substrate material, and especially processing conditions
(temperature, pressure, etc.). In this dissertation, we report the epitaxial growth of both nickel
ferrite and lithium ferrite films on various substrates by DLI-CVD using a commercial
vaporization technique. Optimization of the DLI parameters, thin film growth mechanism,

relationship between CVD processing conditions and thin film qualities will be investigated.
2.3 Barium Titanate (BaTiO3)

2.3.1 Physical Properties and Potential Applications

Barium titanate (BaTiO3) has a classical perovskite crystal structure with formula of
ABQg, in which A and B represent cations of different size. In the structure of barium titanate,
the larger Ba®* cations and O® anions form a face-centered cubic (FCC) lattice and the smaller
Ti*" cation occupies the octahedral site (cubic center). Unit cell of perovskite barium titanate is
shown in Fig.19. Barium titanate is a piezoelectric material. Above its curie temperature of
120°C, barium titanate exists in cubic phase and shows paraelectric effect. While below 120°C
(>5°C), it transits to tetragonal phase (a=3.992A, c=4.032A at 20°C) resulting from a tiny
distortion of the Ti** included octahedron. The coupling of these distorted octahedra in the
crystal gives rise to large spontaneous polarization and thus barium titanate exhibits ferroelectric

characteristic.[113]
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Fig. 19. Unit cell of perovskite BaTiO; crystal.

Due to its ferroelectric property and high dielectric constant, barium titanate has been
recognized as a very useful material for certain cutting edge technologies, such as thin film
capacitors, magnetoelectric heterostructures, and non-volatile ferroelectric random access
memory (FeERAM) devices.[114] Besides, the desirable nonlinear optical properties of BaTiO3

make it attractive for a variety of electro-optic and optical storage device applications.[115]

2.3.2 Review of thin film growth methods

Thin film deposition of BaTiO3 has been investigated using different methods, such as
RF sputtering,[116-119] evaporation,[120,121] pulsed laser deposition,[122-125] molecular
beam epitaxy,[126] sol-gel[127] and chemical vapor deposition.[128-140] The achievement of
single crystal, high quality, and good surface morphology has always been the goal for most
deposition methods in order to fulfill the requirement of practical devices. Epitaxial growth of
BaTiO3 thin films has been found in both physical and chemical vapor deposition methods on
different substrates, such as MgO,[117,122,130,135,136,138] TiO,,[123] SrTiO3,[116,136]
LaAlO3,[115,131,136] and NdGaO3.[131] Chemical vapor deposition, as mentioned previously,
has several advantages over physical vapor deposition. Studies on CVD of BaTiO3 thin films

have been reported since early 1990s. Its development has been based on the progress of
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precursor vaporization process, e.g., better precursors or vaporization techniques. For
conventional CVD processes using a heated bubbler or crucible to vaporize liquid or solid
precursors (metalorganic, inorganic, alkoxide, etc.), it’s difficult to realize controlled
introduction of relatively involatile precursors and the repeatability of thin film growth is poor.
The first step towards improvement is to search for or synthesize more volatile and thermal and
chemical stable precursors. As for deposition of BaTiOs, titanium tetraisopropoxide (Ti(OC3Hy)4,
m.p. 20°C) is used as the Ti source in most CVD processes due to its high volatility, however,
the use of the Ba precursor B-diketonate chelate such as Ba(tmhd), (thd=2,2,6,6-tetramethyl-3,5-
heptandionate) has been limited by its low volatility (m.p.>200°C) and run-to-run property
changes (sintering effect).[115,131,135,138,139] Fluorination and introduction of neutral
donator ligands have been found helpful to improve its volatility and reduce the tendency of
oligomerization. For instance, Ba(hfa),(tetraglyme) (hfa=hexafluoroacetylacetonate) and
Ba(hfa),(PEB) (PEB=pentaethyleneglycol ethyl butyl ether), which have melting points of 151°C
and 71°C, have been synthesized and successfully applied to CVD of BaTiO3 thin films.[115,138]

A schematic of barium B-diketonate precursor is showed in Fig.20.

Fig. 20. Schematic of a B-diketonate precursor. R' and R" represent the same or different alkyl groups.
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Another way to break through the limitation of vaporization is the technique of direct
liquid injection, in which the precursor containing the liquid source is injected into a vaporizer
and is volatilized there before it’s delivered into the CVD reactor by a carrier gas. In this way,
the vaporization temperature can be dramatically decreased and the introduction of precursor can
be accurately controlled by a sensitive liquid flow meter. A couple of studies have been reported
based on this technique in CVD of BaTiO3 or (Ba,Sr)TiOj3 thin films.[114,136,141] The reported
results show that this can be a very promising technique for the deposition of high quality and
thick BaTiO3 films. Considering the desirability of thick (tens of microns) and high quality
ferroelectric  films in the study of magnetoelectric coupling effects in layered
heterostructures,[142] our research on CVD of BaTiOj3 films will take advantage of the direct

liquid injection technique.

47



CHAPTER 3. PLASMA ENHANCED ATOMIC LAYER DEPOSITION OF HAFNIUM
NITRIDE FILMS

3.1 Introduction

Chemical vapor deposition of HfN can make films of high conformality and thus provide
the possibility of fabricating high aspect ratio microelectronic structures. One of the challenges
for this method is the selection of appropriate chemicals. Hafnium amide precursors have been
successfully used in the deposition of HfO,, Hf;N, and HfN by reacting with oxygen (Oy),
ammonia (NH3z) and dimethyl hydrazine (H,NN(CHj3),;) respectively.[63,67,70] For the
deposition of HfN using dimethyl hydrazine, usually a high substrate temperature (600°C~800°C)
is needed to initiate the reaction, which is not appropriate for certain thermal sensitive materials
used in the microelectronic devices. Hydrogen plasma which has much higher reactivity than
hydrazine can be used in low temperature plasma enhanced ALD process of HfN thin
films.[71,72] In this chapter, the hafnium precursor tetrakis (dimethylamido) hafnium (IV)
(TDMAMH) used for thin film growth is studied first, i.e., in-situ monitoring of adsorption and
reaction behavior of TDMAH on hydrogenated Si(100) by ATR-FTIR. It's important to
understand the thermal decomposition and surface adsorption behavior of this precursor for ALD
thin film growth, because it is directly related to the film contamination and interfacial bonding
information.[143] PEALD of HfN thin film growth by using TDMAH and hydrogen plasma is
studied. The as-deposited thin films were characterized by XPS, AFM, XRD, SEM and TEM to

study the chemical composition, surface morphology and crystal structure information. Thin film
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resistivity was measured by four point probe and its dependency on plasma power has been
investigated.
3.2 Tetrakis (Dimethylamido) Hafnium (1V) (TDMAH) Adsorption and Reaction on
Hydrogenated Si(100) Surface
3.2.1 Introduction

TDMAMH is in the form of colorless to pale yellow crystal at room temperature, which has
a melting point of around 30°C and a vapor pressure of around 0.1 torr at 48°C. This material is
moisture sensitive and should be handled in low temperature and/or inert environment. Its
molecular structure is showed in Fig.21.

CHy CHs
HaC—N, N—CH;,

Hf
H,C—N~ 'N-CHs

CHs CH4
Fig. 21. Molecular structure of TDMAH.

One of the important concerns for ALD precursors is their thermal stability. If the
precursors decompose in the process of transporting to the substrate surface or on the substrate
surface, it's likely to induce continuous thin film growth and break the rule of self-terminating
adsorption. It's noteworthy that the kinetics of thermal decomposition also has to be considered,
if the degree of decomposition is negligible in the ALD cycle time range, it should not be a big
issue to affect the thin film growth.[8] Another concern for the ALD precursors is the surface
reactivity, i.e., the activation barrier for interfacial bond formation between the precursor and the
surface dangling bonds has to be low enough to allow film growth. In-situ ATR-FTIR is one
efficient way to achieve all of these information through monitoring the surface adsorption and
reaction behavior of precursor molecules. TDMAH has been widely used in ALD of HfO,, but
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the initial surface chemistry for thin film growth is rarely investigated.[144] In this section, the
temperature dependence of TDMAH adsorption, desorption and thermal decomposition on
hydrogenated Si(100) surface is studied. Besides, Density Functional Theory (DFT) is used to
calculate the IR spectrum of intact TDMAH molecule to help interpret the experimental IR
results.
3.2.2 Experimental Details

The in-situ ATR-FTIR experimental setup is showed in Fig.22. The TDMAH (99%)
precursor was bought from STREM Chemicals and used without any further purification. Before
the in-situ ATR-FTIR experiment, the TDMAH in liquid phase was characterized by a 'liquid
drop' experiment, in which the TDMAH precursor was directly loaded onto the crystal surface
and measured by ATR-FTIR. For the TDMAH adsorption experiment TDMAH was loaded into
a quartz tube bubbler. All the loading processes were in a nitrogen purged glove bag to minimize

reaction/contamination with oxygen or water vapor.
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Fig. 22. Experimental setup of the in-situ ATR-FTIR.

50



In a typical in-situ ATR-FTIR experiment, the bubbler with loaded TDMAH was kept in
an oil bath at 60°C. Around 20 min of stabilization is needed before introduction of the gas phase
precursor into the ATR cell. No carrier gas was used in the experiments. The ATR cell, as shown
in the bottom of Fig.22, uses a trapezoidal shaped crystal for enhanced surface sensitivity via
multiple internal reflections of the IR beam along the long parallel faces of the crystal. The front
face of the crystal is exposed to the precursor, while the IR beam enters and exits from the
angled faces of the crystal from below. In the experiment, Si (100) crystals (Ge or ZnSe crystal
for liquid drop experiment) with 45 degree bevels were mounted in a custom built flow through
cell. With a crystal size of 50x10x2mm, the incident IR beam internally reflects 13 times off the
TDMAH-adsorbed face before it reaches the DTGS (deuterated triglycine sulfate) detector
(within Nicolet™ 4700 FTIR device). The sealing of the ATR cell uses a custom made Kalrez
gasket between the cell frame and the crystal surface edges. The cell was roughly pumped
(Rotary vane pump, Edwards RV3F) to a base pressure of about 5 mtorr. The crystal temperature
could be controlled up to 250 °C, with the limitation from excited Si phonon modes resulting in
reduced transparency of the crystal. Before each experiment, the gas delivering lines and the
ATR cell were heated to around 100°C and purged with ultra high purity N, for 1 hour to
minimize the water vapor concentration in the system. Once the valve between the bubbler and
the ATR cell was opened, TDMAH started flowing into the ATR cell, the computer controlled
IR spectra taking was simultaneously started. In this flowing mode, the surface adsorption and
reaction behavior were instantaneously monitored. All the IR data were taken in the IR range of
400~4000 cm™ and averaged over 16 scans with a resolution of 4 cm™, which took 22 seconds
for each spectrum. The IR spectra taking was preset into an automatic mode, in which the FTIR

will take one spectrum by one spectrum until the preset number (30) of spectra was reached. A
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delay time of 2 seconds between spectrum taking was also set. The TDMAH adsorption was
monitored in the flowing mode (valve open) for the time range of 15 IR spectra (~6 min). After
that, the bubbler valve was closed, when the ATR cell was still under pumping, the automatic IR
spectra taking was still running one by one to monitor the surface desorption/reaction process
until the preset number of spectra is reached. The first 15 spectra taken in the flowing mode are
used to simulate the precursor pulse step in an practical ALD cycle, and the second 15 spectra in
the pumping mode were used to simulate the purging step in an ALD cycle. These ATR-FTIR
experiments were carried out under different crystal temperatures from room temperature to
250°C. In each experiment, a spectrum of the bare crystal was taken before the TDMAH vapor
was introduced into the ATR cell and used for background subtraction.

The as used Si(100) ATR crystal was prepared to hydrogenated silicon surface by the

procedures below:
1. Sequentially ultra sonication by organic solvents acetone and methanol (2 min each).
2. Rinse with DI water for 2 min.

3. Cleaning with a 1:1:5 solution of NH,;OH+H,0,+DI H,0O at 80°C for 10 min to remove the

organic contaminants.

4. Soaking in diluted BOE (buffered oxide etch, NH4F:HF = 10:1, BOE:DI water = 1:5) for 20 s

to remove the oxide layer.

5. Cleaning with a 1:1:6 solution of HCI+H,0,+DI H,0 at 80°C for 10 min to remove metallic

(ionic) contaminants.
6. Repeat step 4.

7. Rinse with DI water for 10 min.
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8. Blowing dry with ultra high purity N,.

TDMAH molecular modeling and bond dissociation energy (BDE) calculation were
carried out by Density Functional Theory (DFT) coupled in Gaussian 03 software. The
calculations were performed at the DFT level with the hybrid gradient-corrected B3LYP
exchange-correlation functional. The geometry optimizations and frequency calculations were
done with the 6-31+G(d,p) basis set for the first row atoms and the LanL2DZ relativistic
effective core potential (RECP) basis set for the Hf atom, All energies were corrected with the
zero point energies (ZPE). The software and computing resources are from Alabama

Supercomputer Authority.

3.2.3 Results and Discussion

The TDMAH precursor was first characterized by ATR-FTIR in a 'liquid drop’
experiment. Few drops of liqguid TDMAH were loaded onto a Ge(100) ATR crystal in a nitrogen
glove bag and the IR spectrum was taken under room temperature. The as taken IR spectrum is
showed in Fig.23 (bottom). Since Ge (100) ATR crystal has a wider IR transmittance window
than Si(100) at room temperature, vibrational modes as low as 700 cm™ can be observed. The top
spectrum is from DFT molecular modeling of a TDMAH free molecule. The molecular structure
of TDMAH is fully optimized before the frequency calculation. As one can see, the experimental
and theoretical results match very well in spite of a small shift of the peak positions. One
possible reason is that the experimental measurement is for the liquid phase TDMAH and the
inter molecular interaction could thus influence the electronic structure of the molecules. All the
peaks have been identified by considering the theoretical results and certain previous
experimental IR studies on transition metal amides.[145,146] Bond dissociation energies of Hf-N

and N-C bonds in the TDMAH molecule have been calculated to be 78.4 Kcal/mol and 69.7
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Kcal/mol respectively. The stronger Hf-N bond makes it thermodynamically possible for the

deposition of HfN without any extra N source.
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Fig. 23. Experimental and theoretical modeled IR spectrum of TDMAH.

In-situ monitoring of TDMAH adsorption on hydrogenated Si(100) surface is carried out
at different substrate temperatures. Fig.24 shows the IR spectra after 2 min TDMAH adsorption

at different crystal temperatures in the flowing mode.
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Fig. 24. IR spectra of TDMAH adsorption on hydrogenated Si(100) at different temperatures.
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The spectrum taken at room temperature is the same as that observed in the liquid drop
experiment, which indicates the physisorption and homogeneous condensation behavior of
TDMAH at room temperature. With increasing substrate temperature, apparent changes
happened both in the C-H stretching region and the ~1600 cm™ region. The decreasing peak
intensity of 2770 cm™, which represents one of the C-H stretching modes that influenced by the
lone pair electrons on N, indicates bond dissociation in the intact TDMAH molecules.[147] The
peaks at 1591 cm™ and 1639 cm™ starts at 100°C and becomes much stronger at 150°C should be
attributed to bonds in certain TDMAH decomposition products. Based on certain IR research on
transition metal amides (Ti, Zr, V, Nb), we tentatively assign the peaks to Hf-H and N=C
stretching modes, which come from the decomposition mechanism of p-hydride
elimination(Eq.(3.1)).[148] It's obvious that the decomposition of surface adsorbed TDMAH on
hydrogenated Si(100) starts at temperatures between 100 to 150°C in our measurement time

range.

IfMez ? CH,
M M1y 5 ||
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The adsorption and desorption behavior of TDMAH on hydrogenated Si(100) surface
were also analyzed quantitatively. The change of integrated area of C-H stretching modes
(2700~3000 cm™) with time is showed in Fig.25. For both adsorption and desorption period, at
different substrate temperatures, the change of C-H stretching intensity with time shows different
profile. At 100°C, most TDMAH molecules are intact in the experimental time range (6 min) and
the adsorption is in physisorption regime, where the molecules are trapped on the surface by

weak Van der Waals force. This weak adsorption is indicated by the fast desorption (large
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negative slope) behavior in the pumping mode Fig.25 (b). Noteworthy, in the adsorption mode,
the curve doesn't saturate even after 6 min, which should be explained by the multilayer
physisorption behavior. Adsorption at 150°C shows even sharper increase of C-H stretching
signal. As seen in Fig.24, the strong decomposition signals observed at 150°C indicated presence
of great amounts of decomposition products, which also include certain alkyl groups. Therefore,
the sharp increasing behavior should be contributed to the accumulation of both intact TDMAH
and thermal decomposition products. As one can see for the desorption profile of 150°C

experiment, its desorption rate is much slower than that at 100°C. This might be because of the
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Fig. 25. Integrated C-H stretching area change with TDMAH (a) adsorption and (b) desorption time at different
substrate temperatures.
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slow kinetics of the desorption of the decomposition products from the surface. For practical
ALD experiments at this temperature, long purging/pumping time is necessary to remove these
species to minimize thin film contamination. At high temperatures (200°C and 250°C), the
increased desorption rate of certain decomposition products with increasing temperature makes
the adsorption behavior close to self-termination with a slight increasing trend. However, the
self-terminating C-H containing adsorbates might result from a balance of TDMAH adsorption
and decomposition products desorption rates and cannot represent a self-terminating thin film

growth.

As mentioned earlier, the peak of 2770 cm™ has been recognized as an indication of the
existence of intact TDMAH molecules on the surface. This C-H stretching mode has a frequency
much lower than the normal C-H stretching modes found in alkyl groups and is usually observed
in transition metal alkyl amides. The ratio of this peak to the whole C-H stretching region is
monitored in the adsorption/desorption period and showed in Fig.26. As one can see in this
figure, in the adsorption mode, left region of the vertical blue line, the ratio of peak 2770 cm™ is
decreasing with increasing adsorption temperature, which indicates more TDMAH
decomposition at higher deposition temperatures. In the desorption region, right of the vertical
blue line, the as adsorbed species can keep in the same chemical format for certain time range
and this time range is decreasing with increasing temperature, which can be explained by
increased decomposition kinetics at higher temperatures. The long tail of the 150 °C desorption
behavior might be attributed to the existence of large amounts of adsorbed TDMAH
decomposition products. Interesting phenomenon has been observed for the 100 "C desorption,

as showed in Fig.26, the desorption was composed of two steps (flat regions), which indicates
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the existence of both physisorbed and small amount of chemisorbed TDMAH molecules on the

surface.
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Fig. 26. Change of ratio of peak 2770 cm™ to the whole C-H stretching area in the period of adsorption and
desorption at different substrate temperatures.

The profile of Si-H bonds changing on the ATR silicon crystal surface in the period of
TDMAMH adsorption and desorption at different crystal temperatures is showed in Fig.27. As one
can see, at 100°C, there is almost no change of surface Si-H bonds in the adsorption and
desorption process. Starting from 150°C, the introduction of TDMAH induced apparent
subtraction of surface Si-H bonds and after stopping TDMAH flow the surface Si-H bonds kept
in a stable level. Sufficient thermal energy is achieved above 150°C for the reaction between
TDMAH and Si-H bonds to happen. The stable Si-H bonds after TDMAH introduction indicates
that the thermal energy itself can not break these bonds. The reaction of surface Si-H bonds with
the thermally activated (or decomposed) TDMAH molecules is the main way for surface bonds

subtraction.[149]
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Fig. 27. Surface Si-H bonds change with TDMAH adsorption and desorption at different crystal temperatures.
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Fig. 28. Surface OH group showing up in the desorption/pumping process (150°C).

In the desorption processes for all temperatures, a peak located at ~3700 cm™ showed up
after 3 to 4 min pumping. The results for the 150°C process is showed in Fig.28. This peak has
been attributed to OH stretching modes from Hf-OH group, which is different from that of H,O
(broad peak at ~3400 cm™). It has been found that the reaction of TDMAH with H,O is much
thermodynamically favorable by both experimental and theoretical studies. The residual water

vapor in the ATR cell (or leaks) could thus easily attack the surface adsorbed TDMAH or its
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decomposition products (Hf-H) and generate Hf-OH groups on the surface. This might not be a
big effect in the deposition of HfO,, but it will disastrous and definitely contaminate the

deposition of Hf3N4 or HfN films.

3.3 Plasma Enhanced Atomic Layer Deposition of HfN Films

3.3.1 Introduction

HfN thin film has showed excellent properties for being used as the gate electrode
material to work with HfO, (gate dielectric layer) in the MOSFET structure. PEALD of high
quality HfN thin film at low substrate temperatures would be an greatly preferred process for
practical fabrication. Previous studies on PEALD of HfN by using hafnium amides and hydrogen
plasma has reported the incorporation of C elements in the as deposited thin films. However, the
related thin film growth chemistry is rarely investigated. In this dissertation research, aside from
the surface chemistry study of TDMAH precursor by ATR-FTIR, in-vacuo XPS is also used to
study the as grown thin film surface. These work can provide a clear picture of the HfN thin film

growth chemistry and its relation to thin film physical properties.

3.3.2 Experimental Details

Hafnium nitride (HfN) thin film deposition on hydrogen terminated Si(100) and
thermally grown SiO, (on Si) substrates was carried out in a home built plasma enhanced atomic
layer deposition (PEALD) system (Fig.29). This PEALD chamber is a part of a ALD/CVD thin
film deposition cluster and connected to a in vacuo XPS system by vacuum gate valves, as

showed in Fig.30.

60



RF Power s
Shower
head
Turbo §
pump ~Substrate
"Heater
DI Rotary vane pump

> N

Q

Fig. 29. Schematic of the plasma enhanced atomic layer deposition system.
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Fig. 30. ALD/CVD thin film deposition cluster coupled with in vacuo X-ray photoelectron spectroscopy.

Tetrakis (dimethylamido) hafnium (Hf(N(CHs)2)4, 99% ) purchased from STREM
Chemicals Inc. was used as the metal organic precursor without any further purification. The n-
type Si(100) wafer with native oxide was cleaned by standard RCA procedure and then dipped
into a diluted BOE (NH4F:HF=10:1) solution for 20 s to remove the surface oxide and passivate

the surface with Si-H bonds. Then the Si wafer was rinsed by DI water for 10 min and blowing

61



dried by ultra high purity N gas. The as prepared hydrogen terminated Si(100) wafer was loaded
into the reaction chamber for thin film deposition or underwent further thermal oxidation in a
tube furnace (Lindberg) to form a SiO; layer with thickness of 100 nm to 120 nm. In a typical
PEALD reaction, the bubbler filled with TDMAH was heated to 60°C by an oil bath heater and
the TDMAH delivery line from the bubbler to the reaction chamber was heated to around 75°C
to minimize precursor vapor condensation on the tubing walls. Hydrogen gas is introduced into
the reaction chamber by passing through a quartz tube where it is ionized into hydrogen plasma.
As shown in Fig.29, the quartz tube is wrapped by a copper solenoid, which is connected to the
RF power generator (coupled with matching network). In our case, 13.56 MHz RF power is used
to generate inductively coupled plasma (ICP) in the quartz tube. Since the generation of plasma
IS out of the reaction zone, the effect of substrate surface bombardment by powerful ions can be
minimized. The introduction of TDMAH and hydrogen plasma was separated by flowing inert
gas (Ar) between them. A typical ALD cycle is composed of the following four sequential steps:
5s TDMAH vapor, 35s Ar purging, 25s hydrogen plasma, 5s Ar purging. The pulsing of the
reactants and inert gas and the pulsing of the plasma are synchronized in a self written LabVIEW
program (Fig.31). Through serial communication (RS232/RS485) with a PC, the RF power
generator and a programmable relay controlling all the pneumatically controlled valves can be
controlled simultaneously by this LabVIEW program. In this way, the plasma was turned on

exactly at the time range of hydrogen pulse through the quartz tube, as shown in Fig.32.
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Fig. 31. LabVIEW program for the control of PEALD process.
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Fig. 32. Synchronized reactants and plasma pulsing sequence in PEALD experiments.

The reaction chamber is coated with SizN4 (PECVD using He diluted SiH, and N, plasma)
to minimize the effect of out gassing. The base pressure of the reaction chamber is pumped to
around 5x107 torr by a turbo molecular pump (Pfeiffer). In the deposition process, the chamber

is pumped by a rotary vane vacuum pump (Leybold) and the system pressure is automatically

controlled by a MKS throttle valve.

The as deposited thin films were characterized by an in vacuo XPS system (APEX,
Physical Electronics Inc.), which was connected to the deposition chamber through a gate valve,

as showed in Fig.30. The vacuum pressure of sample transfer path is below 107 torr. The
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pressure for XPS analysis is around 5x10°° torr. The as used X-ray is Mg K, (1253.6 eV) with a
power of 100W (15kV). The sample analysis area is 6x6 mm?. The pass energy of the electron
spectrometer is set to 100 eV for survey spectra and 25 eV for high resolution spectra. Depth
profile analysis was also carried out in this XPS system by using a 5kV Ar” ion gun and the
etching area was set to the same as the analysis area. A nominal etching rate of 1 nm/min is
achieved under our experimental conditions. The thin film cross section were characterized by
field emission scanning electron microscopy (JEOL 7000) and transmission electron microscopy
(TECNAI F20). The FESEM was operated at accelerating voltage of 20 kV with a spot size of 8
and working distance of 10 mm. High resolution TEM picture of the thin film interface was
taken under field emission gun voltage of 200 kV. Zone axis of [100] was taken for the single
crystal Si substrate. Thin film surface topography was studied by atomic force microscopy
(Nanoscope 1V, Digital Instruments). The AFM was operated in tapping mode using AFM tips of
NSC15/AIBS (MikroMasch) with tip radius of curvature of around ~10 nm, force constant of
~40 N/m and resonance frequency of ~325 kHz. Crystallographic information was studied by X-
ray diffractometer (X pert, Philips) and thin film thickness by X-ray reflectivity. The thin film

sheet resistance was measured by a four point probe.

3.3.3 Results and Discussion

Incorporation of oxygen has been found in the PEALD deposited thin films in spite of the
low system base pressure (~10°® torr), chamber wall coating with SisN, and the pre-sputtering of
substrate with hydrogen plasma. Considering the small air contamination effect for an in-vacuo
XPS analysis, the oxygen has been attributed to the residual oxidants (H,O/O) in the deposition
ambient which can react with TDMAH and be buried into the film. One factor has been found to

affect the degree of oxygen incorporation is the inert gas purging time after TDMAH pulse. By
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fixing the other conditions as follows: plasma power 100W, substrate T 250°C, pressure 0.1 torr,
TDMAH pulse 5 s, hydrogen plasma 25s, and the purge time after hydrogen plasma is 5s, the
purging time after TDMAH pulse is adjusted. As one can see in Fig.33, with increasing purging
time from 15 to 35 s the oxygen concentration in the thin film has been reduced to around 6 at%.
Longer purging time than 35s doesn't have much effect and make the thin film growth even

slower.

Atomic Concentration of Oxygen (%)

6
10 15 20 25 30 35 40
Purge Time after TDMAH (s)

Fig. 33. The effect of purging time on oxygen incorporation.

By using this purging time, other PEALD processing conditions are studied to see their
effects on thin film surface chemistry. Surface chemical compositions of thin films deposited at

different temperatures, pressures and plasma powers are listed in table 2. Apart from the desired

Table 2. In vacuo XPS results of thin film surface chemical composition at different experimental conditions.

Substrate Reaction Chemical composition (atom %)
Plasma Temperature  Pressure
Power (W) ¢C) (torr) Hf N C o]
100 150 0.1 33.6 (x2.4) 36.1(x2.7) 18.1(x1.3) 12.1(xl1l5)
100 250 0.1 38.6 (£2.6) 39.4 (x2.3) 18.7(x1.2) 3.3(x1.0)
100 350 0.1 359 (¥2.2) 37.6(x2.4) 198(xl.2) 6.6(x0.9)
50 250 0.15 35.3(x1.9) 399(+x3.00 20.8(x2.0) 4.0(x1.0)
100 250 0.15 30.7 (x2.2) 343(x2.8) 275(x14) 7.5(x0.8)
150 250 0.15 346 (+2.7) 38.7(x3.1) 176(x1.8) 9.1(xl1.4)

65



Hf and N elements, incorporation of C and O on the thin film surface is also found. Similar
results have been reported by other groups, which were attributed to contamination from sample
air exposure.[71,72] This explanation is apparently unconvincing considering that the same
phenomena happened in our in-vacuo XPS analysis. To better understand the chemistry
happening in the ALD process, an XPS depth profile analysis was carried out using a 5kV Ar*
ion gun. The XPS spectra and quantitative chemical composition changing with etching depth

are shown in Fig.34 and table 3, respectively.
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Fig. 34. XPS depth profile analysis of (a) Hf4f (b) N1s and (c) Cls in an as deposited HfN,C, thin film. Sample
prepared at 250°C, 0.15 torr, 100W.
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Table 3. Chemical composition change with depth of analysis.

Atomic concentration (at%)

Hf N C 0]

Surface 30.0 35.8 25.7 8.4
Intermediate 36.5 36.5 19.2 7.9
Bulk 49.3 31.7 14.3 4.6

In the spectra and table above, ‘surface’ means XPS analysis without any etching,
‘intermediate’ represents a very thin layer (2~3nm) measured immediately after surface etching
and before the constant bulk properties, and ‘bulk’ means most of the thin film thickness where
no (or very small) qualitative or quantitative chemical changes can be detected. Fig.34(c) shows
a large C 1s peak from thin film surface analysis, which indicates more than 20 at% C. The
position of this C 1s peak is at 286.1 ev, which is different from the C 1s signal of adventitious
hydrocarbon (284.8ev). This result further rules out the possibility of air contamination. This
carbon signal probably comes from the N-C bonds, which exist in complexes of TDMAH
incomplete decomposition products. This assignment was supported by the existence of the left
shoulder on N 1s peak in Fig.34(b), which represents N in an organic matrix. With Ar* ion
etching, the chemical state change of C 1s peak shows a clear trend from organic carbon (N-C,
286.1ev) to metal carbide (Hf-C, 282.3ev). Meanwhile, the peak shoulder on N 1s disappeared
gradually. Although the existence of hafnium carbide phase was reported as a natural phase
produced by PEALD reaction in the bulk, the possibility of chemical state change due to ion
sputtering could not be ruled out. Apart from the disappearance of N-C groups due to ion etching,
another obvious change is the shape and position of Hf 4f peak. The height ratio between the two
spin orbit splitting peaks of Hf 4fs, and Hf4f;, increases with sputtering time until the bulk
properties are obtained. It has been reported in certain XPS studies of hafnium nitride thin film

that Hf4fs, has relatively stronger intensity than Hf4f;;, due to the enhancement effect of N 2s.
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[150,151] This is a unique feature for hafnium nitride considering that no such effect is observed
in hafnium metal, hafnium carbide or hafnium oxide.[152,153] The peak shift of Hf4f;, from
16.4ev to 15.1ev also indicated the presence of hafnium nitride phase after removal of the top

layers. Apparently this phase is hafnium rich due to the incorporation of C and O.

X-ray diffraction study shows that all the as deposited thin films on both Si(100) or
SiO,/Si are amorphous without any crystalline features. The only X-ray diffraction signals are
from the single crystal silicon substrate. Cross sectional view by SEM and TEM and surface
morphology by AFM for a multilayer sample of HfN,C,/SiO/Si prepared at 250°C and 100W
are shown in Fig.35 (a), (b) and (c) respectively. The SEM image shows the clear layered
structure and a dense HfN,C, film around 80 nm depostied on SiO,/Si. The HRTEM image
showed the interface between HfN,C, and that between Si and SiO,. Clear lattice fringes from
(100) planes of the Si single crystal can be observed. Selected area diffraction has proved that
there is no crystalline feature for the SiO, and HfN,Cy layers, as measured by XRD. The gradual
contrast change in the interface indicates a gradual mass density change, which might be due to
small amount of interdiffusion in a thickness range of 1~2 nm. The RMS surface roughness was

measured to be 0.8nm for a scanning area of 1 pm®.
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(b)

Fig. 35. (a)Cross sectional view of HfNxCy on SiO,/Si ())HRTEM images of the HfN,C,-SiO, and SiO,-Si
interfaces (c) surface topography by AFM, RMS roughness is 0.8nm.

lOIO

10°
3 10
2 150 W
2 4
g 10
|

100 W
100
50 W
] 1 1
0.8 1.6 2.4 3.2 4 4.8
2 Theta (degree)

Fig. 36. X-ray reflectivity measurement of the as deposited HfN,C, films at different plasma powers. The ALD
cycles of deposition are 200, 200, and 300 for 50W, 100W, and 150W, respectively.

X-ray reflectivity (XRR) results of the as deposited thin films under different plasma

powers are showed in Fig.36. The thin film thickness is fitted by using the Philips WinGixa
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software. The thickness results are very close to those obtained by cross sectional SEM
measurement. Thin film roughness is in the range of few angstroms, which is indicated clearly

by the long range interference patterns and coincides with the AFM measurement.

Fig.37 (a) shows the effect of plasma power on thin film growth rate and resistivity. Both
the growth rate and resistivity decrease with increasing plasma power from 50W to 150W.
Compared to the dramatic decrease of thin film resistivity, the growth rate change is much
smoother. The growth rate around 0.18nm/cycle is reasonable for a practical ALD method, in
which only a fraction of a monolayer (ML) is deposited for each cycle. The small decrease of
growth rate might be explained by a plasma etching effect. Fig.37 (b) shows the effect of plasma
power on the chemical states of surface Hf. The increased peak ratio of Hf 4fs, to Hf 4f;, at high
plasma power indicates the formation of more hafnium nitride phase on the surface.[150,151]
This result can be a good explanation of the decreased thin film resistivity at higher plasma

powers.
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Fig. 37. (a) Plasma power effect on thin film growth rate and resistivity (b) Plasma power effect on chemical states
of surface Hf.
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3.4 Conclusion

In summary, TDMAH adsorption and reaction on hydrogenated Si(100) surface has been
investigated by in-situ ATR-FTIR experiments. It has been found that for temperatures below
100°C, physisorption is the main mode of TDMAH adsorb onto the crystal surface and no
obvious surface Si-H bonds breaking. These physisorbed TDMAH molecules can be pumped
away easily. At temperatures between 100°C and 150°C, surface adsorbed TDMAH molecules
start to decompose and newly emerging IR peaks at 1591 cm™ and 1639 cm™ were assigned to
N=C and Hf-H vibrational mode respectively based on a B-hydride elimination mechanism. The
decomposition species on the surface has been found hard to desorb at low temperatures, which
can contaminate the thin film growth if the purging/pumping time is not long enough. The
surface Si-H bonds subtraction has been found for adsorption above 150°C and it's closely

related to the TDMAH decomposition behavior.

Hafnium nitride thin film deposition by PEALD using TDMAH and hydrogen plasma has
been investigated. Uniform and moderately conductive HfN,C, thin films were deposited on
Si(100) and SiO, substrates. A thin surface layer (2~3nm) containing both hafnium nitride and
organic complexes of TDMAH decomposition has been found by in vacuo XPS analysis. Depth
profile analysis by XPS indicated the existence of hafnium carbide phase in the bulk. Thin film
resistivity is greatly affected by the level of hydrogen plasma power, in which higher plasma
power results in lower thin film resistivity. In spite of this tunability of resistivity by plasma
power, carbon incorporation is still a big issue for this PEALD method. Therefore, more
appropriate reducing agent or nitrogen source is probably needed to get pure HfN thin film by

CVD/ALD method.
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CHAPTER 4. DIRECT LIQUID INJECTION CHEMICAL VAPOR DEPOSITION OF
FERRIMAGNETIC NICKEL FERRITE AND LITHIUM FERRITE FILMS

4.1 Introduction

Nickel ferrite (NiFe;O,) and lithium ferrite (LiFesOg) thin film growth by DLI-CVD
technique is reported in this chapter. The achievement of both high quality and thick spinel
ferrite thin film materials is particularly essential for the fundamental research of ME
(magnetoelectric) effect in ferrite-ferroelectric bi-layer structures and practical application in
dual tunable microwave devices.[40,41] DLI-CVD technique has the potential capability of
fulfilling these requirements. To achieve these objectives, the main research work includes
material selection (precursor, solvent, and substrate), processing condition optimization
(vaporization and CVD process) and thin film characterization (structural, morphological, and
magnetic properties). More results have been obtained for nickel ferrite thin film deposition.
Effect of the CVD growth conditions on the thin film physical properties is studied. Possible
reaction mechanisms and thin film growth modes have been proposed upon experimental results.
Single crystal quality and thin film defects are characterized by various techniques, including
XRD, polarized Raman and TEM. Great emphasis is focused on FMR properties of the as grown
nickel ferrite films, which directly related to its microwave applications. Nickel ferrite thin film
growth on various piezoelectric substrates are also investigated. For the lithium ferrite thin film

growth, certain preliminary results have been obtained.
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4.2 DLI-CVD Growth of NiFe,O4 Films
Nickel ferrite (NiFe,O4) is a well known insulating and high permeability magnetic

material that is commonly used in transformer cores and microwave applications.[73] It

possesses a spinel (Fd 3 m) structure (a = 0.834 nm) with the tetrahedral A sites occupied by half
of the Fe** cations, whereas the remaining Fe** and Ni** cations are distributed over the
octahedral B sites (Fig.15). Recently, much attention has been attracted to the growth of epitaxial
spinel ferrite thin films for magnetoelectric applications and monolithic microwave integrated
circuits (MMIC).[43,77] For instance, the magnetoelectric effect in magnetic/ferroelectric
heterostructures is promising for tunable microwave devices, such as filters and phase shifters,
offering much faster tuning response and lower power consumption.[46]

As mentioned in chapter 2, a wide variety of thin film growth techniques have been
developed and investigated in the past for nickel ferrite (and with divalent cation substitutions).
However, the achievement of both high quality (structural, morphological, magnetic and
microwave properties) and thick (1-10 micron range) epitaxial films for microwave device
applications remains challenging.[73,78] Chemical Vapor Deposition (CVD) offers a number of
advantages over other deposition methods, but its use for nickel ferrite film deposition has been
limited by the low volatility and thermal stability of available chemical precursors. The direct
liquid injection (DLI) technique, which can generate vapor from a liquid solution source at
relatively low temperatures, has in recent years been successfully utilized for a number of metal -
organic chemical vapor deposition processes.[110-112] DLI-CVD is a particularly useful method
for multi-component systems as several precursors can be dissolved in the same solution and the
relative delivery rates of precursors are defined by the solution composition. Thin film growth

rate can be extremely high due to the possible high rate of precursor introduction into the thin
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film growth region. The properties of the films are greatly influenced by the specific
vaporization procedure, the selection of metal organic precursors, solvent and substrate material,
and especially processing conditions (temperature, pressure, etc.). In this chapter, we report the
epitaxial growth of relatively thick nickel ferrite films on various substrates using the DLI-CVD
technique.

Various challenges for epitaxial growth of complex magnetic oxides (e.g., ferrites) by
CVD methods are to be expected. The first consideration is the reactivity of metal organic
precursors, which has to be optimal for decomposition and film growth on the substrate surface
but avoid gas phase reactions/nucleation. Moreover, the decomposition temperature ranges of the
individual precursors should be sufficiently close to help retain the cation ratio of the solution
source in the thin film. For growth on a lattice-matched substrate, the temperature has to be
sufficiently high to provide adequate surface diffusion of the adsorbing species for epitaxial film
growth and yet maintain a smooth surface morphology.

In this work, anhydrous Ni(acac), and Fe(acac); (acac is an abbreviation for
acetylacetonate) in the molar ratio of 1:2 are dissolved in N, N-dimethyl formamide (DMF) to
form the precursor solution. DMF acts as a solvent and can simultaneously minimize
intermolecular association by coordinating with the metal ions.[154,155] A Brooks Instrument
DLI 200 Vaporizer system is used, which vaporizes the liquids using a heated inert gas instead of
a hot metallic surface. This approach enables more gentle vaporization of the solution source
with minimal thermal decomposition of the precursors. MgAl,O, (100) and MgO (100)
substrates with cubic normal spinel (a = 0.808 nm) and fcc (2a = 0.842 nm) structure,
respectively, are used for systematic study of film growth due to their close lattice match with

nickel ferrite (lattice mismatch of 3% and 1%, respectively).[81,101,102] Deposition on other
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substrates such as MgO(111), and piezoelectric SrTiO3(100), PMN-PT (Pb(Mgy/;sNb;3)Os-
PbTiOs) (100), and PZN-PT (Pb(Zn13Nb3)Os-PbTiO3) (100) is also investigated under certain
experimental conditions.
4.2.1 Experimental Details

Nickel ferrite films are deposited on MgAl,O, (100) and MgO (100) substrates in a
horizontal 1.5 inch diameter quartz tube furnace. The DLI-CVD experimental set-up is shown in

Fig.38.
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Fig. 38. Experimental set-up of DLI-CVD system for the growth of nickel ferrite films.

As shown in Fig.38, The CVD reactor is a three zone low pressure quartz tube furnace.
The tube reactor, with a diameter of 1.5 in. and length of 50 in., was pumped down to the
reaction pressure (12 Torr) by a rotary vane vacuum pump (Leybold, Trivac). Ni (acac), (98%)
and Fe(acac)s (99%), bought from Sigma-Aldrich, were used as metal organic precursors without
any further purification. These precursors were dissolved in N, N-dimethyl formamide (DMF) in
a molar ratio of 1:2 as the source for liquid injection. Ultrahigh purity He (20 psi) was used to

pressurize the liquid flow from solution container to the vaporizer. The flow rate of the liquid
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solution was accurately controlled by a Brooks Quantim liquid MFC (10 g/h, full range)
connected to the DLI1200 vaporizer system. Ultrahigh purity argon gas was used as the carrier gas,
which served both as the vaporization medium and the delivery gas. The liquid vaporization
process is accelerated by a sequential input of mechanical and thermal energy. At the vaporizer
inlet, where the liquid and carrier gas flow intersect, is an atomizer, which breaks up the entering
fluid into fine droplets (2~5um) because of a large pressure drop. Efficient heat and mass
transport between the fine droplets and the preheated carrier gas (Ar) results in the metal-organic
precursors being homogenously entrained in the solvent vapor and carried into the reactor
without premature decomposition. Ultrahigh purity oxygen was used as the oxidant. Atomically
polished single crystals such as MgAI,O, (100) and MgO (100) of dimensions
5mmx5mmx0.5mm from CrysTec Gmbh were used as substrates. Before loading into the reactor,
the substrates were ultrasonically cleaned sequentially in acetone and isopropanol and then blow
dried with N,. The vaporizer system was cleaned with pure DMF solvent after each run. Typical

processing conditions are summarized in Table 4.

Table 4. Typical processing conditions for DLI CVD of epitaxial NiFe,O, films.

Substrate MgAl,O, (100) / MgO (100)
Reaction pressure (Torr) 12

Growth temperature (°C) 500-800
Concentration of solution (Fe(acac)s, mol/L) 0.067

Solution flow rate (g/hr) 6

Ar carrier gas flow rate (sccm) 300

Vaporizer temperature (°C) 175

Oxygen flow rate (sccm) 300

Prior to investigation of the CVD process conditions, we optimized the vaporizer
operation parameters (including precursor solution injection rate, carrier gas (Argon) flow rate,

vaporizer temperature, inlet and outlet pressures) by inspecting the surface morphology and
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chemical composition of nickel ferrite film grown at 600°C. As a starting point, we chose the
vaporizer temperature based on the thermal properties of the solvent and precursors (b.p. of DMF
153°C, m.p. of Ni(acac), 230°C, m.p. of Fe(acac); 184°C). Other physical properties of the
solvent (e.g., density, viscosity and heat of vaporization) are also important in choosing the
carrier gas and liquid flow rates, and vaporizer pressure. All the vaporizer parameters have to be
tuned for optimal flow of the precursors into the CVD reactor without decomposition. Deviations
from the optimized parameters, such as in the vaporizer temperature or liquid flow rate, results in
a rough film surface and/or changes in stoichiometry from the desired composition. This can be
attributed to an inadequate vaporization process due to precursor(s) decomposition, condensation
on tubing walls, or the presence of insufficiently vaporized droplets/clusters. In this paper, if not

specified, all the vaporizer operations are fixed at these optimized values (Table 4).

The film morphology was characterized by both FE-SEM (JEOL-7000) and AFM (Vecco
Nanoscope-1V). The JEOL-7000 FE-SEM system was also equipped with an EDX (Oxford
Instruments) measurement system for chemical composition analysis. For the FE-SEM and EDX
characterization, operating conditions were as follows: accelerating voltage 20 KV, beam spot
size 8, and working distance 10 mm. All the samples were attached to the sample holder by
carbon tape and no metallic coatings on the sample surfaces were deposited. For the AFM
characterization, ultra sharp non-contact silicon cantilevers (MikroMasch, NSC15/AIBS) with a
typical probe tip radius of ~10nm and resonant frequency of ~325 kHz were used in tapping
mode. Transmission electron microscopy was used to characterize the crystal structure and
defects. XRD (Philips X’pert Pro) was used to investigate crystallographic properties of the as-
deposited films. Cu Ko radiation was used as the X-ray source. All the samples were

characterized under similar experimental conditions (with a nickel filter and 0.5° divergence slit
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size). For the rocking curve analysis, 20 was fixed at the NiFe,O, (400) diffraction angle while
scanning ®. The Raman spectra of NiFe,O4 single crystal and NiFe,0,/MAO films were
measured under nominally identical conditions using a T64000 (Jobin Ywvon) spectrometer
equipped with a microscope and a liquid nitrogen cooled CCD detector. The 633 nm laser line of
a He-Ne laser was used for excitation. The magnetic properties were studied using an AGM
(PMC, Micromag-2900) system with a magnetic field scan to 16 kOe. The four edges and

backside of each sample were polished by sandpaper before the AGM measurements.

4.2.2 Results and Discussion

4.2.2.1 Thin Film Growth on MgAl,O, (100) and MgO (100)

4.2.2.1.1 Oxygen Effect on Film Morphology

Fig. 39. The effect of oxygen flow rate on thin film surface morphology observed using field emission scanning
electron microscopy. (a) Without oxygen flow, film of porous structure is formed; (b) particulates formation under
high oxygen flow rate.

Unlike typical CVD reactions where metal-organic precursors are the only reactant
species, DLI-CVD involves the combustion of a large concentration of organic solvent vapor. In
our case, the consumption of oxygen by DMF (flash point 58°C) has to be considered. To

investigate the effect of oxygen flow on the thin film growth, we carried out two control
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experiments at a deposition temperature of 700°C on both MgAl,0, (100) and MgO (100)
substrates. The first experiment involves film growth without any oxygen flow (just the argon
carrier gas). Film growth by thermal decomposition of the metal chelate precursors occurs in the
absence of oxygen.[108] However, as can be seen from the SEM micrograph image in Fig.39 (a),
the as-deposited film shows a very porous structure. EDX (Energy Dispersive X-ray
Spectroscopy) analysis reveals the presence of a significant excess of Fe than in stoichiometric
nickel ferrite, along with trace amounts of carbon (< 2%). The porous structure is likely related
to incomplete decomposition together with the slow kinetics of the surface reaction and/or
desorption of the by-products. Based on thermal stability studies of the precursors, the
preferential incorporation of iron may be attributed to the lower thermal stability of Fe(acac);
than Ni(acac),.[156-158] The effect of high oxygen flow rate, double of what is needed for
growth of smooth and stoichiometric films (Table 4), is studied in the second control experiment.
As shown in Fig.39(b), a relatively smooth and dense film is obtained. The correct chemical
composition (Ni:Fe = 1:2) is obtained under this condition. However, small particles (10-100 nm
range) are observed on the film surface. The particulate formation can be attributed to gas phase
nucleation, which is a common and undesirable feature in CVD reactions, especially at high
reaction pressures. Particulates buried in the film during growth can result in crystalline defects
and thus influence the physical properties. It is noteworthy that the film growth rate does not
increase with the increased oxygen flow rate. Comparing the results of these two experiments,
the oxygen flow influences the thin film growth kinetics and helps balance the deposition rates of
Ni and Fe. It is likely that more of lower molecular weight volatile products, such as CO,, are
generated in the presence of oxygen and thus minimize the problem of blocked surface

adsorption sites. Based on mass spectrometry studies Igumenov et al. [159] suggest that the
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oxygen does not participate in the formation of the oxide phase during thermal decomposition of
metal p-deketonates. Instead, its role is primarily to oxidize the organic fragments to form
smaller molecular weight products and thus avoid carbon incorporation in the film. This is
consistent with our observations from the above control experiments. Earlier mass spectrometry
studies have shown that thermal decomposition of Ni(acac), results in the formation of methane
in addition to acetone and carbon dioxide formed with Fe(acac)s.[156] In the presence of oxygen,
the preferential consumption of methane can drive the reaction equilibrium towards thermal
decomposition and thus increase the rate of Ni incorporation into the film. Moreover, enhanced
surface reaction kinetics in the presence of oxygen can alter the film growth mode to a mass
transfer limited process where the incorporation rate of Ni and Fe is actually dependent on their

diffusion rates through the gas-phase boundary layer above the surface as discussed later.

4.2.2.1.2 Thin Film Growth Mode

Table 5. Characteristics of nickel ferrite films deposited at different substrate temperatures.

Substrate temperature (“C) Growth rate (um/hr) RMS roughness (nm) Ni:Fe atomic ratio
MgAl,O, MgO MgAl,O, MgO MgAl,O, MgO

500 0.65 1.10 0.17 30.0 1:2.02 1:2.06

600 0.75 0.64 0.23 0.14 1:2.09 1:2.10

700 0.62 0.56 0.34 0.16 1:2.08 1:2.09

800 0.68 0.80 18.8 22.0 1:2.01 1:1.99

We have grown nickel ferrite films on MgAl,O, (100) and MgO (100) at temperatures
ranging from 500°C to 800°C under optimized vaporization conditions and oxygen flow rate. The
corresponding film growth rates, surface roughness (RMS), and chemical compositions are listed

in Table 5. The film growth rate does not show a clear trend with increasing temperature.
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However, there is sizeable run-to-run growth rate variation for films grown at a specific
temperature, particularly at higher deposition temperatures (up to 8%). The growth rate is
sensitive to the position of the substrate in the reaction zone. This is likely related to the
temperature and precursor concentration distribution in our hot wall tube reactor, which can be
approximated by a plug flow reactor (PFR). From the vaporizer gas outlet to the substrate surface,
the tube temperature gradually increases to the reaction zone temperature due to thermal
conductance while the precursor concentration decreases because of thermal decomposition and
deposition on the surrounding tube wall. The highest growth rate can be achieved over a
particular region of the reactor because of a favorable combination of temperature and precursor
concentration. By inspecting the color of the tube walls after each experiment, we found that
most of the deposition occurs in a small volume (tube length of ~2 inch) close to the entrance of

the reaction zone.

To better understand the effect of precursor concentration in the solvent on the film
growth rate, both half and double of the original concentration of the precursor solution (listed in
Table 4) were employed for growth at a substrate temperature of 600°C, with all the other
process conditions held constant. The film growth increases almost linearly with increasing
concentration (0.39, 0.75, and 1.42 um/hr respectively). The film deposited with lower
concentration of precursors does not show any obvious change in surface roughness and
chemical composition. However, the enhanced growth rate obtained for deposition with the
higher concentration is compromised by increased surface roughness and an Fe rich
stoichiometry. From a mass-transfer limited assumption, it is possible that the increased
concentrations of Ni and Fe species in the hydrodynamic boundary layer affect their relative

diffusion rates,[85] however, mass transfer limitations are not easily determined in this set-up
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because vapor velocity cannot be changed independent of pressure. Further insight is gained by
the importance of substrate position and tilt on thickness uniformity, and the relatively weak
temperature dependence of growth rate which suggest mass-transfer limited deposition. In either
the mass transfer or reaction limited scenario, film growth rate is dominated by the precursor
concentration distribution, and thus the consumption of precursors by deposition on the tube wall
IS a primary reason for the variability in film growth rate. In spite of these growth rate variations,
the chemical composition and surface morphology are well reproduced from run-to-run for

different deposition temperatures.

EDX analysis indicates chemically pure NiFe,O, films without any detectable
contamination. The ratio of nickel to iron, as shown in Table 5, is close to stoichiometric for
different deposition temperatures. The film surface roughness has been characterized by cross-
sectional Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM), and
show different trends for depositions on MgAl,O, and MgO substrates. These trends can be
observed in Fig.40(a) and (b), which show the cross-sectional view of nickel ferrite films
deposited at different temperatures on both substrates. At 600°C and 700°C, films grown on both
MgAl,O, and MgO exhibit an atomically smooth surface. Fig.40(c) shows the cross-section
SEM view of a 0.78 um thick NiFe,O4 film on MgAl,O, substrate deposited at 600°C. The inset
is a Sum x Sum AFM image of the surface of the same sample, exhibiting a RMS roughness of
~0.3 nm. In our experiments, smooth (RMS < 0.5 nm) and dense (without voids or detectable
grain structure) films are formed for samples deposited between 600°C and 700°C on both
MgAI,O, and MgO substrates. However, films thicker than 0.5 um on MgO display surface
cracks. This is probably due to the large interfacial tensile stress resulting from a combination of

lattice mismatch (2amgo = 0.842 nm, anire20s4 = 0.834 nm) and thermal expansion difference
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(amgo = 1.0x10° K™, anire2os = 1.34x10™° K™). A detailed analysis of stress development between
nickel ferrite film and MgO substrate during CVD growth has been reported by Fitzgerald et
al.[82] Careful examination of the surface cracks in our films with FE-SEM (Field Emission
Scanning Electron Microscopy) interestingly reveals bent fractured rectangular lamina pointing
out of the surface consisting of both the nickel ferrite film and a layer of the MgO substrate. The
MgO layer thickness is about the same of that of the nickel ferrite film. It appears that the
residual interfacial stress is sufficiently large to fracture the MgO crystal but not the interfacial
bond between the film and MgO. Apart from the extremely large tensile stress build-up, it is
speculated that the crystalline defects generated by the Mg diffusion into nickel ferrite films can
also weaken the strength of MgO crystal. Surface cracks in nickel ferrite films on MgO (100)
substrate have previously been observed in films grown using pulsed laser deposition,[101] but

no details are provided regarding their formation mechanism.

As can be seen in Fig.40(a) and (b), films grown on both MgAIl,O, and MgO exhibit
increased surface roughness of ~20 nm for the highest deposition temperature of 800°C. No
surface cracks are observed on MgO substrate for this deposition temperature probably due to
relaxation of the interfacial stress by the increased roughness. As for the low temperature
deposition at 500°C, growth on the two substrates shows completely different morphology.
Nickel ferrite films on MgAl,O, display similar morphology as those deposited at 600 and 700°C,
but films on MgO show voided columnar structure (Fig.40(d)), as expected for low temperature
epitaxial growth due to limited surface diffusion. Apparently, for nickel ferrite growth at 500°C,

the MgAl,O, (100) surface provides larger surface diffusivity than the MgO (100) surface.
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Fig. 40. Cross-sectional view by field emission scanning electron microscopy; (a) nickel ferrite on MgAl,O, (100)
deposited at 500~800°C; (b) nickel ferrite on MgO(100) deposited at 500~800°C; (c) Magnified view of nickel
ferrite on MgAlLO, deposited at 600°C, the 5 x 5 um? AFM image shows the film surface RMS roughness of ~0.3
nm; (d) Magnified and tilted (10%) view of nickel ferrite on MgO(100) deposited at 500°C with RMS roughness of
~30 nm.

4.2.2.1.3 Physical properties

Due to the formation of surface cracks in films on MgO (100) substrates that complicate
analysis of film properties, we focus here on results for growth on MgAl,O,4 (100) substrates.
The crystalline structure of the as-deposited films has been analyzed using an X-ray
diffractometer (Philips X’pert Pro, Cu Ka source). As shown in Fig.41, all the films deposited
between 500°C to 800°C exhibit a pure spinel phase with the (h00) planes parallel to the film
surface. The calculated out-of-plane lattice parameters are 0.833, 0.834, 0.834, and 0.831 nm for

films grown at 500, 600, 700 and 800°C, respectively. The films grown at 500-700°C have lattice
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parameters close to that of the bulk (0.834 nm). This is not surprising considering that the films
are relatively thick (> 0.5 pum) and completely relaxed, despite the lattice mismatch with the
substrate (~3%). However, the out-of-plane lattice parameter of the film grown at 800°C is lower
than that in the bulk, which indicates the presence of a tensile stress. A stress model for
heteroepitaxial magnetic oxide films has been proposed by Besser et al.[160] Depending on the
film thickness, the lattice mismatch between the overgrowing film and substrate at the growth
temperature cannot withstand the elastic deformation and the stress will be relieved by formation
of misfit dislocations at the interface. In this case, assuming elastic behavior for the film, the
residual stress after cooling the sample to room temperature is proportional to the difference in
the thermal expansion coefficient between the film and substrate and is not related to the bulk
lattice parameters. The residual tensile stress of films deposited at 800°C can be explained well
by this model considering that NiFe,O, has a larger thermal expansion coefficient than

MgA|204(OCMgA|204 = 9.5X10—6 K—l).

Rocking curve (w-scan) analysis of NiFe,O,4 (400) diffraction is used to characterize the
degree of film texture (Fig.42(a)). The measured FWHM (Full Width at Half Maximum)
decreases from 0.47° to 0.23° with increasing growth temperature (FWHM value of MgAl,04
substrate is ~ 0.02°). A similar trend in the FWHM has been observed in PLD grown NiFe,O4
films on MgAIl,O, substrates.[102] For films grown on MgO substrates, the FWHM is
significantly lower (e.g., 0.03° for film grown at 600°C), likely because of the closer lattice
match than MgAl,O4. We have examined the in-plane texture from ¢ scans of the NiFe,0, {220}
planes. Fig. 42(b) shows the ¢ scan results of both the NiFe,O4 film and MgAl,O, substrate
(deposited at 600°C). The four 90° spaced diffraction peaks clearly illustrate the four-fold

symmetry of the spinel structure. The coincidence of these four peaks with the {220} peaks from
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the MgAl,O, substrate confirms cube-on-cube epitaxial growth. The ¢ scan FWHM values are

0.99° and 0.06° for the NiFe,O4 film and the MgAl,O, substrate, respectively.
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Fig. 41. XRD patterns for NiFe,0O, films deposited on MgAl,O, (100) at 500, 600, 700 and 800°C. Peaks with (*)
symbol are from MgAl,0O, (h00).
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Fig. 42. (a) Rocking curves of NiFe,O, (400) diffraction from films deposited at different temperatures. The FWHM
are 0.47, 0.46, 0.36 and 0.23 for the 500, 600, 700 and 800°C deposited samples, respectively. (b) ¢ scan for the
{220} diffractions of both NiFe,O,4 film and MgAl,0, (100) substrate (deposited at 600°C).

Epitaxial film growth has been further confirmed using polarized Raman spectroscopy

measurements. The comparison of the polarized Raman spectra of NiFe,O, films growth at three

different temperatures on MgAl,O, substrate with those of a bulk NiFe,O,4 single crystal is

shown in Fig.43. The first and second letters in the notations XX, XY, X’X’, and X’Y” indicate

the polarization of the incident and scattered light, respectively, along the pseudo cubic X||[100],
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Y|[[010], X'||[110], or Y'||[-110] directions. These spectra provide further evidence that the films
are epitaxial and of single crystal quality. Indeed, except for negligible differences in the peak
positions and relative intensities, the corresponding spectra of the films and the crystal are

practically identical. It is worth mentioning here that the number of Raman lines and their

polarization properties differs significantly from what is expected for the Fd 3m structure.
According to recent reports,[161,162] this is explained by the fact that at a microscopic level

Ni?* and Fe*" are not randomly distributed, but ordered at the octahedral sites.
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Fig. 43. Polarized Raman spectra of NiFe,O, single crystal and NiFe,O,4 films on MgAl,O,4 substrate obtained at
room temperature with 633 nm excitation with various exact scattering configurations. Courtesy of Dr. M. N. lliev
from University of Houston for taking the Raman data.

Transmission electron microscopy is used to analyze the as deposited nickel ferrite films
on MgAIl,O, (100) substrate. Electron diffraction patterns for the films deposited at 600°C is
showed in Fig.44. The diffraction pattern is taken along the zone axis <001> and spots from
various lattice planes of spinel nickel ferrite film have been indexed in Fig.44(a). The four fold

symmetry single crystal structure has been clearly demonstrated by the as shown diffraction
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pattern. Fig.44(b) has diffraction spots from both the film and the MgAl,O, substrate. For lattice
planes with small miller indices the spots from the film and the substrate overlap with each other,

while for those with larger indices the separation of two spots can be observed.

Separate spots at higher g

(b)

Fig. 44. Electron diffraction pattern of nickel ferrite film grown on MgAl,O, substrate at 600°C. (a) diffraction
pattern from the nickel ferrite film only; (b) diffraction pattern from both the film and the substrate. Zone axis of
<001> was selected for both diffraction patterns. Courtesy of Dr. R Datta for taking the electron diffraction data.

Diffraction contrast TEM images of the sample mentioned above under two beam
conditions have been obtained and are showed in Fig.45. The sample was tilted to make (-1-10)
the strongest diffraction spot. In this bright field TEM image, certain threading dislocations can
be clearly observed. These defects are probably from the strain relaxation process with thin film
growth. As we have found in the XRD measurement that the nickel ferrite films are fully relaxed

under these experimental conditions. HRTEM image of the interface between nickel ferrite and
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MgAl,O, substrate is showed in Fig.46. Lattice fringes could be clearly seen from both {220}
and {040} planes. The dark area might be from antiphase boundaries as has been reported by R.
Datta, et. al..[163] The area in the red box of Fig.46(a) is Fourier filtered to exhibit the
diffraction information only from the {040} planes. Break of periodicities has been found and
marked with red circles in Fig.46(b). The lattice mismatch and difference of thermal expansion
coefficients could both contribute to the presence of irregular lattice planes at the interface of

thin film growth.

Fig. 45. Bright field TEM image of nickel ferrite on MgAl,O, deposited under 600°C. The image is taken under two
beam conditions with g = <-1-10>. Courtesy of Dr. R Datta for taking the TEM image.

(@) (b)

Fig. 46. (a) HRTEM image of the interface between nickel ferrite film and MgAl,O, substrate; (b) Fourier transform
of the area in the red box of the HRTEM image, the as left lattice fringes are from {040} planes. Courtesy of Dr. R
Datta for taking the HRTEM images.
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We have used an AGM (Alternating Gradient Magnetometer) to measure the room
temperature magnetic properties of the as-deposited films on MgAl,O, substrate. The saturation
magnetization values are 257, 261, 284 and 299 emu/cm? for films grown at 500, 600, 700 and
800°C, respectively. In spite of the increased surface roughness of the sample grown at 800°C, its
saturation magnetization value is very close to the bulk value of 300 emu/cm®. This may be
attributed to the increased degree of texture with increasing deposition temperature, as indicated
by the results of the ® scan. Fig.47 shows the hysteresis loops of samples deposited at 500°C and
800°C, with an increase in saturation moment observed for the film grown at the higher
temperature.

Variations in the values of the saturation magnetization and coercivity versus deposition
temperature are plotted as insets in Fig.47. While the saturation moment increases steadily with
increasing deposition temperature to approach the bulk value, the film coercivity initially
increases and then decreases with increasing deposition temperature. Various factors can
contribute to the change of coercivity, such as stoichiometry deviation, cation ordering, strain

and grain size. Among these, grain boundaries can act as pinning sites for magnetic domain
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Fig. 47. AGM hysteresis loops for nickel ferrite films deposited at 500°C and 800°C. The upper-left inset shows the
dependence of the saturation magnetization on deposition temperature; the lower-right inset shows the dependence
of the coercivity on deposition temperature.

walls. In the multi-domain regime, small grain size and large wall density can result in large
coercivity.[164,165] It is likely that the increase in grain size with increased deposition
temperature from 600°C and 800°C results in films of decreasing coercivity. However, the
decreased coercivity for the 500°C sample may have a different origin, including possible
changes in cation ordering at low deposition temperatures.[101]

The as deposited nickel ferrite films on MgAl,O,4 (100) under different temperatures are
characterized by a coplanar waveguide (CPW) FMR system (400 MHz~40 GHz). The FMR
resonance conditions under different microwave frequencies and crystal orientations (to the static
magnetic field) are measured first. The results for the 600°C deposited sample is showed in
Fig.48. As one can see, the linear dependence of the resonance frequency on resonance field for
different crystal orientations, which indicates the excitation of the uniform FMR mode.[166] The
shift between lines is due to the change of effective internal field, which can be contributed by
demagnetizing field, magnetocrystalline anisotropy or strain effect. The theoretical modeling of
resonance conditions for spinel ferrite in thin film format have been proposed by using the

equation of motion of magnetization (eq.1.14) and assuming effective demagnetizing fields. The
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as derived equations for different crystal orientations (to the static magnetic field) are showed
below.[167] In these equations, ® is the microwave frequency in rad/s, y is the gyromagnetic
ratio, H is the static magnetic field, K; is the first order magnetocrystalline anisotropy coefficient,
M; is the saturation magnetization, and T; is a term representing strain effect. Noteworthy, the
demagnetizing factors in the film plane are assumed to be zero and the strain in the film plane is
assumed to be isotropic here. Based on these equations, the FMR experimental data for thin film

deposited at different temperatures are fitted using multi-linear regression method.

®y0\2 2 K, . 2K, o
(22)" = (oo + 377) (Bioo + %51 + 47 My + T3 (4.1)
2 2K ' K ;
- () & s, 7).
W, 2K
T';i} = Hﬂﬂl J|— jl—sl - 4:'5 MB - Tl . (43)
45
40-_ = [100] en
e [110] .:'
350 a4 [001] on N
F on A
30| on A
L on AA
N 25f o
=R - “
g 20 - -.. AAA
Y4 15'_ - AA
L - A
10 - L a A
sl @ 4

0 2000 4000 6000 8000100001200014000
H (Oc)

Fig. 48. FMR resonance field under different microwave frequencies and crystal orientations as measured for the
nickel ferrite sample deposited at 600°C. (sample size 5 mm x 5 mm, thickness ~780 nm).

The FMR fitting results are showed in table 6. Also showed in this table are the in plane
and out-of-plane lattice parameters calculated from the Cohen's method (eg.1.13) and the Mq
values measured by AGM. As can be seen in the table, the change of in plane and out-of-plane
lattice constants for the 800°C sample is the largest and make the crystal unit cell a slightly
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tetragonal shape, which indicates the existence of large tensile stress thin the film. This apparent
strain phenomenon will affect the internal magnetic field and thus change the resonance field.

The much smaller T, term of 800 °C than those of other temperatures coincides with this strain

effect very well. Another behavior is the increasing magnetocrystalline anisotropy field (%)

with increasing deposition temperature, which might be attributed to the increased single crystal

quality of the as deposited thin films. The as listed spectroscopic splitting g factor (also known as

_ 9iB

Landé g factor) has a relationship with the gyromagnetic ratio: y = e in which ug and h are

Bohr magneton and reduced Planck constant, respectively. The values of as calculated g factor
are slightly greater than 2, which has been also reported for experimental measurement of other

ferrite materials.[168]

Table 6. Structural and magnetic properties of nickel ferrite films deposited at different temperatures.

Structural and magnetic parameters Growth temperature (°C)

500 600 700 800
In-plane lattice parameter a (A) 8.354+0.002 8.346+0.002 8.348+0.003 8.366+0.001
Out-of-plane lattice parameter ¢ (A) 8.338+0.001 8.343+0.001 8.342+0.001 8.318+0.001
Saturation magnetization 4ntMs (G) 3230 3280 3569 3757
g factor 2.24+0.003 2.27+0.01 2.28+0.009 2.28+0.03
2K,/Ms (G) -75+15 -228+46 -272+38 -328+111
4Mess (G) 2348+14 2560+46 2883+38 889+108

The line width of FMR resonance curve represents the degree of microwave loss which is
an important concern for practical microwave device application. Nickel ferrite films deposited
on MgAl,O, at different temperatures were characterized by in plane FMR (static magnetic field
pointing at [100] direction) at microwave frequency of 9.5 GHz. The as measured thin film

thickness is in the range of (650~780 nm). As one can see in Fig.49, the FMR line width of film
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deposited at 600°C is the lowest. One important factor contributing to single crystal thin film
FMR line width is the surface roughness. This is probably the reason why films deposited at
higher temperatures show larger FMR linewidth. Another possible reason is interface diffusion
of Mg element from the substrate to the film at higher temperatures. Effect of chemical
impurities on FMR line width of ferrite materials has been widely investigated.[169,170] It's
noteworthy that the increased single crystal quality at higher temperatures is compromised by the
decreased FMR performance. Thin film deposited at 500°C also shows larger FMR line width
than that of 600°C. This might be attributed to the low single crystal quality and different ion
distribution in nickel ferrite lattice structure resulted from limited surface diffusion behavior at

low temperatures.
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Fig. 49. Ferromagnetic resonance curve of nickel ferrite films deposited on MgAl,O, substrate at different growth
temperatures. (Sample size 5 mm x 5 mm, thickness 650~780 nm) The inset shows the profile of FMR line width
with thin film growth temperature.

Due to the smallest FMR line width of films deposited at 600°C, angle and frequency
dependence FMR behavior of film deposited at this temperature is characterized. The angle
dependence of in plane FMR line width measured at 9.5 GHz shows four-fold symmetry (Fig.50),

which coincides with the cubic structure of nickel ferrite as measured by XRD ¢ scan. In this
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measurement, O degree represents the static magnetic field pointing at the [100] direction of the
single crystal. The in-plane cubic anisotropy can be clearly observed by the shift of the resonance
field at different orientations with the easier axis pointing at [110] direction. This is reasonable

considering that the easy axis is in the [111] direction in a bulk nickel ferrite single crystal.
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Fig. 50. In plane FMR curves measured at different angles of the sample to the static magnetic field. The inset
shows the line width value vs. in plane angle.

The in plane and out-of-plane FMR curves are showed in Fig.51. As can be seen, both the
resonance field and the FMR line width have a big difference between the in plane and out-of-
plane measurement. The shift of the resonance field to a much higher position for the out-of-
plane measurement indicates the presence of a large magnetic anisotropy with easy axis parallel
to the thin film surface. The decreasing FMR line width from 752 to 160 Oe can be attributed to
the decreased two magnon scattering effect for the out-of-plane measurement.[171] It has been
proved that the coupling effect between the uniform FMR mode and degenerate spin waves is
angle dependent for thin film materials. More specifically, when the magnetic field is parallel to
the thin film surface, there are a large number of spin wave states which are degenerate with the
uniform mode and a significant contribution to the two magnon scattering line width is possible.

When the magnetic field is perpendicular to the thin film surface, there are essentially no spin
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wave states degenerate with the FMR frequency and there should be almost no two magnon
scattering contribution to the line width. This out-of-plane value of FMR line width for nickel
ferrite film is the lowest compared to those have been reported previously. The best value has
been reported so far is for annealed nickel ferrite film deposited by PLD method, which is ~330
Oe.[101] However, this line width is still larger than the bulk value (40~80 Oe).[170] Possible
reasons include valence exchange effect and slowly relaxing mechanism, both of which are
related to chemical impurities. The valence exchange effect results from the existence of small
amount of Fe*" cations in the lattice structure, which can induce channel for electron hopping
between Fe”* and Fe* sites. Slowly relaxing impurities could be from trace amount of metal

cations from the precursors.[30]
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Fig. 51. In-plane and out-of-plane FMR curves of nickel ferrite film deposited on MgAl,O, at 600°C.

4.2.2.2 Thin Film Growth on MgO(111), STO(100), PMN-PT(100) and PZN-PT(100)

Nickel ferrite thin film growth on various other substrates than MgAl,O, (100) and
MgO(100) are also investigated. Epitaxial growth of nickel ferrite on MgO(111) has been found
in the temperature range of 500°C to 800°C, as shown in Fig.52. Only diffraction peaks from

(111) orientation can be observed and the diffraction intensity increase with increasing
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deposition temperature. High resolution XRD measurement has showed that the as deposited thin
films have out-of-plane lattice parameters slightly smaller than the bulk value, which indicates
the existence of tensile stress in the thin films. This tensile stress is much smaller than those from
films grown on MgO (100) substrates and therefore no surface cracking has been observed for
films as thick as 1 micron. m-scan and ¢-scan have been carried out to characterize the out-of-
plane and in plane texture of the as deposited thin films. The FWHM values of the m-scan of thin
films deposited at different temperatures are in the range of 0.6 to 0.7 and show decreasing trend
with increasing deposition temperature. Fig.53 shows the ¢-scan result of nickel ferrite thin film
deposited on MgO(111) at 700°C. The {400} and {200} planes of the nickel ferrite film and the
MgO substrate were scanned in plane. The three 120° separated peaks indicate the three-fold
symmetry of the (111) orientation and the match between those from film and substrate

represents the epitaxial growth.
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Fig. 52. X-ray diffraction 0-20 scan of nickel ferrite films grown on MgO(111) substrate at different temperatures.
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Fig. 53. ¢-scan of nickel ferrite film grown on MgO(111) at 700°C. {400} and {200} planes from the film and
substrate were scanned respectively.

Fig. 54. Atomic force microscopy images of nickel ferrite films grown on MgO(111) substrate at different
temperatures. All the images were scanned in a range of 5 pm by 5 pm. The RMS roughness for films deposited at
500°C, 600°C, 700°C and 800°C are 27 nm, 89 nm, 2.7 nm and 3.5 nm respectively.

Fig.54 showed the surface topography of nickel ferrite films deposited on MgO(111) at
different temperatures by AFM. As can be seen, the best surface roughness is achieved at the
temperature of 700°C, which is different from the results of deposition on MgAl,0,4 (100) and
MgO(100). This can be attributed to the difference of both surface energy and surface diffusion
behavior of different substrates. Magnetic and microwave properties of the as deposited thin
films are also measured by VSM and FMR respectively. The saturation magnetization (M)

values of these films are in the range of 250~300 emu/cc. Different from those deposited on
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MgAl,O,, the M value decrease with increasing deposition temperature, which might result from
interface diffusion of Mg elements at high temperatures. The in plane FMR line width of these
films range from 900 to 1100 Oe showing decreasing trend with increasing temperature. The
improved surface roughness at high temperatures might contribute to the smaller FMR line width.
Annealing of these as deposited films at 1000°C in air for certain time range (2 and 4 hrs) has
also been carried out to monitor the FMR line width change. All the films after annealing show
increased FMR line width, which is different from those reported results of PLD deposited nickel

ferrite films on MgO(111) substrate.[101]
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Fig. 55. Epitaxial growth of nickel ferrite films on SrTiO; (100), PMN-PT (100) and PZN-PT(100) substrates at
600°C measured by XRD 6-26 scan. Peaks with * are from (h00) reflections of the underlying substrates.

Nickel ferrite thin film growth on piezoelectric (ferroelectric) substrates SrTiO3z (100),
PMN-PT (100) and PZN-PT (100) are also investigated. All of these materials have a perovskite
structure with lattice constants of 3.905, 4.023, and 4.06 (for ideal cubic phase). The
corresponding lattice mismatch of nickel ferrite to these substrates are 6.4%, 3.5% and 2.5%,
respectively. DLICVD of nickel ferrite on these substrates have been carried out at 600°C.
Epitaxial growth of nickel ferrite films has been observed, as shown in Fig.55. Film growth rate

around 700 nm/hr is achieved by using the same vaporizer conditions as deposition on MgAl,O,.
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Surface roughness characterized by AFM showed much smoother growth on SrTiO3; (~1 nm)
than those on PMN-PT and PZNPT (~20 nm). Considering the similar atomic flat substrate
surface and film thickness, these difference of film surface roughness should be attributed to
different thin film growth mode due to different substrate surface energies. In-plane FMR
measurement (9.5 GHz) of nickel ferrite films deposited on these piezoelectric substrates show
FMR line width in the range of 800 to 1000 Oe. While the out-of-plane FMR curves are greatly

distorted, which indicates more defects/inhomogeneities in the as deposited thin films.

4.3 DLI-CVD Growth of LiFesOg Films

Lithium ferrite has the same inverse spinel structure as nickel ferrite, but it possesses a
much narrower FMR line width, which indicates very small microwave loss behavior. So far,
most of the reported lithium ferrite thin film deposition are based on physical vapor deposition
methods or liquid phase epitaxy.[89,93] No reports has been found by using metal organic
chemical vapor deposition technique. Our research on DLI-CVD of lithium ferrite films is novel
and can contribute to the understanding of thin film growth mechanism and proper processing

conditions.

In our research, Li(acac) and Fe(acac)s are used as the metal organic precursors, both of
which are dissolved in DMF solvent in a molar ratio of 1:5. Typical vaporization and processing
conditions are listed in table 7. Most of the conditions are the same as those used for deposition
of nickel ferrite except for the concentration of the precursor solution. Thin film deposition on
MgAIl,04 (100) and MgO (100) are investigated in the temperature range of 500°C to 800°C. The
results of XRD characterization of as deposited films are showed in Fig.56. The results indicate
that epitaxial growth of lithium ferrite on MgO (100) can be obtained at all of the four

temperatures. Only (h00) reflections from lithium ferrite have been observed. As showed in
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Fig.56(a), the (400) reflection peaks from lithium ferrite show doublet due to nonmonochromatic
X-ray (Cu Kg; and Cu K,,). With increasing deposition temperature, the peak shifts to lower 20
angles, which indicates an increasing out-of-plane lattice constant. The dashed line in the plot
marks where the bulk crystal value is. These results illustrate that with increasing deposition
temperature the stress in the as deposited films changes from tensile to compressive. This
phenomenon is resulted from both the effect of lattice mismatch and difference of thermal
expansion coefficient. Different from growth on MgO, films grown on MgAIl,O, do not show
any crystalline features at 500°C and 600°C as shown in Fig.56 (b). This is probably because of
the larger lattice mismatch between lithium ferrite and MgAl,O,. At higher temperatures, 700°C
and 800°C, weak diffraction peaks can be observed. However, peaks other than the epitaxial

orientation (h00) are also found in the deposition at 800°C.

Table 7. Typical vaporization and processing conditions for DLI CVD of epitaxial LiFesOg films.

Substrate MgAl,O4 (100) / MgO (100)
Reaction pressure (Torr) 10

Growth temperature (°C) 500-800
Concentration (Fe(acac)s, mol/L) 0.084
Concentration (Li(acac), mol/L) 0.0168

Solution flow rate (g/hr) 6

Ar carrier gas flow rate (sccm) 300

Vaporizer temperature (°C) 175

Oxygen flow rate (sccm) 300
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Fig. 56. X-ray diffraction 6-20 characterization of lithium ferrite films deposited on (a) MgO (100) and (b) MgAl,0,
(100) substrate at different temperatures.

Surface morphology of the as deposited films on both substrates at different temperatures
are characterized by AFM. Films grown on MgO(100) show smooth surface with RMS values
around 1~2 nm. However, slight surface cracking is found for the films deposited at 500°C,
which possess a relatively large tensile stress. It has been reported that CVD grown complex
oxide films likely exhibit surface cracking/crazing phenomenon when grown with a tensile
stress.[160] Films grown on MgAIl,O4(100) show much larger surface roughness (~30 nm) and
there is no obvious temperature dependence. This result is quite different from the nickel ferrite

thin film growth, which is not so sensitive to the under lying substrate.

Due to the poor crystallinity and surface roughness, films grown on MgAl,O, show
extremely low magnetic moment and wide and weak FMR curves. While films grown on
MgO(100) exhibit much better magnetic and microwave properties of lithium ferrite and are
introduced below. FMR measurement is sensitive to surface and bulk defects/inhomogeneities of
the thin film as introduced previously. In our work, only films deposited at 600°C show
symmetric FMR curves and give the narrowest line width, as shown in Fig.57. As one can see in

this figure, the in plane FMR line width at 9.5 GHz is 368 Oe, which is much smaller than the
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value of nickel ferrite films we have achieved. However, this value is still much larger than that
of the bulk crystal of lithium ferrite (< 10 Oe). Crystal defects and chemical inhomogeneities can
be the main reason for this large line width. Out-of-plane FMR measurement at the same
microwave frequency instead show very weak FMR signal and greatly distorted FMR curve,

which also indicates the presence of crystal defects or chemical inhomogeneities.
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Fig. 57. In plane FMR measurement of lithium ferrite film grown on MgO(100) substrate at 600°C. (The microwave
frequency is 9.5 GHz, the sample size is 5 mm by 5mm and film thickness is ~550 nm).

The saturation magnetization (Ms) of lithium ferrite films deposited on MgO(100) shows
increasing trend with increasing deposition temperature. This can be attributed to the increased
crystal quality of the films grown at higher temperatures. Similar to nickel ferrite films, FWHM
of the w-scan decrease with increasing deposition temperature, which illustrates the increasing
single crystal quality. The Msvalue for films deposited at 600°C is around 200 emu/cc, which is
much lower than the bulk value (350 emu/cc). The achievement of high Mg value has to be

compromised by a wider FMR line width.
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4.4 Conclusion

In summary, we have used direct liquid injection-chemical vapor deposition (DLI-CVD)
for the growth of high quality epitaxial NiFe,O,4 films on MgAl,O,4 (100), MgO (100) and few
piezoelectric substrates. Anhydrous Ni(acac), and Fe(acac)s precursor sources are dissolved in
DMF and vaporized under optimum conditions to generate stoichiometric concentration of the
cations in the gas phase for the CVD reaction. Appropriate oxygen flow with the precursors is
important both for improving the film morphology and also to obtain stoichiometric deposition.
Under our experimental conditions, film growth rate has been found in the range of 0.6-1.1
um/hr and can be further increased by increasing the solution concentration or liquid flow rate.
However, the vaporizer process condition and the oxygen flow rate also need to be adjusted to
maintain the desired film morphology and stoichiometry. Under optimized vaporization
conditions, the film morphology is dependent on the deposition temperature because of changes
in the surface diffusion behavior. In the temperature range of 600°C to 700°C, relatively thick
epitaxial NiFe,O4 films, which are extremely smooth and exhibit excellent magnetic properties,
have been deposited on both MgAl,O4 (100) and MgO (100) substrates. However, macroscopic
cracks develop on MgO after deposition and cool down, likely because of high residual tensile
stress. The increased saturation magnetization with increasing deposition temperature can be
attributed to improved crystalline quality, which is verified from X-ray diffraction and polarized
Raman measurements. The difference between in plane and out-of-plane FMR line width
measured at 9.5 GHz indicates the presence of two magnon scattering effect which is related to
crystal defects or chemical inhomogeneities in the films. FMR line width as low as ~160 Oe has
been achieved for out-of-plane measurement of nickel ferrite films deposited at 600°C, which is

quite close to the value of bulk crystal.
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DLI-CVD growth of lithium ferrite is investigated by using Li(acac) and Fe(acac)s as the
metal organic precursors. Different from the deposition of nickel ferrite, lithium ferrite films
grown on MgAI;04(100) are much rougher and do not show any crystalline features for
deposition at 500°C and 600°C. Spinel crystalline phases have been found for the deposition at
700°C and 800°C. However, more than one orientation are present for deposition at 800°C.
Comparatively, lithium ferrite films deposited on MgO(100) exhibits single crystal quality and
much smoother surface for the deposition temperature range of 500°C to 800°C. The smaller
lattice mismatch between MgO and Nickel ferrite can be the principal reason. The narrowest in
plane FMR line width ~368 Oe has been found for the films deposited at 600°C. With suitable
optimization of the vaporization and film deposition conditions, excellent quality ferrite films

can be grown at a relatively high rate using DLI-CVD.
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CHAPTER 5. DIRECT LIQUID INJECTION CHEMICAL VAPOR DEPOSITION OF
FERROELECTRIC BARIUM TITANATE FILMS

5.1 Introduction

As previously introduced, barium titanate (BaTiO3) possesses excellent properties (high
dielectric constants, ferroelectric, optoelectronic, etc.,) for application in certain advanced
electronic devices, and great efforts have been dedicated to the deposition of high quality single
crystal barium titanate thin films in the past decades.[113-115] Among these studies, chemical
vapor deposition is uniquely preferred due to its capability of large area and conformal
deposition. One challenge for CVD growth of barium titanate thin film is the availability of
volatile and thermally stable barium precursor. The use of metal organic B-diketonate barium
precursor Ba(thd), {bis(2,2,6,6-tetramethyl-3,5-heptanedionato) barium (1)} has been widely
studied in CVD method, but the high temperature (~250°C) needed to vaporize the solid
precursor would result in precursor degradation (sintering effect) and thus affect run to run
repeatability.[135,138,139] Besides, the precise control of rate of introduction of barium
precursor into the reaction chamber is almost impossible. In this chapter, DLICVD technique as
used in the deposition of nickel ferrite is used for deposition of barium titanate films. For this
technique, by dissolving metal organic precursors into an appropriate solvent, few advantages
can be achieved over direct vaporization of the solid phase precursors. For example, low
vaporization temperature, accurate control of liquid flow rate, and minimization of precursor
oligomerization effect, etc.. In our work, Ba(hfa),stetraglyme {Ba(CsHFsO,)*(C1oH2,05)} and

Ti(thd),(OPr'), {Ti(C11H1907)2(C3H;0),} are dissolved in toluene as the precursor source. The
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vaporization and CVD processing conditions are both studied to examine their effects on the as
grown thin film quality. Chemical composition, surface and bulk morphology and
crystallographic information of the as grown thin films are characterized to monitor the thin film
quality. Preliminary results of epitaxial growth of barium titanate thin film on MgO (100)
substrate have been achieved and are reported in this chapter.
5.2 Experimental Details

In this work, the same DLI-CVD system as used for the deposition of nickel ferrite is
used for the deposition of barium titanate, as shown in Fig.38. Ba(hfa),stetraglyme (m.p. 153°C)
and Ti(thd),(OPr'), (m.p. ~180°C) are used as metal organic precursors. The Ba precursor is
synthesized from Ba(OH),+8H,0 following the method reported by Malandrino, et. al., [172] and
the Ti precursor is bought from Sigma-Aldrich and used without any further purification. Both
precursors are dissolved in Toluene (C¢HsCHs, b.p. 110.6°C) in a molar ratio of 1:1. Atomically
polished MgO (100) single crystal (a=4.21A, 5Smmx5mmx0.5mm) from CrysTec Gmbh is used
as the substrate and ultrasonically cleaned sequentially by acetone and isopropanol before loaded
into the CVD reactor. Processing conditions for a typical reaction are substrate temperature 750
°C, precursor concentration 0.1 M, precursor flow rate 6 g/hr, vaporizer temperature 150 °C,
reaction pressure 10 torr, carrier gas (Ar) flow rate 250 sccm and oxygen flow rate 300 sccm. It
is important that the oxygen flow is bubbled through water in this case to eliminate formation of
a BaF, phase (F eliminated by forming HF). The connection tubing from the vaporizer to the
CVD reaction chamber is wrapped by heating tapes and heated to ~10 °C above the vaporizer
temperature to avoid vapor condensation on the tubing walls. The oxygen (research grade) gas is
preheated to a temperature close to the vaporizer temperature before it's delivered into the

reaction chamber to minimize its effect on the vapor quality (gas phase condensation). The
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reaction zone of the tube furnace is heated to the reaction temperature in a heating rate of ~15
*C/min and stabilized at the deposition temperature for ~30 min before CVD reaction. The
vaporize is preheated to the designated temperature with carrier gas flow and stabilize for ~30
min. When the liquid precursor source is introduced into the vaporizer, its first directed into the
exhaust by passing through the by-pass line, as shown in Fig.38. The vaporization process is
stabilized for ~15 min before the valve to the reaction chamber is opened, from when the CVD
reaction is started. A cooling trap with liquid nitrogen is used to trap the organic solvent or
reaction by products to minimize contamination of pump oil (rotary vane vacuum pump). The as
deposited thin film characterization by various techniques are introduced below.

Chemical composition of the as deposited films are characterized by both XPS and EDX.
For the XPS (PHI/APEX) measurement, non-monochromatic Al K, (1486.6 eV) X-ray is used to
irradiate the sample surface. Analysis area around 2 mm by 2 mm is selected by setting the
appropriate electron entrance and exit slit size of the hemispherical electron spectrometer. For a
typical XPS measurement, the X-ray beam power is set to 100W, the electron pass energy is set
to 100 eV for a survey measurement and 25 eV for a high resolution measurement, and the
electron take off angle is set to 45°. The EDX detector is installed in a SEM system (JEOL/7000).
A typical EDX measurement has electron beam energy of 20 KV, spot size of 8 and working
distance of 10 mm. Measurements from few areas are averaged to get the final composition
results. XRD (Philips X’pert Pro) is used to investigate crystallographic properties of the as-
deposited films. Cu Ka (1.5418 A) radiation is used as the X-ray source. All the samples are
characterized under similar experimental conditions (with a nickel filter and 0.5° divergence slit
size). For the rocking curve analysis, 20 was fixed at the NiFe,O,4 (200) diffraction angle of

barium titanate while scanning ®. For the SEM characterization, electron beam conditions are
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the same as those mentioned for EDX measurement. All the samples are attached to the sample
holder by carbon tape and no metallic coatings on the sample surfaces are deposited. For the
AFM (Digital instruments/ Nanoscope IV) characterization, ultra sharp non-contact silicon
cantilevers (MikroMasch, NSC15/AIBS) with a typical probe tip radius of ~10nm and resonant
frequency of ~325 kHz are used in tapping mode.
5.3 Results and Discussion

The vaporization conditions of our DLI vaporizer for the specific precursor solution,
Ba(hfa),etetraglyme and Ti(thd)2(OPr'), in toluene, are optimized by checking the as deposited
thin film quality. It has been found that the liquid flow rate, carrier gas flow rate, and vaporizer
pressure and temperature work together to give high quality vapor phase. When the precursor
source solution is not properly vaporized, large deviation of thin film stoichiometry or surface
morphology could be observed. An optimized combination of vaporization conditions has been
listed in the experimental details (5.2) and preliminary results of epitaxial barium titanate thin

film growth under these vaporization conditions are showed below.
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Fig. 58 shows the XRD characterization results of a barium titanate film deposited on

Fig. 58. X-ray diffraction characterization of as deposited nickel ferrite film under 750 °C. (a) 6-20 scan of as

deposited BTO film on MgO(100) (b) w-scan of BTO(200) (c) ¢-scan of {101} and {202} planes of film and
substrate respectively.

MgO (100) substrate at 750°C. The 0-26 X-ray diffraction pattern is shown in Fig. 58(a). As can
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be seen, the film grows with single orientation in the normal direction, since X-ray spectrum of
BTO film shows only reflections from (h00) crystallographic planes the same as those of MgO
substrate. According to this X-ray data, the out-of-plane lattice constant of BTO film is found to
be 4.007A, which is a value between a and c lattice constants (a =3.992A, ¢ =4.032A) of BTO
crystal at room temperature.[111] It’s impossible to identify the thin film growth in a or ¢
orientation based on this result. Moreover, the peak shift can be also attributed to the interfacial
stress. Out-of-plane and in plane texture of this sample are examined by @ and ¢ scan as shown
in Fig.58 (b) and (c). The measured FWHM (full-width-at-half-maximum) value of ®-scan of
BTO(200) is 0.5°, which is about in the middle of those have been reported (0.23~0.9).
[117,130,138,139] The ¢-scan of {101} planes of both BTO film and MgO substrate shows the
four coincidently 90° separated peaks. This result illustrated the four fold symmetry of both the
BTO and MgO lattice. Meanwhile, the coincidence of peaks positions indicate a cube on cube

epitaxial relationship.
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Fig. 59. (a) Cross sectional view of BaTiO; on MgO by SEM (b) Surface view of BaTiO; film on MgO; inlet shows
a 10 umby 10 pm AFM image of the same surface with RMS roughness around 20 nm.

Cross sectional and surface morphology of the as deposited BaTiO3 film on MgO has
been characterized by SEM and AFM. As seen in Fig. 59(a), the cross section of a ~0.5 um thick
(1 hour deposition) BaTiO3 film on MgO substrate presents certain defects, especially at the
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interface. This phenomenon probably results from island mode film growth at a high deposition
temperature. Chemical composition of this film is characterized by the Energy Dispersive X-ray
spectroscopy (EDX) equipped in the SEM system. The ratio of Ba to Ti is quite close to 1:1 as
expected. No F or C element has been detected by this technique. The oxygen concentration is
not considered due to external signals from the MgO substrate. The surface morphology of
BaTiO;3 films are both studied by SEM and AFM, as shown in Fig. 59(b). The AFM measured

grain size is around ~1 um and RMS roughness is ~20nm.
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Fig. 60. Fluorine peak is present in the XPS spectrum of as deposited barium titanate thin film surface.

The thin film surface is also characterized by XPS, as shown in Fig.60. Except for the Ba,
Ti, and O elements, F (~4 at%) is also detected. The C peak is from adventitious carbon of air
contamination (284.8 eV). Different from EDX, which has a detection thickness around 1~2 pm,
XPS is a surface sensitive technique (few nm detection thickness) and much more sensitive to
small elements like F. High resolution scan of the F peak has showed the peak position is at
~684.7 eV, which indicates the existence of metal fluoride bond. In this case, it's probably Ba-F
bond.[129] Besides, this value is a little higher than the reported value of 684.3 eV for F 1s in

pure BaF,, which can be attributed to the different chemical environment.[173] Although the

112



XRD characterization has showed pure BaTiO3 phase, F elements can still exist in the film in
amorphous phase and affect thin film physical property.
5.4 Conclusion

Epitaxial growth of BaTiO3 films on MgO (100) substrate has been obtained by DLI-
CVD technique. Good single crystal quality has been illustrated by the results of ® and ¢-scan.
Thin film growth rate of ~0.5 pm/hr is achieved under our experimental conditions. Surface and
cross sectional morphology characterization shows large surface roughness and interface voids,
which can be contributed to the island mode thin film growth. Incorporation of small amount of
F elements in the thin film has been verified by XPS analysis. Instead of forming crystalline
BaF; phase, the F elements bonds to the Ba ions in amorphous state.

Although we have obtained epitaxial growth of BTO films, few issues related to thin film
quality still need to be improved, such as the film morphology, growth rate, and chemical
contamination. Either optimizing CVD processing conditions or selecting more appropriate Ba

precursor is believed to be capable of improving these issues in certain degree.
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CHAPTER 6. CONCLUSION AND FUTURE WORK

6.1 Conclusion

Chemical vapor deposition (CVD) of thin film materials with excellent electronic or
magnetic properties has been investigated in this dissertation. Specific CVD techniques including
plasma enhanced atomic layer deposition (PEALD) and direct liquid injection CVD (DLI-CVD)
have been employed based on the requirements of practical thin film application. The essential
work consists of chemical precursor selection and characterization, CVD processing, and thin
film characterization. The results of thin film characterization could provide important
information for the optimization of CVD processing conditions and thus in turn to improve the
thin film quality. The results of PEALD of hafnium nitride (HfN), DLI-CVD of nickel ferrite
(NiFe;Qy), lithium ferrite (LiFesOg), and barium titanate (BaTiO3) are summarized below.
6.1.1 PEALD of HfN thin films

Tetrakis (dimethylamido) hafnium (IVV) (TDMAMH) is used as the metal organic precursor
for PEALD of HfN thin film. Its adsorption and reaction on hydrogenated Si(100) surface has
been investigated by in-situ ATR-FTIR. It has been found that for temperatures below 100°C,
physisorption is the main mode of TDMAH adsorbing onto the crystal surface and no obvious
surface Si-H bonds breaking. These physisorbed TDMAH molecules have weak bonding energy
to the surface and easy to desorb. At temperatures between 100°C and 150°C, surface adsorbed
TDMAH molecules start to decompose and newly emerging IR peaks at 1591 cm™ and 1639 cm’
! are assigned to N=C and Hf-H vibrational mode respectively based on a B-hydride elimination

mechanism. The decomposition species on the surface has been found hard to desorb at 150°C,

114



which can contaminate the thin film growth if the purging/pumping time is not long enough. The
surface Si-H bonds subtraction has been found for adsorption above 150°C and it is closely
related to the TDMAH decomposition behavior.

Hafnium nitride thin film deposition by PEALD using TDMAH and hydrogen plasma has
been investigated. Uniform and moderately conductive HfN,Cy thin films were deposited on
Si(100) and SiO; substrates. A thin surface layer (2~3 nm) containing both hafnium nitride and
organic complexes of TDMAH decomposition has been found by in vacuo XPS analysis. Depth
profile analysis by XPS indicated the existence of hafnium carbide phase in the bulk. Thin film
resistivity is greatly affected by the level of hydrogen plasma power, in which higher plasma
power results in lower thin film resistivity. In spite of this tunability of resistivity by plasma
power, carbon incorporation is still an issue for this PEALD method.

6.1.2 DLI-CVD of nickel ferrite and lithium ferrite films

We have used DLI-CVD technique for the growth of high quality epitaxial NiFe,O4 films
on MgAl,O, (100), MgO (100), MgO (111) and few piezoelectric substrates. Anhydrous
Ni(acac), and Fe(acac)s precursor sources are dissolved in DMF and vaporized under optimum
conditions to generate stoichiometric concentration of the cations in the gas phase for the CVD
reaction. Appropriate oxygen flow with the precursors is important both for improving the film
morphology and also to obtain stoichiometric deposition. Under our experimental conditions,
film growth rate has been found in the range of 0.6-1.1 um/hr and can be further increased by
increasing the solution concentration or liquid flow rate. However, the vaporizer process
condition and the oxygen flow rate also need to be adjusted to maintain the desired film
morphology and stoichiometry. Under optimized vaporization conditions, the film morphology is

dependent on the deposition temperature because of changes in the surface diffusion behavior. In
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the temperature range of 600°C to 700°C, relatively thick epitaxial NiFe,O,4 films, which are
extremely smooth and exhibit excellent magnetic properties, have been deposited on both
MgAl,O, (100) and MgO (100) substrates. However, macroscopic cracks develop on MgO after
deposition and cool down, likely because of high residual tensile stress. The increased saturation
magnetization with increasing deposition temperature can be attributed to improved crystalline
quality, which is verified from X-ray diffraction and polarized Raman measurements. The
difference between in plane and out-of-plane FMR line width measured at 9.5 GHz indicates the
presence of two magnon scattering effect which is related to crystal defects or chemical
inhomogeneities in the films. FMR line width as low as ~160 Oe has been achieved for out-of-
plane measurement of nickel ferrite films deposited at 600°C, which is quite close to the value of
bulk crystal.

DLI-CVD growth of lithium ferrite is investigated by using Li(acac) and Fe(acac)s as the
metal organic precursors. Different from the deposition of nickel ferrite, lithium ferrite films
grown on MgAI,04(100) are much rougher and do not show any crystalline features for
deposition at 500°C and 600°C. Spinel crystalline phases have been found for the deposition at
700°C and 800°C. However, more than one orientation are present for deposition at 800°C.
Comparatively, lithium ferrite films deposited on MgO(100) exhibits single crystal quality and
much smoother surface for the deposition temperature range of 500°C to 800°C. The smaller
lattice mismatch between MgO and Nickel ferrite can be the principal reason. The narrowest in
plane FMR line width ~368 Oe has been found for the films deposited at 600°C. With suitable
optimization of the vaporization and film deposition conditions, excellent quality ferrite films

can be grown at a relatively high rate using DLI-CVD.
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6.1.3 DLI-CVD of barium titanate films

Epitaxial growth of BaTiO3 films on MgO (100) substrate has been obtained by DLI-
CVD technique. Good single crystal quality has been illustrated by the results of ® and ¢-scan.
Thin film growth rate of ~0.5 um/hr is achieved under our experimental conditions. Surface and
cross sectional morphology characterization shows large surface roughness and interface voids,
which can be contributed to the island mode thin film growth. Incorporation of small amount of
F elements in the thin film has been verified by XPS analysis. Instead of forming crystalline
BaF; phase, the F elements bonds to the Ba ions in amorphous state.
6.2 Future work

PEALD of HfN by using TDMAH and hydrogen plasma has been limited by thin film
contamination from incorporation of C. In spite of the increased conductivity of thin films
deposited at high plasma powers, the C concentration is not affected much by the plasma power.
This is directly related to the chemical reaction mechanisms between TDMAH and hydrogen
plasma. To improve the as deposited thin film quality, substrates with smaller lattice mismatch
can be selected, such as MgO(100) (7%). To improve the thin film purity, more appropriate
reducing agent than hydrogen plasma should be selected. Dimethyl hydrazine (H,NN(CHs),),
which has been successfully used in thermal CVD of HfN thin films, might be a good candidate
for this PEALD experiment to replace hydrogen.[70] Potential advantages include: low plasma
power is needed to break the weak N=N bond and the -NH; group is more readily to react with
the central Hf atom and work as an external N source.[174]

Single crystalline spinel ferrite films, including nickel ferrite and lithium ferrite, have
been successfully deposited on certain small lattice match substrates by DLI-CVD method. For

nickel ferrite deposition, more work can be focused on the deposition on piezoelectric substrates,
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such as PMN-PT and PZN-PT. CVD processing conditions can be tuned to optimize the physical
properties of as deposited films and thus provide high quality films for the fundamental research
in ferrite-ferroelectric layered heterostructures. A MgO buffer layer can be grown on these
piezoelectric substrates to minimize the lattice mismatch and improve thin film morphology. For
lithium ferrite thin film growth, substrate with spinel structure and smaller lattice mismatch, such
as MgGa,0, (a=8.28 A, 0.6%)[175] and CoGa,04 (a=8.32 A, 0.1%)[176] can be tried for thin
film growth. The goal is to achieve both high saturation magnetization and narrow FMR line
width.

For the deposition of barium titanate by DLI-CVD technique, incorporation of F in the
thin film from the fluorinated Ba precursor has been found. One way to improve is to use
stronger oxidizing agent such as ozone (O3) or hydrogen peroxide (H2O,). The other way is to
employ new Ba precursors without F elements in the molecule. For example, Ba(thd),
{bis(2,2,6,6-tetramethyl-3,5-heptanedionato) barium (I1)} or its polyether adduct can be tried.

However, due to its low volatility, the vaporizer conditions have to be tuned accordingly.
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APPENDIX A: LabVIEW PROGRAM FOR PEALD AUTOMATIC PROCESS
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Fig. 61. LabVIEW block diagram for PC control of automatic PEALD process.

Plasma enhanced atomic layer deposition (PEALD) of HfN thin films is carried out in a
home built ALD system. The alternative introduction of processing gases and pulse of plasma
power are synchronized by a self written PC controlled LabVIEW program, as shown in Fig. 61.
The main equipments used and their communication parameters are listed below.

1. RF power generator (Advanced Energy Industries, Inc. RF series 10/25 with frequency

of 13.56 MHz and maximum power of 550 W)

RS232 communication interface: Baud rate 9600; Date bits 8; Stop bit 1; Parity No.

2. Programmable relay for gas pulsing (OMRON Electronics/ZEN)
2-wire RS485 interface: Baud rate 9600; Date bits 7; Stop bit 2; Parity Even.
3. Pressure measurement and control (MKS 146)

RS232 interface (DE-9 cable): Baud rate 9600; Date bits 7; Stop bit 1; Parity Even.
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APPENDIX B: TDMAH MOLECULAR STRUCTUR OPTIMIZATION AND IR

FREQUENCY CALCULATION
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Fig. 62. 3D view of TDMAH molecular structure optimized by DFT method.

The input file (Gaussian03) for TDMAH structure optimization and IR frequency

calculation is showed below.

%chk=TDMAHRE.chk

%mem=60MW

%nprocshared=4

# opt freq b3lyp/genecp geom=connectivity nosymm

TDMAMH structure optimization and IR frequency calculation

01
Hf
N 1 Bl
N 1 B2 2 Al
N 1 B3 2 A2 3 D1
N 1 B4 2 A3 3 D2
C 5 BS5 1 A4 2 D3
H 6 B6 5 A5 1 D4
H 6 B7 5 A6 1 D5
H 6 B8 5 A7 1 D6
C 5 B9 1 A8 2 D7
H 10 B10 5 A9 1 D8
H 10 B1l1 5 Al10 1 D9
H 10 B12 5 All 1 D10
C 2 B13 1 Al2 3 D11
H 14 B14 2 Al3 1 D12
H 14 B15 2 Al4 1 D13
H 14 B16 2 Al5 1 D14
C 2 B17 1 Al6 3 D15
H 18 B18 2 Al7 1 D16



ITITOIITIOIIIOIITITOIT

Bl
B2
B3
B4
B5
B6
B7
B8
B9
B10
Bil
B12
B13
B14
B15
B16
B17
B18
B19
B20
B21
B22
B23
B24
B25
B26
B27

18 B19
18 B20
4 B21
22 B22
22 B23
22 B24
4 B25
26 B26
26 B27
26 B28
3 B29
30 B30
30 B3l
30 B32
3 B33
34 B34
34 B35
34 B36

2.14000000
2.14000000
2.14000000
2.14000000
1.47000000
1.07000000
1.07000000
1.07000000
1.47000000
1.07000000
1.07000000
1.07000000
1.47000000
1.07000000
1.07000000
1.07000000
1.47000000
1.07000000
1.07000000
1.07000000
1.47000000
1.07000000
1.07000000
1.07000000
1.47000000
1.07000000
1.07000000

2
2

PowwwrsrrprPrarprp P

3
3
3

Al8
Al9
A20
A21
A22
A23
A24
A25
A26
A27
A28
A29
A30
A3l
A32
A33
A34
A35

All
Al2
Al3
Al4
Al5
Al6
Al7
Al8
Al9
A20
A21
A22
A23
A24
A25
A26
A27
A28
A29
A30
A3l
A32
A33
A34
A35
D1

D2

D17
D18
D19
D20
D21
D22
D23
D24
D25
D26
D27
D28
D29
D30
D31
D32
D33
D34

109.47123134
109.47120255
109.47120255
109.47120255
109.47123134
109.47120255
109.47120255
109.47120255
109.47123134
109.47120255
109.47120255
109.47120255
109.47123134
109.47120255
109.47120255
109.47120255
109.47123134
109.47120255
109.47120255
109.47120255
109.47123134
109.47120255
109.47120255
109.47120255
109.47123134
119.99998297
-120.00003407



B28 1.07000000
B29 1.47000000
B30 1.07000000
B31 1.07000000
B32 1.07000000
B33 1.47000000
B34 1.07000000
B35 1.07000000
B36 1.07000000
Al 109.47121829
A2 109.47123134
A3 109.47121829
A4 109.47120255
A5 109.47120255
A6 109.47120255
AT 109.47123134
A8 109.47120255
A9 109.47120255
A0 109.47120255
D22  57.63966610
D23 5351145130
D24 66.14384390
D25  -173.85614130
D26  -53.85614870
D27  -119.99798461
D28 67.09960684
D29  -172.90037837
D30  -52.90038577
D31 120.00200060
D32 65.84469999
D33 -174.15528521
D34  -54.15529261

Hf 0

LANL2DZ

*kk*x

HCNO

6-31+G(d,p)

*khkk

Hf 0

LANL2DZ

D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21

133

-59.67581539
179.42741141
-60.57257380
59.42741881
60.32419940
59.78081838
179.78083317
-60.21917422
59.88892443
69.90242347
-170.09756173
-50.09756913
-60.11109036
-179.68318452
-59.68316972
60.31682288
173.51146610
177.63965870
-62.36032651



