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ABSTRACT

GROWTH AND CHARACTERIZATION OF EPITAXIAL FILMS AND

MAGNETIC MULTILAYERS GROWN BY

DC SPUTTERING.

By

REZA LOLOEE

Epitaxial Nb—Cu-Co and Nb-Cu-PermalloyTM (‘Py’) multilayers have been grown on

(1 l 5 O) sapphire substrates by sputter deposition. Electron backseatter diffraction

patterns (EBSPs) have been used to characterize individual layers, while atomic force

microscopy (AFM) was used for studying surface topography. EBSP is a valuable

technique for characterization of these thin sputtered films and shows that the Nb films

grow as high-quality epitaxial single crystals with (110)bcc orientations. Cu films grown

on the epitaxial Nb display two in-plane epitaxial variants corresponding to two stacking

sequences of {111}fcc planes. These Cu variants take up the Nishiyama-Wasserman

orientation relationship with the underlying Nb. Subsequent sputtering of Co or Py on

the epitaxial Cu films results in growth of two variants of {111}fcc layers. Orientation

maps of the epitaxial Cu, Co, and Py films grown at elevated temperatures, which

illustrate the size and distribution of the growth variants, are presented. The EBSP

analysis of the epitaxial Cu, Co, and Py samples grown at 90°C or room temperature

revealed that two different orientation variants are present. However, due to degradation



of the associated EBSP patterns, mapping of the orientation distributions was not

possible.

In this dissertation, the effects of epitaxial growth of sputter-deposited multilayers and

spin-valves in a chosen orientation on the magneto-transport properties of these systems

are discussed. In particular, sputter-deposited (Py-Cu-Py-FeMn) exchange-biased spin-

valves (EBSV) structures were chosen for epitaxial (111)-orientated giant

magnetoresistance (GMR) measurements. Optical lithography was used to prepare

samples allowing current flow perpendicular to the layer plane (CPP), which provides the

best access to the fimdamental GMR parameters. The results obtained from magneto-

transport measurements revealed that the deposition rate affects the exchange anisotropy

between ferromagnetic and antiferromagnetic layers, the CPP-magnetoresistance, and the

coercive field of the epitaxial EBSV. Studies of pinning the ferromagnetic layer to the

adjacent antiferromagnetic layer along different in-plane axes provided information about

the magnetocrystalline and shape anisotropy of both pinned and free ferromagnetic

layers. Results have been compared to those for polycrystalline samples.
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CHAPTER 1

INTRODUCTION

In recent years there has been rapid progress toward the development of a new

generation of magnetic devices such as magnetic head readers, magnetic position or

velocity sensors, and magnetic random access memory (MRAM). These magnetic

devices consist of layered structures with a (ferromagnetic / non-magnetic)N= number ofrepcms

configuration, referred to as a magnetic multilayer, e.g. ([Co/Cu]N), or with a

(antiferromagnetic / ferromagnetic / non-magnetic / ferromagnetic) configuration,

referred to as spin-valve, e.g. (FeMn/Py/Cu/PermalloyTM (‘Py’)). The operation of these

devices is based on the large changes in electrical resistance (AR) of a magnetic

multilayer upon experiencing an external magnetic field, referred to as giant

magnetoresistance (GMR). Large changes in resistance upon application of a very small

magnetic field (0e), small field dependence hysteresis (small coercive field), and small

saturation fields are needed to optimize the performance of such devices. GMR in these

devices depends on structural details such as the thin-film growth direction, interfacial

roughness and interrnixing, and grain boundaries. However, the exact effects of these

variables on given systems are not yet well understood. Consequently, it is necessary to

further characterize the growth and film structure of these magnetic systems to explore

the effect of crystal structure on the magneto-transport properties for advanced

applications. This dissertation describes the development of sputter deposition

techniques for growing epitaxial magnetic multilayers and spin-valves. Furthermore, the

dissertation describes the results of crystallographic and magnetic characterization of



sputter-deposited epitaxial samples and compares these with polycrystalline samples

made by sputtering.

1.1 THE GMR EFFECT

The operation of some of magnetic devices such as head readers was originally based

on a small change (a few percent) in resistivity of a magnetic layer (generally a NiFe

alloy) during application of an external magnetic field. The change in the resistance of

this type of single magnetic film depends on the angle between the electric current and

the direction of applied field (thus, the direction of magnetic moments). This behavior is

known as the anisotropic magnetoresistance effect (AMR). AMR is usually expressed by

the relation between resistivity and the angle between the magnetization in the

ferromagnetic layer.

p = p0 + Ap - c0320

where p0 is the resistivity at zero field, Ap the change in resistivity upon applying

magnetic field, and 0 is the angle between the magnetization vector and the applied

current [1].

In 1988 two European scientists, P. Gruenberg of Germany and A. Fert of France,

discovered a different magnetoresistance effect [2, 3]. Independently, they observed that

the application of an external magnetic field to ultra-thin engineered multilayers

decreased the resistance drastically. This behavior is called the giant magnetoresistance

(GMR).

The GMR effect was first seen in single crystal Fe/Cr superlattices grown by

molecular beam epitaxy (MBE), and in sputter deposited polycrystalline Fe/Cr
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multilayers [2]. These multilayers consisted of alternating thin layers of magnetic and

non-magnetic materials, where with the thickness of the non-magnetic layer chosen so

that the magnetic moment of the Fe layers (magnetic layers) align anti-ferromagnetically

(anti-parallel = AP state) to minimize the energy. Under application of an external

magnetic field, these moments aligned parallel (P state) to each other in the external field

and the resistance decreased. The change in resistance in the magnetic multilayer is

explained by the two-current series-resistor model. According to this model, there are

two spin dependent conduction channels in ferromagnetic materials corresponding to the

spinT (majority) and spinJv (minority) electrons. In the simplest case the change in

resistivity is given by the following equation:

AER = SR Ti —91 ii

SRT+91~L and 3311: 331911
were 91 Trix: m are the final resistivities at AP state and

P state, respectively, and 91 T and 91 ‘1! are the resistivity of the spin up and spin down

channels in ferromagnetic layers [4]. Figure 1.1 shows a schematic diagram of a

magnetic multilayer and the effect of the external field on the resistance (GMR effect).

In Figure 1.2, the scattering of spin up and spin down electrons in a multilayer film

system is shown. When the magnetic moments of the layers are antiparallel (fig. 1.2(a)),

the electrons with one spin sense will scatter in the lower layer while the electrons with

the opposite spin sense will scatter in the upper layer, resulting in all of the electrons

being scattered and maximum resistance. If the moments are parallel, only electrons with

‘one spin sense will be scattered, the other electrons being free to move, resulting in

minimum resistance.
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One of the major problems with magnetic multilayers of the original type [2, 3] was

the requirement of a high magnetic field (more than 2000 0e for Co/Cu and more than

10000 0e for Fe/Cr) for alignment of the magnetic moments parallel to the external field.

The high field is not a problem in some applications. However, it is a problem in other

areas such as read-heads and MRAMs. This problem was solved by Dieny and co-

worker [5, 6] who succeeded in producing the GMR effect in an alternative exchange-

biased spin-valve (EBSV) (such as FeMn/Py/Cu/Py) configuration. There is also another

type of spin-valve, hybrid spin-valve (such as Co/Cu/Py) [7]. In this study, only Py based

exchange-biased spin-valves (EBSV) are considered.

An EBSV consists of two ferromagnetic (F) layers (such as Py), one of which is

pinned to an antiferromagnetic (AF) layer (such as FeMn), separated by a non-magnetic

(N) layer (such as Cu) usually thick enough so exchange coupling between the Py layers

is weak (see Figure 1.3(a)). The role of the AF layer is to pin the in-plane direction of

magnetization of the adjacent ferromagnetic layer. In general, spin-valves have the

advantage of needing a very small external magnetic field (low switching field) to realign

the unpinned (free) magnetic layer to produce the GMR effect. This property makes the

spin-valves suitable candidates for low field applications, such as those mentioned above.

Figure 1.3(b) shows the GMR effect of a typical Py-based symmetric EBSV. In this

figure, the switching from the parallel state to the antiparallel state is relatively fast and

requires only 20 (0e) compared to approximately 450 (Oe) in the Figure 1.1(b).
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1.2 GMR MEASUREMENT

In regular magnetic multilayers and spin-valves, GMR is typically measured with a

four-probe current-in-plane (CIP) technique (current and magnetic field are parallel). As

is described above, the GMR effect arises from spin-dependent scattering at the interfaces

of the multilayers and CIP—MR depends on the electron mean free path. Therefore, if the

electron mean free path is smaller than the thickness of the non-magnetic interlayer, a

weak GMR effect is observed [9]. In the CIP geometry, the current distribution is not

uniform, which adds to the complexity of modeling the GMR effect. In the early 19903,

W. Pratt et a1. [10] developed a new measurement technique in which the flow of

electrons is forced perpendicular through the layers. This configuration is called the

current perpendicular to the plane (CPP) geometry. In the CPP geometry,

superconducting Nb contacts on the top and bottom of the CPP-MR samples are used to

obtain uniform current flow through the layers. Another main difference between CIP

and CPP-MR is that the mean free path is not an important factor in the CPP geometry

and the spin diffusion length (typically a few hundreds of nm) is the major factor

affecting CPP-MR [10]. Because of the high symmetry of the CPP configuration, CPP-

MR is theoretically less complex and easier to understand than the CIP equivalent and

provides the best access to the fundamental parameters in modeling GMR [11].

In the CPP configuration, the area which electrons flow across is large, about 1 mm2

(WxT z 1 mm x 1 mm) and the resistance is measured across less than 1000 nanometers

(L z 0.0007 mm), compared to WxT z 1 mm x 0.0007 mm and L z 3 mm in CIP

samples. This results in very small CPP resistances (chp z 10'7 Q, compared to Rap z 1

0) which require sensitive measuring devices, such as a superconductive quantum
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interference device (SQUID). Figure 1-4(a) illustrates both the CIP and CPP

configurations, as well as corresponding GMR measurements (Figure 1-4(b)). Note the

much larger GMR response in the CPP configuration. In Figure 1-5, an MSU CPP

configuration (1mm2) sample is shown. For study reported in this thesis, however,

optical lithography was used to prepare micron-sized pillar samples in the CPP

configuration.

1.3 GMR AND EPITAXIAL MAGNETIC SYSTEMS

There are two kinds of interaction between ferromagnetic layers which are separated

by a non magnetic layer (metallic). The first is ferromagnetic coupling due to exchange

coupling (see Appendix l-A and [12, 13]) between ferromagnetic layers which depends

on the thickness of the non magnetic layer. This type of coupling referred to as

Ruderman-Kittel-Kasuya—Yosida (RKKY)-like coupling. This coupling is due to an

exchange mechanism with an oscillatory behavior of GMR as a function of nonmagnetic

spacer thickness. The second is a magnetostatic coupling known as Neel’s orange-peel

effect, which is due to the interfacial roughness [14].

In a typical spin-valve, an interfacial interaction (see Appendix l-A) between the

antiferromagnetic and ferromagnetic layers results in an exchange anisotropy, which is a

unidirectional anisotropy or ‘exchange-bias’ [15]. These types of spin-valves, such as

FeMn/Py/Cu/Py, are referred to as exchange-biased spin-valves. The exchange-bias is a

key feature in spin-valves to achieve the antiparallel and parallel states between the two

ferromagnetic layers, one of which is adjacent to the antiferromagnetic layer (details are

given in chapter 6). Exchange bias has been studied for both polycrystalline and single-
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crystal (MBE grown) systems [16, 17].

One of the advantages of the CPP geometry over CIP is that the CPP-MR should be

less sensitive to film inhomogeneities such as grains, impurities, and structural defects

[14]. Comparable data for Co/Cu CPP-MR samples prepared by standard sputtering,

MBE, and electrodeposition seem to support this expectation [11]. In general, epitaxially

grown samples (typically grown by MBE) should have fewer structural defects. This is

due to the lower kinetic energy of the depositing atoms, very small deposition rate, and

ultra-high vacuum (~10‘ll torr) in such deposition systems. Therefore, epitaxially grown

samples should be useful for assessing fundamental GMR parameters and for exploring

anisotropic properties with respect to the film crystal structure, e.g. magnetocrystalline

anisotropy in magnetic multilayers and spin-valves. At present, epitaxial sputter

deposited multilayers have mostly been studied by CIP-MR [18-21]. Only one group has

used MBE grown epitaxial Cu/Co(111) multilayers for CPP-MR studies [22]. However,

less expensive sputter deposition offers higher deposition rates, and a larger number of

substrates in the chamber at same time for growing epitaxial CPP samples.

1.4 DEPOSITION TECHNIQUES

In typical sputter deposition, the substrates are kept at ambient temperature, which

results in the grth of polycrystalline films. By selecting a proper single crystal

substrate, the growth of a highly textured film is possible [23]. To grow an epitaxial

metal film, a proper single-crystal substrate and a high temperature environment (hot

substrate) is required [18, 24, 25].
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For this study, a new sputtering top assembly with proper accessories, including high

and low temperature heaters, was designed and constructed to achieve epitaxial growth of

metallic films. This new high temperature assembly top has been used in conjunction

with a pre-existing dc magnetron sputtering system.

1.5 CHARACTERIZATION TECHNIQUES

Epitaxial films have been characterized using a wide range of techniques including x-

ray diffraction (XRD) [18, 26, 27], reflection high-energy electron diffraction (RHEED)

[26-29], low-energy electron diffraction (LEED) [26, 29], neutron diffraction, high-

resolution electron microscopy (HREM) [27, 30], scanning tunneling microscopy (STM)

[31, 32], and atomic force microscopy (AFM) [33]. However, it is very difficult to obtain

enough crystallographic information from an individual technique to form a complete

picture of the microstructure (in large scale). For example, x-ray diffraction or neutron

diffraction, provide information about spatial average area of the sample [34] but do not

provide detailed information about the size and shape of grains, existence and distribution

of different variants, and strain in the samples. Therefore, the use of a better

characterization technique to examine the relationship between morphology, orientation,

and orientation distribution is desirable.

A complimentary approach to many of the above characterization techniques is

acquisition of electron backscatter patterns (EBSP), which are made with a scanning

electron microscopy (SEM) technique and can measure crystallographic orientations,

grain distribution of crystalline materials, and strain in the samples. EBSP is one of the

few characterization technique that provides a practical means for coupling between the
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orientational and morphological aspects of microstructures in a quantitative and

statistically reliable manner [35]. The backscattered electrons form patterns by near-

surface diffraction upon exiting the crystals. Therefore, the patterns are dependent on

near-surface crystallographic structure. The formation of EBSP has been reviewed in

detail by Dingley [36], and a number of computer image processing procedures for

analysis of these patterns have been developed [34-38]. However, the application of

EBSP and associated orientation mapping to the study of epitaxial metal films and

superlattices has only been dealt within a cursory manner.

In this study EBSPs, AFM, and CPP-GMR have been used to characterize the

morphologies, crystallite size, orientation distribution (variants distribution), and

magneto-transport properties of epitaxial sputter deposited Nb, Cu, Co, and Py films,

bilayers, trilayers, multilayers and spin-valves. The relative growth orientation

relationships (bcc/fcc) of the substrate and first few layers have been characterized using

pole figures obtained from the EBSPs. Studies of films with varying thickness have also

allowed assessment of the minimum effective film thickness at which these films may be

readily characterized by EBSP. For the first time, orientation mapping has been used to

assess grain size and twin morphologies of each epitaxial layer in these magnetic

systems. The relationships between structural properties (such as misfit dislocations and

point defects), magneto-transport properties (such as, coercive field, GMR value, and

magnetization), and magnetocrystalline anisotropy have been observed and are discussed.
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APPENDIX l-A

Exchange Coupling: In most ferromagnetic materials, such as cobalt, nickel, iron,

and many alloys of these and other elements, a quantum interaction between neighboring

atoms tends to align the atomic magnetic dipoles in parallelism. At low temperature, they

become lined-up (coupled) due to their interactions and at high temperature (Curie

temperature) randomizing effect overcome the coupling [12, 13]. This quantum

interaction is called exchange coupling.

Exchange Anisotropy and Interfacial Interaction: “Exchange anisotropy refers to the

magnetic manifestations ofan exchange coupling at the interface between two dififerent

magnetically ordered systems” [39]. For example, when a ferromagnetic film, such as

Co, Py, or Fe is deposited on an antiferromagnetic film such as FeMn, CoO, or NiO, by

heating the deposited sample to above Néel temperature of the antiferromagnetic and then

cool to room temperature in some external magnetic field, the antiferromagnetic film will

have a uniform spin direction at the interface. This is due to the influence of the

neighboring ferromagnetic spins. The influences of the ferromagnetic layer on the

neighboring antiferromagnetic layer due to interfacial interaction is called exchange

anisotropy. A simple model of antiferromagnetic-ferromagnetic interaction is shown in

figure below.

 

Ferromagnetic
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CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1 INTRODUCTION

The focus of this study was to design and develop a sputtering system to grow

epitaxial magnetic multilayers and spin-valves, and to optimize techniques for epitaxial

growth. The sputter deposited samples were characterized using different techniques

including AFM, EBSP, CPP GMR, and magnetometry. These techniques have provided

information about the orientation, orientation distribution, and magneto-transport

properties of epitaxial films, multilayers, and spin-valves.

This chapter is divided into four sections: apparatus design and development, growth

techniques, structural characterization, and magneto-transport characterization.

2.2 APPARATUS DESIGN AND DEVELOPMENT

There are a number of different film deposition techniques. Molecular beam epitaxy

(MBE), thermal evaporation, metal organic chemical vapor deposition (MOCVD),

chemical vapor deposition (CVD), and sputter deposition are among the most widely

used. Sputter deposition is divided to four branches: ion deposition, ion-assisted

deposition, DC & RF magnetron deposition, and RF & DC triode—magnetron deposition.

An ultra-high vacuum, dc-magnetron (triode) sputtering system, located in the Physics

and Astronomy Department at Michigan State University, has been modified for this

study. An existing room temperature chamber top assembly has been used in the past to
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grow polycrystalline and amorphous films and multilayers. A new high temperature

chamber top assembly has been designed and built for this study to grow epitaxial films

and multilayers and regular polycrystalline films and multilayers. The main emphasis

was on the design of two substrate heater assemblies. One has both cooling and heating

capability, with substrate temperatures ranging from below room temperature to about

600°C. The second one was designed for high temperature sputter deposition, with

substrate temperatures ranging from 600°C to 1200°C. Each heater assembly can be

lowered onto given substrate when heating is required. A brief description of de-

magnetron sputter deposition technique and the design of both tops is included in this

chapter.

2.2.1 Sputtering:

A typical dc-magnetron (triode) sputtering gun system consists of three electrodes: an

anode, a cathode, and a target. The sputtering chamber must be evacuated usually to a

base pressure of 1x10'8torr or lower. Lower pressure will provide cleaner sputtering

environment (lower partial pressure of water vapor, N2, 02 and etc.) and therefore cleaner

films (free from impurities). Sputtering takes place in purified argon gas at various

pressures, typically 2-5 xlO'3 torr. Upon applying a high current to the filament

(cathode), the heated filament emits electrons that accelerate toward the anode. These

accelerating electrons ionize the Ar gas molecules in their paths creating positive ions.

The target is located between the anode and cathode and the whole assembly is coupled

to a pair of parallel magnets. Applying a negative voltage to the target creates a potential

difference between the positive ions and the target, and the ions accelerate toward the
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target (ion bombardment). During bombardment, the ions physically remove atoms from

the target surface. The neutral ejected atoms flow toward the substrate where they

adhere. Each sputtering gun assembly is water-cooled. Figure 2.1 give an overall view

of the triode-sputtering system.

The following are advantages of triode sputtering over other deposition techniques:

OBoth conductive and semiconductive materials can be deposited.

OHigher deposition rates are possible.

oThe small ratio of residual gas molecules to sputtered atoms results in higher

film densities and fewer impurities.

0The film composition is uniform and usually very similar to the

target composition.

OPrecise control of the deposition rate is possible by independent regulation of the

plasma and/or target voltage.

OMaximum usage of the target material (up to 90%) is possible.

The sputtering system used for this study contain four independent Simard triode

sputtering guns with a 2.25" x 0.25" (diameter x thickness) target size and a regular diode

magnetron gun with a one inch target size. The five gun assemblies provide a capability

of making a variety of multilayer samples. Figure 2.2 shows top views of the gun

assemblies. A mechanical pump and a cryo-pump are used for evacuation. The plasma

voltage, target current, and deposition rate of all sputtering guns are monitored by a PC

running a LabVIEW program.
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Figure 2.1 Front views of the MSU sputtering system with four dc-triode guns and a

magnetron gun capability, including the related power supply and the residual gas

analyzer.
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Small Magnetron

Wobble Stick

 

(C)

Figure 2.2 Top views of: a) an unassembled triode gun, b) four assembled guns with

FeMn, Cu, Py, and Nb targets, c) four chimneys in the open position. Note that after

deposition 3 computer controlled stepper motor rotates the chimneys to the closed

position to protect the samples.
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2.2.2 Room Temperature Chamber Top Assembly:

The room temperature chamber top assembly is hemispherical in shape and is made of

stainless steel. This chamber top consists ofthe following components: cold trap, cooling

system, thermocouples, shafi connected to a stepper motor, sample positioning and

masking apparatus (SPAMA) plate, film thickness monitor (FTM), and substrate holders.

Figure 2.3 shows photographs of the overall system and an inside view of the room

temperature chamber top assembly. The cold trap is essential for freezing any remaining

water vapor. Liquid nitrogen (LN2) for the cold trap flows continuously during sputter

deposition. The cooling system consists of a capillary tube that passes through the LN2 in

the cold trap. Dry nitrogen gas at 1000 psi pressure flows through the capillary tube. By

controlling the dry nitrogen gas pressure, the substrate can be cooled to -100°C. Three

K-type thermocouples (chromel-alumel) monitor the substrate temperatures during

deposition. The SPAMA plate assembly is connected to a computer-controlled-stepper

motor through a shaft. The stepper-motor is on the outside of the chamber, and the shaft

goes into the chamber through a rotary feed-through.

2.2.3 High Temperature Chamber Top Assembly:

The high temperature chamber top assembly was designed and assembled by

Professor W. Pratt of Physics and Astronomy Department and the author. As briefly

described in the introduction (section 4), two substrate heater assemblies were designed.

One with both cooling and heating capability, ranging from below room temperature to

about 700°C. The second, for high temperature growth, ranging from 700°C to 1200°C.

The general principle behind the design ofthese heaters was based on two heating
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Figure 2.3 (a) A top view of the room temperature chamber top assembly. (b) A side

view of the SPAMA plate, including the CPP and CIP substrate holders and FTMs.
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techniques: (1) Heating by radiation (photons) for 700°C -1200°C and (2) Heating by

conduction (phonons) for below 700°C. The detail of design and operation of both

heaters will be discussed in next sections.

Most of the chamber top parts were manufactured in the machine shop of the Physics

and Astronomy Department at Michigan State University. The high temperature chamber

top assembly was based on a flat plate made of stainless steel. The top provides the

following:

OOne 1.5" UHV viewport.

0Two wobble sticks; each mounted on a 2%" ‘ConFlat’ (CF) flange, for lowering

the heaters onto the substrates or raising the heaters when not in use.

OOne 2%" CF flange which contains a BNC connection for a film thickness

monitor and two high-pressure gas lines for cooling the low temperature heater.

OOne 2%" CF flange which contains electrical feed-through providing current

to both heaters.

OOne 2%" CF flange which contains liquid Nitrogen lines for cold trap.

OOne 2%" CF flange which contains water lines for cooling the Cu heat shield

of the high temperature heater.

OOne 2%" CF flange which contains feed-through for both C-type and

K-type thermocouples

OOne stepper motor for rotating the SPAMA plate.

Figure 2.4 shows some of these accessories of the high temperature chamber top

assembly.

27



 
Figure 2.4 A top view of the high temperature chamber top assembly including the

wobble sticks (WS), FTM amplifier (FTM), stepper motor (SM), and some of the feed

throughs.
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High Temperature Heater:

The high temperature chamber top assembly was designed for growing epitaxial films

and multilayers. In epitaxial growth, substrate temperatures in the range of about 200 to

1200°C are required, depending on the sputtered element [1]. In this study, an epitaxial

Nb film must be first deposited on a sapphire substrate. However, a pre-deposition

annealing of the sapphire substrate at 1200°C was required before the Nb film was

deposited at about 700-900°C. Therefore, the high temperature heater (HTH) was

designed and dedicated to annealing sapphire substrates and depositing epitaxial Nb films

by radiation technique. The heater element (VXPBNIA) was purchased from Kurt J.

Lesker Company, Clairton, PA and consisted of a film of carbon (graphite) sandwiched

between two thin layers of pyrolytic boron nitride. At full power, this heater could reach

1700°C. A basic description of HTH assembly is provided in Figure 2.5 (a). As shown

in this figure, the heater element was held by two long molybdenum (Mo) screws

(insulated), which also act as the electrodes. There were two heat-shields, made out of

0.005” Mo foil, surrounding the heater element and the substrate holder assembly (when

the HTH was in its lowered position). There were two C-type thermocouples, one on the

back of heating element and one in front. When the heater was lowered, the front

thermocouple came in direct contact with the back of the substrate,. Upon lowering, the

separation between the heating element and the substrate was about 1-2 mm. The heating

then took place through radiation from the white-hot heater (photons). However, the

sapphire is transparent to the photons. Therefore, a thin layer (~200 nm) of Nb must be

deposited on the backside of substrate to block the photons and provide a uniform

temperature during deposition on the front (polished side) of the sapphire substrates. The
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Figure 2.5(a). A schematic of the high temperature heater assembly in its lowered

position. The assembly slides into the AI guide, on top of the substrate holder.
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temperature of substrates during high temperature annealing and deposition of Nb films

were measured by using the front thermocouple. In addition, an optical pyrometer was

used for calibrating and checking the accuracy of this thermocouple for temperatures

above 700°C. The optical pyrometer could be aimed onto the front of the heated

substrate through a sapphire window located on the bottom of the sputtering chamber.

Having a Nb film on the backside of sapphire substrates ensured that the pyrometer

accurately measures the temperature of the substrates. Due to the high temperatures

(high T 2 700°C), a water cooling system was provided for HTH assembly. The water

lines were flexible but limit the mobility of the heater in its lowered position to i 90°

rotation of the SPAMA plate. A vertical two-stage wobble-stick was used for lowering

and raising the HTH. For deposition of epitaxial multilayers, the heater had to be able to

move with the substrate over several targets. Therefore, a second heater with larger

mobility and lower temperature range was desired.

Low Temperature Heater:

A second heater (a low temperature heater = LTH) was designed with an angular

mobility of 270° for the SPAMA plate. The LTH is dedicated for growing epitaxial films

and multilayers that required lower growth temperatures (below room temperature to

600°C). LTH heater is more accurate than the HTH in this temperature range, because

the substrate is heated by conduction (phonons) via direct contact between the heater and

substrate. A basic description of LTH assembly is illustrated in Figure 2.5 (b). As shown

in this figure the heating element (same as the heating element in the HTH) is in direct

contact with the stainless steel (SS) jacket. The two Mo screws (insulated) act as heater
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Figure 2.5(b) A schematic of the low temperature heater assembly in its lowered

position. This heater is in direct contact with the substrate and capable of being cooled

from 600°C to about room temperature within a few minutes, using cooled-high pressure

nitrogen gas.

SS = Stainless Steel
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electrodes and hold the heating element in direct contact with the jacket. The LTH SS

jacket could be cool down by high-pressure nitrogen gas (capillary tube) from 600°C to

about room temperature in a few minutes. There were two c-type thermocouples in LTH

assembly, one right on the top of heater element and the other was inside the bottom wall

of the jacket. The thermocouple in the lower part was calibrated by using a third

thermocouple (K-type), which was attached to the front of the test-substrate (using silver

paint). A second vertical, two-stage, wobble-stick eas used here to lower and raise the

LTH. Figure 2.6 shows two different side views of the HT top, including pictures of both

types heaters. In Figure 2.7, a top view of the substrate holders, including the heat shield

guide, and a high temperature molybdenum (Mo) mask is shown. The substrate holders

were designed to avoid heating the SPAMA plate during annealing and deposition. Four

Mo rods (0.035” OD) are used to keep each substrate holder 1/2 inch above the SPMA

plate. All the holders are also made from Mo plate (0.042”). A stainless steel sliding-

shutter keeps the substrate and films from being contaminated by sputtering. Four C type

(tungsten-rhenium) thermocouples monitor the temperatures of the heaters, substrate, and

SPAMA plate. The thermocouples are either 0.005" or 0.01" in diameter with a useful

temperature ranges of 0-2320°C: +Lead: W(5% Re) and -Lead W(26% Re).

2.3 THE GROWTH TECHNIQUES

2.3.1 Polycrystalline Films and Multilayers:

All of the polycrystalline films and multilayers were sputter deposited in the

temperature range of —30°C -to- +30°C. The deposition rates varied from 5 tol3 A/s,

depending on the target material. Several polycrystalline films and multilayers were
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Figure 2.6 Side views of high and low temperature heaters, sliding shutter, cooling water

line, and other accessories.
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Figure 2.7 (a) A top view of the Molybdenum substrate holders, (b) and a schematic top

view of the Molybdenum mask for deposition ofmagnetic multilayers and spin-valves.
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grown at low temperature for comparison to similar epitaxial films and multilayers. The

results obtained form these comparisons are discussed in chapters (4-6).

2.3.2 Epitaxial Films and Multilayers:

To achieve fully epitaxial growth in multilayers and spin valves containing

Nb(110)bcc, C0(111)fcc, CU(111)fcc, and Py(111)rcc layers, it is necessary to establish

optimum deposition conditions for each subsequent layer. Because of reactivity between

Co (and possibly Py), with Nb, Co and Py should not be deposited directly on Nb [2,3].

Therefore the sequence ofNb-Cu-[Co-Cu]N or Nb-Cu-Py-. .. is preferred.

Growth conditions in a preferred orientation: To grow epitaxial CPP multilayers

and spin-valves in the preferred (111) orientation (such as Cu/Co(111) multilayers or

FeMn-Py-Cu-Py(l 1 1) spin-valves), the epitaxial Nb contact layer must first be grown in

a (110).,cc orientation [4]. (1120) oriented A1203 has been reported to be a suitable

substrate for growing an epitaxial (110) Nb film [5]. In the present study, sapphire

substrates with one side polished to within 0.3 degree of the (1120) A-plane were

purchased from Union Carbide.

Substrate cleaning: Most of the substrates were prepared in the sputtering room,

cleaned with acetone and then alcohol in an ultrasonic bath. Others were first cleaned in

a combination of boiling deionized (DI) water and detergent (Alconox) in an ultrasonic

bath, then rinsed in boiling deionized water, rinsed again and mechanically cleaned in

acetone using cotton swabs, rinsed in isopropyl alcohol, and finally rinsed with DI water

and dried with industrial grade nitrogen gas. These latter substrates process were all in a

clean room.
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Substrate annealing: After reaching the desired vacuum (~1 x 10'8 torr), the

substrates were pre-deposition annealed at 1200°C for twenty minutes to remove any

residual organic layer and to decrease the surface roughness.

Deposition process: To determine the optimum growth temperature, Nb films were

sputtered using substrate temperatures ranging from 25 to 1200°C. To improve the

surface smoothness, some of the sputtered films were post-annealed at 950°C for ten

minutes. The high temperature heater (HTH) was then turned off and allowed to cool-

down while the low temperature heater (LTH) was heated up to the desired temperature

in range of ISO-500°C. Upon removal of the HTH, the SPAMA plate was rotated to the

position for loading the LTH. Cu films were then deposited onto the Nb at temperatures

ranging from ambient temperature to 500°C. Some of these samples (grown at low

temperatures) were then post-annealed in a temperature range of 250 to 500°C. Finally,

the Co, Py, and FeMn films were deposited at desired temperatures ranging from room

temperature to 460°C.

Deposition rates: The deposition rate for each element was measured using a quartz

film thickness/rate monitor. A typical deposition rate was 3-4 A/s for most samples.

However, samples were also grown with different deposition rates for comparison

purposes.

2.4 STRUCTURAL CHARACTERIZATION

Epitaxial films were structurally characterized using atomic force microscopy (AFM)

and electron backscatter diffraction patterns (EBSP). EBSP is capable of measuring

crystallographic orientations of single-crystal and/or large grain polycrystalline materials
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with a spatial resolution of approximately 1° and a detection depth of approximately 200

nm [6-9].

In this section a brief description of both instruments that were used for structural

characterization of epitaxial samples are reviewed.

2.4.1 Atomic Force Microscopy

Description: A Digital Instruments atomic-force microscope (AFM) with tapping

mode capability was used to image the surfaces of the films. This microscope has three

operational modes: contact, tapping, and lateral force modes. Each mode measures

different forces that act between the tip of cantilever and atoms on the surface of

specimen. One of the most important forces is the interatomic force called the van der

Waals force. This force is strongly dependent on the distance between two atoms and

consists of a repulsive force and an attractive force. The operation of the contact and

tapping modes are based on the repulsive part of the interatomic force as the cantilever

approaches the surface of the specimen. In the tapping mode, the cantilever alternately

contacts the specimen surface and lifts the cantilever off the surface to avoid dragging the

tip across the surface of the specimen. A schematic of a AFM microscope is shown in

Figure 2.8 (Courtesy of Digital instruments [10]).

Sample preparation: Samples for atomic force microscopy did not require any specific

sample preparation. The samples must be clean and free of dust. A new cantilever

enhances the resolution of the images.
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Figure 2.8 Block diagram of the components used in D1 atomic force microscope with a

tapping mode capability. (Courtesy ofDigital Instruments [5])
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2.4.2 Electron Backseatter Diffraction Pattern:

Description: Electron backscatter patterns (EBSP) is a scanning electron microscope

(SEM) diffraction technique for measuring crystallographic orientations of single-crystal

and/or polycrystalline materials. An EBSP consists of many intersecting, linear features

called Kikuchi bands. These bands have slightly higher intensities with respect to a non-

uniform background. This contrast is due to the diffraction of backscattered electrons by

the crystal [8].

When an electron beam is incident on a sample, different interactions take place. The

emission of secondary electrons, backscattered electrons, x-rays, and Auger electrons are

among the most important results of these interactions. The electrons that impinge on the

specimen surface (in all directions) go through inelastic scattering, losing about ~1% of

their energy, and establish an interaction volume in the specimen. Near the surface, those

backscattered electrons that satisfy the Bragg diffraction condition for a particular set of

planes are channeled differently than the non diffracted ones and produce a change in

intensity. These diffracted electrons are called the backscattered diffracted electrons

(Figure 2.9 (a)). The diffracted backscattered electrons from each set of planes form a

cone with its axis normal to the plane. The number of backscattered electrons depends on

the atomic number, Z, of the specimen. The relationship between these two variables is

given by the series:

0 = 11355 / as = -0254 + 0.0162 — [1.86x104] 22 + .......

where n is the backscatter coefficient, 11335 is the number of backscatter electrons, m3 is

the number of incident electrons, and Z is the atomic number [6].
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Figure 2.9 a) Schematic representation illustrating the inelastic collisions, Bragg

diffraction, and resultant formation and imaging of EBSPs as a result of an incident

electron beam. Adopted from [6]. b) A diagram of three set of band from {220} plane

that are projected onto the phosphor as a pair of cones. c) Experimental set-up for EBSP

measurements. Figures (b) and (c) are adopted from [10].

41



The number of backscattered electrons escaping from the surface of specimen, is also

1

(1+ costly/‘7‘“2 .

 dependent on the tilt angle of specimen: 11(0) =

Usually, a tilt angle of approximately 0 = 70° with respect to the electron beam is

optimum. Figure 2.9(b) shows a schematic illustration of the diffraction cone and the

pattern formation on the phosphor screen placed in front of the sample. A diagram of the

EBSP system set-up is shown in figure 2.9(c).

A CamScan 44FE FEG-SEM was used to produce backscattered electrons. An

accelerating voltage of 25 kV, emission current of approximately 120 uA, objective

aperture of 50pm, and a working distance of 22 or 21 mm was used for this study. A

CamScan ORTEX CCD video camera images the phosphor screen. The imaged patterns

were then transferred to a Hamamatsu ARGUS-lO image processor which subtracts the

background noise from the diffracted patterns. The processed patterns were then saved

and analyzed using an interfaced PC. The detection and indexing of the Kikuchi bands

can be performed either manually or automatically using the Channel 4 software package

[11]. This software determines the crystal orientations and displays the orientation data

in the form of pole figures and inverse pole figures. The Channel 4 orientation software

was also used to display crystal grain orientation maps of desired areas, which have been

scanned by moving either the electron beam or the sample (stage). The time required for

the collection of a set of data varied from two hours to six days, depending on the length

and step size of the scan. The spatial resolution of the EBSP technique is approximately

1 pm, but it is limited to the volume a few tens of nanometers below the surface [9].

Figure 2.10 shows the CamScan FE44 SEM and its accessories.
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Figure 2.10 (a) A view of the CamScan 44FE electron microscope column, (b) a front

view ofmain panel, (c) and PC monitor displaying an EBSP before and afier indexing.
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Sample preparation: No specific sample preparation is necessary for EBSP.

However, since EBSP is very sensitive to the sample surface quality; a dirty, rough,

and/or heavily oxidized surface can easily disturb the pattern. Therefore, care must be

taken to keep samples clean, as well as dust and oxide free. During this study, all

samples were kept in desiccators filled with a mixture of Ar 98% H2 2% gas.

Sample holders: Two different kinds of aluminum sample holders, one a half inch

round plate (which holds one sample) and a one inch by one inch square plate (capable of

holding up to four 1/2 inch x 1/2 inch samples) were used. Since the sapphire substrates

were insulators, silver paint was used to make electric conduction between the samples

and the Al sample holders. A piece of p-type (100) Si wafer, placed along side the

sample, was used to calibrate the EBSP system with respect to the X-Y-Z stage.

2.5 MAGNETO-TRANSPORT CHARACTERIZATION:

Special equipment was required for the measurement of the magnetic and magneto-

transport properties of magnetic multilayers and spin-valves (such as magneto-resistance,

magnetization, and coercivity of magnetic films). Sections 2.5.1 and 2.5 .2 contain brief

discussions ofhow these magnetic properties were measured.

2.5.1 Magneto-Resistance (CPP-GMR measurements)

Description: CPP measurements require Nb superconducting contact layers on the

top and bottom of the multilayers and spin valves. To measure the very small resistance

(~10’7 Q) in CPP samples, a superconducting quantum interference device (SQUID) was
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used. A detailed description of the CPP-GMR measurement apparatus has been reported

elsewhere [12].

Sample preparation: A molybdenum mask was used to sputter the epitaxial

multilayers and spin—valves in a L-shape (1 mm x 8 mm) pattern as was shown in figure

2.7(b). After sputtering the epitaxial samples, the top surface is often gold coated for

protection. A series of 75 and 6 pm square pillars are then fabricated using

photolithographic techniques. The details of the photolithography fabrication have been

reported elsewhere [13]. The spin-valve samples are then pinned in an oven filled with

Ar 98%H2 2% gas. In a typical pinning process, samples are heated up to ~200°C in the

presence of about 30 0e magnetic field. After cooling the sample, the ferromagnetic

layer is pinned to the adjacent antiferromagnetic layer through exchange-biased coupling.

The pinned direction, which is referred to as the easy axis, is along the applied field. The

details of the pinning process are given in chapter 6.

2.5.2 Magnetization

Description: A Quantum Design SQUID magnetometer is used to measure the

magnetization of multilayers and spin-valves. This magnetometer has the capability of

making fast, precise measurements of the dc magnetic properties of magnetic multilayers

and spin-valves over a wide range of temperatures (2-350 K) and applied fields

(:1 Tesla, and 1 Tesla = 10000 06)

Sample preparation: The sample chamber of this magnetometer was cylindrical,

approximately 7 mm in diameter. The diameter of epitaxial films were approximately

11mm x 11mm. Therefore, these samples were cut in half (~5 mm) and placed vertically

into the sample chamber. No other specific preparations were required.
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CHAPTER 3

GROWTH OF Nb FILM ON SAPPHIRE

3.1 INTRODUCTION

As outlined in chapter one, it is necessary to establish optimum growth conditions for

each subsequent layer to achieve epitaxial multilayers and spin-valves of CO(111)fcc,

CU(111)fcc, and PY(111)fcc. Furthermore, to measure GMR in magnetic multilayers and

spin-valves with current flow perpendicular to the layer planes (CPP), a Nb contact layer

must be grown prior to the deposition of the multilayer [1]. A (111) growth direction in

the fcc magnetic multilayers and spin-valves can be achieved by using epitaxial

Nb(110)bcc substrate [2-4]. Therefore, the epitaxial Nb layer is the foundation of the

epitaxial magnetic layer system, and the growth and characterization of this Nb film is an

important step towards building high quality epitaxial magnetic structures. In this

chapter, the growth of epitaxial Nb on a single crystal of sapphire is discussed. This

discussion is followed by the crystallographic characterization of sputter deposited Nb

films, using AFM and EBSP.

3.2 BACKGROUND

The epitaxial growth of Nb films on A1203 substrates (metal-ceramic), using several

different techniques such as MBE and sputter deposition, has been extensively

investigated [2-20]. In these studies different characterization techniques have been used

to investigate the nucleation, the growth, and the interfaces of the Nb films grown on

different orientations of sapphire.
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Nb and A1203 have very similar thermal expansion coefficients and Nb thin films

grow on A1203 almost strain free with a highly quality crystal structure and large

coherence lengths [11,13]. Crystallographic data and some of the thermal properties for

both Nb and A1203 are summarized in Table 3-1. Orientation relationships are defined by

the interface planes and two parallel directions in the two materials. In the Nb/Al203

system, different orientation relationships have been observed (for examples see [2,9]):

(0001)Al203 1| (111)Nb with [2TI0]AI2O3 || [10T]Nb

(01 TO)Al2O3 || (T2I)Nb with [0001]Al203 || [111]Nb

(1120)Al203 ll (T01)Nb with [0001]Al203 || [111]Nb

(01 T2)Al203 || (OIO)Nb with [2TI0]AI2O3 || [10T]Nb

Because of the above orientation relationships, the growth direction of epitaxial Nb

films can be selected by choosing the properly matched sapphire substrate.

In this study an epitaxial Nb(110) underlayer (contact layer) was required for growth

of the subsequence epitaxial magnetic multilayer structures and spin-valves in a (111)fcc

orientation. It has been shown that bcc Nb(110) planes can be grown epitaxially on

A1203 (1120) substrates [2, 3, 9]. The in-plane epitaxial relationships are:

[0001]Al203 H [111]Nb

[1010]Al203 || [121]Nb

A portion of the corundum (sapphire) cell and atomic packing of a (1120) plane of

sapphire are shown in Figure 3.1 [21, 22].
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Table 3-1

 

 

 

 

 

 

 

 

  

CRYSTALLOGRAPHIC DATA

Element: A1203 - Corundum - Sapphire Nb—Niobium-Columbium

Crystal system: Hexagonal-Rhombohedric * Cubic — bcc

= 0.4763 nm 0.33067 nm

b = 0.4763 nm 0.33067 nm

e = 1.3003 nm 0.33067 nm

Unit cell volume: 0.2555 nm3 0.0359 nm3

# of atoms per unit 12(Al) + 18(0) = 30 2

cell:

Atomic radius: A1 = 0.143 nm Nb = 0.143 nm

Ionic Radius .413+ = 0.051 nm Nb+4 = 0.074 nm

02’ = 0.132 nm

Symmetry: A single 6-fold rotation axis Four 3-fold rotation axes

Melting Point: 2052 °C A 2469 °C

Thermal expansion 5.4 x 10'6C'I || c-axis RT

coefficient: 6.2 x 10'6 C'1 l c-axis RT 7.1 x 10'6 Cl  
 

 
*Oxygen ions in a hexagonal close packed arrangement.

*Aluminum ions occupy the octahedral interstices.
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Figure 3.1 (a) A portion of the corundum cell and (b) atomic packing of a (1120) plane

of sapphire. One of the forms of alumina, A1203, has the corundum crystal structure,

which is similar to a hexagonal close-packed structure. There are 12 Al ions and 18 0

ions associated with each unit cell. The lattice parameters of alumina are a = 0.475 nm

and c = 1.299 nm. The ionic radii ofthe Al 3+ = 0.051 and the 0 2' = 0.132. There are 6

A1203 groups with 12 Al ions and 18 0 ions present in a hexagonal prism having the

given lattice parameters.
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3.2.1 Growth of Nb Film on A1203

Theoretically, growth and nucleation of Nb on sapphire should follow one of three

basic growth modes. These three well-known modes are [23]:

1)

2)

3)

The Volmer—Weber (VW) mode (island), which occurs when the smallest

stable clusters nucleate on the substrate and grow in three-dimensions to form

islands. The growth of islands is more common when there is stronger

bonding between the deposited atoms than deposited atoms to the substrate.

The Frank-van der Merwe (FM) mode (layer-by-layer), which occurs when

the smallest stable clusters nucleate on the substrate and grow in two

dimensions to form a planar sheet (continuous layer). This type of growth

mode occurs when there is strong bonding between the atoms and the

substrate and is commonly seen in single crystal epitaxial growth of

semiconductor films.

The Stranski-Krastanov (SK) mode (layer+ island): In SK growth mode, after

the formation of a few monolayers (due to strong bounding between the atoms

and the substrate), the surface energy changes and bonding between

subsequent layers decreases with simultaneous increases in bonding between

the atoms, resulting in three-dimension island formation.

Metal atoms typically do not wet insulating substrates and bond more strongly to each

other. Due to this bonding, nucleation and growth of the metal on the insulator usually

occurs in the VW (island formation) mode [24, 25]. When three-dimension islands form,

the island size increases in three dimensions, until coalescence of the islands occurs,

leading to a continuous film. If all of the islands grow with the same orientation or rotate
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to the same orientation during coalescence, a single crystal will form. In practice, a

number of factors affect the nucleation and growth of crystalline films. Among the most

important factors are the nucleation rate, the substrate temperature, deposition rate, and

the surface quality of the substrate or buffer layer [23].

The nucleation and growth of Nb(110) on the Al2O3(1120) substrates seems to be

unusual and different from the typical growth of metals on insulator substrates. Mayer et

al. have shown that the A12O3(1120) surface is oxygen terminated and creates adsorption

sites for the Nb atoms [1 l]. The results reported by a few other investigators indicate that

a strong anisotropic bonding exists between Nb films and A1203 substrates, which is due

to one adsorption per site for the Nb atoms in the first monolayer [15].

3.2.2 Grain Structure of Sputtered Metal Films

The temperature of the substrate and the argon pressure in the sputtering systems will

affect both the sticking coefficient (the ratio of the number of atoms adhering to the

number of atoms striking the substrate) and film structure. The structural morphologies

of deposited films at different temperatures were described by Movchan et al. [26] using

a zone structure model [23, 26]. In figure 3-2(a), the influence of both argon pressure

and substrate temperature on microstructure of sputtered metallic film is shown [26]. In

part (b) of this figure, four different zones as a function of temperature are illustrated

[23]. In this figure, the horizontal axis is Ts/TM where T5 is the substrate temperature and

TM is the melting temperature of the deposited metal.
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Figure 3.2 (a) Effect of argon pressure and substrate temperature on microstructure of

sputtered metallic films (adopted from [26]). (b) Zone model for evaporated metal films

(adopted from [26]).
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3.3 RESULTS

3.3.1 Growth Process

As was described in section 2.3.2 the sapphire substrates used in the present study

were pre-deposition annealed at 1200°C. Sputtering of the Nb films was carried out

using substrate temperatures ranging from 25 to 1200°C. Surface smoothness of some of

the sputtered films was improved by post-annealing the films at 950°C and 1100°C. All

films were grown in 2.5><10'3 Torr Ar, with a chamber base pressure of ~1x10'8 Torr and

the deposition rate for Nb was 3 A/s. A list of epitaxial Nb films is tabulated in appendix

3.A.

3.3.2 AFM Analyses

A series of 250 nm thick Nb films was grown on A12O3(1 120) at different substrate

temperatures. The surface topography of these films was imaged using a Digital

Instruments atomic force microscope (AFM). In general, the quality and topography of

sputtered Nb films grown on A12O3(1 120) is affected by the substrate temperature.

Figure 3.3 shows AFM images and line trace surface analyses of a Nb film grown at: (a)

room temperature, (b) 450°C, (c) 660°C, ((1) 750°C, and (e) 1100°C which illustrates the

roughness of these films. Note that samples deposited at substrate temperatures of 450°C

and higher were post deposition annealed at 1100°C for 10 minutes.

The samples deposited at ambient temperature (not annealed with Ts/TM = 0.01) were

characterized by a rough granular topography suggestive of a polycrystalline structure.

The average size of the topographic futures (grains) in the Nb films grown at room

temperature were approximately 125 nm x 50 nm. The image root-mean-square (RMS)

54



 

 

 

5
.
0

2
.
5
0

 

Mflvvflvn‘WWW!“11WVRUAWA.W/UIll/PW!“

fl
>

 

0
-
2
.
5
0

     

 

 

1
.
0
0

 
  

-
l
.
0
0

     -
2
.
0
0

 

n a N M a 8 9 q
-

m n 8 _ 3
1

(C) (d)

Figure 3.3 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography ofNb films deposited at substrate temperatures of 25°C (No PDA),

450°C (PDA=1100°C), 660°C (PDA =1100°C), and 750°C (PDA=1100°C), with image

RMS roughness of 3.17, 2.52, 1.25, and 0.35 nm, respectively.

(PDA = Post Deposition Annealed)
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Figure 3.3(e) Atomic-force-microscopy images and line trace surface analyses showing

the surface topography of Nb fihns deposited at substrate temperatures of 1100°C with

image RMS roughness of 33.1 nm. The epitaxial Nb film grown at substrate temperature

of 1100°C was found to be very rough, often containing many holes.
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roughness was about 3.8 nm. Note that roughness measurements were performed over

entire individual images and are referred to as image RMS roughness. The line traces in

all AFM images are only representative of a single trace not the entire image.

At a substrate temperature of 450°C (Ts/TM = 0.18), the surface topography suggested

some alignment and possibly collimated grain formation. This could be due the post

deposition annealing and a TEM cross-sectional study can clear up this issue. At this

point, however, the effect of growth temperature seems to be the main factor, in

agreement with zone T in Figure 3.2. The average topographic futures in this film varied

from 45 to 55 nm with an image RMS roughness of 2.52 nm. At a substrate temperature

of 660°C (Ts/TM = 0.26), oriented steps, which may be structural ledges, run across the

surface with an image RMS roughness of 1.25 nm. The steps have an average height of

approximately 0.50 nm, equivalent to two (110) interplaner spacing of Nb (\l 2 x 0.331

nm = 0.47 nm). The misorientation (0) in Figure 3.3(c) was calculated using the height

of the structural ledges and number of them in one row within 1250 mm x 1250 nm

scanned area:

8 (steps in 1250 nm length) x 0.5 = 4 nm

Sin (0) = 4 nm /1250 nm .'.0 = 0.18 degrees

This misorientation is most likely due to miscut in Al203(1 120 ).

At a substrate temperature of 750°C (Ts/TM = 0.3), the surface topography appeared to

be very smooth, free of any kind of grains and structural ledges (Figure 3.3(d)) resulting

in an image RMS roughness of 0.35 nm. At a substrate temperature of 1100°C, the films

were found to be very rough, containing many holes. Figure 3.3(e) shows an AFM image
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and line trace surface analyses of a 250 nm thick film grown at a substrate temperature of

1100°C (Ts/TM = 0.46). The image RMS roughness is about 33 nm.

As shown in Figure 3.3(f) a sample deposited at 750°C and post deposition-annealed

at 950°C for 10 minutes had a better surface topography (smoothness) as a sample

annealed at 1100°C. Therefore, a substrate temperature of 750°C with post deposition

temperature of 950°C was chosen as an optimum growth temperature for Nb films used

as a foundation for subsequent films grown in this study.

It should be noted that the optimal growth temperature for growing epitaxial films was

proposed by Flynn [27] to be determined by the following empirical equation:

3

T epitaxial growth (K) = (’8') T melting temperature (K)

which results in T epitaxial growth = 755°C for growth of epitaxial Nb film. In practice,

however, there are other factors such as growth technique and deposition rate that can

affect the predicted growth temperature. The optimum growth temperature (750°C) of

the epitaxial Nb in this study was very close to the predicted growth temperature

The AFM results for these films reveals only information about the surface

morphology. The AFM results do not yield crystallographic information about the

sputter deposited Nb films. To obtain information about the orientation and crystalline

quality of these films, the EBSP technique was used.

3.3.3 EBSP Analyses

EBSP is very useful for characterizing the orientation of sputtered films. The patterns

from the Nb films grown at a substrate temperature of 600°C or higher were very sharp
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Figure 3.3(1) Atomic-force-microscopy images showing the surface topography of two

Nb films deposited at substrate temperature of 750°C and post deposition annealed at (a)

1100°C and (b) 950°C with image RMS roughness of 0.35 and 0.16 nm, respectively.
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and easily indexed as bcc. Due to the Nb thickness (th = 250 nm), the patterns did not

suffer from contributions from the underlying A1203. Figure 3.4 shows representative

EBSPs from Nb films. The patterns obtained from a Nb film grown at ambient

temperature [Figure 3.4(a)] did not have any evidence of EBSP bands. This lack of

Kikuchi bands along with the surface topography suggests that the grains in the deposited

film are randomly oriented highly defective and this film is polycrystalline. At an

ambient temperature, the growth directions of Nb islands were not influenced by

substrate orientation (no substrate wetting). Patterns obtained from a sample grown at

450°C showed a weak signature of a few bands [Figure 3.4(b)]. This EBSP result and

those of AFM surface topography, suggested that either the grains in this film are lightly

textured, or all of them are collimated and have the same orientation (highly textured),

but contain a lot of dislocations and/or other defects that cause strong pattern degradation.

Electron backscatter diffraction patterns obtained from films grown at 660°C and 750°C

were very sharp and are shown in figure 3.4(c & d). EBSP of the Nb film deposited at

1100°C was similar to those grown at 750°C. An EBSP obtained from one of these films

(grown at 750°C) is shown before and after indexing in Figure 3.5.

Stage control scanning (controlled movement of the motorized specimen stage) was

used to study and characterize the orientation distribution of Nb in the films grown at

750°C. Depending on the analysis, scan sizes ranged from 3 pm x 3 pm with 1 pm steps,

to 1 mm x 1m with Slim steps. The resulting pole figures indicated that the entire film

had the same orientation, within the 1° accuracy of the measurement [28]. Therefore, the

films are epitaxial single crystals. The Nb films display normals of [110], which is

consistent with the growth occurring on the closest packed {110} planes in the bcc Nb.
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Figure 3.4 Electron backscatter pattern obtained from 250 nm Nb films grown onto

(1 1 2 0)Al2O3 at a substrate temperature of : a) 25°C, b) 450°C, c) 650°C, d) 750°C.
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3.3.4 Orientation Relationship Between Epitaxial Nb and A1203

EBSP generated pole figures of the bcc Nb and single crystal A1203 substrate were

used to determine the epitaxial relationship between the sputtered Nb and substrate. Pole

figures, which show the distribution of selected crystallographic directions in the sample

relative to a given sample axis, were produced from the EBSP data. Pole figures of the

epitaxial Nb film showing the distribution of <110>, <111>, and <100> poles are shown

in Figure 3.6. These pole figures were then superimposed to create the stereographic

projection for the epitaxial Nb film. Stereographic projections of the (110)bchb and

(1120) A1203, collected from the same sample (which had a small portion of the

substrate masked during sputtering), are shown in Figure 3.7. The epitaxial relationship

between Nb and A1203 was found to be (1 T0)bchb || (1120)th A1203 with [111]bchb ||

[0001]hcpAl203, which agrees with HREM observations [11,12,19]. Generally, the

epitaxial relationships determined using EBSP should be significantly more accurate

(within ~l°) than those deduced from HREM, where structural images can be obtained

when samples are tilted significantly off-axis leading to inaccuracies up to 4° [30]. In the

epitaxial Nb films deposited for this study, the resulting pole-figure data from adjacent

sections of Nb and A1203 did not also reveal any misorientation (within the accuracy of

the measurement).
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Pole Figure of an Epitaxial Nb Film
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Figure 3.6 Pole figures of the epitaxial Nb film showing the distribution of <110>,

<111>, <112>, and <lOO> poles.
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Figure 3.7. Stereographic projections of the epitaxial Nb film and sapphire substrate

showing the epitaxial relationship between the Nb films and A1203 substrates is

(1 i0)t...Nb ”(1 1 2 0).... .41203 with [111]..,,Nb ll [0001],,,,A1203.
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3.4 DISCUSSION

In general the results of AFM and EBSP suggests that in the sample grown at an

ambient temperature there are strong bonding between Nb atoms and they form a

granular polycrystalline film. At temperature of 450°C, there must be better bonding

(compared with those grown at an ambient temperature) between the Nb atoms and the

substrate (better surface topography and weak appearance of some Kikuchi bands).

Therefore, the Nb islands could have grown in a partially preferred orientation, without

any significant coalescence between the Nb islands (not enough thermal energy for atoms

to move around). However, the possibility of partial effect from post deposition

annealing at 1100°C can not be ruled out. At higher temperature, in particular at 750°C,

a very smooth surface topography and well defined Kikuchi bands suggests a strong

bonding between Nb film (atoms) and A1203 substrate in agreement with predicted

growth mode [15, 23].

3.5 SUMMARY

In this chapter the growth and structural characterization of sputter deposited Nb films

on (11:20 )hcp A1203 substrate using AFM and EBSP have been discussed. Nb films

deposited at ambient temperature without post deposition annealing were characterized

by a rough granular topography, suggestive of a polycrystalline structure. For those

deposited at a substrate temperature of 450°C and post deposition annealed at 1100°C,

the surface topography suggested some alignment and possibly collimated grain. At a

substrate temperature of 660°C post deposition annealed at 1100°C, oriented steps, which

may be structural ledges, run across the surface. The optimum growth temperature was
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found to be 750°C with post deposition annealing at 950°C. EBSP and AFM results

revealed that the Nb films deposited at 750°C grow as (110)bcc single crystals with a very

smooth surface topography of about ~0.2 nm. It has been shown that bcc Nb(110) planes

can be grown epitaxially on A1203 (11.2-0) substrates. The in plane epitaxial relationships

were:

[0001]A1203 || [111]Nb

and

[1010]».1203 n [121]Nb.
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Appendix 3.A

Summary of Sputtered Nb Films

 

 

 

 

 

 

 

 

 

 

    

Run # / Predeposition annealing Growth Temperature / Post deposition

Sample # Temperature Annealing Temperature

7-1 1200°C 750°C/ 1100°C

7-2 1200°C 660°C/ 1100°C

7-3 1200°C 450°C / 1100°C

7-4 1200°C 1100°C/ 1100°C

7-6 None Room Temperature

8-6 1200°C 760°C/ 1110°C

11-1 1200°C 765°C / 950°C

12-2 1200°C 750°C / 950°C

17-1 1200°C 750°C / 950°C

35-3 1200°C 750°C / 950°C

 

All substrates were A1203 (1150).

Deposition rate = 3 A/s

Deposition pressure = 1-2.5 x 10'3 torr.
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CHAPTER 4

GROWTH OF Cu FILMS ON EPITAXIAL Nb

4.1 INTRODUCTION

In the growth process of typical CPP magnetic multilayers or spin valves, a thin layer

(10-20 nm) of Cu film must be first deposited on the Nb contact layer. The presence of

the Cu layer eliminates the reaction between the Co or Py layer with the Nb contact layer

[1]. In the growth of epitaxial magnetic systems, this Cu layer has an additional role; it is

the foundation for growing epitaxial multilayers and spin valves in a preferred

orientation.

A series of Cu films with different thickness (20-300 nm) were grown on 250 nm

thick epitaxial Nb films at several substrate temperatures. As described in Chapter 3,

high quality epitaxial single crystal (110) Nb films have been grown on (1120) sapphire

substrates at an optimum temperature of 750°C (post deposition annealed at 950°C) using

dc magnetron sputtering. A list of the epitaxial Cu films grown in this study is given in

appendix 4.A.

In the past, researchers have used various fabrication techniques, such as MBE and

sputter deposition, to grow epitaxial Cu films [2-24]. Most of the epitaxial Cu films

fabricated using MBE and sputter deposition systems were grown on Nb substrates, using

substrate temperatures between 150°C and 350°C.

In this chapter, background information on the nucleation and the grth of fcc

materials (i.e. Cu) on bcc materials (i.e. Nb), including the epitaxial relationships

between bcc and fcc, twinning in (111)fcc metals, and twin boundaries, are discussed.
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This chapter includes a detailed explanation of sputter deposition of Cu films on epitaxial

Nb. Also included are the results of AFM and EBSP characterization of the sputter-

deposited Cu films (grown at 350°C, 150°C, and 90°C). A discussion of the growth

process in sputter deposited films, based on the AFM and EBSP analysis, concludes this

chapter.

4.2 BACKGROUND: NUCLEATION AND GROWTH

The crystallography and physical properties of Nb and Cu are well-known.

Crystallographic data for both Nb and Cu are summarized in Table 4-1.

The nucleation and growth of Cu on epitaxial Nb differs from the epitaxial growth of

Nb on A1203. In the Cu/Nb case, the surface free energies of the substrate, interface, and

overlayer are important factors that determine the growth mode (Three possible growth

modes, Volmer—Weber (VW), Frank-van der Merwe (FM), and Stranski-Krastanov (SK)

were described in Chapter 3). Details of the growth modes for metal/metal materials

have been discussed by Bauer and van der Merwe [3].

Theoretically, the free energies (y) of the growing surface and substrate and the

interface between the substrate and growing material play dominant roles in determining

the growth mode. For example, if the surface energy of the substrate is greater than the

growing overlayer surface energy, that is if y, 2 an + Yin‘, then the FM growth mode (layer

by layer) will occur. In this grth mode m, 7;", and y, are the surface energy of the

overlayer film (thickness = n), the surface energy of the interface (thickness = n’), and the

surface energy of the substrate, respectively [24].
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Table 4-1

CRYSTALLOGRAPHIC DATA FOR Nb AND Cu

 

 

 

 

 

 

Element name: Nb—Niobium-Columbium Cu-Copper

Crystal system: Cubic — bcc Cubic — fcc

a = 0.33067 nm 0.36148 nm

Unit cell volume: 0.0359 nm3 0.0467 nm3

# of atoms in unit cell: 2 4

Atomic radius: Nb = 0.143 nm Cu = 0.128 nm

 

d (h,k.l) dam) = 0.2337 nm dull) = 0.2078 nm

 

Symmetry elements: Four 3-fold rotation axes Four 3-fold rotation axes

  Melting point:  2469 °C  1083 °C
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There are two basic conditions for growing epitaxial films. a) The surface energies of

the two metals (overlayer and substrate) must be compatible. b) There must be only one

crystallographic orientation relationship between the film and the substrate. It will be

shown that the Nb and Cu can satisfy these requirements. Table 4-2, lists the surface

energies for some metals and insulators.

4.2.1 Orientation Relationship Between fee and bcc: A (110) bcc plane contains two

<111> directions (111 and HT : close-packed directions), one <100> direction, and

one <011> direction. A (111) fcc plane contains three <110> directions (110, 101, and

011: close-packed directions) and three <ll2> directions (112, 121, and 211). The

epitaxial relationships between bee and fcc materials were originally studied in the early

19305 [25-27]. Nishiyama and Wasserrnan independently showed that one of the

possible atomic arrangements between (110)bcc || (111)fcc, is [1T0]bcc || [1T2]fcc, which

also results in [IOOJbcc || [017kcc (this will be referred to as the NW relationship) [25,

26]. Kurdjumov and Sachs showed another atomic arrangement between (110)bcc ||

(111)rce, with [1 T 1 1..., n [01 1 1m (the KS relationship) [27]. Figure 4.1 shows the atomic

arrangements of both the NW and KS relationships. These two relationships differ by

5.26° on the (110),“ || (111)fcc planes. The orientation relationship can actually vary

continuously from the NW to the KS to again the NW as r (r = abCC/afcc) increases from

0.70 to 0.86 [6]. The NW relationship has been reported to be the most common in

(110)Nb/(111)Cu cases [2, 3, 6, 28].

To observe the geometrical NW relationship between (110)bchb and (111)fccCu, the

atomic arrangements of these two planes (see Figure 4.2 (a), (b)) have been superimposed
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in the NW orientation relationship. The result of this superposition is shown in Figure

4.2 (c). The two alignments directions Cu[101] || Nb[100] and Cu[1T2] || Nb[T10], are

labeled. Observe that none of the close-packed directions aligns with each other. The

areas where Cu atoms coincide with Nb atoms appear in the diamond-shaped area and

form a broad band along the [100]bcc and [011]]‘cc (see A and B in Figure 4-2(c)).

Table 4-2

SURFACE ENERGY OF SELECTED ELEMENTS AND MATERIALS

 

Transition metal Ti V Nb Mo Ru Rh Pd Ta W Pt

2.6 2.9 3.0 2.9 3.4 2.8 2.0 3.0 3.5 2.7 J/m2

 

Noble metal A1 Ag Cu Au

1.1 1.3 1.9 1.6J/m2

 

Magnetic metal Cr Mn Co Fe Ni Gd

2.1 1.4 2.7 2.9 2.5 0.9J/m2

 

 

Semiconductors Diamond Si Ge GaP GaAs

1.7 1.2 1.1 1.9 0.9J/m2

Insulator LiF A1203 Can MgO NaCl

0.34 1.4 0.45 1.2 0.3.l/m2   
 

Note that these are approximate values, which are difficult to measure and depend on

surface orientation and reconstruction [24].
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Figure 4.1 Atomic arrangement of the (a) NW and (b) KS (0 = 5.26°) relationships.

With 0, atoms on (110)bec and O, atoms on (1 1 l)fcc [6].
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Figure 4.2 (a) Atomic arrangement of bcc Nb (110). The atomic radius of Nb is 0.143

nm Wlth dam) = 0.2337 nm
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Figure 4-2(c) Unrelaxed overlaps of Cu(111) on Nb(110) in the N-W orientation

relationship (Cu[101] I I Nb[100]). For simplicity, perfect (defect free) Nb and Cu

layers are assumed.
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These diamond-shaped areas have higher energy compared with other areas and are

unfavorable areas for nucleation. The regions between the diamond-shaped areas form

zig-zag fringes (see C on the figure). In these areas, the Cu atoms sit in or near the

troughs (valleys) between three Nb atoms (good atomic matching = favorable areas for

nucleation). There are also fringes formed between the corner of these diamonds, parallel

to [110b,cc and [112]rcc direction (see D on figure 4.2 (c)) with relatively good atomic

matching.

In Figure 4—2 ((1), the Nb and Cu planes (Figure 4.2 (a), (b)) have been superimposed

in the KS orientation relationship for comparison to the NW orientation relationship.

Similar to the NW orientation relationship, the diamond-shaped areas are unfavorable

areas for nucleation. In both cases the fringe patterns are created due to existence of

misfit dislocations (edge, screw, and mixed dislocations) [6, 28]. However, there are

more misfit dislocations per unit area (.'. higher misfit strain energy) in an epitaxial film

with the KS orientation relationship than those with the NW orientation relationship

(same epitaxed metal pair: see 4 c&d). Bruce and Jaeger [28] have shown that favorable

epitaxial relationships are those having a smaller misfit strain energy (.'. fewer misfit

dislocations per unit area). In (111)fcc / (110)bcc (similar to (111)Cu on (110)Nb)

epitaxed metal pairs, the NW orientation relationship is generally favorable over the KS

orientation relationship.

4.2.2 Nucleation: The nucleation and growth of fee materials on bcc substrates have

been investigated by many researchers [2, 3, 6, 28]. However, the epitaxial nucleation of

fee thin films on bcc substrates is not well understood. Bauer and van der Merwe [3],
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have theoretically predicted that at elevated temperatures (in structures similar to Nb/Cu),

the first (and possibly second) Cu layers grow pseudomorphically, aligning exactly with

the top Nb layer. Starting with the second or third layer, the atomic distributions of Cu

are similar to the (111)fcc plane with the NW orientation relationship [3]. From the third

layer, three-dimensional (3-D) nucleation occurs within the SK grth mode (layer +

island) [3]. At room temperature, quasi-FM (layer by layer) growth has been

experimentally observed and reported [3, 29].

In the SK growth mode (at elevated temperature), formation of coherent (dislocation

free) islands are energetically favored over incoherent (dislocated) islands [28]. These

coherent islands are lattice-matched near their bases, but are largely strain-relieved near

their top and sidewalls. Further deposition leads to the growth of islands and eventual

coalescence to a continuance film [30]. Theoretical work by Drucker et a1. [31] reported

that coherent islands are energetically favorable up to a critical size (<100 nm). Further

growth of these islands can cause a coherent-to-incoherent transition via the introduction

of misfit dislocations.

4.2.3 Twin Formation: In the growth of fcc(1 1 l) metals on bcc(110) metals, formation

of twins within the fcc(111) layer is a common phenomenon and has been reported by

many researchers [3, 8, 9, 23, 32]. As was discussed in the pervious section, the first

fcc(111) layer (i.e. Cu(111)) grows pseudomorphically on the top bcc(110) (i.e. Nb(110))

layer, then starting with the second or third layer, the atomic distributions of Cu are

similar to the (111) plane [3]. This first fcc(111) Cu layer becomes a buffer layer for

arriving Cu atoms. The formation of twins will take place on the top of this fcc(111) Cu
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layer. The formation of twins in Cu(111) was observed using scanning tunneling

microscopey (STM) [13, 15], which showed that the Cu(111) coherent islands form at

one of two possible three-fold sites [12, 15, 22]. One of these three-fold islands follows

the correct stacking (ABCABC) while the second island forms a different stacking

(ACBACB). Schematic representaions ofthe side and top views of the stacking sequence

(twins) are shown in Figure 4-3.

The orientation relation between the Cu(l l 1) twins and the Nb substrate is the NW

orientation [3]. Upon further film growth, no additional twin orientations form. This is

due to the fact that the rotation angle is a rational multiple of 21: [3]. The presence of two

variant twin morphologies in crystalline superlattices (such as Cu/Mo, Cu/Nb) has been

discussed theoretically by Bauer and van der Merwe [3]. These twins have also been

experimentally observed by a number of researchers in MBE or sputter deposited

Co/Cu(111) multilayers using XRD, LEED, STM, and HREM [8, 12, 15, 19, 23, 31].

These papers, however, do not report on the distribution and size of twins in the epitaxial

Cu films.

4.2.4 Nature of Twin Boundaries: To study boundaries between the two twin variants

in epitaxial Cu films, high-resolution transmission electron microscopy is required. This

requirement is beyond the scope of this study; however, there have been theoretical and

experimental studies on twin grain boundaries in copper [33-36]. These studies will be

used in this section to illustrate the relationships between twin and grain boundaries.

Twinning is intrinsic to the growth of fcc(1 1 1) Cu and occurs with 2 = 3 coincidence-site

lattice (CSL) orientation. The twin boundaries that form during growth can be
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Figure 4.3 Schematic representations showing top and side views of the stacking

sequences (twins) in (111) fee.
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categorized into three groups [33]:

a) Coherent twin boundary (CTB): The grain boundaries align themselves with a

common {111} plane of both grains. These are relatively low interface

energy (~ 0.022Jm'2) boundaries with no mobility.

b) Incoherent twin boundary (ITB): The grain boundaries are not parallel to any

{111} plane in either adjacent grains. This is an incoherent 2(3) twin

boundary. The interface film energy of an ITB is around 0.5 Jm'z.

c) Symmetric incoherent twin boundary (SITB): This is a special case where the

grain boundary plane coincides with a common {211} plane of both grains.

The energy of SITB is around 0.84 Jm'z.

Medlin et al. [36] have investigated the nature of twin boundaries in copper by

depositing epitaxial Cu films on a single crystal Cu substrates. The results showed that

the twin boundaries in this homo-epitaxial Cu are incoherent 2(3) twin boundaries.

However, the boundaries are complex, containing nanometer (1.4 to 3 nm) thick slabs

with 9R stacking. The 9R slabs are rhombohedral, generated from the fcc structures by

creating an intrinsic fault on every 3rd {111} plane. This produces a stacking sequence of

ABC-BCA-CAB [34]. Atomistic models and HRTEM images of the incoherent 2(3)

twin boundaries of copper are shown in Figure 4.4 [36]. The 9R structure is very fiagile

and defects in the form of stacking faults can be generated during HRTEM observation.

The above review of the fundamental concepts should provide a foundation for the

understanding of experimental characterization and the results obtained from AFM and

EBSP characterization analysis.
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Figure 4.4 a) HRTEM images of incoherent 2(3) twin boundaries in Cu, imaged along

[011]. The 9R stacking faults are labeled, containing four or five layer defects. b)

Embedded atom method atomistic simulations of the structure of the Cu boundaries [36].
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4.3 SPUTTER DEPOSITION OF Cu FILMS

As described in the Chapter 2, the high temperature heater was removed afier post

deposition annealing of the Nb contact layer to cool the substrate to desired temperatures

(90°C - 350°C). Meanwhile, the low temperature heater was warmed-up to the desired

deposition temperature and mounted on the substrate. Typically, the heater switching

processes took approximately 10 minutes. After the target deposition temperature was

achieved, the Cu film was deposited.

4.4 RESULTS

4.4.1 AFM Analysis

Cu samples with film thicknesses ranging from 20 nm to 300 nm were grown on 250

nm of epitaxial Nb at substrate temperatures of 90°C, 150°C, and 350°C. The majority of

the Cu films were subsequently post deposition annealed at 350°C, with a few annealed

at 250°C and 500°C. The surface topography of each film was examined using AFM.

Note that the surface topography measurement is a confusing issue and depends how one

will defines a roughness. The following are examples of different kinds of surface

roughnesses:

a) Small grains (islands) with shallow terraces.

b) Small grains (islands) with deep terraces.

c) Large grains (islands) with shallow terraces.

(1) Large grains (islands) with deep terraces.

There are two parameters in the given examples; depth of terraces and size of grains

(islands). If the depth of terraces is the important parameter, then the Root Mean Square
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(RMS) Roughness, which is the standard deviation of the Z (Height) values, becomes the

critical parameter (see Appendix 4.B). In this study, while the image RMS roughnesses

for all samples have been measured, the sizes of grains (or islands) and the depth of

terraces have also been considered for defining a surface roughness. For example, in case

of having two surfaces with similar depth terraces but different island size, the surface

with smaller size islands will be considered rougher.

In general, the growth temperature, film thickness, deposition rate, and substrate

topography affected the morphology of the sputtered Cu films. The results of AFM

analysis are categorized as follows:

OSurface topography of the as-grown samples.

OEffect of post deposition annealing on the film surface topography.

OEffect of film thickness on the film surface topography.

OEffect of deposition rates on the film surface topography.

0Effect of deposition techniques on the film surface topography.

4.4.1.1 As-Grown Cu Films

The as-grown films consisted of eighteen Cu films which were grown at 90°C, 150°C,

350°C, 400°C, and 475°C. Selected AFM results from these films are categorized as a

function of film thickness.

300 nm thick samples: AFM images and line trace surface analyses of 300 nm

thick Cu films grown at 90°C, 150°C, and 350°C are shown in Figure 4.5. The image

RMS roughness in images a, b, and c are about 4, 4.5, and 20 nm, respectively. The Cu

film grown at 90°C has a very granular appearance, suggesting small collimated islands
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300 nm Thick Cu Films as Grown at 25°C, 150°C, 350°C. 
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Figure 4.5 Atomic force-microscopy images and line trace surface analyses showing the

surface topography of 300 nm thick Cu films deposited onto 20 nm thick Nb film at

substrate temperatures of a) 25°C, b) 150°, and c) 350°C. The line trace surface analyses

shows the image RMS roughness are about 4, 4.5, and 20 nm, respectively.
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(~ 80 nm) in this film. At higher temperatures, the films have different surface profiles.

Smoother surfaces are observed, but some deep troughs exist, suggestive of better

coalescence of islands (than those grown at lower temperature) and formation of large

size islands on the surfaces ofthese films.

150 nm thick samples. Three Cu films with a thickness of 150 nm were

compared. These films were deposited at substrate temperatures of 150°C, 350°C, 475°C

on 250 nm thick epitaxial Nb. AFM images and line trace surface analyses of these Cu

films are shown in Figure 4.6. The image RMS roughness of these films are 1.3, 23.3,

and 2.6 nm, respectively. It appears that the high temperature deposition produced much

larger islands and that island coalescence is occurring more often than that in the lower

temperature deposited films.

75 nm thick samples. The AFM images and line trace surface analyses of three

Cu films with thickness of 75 nm are shown in Figure 4.7. These Cu films grown at

substrate temperatures of 150°C, 250°C, 430°C with image RMS roughness of 1.5, 12,

and 20 nm, respectively.

20 nm thick samples: There were two 20 nm thick Cu films that were in the as-

grown category. These were grown at substrate temperatures of 250°C and 350°C. The

AFM images and line trace surface analyses of these two-samples are shown in Figure

4.8. The image RMS roughness of these are 5.5 nm and 10 nm, respectively.

The AFM analysis results from the as-grown films revealed that sputter deposition of

Cu films with lower substrate temperature generally results in a smoother surface

topography. However, samples deposited at higher substrate temperature generally have

deeper valleys (trough). The exception was in the case of Figure 4.6(c) (grown at 475°C),
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Figure 4.6 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 150 nm thick Cu films deposited at substrate temperatures of: a)

150°C , b) 350°C; and c) 475°C with image RMS roughness of about 1.3, 23, and 2.6 nm,

respectively.
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The Effect of Deposition Temperature on Surface Topography of

75 nm Thick Cu Films as Grown at 150°C, 250°C, and 430°C.
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Figure 4.7 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 75 nm thick Cu films deposited at substrate temperatures of: a)

150°C , b) 250°C; and c) 430°C with image RMS roughness of about 1.5, 12, and 20 nm,

respectively.
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20 nm Thick Cu Films as Grown at 250°C, and 350°C
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Figure 4.8 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 20 nm thick Cu films deposited at substrate temperatures of: a)

250°C and b) 350°C with image RMS roughness of about 5.5 and 10 nm, respectively.
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which has larger sized islands, and very few shallow troughs. These islands had a better

chance to coalesce in this temperature range.

4.4.1.2 Effect of Film Thickness

In this section, the effect of film thickness on the surface topography of the sputter

deposited Cu films is examined. The first group consisted of four Cu films deposited at a

substrate temperature of 350°C on epitaxial Nb. AFM images and surface analysis of

these Cu films with thicknesses of 20, 100, 170, and 300 nm are shown in Figure 4.9.

The image RMS roughness are 9.9, 28, 23.3, and 28.7, respectively. The image RMS

roughness results suggest that the thinnest Cu film (20 nm) had smoother surface

morphology. However, the AFM images suggest that thinner films have smaller islands

(~0.3 um compared to ~10 pm), but by considering the number of island per unit area,

the thinner films are rougher. As examples, on thicker films (100 and 170 nm) the island

sizes increased while the troughs become deeper (especially in 100 nm thick film). The

images of the 300 nm film in part (d), however, had the roughest surface topography

compared to rest of the samples with a mixed island size and many deep troughs. The

second group consisted of three Cu films deposited at 150°C and post deposition

annealed at 350°C. Figure 4.10 shows AFM images and the line trace surface analyses

of: a) 20 nm, b) 200 nm, 250 nm Cu films deposited on epitaxial Nb at 150°C. The

image surface roughnesses were 4.5, 5.7, and 8.5 nm, respectively. In this group of Cu

films, the island sizes and trough depths increased with increasing film thickness.
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Figure 4.9 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of: a) 20 , b) 100, c) 170, and d) 300 nm Cu films; grown at 350°C on

a 250 nm epitaxial Nb buffer layer. The line trace surface analysis shows the image RMS

roughness are about 10, 28, 23, and 28 nm, respectively.
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Cu Film Deposited at 150°C
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Figure 4.10 Atomic-force-microscopy images and line trace surface analyses showing

the surface topography of: a) 20, b) 200, c) 250 nm Cu films; grown at 150°C and post

deposition annealed at 350°C. The line trace surface analysis shows the image RMS

roughness are about 4.5, 5.7, and 8.5 nm, respectively.
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4.4.1.3 Effect of Post Deposition Annealing

Some of the Cu films were subsequently post deposition annealed at several

temperatures to examine the effect of annealing on the topography of the sputtered films.

The first group of samples consisted of four 300 nm thick Cu films deposited at 150°C.

Three of these films were post deposition annealed at 250°C°, 350C°, and 500C° for 30

minutes. Figure 4.11 shows the AFM images and line trace surface analysis of these

films. The image RMS roughnesses are approximately 4.5, 8.8, 6.3, and 3.6.nm,

respectively. Films with AFM images in part (b), (c), and (d) were deposited during the

same sputter deposition run using similar substrates (from same wafer). These images

appeared to be rougher than image in part (a). The AFM image of the sapphire substrate

used for these three films showed rough surface topography and pre-deposition annealing

of A120; at 1200°C did not smooth the surface. However, by comparing these three

samples, it seems that when the annealing temperature increased to 500°C, the surface

roughness decreased.

Two additional samples were deposited at a substrate temperature of 350°C and one of

them was post deposition annealed at 500°C. In Figure 4.12, AFM images and surface

analysis of the 300 nm thick Cu films grown at 350°C before and after post deposition

annealing at 500°C for 30 minute are shown. The film surface roughness decreased to

about 6 nm from 28 nm, as shown in Figure 4.12 (a). The AFM images of these two

films shows a clearer picture of the effect of post-deposition annealing on the Cu films.

In image (b), there are large, continuous, smooth islands with some troughs. This is an

indication of the effect of post-deposition annealing.
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Figure 4.11 The effect of post deposition annealing on the surface topography of 300

nm thick Cu films. The post deposition armealing temperatures were a) as grown

=150°C, b) 250°C, c) 350°C, and d) 500°C, respectively. The line trace surface analysis

shows the image RMS roughness are about 4.8, 8.8, 6.3, and 3.6 nm, respectively.
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Figure 4.12 Atomic force-microscopy images and line trace surface analyses showing

the surface topography of 300 nm thick Cu films deposited at a substrate temperatures of

350°C and post deposition annealed at: a) as grown and b) 500°. The line trace surface

analyses shows the image RMS roughness are approximately 28 and 6.5, respectively.
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4.4.1.4 Effect of Deposition Rate:

As discussed in the Chapter 1, epitaxial films fabricated by MBE have very smooth

surfaces and these films are typically grown with a deposition rate of 0.1-0.5 A/s.

Therefore, in this study the effect of the deposition rate (DR) on the surface topography

of epitaxial films grown by sputter deposition was of interest. Three Cu films were

deposited with different deposition rate conditions:

a) Start and finish with a low DR = 1 [Us

b) Start and finish with DR = 4.1 A/s.

c) Start and finish with a high DR = 7 A/s.

These films were grown at 150°C and post deposition annealed at 350°C. Figure 4.13

shows AFM images and line trace surface analyses of 200 nm Cu films with the

respective image RMS roughness of approximately 1.5, 5.7, and 4.8 nm for 1 A/s, 4.1

A/s, and 7 A/s. The Cu film deposited with low deposition rate (1 A/s) appeared to have

large size islands and some holes. The Cu films grown with 4.1 A/s, and 7 [Vs deposition

rate had rougher surface topographies with smaller islands, and possibly collimated grain

formation in Cu film with 7 A/s deposition rate. These results are consistent with

theoretical predictions [37], which indicate that increasing the deposition rate results in

smaller islands.

4.4.1.5 Effect of Deposition Techniques

Compared to MBE, sputtering deposition is a relatively high-energy deposition

technique. To allow a comparison of the epitaxial sputtered samples grown in the present

work, a 300 nm thick Cu film, grown by MBE, was provided by the University of Leeds-

101



The Effect of Deposition Rate on Surface Topography of

Cu Films Deposited at 150°C

 

 
 

 

 

 

      

.. W L

't 100 2 W ”a 3"“ ‘ 0° 5 0° 7: 1.130 2.00 3.b0 4 00 5 00

(a) (b)

 

1
0
.
0

 

 

I

 -
1
0
.
0

  5.009 .
-

N a
.

O o
n

O D & D O

”I

(C)

Figure 4.13 Atomic-force-microscopy images and line trace surface analyses showing

the surface topography of 200 nm epitaxial Cu films grown at 150°C and post deposition

annealed at 350°C with deposition rate of: a) 1, b) 4.1, and c) 7 A/s on a 250 nm epitaxial

Nb buffer layer. The line trace surface analyses shows the image RMS roughness are

about 1.5, 5.7, and 4.8 nm , respectively.
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England. This sample was grown on a 100 nm epitaxial Nb film (grown at 950°C prior

to deposition of the Cu film) at a substrate temperature of 350°C. The surface

topography of this sample was compared with a 300 nm thick sputter deposited Cu film

onto 250 nm epitaxial Nb film at the same temperature of 350°C. The deposition rate for

the sputter deposited sample was 4.1 A/s (1 [Us for first few monolayers and gradually

increased to 4.1 A/s). The growth rate for the MBE grown film was 0.5 A/s. AFM

images and surface analyses of these two films are shown Figure 4.14. The image RMS

roughnesses are about 23 and 46 nm, respectively. The AFM image in Figure 4.14(b)

indicates that the MBE grown film had larger islands when compared with the sputter

deposited sample, with smoother island tops and deeper grooves between these islands.

4.4.2 EBSP Analysis

Up to this point the surface topographies of sputter deposited Cu films have been

discussed; however, the surface topography does not provide information about the

orientation and epitaxy of the deposited films. To generate orientation information, a

second characterization technique, EBSP, was carried out. The EBSP technique was

used to examine the crystallographic nature of the Cu films that were investigated using

AFM. The results of the EBSP data analysis have been categorized in a similar way to

the AFM results.
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Figure 4.14 AFM images and line trace surface analyses showing the surface topography

of: a) 300 nm Cu film sputter deposited at 350°C on a 250 nm epitaxial Nb buffer layer,

b) 300 nm Cu film; grown at 350°C by MBE technique on a 100 nm epitaxial Nb buffer

layer. The image RMS roughnesses are about 23 and 46 nm, respectively. The deposition

rates were a) start with IA/s for first few monolayers and then 4.1 A/s and b) 0.5 A/s.
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4.4.2.1 EBSP Patterns of Cu Films

EBSP and different variants EBSP data was collected randomly from different

locations on each sample. The pole figures obtained from the EBSP data of the Cu films

revealed that two different orientation variants were present in all of the films analyzed.

Both variants display <111> growth normals, consistent with growth occurring on the

close-packed {111} planes in the fcc Cu. The two variants differ by a multiple of 60°

rotation about this (111) normal, indicating that while the first epitaxial Cu plane is the

same for each variant, the subsequent stacking of additional {111} planes occurred by

two different stacking orders, ABCABC versus ACBACB. Thus, the two variants are

oriented in a 2(3) twin relationship, but have incoherent boundaries (ITB). In Figure

4.15, an EBSP and corresponding pole figures of a 300nm thick sputter deposited Cu film

are presented. In this figure, each of the patterns was captured from an individual variant

(twin). Because of the orientation relationship between these two variants, a number of

relatively strong Kikuchi bands (such as {131} and {311}) in the EBSP pattern are

common to both orientations, thus the two orientations are distinguished by differences in

other Kikuchi bands or poles such as I = [101], II = [011], and III = [001].

EBSP and twin boundaries. After observation of twin variants in the epitaxial Cu films,

it was of interest to determine the effective resolution of the EBSP (effective interaction

volume) on the twin boundaries. To study this issue, an approximate location of a twin

boundary was selected; the electron beam was then slowly scanned over the selected

sample area. A series of patterns were collected during the scan, as shown in Figure 4.16.

These patterns show the transition from one variant to the other. The Kikuchi bands in

the EBSP pattern (Figure 4.16 (a)) from one the variants (only I = [101] pole can be seen)
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Figure 4.15 Indexed EBSPs and corresponding pole figures from a 300nm epitaxial Cu

film sputtered at 350°C onto a 250 nm of epitaxial Nb substrate showing the two (111)

orientation variants .

106



EBSPs of Cu(111) Twins and Twin Boundaries
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Figure 4.16 Changes in the Kikuchi bands of EBSP patterns obtained fi'om 300 nm thick

epitaxial Cu film as the sample was moved across a twin boundary. In part (a) and (b)

the EBSP patterns are from one of the variants. In parts (c) and (d) the Kikuchi bands

contributed from both variant were present. In parts (e) and (i), only the Kikuchi bands

from other variant are distinguishable.
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showing no evidence of bands from the other variant. As the electron beam approached

the twin boundary, a collection of Kikuchi bands from both variants, with relatively the

same intensities, appeared (all three poles I, II, and III can be seen in Figures c and d).

By moving further away from the first variant and boundary, only the Kikuchi bands that

originated from the second variant (II and III poles) are distinguishable in the EBSP

pattern (Figure 4.16(f)). Therefore, scanning the electron beam over a fixed area (for

example 10 pm) of a sample and using several different step sizes (such as 0.1, 0.2, 0.5,

0.8, 1.0, 1.5, and 2 pm) could provide a relative effective interaction volume (resolution

of the EBSP) within the epitaxial Cu films. A typical effective interaction volume for Cu

in this study was found to be approximately 0.8-1.2 pm. After tilting the sample about 70

degrees from its horizontal position, the effective interaction volume increased to

approximately 2.3 to 3.5 pm in one direction as shown in Figure 17. As the result of this

measurement, a step size of 1 pm was chosen to be used for most of this study. The

detail of step size measurement is given in appendix 4.B.

Indexing of the EBSP patterns. All patterns which originated from individual variants

were easily indexed using the Channel 4 software. However, EBSP patterns which

contained bands from both variants (at twin boundaries) usually remain unsolved during

indexing, resulting in blank points on the orientation map at the twin boundaries. An

example of this behavior is shown in Figure 4.18. In this figure, an orientation map and

corresponding pole figure showing two (111) orientation variants. The light green areas

(blank points) around the twin boundaries are unsolved orientations. These unindexed

areas (noise) could be removed using the Channel 4 software which substitutes the
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Figure 4.17 Effect of tilting on electron beam size on the surface of the sample (effective

beam size) and on the interaction volume within the sample.
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Figure 4.18 EBSP (111) pole figures and orientation map of the two (111) orientation

variants present in the 300 nm epitaxial Cu film. In figure (a), the orientation map as

recorded by computer is shown. In the figure (b), the same map afier noise was removed

by Channel 4 software.
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unindexed point with the orientation of a nearest neighbor (with larger variant size.

Figure 4.18(b)).

EBSP and Orientation map of variants distribution To measure the size and

distribution of the variants in the epitaxial Cu films, the samples were mapped using

stage control scanning. To resolve the changes in variants size and their distribution

within the Cu films, the effective interaction volume and scanning step size become

crucial factors. By choosing a step size larger than the effective interaction volume, some

of the details such as variants size, twin boundaries, and their distribution will be missed

during the scan and will result in a meaningless map. As described in previous section, a

step size of 1 mm was chosen to be used for most of this study.

Film uniformity. To determine a representative scanning size, the uniformity of the

variants distribution in sputter deposited epitaxial Cu films was investigated by

performing long range scans. The result of a 2000 pm x 100 pm scan size of one of the

epitaxial Cu film is shown in Figure 4.19. By comparing these long-range scans with

many smaller (100 um x 100 um) scans size on the epitaxial Cu films, it was observed

that the variants displayed a similar behavior with a random distribution without any

particular morphological patterns evident. Therefore, a smaller scanned area (for

exampleIOO pm x 100 pm) could be a representative of the variants distribution within

the epitaxial film. It should be noted that the data taken for Figure 4.19 totaled 144 hours

(6 days and nights) of electron microscope time. The smaller scanned areas usually took

between 5 to 10 hours of electron microscope time.
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Figure 4.19 Orientation map of the distribution of two twin variants in a 200000 pmz

area (2000 pm x 100 pm) of a 300 nm epitaxial Cu film grown onto 250 nm of epitaxial

Nb. The green areas are from unsolved patterns, and all other color spots are improperly

indexed. Note that these maps were connected in one piece in the original map.
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4.4.2.2 Effect of growth parameters on the variant size and their distributions.

In this section, the effects of the following parameters will be presented.

OGrowth temperature.

OFilm thickness.

0Post deposition annealing.

ODeposition rate.

ODeposition technique.

4.4.2.2.] The Effect of Growth Temperature

Cu films which were deposited at a substrate temperature ranging from 150°C to

475°C displayed similar variant distributions to those shown in Figure 4.17. Cu films

grown at lower temperature, however, display different variant distributions. In this

section, the effect of growth temperature on size of twin variants and their distribution for

300nm thick Cu films is discussed.

300 nm thick samples grown at 350°C, 150°C, and 90°C The orientation maps

of 300 nm thick epitaxial Cu films grown at substrate temperatures of 350°C and 150°C

are shown in Figure 4.20. The variants in these two maps did not display any particular

pattern or morphology. The variants sizes, determined by the linear intercept method,

showed that these films have an average twin variant size of 4 :t 0.5 pm. The relative

areas of the two twin variants varied between 45% and 55%.
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The Effect of Post Deposition Annealing On the

Orientation Distribution of Epitaxial Cu Film

 
(b)

Figure 4.20. Orientation map of the 300 nm thick epitaxial Cu fihns grown onto 250 nm

epitaxial Nb at a substrate temperature of a) 350°C and b) 150°C.
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In a typical magnetic multilayer or spin-valve, only the first Nb and consecutive Cu

layer are deposited at elevated temperatures (to ensure the epitaxy). The rest of magnetic

and non-magnetic layers (such as Cu spacer) must be deposited at low temperature to

reduce the interdiffusion. Therefore, to study the quality of epitaxial Cu films grown at

low temperature, a few Cu films were deposited onto epitaxial Nb at 90°C and the EBSP

result was analyzed. A typical EBSP pattern (unindexed) from these samples is shown in

Figure 4.21. In this figure, the Kikuchi bands in the EBSP pattern do not have very sharp

band edges (compared to those in figure 4.15) and has slight degradation. By comparing

Figures 4.22 (b & (1); some of the Kikuchi bands in (b) (Cu film grown at high T) are

clearer and the band edges are sharper than those in (d) as pointed by arrows. This

difference suggests the existence of strain in the Cu film that was grown at room

temperature [3 8]. To measure the size and distribution of the variants in Cu films grown

at 90°C, stage control scanning was used. However, after careful observation of the

patterns during the scanning, it was noticed that the patterns did not change during the

scanning processes and had relatively the same appearance. It was also noted that these

EBSP patterns are very similar to those that were collected from grain boundaries that

was shown in section 4.5.1 (see Figure 4.22 (b & (1). As explained in that section, the

analysis of these types of EBSP patterns revealed that both variants coexist within the

EBSP interaction volume.

Therefore, without consistent band indexing, the patterns are unsolvable and it is

impossible to use EBSP to fully characterize the variant size and distribution in the Cu

films grown at this temperature (90°C) range. However, it can be concluded that the Cu

films grown 90°C onto epitaxial Nb substrate were epitaxial, possessing two different
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EBSP of a Cu Film Grown

at 90°C Temperature

 
Figure 4.21 Electron backscatter pattern obtained from a 300 mm Cu film grown onto

epitaxial Nb film at 90°C. This pattern shows some degradation compared to patterns

from Cu film grown at 350°C.
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Comparison of EBSP Pattern of Epitaxial Cu Films Deposited at

an Elevated and at an Ambient Temperatures

 
(C)

Figure 4.22 (a), (b), and (c) changes in the Kikuchi bands of EBSP patterns of a 300 nm

thick epitaxial Cu film deposited at 350°C as sample was moved across a boundary (see

figure 4.16). (a) and (c) are individual twin variants. (b) and (d) contains bands from

both variants
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(111) orientation variants. The results also suggest that the sizes of these variants (twins)

are smaller than the effective interaction volume and they simultaneously contribute

crystallographic information to EBSPs [39].

Grain sizes --- AFM vs. EBSP. In section 4.4.1.1 (AFM results), the surface

topography of the epitaxial Cu films grown at room temperature and 350° were shown in

Figure 4.5-(a) and (c). It was a point of interest to establish a relationship between the

size and distribution of islands from AFM images and size and distribution of the twin

variants in the EBSP orientation map of a sample. An AFM image of a 300 nm thick Cu

film grown at 350°C was superimposed on a corresponding EBSP orientation map. In

Figure 4.23, the AFM image and EBSP variants distribution map of this sample is shown.

The result of this comparison revealed that there is no correlation between the size and

distribution of the islands in the AFM image and the size and distribution of the twin

variants in the EBSP orientation map.

4.4.2.3 The Effect of film thickness - Limit of EBSP

As noted in section 4.4.1.2 of the AFM results, the surface roughness of epitaxial Cu

films typically increase as the film thickness increases (regardless of growth

temperature). Despite this increase, the twin variant morphology and size does not

appear to be a strong function of film thickness for films between 150 to 300 nm.

However, as the Cu film thickness decreases, the backscattered electron interaction

volume extends into the Nb buffer layer. Thus, the diffracted electrons from the Nb

significantly contribute to the electron backscatter diffraction patterns of the thin films,
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GRAIN SIZE

AFM vs. EBSP
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Figure 4.23 An AFM image of a 300 nm thick Cu film deposited at 350°C,

superimposed on the orientation map of the same sample. This comparison shows there

is no correlation between the size islands (on AFM image) and size of twin variants (on

EBSP map).
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creating confusion in the indexing processes. This behavior is illustrated in Figure 4.24,

which shows orientation maps of 250, 100, and 20 nm thick films.

In general, epitaxial Cu films with a thickness greater than 150 nm did not have

significant EBSP contributions from the underlying Nb, and only two Cu twin variants

are present. EBSPs from 100 nm thick samples were partially affected by backscatter

contributions from the underlying Nb, and some of the patterns could not be indexed. In

Fig. 4.24(b), the pink and gray areas are the two Cu twin variants, the green, black, dark

blue, blue, and orange areas are either unsolved or improperly indexed due to band

mixing. Note that it is possible that the improper indexed patterns could also come from

a few Cu clusters nucleated with different orientations, but only a TEM and HREM study

can confirm or reject this possibility. A few brown spots that were indexed as Nb also

appear. The EBSPs from the 20 nm Cu films had significant contributions from the

underlying Nb.

These contributions resulted in some of the patterns being unresolvable, but others

being indexed as either Cu or Nb. In Fig. 4.24(c), the brown areas correspond to properly

indexed Nb, while the blue areas were solved as Nb, but were indexed in the different

orientation.

4.4.2.4 The Effect of Post deposition annealing

In section 4.4.3, it was shown that post annealing affects the surface topography of the

sputtered Cu films. However, EBSP results from all of the post deposition annealed

samples showed that post deposition annealing generally does not affect the twin

morphology and variant orientation distributions. This was the case regardless of the
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sputter deposition temperature. As an example, orientation maps for two 300 nm thick

epitaxial Cu films grown at a substrate temperature of 350°C, one of which (b) had been

post deposition annealed at 500°C, are shown in Figure 4.25. These films have an

average twin variant size of 4.1 and 3.7 pm, respectively. The relative areas of the twin

variants for both films varied between 45% and 55%.

EBSP analysis of the epitaxial Cu films grown at 150°C and post deposition annealed

at 500°C also revealed two different (111) orientation variants. However, the distribution

map of these sample shows some grain (variant) growth compared to an as-grown film (at

150°C). In Figure 4.26, orientation maps for two 300 nm thick epitaxial Cu films grown

at a substrate temperature of 150°C, one of which (b) had been post deposition annealed

at 500°C, are shown. These films have an average twin variant size of 5.6 and 7.1 pm,

respectively.

4.4.2.5 The Effect of Deposition Rate

As discussed in section 4.4.1.4, the surface topography of the sputtered Cu films was

affected by deposition rate. A low deposition rate (1 A/s) produced larger islands with

smoother film surfaces (compared to those grown at higher deposition rate). EBSP results

of these epitaxial films grown at deposition rates of 1 A/s, 4.1 A/s, and 7 A/s, however,

revealed similar orientation maps in all samples. Orientation maps of 200 nm Cu films

deposited with a deposition rate of 1 A/s and 7 [Vs at a substrate temperature of 150°C

and post deposition annealed at 350°C are illustrated in Figure 4.27. The quality of the

EBSP patterns of sample with deposition rate of 1 A/s was very good, but slight

degradation was noted in sample with growth rate of 7 A/s. Grain sizes in the films
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THE EFFECT OF POST DEPOSITION ANNEALING ON THE

Orientation Distribution of Epitaxial Cu Film

 
Figure 4.25 a) Orientation map of the 300 nm Cu film grown onto 250 nm epitaxial Nb

at a substrate temperature of 350°C. b) Orientation map of the 300 mm Cu film grown

onto an epitaxial Nb film at a substrate temperature of 350°C and post deposition

annealing of 500°C for 30 min.
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The Effect of Post Deposition Annealing On the

Orientation Distribution of Epitaxial Cu Film

 (b)

Figure 4.26 a) Orientation map of the 300 nm Cu film grown onto 250 nm epitaxial Nb

at a substrate temperature of 150°C. b) Orientation map of the 300 nm Cu film grown

onto an epitaxial Nb film at a substrate temperature of 150°C and post deposition

annealing of 500°C for 30 min.
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THE EFFECT OF DEPOSITION RATE ON THE ORIENTATION MAPS

of Epitaxial Cu Films ‘

 

  
(b)

Figure 4.27. Orientation maps oftwo 300 nm thick epitaxial Cu films grown at 150°C

and post deposition annealed at 350°C with deposition rates of: a) lA/s and b) 7A/s. The

white areas on both maps are due to unsolved patterns (mostly on grain boundaries).
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deposited with different deposition rates were determined by the linear intercept method.

These films have an average twin variant size of epitaxial film grown with deposition rate

of 1 A/s and 7 A/s are 2.8 and 4.9 pm, respectively. The relative areas of the twin

variants were similar to the previous cases, which varied between 45% and 55%. Table

4.3 summarizes the grain size and relative areas of the twins in all the epitaxial Cu films

studied.

4.4.2.6 The Effect of Deposition Technique

The epitaxial Cu film grown by MBE (at Leeds University) also revealed the existence

of two variants. Figure 4.28 shows the similarity of the orientation maps of 300 nm thick

epitaxial Cu films (MSU and Leeds) grown onto epitaxial Nb substrates. The average

grain sizes in these films were 4.1 and 3.5 pm, respectively. The relative areas of the

twin variants that varied between 45% and 55%, were similar to the previous cases.
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Table 4.3

Summary of Average Grain (twin) Sizes

(Statistical: Intercept Method)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

Run & Ele Thic- Growth Scan length % Twins Area Grain size

Sampl me kness /Anneal (pm) (pm

e # nt (nm) T°C X X Y X Step Size i 1 pm)

17-2 Cu 300 350/500 10x10x1 4

18-1 80 350/No lele1 N/A TS

18-2 80 43ON0 50x40x0.1 N/A TS

18-3 20 250/No N/A TS

18-4 20 350/No N/A TS

19-1 20 150/250 N/A TS

21-1 300 350/No 100x52x1 51%, & %48,& 4.3

%lUnSolved (US)

21-2 300 350/No 100x36x1 55%, & 45% 4.5

2000x26x0.5 49%, %32, %19US 5.3

21-3 250 ISO/350 50x82x1 55%, & 45% 4.7

22-3 300 250/350 100x50x1 -----

22-4 100 350/No 100x70x.5 44%, &36%, 4.8

20% US

23-1 300 150/No 50x50x1 53%, & 46% 7

11% US

23-2 300 150/250 50x50x1 59%, & 41% -----

23-3 300 150/350 2000x23x1 57%, & 43% 3.5

23-4 300 150/500 50x50x1 70%, & 30% 4-6

26-1 72 150/No TS

26-2 150 ISO/No 50x20x1 4.7

26-3 300 350/500 50x80x1 4.6

29-1 200 150/350 100x100x1 2.6

29-2 200 150/350 200x49x1 6.6

29-3 200 1 50/350 100x200x1 4.8

30-1 300 350 200x73x1 4.5      
 

TS = Sample is Ihinner than 150 nm and there are band contributions from the buffer

NA = In all films grown at low temperature, the grain distributions are notlayer.

detected by EBSP techniques, thus the grain sizes are _N_ot Available.
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Orientation Maps of Sputter Deposited vs MBE Sample

  l.-

(b)

Figure 4.28 Orientation map of the distribution of two variants in 300 nm epitaxial Cu

film grown onto: a) A 250 nm of epitaxial Nb using dc sputtering. b) A 100 nm of

epitaxial Nb using the MBE technique. (The MBE facility is located at University of

Leeds England).
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4.5 ORIENTATION RELATIONSHIP BETWEEN Cu AND Nb

fcc materials typically grow with their (111) plane parallel to (110)bcc substrates (see

section 4.2.1). The most favorable epitaxial relationships between (110)bcc and (111)fcc

are:

The NW relationship

[1 TOlhec ll [1 T21m and ITOOIbcc H [01 T lrce,

or the KS relationship

[ITIIbcc || [01 Tlrec

The epitaxial relationship between the sputter deposited epitaxial bcc Nb and fee Cu

films was found by masking or removing part of the Cu film in several samples (grown at

different deposition runs)

and collecting EBSP data from adjacent sections of Nb and Cu. The resulting {100},

{110}, and {111} pole figures were used to plot the stereographic projections of both the ‘

Nb and the Cu. Figure 4.29 shows a typical example of the stereographic projections of

epitaxial (110)Nb and (111)Cu films. By superimposing the Cu stereographic projection

on the Nb, it can be seen that (110)hchb || (111)fccCu, with [1T0]hech || [1T2]fcc Cu and

[I00]bchb || [01 I ]fcc Cu, which is the NW relationship. This is different from that

observed in the polycrystalline Nb-(Cu-Co)x multilayers sputter deposited at room

temperature in our lab [40]. In that study, HREM image analyses of polycrystalline

multilayers showed that the Nb—Cu orientation relationship was close to the KS

relationship (110).,chb u (111).,ccii with [1111mm u [01 ‘1’ ],~..Cu. The KS relationship

was also observed in polycrystalline Nb/Cu multilayers by Mitchell et a1. [41] using

selected area electron diffraction patterns.
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4.6 SUMMARY

In this chapter, the nucleation and growth of epitaxial Cu film was reviewed. Cu films

fabricated on epitaxial Nb substrates using sputter deposition were characterized using

AFM and EBSP techniques. The AFM results showed that the surface topography is

strongly affected by the temperature and surface quality of the substrates. Most of AFM

results were reproducible. EBSP results revealed that all Cu films grown at a temperature

higher than 150°C display 2 in-plane epitaxial variants corresponding to two stacking

sequences of {111}fcc planes. The distributions of these twin variants were random.

There was no correlation between the relative size of the twin variants and their

distributions in the EBSP orientation map and the size of the islands and their

distributions in the AFM image. These epitaxial Cu films take on the NW epitaxial

relationship with respect to the Nb underlayer. The EBSP analysis of Cu films grown

onto epitaxial Nb at room temperature revealed that two different orientation variants are

present with a very small grain size. However, owing to degradation of the associated

EBSPs and presence of the Kikuchi bands from both (111) twins variants in EBSP

patterns, mapping of the orientation distributions was not possible.
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Appendix 4.A

Summary of the sputtered Cu films grown

on epitaxial Nb film in this study

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Run #/ Type of Film Growth Temperature

Sample #

8-03 Nb / Cu 750 °C / 350°C

250 / 120 nm Both deposited using HTH

8-05 Nb / Cu 750 °C / 450°C

250 / 120 nm Both deposited using HTH

15-01 Nb / Cu 658 °C / 350°C

250/ 150 nm HTH / LTH

Nb deposited using HTH

Cu deposited using LTH

15-02 Nb / Cu 654 °C/ 475°C

250/ 150 nm HTH / LTH

15-03 Nb / Cu 654 °C / 250°C

250/ 150 nm HTH / LTH

16-02 Nb / Cu 730°C / 400°C

250 / 100 nm HTH / LTH

17-02 Nb / Cu 730 °C / 400°C

250/ 150 nm HTH / LTH

18-01 Nb / Cu 725°C / 250°C

250 / 80 nm HTH /LTH

18-02 Nb / Cu 725 °C / 430°C

250 / 80 nm HTH /LTH

18-03 Nb / Cu 750°C /250°C

250 / 20 nm HTH /LTH

18-04 Nb / Cu 750°C / 350°C

250 / 20 nm HTH /LTH

19-01 Nb / Cu 750°C / (150°C-Annealed at 250 °C)

250 / 20 nm HTH /LTH

21-01 Nb / Cu 735 °C / 350°C

250 / 300 nm HTH /LTH

21-02 Nb / Cu 735 °C / 350°C

250 / 200 nm HTH /LTH

21-03 Nb / Cu 735°C / 150°C-Annealed at 350Ann

250 / 250 nm HTH /LTH

22-03 Nb / Cu 750°C / 250 °C-Annealed at 350°C

200-300 nm HTH /LTH
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

22-04 Nb / Cu 750°C / 350°C-Annealed at 350°C

200-100 nm HTH /LTH

23-01 Nb/ Cu 750°C / 150 °C-Annealed at 150°C

250 / 300 nm HTH /LTH

23-02 Nb / Cu 750°C / 150°C - Annealed at 250°C

250 / 300 nm HTH /LTH

23-03 Nb / Cu 750 °C/ 150 °C-Annealed at 350°C

250 / 300 nm HTH /LTH

23-04 Nb / Cu 750 °C / 150°C-Annealed at 500°C

250 / 300 nm HTH /LTH

26-01 Nb / Cu 750°C/ 150 °C

200 / 80 nm HTH /LTH

26-02 Nb / Cu 750 °C/ 150°C

200 / 150 nm HTH /LTH

26-03 Nb / Cu 750°C / (350-Annealed at 500) °C

200 / 300 nm HTH /LTH

29-01 Nb / Cu 750°C - (ISO-Annealed at 350) °C

200/200 nm DR (4,] A°/s)

29-02 Nb / Cu 750°C - (ISO-Annealed at 350) °C

200/200 nm Low DR (1 A°/s)

29-03 Nb / Cu 750°C - (1 50-Annealed at 350) °C

200/200 nm High DR (7 A°/s)

30-01 Nb / Cu 750°C - 350°C

250/300 nm Start with low DR

Leeds3K Nb / Cu 950 °C / 350°C

20 / 300 nm

Leedle Nb / Cu 950 °C /350°C

20 / 300 nm

Test Cu on Si Room temperature

300 nm
 

All ofNb buffer layers are post deposition annealed at 950°C for 20 minutes.

HTH = High temperature heater

LTH = Low temperature heater

DR = Deposition rate

 



Appendix 4.B

Effective Interaction Volume and Scanning Step Size

To obtain orientation distribution maps from the sputtered films, stage scanning or

electron beam scanning was required. However, for scanning a large film area, stage

scanning is more convenient. To collect reliable and relatively accurate orientation

distribution maps, the scanning step size must be small enough to overlap the effective

interaction volume during the scan. The proper scan size was found using the following

procedure.

a) The electron beam was used to scan a selected sample area (an electron beam

scan is more reproducible than a stage scan).

b) An area (10 um x 1 pm ) that contained a twin boundary was selected.

c) This area was scanned several times with different scanning step sizes (0.1— 2

pm) using the Channel 4 software.

(1) The orientation maps that corresponded to each scanning step size were

compared (size of each twin and location of the twin boundary).

In this study, 10 pm of an epitaxial Cu film was first scanned with step sizes of 2, 1.5,

1, 0.8, 0.5, 0.25, and 0.1 pm. The resulting orientation maps are shown in Figure 4.C.1.

In all cases, four twin boundaries were identified. The size of twins was similar in the

maps with the step size of 0.1 to 1 pm. However, in the scans with small step size (0.1

pm), Kikuchi bands from both variants were present at twin boundaries. At these twin

boundaries, the Kikuchi bands could be indexed as either one of the twins. This causes

uncertainty on the size of immediate twins. The orientation maps with step sizes of 2 and
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Comparison of Scanning Step Size

using Electron-Beam Scan
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(b)

Figure 48.1 (a) Comparison of orientation maps obtained form 20 mm x 1 pm area of

300nm thick epitaxial Cu film, using different electron beam scanning step size. A 50pm

aperture was used for these scans. (b) 10 um x 1 pm area of different location on the

same film and without aperture. All other parameter were the same during scans.
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1.5 pm showed different sizes of twins, suggesting that the actual twin boundaries were

missed. Using these results and many visual observations of the EBSP patterns during

these scans, the step size of 1 pm was selected for this study. However, a few areas were

scanned using 1 and 0.5 pm step sizes to ensure reproducibility of the orientation

distribution maps.

Note that these orientation maps are qualitatively correct and they do not represent the

exact twin distribution in these epitaxial Cu films.
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CHAPTER 5

GROWTH OF Co AND Py FILMS ON EPITAXIAL Cu

5.1 INTRODUCTION:

In chapters 3 and 4, the details of the growth of epitaxial Nb(110) and Cu(111) were

presented. The next step towards making epitaxial magnetic multilayers and spin-valves

in a preferred (111) orientation is to deposit Co or Py films onto the epitaxial Cu(111)

layer.

In this chapter, the nucleation and growth of Co and Py are first reviewed, followed

with the details of sputter deposition of the Co and Py films. Also included in this

chapter are the results of the AFM and EBSP characterization of the sputter-deposited Co

and Py films (grown at 460°C and 90°C). A discussion of the growth process of these

sputter deposited films, based on the AFM and EBSP analysis, concludes this chapter.

5.2 GROWTH OF Co FILMS ON EPITAXIAL Cu(lll)

5.2.1 Nucleation and Growth --- a Review:

Background Co is an allotropic metal that can grow with either a fcc or hcp crystal

structure, depending on the nucleation sites and growth conditions. At room temperature,

bulk Co exists with an hcp crystal structure, while at 417°C, it undergoes structural phase

transition to an fcc crystal structure.

In thin films, the situation is more complicated. During hetero-epitaxial growth of Co

on Cu(111), the growing Co layers have the freedom to continue to stack either with the
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substrate in an fcc sequence or in the hcp sequence. The hcp sequence is more favorable

energetically at room temperature.

Before reviewing the nucleation and growth of Co on a Cu(111) substrate, a

demonstration of the geometrical relation between Co and Cu(111) will help form a

biases for the nucleation and growth discussion. In Figure 5.1, a superimposed atomic

arrangement (unrelaxed) of Co(1 1 1) and Cu(111) with a 2% lattice mismatch is shown.

In this figure an orientation relationship of Co(111)<110> || Cu(111)<110> is shown.

The areas where Co atoms coincide with Cu atoms appear with complete circles (light

areas) and they are unfavorable areas for nucleation (as described in chapter 4). The

darker areas are coherent and are convenient sites for nucleation of coherent islands.

Nucleation, growth, and twin formation: The nucleation, growth, and structural

characterization of Co films on epitaxial CU(111)fcc substrates (grown at room

temperature) have been investigated by many researchers [1-12].

Heinz et a1. [2] have investigated the crystallography of ultra-thin Co films grown

epitaxially on Cu(111). They reported that from the lattice misfit point of view (2%), a

pseudomorphic growth of Co (C0(111)f¢c) was expected. However, their results did not

agree with the expectation due to the freedom of the fee or hcp stacking. LEED studies

showed that up to 2 ML of cobalt films largely copies the fcc stacking of the substrate.

The growing film is increasingly dominated by hep stacking when this thickness is

exceeded.

Tonner et al. [5] have also reported similar results using angle-resolved x-ray-

photoelectron diffraction and LEED. They found that the initial growth of Co (with
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Figure 5.1. A superimposed atomic arrangement (unrelaxed) of Cu/Co with about 2%

lattice mismatch. The lighter areas are coincidence sites between Co and Cu atoms. The

darker areas are coherent with a large coherency length and are convenient sites for

nucleation of coherent islands.
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the substrate maintained near room temperature) is in the metastable fcc phase. The first

two monolayer Co atoms continue the stacking sequence of the fcc(1 l 1) Cu substrate

through a layer-by-layer and pseudomorphic growth mode. After these two layers up to

10 ML (~2.5 nm), about 50% of the Co atoms still continue the fcc(l 1 1) (ABCABC...)

and 50% undergo a change of stacking to hop (ABAB. . .).

The growth and structure of Co thin films on Cu(111) substrates have also been

investigated by Kief and Egelhoff [6] using x-ray-photo electron, Auger electron forward

scattering, LEED, and RHEED. They noted that, growth of Co on Cu(111) at room

temperature is generally not a layer-by-layer FM growth mode. Also, there was much

larger portion of fee stacking than hcp stacking in the films grown at room temperature.

In a STM study of the growth of fee Co on Cu(111) at room temperature, de la

Figuera et al. [7] reported that the growth is not layer-by-layer and the first Co monolayer

does not wet the Cu substrate. Rather it grows in the form of bilayer islands. The

existences of large (30 A) triangular Co islands were found to nucleate at each atomic

terrace with two orientations, rotated 60° with respect to each other. Both orientations

have equal probability and similar island size. These Co twins could coincide on Cu

twins or grow independently.

Brohl et al. [8] have used the RHEED to study epitaxial growth of Co films on

Cu(111). They reported that at a substrate temperature below 100°C the Co films grow

on Cu(111) pseudomorphically in the metastable fcc phase up to 20 nm.

Unfortunately, these reviews do not provide a clear picture of the nucleation, growth

and twin formation of the epitaxial Co films fabricated at low temperature (below

100°C). Nucleation and growth are simpler at a high temperature (460°C). Co films
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grow with a fee structure, however, there is significant interdiffusion and alloying

between Co and Cu (about 10% miscibility at 400°C) [2, 13].

Most of the samples in the reviewed articles were fabricated using MBE. There are a

few reports in which the samples were fabricated by different techniques such as

sputtering deposition or pulsed laser deposition [1,6]. Similar to those discussed above,

there were no clear and consistent conclusion of how the epitaxial CO(111)fcc nucleates

and grows as well as how far the fcc layer can grow.

For this study, EBSP has been used to identify the orientation (in fee phase or possible

hcp phase) of 20 nm to 150 nm sputter deposited Co films. In the next two sections, the

experimental results of AFM surface topography analysis and EBSP orientation

distribution analysis are presented. Based on the results from these two sections, the

growth process in the sputter deposited Cu film for this study will be discussed. Note

that due to limitation of EBSP for thin films, the Co films that were deposited for this

study are much thicker than those that have been reviewed.

The crystallographic and physical properties of Co are summarized in Table 5.1.

5.2.2 Sputter Deposition of Co Films

As described in the Chapter 4, after post deposition annealing of a Cu layer, the low

temperature heater was either removed to cool the substrate to about room temperature or

warmed up to a higher temperature (460°C) for high temperature deposition of Co or Py

films.
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Table 5.1

 

 

 

 

 

 

CRYSTALLOGRAPHIC DATA

Element: Co- Cobalt Co-Cobalt

Crystal system: Hexagonal — hcp Cubic — fee

a = 0.2507 nm 0.3544 nm

b = 0.2507 nm 0.3544 nm

e = 0.4069 nm 0.3544 nm

Unit cell volume: 0.0221 nm3 0.0445 nm3

# of atom in unit cell: 4 4

Atomic radius: Co = 0.125 nm Co = 0.125 nm

 

d (h.k.l) d(0001) = 0.2171111!) dull) = 0.2046 nm

 

Symmetry elements: A single 6-fold rotation axes Four 3-fold rotation axes

  Melting point:  1495 °C  1495 °C
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5.2.3 AFM Analysis:

Co samples with film thicknesses ranging from 20 nm to 150 nm were grown on 20

nm of epitaxial Cu films at substrate temperatures of 80°C and 460°C. The surface

topography of each film was examined using AFM. In general the growth temperature,

film thickness, and substrate topography affected the morphology of the sputtered Co

films. The results ofAFM analysis are categorized as follows:

oEffect of substrate temperature on surface topography of the Co films.

OEffect of film thickness on surface topography of the Co films.

5.2.3.1 Effect of substrate temperature on surface topography of the Co films

All of the Co films were grown on 20 nm epitaxial Cu(111) substrates. One set of Cu

substrates was deposited at 350°C and the second set was deposited at 150C° and post

deposition annealed at 350C°.

20 nm thick samples The surface morphology of the 20 nm Co films deposited

at 460°C and 80°C was hardly affected by the substrate temperature. Figures 5.2(a) and

(b) show the atomic-force-microscopy images and line trace surface analyses of 20 nm

thick Co films. These Co films have been grown on a 20 nm epitaxial Cu film (grown at

350°C) at substrate temperatures of 460°C and 80°C. The image RMS roughness of Co

films deposited at above temperatures were similar, approximately 16 nm. The surface

topography of these two samples is very similar, with similar island sizes.

100 nm thick samples Despite the fact that the 100 nm thick Co films were

deposited on a similar substrate to that used for the 20 nm thick samples, they show a

significantly different surface topography. In Figure 5.3, 100 nm Co films grown at
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AFM Images of 20 nm Thick Co Film

Deposited at Substrate Temperature of460°C and 80°C.
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Figure 5.2 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 20 nm thick Co films grown on 20 nm epitaxial Cu(111) (grown at

350°C) at substrate temperature of: a) 460°C and b) 80°C. The image RMS roughnesses

of both films are about 16 nm.
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AFM Images of 100 nm Thick Co Film

Deposited at Substrate Temperature of 460°C and 80°C
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Figure 5.3 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 100 nm thick Co films grown on 200 nm epitaxial Cu(111) (grown

at 350°C) at substrate temperature of: a) 460°C and b) 80°C. The image RMS

roughnesses are about 11 and 4 nm, respectively.
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460°C and 80°C are shown. The images RMS roughness are about 11 nm and 4 nm,

respectively. The islands are similar in shape but larger in the film deposited at 460°C.

150 nm thick samples Also, two 150 nm thick Co films were deposited on

epitaxial Cu films at substrate temperatures of 80°C and 460°C. AFM images and line

trace surface analyses of 150 nm Co films grown at 460°C and 80°C are show in Figure

5.4. The image RMS roughness of these two Co films were about 2.6 and 3 nm,

respectively. Note that these two samples were fabricated during a separate run and on a

different sapphire substrate (with different surface profile) than the previous samples. The

150 nm thick Co film deposited at high temperature (460°C) has a smoother surface than

low temperature deposited Co film.

The overall results of the AFM studies (for all thiknesses) revealed that the films

grown at 460°C mostly have larger island sizes and smoother surfaces. This is possibly

due to larger nucleation sites and coalescence between the islands. In section 5.2.3, the

orientation of these films will be investigated using EBSP.

5.2.3.2 Effect of film thickness on surface topography of the Co films.

Since these Co films were deposited at separate sputtering runs on substrate with

different surface profile, the comparison of the surface topographies as a function of

thickness cannot be completely assessed and has therefore been omitted.

5.2.4 EBSP Analysis

The EBSP technique was used to examine the crystallographic nature of the sputtered

Co films. The results of the EBSP data analysis have been categorized in a similar way

to the AFM analysis.
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AFM Images of 150 nm Thick Co Film

Deposited at Substrate Temperature of 460°C and 80°C.
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Figure 5.4 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 150 nm Co films grown on 20 nm epitaxial Cu(111) (grown at

150°C and post deposition annealed at 350°C) at substrate temperatures of: a) 460°C and

b) 80°C. The image RMS roughnesses of about 2.6 and 3.1 nm, respectively.
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5.2.4.1 Temperature dependence, 80°C vs. 460°C

As discussed in Chapter 4 (Section 4.5.2.2 Limit of EBSP), EBSPs from 100 nm thick

(and thinner) samples were partially affected by backscatter contributions from the

underlying Nb, and some of the patterns could not be indexed. In the case of Co films,

this same problem exists for 20 and 100 nm thick samples. Presumably, for films thinner

than 150 nm the underlying epitaxial Cu (and Nb in 20 nm Cu thick films) will contribute

significantly to the patterns, but since Co and Cu may have the same crystal structure and

very similar lattice parameters, the EBSP patterns from the Co and underlying Cu can

merge and be indistinguishable. Therefore, only the EBSP study of 150 nm thick Co

films is discussed.

EBSP data was collected randomly from different locations on both 150 nm thick Co

films. Similar to the epitaxial Cu films, the pole figures obtained from the EBSP data of

the 150 nm thick Co films grown at 460°C revealed that two different orientation variants

were present. Both variants display <111> growth normals, consistent with the growth

occurring on the close-packed {111} planes in the fcc Co. Electron backscatter patterns

of the Co films were very sharp for samples grown at a substrate temperature of 460°C.

The pole figure obtained from the EBSP data of the 150 um Co films grown at 80°C,

however, revealed only one orientation variant. There was also substantial pattern

degradation for the samples grown at a substrate temperature of 80°C. Figure 5.5 shows

EBSP patterns of these two 150 nm thick epitaxial Co films grown on 20 nm epitaxial Cu

at substrate temperatures of 460°C and 80°C. In figure (a) a sharp pattern from one of

the variants is shown. The two orientations were distinguished by a change in the

Kikuchi bands in the pattern. However, after careful observation of the patterns during
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Figure 5.5 EBSPs from 150 nm epitaxial Co films deposited on 20 nm epitaxial Cu films

(grown at 150°C and post deposition annealed at 350°C) at substrate temperatures of: (a)

460°C and (b) 80°C.
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the scanning, it was noticed that the patterns did not change during the scanning

processes and had relatively the same appearance (as shown in figure 5.5(b)). The

presence of these bands in the EBSP patterns indicate that both variants coexist within the

EBSP interaction volume and the indexing software does not reliably distinguish between

these bands.

All patterns from the 150 nm thick Co films grown at 460°C were easily indexed as

consistent with the fcc structure and, under no circumstances, did any of the Co films

display EBSPs consistent with the hcp structure. While the two variants could not be

distinguished in 150 nm film grown at 80°C, the observed bands were consistent with

two fcc variants and no obvious evidence ofthe hcp structure was found.

To measure the size and distribution of the variants in the epitaxial Co films grown at

460°C, the samples were mapped using stage control scanning. An orientation

distribution map of 150 nm thick Co film grown on a 20 nm thick epitaxial Cu film with

a substrate temperatures of 460°C is shown in Figure 5.6.

The epitaxial Co films grown at 460° have a similar twin distribution to epitaxial Cu

(grown at an elevated temperature). However, based on the reviewed articles [1-12] for

the case of Co films grown at 80°C, there is a possibility of the existence of hcp Co

clusters along with two fcc(lll) variants in these films. To investigate this issue,

HRTEM is needed to identify and to characterize the sputter deposited Co films, which is

beyond the scope of the present study.

The average grain size of the twin variants in the epitaxial Co film grown at 460°C,

was approximately 5 pm with a relative grain area varying between 42% and 58%.
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Figure 5.6. Orientation map of a 150 nm epitaxial Co film grown at 460°C on 20 nm

epitaxial Cu film (grown at 150°C and post deposition annealing of 350°C) showing the

distribution of the twin variants.
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5.2.5 Growth Process

Based on the information obtained from the literature review and experimental AFM

and EBSP results, the following conclusions can be made regarding the growth processes

in the sputter deposited Co films:

At high temperature (460°C): This is a hetero-epitaxial growth (Co grows on Cu with

same orientation but has different lattice parameter). The size of islands appear on the

surface topography (from AFM analysis, for example figure 5.3(a)), and size and

distribution of the twin variants (from EBSP analysis, for example figure 5.6), are

suggestive of the SK growth mode. The formation of two variants (twin) is similar to the

epitaxial Cu films. According to literature review, these twins could follow the

underlayer Cu twins structures or form independently. A HRTEM study is needed to

resolve this issue.

At low temperature (80°C): At low temperature, the arriving atoms do not have enough

time to find or move toward a step edge or nucleated sites. Rather nucleation take place

spontaneously as an island on top of each other. This causes the formation of a misfit

distortion network within the film and thus a rougher surface and strain within the fihn.

The smaller size islands seen in surface topography (see figure 5.3 (b)) and the existence

of very small twin variants (not resolved in EBSP) as well as pattern distortion, are

supportive of the given conclusion which was obtained from the literature review. The

distortion of the EBSP patterns would be the result of such strain. Again HRTEM study

is needed for possible clarification.
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5.3 GROWTH OF Py FILMS ON EPITAXIAL Cu(lll)

5.3.1 Nucleation and Growth --- a Review:

Background Permalloy (Py) is often substituted for Co in magnetic multilayers and is

one of the ideal and frequently used ferromagnetic materials in both types of hybrid and

exchange-biased spin-valves. Py is an alloy of Ni and Fe (NIgFCg) with a fcc derivative

L12 structure. A typical exchange-biased spin-valve can be grown in either of the

following orders.

ONb-Cu-FeMn-Py-Cu-Py : note the first Py must be deposited on FeMn.

ONb-Qw-Cu-Py-FeMn : note the first Py must be deposited on Cu.

In polycrystalline samples, the order is not very critical. However, in epitaxial samples

the substrate (buffer layer) may be a crucial issue.

The growth of Py on Cu(1 l 1) (or FeMn(111)) should accrue by simple, hetero-

epitaxial growth of an fcc metal on top of another fcc metal, with relatively small lattice

mismatch (1.3%). Therefore, a well-defined pseudomorphic layer-by—layer growth up to

a large number of monolayers is expected [2]. Unfortunately, the nucleation and growth

of Py has not been investigated by researchers.

In the next two sections, the experimental results of the AFM surface topography

analysis and EBSP orientation distribution analysis are presented. The growth process

then will be discussed based on the outcomes of the AFM and EBSP analyses.

The crystallographic and physical properties of Py and Cu are summarized in Table 5.2.
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Table 5.2

 

 

 

 

 

 

 

 

 

CRYSTALLOGRAPHIC DATA

Alloy or Element: Pym-Permalloy Cu-Copper

Crystal system: Cubic — fcc L12 Cubic — fcc

a=b=c 0.352nm 0.36148nm

Unit cell volume: 0.0447 nm3 0.0467 nm3

# of atom in unit cell: 4 4

Atomic radius: Py = *NA Cu = 0.128 nm

(I am) dun) = 0.205 nm dun) = 0.2078 nm

Symmetry elements: Four 3-fold rotation axes Four 3-fold rotation axes

Melting point: 1480 °C 1083 °C     
*NA : Py (NigoFe2o) has a fcc derivative L12 structure and the dose not have a single

value for the atomic radius.
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5.3.2 AFM Analysis

For this study, a few 200 nm thick Py films were deposited on 20nm epitaxial Cu

films at substrate temperatures of 350°C and 90°C. The surface topography of each film

was examined using AFM. The surface topographies of the sputtered Py films were

affected by the growth temperature and substrate topography. The results of the AFM

analysis are categorized as follows:

OEffect of the substrate temperature on the surface topography of the Py films.

OEffect of the buffer layer on the surface topography of the Py films.

Effect of the substrate temperature on surface topography of the Py films.

The AFM analysis showed that Py films had surface morphologies similar to epitaxial

Co films. Two sets of 200nm thick Py films were deposited at 350°C and 90°C on 20 nm

thick epitaxial Cu films. The epitaxial Cu films were grown at a substrate temperature of

150°C and post deposition annealed at 350°C. Figure 5.7 shows atomic-force-

microscope images and corresponding line trace surface analyses of 200 nm thick Py

films grown on 20 nm epitaxial Cu film at substrate temperatures of 350°C and 90°C.

The Py sample grown at 350°C has relatively large islands, while the sample grown at

90°C seems to be very rough with very small grains. In Figure 5.8, the AFM images and

the corresponding line trace surface analyses of 200 nm thick Py films grown on 20 nm

epitaxial Cu films at substrate temperatures of 350°C and 90°C (deposited during

different sputtering runs) are shown. The Py sample grown at 350°C has relatively

smooth surface topography, while the sample grown at 90°C seems to be rougher with

many small interconnected islands.
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AFM Images of 200 nm Thick Py Films

Deposited at Substrate Temperatures of 350°C and 90°C.
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Figure 5.7 AFM images and line trace surface analysis of 200 nm thick Py films

deposited on 20 nm epitaxial Cu films at substrate temperatures of 350°C and 90°C. The

epitaxial Cu films were deposited at 150°C and post deposition annealed at 350°C.
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AFM Images of 200 nm Thick Py Films

Deposited at Substrate Temperatures of 350°C and 90°C.
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Figure 5.8 AFM images and line trace surface analyses showing the surface topography

of 200 nm Py films grown on 20 nm epitaxial Cu(lll) (grown at 150°C and post

deposition annealed at 350°C) at substrate temperature of: a) 350°C and b) 90°C. The

image RMS roughnesses are about 2 and 9 nm, respectively.
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Effect of buffer layer on surface topography of the Py films.

To investigate the effect of buffer layer on epitaxial Py films from crystallographic

point of view one sample was grown with 8 nm of FeMn deposited on a 20 nm epitaxial

Cu film at a substrate temperature of 90°C prior to the deposition of 200 nm thick Py

film. The AFM results showed that the 200 nm Py deposited on the 8 nm of FeMn had

a very smooth surface compared to those deposited directly on a Cu substrate. An AFM

image and line trace surface analysis of 200 nm thick Py films deposited on Cu film

(grown at 150°C and post deposition annealed at 350°C) (a) and FeMn film (b) are shown

in Figure 5.9.

5.3.3 EBSP Analysis

Similar to the EBSP analysis of Co film, the EBSP analyses of Py films grown at a

substrate temperature of 350°C revealed that two different variants are also present in

these films. Both variants display <111> grth normals, consistent with growth

occurring on the close-packed {111} planes in the fcc Py. These epitaxial Py films have

similar variant distributions to those of the epitaxial Cu and Co films. Figure 5.10 shows

EBSP patterns of these two 200 nm thick epitaxial Py films grown onto 20 nm epitaxial

Cu at substrate temperatures of 350°C and 90°C. In figure (a), a sharp pattern from one

of the variants is shown. Similar to Cu and Co, the two orientations were distinguished

by a change in the Kikuchi bands in the pattern. In figure 5.11 an orientation map of the

distribution of the two variants in a 200 nm thick epitaxial Py film deposited at 350°C is

shown. The average twin size in epitaxial Py films grown at high temperature was about

5 pm, and a typical relative grain area varies between 44% and 56%.
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AFM Images of 200 nm Thick Py Films

Deposited on Different Buffer Layer
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Figure 5.9 Atomic-force-microscopy images and line trace surface analyses showing the

surface topography of 200 nm Py films grown at 90°C on a) 20 nm of epitaxial Cu(1 l 1)

(grown at 150°C and post deposition annealed at 350°C and different substrate than in

figure 5.6). b) 8 nm of FeMn. The RMS roughnesses are about 2 and 0.9 nm,

respectively.
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(b)

Figure 5.10 EBSPs from 200 nm thick epitaxial Py films deposited on 20 nm thick

epitaxial Cu films (grown at 150°C and post deposition annealed at 350°C) at substrate

temperatures of: (a) 350°C and (b) 90°C.

164



 
-=10 1.1m; Mapl.‘ Step=1 um; Grid=5

 

Figure 5.11. Orientation map of 200 nm thick epitaxial Py film grown on a 20 nm thick

epitaxial Cu film (grown at 150°C and post deposition annealing of 350°C) at a substrate

temperature of 350°C showing the distribution of the twin variants in the Py.
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The EBSPs of Py films grown at a substrate temperature of 90°C showed significant

pattern degradation, which is similar to that observed in the Co films (figureS-lOCb».

However, all of the patterns were easily indexed for the fee structure. The distortion and

degradation of patterns is again likely caused by strains in the film resulting from an

increase in the numbers of misfit dislocations, threading dislocations, and point defects.

Since the two orientation variants are distinguished by a change in the Kikuchi bands in

the patterns, mapping of the two orientation variants was not successful for 90°C films,

however, because of pattern degradation and presence of Kikuchi bands from both

variants.

Effect of the buffer layer on Py film EBSPs of Py films grown on Cu at 350°C and

90°C are shown in part (a) and (b) of Figure 5.12. An EBSP of Py film deposited on

FeMn at room temperature is shown in part (c) of the same figure. In the case of

Py/FeMn, EBSP patterns from the Py film grown onto 8 nm of FeMn at room

temperature were relatively clear and sharp. This increase in Py film pattern sharpness

indicated that there was less strain in the Py film grown on FeMn film than those grown

on Cu film [14].

The released of strain in Py film deposited on FeMn buffer layer had been also

observed by Tang et al.[14], using HRTEM and XRD. Their results revealed that the

misfit strain between the FeMn layer and Py is released by the formation of a dome shape

on the FeMn surface rather than by the formation of misfit dislocations at the interface

between the two layers.
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EBSP of Epitaxial Py film on Epitaxial Cu and FeMn

 

(a)

 

(b)

 

(C)

Figure 5.12 EBSPs from 200 nm epitaxial Py films deposited on 20 nm epitaxial Cu

(grown at 150°C and post deposition annealed at 350°C) at substrate temperature of: (a)

350°C and (b) 90°C. (c) a EBSP pattern of a 200 nm epitaxial Py film deposited on 8 nm

of FeMn (grown at 90°C) at a substrate temperature of 350°C.
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5.4 DISCUSSION

Unfortunately, in all three cases of Cu, Co, and Py films grown at an ambient

temperature (below 100°C), the indexing software does not reliably distinguish between

mixed Kikuchi bands, which originated from both variants. There was also some degree

of distortion in all three cases. However, the distortions of the EBSP patterns of Co and

Py grown at 90°C were more severe than those in Cu films grown at 90°C. There are a

few possible factors that could cause such a distortion. Among them are surface energy

of each layer, lattice mismatch between two consecutive layers, and atomic radius of each

deposited material. Each of these factors could affect the interface energy, the nucleation

and growth rates of the islands, and the density and type of dislocations and point defects.

The surface energy, lattice mismatch, and atomic radius of Nb, Cu, Co, Py are

tabulated in table 5.3 for comparison. To have more data for comparison, two Ag films

have also been grown on epitaxial Nb substrate, similar to Cu films, one at 350°C and the

second one at 90°C. Ag has different surface energy, lattice mismatch (with Nb), and

atomic radius than Cu or C0. The value of surface energy, lattice mismatch, and atomic

radius of Ag are also included in the table 5.3. The details of this experiment are given in

appendix 5.A. EBSP analyses of the epitaxial Ag films grown at 350°C revealed two

different (111) orientation variants, and the NW epitaxial relationship with the Nb

substrate. The variant distributions were compared to those found in the epitaxial Cu

films grown at 350°C. Again, the variants did not display any particular pattern or

morphologies. The EBSP patterns of Ag film grown at a substrate temperature of 90°C

showed some degradation, more similar to Co and Py cases.
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Table 5.3

Comparison of Lattice Mismatch, Atomic Radius, and Surface Energy

 

 

 

 

 

of Nb, Cu, Ag, Co, and Py

System Surface energy Lattice mismatch Atomic radius

Nb-Cu 3—1.9 J/m2 12% 0.143nm-0.128nm

Nb-Ag 3—1.3 Mn2 1% O.l43nm-0.l44nm

Cu-Co 1.9—2.7 Mn2 2% 0.128nm-0.125nm

Cu - Py 1.9 — ~2.7 J/m2 1.3% 0.128 nm -      
 

Comparisons of different variables in Table 5.3 suggest that the surface energy of a

given material are effecting the EBSP patterns. It seems that when the surface energy of

the overlayer is greater than surface energy of the substrate, the degradation in the EBSP

will appear.
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5.5 SUMMARY

In this chapter, the nucleation and growth of two ferromagnetic materials (Co and Py)

on epitaxial Cu film were reviewed. All of the sputter deposited films were characterized

using AFM and EBSP techniques. The AFM results demonstrated that the surface

topography is affected strongly by the temperature and surface quality of the substrates.

EBSP results revealed that all Co and Py films grown at high temperature display two in-

plane epitaxial variants corresponding to two stacking sequences of {111}fcc planes.

The EBSP analysis of Co and Py samples grown at 90°C revealed that two different

orientation variants are present. However, due to degradation of the associated EBSP

patterns and presence of Kikuchi bands from both variants, mapping of the orientation

distributions was not possible.
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APPENDIX 5.A

Ag has a fee structure and the Ag/Nb lattice mismatch is 1% with an atomic radius

difference of 0.7% (see table 5.4). Ag can grow with the NW or KS epitaxial relationship

onto an epitaxial Nb substrate. A properly superimposed atomic arrangement (unrelaxed)

of Ag on Nb (with the NW relationship) is shown in Figure 5.A.1.

Similar to growth of epitaxial Cu films, a few Ag films were grown on 250 nm

epitaxial Nb at substrate temperatures of 350°C and 90°C. The EBSP results of Ag films

grown at 350°C and 90°C were similar to the epitaxial Cu. Figure 5.A.2 illustrates the

EBSPs of epitaxial Ag grown at 350°C and 90°C. Figure 5.A.3 shows the orientation

distribution map of 300 nm epitaxial Ag grown on 250 nm epitaxial Nb. The epitaxial

relationship between the sputter deposited epitaxial bcc Nb and fcc Ag films, was found

by removing part of the Ag film and collecting EBSP data from an adjacent section ofNb

and Ag. The resulting (100), (110), and (111) pole figures were used to plot the

stereographic projection of both Nb and Ag. By superimposing the Ag stereographic

projection on the Nb, the result suggests that (110)bchb || (111)fccAg, with [1 T O]bchb ||

[1 T 2]rccAg and [ T 0 O]bchb || [0 1 T]fccAg, which agrees with the NW relationship.
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Table 5.4

 

 

 

 

 

 

CRYSTALLOGRAPHIC DATA

Element: Nb—Niobium-Columbium Ag-Silver

Crystal system: Cubic — bcc Cubic — fee

a = 0.33067 nm 0.4086 nm

b = 0.33067 nm 0.4086 nm

c = 0.33067 nm 0.4086 nm

Unit cell volume: 0.0359 nm3 0.0682 nm3

# of atom in unit cell: 2 4

Atomic radius: Nb = 0.143 nm Ag = 0.144 nm

 

d (h.k.|) (1(110) = 0.2337 nm 0“”) = 0.2359 nm

 

Symmetry elements: Four 3-fold rotation axes Four 3-fold rotation axes

  Melting point:  2469 °C  962 °C
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(b)

 

(C)

Figure 5.A.2 EBSP patterns of a 300 nm epitaxial Py film deposited on 200 nm epitaxial

Nb at substrate temperature of: (a) & (b) 350°C and (c) 90°C. Patterns in part (a) & (b)

are the EBSPs of twin areas.
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Figure 5.A.3. Orientation maps of 200 nm epitaxial Ag films grown on epitaxial Nb at

substrate temperature of 350°C. The green areas are unsolved points (loss of EBSP

signal).
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CHAPTER 6

MAGNETO-TRANSPORT PROPERTIES OF EPITAXIAL

MAGNETIC FILMS AND SPIN-VALVES

This chapter focuses on the magnetic and magneto-transport properties of epitaxial Py

based spin-valves. The effect of spin-valve growth conditions on important device

properties, including: (a) exchange bias field, (b) coercive field, and c) establishment of a

well defined antiparallel state, have been investigated. To develop a better understanding

of the magneto-transport properties of epitaxial Py based spin-valves, this chapter will

first present an overview of magnetic properties of single Py films with and without an

FeMn buffer layer. After this foundation is established, the magnetic characterization of

single epitaxial Py films and the magneto-transport and magnetic characterization of

epitaxial spin-valves are presented. In each of these sections, a brief introduction will be

followed with the experimental procedures and results. This chapter concludes with a

brief summary.

6.1 MAGNETIC PROPERTIES OF FEROMAGNETIC FILMS

Hysteresis Curves:

In ferromagnetic materials, the application of a sufficiently large external field in the

direction opposite to the initial direction of magnetic domains will force the domains to

reverse their direction. By continuously changing the external magnetic field from a

large positive value to a large negative value and back to the original positive field, a
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magnetic hysteresis loop will be created. Figure 6.1(a) depicts a typical ferromagnetic

hysteresis loop. The coercive field, He, (points C and E) is the field at which the total

magnetization M is zero. If the hysteresis loop is not symmetric about zero, Hc is usually

defined as half the width of the hysteresis loop measured at M=0.

Pinning of the Ferromagnetic Layer:

If a ferromagnetic layer is placed next to an antiferromagnetic layer, the magnetization

of the ferromagnetic layer can be “pinned” in a chosen direction by cooling the bilayer

from above the Neel temperature of the antiferromagnet to room temperature in a

sufficient large magnetic field. The pinning direction of the pinned ferromagnetic layer is

referred to as the easy axis. The exchange anisotropy (known as ‘unidirectional

exchange-bias’ [1]) due to pinning between the antiferromagnetic and ferromagnetic

layers leads to a shift of the magnetization hysteresis loop along the magnetic field axis

by HE the exchange—bias field, and also usually increases the coercive field, He, in the

hysteresis loop (see Figure 6.1(b-blue) [1-4]. After pinning, it is energetically favorable

for the ferromagnetic layer to point in one particular direction, imposed by interfacial

coupling with the adjacent antiferromagnetic layer. To overcome this energy, an external

magnetic field, equal to HE is required. Defining H1 and H2 as shown in Figure 6.1 (b),

the exchange bias field, HE, and the coercive field, He, of the pinned layers are given by:

  

: H1+H2 and HC: th-HZ-

HE

Berkowitz et a1. [2] showed that the exchange-bias field is inversely proportional to

the thickness of the pinned ferromagnetic layer: HE at 13:.
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Figure 6.1. (a) A typical hysteresis loop of a ferromagnetic material (such as Fe, Co, Ni

or their compounds). (b) Magnetization hysteresis loops for a free Py layer (red) and a

Py—FeMn bilayer (blue) after pinning. The exchange-bias field (HE) and the coercive

field (Hc) of the pinned Py are indicated in the figure.
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Several theoretical models predict that the exchange-biased field should increase if the

antiferromagnetic layer contains small domains [5-9]. The random-field model by

Malozemoff [8, 9] shows that small domains are typically produced by crystal disorder

within the antiferromagnetic layer. This model also predicts that HE increases with

interfacial disorder, while a perfect crystalline antiferromagnetic layer and smooth

interface with the ferromagnetic layer can reduce the exchange bias [9].

6.2 MAGNETIC PROPERTIES OF EPITAXIAL Py FILMS

6.2.1 Introduction

The crystallographic characterization of 200 nm thick epitaxial Py films sputter

deposited on epitaxial Cu and FeMn films was discussed in chapter 5. These Py films

were grown at 350°C or 90°C on 20 nm thick epitaxial Cu buffer layers or on 8 nm thick

FeMn films In the present section, the magnetic properties of these Py layers are

discussed.

From a magnetic point of view, Py is a soft ferromagnetic alloy because only a small

external field is needed to rotate its magnetic moment. If a thin Py film is deposited on

an antiferromagnetic material (such as FeMn), it can be pinned as described in section 6.1

(see section 6.1 and Figure 6.1(b- blue) [2-4].

6.2.2 Experimental Procedures

As described in chapter 2, an MPMS Quantum Design magnetometer was used to

measure the magnetization of the epitaxial Py films deposited in this study to carry out
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these measurements. A small portion (5 mm x 5mm) of a sample was cut and placed in

the magnetometer, with the plane of the film parallel to the applied field.

Magnetic anisotropy in epitaxial Py films was studied by measuring the magnetization

of these samples at zero and 90 degrees to the direction of the applied field. Note that the

samples had to be taken out of magnetometer to be rotated 90 degrees around the axis

perpendicular to the surface of the film.

The magnetization measurements were carried out at a temperature of 12 K. At this

temperature the Nb buffer layer is not superconducting and does not affect the

magnetization measurements. Details about the transport and magnetic properties of

epitaxial Nb buffer layer are given in appendix 6.A

6.2.3 Results

6.2.3.1 Magnetic Properties of Epitaxial Py Films deposited on Epitaxial Cu Film.

The magnetization hysteresis loops of two sputter deposited epitaxial Py films (200

nm thick) grown at 350°C and 90°C as a function of magnetic field are shown in Figure

62(3). The coercive field of the epitaxial Py film grown at high temperature is small

(approximately 12 Oe), while the Hc of the sample grown at ambient temperature (90°C)

is much larger, about 50 Oe. This difference may suggest that the epitaxial Py film

deposited at 90°C has lower crystalline quality and/or may have significant strain most

likely due to structural defects. Recall that the electron backscattered patterns (EBSPs) of

epitaxial Py films grown on epitaxial Cu films at 350°C were very sharp, while the

EBSPs of samples grown at 90°C were distorted in a manner consistent with strain

caused by misfit dislocations, threading defects, and point defects (see section 5.3.3).
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Figure 6.2 The magnetization hysteresis loops of 200 nm thick epitaxial Py films grown

on 20 nm thick epitaxial Cu at substrate temperatures of 90°C (red) and 350°C (green). a)

The coercivity (Hc = half width of magnetization loop) increases from 12 to 50 Oe for

samples grown at low temperature (90°C). b & c) Comparison of the hysteresis loops of

both samples when the samples are rotated 90 degrees with respect to the first orientation

within the sample plane. The hysteresis loops overlapped for both samples, therefore

there are no magnetocrystalline anisotropy in theses two epitaxial Py films.
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Magnetic anisotropy:

The magnetic anisotropy (in particular, magnetocrystalline anisotropy) of these two

epitaxial Py films was measured by comparing the magnetization of each film for two in-

plane orientations. The difference in magnetic properties in different directions in

magnetic materials is called magnetic anisotropy. Magnetocrystalline anisotropy is the

tendency of the spins in the ferromagnetic materials to align in a particular direction

imposed by the crystal lattice. Similarly, shape anisotropy is the tendency for these spins

to align due to sample shape. In cubic magnetic materials, there should be no in-plane

magnetocrystalline anisotropy in the (111) plane [10]. Therefore, the magnetic properties

of a magnetic film with [111] growth direction should not be different if measured in the

[110] and [1T2] directions. The results of such measurements are shown in Figure 6.2(b

&c). The overlapping hysteresis loops for 200 nm thick epitaxial Py films grown at

either 350°C or 90°C reveal no magnetocrystalline anisotropy for either epitaxial Py film.

6.2.3.2 Magnetic Properties of an Epitaxial Py Film deposited on an Epitaxial FeMn

Film.

In Figure 5.12(c) of section 5.3.2, the effects of the epitaxial Cu and FeMn buffer

layers on the crystallography of the epitaxial Py films were discussed. It was shown that

the strain in the Py-FeMn bilayer is lower than that observed in the Py-Cu bilayer. Here

it will be shown that the epitaxial Py film grown on a FeMn film also exhibited different

magnetic behavior than that grown on a Cu film. Magnetization measurements were

performed at 12 K on a 200 nm thick epitaxial Py film grown at a substrate temperature

of 90°C on 8 nm thick FeMn. The magnetization hysteresis loops for this sample are
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shown in Figure 6.3(a). The coercive field (He) was 7.5 Oe in one direction but

decreased to 4 De when it was rotated 90 degrees. These low coercivity fields suggest

that the ferromagnetic (Py) layer grown on an FeMn film contains less strain compared to

the Py grown on Cu film (compare 4 0e and 7.5 Oe for Py on FeMn to 50 Oe for Py on

Cu) but also suggest the possibility of a magnetic anisotropy.

The data of Figure 6.3(a) have two distinguishing characteristics. (1) The hysteresis

loop collected at zero degrees (green) is slightly shifted from zero field. (2) The

magnetizations are the same in the two different directions, but the saturation and

coercive fields are different. Generally, the presence of different saturation and coercive

fields in hysteresis loops for different directions in the film is an indication of magnetic

anisotropy. A shift in the hysteresis loop could also be caused by an exchange-bias field

between the Py and FeMn layers (as described in section 6.1). However, as no external

magnetic field was applied and the Py layer is relatively thick, HE should be very small

[2]. One possible source of this anisotropy is that the small fiinge magnetic field of the

sputtering gun magnets produced a weak exchange-bias interaction between the FeMn

and Py layers, resulting in some degree of inadvertent pinning occurred during growth.

To determine if this in fact occurred, this sample was taken through the usual pinning

procedure (pinned along the zero direction), and the magnetization measurements were

again performed. The resulting magnetization hysteresis loops are shown in Figure

6.3(b). The hysteresis loop collected at zero degrees again has a small shifi, but the

coercive fields (about 4 Oe) are now the same in both perpendicular directions.

Considering the thickness of this Py film, this small shifi suggests a very weak local

exchange bias field between the epitaxial Py and its epitaxial FeMn buffer layer.
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Figure 6.3 The magnetization hysteresis loops of a 200nm epitaxial Py film grown onto

8 nm epitaxial FeMn at room temperature a) As grown, b) Pinned. The green loops

correspond to the applied field along a selected axis and the red loops are with the sample

rotated 90 degrees with respect to the first within the sample plane. Note that zero degree

in (b) is along the easy axis (pinning direction) and applied field.
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Summary:

The results of the magnetic characterization of the epitaxial Py films reveal that:

1) The Py samples grown at an ambient temperature (90°C) on an epitaxial Cu buffer

2)

3)

layer have much larger coercive fields than those grown at an elevated temperature

(350°C). This is likely due to the presence of significant strains in the epitaxial Py

films grown at low temperature.

The Epitaxial Py film deposited at 90°C on an FeMn buffer layer shows significantly

smaller coercive field than a similar film grown at 90°C on Cu. This difference may

be associated with lower strain in the epitaxial Py film, which is in agreement with

the results obtained from crystallographic characterization.

There is no magnetic anisotropy in the epitaxial Py films grown on Cu buffer layer

regardless of growth temperature. However, the magnetic anisotropy seen in the

epitaxial Py film grown on FeMn buffer layer is due to existence of the exchange bias

anisotropy.

6.3 MAGNETIC PROPERTIES OF EPITAXIAL Py BASED SPIN-VALVES

6.3.1 Introduction

In section 6.2, the magnetic properties of epitaxial Py films were studied. In this

section the results of CPP-MR magneto-transport and magnetization measurements will

be presented for the epitaxial Py-based exchange-biased spin-valve samples (EBSV).

One of the advantages of magnetic spin-valves over magnetic multilayers is that in

spin-valves only a small field is needed to produce the GMR effect with a sharp

switching response. There are two types of spin-valves, hybrid spin-valves (such as
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Co/Cu/Py) and exchange-biased spin-valves (such as FeMn/Py/Cu/Py). A brief

discussion of hybrid and exchange-biased spin-valves is given in Appendix 6B. In this

study, magnetic and magneto-transport properties of epitaxial Py-based exchange-biased

spin-valves (EBSV) are discussed.

An EBSV consists of two ferromagnetic layers (such as Py, NiCoFe, or C0), separated

by a non-magnetic layer (such as Cu, Ag), with one of the ferromagnetic layers directly

exchange-coupled (pinned: see section 6.1) to an adjacent antiferromagnetic layer (such

as FeMn, NiO, C00). The pinning direction is referred to as the easy axis. The unpinned

ferromagnetic layer separated by the non-magnetic layer is referred to as the free layer.

Parallel and Antiparallel States: Major and Minor Loops: In a typical CPP-MR

measurement, the pinned spin-valve is mounted on a measuring device inside a magnet

coil in such a way that the easy axis is in the direction of the negative field of the coil.

By measuring the resistance of the spin valve as a function of magnetic field (changing

the applied field from the initial negative field continuously, toward zero and then to the

positive direction, and then reversing it back to the initial negative field) an exchange-

biased hysteresis 100p is obtained. There are two types of hysteresis loops: minor loops

and major loops. The difference between major and minor hysteresis loops can be best

described by referring to the schematic diagram of an ideal exchange-biased hysteresis

loop, shown in Figure 6-4(a). This figure is divided into several regions, which are

described below:

Regions 1 and 10: In the presence of a few hundred Oe of negative magnetic field

(parallel to the biasing direction) the magnetic moments (spins) of both the pinned and
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Free Layer

Pinned Layer

     
 

 
Parallel State parallel State

-H(Oe) 0 +H(Oe) Magnetic Field

(a)

Spin Down Spin Up Spin Down Spin Up

   

   

 

Free Layer NiFe

Cu

Pinned Layer NiFe

 

Parallel State Antiparallel State

0)) (C)

Figure 6.4 Schematic diagram of an exchange-biased hysteresis loop of an ideal spin-

valve. (a) Illustration of the orientation of the spins in both the pinned and free

ferromagnetic layers for both the parallel and antiparallel state. (b and 0) illustrate the

scattering of spin up and spin down electrons in both the free and pinned ferromagnetic

layers.
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free ferromagnetic layers line up parallel in the direction of the easy axis (biasing

direction). This is a parallel state. Electrons in one of the two electron channels (spin up

or spin down, see Figure 6.4(b)) experience relatively little scattering, thus the resistance

of the sample is a minimum.

Regions 3 and 8: Upon changing the magnetic field continuously from the biasing

direction, (first toward zero and then positive) the magnetic moments in the free

ferromagnetic layer will switch from parallel to antiparallel with respect to the magnetic

moments in the pinned ferromagnetic layer at a few Oe. Upon completion of the rotation

of the moments in the free layer, the spin-valve will be in the antiparallel state and the

resistance of the spin-valve should remain constant to form a plateau. This is now an

intermediate scattering situation for electrons with either spin up or down (scattering in

both channels, see figure 6.4(c)) and the resistance of the sample is a maximum. At this

stage one can investigate either a minor loop or a major loop.

Minor loop: By changing the magnetic field from the middle of the antiparallel state

plateau back to the original negative field, a minor hysteresis loop will result. A minor

loop is a hysteresis loop produced purely by the rotation of the magnetic moments in the

free ferromagnetic layer and is a way to magnetically evaluate that layer. In Figure

6.4(a), the path through points 1—>2—>3—)8—->9—>10 represents a minor hysteresis loop.

Major loop, regions 5 and 6: Starting in region 3, further positive increases in the

magnetic field will rotate the pinned ferromagnetic layer until the moments in that layer

align themselves parallel to the moments in the free ferromagnetic layer. This process

creates a second parallel state of opposite orientation to the first one. In this second

parallel state, the spin-valve again has minimum resistance (see figure 6.4(b)). Cycling
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through the steps 1—>2—)3—)4—)5-—>6—)7—>8—>9—>10 (Figure 6-4(a)) yields a GMR spin-

valve hysteresis “major loop” [1-4, 10-13].

Exchange-biased field (HE): As described in section 6.1, the exchange-bias field (HE) is

due to the effect of an antiferromagnetic layer on an adjacent ferromagnetic layer which

leads to the magnetization or magnetoresistance hysteresis loop shifting away from the

origin. To calculate HE and the coercive field (He) of the pinned layer for an exchange-

biased spin-valve, two field values need to be measured; H1 and H2, as shown on Figure

6.4(a).

The following sections discuss the experimental procedures and the results of

magneto-transport (CPP-MR), magnetic (magnetization) measurements, and magnetic

anisotropy of a few epitaxial spin-valves. These results will be discussed and compared

to those obtained from polycrystalline spin-valves in this and another [14] study. Note

that, structural characterization studies on some of these spin-valve samples (one each

with thick and thin layers) have been done by H. Geng et al. [16]. The results of those

studies confirm that the EBSV layers were epitaxed, but with some defects.

6.3.2 Experimental Procedures

Fabrication of Epitaxial Spin-Valves for CPP Measurement:

The epitaxial Py based spin-valves were sputter deposited in an L-shape (1 mm x 8

mm) pattern as was shown in Figure 2-7(b) (see also figure 6.5). The top surface of each

sample was usually gold coated for oxidation protection. A series of six 75 um square

pillars were then fabricated on each sample using photolithographic techniques (see

Figure 6.5(a)). This microfabrication technique involved optical lithography, ion-milling
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Sample Geometry and Measurement

In con cts

 
(b)

Figure 6.5 a) Sample geometry of the microfabricated exchange-biased spin-valve

samples. b) A cross-sectional diagram showing the current flow and connections to the

samples. The contact area between the top Nb, with F and W leads (current flow), and

spin-valve is the area of the sample being measured [17].
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or reactive ion etching (RIB), silicon monoxide evaporation, lift-off, and Nb sputtering.

Table 6.1 lists all of the exchange—biased Py based spin-valve samples sputter

deposited in this study. A few samples were damaged during microfabrication; therefore,

the results of only five samples are discussed. The CPP-MR of each pillar was measured

separately (see Figure 6.5(b)) at liquid helium temperature (4.2 K). Note that the size of

these pillars (75 um x 75 um) was much larger than the size of the twin variants seen in

the epitaxial Cu and Py films identified using EBSP. Thus, each pillar is expected to

contain a large number oftwin variants.

All of the measured spin-valve samples (except one with a thinner pinned layer“) had

the following sequence and thicknesses:

szso-C1120-PY24-CU24-PY24-F6Mns-Auls-Nb250 nm

** sz50-CUzo-PY24-C1124-Py6-F6Mn8-Auls-szso nm

The Nb film was deposited at a substrate temperature of 750°C and post deposition

annealed at 950°C. The first Cu layer (20 nm thick) was then deposited at 150°C, and

post deposition annealed at 350°C. The remaining layers were deposited at ambient

temperature (90°C). The standard deposition rates for Nb, Cu, Py, and FeMn were 3, 3.4,

3.3, and 2.1 A/s, respectively. For the first few samples, the A1203 substrates were

cleaned in the sputtering room in an ultrasonic bath using acetone, then alcohol. Failure

to achieve a good antiparallel state led to preparing the remaining samples in a clean

room. In this new sample preparation technique, the substrate cleaning was changed to

the following. The substrates were first cleaned in a combination of boiling deionized

(DI) water and detergent (Alconox) in an ultrasonic bath. After rinsing in boiling

deionized water, the substrates were rinsed and mechanically cleaned in acetone using
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Table 6.1

Symmetrical EBSV Samples Prepared Using Photolithography

 

 

 

 

 

 

 

 

 

 

  

Sample Type of Spin-valves Growth Temperature

27-01 Nb-Cu-[Py-Cu-Py-FeMn]-Au-Nb 750-(150 /350)-[100°C].

Damaged 250-20-[24-20-24- 8 ]-15-250 nm HTH-LTH-[No Heater]

27-02 Nb-Cu-Py-[Cu-Py-FeMn]-Au-Nb 750-(1 50/3 50)-350-[100°C]

Damaged 250-20-24-[20-24- 8 ]-15-250 nm HTH-LTH-[No Heater]

33-01 Nb-Cu-[Py-Cu-Py-FeMn]-Au-Nb 750-(1 50/3 50)-[80°C].

250-20-[24-25-24- 8 ]-15-250 nm HTH-LTH-[No Heater]

33-02 Nb—Cu-Py-[Cu-Py-FeMn]-Au-Nb 750—(150/350)-350-[90°C]

Damaged 250-20-24-[25-24- 8 ]-15-250 nm HTH-LTH-[No Heater]

33-03 Nb-Cu-[Py-Cu-Py-FeMn]-Au~Nb 750-(1 50/350)-[90°C]

fol;- will?“ 250-20-[12-20-12- 8 ]-15-250 nm HTH-LTH-[No Heater]

in IS 5 y

33-04 Nb-Cu—[FeMn-Py-Cu-Py]-Au-Nb 750-( 1 50/350)-350-[80°C]

Damaged 250-20-[ 8 -12-20 -12]-15-250 nm HTH-LTH-[No Heater]

37-01 * Nb-Cu-[Py-Cu-Py-FeMn]-Au-Nb 750-(150/350)-[90°C].

250-20-[24-25-24- 8 ]-15-250 mm HTH-LTH-[No Heater]

37-02 * Nb-Cu-[Py-Cu-Py-FeMn]-Au-Nb 750-(150/350)-[90°C]

250-20-[24-25-24- 8 ]-15-250 nm HTH-LTH-[No Heater]

37-03 * Nb-Cu-[Py-Cu—Py-FeMn]-Au-Nb 750-(150/350)-[90°C].

250-20-[24-25-24- 8 ]-15-250 nm HTH-LTH-[No Heater]

40-04 * Nb-Cu-[Py—Cu-Py-FeMn]-Au-Nb 750-(150/350)-[90°C].

250-20-[24-25-6- 8 ]-15-250 nrn HTH-LTH-[N0 Heater]    
Samples 27-01, 27-02, 33-02, and 33-04 were either damaged during lithographic

fabrication or preparation.

*Deposition rates of Cu in sample 37-1, 37-2, and (37-3 & 40-4) are 9.8, 1.2, and 3.4A/s,

respectively.
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cotton swabs, then rinsed in an isopropyl alcohol. The substrates were then washed with

DI water and dried with flowing industrial grade nitrogen gas. The cleaned samples were

transported to the sputtering room in closed containers.

Magnetization Measurements (Magnetic Anisotropy and Strain):

Similar to the magnetization measurement of epitaxial Py films, a small portion of an

epitaxial sample was cut and placed in the magnetometer with the plane of the film

parallel to the applied field. Note that the easy axis of the spin-valve must be parallel to

the direction of applied field. To look for any magnetic anisotropy in the spin-valves, the

sample was removed from the SQUID magnetometer and pinned at different angles (90-

degree intervals), and the magnetization (minor loop) was measured again.

6.3.3 CPP-MR and Magnetization Measurements on Py-Based EBSV.

In this section the results of CPP-MR magneto-transport and magnetization

measurements will be presented for the epitaxial Py-based exchange-biased spin-valve

samples (EBSV), mostly from Nb250-CU2o-PY24-CU24-Py24-FeMns-Au15-Nb250nm. Here the

FeMn is used to pin the magnetization of the adjacent Py layer. As described previously

(see 6.3.1) such an EBSV should allow reliable production of both parallel and

antiparallel magnetic states. The CPP-MR results will be compared with previous results

2

for polycrystalline samples with 1 mm area and examined as a function of deposition

rate.
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Samples with substrates cleaned in the sputtering room.

The substrates for the first set of EBSVs of the specified form were prepared in the

sputtering room without an extensive cleaning (see section 6.3.2). The CPP-MR (AAR)

data from one of these samples is shown in Figure 6.6, where AAR(H) is defined as:

AAR(H) = AR(H) — AR(P).

Where A is the area of the pillar, R(H) is the resistance of sample at a particular magnetic

field, and R(P) is the resistance of sample at the parallel state.

These data have two disturbing characteristics. (1) As the field is swept to positive

values, the data initially rise sharply as expected, but the data fall quickly back to the

value of the parallel state, instead of forming a plateau when an antiparallel state is

established. (2) AAR (1.3 me2) is only about half as large as the range of values (~2.7

me2) previously found for polycrystalline EBSVs of the same composition with area ~

1mm2 [14]. Taken together, these behaviors strongly suggest that the sample has not

reached a true antiparallel state.

Two phenomena might be responsible for failure to reach an antiparallel state.

a) Undesired ferromagnetic coupling between the pinned and free Py layers.

Such coupling could occur, for example, due to the presence of pinholes in

the Cu layer induced by either growth defects or the presence of residual dirt

particles on the substrate surface before deposition.

b) Lack of good exchange-bias coupling between the pinned ferromagnetic

layer and the FeMn.
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CPP-MR of Py based EBSV
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Figure 6.6 CPP Magnetoresistance hysteresis loop of a symmetrical Py based EBSV.

The standard deposition rates for Nb, Cu, Py, and FeMn were 3, 3.4, 3.3, and 2.1 A/s,

respectively. In this sample, an anti-parallel state is not observed, suggesting that there is

magnetic coupling between the free Py and pinned Py layers resulting in both of layers

switching at the same time. The coupling between Py layers is probably caused by

growth of pinholes due to a dirty substrate.
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To attempt to distinguish between these two possibilities, two steps were taken. First a

new procedure for substrate cleaning was devised, involving a more rigorous cleaning

process and carrying out this process inside a clean room. Details were given in section

6.3.2. Second, to see if the lack of antiparallel state might be related to growth rate, a set

of samples was prepared with different deposition rates.

Sample prepared with substrate cleaned in a clean room.

Using these cleaned substrates, a new set of epitaxial symmetrical EBSVs were

grown. One of the samples (with standard Cu sputtering rate 3.4 A/s) had the same

sequence, deposition rates, and thicknesses as the previous sets. The result of CPP-MR

measurement of this sample is illustrated in Figure 6.7. The first feature of the new data

to note is that the falloffs from the nominal antiparallel states are much slower than in

Figure 6.6. The second feature is that values of AAR for this sample: 2.6 me2,

comparable to the values ~2.3 me2 previously found for polycrystalline samples with A

~ 1 mm2 [15]. Together, these slower falloffs and agreement in AARs suggest that the

problem of coupling between the free and pinned Py layers has been eliminated, and that

its main source was inadequate cleaning ofthe substrates.

To investigate the effect of the deposition rates on the antiparallel state, three EBSV

sample were deposited (including the previous sample). Figure 6.8 shows AAR for these

three EBSV samples for which the substrates were also cleaned in a clean room. All

three were prepared in a single run, but with different sputter deposition rates for Cu: 1.2

A/s, 3.4 A/s, and 9.8 A/s. The deposition rates for the Nb, FeMn, and Py were kept the

same as before. The values ofAAR for all three samples: 2.8 fflm2 for Cu sputtering rate
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Figure 6.7 CPP-MR hysteresis loops of an epitaxial symmetrical EBSV:

Nb2so-Cu2o-Py24-Cu24-Py24-FeMn3-Aurs-Nb250 nm epitaxial spin-valves. Both major and

minor (red) loops are shown. AAR is about 2.6 me2.
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Figure 6.8 CPP-MR hysteresis loops of three epitaxial Py spin-valves: Nb250-Cu2o-Py24-

Cu24-Py24-FeMn3-Au15-Nb250 ,m. AAR are 2.8, 2.6, and 2.3 mez for sample deposited

with Cu deposition rates of 1.2, 3.4, and 9.8 A/s, respectively. All layers were deposited

at 90°C except for the first Nb and Cu layers.
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1.2 A/s; 2.6 me2 for rate 3.4 A/s; and 2.3 meZ for rate 9.8 Ads, are similar to each other

and also comparable to the values ~2.3 film2 for polycrystalline samples with A ~ 1

mmz. Now looking at the difference between the CPP-MR behavior of these three

samples in Figure 6.8, the ‘standard’ sputtering rate of 3.4 A/s gives the best defined and

flattest antiparallel ‘plateau’. The free layer rotates in smallest field, about 15 Oe for rate

= 3.4 A/s, versus about 25 Oe for rate = 1.2 A/s and about 70 Oe for rate = 9.8 A/s. Also,

the antiparallel state persists to higher field, about 130 Oe for rate = 3.4 A/s, versus about

100 Oe for rate = 1.2 A/s and only about 70 Oe for rate = 9.8 A/s.

Defining H1 and H2 at the ‘half-heights’ ofAAR as shown in Figure 6.8, and following

the standard procedure shown in section 6.1 to define the exchange bias field, HE, and the

coercive field, He, gives values that are listed in Table 6.2.

 

 

 

 

 

Table 6.2

Deposition rate (A/s) 1.2 3.4 9.8

AAR ( to m2) 2.8 2.6 2.3

AP state persist fields (Oe) 100 130 70

Exchange-bias field (HE, Oe) 51 73 60

Pinned layer coercive field (Hc, Oe) 61 67 80

      
Sample ion-milled with better ‘cooling procedure’, including search for magnetic

anisotropy in the free Py layers.

The possibility that heating of the sample during the ion-milling process could affect

the coercive field for the free layer, led to preparing and ion-milling of one set of samples

using a procedure that was expected to keep the sample cooler during the ion-milling.
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This procedure involved using a thin layer of high thermal-conductive silver grease

between the back of the substrate and the Cu heat sink. The silver grease is UHV

compatible and originally was provide for mounting the regular magnetron sputtering

(Mini-Mac sputtering gun) target on the target holder for better electrical and thermal

conductions.

Since the exchange-bias field decreases with increasing thickness of the ‘pinned’ layer

[2], to achieve enhanced pinning the thickness of the pinned layer was reduced to 6 nm,

giving an EBSV of the form (Nb2so—Cu2o-Py24-Cu24-Py6-FeMn3-Au15-Nb250 nm).

Figure 6.9 shows the CPP-MR data from one such sample. This curve shows AAR =

1.4 me2 comparable to the value ~ 1.3 film2 previously found from a 1mm2

polycrystalline EBSV with the same layer thickness [15]. To look for the possibility of

magnetic anisotropy in the EBSV, this samples was pinned in three different directions

(0° ([1TO]), 45°, and 90° ([112])) and AAR was measured. The results of these

measurements are shown in Figure 6.10. The coercive field of the minor loop is about 40

Oe when the sample is pinned along the [1T0] and the 45° directions. While the

coercive field is about 46 Oe when the sample is pinned along the [112], slightly larger

than coercive field along [1T0] direction. This may be due to sample geometry. To

determine if this was in fact a shape effect, the magnetization of a small 1 mm x 1mm

section of this sample was measured in the [1T0] and [112] directions (pinned before

each measurement in the [1T0] and [112] directions, respectively). The magnetization

hysteresis loops, as shown in Figure 6.11, are essentially identical (note overlap) showing

that there is no evidence of magnetic anisotropy in this sample.
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Figure 6.9 CPP-MR hysteresis loop of an epitaxial Py based EBSV:

sz50-CUzo-Py24-CU24-Py6-FeMng-Alh5-Nb250nm. AAR IS about 1.4 me2.
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Figure 6.10 Minor hysteresis loops of an epitaxial EBSV (Py(24)-C11(24)-Py(6)-FeMn(gnm)).

corresponds to the [110] and [112] directions in the Py(111) plane. The similarity of

coercive fields suggests that there is no magnetic anisotropy (except some shape effect)

The epitaxial EBSV sample was pinned at a) 0°, b) 45°, and 90°.

in this epitaxial EBSV.
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Figure 6.11 Magnetization hysteresis loops of a small section (blue) of the epitaxial

EBSV (Cu2o-Py24-Cu24—Py6-FeMng-CU20nm) pinned at a) 0° and b) 90° angles. The

coercive field (30 Oe) and saturation fields are equal in both directions.
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Summary: A set of Py based exchanged-biased spin-valve samples was prepared using

improved substrate cleaning and improved sample cooling during the ion-milling. The

data fiom these samples featured a sharp switch from the parallel to the antiparallel states

with a well defined and flat antiparallel state plateau. The values of AAR were also

comparable to similar polycrystalline EBSVs.

6.3.3.3 Comparison of Polycrystalline and Epitaxial Samples:

The behavior of the epitaxial EBSV sample with a layering sequence of (Nb250-Cu2o-

Py24-Cu24-Py24-FeMng-Au15-Nb250nm) (also see figure 6.7) was compared to two

polycrystalline samples with identical layering sequences. One of the polycrystalline

samples was sputter deposited at a substrate temperature of 90°C in the millimeter-sized

CPP geometry (see Figure 1.5). The second polycrystalline sample was sputter deposited

at a substrate temperature of -30°C in an L shape pattern and then photolithographicly

fabricated, with a pillar area of 75 um x 75 um [14]. The CPP-MR results of both

samples, along with the epitaxial sample, are shown in Figure 6.12. The values of AAR,

HE, and Hc are tabulated in Table 6.3.

 

 

 

 

Table 6.3

AAR HE HC

f Q m2 06 06

Polycrystalline,

75 um x 75 um, 2.4 175 55

Tgrowth = -30°C

Polycrystalline,

1mm2 2.5 40 40

Tgrowth = 90°C

Epitaxial

75 um x 75 um 2.6 73 67

Tgmwth = 90°C       
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While the values of AAR for all three samples are similar, the coercive field, He, in

the pinned Py layer of the polycrystalline sample deposited at -30°C is about three times

smaller than that in the exchange—bias field in that sample. This polycrystalline sample

displays a broad antiparallel state plateau for positive magnetic fields and returns just

before the field come to zero (Figure 6.12(a)). In contrast, the values of He in both

polycrystalline and epitaxial samples deposited at 90°C are very close to H5. These two

samples have well defined antiparallel state plateaus, but did not display return

antiparallel state plateaus. This indicates that a growth temperature higher than 30°C

may affect the quality of the FeMn and Py layers and thereby weaken the exchange-bias

coupling between these two layers. As a result, the antiparallel state will not form during

the return part of major hysteresis loops.
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Figure 6.12 The CPP-MR hysteresis loops oftwo polycrystalline Py spin-valves: Nb250-

CU20-F6Mn3-Py24-C[124-Py24- Ants-szso nm and one epitaxial sz5o-C02o-PYZ4'C1124-Py24-

FeMns-Auls-szso nm.
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6.4 SUMMARY

The important issues in studying the magneto-transport properties of epitaxial single

magnetic films and spin-valves are growth temperature, deposition rates, type of buffer

layer, and surface quality of the substrates. It has been shown that the coercive field in

epitaxial single Py films grown at 90°C is much larger than that observed in films grown

at 350°C, most likely as a result of a large number of dislocations and defects which

create strain in the deposited films. Depositing on a different buffer layer might reduce

the number of these dislocations and therefore dissipate some of the strain. The surface

quality of the substrates is also an important factor, especially for magneto-transport

performance of epitaxial EBSV. The presence of residual dirt particles on the substrate

surface was suspected to create pinholes in the Cu layer which resulted in an undesired

coupling between the two ferromagnetic (Py) layers. Changes in the substrate cleaning

procedures eliminated the problem of coupling between Py layers. In the CPP-MR

hysteresis loops from epitaxial EBSV samples prepared with substrates cleaned in a clean

room, showed sharp switching from the parallel to antiparallel states, with a long range

and flat antiparallel state plateau. In studying the effect of deposition rate, an

intermediate Cu deposition rate of 3.4 A/s gave the best defined and flattest antiparallel

plateau. AAR values of epitaxial EBVS samples were comparable to those for similar

polycrystalline EBSVs. The deposition temperature was also an important factor in the

fabrication of epitaxial spin-valves in particular its effect on the exchange-bias coupling

between the pinned Py and the adjacent FeMn layers. Magnetization data of these EBSV

showed no evidence of magnetic anisotropy in the free layer of the EBSVs.
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Appendix 6.A

Transport Properties of Epitaxial Nb Films

Nb is one of the many metals that become superconducting at low temperature. Bulk,

high purity Nb has a resistivity of about 13 uQ-cm at room temperature, with a

superconducting critical transition temperature (Tc) of 9.2 K. However, depending on the

growth condition, Nb films can have different resistivity and Tc values than bulk. A

polycrystalline sputter deposited Nb film (~300 nm thick) has resistivity of about 15-18

uQ-cm at room temperature and about 6 uQ-cm at 10 K, with Tc = 8.9 K, using both van

der Paaw and four probe measurements. Single crystal epitaxial Nb films are expected to

have better transport properties than polycrystalline films (less dislocations and point

defects). The epitaxial Nb films grown by sputter deposition had a residual resistivity of

about 15-17 uQ—cm at room temperature and approximately 06-10] uQ-cm at 10 K,

using van der Paaw measurements and approximately 0.75-1.56 uQ-cm using four probe

measurements. The superconducting transition temperature of these epitaxial Nb films

was approximately Tc E. 9.1 K, as shown in Figure 6.A.1(a).

Magnetic Property of Nb:

From a magnetic point of view, Nb is a strong diarnagnet below its transition

temperature and a very weak pararnagnet above its transition temperature. Therefore,

measurement of the magnetization as a function of temperatures can also determine the

transition temperature of the Nb film. Figure 6.A.1(b), shows magnetization of the same

epitaxial Nb film as in Figure 6.A.1(a).
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The critical temperature of 250 nm thick epitaxial Nb fllm
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APPENDIX 63

TYPES OF SPIN-VALVES

There are several types of spin-valve structures. Among them, hybrid spin-valves

(such as Co/Cu/Py) and exchange-biased spin-valves (such as FeMn/Py/Cu/Py) are the

most important ones.

Hybrid spin-valves: The idea behind the hybrid spin-valve is to be able to

independently rotate the direction of the magnetization of both ferromagnetic layers.

This independent control of the ferromagnetic layer could be achieved by using either the

same type of ferromagnetic material, with one of the ferromagnetic layers is much thicker

than the other, or by using a different ferromagnetic material for the second magnetic

layer.

Examples: Pylz - Cuzo — Py24 nm and Py12 — Cuzo — C06 "m.

Exchange-biased spin-valves (EBSV): In the EBSV structure, both ferromagnetic

layers could either be the same or different materials, or have different thicknesses.

However, one of the two ferromagnetic layers must be pinned to an anti-ferromagnetic

layer. The pinning is due an interfacial interaction between antiferromagnetic and

ferromagnetic layers that leads to anisotropy, a unidirectional anisotropy or ‘exchange-

bias’ [1]. The pinning direction is along the applied field and is referred to as the easy

axis. The second ferromagnetic layer is known as the free layer. If the thicknesses of

both magnetic layers are identical, the EBSV structure is referred to as symmetrical

EBSV.

Example: FeMng —— Py24 - pinned layer) — Cu24 — Py24 nm— free layer) and

FCMDg— Co6— Cuzo— Py24 (nm).
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The objective of this dissertation was to design and develop a sputter deposition

system for growing epitaxial films, multilayers, and spin-valves. Furthermore, the results

of crystallographic characterization of sputter deposited Nb, Cu, Co, and Py have been

correlated to the magnetic and magneto-transport properties of the sputter deposited Py

films and Py based spin-valves.

This study resulted in the successful growth of epitaxial Nb(110), Cu(111), Co(1 1 1),

Py(111) films, and Py based spin-valves. The results of AFM and EBSP characterization

revealed that Nb grew as high quality epitaxial bcc single-crystal films on A1203

(1120)th Later in the study, epitaxial Cu films were grown on these epitaxial Nb layers.

The crystallographic characterization of these Cu films revealed two in-plane twin

variants corresponding to two different stacking sequences of {111} fcc planes.

Orientation distribution maps revealed that the area of the twin variants varies widely and

did not display any particular patterns. Epitaxial Co (111)fcc and Py (111)fcc layers were

grown on epitaxial Cu films at high temperature (2 350°C). Both Co and Py films also

displayed twin variants with orientation maps similar to those observed for epitaxial Cu

films. The crystallographic characterization results of Co and Py samples grown at 90°C

revealed that two different orientation variants were also present, but in smaller sizes.

However, due to the degradation of the associated EBSP patterns and the resolution of

EBSP, mapping of the orientation distributions was not possible.
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Growth temperature, deposition rates, type of buffer layer, and surface quality of the

substrates are important factors that can affect the magnetic properties of single magnetic

films and Py based spin-valves. Regardless of the growth temperature and type of buffer

layer, no magnetic anisotropy, including magnetocrystalline and magnetoelastic

anisotropy, was observed in single epitaxial Py films. In exchange-biased spin-valves, a

moderate deposition rate and an ultra-clean substrate resulted in samples with sharp

switching of the magnetic moment from the parallel to the antiparallel state and a very

flat antiparallel plateau. Studies of the effect of pinning along different in-plane axes on

magneto-transport properties of one of the EBSVs revealed the existence of anisotropy in

the free ferromagnetic layer, which may be related to differently oriented defects in the

Py film which were created during sample preparation (ion milling). Further study of a

similar EBSV sample displayed no magnetic anisotropy in the free Py layer.

CONCLUSION:

The growth and subsequent crystallographic nature of metal films and superlattices

play important roles in determining the fundamental physical properties of the films.

Epitaxed growth of Nb, Cu, Co, and Py films from the basis for growing magnetic

multilayers (such as [Cu-C0]N) and spin-valves (FeMn-Py-Cu-Py [Pyz Ni34Fe16]) which

have applications as GMR (Giant Magneto-Resistance) position sensors, magnetic head

readers, and magnetic random access memories. GMR in these devices depends on

structural details such as the thin-film growth direction, interfacial roughness and

intermixing, and grain boundaries. However, the exact effects of these variables on given

systems are not yet well understood. Consequently, it has been necessary to further
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characterize the growth and film structure of these magnetic systems to explore the effect

of crystal structure on the magneto-transport properties for advanced applications. This

project was designed to develop a sputtering deposition system to grow and develop

epitaxial films, magnetic multilayers and spin-valves in a preferred orientation.

In conclusion, a sputtering deposition system has been successfully designed and

developed to grow epitaxial films. The following projects were carried out in this

dissertation:

(1) Surface topography ofdeposited metallicfilms (Nb, Cu, Co, and Py) using an atomic

force microscope (AFM) in tapping mode.

The AFM results revealed that except for Nb films, which grow with very smooth

surfaces (depending on the growth conditions), the rest of the materials (Cu, Co, and Py)

always have rough surfaces with islands of different sizes. In general, samples which

have been grown under similar conditions, displayed very similar AFM images.

(2) Measurement of crystallographic orientations and grain distributions in deposited

films using electron backscatter patterns (EBSP).

The EBSP results revealed that, at high temperature, all fcc materials (Cu, Co, and

Py) display two in—plane variants corresponding to two stacking sequences of {111}

fcc planes. Orientation maps revealed that the twin variants displayed a random

distribution, with no evidence of any particular morphological patterns. The average

variant sizes in films grown at elevated temperatures, as determined by the intercept

method, were found to be 4 to 6 pm. There was no correlation between the size and
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distribution of the twin variants in the EBSP orientation map and the size and

distribution of the islands in the AFM images. The relative areas of the twin variants

are similar in all materials (Cu, Co, Py) and ranged between 45% and 55%. Epitaxial

films of all three materials (Cu, Co, and Py) deposited at room temperature revealed

that they grow in small, coherent islands that do not coalesce. Epitaxial films grown

at room temperature therefore contain large numbers of grain boundaries, misfit

dislocations, and other types of defects.

(3) Evaluation of magneto-transport properties of sputter deposited epitaxial magnetic

films and spin-valves by using CPP-MR and magnetization measurements.

The important issues in studying the magneto-transport properties of single magnetic

films and spin-valves were growth temperature, deposition rates, type of buffer layer and

surface quality of the substrates. It was shown that the coercive field in epitaxial single

Py films deposited on Cu at 90°C is much larger than those grown on Cu at 350°C,

presumably due to the presence of a large number of dislocations and defects which

create strain in the deposited films. Growth of Py films on FeMn buffer layers resulted in

lower coercive fields, possibly as a result of a reduction of the density of dislocations.

Studies of the effect of deposition rate show that moderate Cu deposition rates resulted in

sharper switching from the parallel state to antiparallel state, with a wider range of the

antiparallel state up to higher fields. The EBSV sample deposited at a high Cu deposition

rate produced a significantly different MR loop and displayed slower switching from the

parallel to the antiparallel state and larger coercive field. The high coercivity was

suggestive of a large number of dislocations and defects in the spin-valve, producing

strain in this sample. The deposition substrate temperature was also an important factor
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in the fabrication of epitaxial spin-valves. It was observed that the Py (ferromagnetic)

layer adjacent to the FeMn (antiferromagnetic) in spin-valves deposited at a substrate

temperature of 90°C did not have a strong exchange coupling (pinning) to the FeMn layer

and the exchange-biased field weakened as spin-valve exposed to high magnetic field,

opposite to the easy axis. Magnetic anisotropy was observed in one symmetrical EBSV

which appeared to be related to existence of some oriented defects and strain induced

during sample preparation. There were two noticeable differences between the CPP-MR

hysteresis loops in the epitaxial and polycrystalline exchange-biased spin-valves with an

identical layer structure. The epitaxial samples exhibited fast switching from the parallel

to the antiparallel state for a small applied field while the antiparallel state plateau was

much flatter (higher resistance state remain up to larger magnetic field). The CPP-

resistance in the epitaxial sample (in parallel state) was almost twice that of a similar

polycrystalline spin-valve; however the values ofGMR were similar.
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FUTURE STUDIES:

Crystallographic Characterization: EBSP is a convenient and accurate

characterization technique for the determination of the orientation distribution in epitaxial

films. These orientation variants are distinguished by a change in the Kikuchi bands in

the patterns. As explained in the Chapter 4, the analysis of EBSP patterns from epitaxial

Cu, Co, and Py deposited at 90°C revealed that both variants coexist within the EBSP

interaction volume. However, in the films grown at room temperature the patterns were

unsolvable, and without consistent band indexing, it is impossible to fully characterize

the variant size and distribution. Therefore, different crystallographic characterization

techniques, such as TEM and HRTEM, are needed to study these samples to observe the

existence of small grains, as well as to study the interface roughness of these samples.

Magneto-transport characterization: The results of magneto-transport studies showed

that the second antiparallel state in the CPP-MR hysteresis loop was not established due

to distortion of the exchange-bias coupling (pinning) between the antiferromagnetic

(FeMn) layer and the adjacent ferromagnetic (Py) layer as sample was exposed to high

magnetic fields (at the second parallel-state). It was concluded that the growth of

epitaxial Py and FeMn at moderate temperature (90°C) did not allow a strong exchange

bias coupling between the ferromagnetic and antiferromagnetic layers. Similar behavior

was also seen in the standard and micron-sizes polycrystalline EBSVs. Therefore,

additional micro-size epitaxial spin-valve samples need to be fabricated at low

temperature (30°C > T > -30°C) to confirm the temperature dependence issue.
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