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Abstract

Brian Akira Collin8Synchrotron Xay Studies on Structural and Chemical Ordering
in Group I¥Based Magnetic Epitaxial Films

(Under the direction of Dr. Frank Tsui and Dr. Yong S. Chu)

In thisthesis, complementary synchrotrorray techniques have been used to study
compositional and epitaxial effects on structural and chemical ordering 4fa&Sed magnetic
semiconductor films and Heusler alloys;KoGe and C#InSi on the atomic scale. Combioadal
x-ray methods have been developed in this work to enhance the study of these materials. The study
of transition metal doping in Ge reveals that the stability of magnetic dopants can be enhanced
when two magnetic dopants (Mn and Co or Fe and Colised to reduce epitaxial strains and alter
energetics and kinetics of epitaxial growth, resulting in suppression of metallic precipitates and
significantly higher doping levels. Codoping is also shown to be responsible for an increase in
populations of sbstitutional states over those in films with a single dopant. The study also reveals
the strong interplay between dopant states and structural, magnetic, and electronic properties. In
CaMn,Ge films, epitaxial constraints are shown to play an importaé in stabilizing the Heusler
structure over a large region of chemical composition. Additionally, it is found that structural and
chemical ordering of these alloys are sensitive to the atomic ratio between Co and Mn and are
strongly affected by epitaal strains. Experiments and analysis of an anomalous diffraction
technigue have been developed in order to quantitatively probe structural and chemical disorders
that can contribute to the suppression of the half metallic state. These studies reve#t¢hat

primary defects occurring in these films are 1@ site swapping, as Co vacancies and Ge antisites



constitute secondary defects that depend strongly on composition and epitaxial constraints.
However, defects previously predicted to suppress the ingfallic state, specifically @dn

swapping and antisites, are not present. These findings demonstrate that compositional and
epitaxial effects can be used as viable means to control structure and magnetism on the atomic

scale.
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Chapter 1Introduction

1.1 Background

One of the most interestingspects of materials sciencg exploring the relationships and
interactions between structure, magnetism and electronic properties. Today much of our
information technology exploits ferromagnetic materials for information storage and uses electronic
charge in semiconductors for lagdrocessing. It is well known that electronic states carry both
electron charge and spin degrees of freedom, and the potential of utilizing the full spin dependent
states for information technology has long been sought afteThe study of magnetoelectronics
has been a subject where both degrees of freedom are used with one of the first breakthroughs
being thediscovery of giant magnetoresisice (GMRJ? In GMR, an electron traveling from one
ferromagnetic layer to an quositely polarized layer ixattered at the interface, causing
significanty more resistance than would be present in tlagers with parallel magnetization. With
this initial success making its way into mainstream technology used today, possibilitksrig the
manipulation of spin have resulted in a vast array of proposed novel devices like nonvolatile
memories such as magnetic RAM and logic devices like the spin valve or even reprogrammable logic
gates. Discovery of ferromagnetism in (GaMn)As and lelectron spin coherence length in GaAs
have given rise to the modern field of spintronics, which requires the control of spin coherence,
transport, and interactions®™® The aim of furhering information technology has long been to

create nonvolatile devices that enhance data storage, processing speeds and energy efficiency, and



the use of the electron spin degree of freedom could significantly enhance progress toward these

goals.

Sof NE GKS OdaNNByid (SOKy2f238 AyOfdzZRSa 2yt e
the Fe and Cr superlattices used in GMR hard drive read heads. Further advances in this field will
require similar breakthroughs in spintronics materials candidakas. example, with the limited
Eu &y

ool wheregy is the
8

spin polarization of the conduction electro(R.< 45%Ylefined byd = "
density of spin up electron statesraditional materials produce relatively small magnetoresistance
sigrals at roontemperature (~10%).Materials containing 100% spin polarizations, known as half
metals, could act as a spin filter, making spin injection, extraction, manipulation and processing
possible!®*? Numerous materialsystems have shown promise in exhibiting these noveperies,

but only a fewsuch adHeusler alloys, are systems suitafile integration into devices due tesues

of poor ordering at interfaces and low Curie temperatures affecting viability of other mat&tials.

The half metallic state, however, has not been realized in Heusler alloys due to outstanding issues of
structural and chemical ordering at the atomic level, such assgigeific chemical defects brought

on by deviations from stoichiometry and low deféatmation energies. Unfortunately, there exists

a lack of experimental techniques able to probe these defects, making progress on this front slow.

In this work, the influences of epitaxial constraints and composition on these defects in Heusler

alloys ae studied in detail through development of complementamay scattering techniques.

To realize information technologies that employ the electron spin degree of freedom, spin
coherence and manipulation must be achievable in semiconducting materialg.s€@niconductors
have a band structure allowing for large signal amplification seen in current transistor technology,
and many logic devices are based on these properties. With a ferromagnetic state in a

semiconductor, conduction electrons can spontandgymlarize resulting in high spin injection

f N



efficiencies into regular semiconductorsEven more revolutionary, spin field effect tisistors

could lead to reprogrammable logic gates if directly made from these magnetic semiconductor
materials® These deice concepts, however, cannot become a reality without these materials,
which themselves have many unresolved issues. Since they rely on incorporation of magnetic
elements well beyond solubility limits of the semiconducting host, phase separations and
precipitates become prevalent, causing breakdowns in both their magnetic and semiconducting
properties. Norequilibrium growth techniques such as molecular beam epitaxy (MBE), therefore,
have been used extensively in an attempt to resolve these issueseaedtly, it was shown that

the presence of multiple magnetic dopant species can help stabilize the semiconducting*fitatrix.

In this thesis, high quality single crystalline samples that contain two transition metal
elements and a group IV element (Ge or Si) were synthesized using molecular beam epitaxy (MBE)
techniques. Meinterplay of growth kinetics and energetiegploited in MBEllow for the synthesis
of materials containing specifically tailored propertteat are not exhibited in nature. Recent
development of combinatorial synthesis approaches show that syntbésisingle sample
O2y Gl AYyAy3a | fAYSINIeé& OKFy3IAay3a ANRPSGK LI NI YSGESNI
reproducibility over a study based on synthesis of numerous individual sarfiplesthis work,
parameters of epitaxial constraints and composition are varied systematically using the

combinatorial method.

Synchrotron xay scattering is well suited to satisfy the neafcan atomic level probe to
study the structural ordering of these materials and position sensitivity to successfully probe
combinatorial sarples. Nimerous diffraction and spectroscopic technigues have been developed
with the high brightness of a synchron x-ray source going well beyond the capabilities of table

top sources. In addition topay crystallography and powder diffraction for probing structural



ordering and defects, surface diffraction can probe strain states, interfaces, and disorders in
epitaxial thin film. The unique flexibility of xay energy tuneability in synchrotron radiation adds

local probe capalities and chemical sensitivity, while the high brightness allows for-pighision
composition measurements through spectroscagichniques. Using focusing optics, micron sized
x-ray beams are easily attainable, well within the requirements of studying a combinatorial sample.
Therefore, development of combinatorialray techniques designed to study and solve specific
structural ssues of these spintronics materials via growth in-eguilibrium environments of MBE

are the focus of this thesis.

In the sections that follow, the background of each topic outlined above are discussed in
detail. In Section 1.2 and 1.3, the historystafdy and specific issues pertaining to magnetic
semiconducting and halfmetallic materials, respectively, are described. Characteristics of
combinatorial molecular beam epitaxy are discussed in Section 1.4, whike dfiggnchrotron xay
probes ardaid out in Section 1.5. The chapter is concluded in Section 1.6 withthestudy of
spintronics materials and development of these techniques were combined in this thesis to advance
the physical understanding of structural and chemical ordering in matesiad their effect on

materials properties.

1.2 Magnetic Semiconductors

In the late 1980s and early 1990s, Ohno and coworkers began reporting successes in
realizing new properties in a class of materials known as doped magnetic semiconductors
(DMS¥*2% which exhibited a ferromagnetic state while retaining semiconducting electrical
properties. Using growth techniques based on molecular beam epitaxy (MBB),seficonductor

host lattice of InAs or GaAs was doped with the magnetic ion Mn utirsgy cation sites, causing

RNI YFEGAO OKFy3aSa (2 GKS YIFGSNRIf aQ-4atondicy a LJ2 NII =
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percent Mn doping, the ions are too far apart to interact with each other directly, yet in the case of
GaAs, ferromagnetic orderingas initially achieved with a magnetic ordering (Curie) temperature

(To) of 75K’ This and the nature of the experimentsosted that the magnetic ordering of the

dopants is mediated by the carriéfs By 2000, Die#t. al.had developed a successful model for
these materials, which described the magnetic properties arising from the electron exchange
interaction between itinerant carriers of the host and the localized spins from the Mn ddpants
CKA& a%SYSN)I Y2RSt¢ LINBRAOGSR GKFd FSNNRYF3IYySiAo
temperature with higher doping and carrier concentration, following farmulaT.=Cxp”®, whereC

is a proportionality constank is the magnetic doping concentration, apds the carrier

concentration Later that year, the groupdeby Ohno showed that ferromagnetic ordering in
(In,Mn)As could be controlled by changihg carrier concentration by an electric field usingatd

field effect structure’® The ability to reversibly alter magnetic progies in a semiconductor

opened enormous possibilities for new spintronics applications that included spin manipulation and

transport.

Although IHV semiconductors have become the paradigm of a successful DMS system, there
reman manychallenges to actualse in spirbased devicewhich are perhaps insurmountableTo
start, electricfield control of magnetism in (In,Mn)As has only been shown to occur at large fields
(with 125V biases) and at low temperatures (22Kn agreement with the Zener model, higher
doping levelsx) of Mn causes higheg,Tout Mn has a low solubility limit in semiconductors making
it difficult to increase Jabove room temperature. In (Ga,Mn)As, some success has been shown
GAGK ayQa KAIKSN) a2fdzoAftAdGeT K26SOSNE |G dp | 4@
band edge and the material becomes metalficuining the effect of electric field control of

magnetism.



More recently, stdy of [}V materials habeen revived after focusing on the atomic
ordering of the Mn dopants.Mn ions substituting in the latticdo more than contributing a
magnetic moment by also contributiram electron acceptor or hole, increasing the carrier
concentration p), yet measurements of these materials showed thax.?*> Collaborations
between experiment and theory revealed that the Mn acceptors were heavily compensated by
interstitial Mn double donors>?’ Even worse, interstitial Mn washown to diffuse rapidly in the
host during growth until it found an energetically mettable position near a substitutional Mn
dopant. There, it interacted anitferromagnetically reducing bo#nd p, and more inportantly,
ferromagnetic interaction® Low temperature MBE followelly low temperature annealing and
delta-doping are sme of the norequilibrium techniques demonstrated to be effective in increasing
the population of subtstutional Mn and drastically increasing both the carrier concentration and the
Currie temperature to E172K2#3! While ongoing work has not been successful in achieving
T>300K, it is clear that understanding structure, magnetism and electronic states in these materials

through atomic scale synthesis and characterization are of critical itaupce.

In the 2000s, research began turning to groufpdéed DMS with incorporation of Mn into
Ge and Si film¥3 Although IHV systems have advantageous optical properties for sensors or light
emitting diodes, group IV materials have long been the choice of the semiconductor industry,
making their incorporation into current teclotogy relatively easy. Park et. al. demonstrated
electric field control of MposGe gesat higher temperatures than (In,Mn)As and much more
reasonable 0.5V applied bids They even showed a linearly increasiggith Mn concentration.
Gebased DMS were also shown to have a higher rriagllator transition®® preserving the

possibility of increasing. @bove room temperaturavhile retaining the semiconducting properties.



Even with these initial successes, J@® . has subsequently proven difficult to study. Both
transport and magnetization studies have uncovered significant deviations from theory, calling into
question the applicability of the Zener model in these systéiS A new model involving magnetic
polarons and transport percolation of the spins has been developed as a competing theory that
better describes insulating materials?® However, structural studies of these materials have shown
that Mn incorpoates into the ltice inhomogeneusly and even forms M@Ge, precipitates;*°
making it difficult b test these theories. t&hdard pwder diffraction methods used exclusively in
early studies cannot detect the nanometer sized precipitéiesause they have limited sensitiyjity
but due to their ferromagnetic nature, the presence of precipitates interferes with the study of
ferromagneticorigins in the DMS and potentially its use in spintronics applications. Moreover, these
disorders act as sinks for the dopants, reducing the amount of those active in the ¥hetiix
lowering the possibility of true ferromagnetic ordering and spin transport in these materials. This is

not surprising considering the doping concentrations used here that are far above dapahility

levels as well as the large lattice strains such doping causes.

Low temperature growth and low temperature annealing have been shown to limit

formation of the precipitates®®>4*°

Recent studies of Ge have shown that the use of codopants
can also relieve lattice strains if chosen based on their covalent bond lengths as well as promote
dopant stability by altering growth kineti¢&***’ Furthermore, studies in magnetic oxides suggest
two dopants could alter dopant energetics to allow for homogeneous dispersal into the

matrix.*®Utilizing norequilibrium growth conditions, MBE is well suited to study these effects in

detail. Therefore, the kinetic and energetic effects of codoping is studied thoroughly in this thesis.



1.3 Halfmetallic Materials

The second class of materialsidied in this work is a promising candidate for realizing a
halfmetal, with fully spin polarized states at the Fermi level. In 1983, de @toal calculated the
spinresolved band structure of the Heusler alloy NiMnSb and found that while the magprity
density of states looked like a normal metal, the minority density of states was insufatifese
ferromagnetic materials areery different than that of normal ferromagnets like Fe or Ni, who
simply have an imbalance of states at the Fermi level in their two metallic spin bands as shown in

Figurel-1.

Insulator Ferromagnet Half Metal
E E E
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Figure 1-1: Spinresolved density of electron states in various material phases. Light colored states are
empty and dark ones are filled.

Although theorists predicted the existence of the haltallic state in numerous Heusler
alloys®® this phenomenon has not been demonstrated experimentally in these systems. In the
mean time, two other compounds showed evidence of being half metals; &r@®double
perovskites such as 4.8 -MnO; (LSMO). Usingarious techniques such as spasolved

A*5! and point contact Andreev reflection (PCARSjthese materials exhibited

photoemissio
many of the novel halfmetallic characteristics at low temperatures. Particularly,Hasdndeed
been confirmed to have a puspin populatim at the Fermi level at liquideium temperatures*>°

however, all subsequent attempts to make sipased devices like MTJs failed, showing little to no

magnetoresistance**® It is thought that the unstable surface of the material completely scatters



the spin polarization, making it difficult for device applicatiGri& Conversely, a small minority spin

band exists in LSMO at the Fermi level, destrgyis half metallic statdqut nevertheless the low
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constructed using this material have shown magnetoresistancas astounding 1800% at liquid

helium temperatures, but the effect is lost at room temperattite Unfortunately, both of these

materials may never make useful devices. Theories base on independent spin bands are accurate

only at¢ ¥ @when magnetic interactions to align spins are significantly stronger than thermal

fluctuations®. Both of thesenaterials systems have@a 2y f & y2YAylLffte& F0623S N
(386K for Creand 350K for LSMO) and therefore have their novel properties severely degraded in

these conditions.

By contrast, the Heusler alloyshav®@® ¢ St f | 0 2 @S *°alB, thatefaieS Y LIS NI (i dzN
have much more potential for uses in sfiiased devices. They are also more stable than other
materials such as CsQvhich slowly breaks down in both air and UHV conditiohJhis allows for
the easy growth of epitaxial heterostructureshich aretypically required for devices. Moreover,
the large variety of Heusler alloys afford real possibilities of finding an ideal material that can easily
be probed for the new physical properties they promise as well as be utilized in new technahogies
a straightforward manner. Heusler alloys have been shown to form robuystru2tures, following
an intermetallic chemical formula oE,BC where A and B are magnetic elements and C is a group I
or IV element® Particularly CsMnGe and CMnSi have enjoyed the most inter&$t*dueto their
extremely high Curieemperatures of 905K and 985K respectiv&lifheir relatively large gap of
~0.5eV and 0.8eV, respectively also suggests a more robushbdflic state® In fact recent work
has shown that these materials are excellent for use in MTJs. In late 2008, Tetunaégi

demonstrated tunneling through a fully epitaxial MgO barrier, which produced 217% MR at room



temperature usingCaMnSi as an electrod® Furthermore, a group from Hitachi has recently

published the first successful incorporation of these alloys in hard drive read fitads

In terms of their haWmetallic nature, Heusler alloys still have yet to show direct evidence of
100% spirpolarized transport. In fact, the most direct measurement of quofarization, PCARS,
has only reported a spin polarization of ~5&%Numerous xay and neutron based studies have
revealed the presence of structural and chemical disorders in these mat&fial$heoretical
calcdations have suggested that a small amount of specific disorders in these materials can create
minority statesto appear at the Fermi levedpecifically elemental site swapping or antisites that
disrupt local bonding arrangment$.However, samples studied for their structure have been grown
via methods with little to no control over the thermodynamics of the proceash asnagnetron
sputtering or the Czochralski technique (used in growing Si single crystals from the melt). Creating a
stoichiometrically accurate sample has also proven difficult with standard deposition techniques.
Therefore, composition is thought to potentially béaage influence on these disorders. These
difficulties open the question of whether combinatorial MBE with its nonequilibrium growth
capabilities and linear composition profiles can be used to systematically study stoichiometric
effects and alter the kinics and energetics of growth to control these defects in Heusler alloys and

fulfill the original prediction of halmetallicity.

1.4 MBE Synthesis

Ever since its initial development in the 197Bmolecular beam epitaxy (MBE) has been at
the forefront of the quest to control materials properties, understand the physics of nonequilibrium
materials synthesis and create nanoscale heterostriegwith ordering on the atomic level. Using
highly controlled and purified atomic or molecular sources in clean,-hitth vacuum

environments, MBE has demonstrated its ability to control synthesis of a wide range of materials

10



from amorphous to singlergstalline. Surface energetics and kinetics as well as forces such as
epitaxial strain are controlled through deposition conditions, chemical environments and substrates
of various crystallographic structure, size and orientation. These nonequilibrinditioms make
GFAE2NAY 33 + YFGSNRFTQa OKSYAOIt X &aidNUzOGdzNT t =
the potential for new technologies and allowing for the development of a more accurate physical

description of solid state physics.

There tas been a great deal of MBE research undertaken to explore quantum interactions
and materials properties arising from new structural and chemical environments unseen in nature,
including the spintronics materials of interest in this thesis. Material€sysDf this nature are at a
state where physics theory and experiment have yet to fully merge, but these nates stf matter
can be fragilerelying on the nonequilibrium growth capabilities possessed by MBE. On this front,
there are definite uncertaities as to the full capabilities of epitaxial techniques. Creating local
environments to counter thermodynamic behavior during crystal growth can only do so much, and
because these effects occur on the atomic scale, it becomes necessary to use prolags that
sensitive to both local atomic structure and have statistical capabilities to sense global fluctuations
in structure on a macroscopic level. To ascertain the physical origin of novel materials properties

such as the examples above, thorough structimaestigations of these materials are required.

Recently, combinatorial techniques have been developed for this materials synthesis
method® Since MBE involves careful control of numerous growth parameters it is also a complex
and timeconsuming process. To carry out a systematic study on effects of a particular growth
parameter requires numerous samples to be grown aharacterized if standard practices involving
individual samples are utilized, making such a study tedious. Furthermordinean effects of

varying growth conditions in MBE can cause small, potentially undesired variations in these

11
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experimental result. In combinatorial MBE, continuous variation of a particular growth parameter
such as thickness, composition, or strain can be established across one sathpnadramatically
enhance the speed to probe a larger parameter space and the ability to resolve abrupt transitions.
The varied growth parameter can also be well isolated as other growth conditions are guaranteed to
be identical at each point on the sghe. Thereforecombinatorial techniques developed for this
synthesis method were utilized to explore spintronic materials candidates and potentially control
their properties via norequilibrium growth to address issues related to their structural and

chemical ordering.

1.5 Synchrotron XRay Techniques

While epitaxial techniques are capable of producing materials and heterostructures with

atomic precision, studying these materials on the atomic scale is still challenging. Many studies past

and present havesed the powerful methods of reflection high electron diffraction (RHEED) or
scanning probe microscopy (SPM). These are excellent methods to probe the dindatig
whereas by and large much of the bdike information beneath the surface can onlyibérred

from the measurements. -Kays, with their relatively weaker interactions and deeper penetration,

offer a variety of powerful tools to probe bulk, surface, and interfacial properties of films.

Crosssectional transmission electron microscofffe(M) is another commonly used method,
but the difficulty of sample preparation and its destructive nature often make it undesirable and are
intrinsically incompatible with large numbers of samples. Like RHEED or any elegashprobes,
TEM has the addkecomplication of large dynamic effects such as multiple or inelastic scattering,
making results more difficult to interpret. In contrasttay scattering techniques are nen

destructive and require relatively fie sample preparation. yhamic effects ge negligible,

12
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especally for thin samples, thus allng the use of simple kinematical models for quantitative

analysis.

Standard xay diffraction techniques have been around for decades and are excellent at
probing the basic crystal structure of an epital material. This technique probes reciprocal space,
which through a Fourier transform, involves a vast average of the structure over the entire
illuminated portion of the sample. Thus, one point in reciprocal spacesedae monitored to be
sensitive to global changeof structure in the crystay characteristic extremely amenable to
development of combinatorial probe techniques. Wfitigher intensity of the beam, synchrotron
radiation has made studies of crystal surfaemd interfacepossible. The analysis of crystal
truncation rods (CTR) in reciprocal space adlfaw probing the quality of epitaxially grown materials
FYR KSGSNRaGNHZOGdz2NSE YR Aa dzaASR Ay GKAA 62N] | ¢
strain down to 0.003%" Spectroscopic techniques such asy fluorescence spectroscopy (XRF), in
particular when used together with microbeam, also rely on the high brilliance in probing a
al YL SQa O2YLl2aailAa 2 ygstudies & cokhpoditicdepaNderd maiekia? y = Y I 1 A Y
properties achievable. Furthermore, the eneitgyning ability of synchrotron radiation makes
possible thestudy of extended xay absorption fine structure (EXAFS). This technique utilizes
photo-electrons from absorbing atoms in a material to interact with neighbors and provide
information on the local atomic structure and has been used to explore dopatetsséad structures
in DMS materials in this thesis. Using combined information of diffraction and absorption,
anomalous diffraction has high sensitivity to s#fgecific chemical ordering in a crystal. Typically
there isvery low contrast inxay scatering between various elements due to its dependence on
the slowly varying atomic number Z. Near a resonance, however, scattering becomes dominated by

elementspecific absorption effects. Therefore, methods based on this technique are developed

13



and shown to successfully quantify specific elemental disorders in Heusler alloys studied in this

work.

1.6 Investigation of Atomic Scale Structural and Chemical Ordering

This thesis work investigates compositional and epitaxial effects on the structural and
chemicalordering in novel group Mdased magnetic materials grown by combinatorial molecular
beam epitaxy. To accomplish this, a numbesyichrotronx-ray techniques are utilized and
expanded to encompass the combinatorial method. Numerous procedures arogedeand
technigues altered in this thesis to successfully probe these complex samples in a systematic
fashion. With DMS materigla systematic study of codoping effects of two magnetic elemefs
and Mn or Co and Fein Gehas been completed to exaine dopant states and interaction at the
atomic level. Altered kinetics epitaxialgrowth is demonstrated with the incorporation of a
codopantto impedediffusion channels. It is further shown that the egetics of their growth has
beenchangedn the new chemical environmensuppressing the formation ahetallicprecipitates
and stabilizing dopant dilution into the matr@& much higher doping levelomplementaryx-ray
technigues of bottbulkand local atomic probes have beased to explore theffect of codoping

on dopant states in an effort to understand and control their formation

Effects ofnon-equilibrium growth andstoichiometryhave also been studiesh the epitaxial
ordering of C@Mn,Ge and CeMn,Sj systemsresulting in ternary epitdal phase libraries of these
materials systems. deusing on epitaxial films at and around the Heusler compositiégmshown
that nonequilibrium conditions of MBE can stabilize the growth of the Heusler structure in a large
region ofcompositionalphase space even in the presencepitaxialstrains. The general ordering
of these materials has also been found to depend highly on strain states, composition, and growth

temperature. Additionally, thebjective of measuring elemental and sipecift defects in an

14



epitaxial film is achieved by fully exploring tsynchrotronbased technige of anomalous

diffraction for its ability to avoid elementalcontrast limitations of traditional xay techniques. The
development of a fulbpectrum analysis ethod of anomalous diffraction is showm quantitatively
probe a large array of atomic disorders such as antisites, elerhgiteaswapping and vacancies
occurring in an epitaxial thin film. This technique reveals that the main atomic disorder in &pitaxi
CoMnGe is MRGe swapping, with little to no Mo swapping present as has recently been
suspected This thesis work thus develops a new synergy between the advancement of MBE
capabilities and synchrotrorrnay based techniques to study hew materiatglaatomic phenomena

within them.

The thesis is organized as follows. Combinatorial synthesis techniqséts,
characterization methods, and sample preparation are discussed in Chapter 2. Chapter 3 covers
primary synchrotron xay techniques and analigsmethods used in this thesis, including the
development of anomalous diffraction theory and combinatoriahy methods. The study of
codoping in Gdased DMS materials and the study of Si and Ge Heusler are respectively presented

in Chapters 4 and 5The thesis is summarized in Chapter 6.
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Chapter 2Samples

In this work, the samples were grown using advanced combinatorial molecular beam epitaxy
(MBE) techniques. Due to its atomic scale deposition and its highly developed nonequilibrium
environments, this method is ideal for synthesis of the materials studisere crystallographic
ordering is critical for the physical properties of interest. Through the use of combinatorial
methods, a composition gradient is produced on a single sample, allowing for the study of
compositional effects on these physical profes while holding all other crystal growth conditions
constant. Furthermore, MBE is well suited to allow for monitoring of material quality and crystal
ordering via electron diffraction techniques, providiimgsitustructural analysis for most samplel
the following sections, a detailed description of the materials synthesis and initial characterization
process is described as well as sample processing techniques required to conduct the numerous

complementaryex situexperiments for a detailed explori A 2y 2F GKS YIFGSNAFEf&aQ 1

1.1 Materials Synthesis

The amples studied in this work were grown using advanced combinatorial MBE techniques
in the Tsui laboratory by Dr. Liang He, who also performesitumeasurements including real time
electron dffraction discussed later. Sample synthesis involved a meticulous set of processing
parameters to ensure the highest quality of materials synthesis and repeatable results. Ge and GaAs
(001) and (111) oriented substrates used were-800 microns thick i < 1° miscut.Each wafer
was cleaved along the [110] direction into ~10x10 mm pieces, using a scriber and subsequently

sonicated for 1615 minutes in each trichloroethylene (TCE), acetone, and 100% ethyl alcohol



solvents to remove any particulate or @gic matter on the surfaceUnder a hepafilter clean hood,

the substrates were immediately attached to a molybdenum sample holder with leaf spring clamps
and placed in the UHV MBE chamber. The substrate was then annealed at 700°C for 30 minutes to
further clean the surface and remove surface oxides before deposition. To provide an atomically
smooth surface for crystal growth, a Ge buffer layer was grown, burying any surface defects or
remaining impurities. These layers were grown in cycles where appatedy 30A were deposited

at 300°C and then annealed at 700°C for 15 minutes. Typical substrates ddtjuse of these

cycles until electron diffraction confirmed an atomically flat surface and a-lay&ayer growth

mode.

Figure2-1 shows the components of the MBE growth chamber used to create the epitaxial
thin film. Elemental sources are situated on the chamber bottom with the sample and monitoring
devices orthe top. Low melting point materials are heated via effusion cells, which utilize tungsten
filaments to radiatively heat boron nitride crucibles containing the material to be evaporated. High
current electron beam hearths {8keV) are used to directlyriite high melting point materials
inside watercooled Cu crucibles. For each of these methods, the power applied controls the atomic
flux. Each of the four effusion cells or four electron beam hearths has a comgungolled
pneumatic shutter to blockhe port of a liquid Mshroud. Facing down, the substrate is fixed to-a 6
axis manipulator and temperature controller. The manipulator and stepper motor masks are used
to create the composition gradient across the sample for combinatorial sample<tusaiu
evolution of the films is characterized by ra@he scanning reflection higanergy electron
diffraction (RHEED) imaging system, which includes a 30keV electron gun reflecting off the sample
surface into a phosphor screen and recorded via a CCBreand residual gas analyzer, Quartz
crystal monitors, and atomic absorption spectroscopy (AAS) are used to monitor and control

deposition of each element* LabViewbased software developefdr this system is used to
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automate deposition control, while simultaneously controlling sample and mask manipulation and

RHEED imaging.

Atomic Absorption

Sample
RHEED Phosphorescent Manipulator o Spectrometer
Screen and CCD /Heaterl

Lo

Quartz Crystal
R Monitor

‘\'\ Scanning

RHEED Gun
\ Residual
Gas Analyzer

Computer
Controlled Masks

Cathode Lamps m=p- 't

Laqwd N, Shroud
Pneumatic

Shutter "=

Jd & ﬁ'ﬁ
y - I
; E-Beam Hearth
Effusion Cell Video Camera
Figure2-1. Schematic diagram of the combinatorial molecular beapitaxy growth system. (Excerpt from

Ref 13)

With all of the careful preparation, controlled deposition conditions ansitin
characteization, the production of each sample requigeong, painstaking process. Therefore, it
can be extremely difficult and timeonsuming to produce identical growth conditions for numerous
samples. Still, most material studies involvingpositional evolution are completed through
studying a series of individual samples. In this case, four or five samples are typically the maximum

utilized in a given study, and because phase discontinuities are expected, studying the atomic
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mechanisms inslved in the evolution of important materials properties becomes challenging. Since
this work is based on the study of compositional effects on atomic level ordering, the recently
developed combinatorial approath is critical for its success. This approach involves deposition
under a constant atomic flux ville computer controlled shadow masks move across the substrate to
deposit submonolayer wedges of material in a multilayer fashion. This results in linear composition
profiles across the sample. Through this method, identical growth conditions are geaddiot

each composition studied, and structural phase transitions can be probed under small compositional
variations. All that isthen required isa position sensitive probe to investigate the resulting sample,

something for which a synchrotronray micoprobe is well suited.

Film

Figure2-2: Schematic for depositing combinatorial samples. (a) Binary sample with a composition gradient.
Pads are deposited to correlate complementary measurements. (b) Triangular mask movements for creating
a ternary combinatorial sample (excerpt from ReferenBg Actual movement is along the axis of the white
arrow, each edge creating a composition gradient along appropriate dimts. (c) Schematic of a ternary
sample showing the multilayer deposition profile.
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Figure2-2 shows examples of combinatorial samples synthesized for this worke tBac
buffer has been deposited, the mask creates a linear composition profile approximately 1 cm across
the length of the substrate. The mask is typically 3 mm from and parallel to the surface, minimizing
shadow edge broadeningzigure2-2(a) is a typical deposition profile of a binary sample resulting in
a constant concentration of metal dopants relative to the semiconductor material with the relative
concentration of the dopat species linearly varied from Mn to Co. This monolayer wedge approach
is similar in nature to digital alloyiffjor delta doping*°techniques and are deposited in individual
stages for each element. In the example provided, the metallic dopant species are kept separated
by the semiconductor host via a foatage ABAC multilayer scheme. It is important to note,
however, that due to termal diffusion and the submonolayer thickness of the layers, complete
elemental mixing occurs in the growth direction.-gdiane the composition gradient is too small at
F LILINBEAYLFGStEe m Fdd2kmnn>Y G2 0S8 | Rpadsofabigh o é
contrast species are deposited at each end of the sample profile to ensure precise correlation of
position for the large number of complementary studies to be performed. -2 cap layer of the

most stable species (typically Ge) is deiped at the surface to protect the sample from

environmental effects of the atmosphere.

Figure2-2 (b) and (c) depict the deposition method and resulting profile wfraary sample,
which was used in this work for the study of the full compositional phase diagram of ternary alloys.
Here, three composition profiles each 60° apart are deposited by the edges of a triangular sample
mask. Figure2-2 (b) shows this threetep process by which the mask travels along one axis during
deposition of all three profiles. Higprecision video equipment (shown at the bottomFifure2-1)
and software are used to program the automated sample manipulator and mask movements,

reducing the potential for operator error in this 30+ hour process.
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1.2 Reflection HighEnergy Electron Diffraction

RHEED was used to probe structural qualities and morphology at the surface during
growth.* In the MBE camber, a Staib 30keV coherent electron gun and electromagnetic scanning
coil assembly produce a collimated 50um diameter electron beam directed at the sample. The
grazing angle of incidence of2Zldegrees results in a penetration of and a diffraction patt
sensitive to only the outermost atomic layers of the sample. A phosphor screen and CCD imaging
system developed by kSA Associates record the diffraction pattern at the other side of the chamber.
These patterns are monitored during growth and aftemgbetion of final deposition or annealing at

each composition on the sample via the scanning coil assembly.

Truncation Rods

Diffracted
Electrons

Direct Beam

Surface Atoms

Figure2-3: Diagram of how RHEED patterns are created. Diffraction from a plane of atoms creates rods in
reciprocal space. Where rods intercept the Ewald sphere (radius determined by the elastic waveugctor
diffracted electrons are produced. For clarity, ontile rods creating the measured pattern are shown,
producing an arc of points on the screen. Black labels are objects in reciprocal space, while blue represents
those in real (lab) space.

In grazing incidence, the forward scattered electrons are maialstieland the Laue
diffraction condition holds. This condition is met when an incident wavevéci®diffracted where
the Ewald sphere of radidsintersects a Bragg reflection in reciprocal space. As noted in Chapter

1, diffraction involves structal averages over the entire illuminated portion of the sample. For
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RHEED, therefore, reciprocal space is populated by a 2D grid of Bragg reflections in the form of rods
as seen iFigure2-3 resulting from a Fourier transform of the 2D surface atoms illuminated by the
electron beam. These rods intersect the Ewald sphere in many places. However, due to the long
working distance of the phosphor screen and the largal8 sphere relative to the rod spacing

(k~35x the rod spacing), only one or two rows of rods typically diffract into the detector, creating a
streaky circle of points including the direct electron beam spot as can be sé&juire2-3. The

diffraction mechanism is discussed in more detaiHejfor RHEED as well as in Chapter 3 fiaryx

scattering.

Basic characteristics of the crystal can be obtained from the RHEED patterns assuming such
a perfect plane of atoms. The intensity of the spots is proportional to the number of atoms
contributing to the reflection. Scattering from strayomsor surface defects will interfere
destructively and reduce this intensity. The spacing of the reciprocal lattice of rods are related to
the direct lattice spacing of a cubic crystalNdy H ,"wkeRer is the rod spacing andlis the inplane
direct lattice spacing®™* The inplane width of these spots is inversely proportional to the
coherence length of the atomically flat area on the crystal surfaognimized when surface
coherence is larger than the coherence of the beam which, in the case of the beam produced here,

is on the or@r of several hundred angstroms.

With a miscut of less than 1° on the substrates used in this work, the resulting atomic
terraces are larger than that of the electron beam coherence, so the surface seems like a perfect 2D
monolayer of atoms. Deposition afmaterial with extremely high crystal quality can exhibit the
LI GGSNYya RSAONAROSR | 02@S |FgRe2X@). Asopronyinentia WH 5 I N
thesepatterns is the existence of the 2x1 surface reconstruction, which is exhibited as a halving of

the period between the rods. In fact, with such a high quality surface, this pattern can experience
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intensity oscillations witldeposition as each monolayer formed, decreasing intensity by

disruptions from the increasing number aflatomsfollowed by restoration of intensity with the

completion of the layer. Thedplane width also exhibits these oscillations but with a 180° phase

relative to the intensitydue to a reduction of coherent diffraction during monolayer assembly.
CKS&aS WwWwl 995 2 3aOA f -byHajiek goyith &nd arddBnsideked ty Be th2 Fallnfatk & S NJ

of the highest quality of epitaxial growth achievabfé®

(a)2D (b) Quasi-2D
(c) Quasi-3D (d)3D

Figure2-4: RHEED patterns of the four classes of surface considered to be epitaxial with the direct beam on
top (sample surface points down). (a) 2D reflection pattern with a ring of spots concentric with the direct
beam at the top.(b) Quasi2D pattern where spots are still roughly on an arc, but are elongated along
increasingly intense streaks. (c) Qu#iD pattern where the streaks begin to fade in favor of the 3D lattice
but are still elongated. (d) 3D transmission pattern with lattice of Bragg diffraction spots as in a bulk
crystal.

If defects cause the surface crystal coherence to be reduced to length scales similar to those
of the electron beam coherence, the RHEED pattern will become somewhat disrupted. The rods will

thicken due to shorter coherence and the pattern will become streakier, while spots will elongate
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along the streaksFigure2-46 6 0 & K2ga |y S EdSr@sndwi the spoksktll Wv dzl & A
largely along the arc. The resulting film is still very highly ordered but will clearly have a higher RMS
surface roughness. In less ideal growth modes, patches of the surface may grow preferentially

causing islands to form.h& interplay between surface energy and bulk strain is a very delicate

balance, which can often tip either way depending on locality and plays a large role in the formation

of these islands. This shows up in RHEED patterns as a modulating of the reidyiftéma more

familiar bulk diffraction pattern as seenigure2-46 O 0 ® COKGACH LW VidaISENgS A & Ol dza
electrons transmitted through the first atomic lelyand interacting with buried layers and is

associated with the loss of the surface reconstruction pattern. A qualitative boundary can be

determined between smooth and rough growth by location of intensity peaks along the streaks with

a careful choice dhcident angle that places the 2D specular reflected beam at theBmatjg

position (between to Bragg reflections in the 3D pattern).

In the final stage, shown irigure2-4 (d), the islands become more mountainous, exposing
multiple facets of the crystal. HIs 3D growth mode has a high roughndas to high epitaxial
strains or chemical instabilitiesThe electrons are able to fully penetrate these nanocrystal surface
structures, causing a bulk diffraction pattern consisting of a lattice of circular spots. When the
strains and instabilities are too great, the epitaxial film breaks down either iptuyacrystalline or
amorphous material. At this point the RHEED patterns will become numerous concentric circles
(powder pattern) or no pattern, respectively (not shown). The film is thus considered disordered
and the novel properties under investigatiane often lost or impossible to study in a systematic

fashion.

Using these qualitative classifications and quantitative parameters of relative peak

intensities, spacings and widths, the structural qualities of a uniform or binary sample are
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investigatedduring the growth process. However, some limitations of this technique result in the
need for further investigations using complementary techniques suckrag scattering studies at

the root of this thesis. For exampleybeing at a grazing angle atelectron beam footprint covers

a large portion of the sample, and therefore RHEED lacks the compositional resolution to analyze
the structural qualities of a ternary sample. Additionally, the electron beam is highly influenced by
electromagnetic fieldpresent along the scattering path. With these fields emanating from
electronbeam hearths of the sources below and the resistive heating elements present just behind
the substrate, the diffraction patterns are susceptible to distortions, making impodsiite

precision guantitative analysis of various features. Finally, the surface sensitivity of RHEED is
advantageous for monitoring the growth front during deposition, but cannot be used to probe bulk
structural changes in the crystal occurring afterwgedy. annealing). By contrast, the micrsized

spot of the xray beam used as well as its highgle diffraction geometry produce relatively small
sample footprints. Furthermore;pays are not affected by electromagnetic fields and have much
larger peretration depths allowing for bulk measurements of the film.thWheir lower scattering
crosssection, single scattering events are more probable, allowing for kinematical models to

represent data in a more quantitative way.

1.3 Sample Preparation

Althoughpads were very effective in locating compositions on the-dimeensional binary
samples, locating compositions on a ternary sample presented a much deeper challenge. Therefore
once these samples were removed from the growth chamber system, a seriessésmere drawn
near the sample edgegigure2-5) for 2dimensional position correlation @x situmeasurements.

The sample was mounted on an xyz micrometer stagjagulowtack doublesided tape. A diamond
scribe was positioned just above the sample surface and gradually lowered (~0.5 micron steps)

between perturbations of the iplane XY A ONR YSGSNI 6 nEdmnnYAONRY &0 ®

30



observe a visible scrdion the sample surface indicating a proper height of the diamond scribe. An
approximately 608600micron cross with arms ZD microns wide was then drawn ontbé sample

at this height. Between 6 arftD crosses were scribed onto each ternary samplesas sW\Figure

2-5, allowing ample points for triangulation of compositional positions of interest. These crosses
were easily imaged by the complementay situtechniques available to the laboratory including
scanning probe microscopy, ladessed studies, and thenay studies discussed in this work. The

imaging techniques and triangulation analysis is discussed in the next chapter.

Visibletlight

,!

b

Scanning Probe Optical

Cross #4 (5.575, 0.099)
A = £0.002

Figure2-5: Visibility of crosses scribed onto the surface of a ternary sample to precisely triangulate sample
position and therefore composition between a large variety of measurement techniques. The visible light
photograph is taken ngt to a straight edge with millimeter markings and centimeter labels.-ra¢ data
depicts the process of locating the precise center of the cross within a few miciesgual to the typical
footprint of the x-ray beam.

Other sample processing applied priorx-ray studies involved cutting binary samples for
multiple experiments. For this, the sample was fixed to a cutting stage coated with resin liquefied at

80°C. Once hardened from cooling, the binary samples were cut by a diamond rotary saw-into 1.5
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2mm strips along the composition gradient resulting 18 Rieces. The samples were then removed

by sonication in acetone and then further cleaned using multiple solvents. The pieces could then be
simultaneously probed using complentary techniques. Avider samplewas particularly

important for xray studies sincepitaxial strain from the film was measured to twist the substrate

in pieces thinner than 1mm. Before and after use-mayxstudies, each sample was again cleaned

by sonication cycles in acetone to remove any contaminants built up during the transitgsrto

the synchrotron.
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Chapter 3X-ray Techniques and Theory

All of the primary experimental studies completed in this work were conduatelde
Advanced Photon Source (APS) in Argonne National Laboratory, using scattesirdjfftaction
and spectroscopic techniques. Because of its high brightness and continuous energy tuneability,
synchrotron radiation is ideal for studying the combiordal epitaxial films produced by MBE. The
small volume of material to be studied is made smaller with position sensitivity requirements of a
composition gradient across the sample. The high brightness of the Advanced Photon Source made
it possible to poduce a small focused beam with sufficiently high flux density, providing the position
sensitivity required to probe individual compositions. In additieraykabsorption characteristics of
constituent elements are windows into the local atomic interas within these materials, that can
help uncover structural, electronic and magnetic properties and their underlying atomic
mechanisms. The energy tuneability of the synchrotron source allows for a variety of element
specific probes through spectroscopiethods. In the sections below, the synchrotioased
experimental methods used and developed in this work on epitaxial materials are discussed in

detail.

3.1Experimental Setup

3.1a:Source Parameters

At the APS, electrons are boosted to 7GeV with a curreh®0mA along a circular
trajectory in its 1104m circumference storage ring. Due to this centripetal acceleration at relativistic

speeds, the electrons emit synchrotron radiation which is collimated in the forward direction



tangent to the trajectory with alivergence of gz,  1/7 = 73 1¢X2 Most of the techniques used
in this work were carried out at the-BM bending magnet beamline of the APS. In a bending
magnet, radiation is produced by a single dipole magnet to deflect electrons into the hatizon
circular trajectory, producing photons linearly polarized parallel to the orbital plane. With the 0.6
Tesla magnet, maximum photon flux occurs at the critical photon energy of 19.5keV, but for this
work, photons in the energy range ofl@keV were usg due to the constituent elements of the
materials studied. A few studies were conducted at #i&:D and 2ID-E undulator beamlines, in
which xrays are produced by forcing the electrons into a sinusoidal path via periodic permanent
magnets. Both bearmés utilize APS undulator A with a period of 3.3cm and length of 2.4m,
consisting of 72 sinusoidal periods. Theays produced by each of the undulations are coherently
added to produce a smallerray source size and divergence compared with a bendiagret,
resulting in up to 3 orders of magnitude higher maximum beam brightness
[photons/(ginm*@nradf®.1% energy bandwidth)]. A moredepth discussion of the synchrotron

and the source parameters can be found in Referehce

3.1b:Beamline Components

Althoughthe undulator beamlines were used intermittently for fast data acquisition of some
of the more standardized techniques such amx fluorescence spectroscopy for composition
characterization (see section 3.3a)B®1 was used for the entire array ofay experiments
completed in this work. Due to the complex nature of the samples studied, numerous constraints
on the methodology of everelatively simple techniques required the buildup of specialized
capabilities, so this work required a primary beamline where the equipment could remain relatively
permanent. Also, the measurements were typically not limited by theflux but rather darge
overhead of multiple motor motions and detector hastlakes. A combinatorial sample requires

multiple scans to be taken at up to thousands of positions on the sample to map out compositional
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dependence of materials properties, causing these ovedsesnd reducing the advantage of a high
flux beamline. Furthermore, the need for development @y combinatorial techniques

benefitted from a close collaboration with scientists at the APS, which allowed for a typidaly12
continuous run at this beatme. Therefore, development of experimental techniques specific to the
needs of this thesis work and optimized instrumentation resulted in a higher efficiency of data

collection compared with the other available beamlines.

At the 2BM beamline, the xay beam was first conditioned via a series @&y optics for
use in this work. From the source, tivbhite xray beam is reflected from @rcoatedharmonic
rejection xray mirror, which serves as a low energy filter. With a fixed incident angle ofl€dl5
this mirror provides a cubff energy of 2keV. The beam is further conditioned by a Si(111)
double-bounced crystal monochromatdDCM), resulting in a monochromatigays with a typical
energy bandwidth of dE/E~1& Watercooling is sufficienfior the APS bending magnet crystal
monochromators. However, liquid nitrogen crgooling is needed for the monochromator at an

undulator beamline.

Figure3-1 shows the apparatus in the experiment hutch, 48m from the source. Precision
Kdzil OK afAida 6A0GK SyO2RSNI NBaztdziazy 2F u>Y | NB
focusing by grazing incidence totaiflection mirrors in KirkpatricBaez (KB) gecetry.? Using
elliptical bending, these mirrors focus the beam horizontally and vertically to miirenspots
without chromatic aberation. The bending curve applied here uses the method developed by B.
Yang et al in 199%which employs two bending points to a Rh tSi crystal mirror whose
trapezoidal shape allows for an approximate elliptical bending moment. The microfocusing KB
mirrors at 2BM were designed to provide a long working distance up to ~0.5m and, therefore,

reduce incident beam divergence on the gaeand allow for high resolution diffraction
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capabilities. The horizontal and vertical mirrors are 20cm and 10cm long, respectively, accepting

approximately 0.8 x 0.4 mm beam size at a nominal incident angle of 4mrad. With these

parameters,thexaybd ¥ gl a F20dzaSR (2 | (& LA Okayflixbd2 i aAl

w

about10LIK2 G2y akaSO i mnop|1S+ o C2NJ 6KS O2YoAyl (21
of the composition spread, smaller than the compositional gradient present in thpleamThe KB
YANNRBNEQ F20dzAaAy3 LINBLISNI & A& AYRSLISYyRBEYyl(G 2y 61 ¢
energy dependent studies over several keV conducted here. A set of corgmuiizolled

pneumatic Al filters with up to 16 possible combinatiofis-cay attenuationare used to extend

intensity variation of diffraction profiles by three orders of magnitude. The slits after the KB mirrors

are used to block out the unreflectedrays and eliminate intensity tails from the HBrrors, due to

surface oughness or figure errors. Two ion chamber detectors before and after the KB mirrors are

used to monitor the incoming flux.

Diffraction Detector
% Collimating

Fluorescence Detector
Slits

— Monochromatic
> X-ray Beam
Kirkpatrick Baez

Focusing Mirrors

Al-filters  |on Chamber

Four-Circle
Diffractometer

x.(chi)

Figure 3-1. Typical experimental setup“constructed at theBM beamline experimeh station. Slits are
froStSR Ay GKS GSEG Fa {mrQl dziOK {fAG&AQS {ulQaiNNENJ

After the focusing optics, the beam is incident on the sample mounted in acfoale Huber
diffractometer, which contains three sate rotation axes), polar anglec, and azimutt and the

vertical diffraction angle @for the detector. Driven by stepper motors and gear reducers resulting
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in an angular resolution up to 0.00025°, the Huber diffractometer provided both flexible tidinac
capabilities with sufficiently high angular resolution. A high resolution (0.25um) long travel
(20x20x3mm) xystage is mounted on top of thiestage to provide accurate scanning capability on
combinatorial samples. The sample is secured by naditpsblution to a Teflon sample holder
mounted on a kinematic base with positional reproducibility better than 50um F$gee 3-2 for

the various configurations). Some hysteresis occurs in placement below this length scale, but

careful attachment can often reproduce the kinematic sample positioning within motor resolution.

Three primary detectors are used in this work to gathgyezkmental data. A Vortex silicon
drift diode (SDD) energgispersive detector is placed very near the sample to colleat/x
fluorescence (see section 3.4a). This is a solid state detector based on a-t@asesEPIN junction
(the intrinsic region déecting the xrays) and is capable of moderate energy resolution of about 180
S+ 6AGK | &KI Cdasgodently, At ¥a8 lindafly handld cbuates up to
~30,000cts/segafter which double photon events become probableis placed within 2crof the
sample to be sensitive to trace doping levels or-lemergy fluorescing elements such as Si at a
constant angle of approximately 40° from the surface normal and perpendicular taditkentx-
rays, in order to minimize the detection of the scatdrxrays from the samplerigire 3-2(a) shows
this device in normal operation attached to the diicle, wherea$-igure 3-2(b) shows it with a
aluminum collimator to remove fluorescence from spurious sources such as the air (Ar) or nearby

glass (if used in sample mounting as shown in the figure).

VVVVVV

For high angular resolution &fNJ QG A2y | aLR2AYyG RSGSOG2NE Aa
Bicron Nal scintillator with standard amplification electronics behind two sets of collimating slits as
seen inFigure3-1 andFigure 3-2(a). The detector slit is 610cm from the sample, and the guard slit

accepts a larger solid angle. High resolution scans are cftetiucted with the vertical detector
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slits at 0.1mm, giving the point detector a 160urad opening angle. The final detector used in this
setup is custom built and includes a Csl scintillator fiber optically coupled to a charged coupled
device (CCD) based the Quantix model by Photometrix. With the opposite intention of the point
detector, this detector is 2.7x1.8cm wide with 3k x 2k pixels 9um in size and placed <4cm from the
sample (sed-igire 3-2b) to yield a large acceptance solid angle for diffraction. Itis used to record
reciprocal space maps and using integration techniques in this work is sensitive to trace powder

diffraction signals (see section 3.3d).

-
Wide Angle ?ﬁb\

Figure 3-2: Pictures of detector setup, geometry, and sample mounting. Red arrows are tha@ybeam. (a)
point-detector setup positions. The SSD is mounted on theircle to have a constant relative angle to the
sample surface. (b) Setup for widengle powder diffraction. Because this setup can detect even the faint
crystallinity of the Teflon holder, a glass slide is placed beneath the sample. Thisjrn, requires a
collimator placed on the SSD detector to remove fluorescence from the large variety of elements in the
glass. (c) Kinematic sample mounts use a magnetic tripod to precisely reproduce sample positioning.

The beamline 2D-D was used for diffractioexperiments. For a minimum beam divergence
resulting in higkdiffraction resolution, focusing optics were not used. Instead, slits narrowed the
beam to sizes of 10x30microns, allowing compaositional studies of binary combinatorial samples.

Here, the Newprt sixcircle kappa diffractometer allowed for unique diffraction conditions
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unachievable by the Huber diffractometer aBM. The AD-E beamline, in contrast, is setup only

for highthroughput xray fluorescence spectroscopy, and so was used oftefufiocharacterization

2F SIFOK al YL SQa O2YLRaAGAZ2Yy D | SnNGBoR (ddwB S LI | (S
NOHPp>Y0 aLl2Ga 2 ylowibhdkSThaéadngleldfirfidehog wds fixedSat 15° from the

sample surface normal and an SSD deteclacgd approximately 10cm and 90° from the incident

beam (to minimize detection of scatteredrays) was used to colleciray fluorescence from the
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resulting in a lower energy resolution of ~280 eV.

3.1c:Diffractometer Alignment

In order to carry out accurate diffraction measurements, three important alignment
conditions must be achieved. First, all the circles must have the common center. This condition is
extremely difficult to achieve because the rotation motions are never perfect. A typical rotary stage
exhibits axial displacement of its center during the rotation (known as axiadutiarror) and the
wobbling of the rotary plate (known as wobble errofjhe rurout error for a diffractometer circle
depends on the size, weight, and the actual mechanical guidance method to achieve a circular
motion. A typical rurout error is about 15 microns for phi, 20 microns for theta and two theta,
and ~100 micros for the chi circle. The large ronit error for the chi circle is due to the
imperfection of the mechanical guidance. When all the circles are used together, the combined
SNNEBENE (1y26y a GaLIKSNB 2F O2y T dald 2AhpicakvalueY dzOK f |
of the sphere of confusion for a watiaintained diffractometer is ~50 microns. For a conventional
x-ray diffraction measurement using a large beam size (~mm), the sphere of confusion does not
pose a significant problem. For aamidiffraction measurement on a combinatorial sample, such a
large error is detrimental and needs to be correctétgure3-3a shows a large axial reout error

(~1@ microns) for the chi circle of the diffractometer. After painstaking mechanical adjustment,
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we achieved a concentricity value of about 35 microns between the chi and phi circle. The
estimated sphere of confusion for the diffractometer used for thissils work is ~50 microns. Since
this is still much larger than the beam size used for the experiment, an elaborate correction method
has been developed in order to perform accurate microdiffraction measurements. The details on

this method will be discussl later.

The second condition is that theray beam must go through the center of the
diffractometer. This is the condition that most diffraction experimenters loosely refer to as
GRATFTFNI OG2YSGSNI It A FrfybBayhiihéodyh theatdr of fag/diffagfomet@ F G K S
is carried out by first placing an alignment pin (its shape is showiginme3-3a,b) at the center of
the diffractometer using a telespe. To accomplish this, the diffractometer xyz stage is adjusted
and zeroed when 180° motions of the sample phi and chi circles maintain the pin at a constant
position. Next, the diffractometer is translated until the pin resides at the center of theséat
beam. The beam position is then monitored by a detector as it is translated along #renf the
diffractometer, and the diffractometer is rotated along the vertical axis until the beam position is
parallel with the 21arm. In principle, this ajnment is only accurate to the sphere of the confusion

of the diffractometer.
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Figure3-3: Circle of confusion (a) before and (b) after increasing concentricity of diffractometer circles. (c)
Maximally focugd beam profile measured by a retime CCD camera. (d) Measurement of beam size using
the derivative of the transmission intensity profile of Au wires and analyzed using peak fitting techniques
discussed in Section 3.6.

The third condition is met by cagctly zeroing the all the diffractometer angles. The zero of
the two theta circle is set by aligning the detector slits parallel to the incident beam through the
center of the diffractometer. The zero of theta and chi are achieved using the symmétiey xefay
diffraction from a perfect single crystal. The substrate of the combinatoriaffilnits works well for
this purpose. The zero of phi does not affect the accuracy of reciprocal mapping and is set

arbitrarily.

3.1d: X-ray Focusing

The microfocusing Kiirrorsat 2-BM uses the foupoint KB bender designed by University
of Chicagd The trapezoidal she of the mirrors is determined separately by the ellipticity (i.e.

distance from the xay source to KB and KB to the focus) in both horizontal and vertical directions.
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