
Sam
ira Dorri	         The route tow

ards perfection…
	

        				





               2024

FACULTY OF SCIENCE AND ENGINEERING

Linköping Studies in Science and Technology
Dissertation No. 2420, 2024

Department of Physics, Chemistry and Biology (IFM)

Linköping University
SE-581 83 Linköping, Sweden

www.liu.se The route towards perfection The route towards perfection 
 of multifunctional artificial   of multifunctional artificial  

CrBCrB22/TiB/TiB22 superlattices; superlattices;

Linköping Studies in Science and Technology
Dissertation No. 2420

Samira Dorri

stoichiometry, structure, andstoichiometry, structure, and
layer definitionlayer definition





 
 

Linköping Studies in Science and Technology 

Dissertation No. 2420 

 

 

 

The route towards perfection of 

multifunctional artificial CrB2/TiB2 

superlattices;  

stoichiometry, structure, and layer definition 

 

 

 

Samira Dorri 

 

 

 

 
 

  

Thin Film Physics Division 

Department of Physics, Chemistry, and Biology (IFM)  

Linköping University, SE-581 83 Linköping, Sweden  

Linköping 2024 



 
 

Cover image: 

Front cover: presenting a spectacular off-specular reciprocal space map of an aperiodic 

TiB2/CrB2 superlattice structure along 101̅3 direction. It represents a few words synthesized on 

a 4H-SiC(0001) substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work is licensed under a Creative Commons Attribution 4.0  

International License (CC BY 4.0) 

 

© Samira Dorri, 2024 

 

Printed by LiU-Tryck, Linköping, Sweden, 2024 

 

ISBN 978-91-8075-896-3 (Print) 

ISBN 978-91-8075-897-0 (PDF) 

https://doi.org/10.3384/9789180758970 

ISSN 0345-7524 



i 
 

Abstract 

Artificial superlattices with their exceptional properties have been popular in a broad range of 

applications such as electronic, magnetic, optical, and hard coating. Another potential 

application for single crystal artificial superlattices is highly efficient interference neutron 

optics, owing to an ultimate interface width of just ±½ atomic layer. Moreover, studies of 

superlattices have been instrumental in understanding the hardening mechanisms in transition 

metal nitrides and carbides while such studies on transition metal diborides are lacking, despite 

extensive studies on monolithic transition metal diboride thin films.  

This thesis describes a logical series of studies solving a range of fundamental issues which 

enabled epitaxial growth of high quality CrB2/TiB2 (0001) diboride superlattices onto Al2O3 

(0001) and 4H-SiC (0001) substrates by direct current magnetron sputter epitaxy. This involved 

implementation of several different strategies; sputtering from compound diboride targets, co-

sputtering from separate metal and compound targets, sputtering from titanium boride (Ti:B = 

1:1) and chromium diboride targets, monolayer-control of growth kinetics by Ar-ion assistance, 

as well as choice of low lattice mismatch substrate. Effects on the structural and interface 

quality of the superlattices are studied with respect to substrate temperature, B stoichiometry 

(B/TM ratio), modulation period Λ = DCrB2 + DTiB2, layer thickness ratio Γ = DTiB2/(DCrB2+ 

DTiB2), ion-assistance energies, use of interfacial protective buffer layers, as well as choice of 

Al2O3 or 4H-SiC substrates. X-ray diffraction, X-ray reflectivity, Neutron reflectivity, time of 

flight elastic recoil detection analysis, reciprocal space map, scanning transmission electron 

microscopy, electron energy loss spectroscopy, selected area electron diffraction, and nano-

indentation are used for characterization. 

For all experimental conditions, it is found that the highest structural quality of the superlattices 

are obtained for the layer thickness ratio Γ ≈ 0.3. Using Al2O3 substrates and compound 

targets, an optimum sputter gas pressure of pAr = 4 mTorr and a substrate temperature of 600 

°C, it is found that superlattices with modulation period Λ = 6 nm and Γ in the range of 0.2-0.4 

exhibit the highest structural quality. However, B segregation in over-stoichiometric TiBy 

layers (y > 2), grown from TiB2 compound target, results in narrow epitaxial superlattice 

columnar growth with structurally distorted B-rich boundaries.  

By co-sputtering from Ti and TiB2 targets, y can be tailored in the range 0.9 to 3.3 in TiBy 

layers through controlling the relative applied target powers. Co-sputtered TiB2.3 single layers 

exhibit 10x larger epitaxial domains than non-co-sputtered films and high quality close-to-
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stoichiometric CrB1.7/TiB2.3 superlattices are obtained at a higher growth temperature of 750 

°C. The individual CrB1.7 layers grow in a 2D-fashion leading to smooth surfaces and 

atomically abrupt interfaces when TiB2.3 is grown on top. In contrast, TiB2.3 layers exhibit rough 

interfaces where CrB1.7 is grown on top which indicate kinetically limited 3D growth of the 

TiB2.3. The difference in growth mode between CrB1.7 and TiB2.3 is attributed to a 1100 K 

difference in melting temperatures. Introducing the use of a titanium boride target, close-to-

stoichiometric continuous TiB1.8 single layers of high crystal quality are achieved directly, 

which relaxes any process constraints imposed by the need of balanced fluxes from Ti and TiB2 

targets. Moreover, ion-assisted epitaxial growth is implemented by concurrent low energy Ar-

ion extracted from the sputtering plasma, to stimulate the mobility of the adatoms, in particular 

for TiB1.8 which has the highest melting temperature. CrB1.9/TiB1.8 superlattices with single 

crystal quality and superlattice layer definition exceeding any of the previously obtained 

superlattices is obtained using TiB target combined with Ar-ion energies of 31 eV and 60 eV 

for CrB1.9 and TiB1.8, respectively, at a growth temperature of 1173 K. Further enhancement of 

interface abruptness is obtained by commencing the growth of each individual layer without 

ion-assistance for one unit cell, forming a buffer layer protecting the just formed interfaces from 

ion-induced intermixing during the ion-assisted growth of the remaining parts of the layers.  

The benefits of using a lattice matched substrate are demonstrated by using 4H-SiC which 

exhibit only -1.29 % lattice mismatch as compared to -26 % for Al2O3 which is used in the 

earlier experiments in this work. The SiC allows for growing high quality single crystal 

superlattices also with thickness ratios Γ = 0.5 and Γ = 0.7. This is attributed to few misfit 

dislocations generated due to substrate misfit which lead to a strained layer superlattice growth. 

The superlattices exhibit less structural crystal defects, smoother initial growth, and smaller 

interface roughness when using SiC substrates. 
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Populärvetenskaplig Sammanfattning 

Konstgjorda supergitter med sina exceptionella egenskaper har varit populära i ett brett 

spektrum av användningsområden såsom elektroniska, magnetiska, optiska och hårda 

beläggningar. En annan potentiell tillämpning för enkristallsupergitter är högeffektiv 

interferensneutronoptik, tack vare att gränssnitten mellan lagren kan vara så tunna som endast 

±½ atomlager. Studier av supergitter har även varit avgörande för att förstå härdnings-

mekanismerna i övergångsmetall-nitrider och -karbider medan sådana studier på 

övergångsmetalldiborider saknas, trots omfattande studier av monolitiska tunna filmer. 

Denna avhandling beskriver en logisk serie av studier som löser en rad grundläggande problem 

som möjliggjort epitaxiell tillväxt av högkvalitativa CrB2/TiB2-diboridsupergitter på substrat 

av enkristallin safir och kiselkarbid genom magnetronsputtring. Detta innebar implementering 

av flera olika strategier; sputtring från diboridkällor, samsputtring från separata metall- och 

diboridkällor, sputtring från titanmonoborid- och kromdiboridkällor, kontroll av tillväxt-

kinetiken på atomlagernivå genom argonjon-assisterad epitaxi samt val av substrat med liten 

gittermissanpassning. Effekter på supergittrens kristallstruktur och gränssnittskvalitet studeras 

med avseende på substrattemperatur, borstökiometri (B/metall-förhållande), modulerings-

period Λ = DCrB2 + DTiB2, skikttjockleksförhållande Γ = DTiB2/(DCrB2 + DTiB2), jonassistans-

energi, användning av gränssnittsskyddande buffertlager, samt val av safir- eller kiselkarbid-

substrat. Röntgendiffraktion, röntgenreflektivitet, neutronreflektivitet, jonstråleanalys, 

transmissionselektronmikroskopi, elektronenergiförlustspektroskopi, elektron-diffraktion och 

nanoindentation används för karakterisering.  

För alla experimentella förhållanden har det visat sig att den högsta strukturella kvaliteten hos 

supergittren erhålls för skikttjockleksförhållandet Γ ≈ 0,3. Vid användning av safirsubstrat och 

sputtring från Cr- och Ti-diboridkällor med ett optimalt sputtergastryck pAr = 4 mTorr och en 

substrattemperatur på 600 °C, har vi funnit att supergitter med moduleringsperiod Λ = 6 nm 

och Γ i intervallet 0,2-0,4 uppvisar den högsta strukturella kvaliteten. Emellertid resulterar 

överstökiometriska TiBy-skikt (y > 2) i segregering av bor som i sin tur leder till tillväxt av 

supergitter i smala kolumnära epitaxiella domäner med strukturellt förvrängda borrika gränser. 

Genom att samsputtra från en Ti- och en TiB2-källa, och välja det rätta effektförhållandet till 

sputterkällorna, kan y skräddarsys i intervallet 0,9 till 3,3 i TiBy-lagren. Samsputtrade TiB2,3 

enkellager uppvisar 10x större epitaxiella domäner än icke-samsamsputtrade filmer, samt ger 

högkvalitativa, nära stökiometriska, CrB1,7/TiB2,3 supergitter vid en högre tillväxttemperatur på 
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750 °C. De individuella CrB1.7-skikten växer på ett tvådimensionellt sätt vilket leder till släta 

ytor och atomärt abrupta gränssnitt när TiB2,3 odlas ovanpå. Däremot uppvisar TiB2,3-skikt 

ojämna gränssnitt då CrB1,7 odlas ovanpå vilket tyder på en kinetiskt begränsad tredimensionell 

tillväxtmod av TiB2,3. Skillnaden i tillväxtsätt mellan CrB1,7 och TiB2,3 tillskrivs en 1100 K 

skillnad i smälttemperaturer. Genom att introducera användningen av en sputterkälla av 

titanmonoborid uppnås kontinuerliga och nästan stökiometriska TiB1,8-epilager av hög 

kristallkvalitet, vilket lättar på alla processbegränsningar tack vare behovet av balanserade 

flöden från Ti- och TiB2-källorna. Samtidigt implementeras jonassisterad epitaxiell tillväxt, 

genom lågenergetiska Ar-joner som extraheras från sputterplasmat, för att stimulera rörligheten 

hos adatomerna, särskilt för TiB1,8 som har den högsta smälttemperaturen. De bästa supergittren 

erhålls genom användningen av en TiB-källa kombinerat med Ar-jonenergier på 31 eV och 60 

eV för CrB1,9 respektive TiB1,8, vid en tillväxttemperatur på 1173 K. CrB1,9/TiB1,8 supergitter 

med enkristallkvalitet och supergitterskiktsdefinition som överstiger något av de tidigare 

erhållna supergittren. Ytterligare förbättring av gränssnittems abrupthet erhålls genom att 

påbörja tillväxten av varje enskilt skikt med ett atomlager utan jonassistans, som bildar 

skyddande buffertskikt på de nyss bildade lagergränsytorna, vilka hindrar joninducerad 

intermixning av av atomer mellan skikten under den följande jonassisterade tillväxten av 

återstoden av varje lager. 

Fördelarna med att använda ett gitteranpassat substrat påvisas genom att använda kiselkarbid 

(4H-SiC) som endast uppvisar -1,29 % gittermissanpassning mot supergittren jämfört med -26 

% för safir (Al2O3) som använts i de tidigare experimenten i detta arbete. SiC möjliggör odling 

av högkvalitativa enkristallsupergitter även med tjockleksförhållanden Γ = 0,5 och Γ = 0,7. 

Detta tillskrivs supergittertillväxt med töjda lager och mindre relaxering av gitterspänningar 

under kylningen efter tillväxt. 
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Prologue, for non-materials scientists 

There was a big event with millions of audience from two different countries. I was assigned 

the task of helping all audience sitting in an ordered manner. I was so enthusiastic about 

contributing to such a huge project and said Yes, without knowing that the seats couldn’t be 

signed with color or number or anything, I couldn’t see people until after all seated, and people 

couldn’t see me, never. 

I had a team with complementary qualifications that I could distribute different tasks among 

them. The whole team was made of smart groups of people who were self-policing and didn’t 

need to be told or reminded of what their task is. I received a deadline, a reasonably sufficient 

budget, and access to the venue for rehearsal. 

I started by looking through many previous events, how they organized the audience, how long 

it took for rehearsals, what kind of events they prepared for, how big the venues were, etc. The 

audience from most previous events were from the same country or the same geographical 

region on the planet, which was not the case for me and I didn’t know that could be a challenge 

until later. After getting some ideas, I started to prepare for the first rehearsal. 

Families with children were invited from country A and country B. Red and blue T-shirts were 

provided for parents from country A and B, respectively, so we could see where they were 

seated at the end. All kids were given green T-shirts. I had a Power team to guide the crowd 

towards the entrances. The venue had two automatic main entrances, A and B, which I could 

set the opening and closing time for them. I had Argon team, responsible for guiding the crowd 

from the entrances towards the seats. The seats were equipped with temperature sensors, so I 

set them on a low temperature. After several rehearsals with less number of participants, I could 

learn the pattern about how fast A and B people walk so that I could give new information to 

the Power team in a way that the equal opening time of entrances help to fill up one row of seats 

by each A and B people. Country A were more organized, respected distance, walked faster and 

talked less and the same for their children. Country B on the other hand were loud, dynamic, 

chatty, and easily made friends with people standing next to them. Country B brought more 

children than invited, so I learnt after many rehearsals that their kids were hanging all over seats 

on top of each other and disrupting the orderly rows. I had to invite couples with no kids and 

guide them to sit where there were more kids. It helped a bit but not perfectly. Still there were 

more kids than the number of available seats. We had already spent a lot of time and effort 

rehearsing and learning about people who were involved in many rehearsals. There had been 
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improvement in all stages, and I could clearly see that from the first day I started. But 

unfortunately, I had to change my plan and start with new families from country B. It was not 

an easy decision! We had to stop working with them for the sake of the project goal. It was no 

one’s fault. Not continuing working with people B was not because they were not good people. 

It was simply because they were not suited for that project. 

I was not sure if the new plan would work, considering that we had to start over to learn about 

new families, and rehearsing took time. But I knew that I should not give up. Trying new ways 

until the last moment is better than giving up in the middle of the way. 

New families with fewer children were contacted. It took some time for new people to accept 

and join in rehearsals. So, we had to work more intensively, also because I realized that the 

venue responsible limited my access for rehearsals. The good news after several sessions was 

that the problem with kids was solved. However, people B were not ready for such a project. 

They were not serious about what they were doing. They were there to chat and make new 

friends and learn about their neighbors or talk rather than following the instructions. So, I 

studied more about their lifestyle and what should we do to make them more willing to 

cooperate. Maybe they were complaining about something with each other, maybe they were 

distracted by something. Studying helped again! Yes, the venue was so cold for people from 

country B and they were not used to cold weather, and that was probably the topic of their 

conversations. But I couldn’t change the temperature much because I knew that people A 

wouldn’t stand the warm weather and start walking around. All conditions were so pleasant for 

country A people from the beginning and now I could see why they were so cooperative and 

could be seated nicely from the early stages of the project. 

I went to my old friend and talked to him. I felt so miserable, and I was losing my passion. I 

really wanted to fulfill the task I accepted. I felt responsible and I knew I did my best. There 

was not much time left, both for the access to the venue and until the main event. My old friend 

was always calm and relaxed when listening to me, either being excited about going one step 

further or feeling miserable that things didn’t want to work. He had been spending his life on 

such projects and with many different people. Yes, he was an old wise old friend. We came up 

with a new strategy to help people B get warmer while not changing seats temperature much. 

We started to play music and make it louder when entrance B got opened every time. Music 

cheered everyone up. I knew people B like partying and dancing a lot, and loud music helped 

so that they moved faster towards seats, and they felt warmer. The new idea worked! We could 

make all happy and cooperative. 
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My old friend became very happy about the outcome. And the success news started to reach 

out some more wise men who appreciated the harmony that could be made by millions of 

people. It seemed like the project was fulfilled. Not yet! 

Now I wanted to try one more idea as I watched the clock count down the minutes until I had 

to leave the venue for the last time. I was so grateful for how millions of people could make 

such a coherent pattern, such beauty. In appreciation of all our effort, I ordered very nice 

comfortable seats for all participants before the last rehearsal. I knew the seats in the venue 

were not the most comfortable ones, but we had to live with them for the sake of the budget. 

The last rehearsal with new seats was nothing but magic. The last step towards perfection. 

It was so much fun and learning through different stages of this project that after a time, the 

goal was not the event anymore, it was much more. It was a miracle to see how millions of 

people from two different countries, different cultures, lifestyles, and personal beliefs could 

make such a nice harmony. It was much more than a project to learn that there is always a way 

to reach harmony. 

 

Country A: CrB2 

Country B: TiB2 

Parents A: Cr atoms (Red) 

Parents B: Ti atoms (Blue) 

Kids: B atoms (Green) 

Couples with no kids: Ti target 

New families: TiB target 

Event: Application 

Venue: Deposition system 

Rehearsals: Experiments/Depositions 

Entrances: Shutters 

Seats: Substrate 

Seat temperature: Substrate heater 

Music: Kinetic energy 

My old friend: Jens Birch (My supervisor) 
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Preface 

This thesis is the result of my PhD research under the supervision of Prof. Jens Birch in 

Nanomaterials Science unit in the Thin Film Physics Division at the Department of Physics, 

Chemistry and Biology (IFM), at Linköping University from 2020 to 2024. 

My research started as an initiative for synthesizing superlattices based on transition metal 

diborides. The thesis addresses a range of fundamental issues which enabled epitaxial growth 

of high quality CrB2/TiB2 (0001) diboride superlattices onto Al2O3 (0001) and 4H-SiC (0001) 

substrates by direct current magnetron sputter epitaxy. A short summary of my research project 

is presented in the abstract section. I also wrote a short summary for non-materials-scientists 

which is presented in the prologue section. The first part of the book focuses on an introduction 

about superlattices, materials system, and the application in neutron optics, followed by a 

methodology chapter where I explain about the synthesis, and different characterization 

techniques that I employed. Some parts of the Introductory chapters are based on my licentiate 

thesis (ISBN: 978-91-8075-515-3, ISSN: 0280-7971). The second part of the book is about my 

contribution to the field of diboride superlattices in the form of peer-reviewed articles as the 

first and corresponding author. 

This work is supported by the Swedish National Graduate School in Neutron Scattering 

(SwedNess) through the grant by the Swedish Foundation for Strategic Research (SSF) GSn15 

- 0008, the Swedish Government Strategic Research Area in Materials Science on Advanced 

Functional Materials (AFM) at Linköping University (Faculty Grant SFO Mat LiU No. 2009 

00971), grants from the center in Nanoscience and Technology at LiTH CeNano 2021 and 2022, 

grants from ÅForsk 2022, Intsam 2022, and Lars Hiertas Minne 2022, scholarships from the 

Society of Vacuum Coaters Foundation (SVCF) 2023, and the Hans Werthén Foundation, the 

Royal Swedish Academy of Engineering Sciences (IVA) 2023 (for 4-month research stay in 

the UK). 

I have been enrolled in the Swedish graduate school in neutron scattering (SwedNess) funded 

by the Swedish Foundation for Strategic Research (SSF) and the graduate school Agora 

Materiae, a multidisciplinary doctoral program at Linköping University supported by the 

Swedish Government Strategic Research Area in Materials Science (AFM). I also enrolled in 

the HERCULES (Higher European Research Course for Users of Large Experimental Systems) 

in 2022. During my PhD study, I have taken several courses (96 credits) about materials science, 
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X-ray and neutron scattering, becoming a teacher in higher education, entrepreneurship in 

theory and practice, materials and sustainable development, research ethics, etc. 

Other activities during my PhD study: Hands-on training on different neutron scattering 

techniques (neutron imaging and neutron diffraction) at TU Delft in Netherland and (neutron 

reflectometry and inelastic neutron scattering) at PSI in Switzerland, 4-month extended stay at 

reflectometry group, Polref beamline (hosted by Dr. Christy Kinane, Dr. Andrew Caruana, and 

Prof. Sean Langridge) at ISIS neutron and muon source in the UK, and one-week SwedNess-

Japan collaboration in J-PARC, Japan, as parts of SwedNess curriculum. Principle investigator 

of five successful proposals for beamtimes at Synchrotron and Neutron facilities around the 

world including PETRA III (P03 and P07 beamlines), DESY synchrotron source in Germany, 

ISIS neutron and muon source (Polref beamline) in the UK, and ILL neutron source 

(SuperAdam beamline) in France. Teacher assistance for three undergraduate courses, 

fractography lab, Electromagnetism lab, X-ray diffraction and X-ray reflectivity lab. Being the 

student representative at Swedish Neutron Scattering Society (SNSS) since May 2023 

(Student’s Spotlight initiative and auditor in the SNSS board). Invited speaker for several 

conferences such as IWMSE 2023 and SNW 2024. Best poster award at SNW 2023 and 

graduate student award finalist (recognition) at ICMCTF 2024 issued by Advanced Surface 

Engineering Division (ASED). Also, supervising a 4-month diploma project where my student, 

Olle Nyqvist, was accepted for the MATRAC neutron school, received a scholarship to attend 

a neutron reflectometry experiment at ILL with me, his abstract was accepted for poster 

presentation at SNW 2023, and some parts of his diploma thesis is presented in paper 4. 
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Introduction 

Superlattices (SLs) are periodic structures that consist of precisely alternating epitaxial 

nanolayers of different materials. Artificial SLs, which do not exist in nature, can be synthesized 

using epitaxial growth methods where layers of different materials can be controlled on atomic 

layer level. The unique arrangement of the layers leads to the formation of a structure with 

exceptional properties, owing to the superimposed periodicity and reduced dimensionality, that 

cannot be obtained in the natural form of the crystals nor the individual constituent materials. 

Since first introduced in 1970 [1], the research in this field has been increasingly gaining interest, 

particularly for applications involving electronic [2, 3], magnetic [4], optical [5], and mechanical 

properties [6, 7], and the term “superlattice” has become almost synonymous to artificial SLs. 

The need for sophisticated electronic and optoelectronic devices, improvements in material 

properties, growing demand for thin films with precise thickness and composition, and the unique 

properties and functionalities provided by SL structures are among the main driving forces in the 

advancement of thin film deposition. This shows the synergy between device engineering, 

materials science, and deposition technology. Good knowledge and understanding about the 

material properties, growth mechanisms, and deposition techniques, enable us to engineer 

structures at the atomic scale and grow SLs for different applications. 

Another potential application for SLs could be as highly efficient interference neutron and X-ray 

mirrors at large-scale facilities. The advantage of SL mirrors over state-of-the-art amorphous 

multilayer mirrors is that a high-quality single crystal SL ultimately allows for atomically abrupt 

interfaces which may lead to a significant enhancement in the reflectance of mirrors and 

considerable reduction in the diffuse scattering. This leads to a mirror that doesn't deteriorate the 

beam; hence a high brilliance source may not be degraded by the beam reflecting off the SL 

mirror. With the current deposition technology, such extreme epitaxial mirrors are possible to 

achieve for smaller areas, making them a suitable solution for the compact slit package (~20×15 

mm2) that is required for supermirror Fermi choppers, one of the optical components in inelastic 

neutron scattering instruments [8, 9]. Future developments in science and technology will make 

it feasible to grow single crystal SLs at large scales as the capabilities demonstrated by scientists 

confirm the absence of impossibilities in what can be achieved through scientific exploration and 

innovation.  

The present work is a contribution to the field of SL synthesis, mainly applicable to transition 

metal (TM) diboride SLs as novel materials for neutron optics. 
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Among other materials, the synthesis and microstructure of transition metal (TM = Sc, Ti, V, Cr, 

Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta) nitride and carbide SLs have been extensively studied [10-15] 

for a wide range of applications with thermoelectric [16, 17], piezoelectric [18], thermal 

conductivity [19, 20], mechanical [7, 21-23], and optical [24] properties. In addition, single 

crystal SLs have been instrumental in understanding the hardening mechanisms at the nanoscale 

in both TM nitrides and carbides. However, SLs research on TM diborides is an unexplored area 

despite extensive studies over the last decades on monolithic TM diboride thin films. Single layer 

diborides show high mechanical strength [25-27], oxidation and corrosion resistance [28-30], 

relatively low electrical resistivity [31-34], tribological properties [35, 36], and high thermal and 

chemical stability [32, 37]. Comparing to nitride and carbide SLs with cubic structures, there are 

fewer possibilities for heteroepitaxy to grow SLs from two diboride materials with hexagonal 

crystal structures. Strong segregation tendency of excess B [38], and incompatible growth 

conditions for the constituent materials are among other challenges in synthesizing diboride SL 

structures. 

This work is an initiative to grow CrB2/TiB2 (0001) diboride SLs epitaxially onto Al2O3 (0001) 

and 4H-SiC substrates by direct current magnetron sputter epitaxy (DC-MSE). The results of the 

present work provide the first insights into single crystal CrB2/TiB2 SL thin films with abrupt 

interfaces and open several avenues for further research on these intriguing epitaxial SLs. 
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Chapter 1 

Superlattices 

A multilayer thin film refers to a structure composed of multiple thin layers of different materials. 

The crystal structure of each layer is not considered when depositing a multilayer as they can be 

amorphous or polycrystalline, and the thickness of individual layers and bilayers can vary from 

nm to μm. 

When a multilayer is made of single crystal layers of two constituent materials with a thickness 

of each layer on the order of a few nm, it is called a superlattice (SL) structure. Coherently 

repeated epitaxial heterostructures is the more scientific definition for SLs. Crystal coherency is 

an important feature that distinguishes SL structures from ordinary multilayer structures. 

Layer thicknesses DA and DB, modulation period Λ, thickness ratio Γ, and number of periods N 

are the key parameters used to define a SL structure. Modulation period Λ indicates the thickness 

of one bilayer Λ = DA+DB, thickness ratio Γ defines the relative thickness of one of the layers 

(typically the top layer) divided by the modulation period Γ = 
DB

DA + DB
, and number of periods 

(bilayers) N [39]. Fig. 1.1(a-d) shows a schematic view of SL structures in which the modulation 

period Λ is constant, five atomic layers, for all SLs (shown by the red box). The layer thickness 

of material A (yellow atoms) is shown by DA and the thickness of material B (blue atoms) is 

shown by DB. The relative thickness of the top layer gradually increases in Figs. 1.1(a) to 1.1(d) 

corresponding to layer thickness ratios Γ = 0.2, 0.4, 0.6, and 0.8. In Fig. 1.1(b), two yellow atoms 

(in DA layers) are marked by red crosses indicating the coherent modulation in SL structures. 

This implies that if we shift from position X in the growth direction by one Λ, five atomic rows 

in the Fig. 1.1, we should arrive at precisely the equivalent position of that atom in the subsequent 

A layer. A compositional modulation along the film normal can be achieved if: 1. The deposited 

materials form a layer structure, 2. Layer thicknesses are controlled at an atomic scale, and 3. 

Interdiffusion between layers is sufficiently suppressed.  



4 
 

  

Fig. 1.1. Schematic representation of a superlattice structure with different layer thicknesses DA and DB, 

with thickness ratios Γ = 0.2, 0.4, 0.6, and 0.8 (a-d). Modulation period Λ is constant for all 

superlattices. Number of periods is shown by N. 

 

1.1 Growth criteria for superlattice structures 

Superlattices (SLs) growth involves precise control over several conditions to achieve the desired 

structural quality. To be able to control each layer on an atomic scale, a good vacuum system is 

necessary. Another important factor to control the growth of monolayers is a low growth rate 

which in our case is about 0.5 Å/sec; the deposition of one monolayer (in our case c-lattice 

parameter of TiB2 and CrB2, about 3 Å) takes about 6 seconds. This brings us to the need for fast 

computer-controlled shutters which enable us to control the thickness of each layer. An 

intermission time between closing and opening shutters can be considered (a few sec) to suppress 

the (possible) interdiffusion. The intermission time should be considered much shorter (tenth of 

a sec) if the deposition system is not ultra-high vacuum (UHV). In a high vacuum (HV) system, 

a fresh deposited surface will be subject to an impingement of residual gas atoms corresponding 

to 0.1-1 monolayer/sec. So, the deposition should be slow enough to prevent any possible 

interdiffusion and to assure layer-by-layer growth. However, contamination of the surface by the 

adsorption of the residual gas can occur when the growth rate is very low. Hence, in addition to 

a good vacuum system, high temperature pre-heating substrate is needed. This helps to prepare 

a clean well-ordered substrate surface prior to deposition. It should be noted that the substrate 
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cleaning prior to mounting into the chamber is of high importance which depends on each 

substrate material, several cleaning steps should be followed. The next crucial factor is the 

temperature of the substrate Ts. High T facilitates the ad-atom mobility and single crystal growth 

of SLs. The optimum Ts depends on the components of the SL. If the Ts is too high, it leads to 

interdiffusion. Here the homologous temperature TH comes into play which is defined as TH = 

(Ts/Tm) for each component, where Tm is the absolute melting temperature [40, 41]. A large 

difference between Tm of two materials can lead to challenges in finding the optimum Ts. 

Substrate rotation is another important factor in order to achieve homogeneous growth. 

 

1.2 Design of superlattice structures 

Materials selection is a crucial aspect for synthesis of superlattice (SL) structures. Several criteria 

that should be considered when selecting the constituent materials are: 1. Similar crystal 

structures. 2. Close lateral lattice parameters that leads to a small lattice-mismatch within the 

SL structure. When the lattice parameters of constituents are different, the SL quality will be 

disturbed by strain relaxation due to the introduction of misfit dislocations. In addition to 

deteriorating the crystal quality, misfit dislocations may have profound effects such as inducing 

a change of growth mode e.g. from a layer-by-layer growth to a three-dimensional growth which 

leads to a much larger disturbance of the interface definition. Different growth modes are 

explained in the methodology section. 3. Thermal stability and immiscibility of two materials; 

the abruptness of each individual layer interface can also be determined by the thermodynamics 

of the material system. For example, some degree of interdiffusion can be expected in a case that 

two materials are soluble in each other while in a case of totally immiscible elements, one can 

expect abrupt interfaces or an interfacial compound [42]. However, in case of a large difference 

in the homologous temperature and miscible materials, it is still possible to achieve atomically 

abrupt interfaces [43]. 4. Substrate choice; the substrate surface structure should provide a 

structural template for epitaxy of the SL. 5. Small lateral lattice mismatch with the substrate. 

6. Compatible growth conditions of constituents. 7. Characteristics for a specific application. 
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1.3 Materials system 

For the present work, CrB2 and TiB2 transition metal (TM) diborides were chosen as promising 

candidates for growing SL structures. Both CrB2 and TiB2 are ceramic materials with hexagonal 

structures containing three metal atoms and six B atoms per unit cell. Similar lattice parameters 

of CrB2 (a = 2.973 Å and c = 3.0709 Å) and TiB2 (a = 3.0303 Å and c = 3.2295 Å) result in a 

lattice mismatch of 1.92 % along the a-axis. Lattice-mismatch is calculated from the unstrained 

lattice parameters based on Eq. (1.1) 

 

                                                Lattice mismatch =  
aF−as
as

 × 100                                   (1.1), 

 

where aF is the lateral lattice parameter of the top layer (film) and aS is the lateral lattice 

parameter of the layer below (substrate). 

The selected substrate, Al2O3(0001), has a hexagonal structure. The lateral lattice mismatch 

between TiB2 (as the first layer to grow) and 4H-SiC (a = 3.07 Å, c = 10.05 Å) is -1.29 % and 

between CrB2 and Al2O3 (a = 4.75 Å, c = 12.99 Å) is -37.4 %. Al2O3 substrate, however, showed 

to be a promising candidate for growing epitaxial films [44, 45] despite having a large lattice-

mismatch, and may serve as an affordable, although not preferred, substitute to SiC. 

 

 1.3.1 Transition metal diborides 

Transition metal (TM) diborides commonly crystallize in layered structures with hexagonal 

symmetry, most often in the AlB2-type phase (space group P6/mmm), where densely packed 

metal-atom layers are held on atop positions (with respect to the neighboring metal layers) by 

graphite-like sheets of B atoms [46, 47]. These compounds present high melting temperature, 

hardness, and stiffness, owing to the strong covalent bonding within the honeycomb B sheets and 

between TM and B atoms, in addition to good electrical and thermal conductivities due to the 

metallic bonding within TM layers [46, 47]. Fig. 1.2 shows two examples of TM diborides (CrB2 

and TiB2) that are used in our study. Different properties of CrB2 and TiB2 are summarized in 

Table. 1.1. 
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Fig. 1.2. CrB2 and TiB2 with hexagonal crystal structures illustrated from side and top views. Cr atoms 

are shown in red, Ti atoms in blue, and B atoms in green color. Lattice parameters of CrB2 (a = 2.973 Å 

and c = 3.0709 Å) and TiB2 (a = 3.0303 Å and c = 3.2295 Å). 
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Table. 1.1. Properties of CrB2 and TiB2 [48, 49] 

 

 

1.3.2 Boron stoichiometry in transition metal diborides 

One of the main challenges in sputter-deposited TM diboride thin films (e.g. TM = Ti) is that 

they are most often over-stoichiometric (B/TM > 2) [25, 50]. Small deviations from 

stoichiometry, B/TM = 2, can have strong influence on film properties due to TM diborides being 

so called “line-compounds” [47, 51], where the crystals exhibit no variation in stoichiometry.  

Differences between sputter-ejected target constituents, where sputtered B atoms are 

preferentially ejected along the target surface normal, while sputtered Ti atoms have a wider 

angular ejection distribution with a relatively higher off-normal flux [52], leads to the excess B 

in sputter deposited TiBy films (2.4  < y < 3.5) [50, 53]. On the other hand, previous studies 

showed that group VI TM diborides including CrBx exhibit under-stoichiometry; however, the 

reasons for such growth of diboride systems are not fully understood [54-56]. 

There have been several studies about tuning the composition in over-stoichiometric monolithic 

diboride thin films, specifically TiB2 [50, 57]. It has been shown that increasing the sputtering 

gas pressure, and/or the target-to-substrate distance, reduces the TM deficiency due to the higher 
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gas-phase scattering probability of light B atoms during transport to the substrate [52, 58]. Berger 

et al. showed that an increase in the substrate bias leads to a limited decrease in B/Ti ratio in TiB2 

single layer thin films due to preferential B resputtering [59]. Petrov et al. used a highly 

magnetically-unbalanced magnetron sputtering of a TiB2 target to selectively ionize sputter-

ejected Ti atoms that are steered to the growing film via a tunable external magnetic field. Hence, 

they could control the B/Ti ratio by varying the field strength of external Helmholtz coils [50]. 

The importance of tuning the B composition in TM diborides has been shown in enhanced 

mechanical properties and oxidation resistance of under-stoichiometric e.g. TiBx (x < 2) 

compared to over-stoichiometric TiBy (y>2). Thörnberg et al. showed that the sub-stoichiometric 

TiBx exhibited a superior hardness of 43.9 ± 0.9 GPa and enhanced oxidation resistance 

compared to over-stoichiometric TiBy (y > 2) which was attributed to the deficiency of B in sub-

stoichiometric TiBx, accommodated by Ti-rich planar defects [57, 60]. The enhanced mechanical 

properties by elimination of B-rich tissue phases has been also shown for other transition metal 

diborides such as TaB2 where the B composition was controlled by increasing the target voltage 

[61]. 

However, for SLs, this becomes even more challenging as it is crucial to maintain epitaxial 

growth while tuning the composition. The above-mentioned approaches for controlling the B 

stoichiometry merely focus on tuning the composition of polycrystalline and nanostructured 

single-phase thin films rather than the crystalline quality. Moreover, due to involving two 

material constituents in designing and growing SL structures, a method to control the 

stoichiometry of one of the layers should not negatively affect the epitaxial growth and 

composition of the other layer. 

Increasing the sputtering gas pressure [52, 57] is not possible for SL growth, because it will also 

affect the epitaxial growth and composition of the CrB2 layers which should keep unchanged as 

they already have the optimized growth condition for the composition and crystalline quality 

[62]. In another study [63] controlling the composition of TiBy thin films are studied by 

decreasing the HiPIMS pulse length which is not the proper technique for growing SLs. The high 

energy ion bombardment during the HiPIMS process will cause intermixing at the interface and 

inhibit the formation of abrupt interfaces [64]. 

Recently, TiB2-based superlattices and multilayers have been shown as promising materials in 

hard coating applications (TiB2/TaB2 with B/Ti ratio 3.5) [65], and (TiB2/WB2, TiB2/ZrB2 with 

B/Ti ratio 2.66) [66] as well as neutron interference mirrors (CrB2/TiB2 with B/Ti ratio 3.3) [62] 

and (CrB2/TiB2 with B/Ti ratio 2.3) [67]. TiBx, as the common constituent in all superlattices 
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studied in these references has shown to be over-stoichiometric. The excess B from the TiBx 

layers segregates through the layers of superlattices and deteriorates the interface and crystal 

quality [62]. Hence, regardless of the application, it is crucial to control the B composition in 

over-stoichiometric TiBx in order to achieve well-defined interfaces in superlattice and multilayer 

structures. 

In Paper 2, we showed that by co-sputtering of TiB2 and Ti targets and controlling the B 

composition (from TiB3.3 to TiB2.3), a significant enhancement in the crystal quality and interface 

definition of CrBx/TiBy SLs can be achieved. Although, by controlling the relative applied power 

to TiB2 and Ti magnetrons y could be controlled from 3.3 to 0.9, the optimum crystal quality 

with epitaxial domains about 10x larger than non-co-sputtered films were achieved for y = 2.3 

which is still over-stoichiometric. Therefore, for growing CrBx/TiBy SL neutron mirrors that are 

engineered with sub-nm layer thickness precision, the composition, crystal quality, and layer 

definition need to be further enhanced. 

In Paper 3, utilizing a novel strategy, we showed the growth of TiB1.8 thin films and TiB2-based 

superlattices from a compound TiB (Ti:B = 1:1) target [68]. Sub-stoichiometric epitaxial TiB1.8 

single layers were achieved under similar optimum growth conditions as previously established 

for synthesizing epitaxial TiB2 layers [67]. An improved crystal quality and interface definition 

of CrB1.7/TiB1.8 SLs, compared to our previous study [67], were obtained by increasing the 

temperature from 750 °C to 850 °C. This approach shows the potential use of TiB targets as an 

attractive way for deposition of TiB2-based superlattices and multilayers without the need to 

adjust the deposition parameters for tuning the TiB2 composition, which otherwise would affect 

the growth of other constituent materials. 
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Chapter 2 

Neutron scattering 

The existence of the neutron was experimentally introduced by J. Chadwick in 1932 [69]. 

Neutrons, similar to X-rays, are an ideal choice of probe for determining the structural and 

dynamic properties of materials. Neutrons have several properties that distinguish them from X-

rays. Electrically neutral: neutrons have zero electric charge and do not interact with electrons. 

This feature makes neutrons have high penetration depth (~ cm) and be used to study deep inside 

a sample and has benefits such as being non-destructive, bulk probe of matter and not sensitive 

to effects localized at the surface. Magnetic moment: neutrons have magnetic moment and are 

used to study magnetic materials. Sensitive to light atoms as well, such as hydrogen and lithium. 

Sensitive to isotopes: elements with different isotopes, different number of neutrons in the 

nucleus, have different response to neutron beams. Sensitive to atomic structure: the 

wavelength of a neutron is related to its velocity v through the de Broglie relationship (Eq. 2.1): 

 

λdB = 
ℎ
𝑚𝑛𝑣

                                                                                                                (2.1), 

where mn is the mass of neutron mn = 1.675 × 10-27 kg, and h is Planck’s constant h = 6.626 × 

10-34 J s. The Kinetic energy EK and de Broglie wavelength λdB are related through Eq. 2.2. 

 

EK = 
ℎ2

(2𝑚𝑛𝜆𝑑𝐵
2 )

                                                                                                        (2.2) 

 

By assuming that the neutrons have reached the thermal equilibrium by multiple collisions in a 

substance at room temperature, T ≈ 300 K, the average kinetic energy of the neutrons is given by  

 

EK ∼ kBT                                                                                                                                   (2.3) 

 

where kB is the Boltzmann constant kB = 1.381 × 10−23 J K−1, so that EK ∼ 4.1 × 10−21 J ∼ 26 

meV. From Eq. 2.2, the de Broglie wavelength for (thermal) neutrons with ∼ 26 meV is λ ∼ 1.8 

Å. This wavelength has the same order of magnitude as the spacings between two neighboring 

atoms in a typical crystal. This allows for a beam of thermal neutrons, going through a crystal 

lattice, to give rise to interference and diffraction phenomena, and explore interatomic spacing 

and structure in crystals, similar to X-rays [70-72]. One good example is the neutron
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reflectometry, the neutron scattering technique used in this thesis, the same phenomenon which 

is the basis for multilayer neutron mirrors. 

Neutrons are classified into three types of cold, thermal, and hot according to the ranges of their 

kinetic energy. Different types of neutrons with their corresponding range of kinetic energy EK, 

temperature T, and wavelength λdB are presented in Table. 2.1. 

 

Table. 2.1. Different types of neutrons based on their kinetic energies, temperature range, and wavelength 

Neutron Type Energy EK (meV) Temperature T (K) Wavelength λdB (Å) 

Cold 0.1-10 1-120 4-30 

Thermal 5-100 60-1000 1-4 

Hot 100-500 1000-6000 0.4-1 

 

Neutron scattering experiments exploit the above characteristics and have been widely used in a 

wide range of disciplines including biology, physics and chemistry. Neutron sources for 

scattering experiments are large-scale facilities which produce sufficient fluxes either by 

spallation, which requires a proton accelerator, or using a nuclear reactor [70-72]. One drawback 

of neutrons though is that neutron sources are weak and the low signals lead to the need for large 

samples, a challenge specifically for soft-matter study. 

 

2.1 Neutron optics 

 

At spallation sources, from where the neutrons are produced at the target station until they reach 

the experiments, there are different types of thin-film based neutron optical components. Some 

examples of neutron optics are waveguides, polarizers, analyzers, Fermi choppers, etc. These 

optics consist of multilayers with a large number of periods. The multilayers normally consist of 

two materials with a large contrast in scattering length density (SLD) and the performance of 

them is highly dependent on the interface width σ between the layers. The control on the interface 

width is done through the deposition process of such mirrors. Due to the exponential dependance 

of the reflectivity to the interface width, even a small improvement of σ will lead to a considerable 

increase in reflectivity performance. This shows the importance of instrumentation for achieving 

an increased total flux to the experiment instead of building more power-intensive neutron 

sources. Multilayer neutron mirrors are grown at ambient temperature and most often have
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nanocrystalline structure. This makes it possible for a large area production of such mirrors e.g. 

for waveguides. 

 

2.2 Cr11B2/Ti10B2 superlattice neutron optics 
 

A strategy to reduce the interface width to one atomic layer is to make such multilayers in the 

form of single crystal superlattices. The coherent heteroepitaxial structure makes it possible for 

abrupt interfaces between layers where the interface width σ can be reduced to close to zero. For 

this purpose, the materials system should fulfil the requirements for superlattice growth, as 

explained in Chapter 1. For the application in neutron optics, the main criterium is to have a high 

contrast in the scattering length density for neutrons. Simulation by GenX code [73] shows that 

CrB2 and TiB2 are promising materials for making SL neutron mirrors. Moreover, by tailoring 

the B isotope distribution in the individual layers, the scattering length density (i.e., the neutron 

refractive index) profile can be optimized for maximal neutron reflectivity. Scattering length 

densities for different combination of 10B and 11B isotopes in CrB2 and TiB2 layers are shown in 

Fig. 2.1. Comparing the SLD contrast for different combination of B isotopes localized in 

CrB2/TiB2 superlattices shows that we can achieve a high contrast for Cr11B2/Ti10B2 superlattices 

with isotope 11B and isotope 10B in CrB2 and TiB2 layers, respectively (marked by red rectangles 

in Fig. 2.1). SLD of Ni and Ti, the established material system for multilayer mirrors, are also 

shown in Fig. 2.1.

In natural B, the 11B isotope, which is the neutron transparent isotope, makes up 80 % of the total 

B content while the remaining 20 % is composed of the isotope 10B which is the absorbing isotope 

[70]. Due to the high cost and complexity of manufacturing isotope-enriched diboride targets, it 

is crucial to first confirm the feasibility of the growth of CrB2/TiB2(0001) SLs with natural B 

with desired properties.
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Fig. 2.1. Neutron scattering length density simulation for different combination of 10B and 11B isotopes 

in CrB2 and TiB2 layers. SLD of Ni and Ti are also shown for comparison. 

 

 

2.3 Application in Fermi choppers 
 

 

Single crystal feature of superlattices makes them a suitable candidate for Fermi choppers, a 

specific component in inelastic neutron scattering instrument. The reason for this application is 

that the deposition technology has not been developed for the growth of single crystal structure 

on large surface areas yet. Fig. 2.2. shows a schematic of a so called slit package which is used 

in Fermi choppers. There are a number of Ni/Ti multilayer mirrors coated on Si substrates with 

surface area (23 × 17) mm2 that are placed together and make the slit package. The state-of-the-

art commercial Ni/Ti mirrors present the average interface width of σ = 7 Å [8, 9].
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Fig. 2.2. Schematic of a slit package of multilayers with (23 × 17) mm2 surface area that are used in 

Fermi choppers. 

 

 

2.4 Simulation of neutron reflectivity performance 
 

In this thesis, different approaches for obtaining single crystal superlattices with abrupt interfaces 

were utilized. In paper 4, it is shown that CrB2/TiB2 superlattices on Al2O3(0001) substrates 

present the interface width of σCrB2 ≈ 3 Å and σTiB2 ≈ 6-7 Å, with the average interface width 

smaller than the commercial state-of-the-art Ni/Ti with σ = 7 Å [74]. Fig. 2.3 compares the 

neutron reflectivity of Ni/Ti and Cr11B2/Ti10B2 with the same number of periods N = 10, 

modulation periods Λ = 66 Å, and thickness ratio Γ = 0.3. The interface width σ = 7 Å for Ni/Ti 

is considered based on the reported values of σave = 7 Å for the commercial state-of-the-art Ni/Ti 

mirrors and the interface widths for Cr11B2/Ti10B2 superlattices are from the obtained result in 

Paper 4 for CrB2/TiB2 superlattices with natural B.

In addition to similar SLD contrast, simulation of Ni/Ti and Cr11B2/Ti10B2 multilayers by GenX 

code in Fig. 2.3 shows that Cr11B2/Ti10B2 presents higher reflectivity at higher q range comapred 

to Ni/Ti. This is specifically important for synthesizing thinner periods used in supermirror 

structures and evident that Cr11B2/Ti10B2 superlattices can be a better candidate compared to the 

established Ni/Ti multilayer mirrors.
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Fig. 2.3. Neutron reflectivity simulations of a conventional Ni/Ti multilayer with interface width σ = 7 

Å (red curve) and Cr11B2/Ti10B2 multilayer with interface widths of σCrB2 = 3 Å and σTiB2 = 7 Å (blue 

curve). Modulation period Λ = 66 Å, thickness ratio Γ = 0.3, and number of periods N = 10 are kept 

constant in both cases. 

 

In this project, CrB2/TiB2 with natural B were synthesized. Simulation in Fig. 2.4 shows that it 

is possible to infer all structural parameters from the natural CrB2/TiB2 superlattices. 

 

 

Fig. 2.4. Neutron reflectivity simulations of Cr11B2/Ti10B2 (blue curve) and CrB2/TiB2 multilayers (green 

curve) with interface widths of σCrB2 = 3 Å and σTiB2 = 7 Å. Modulation period Λ = 66 Å, thickness ratio 

Γ = 0.3, and number of periods N = 10 are kept constant in both cases. 
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This project has been a part of the SwedNess neutron graduate school with the aim to strengthen 

Sweden’s long-term competence and competitiveness within the area of neutron scattering. The 

motivation behind SwedNess was European Spallation Source which is the largest spallation 

source being built in Lund, Sweden. The construction started in 2014 with a full operation being 

planned for 2027.
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Chapter 3 

Methodology 
 

3.1 Nucleation and growth 

For growing superlattice (SL) thin films, it is essential to understand the nucleation and growth at 

the atomic scale and how to control it. The main deposition variables which obtain nucleation and 

growth kinetics, microstructural evolution, and therefore, the interface and structural quality of a 

SL, are: constituent materials, growth temperature, flux and kinetic energy of species incident at 

the growing surface, contaminants, and the substrate material, surface cleanliness, crystallinity, 

and orientation [75]. Thin films growth typically consists of five main steps; (i) stable cluster 

nucleation, (ii) island growth, (iii) island coalescence, (iv) polycrystalline island formation, and 

(v) continuous film growth [76, 77]. When the adsorbed atoms (adatoms) diffuse on the surface, 

they are controlled by material atomic bonding, substrate temperature, and adatoms kinetic energy, 

until they either reach a critical size and form stable nuclei or desorb. Thereafter, by incorporation 

of more adatoms and sub-critical clusters, the stable nuclei grow and form islands. The islands 

then coalesce with their neighbours, which results in a decrease in island density, and ultimately, 

by continuing the deposition process, a continuous film grows. Initial growth stages can be 

classified in three different growth modes; island growth (Volmer-Weber) where the surface free 

energy of the substrate (γs) is smaller than the surface free energy of the film (γf) and interface free 

energy (γi) (Fig. 3.1(a)), mixed growth (Stranski-Krastanov) where at the initial stage the surface 

energy of the substrate is larger than that for the film and interface which leads to a 2D growth and 

after that the substrate free energy becomes smaller than the total free energy of the film and 

interface which leads to a 3D growth mode (Fig. 3.1(b)), layer-by-layer growth (Frank-van der 

Merwe) where the surface free energy of the substrate and the film are equal (γs = γf) (Fig. 3.1(c)) 

[77]. 

 

 

Fig. 3.1. Schematic of different growth modes. Volmer-Weber’s island growth (a), Stranski-Krastanov’s 

layer plus island growth (b), and Frank-van der Merwe’s layer by layer growth (c). 
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3.2 Sputtering 

Among different deposition processes, physical vapor deposition (PVD) techniques are widely 

used methods for the synthesis of thin films in the range from nm to several μm. In the PVD 

process called sputter deposition, a solid surface, the target, is impinged by accelerated ions, and 

near surface atoms are removed and ejected from the target (called sputtering). The sputtered 

atoms are then transported through the process chamber and allowed to condensate on a substrate 

(deposition). The ions are typically extracted from a plasma which is an ionized gas that contains 

a collection of charged particles (ions and electrons) [78], by attracting them by a negative 

potential. 

Plasma is nominally electrically neutral and can be ignited by applying a potential between two 

electrodes in a gaseous medium. The negative electrode, the cathode, is the target while the 

positive so called anode often consists of the grounded chamber walls although the substrate also 

might act as anode. Since any gas usually contains a few electrons coming from natural 

radioactivity, in an electric field that is generated by the voltage difference applied between the 

electrodes, these free electrons are rapidly accelerated and can collide with e.g., Ar gas atoms. In 

an inelastic collision, if the energy of the electron is higher than the energy required for the 

ionization of gas atoms, the gas atom can be ionized and release at least one additional electron, 

which is called secondary electron (e- + Ar → Ar+ + 2e-), responsible for sustaining the discharge. 

This process is called electron impact ionization. The ionized gas atoms (Ar+ ions) that are 

accelerated by the electric field, bombard the cathode (target) surface and results in several 

processes that the two most important ones are sputtering and emission of secondary electrons 

[79]. The electrically driven plasma is called a cold-cathode glow discharge [75]. When the 

energy transferred to target atoms by the gas ions is sufficient to overcome the binding energy at 

the lattice site, a primary recoil atom can be produced. Some of the near-surface recoils that have 

a favourable momentum and direction to overcome the surface binding energy are ejected from 

the target (sputtered). Sputtering is characterized by the sputtering yield which is the average 

number of sputtered atoms from a solid surface per incident ion, and is dependent on the energy, 

mass, and angle of incident particles (Ar+), as well as the crystallinity, crystal orientation, surface 

binding energies, and mass of target atoms. Sputtering happens when the projectile energy is 

above a certain threshold energy, normally 7-10 times higher than the binding energy (20-40 eV). 

The sputtering yield increases as a function of incident particle energy, in the region of several 

hundred eV is approximately linear, and after reaching a maximum, a drop in the sputtering yield 

takes place that is due to deep ion implantation in the target [79, 80]. 
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3.3 Direct current magnetron sputtering 

In a DC glow discharge, electrons travel straight into the gas and create most of ionization 

collisions far from the target and only a few ions return to the target, which leads to a relatively 

low plasma density in front of the target and a low sputtering rate. Moreover, it requires high 

discharge voltages (in the kV range) and high gas pressures (> 50 mTorr), which in turn causes 

thermalization of the sputtered flux and decreases deposition rate [75]. In order to enhance the 

efficiency of the sputtering process, a magnet can be used behind the target to confine free 

electrons in the target surface vicinity and increase ionization. Such an arrangement is called a 

magnetron and relies on the magnetic field having a significant influence on the movement of 

charged particles so the plasma can be sustained down to about 1 mTorr, still yielding deposition 

rates typically in the range of 1 to 100 Å/sec. The deposition rate can be controlled by the applied 

power, target to substrate distance, the sputtering gas pressure, and the angle between the target 

and the substrate. 

The applied force to a charged particle q with 
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Fig. 3.2. Schematic illustration of the deposition system used for this work showing the unbalanced 

magnetrons set up (a), A photograph from inside the deposition system during substrate pre-heating (b).  

 

A drawback of the magnetron sputtering process is the maximum deposition rate which is limited 

by the cooling ability of target. Applying too high powers (potentials) may cause target 

overheating and melting [81].

The sputtering system used for the synthesis of CrB2/TiB2 diboride SLs presented in this work is 

equipped with two type II 7.5-cm-diameter unbalanced magnetrons with a tilt angle of 25° and 

one 5-cm-diameter balanced magnetron with a tilt angle of 50° to the substrate normal. The 

magnetrons are mounted in a confocal geometry at the top of a chamber of 500 mm diameter and 

350 mm height. The distance between the target and substrate is 120 mm. Low deposition rates 

together with fast acting computer-controlled shutters with a high timing accuracy were used in 

front of each target to obtain the desired layer thicknesses. A negative bias voltage was applied 

to the substrate to attract ions from the plasma, and a solenoid surrounding the substrate which 

dynamically coupled to the magnetic field of each of the type II magnetrons was utilized to fur-

ther enhance the ion flux. Ion-assisted sputter deposition is thoroughly explained in the next 

section. Fig. 3.2 shows the deposition system used for this work.
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3.4 Ion-assisted sputter deposition 

There are several approaches to ensure flat and abrupt interfaces when growing SLs. One is the 

substrate rotation during deposition that improves the thickness uniformity of different layers. 

However, it would not be enough to achieve flat surfaces. If the energies of atoms arriving at the 

substrate are not sufficient to provide enough surface mobility to grow a smooth surface, there 

would be surface roughness emerging on an atomic scale. One solution for increasing the surface 

mobility of the atoms at the growing layers is attracting ions from the plasma to the growing film 

by applying a negative bias voltage to the substrate [82]. 

To enhance the effect of low energy ion-assistance, the flux of the ions attracted to the substrate 

has to be increased to ensure enough surface mobility of the atoms at the growing film. This can 

be done by having a solenoid around the substrate which generates a magnetic field axially 

through the substrate position. By selecting the correct direction of the solenoid current the 

secondary electrons of the target with the opened shutter can be guided towards the substrate. 

This process ensures a high ionization rate in this region and increases the ion flux that reaches 

the substrate without having to increase the ion energy [82]. Fig. 3.3 shows how coupling the 

magnetic field with a solenoid around the substrate can help to guide the plasma towards the 

sample. 

 

 

Fig. 3.3. A plasma extending into the deposition chamber by coupling two type II unbalanced 

magnetrons with opposing magnetic configurations (a). The plasma from the right magnetron guided 

towards the substrate by coupling the magnetic field with a solenoid around the substrate table (b). 
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3.5 Plasma analysis 
 

 

3.6 Structure zone diagram 
 

The structure zone diagram (SZD) is a simplified illustration of different regions for the 

microstructure of the grown film based on the homologous temperature (TH = Ts/Tm), ion-energy 

Eion, and film thickness. In the SZD, T* shows the homologous temperature with shifts caused 

by the potential energy of arriving particles, E* is the normalized energy which represents the 

kinetic energy of bombarding particles plus heating effects, and t* shows the film thicknesses, 

all present approximate values and approximate region for different types of microstructure [41]. 

Fig. 3.4.  shows the SZD of different regions with different colors [41]. The approximate values 

of T* and E* (constant ion-energy used for growth of both constituents) for CrB2 (red lines) and 

Plasma characterization helps us to learn about the ion-energy for the atoms arriving at the 

substrate surface. The analysis is performed by utilizing a circular flat probe and a Langmuir 

probe, placed at the sample position. The flat probe is used for measuring the flux of ions that 

are attracted towards the substrate by applying a negative bias voltage to the substrate. To find 

the floating potential and plasma potential, the Langmuir probe is used [83, 84].

The Langmuir probe plasma measurements at the substrate position showed plasma potentials 

VP for CrB2 and TiB2 are VP_CrB2 = -14.48 V and VP_TiB2 = -14.65 V, respectively. The energies 

of the ions attracted to the substrate, ECrB2 and ETiB2, given by E = |VS - VP| eV are thus, contrary 

to common sputtering situations, lower than the applied substrate bias potential. For the applied 

substrate bias of -45 V, the energy of ions for CrB2 are ECrB2 = 30.52 eV ≈ 31 eV and the energy 

of ions for TiB2 are ETiB2 = 30.35 eV ≈ 30 eV.

The high negative values are due to the considerable number of secondary electrons from the 

magnetrons that are guided by the magnetic field to the substrate region where they, in turn, 

ionize the Argon sputtering gas. This injection of a high flux of electrons towards the substrate 

also manifested itself in negative values of the floating potentials VF, which were the same for 

both CrB2 and TiB2 VF = -15.08 V.

The flat probe measurements showed that the ion-to-neutral arrival flux ratios, Φ, (i.e., the 

number of Argon ions per Argon formula unit arriving at the substrate) were ΦCrB2 = 52.42 

ions/FU and ΦTiB2 = 52.11 ions/FU.
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TiB2 (blue lines) are also shown in Fig. 3.4. These values place both transition metal diborides 

in the region of possible low-temperature low-energy ion-assisted epitaxial growth (marked by 

red circle). In paper 4, it is explained that when the homologous temperature of the constituent 

materials has a large difference, controlling the ion-energy (kinetic energy) during the growth of 

each layer can help to compensate for the low substrate temperature for the material with higher 

melting point (TiB2). 

 

 

 

Fig. 3.4. The modified structure zone diagram [41], with permission from Andre Anders. The 

approximate region for CrB2 (red color) and TiB2 (blue color) related to the present work is marked in 

the original figure. 
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3.7 Design of superlattices with interface buffers  
 

One of the main conditions for synthesizing heteroepitaxial superlattices, as mentioned in chapter 

1, is to control the temperature of the substrate Ts to facilitate sufficient ad-atom mobilities for 

single crystal growth. Epitaxial growth without ion assistance is known to occur at substrate 

temperatures corresponding to a homologous temperature approximately in the range 

0.25<TH<0.45 [40, 41]. This relationship helps to estimate an approximate substrate temperature 

Ts based on the known melting temperature Tm of a certain material. However, growing 

heteroepitaxial superlattices from constituent materials with a large difference in melting 

temperature is not straightforward due to a large difference in the optimum growth temperature 

for the individual layers [85]. For example, in case of CrB2/TiB2 superlattices, the difference 

between their melting temperature is 1100 K. If the Ts is chosen based on the TH of the CrB2, 

with smaller melting temperature Tm, it may not provide the sufficient ad-atom mobility for a 2D 

epitaxial growth of the TiB2, with larger Tm. On the other hand, a Ts suitable for 2D epitaxial 

growth of the TiB2 may be too high for the CrB2 with smaller Tm and leads to interdiffusion and 

surface roughness evolution. In such cases, a strategy is to provide the sufficient ad-atom 

mobility by utilizing fluxes of ions of different energies, extracted from the magnetron plasmas, 

to provide additional kinetic energy to the growth surfaces of the different layers. The kinetic 

energy can be controlled by applying a negative substrate bias voltage and a carefully designed 

magnetic field to enhance the plasma in the substrate vicinity, as explained in section 3.4 [82].  

After optimizing the growth temperature Ts, mainly following the TH of the constituent with 

smaller melting temperature Tm (CrB2), by utilizing different ion energies, the sufficient ad-atom 

mobility can be provided for 2D growth of both materials. However, the ion-energy for TiB2 

should be applied in a way to protect the previously grown CrB2 abrupt interface from 

intermixing. To do that, a certain number of unit cells (uc) is considered as the buffer layer for 

which the substrate applied bias is zero. Also, the ion-energy should be high enough to facilitate 

the ad-atom mobility and 2D epitaxial growth of the current TiB2 layer. Table. 3.1 shows an 

estimation of how buffer thickness and ion energy are related to each other and can assist epitaxial 

growth of TiB2 layer. This table does not present any general rule, and it is mainly as a suggestion 

for designing a superlattice with different number of uc buffer and ion energies. 
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Table. 3.1. An estimated relation between the ion-energy and unit cell buffer on the growth of TiB2 layers 

 

 

Ideally, the ion energy is utilized in the range above the threshold for atomic surface 

displacements, typically below 5 eV, to stimulate adatom mobility, but below the threshold ion-

energy for sub-surface (bulk) displacements 12-40 eV [41] to minimize crystal damage. So, 

during the growth of the buffers, the ion-assistance energies are inherently lower than the 

threshold for surface atomic displacements. And during the growth of the remaining parts of the 

layers, the ion-energy is higher than the threshold ion-energy for bulk displacements when the 

ions should induce slight sub-surface atomic displacements. This allows for the rearrangement 

of the atoms grown under kinetically limited conditions into more energetically favorable lattice 

positions.

Fig. 3.5(a-d) shows photographs of the deposition plasma along with schematic presentations of 

the four distinct epitaxial growth stages during synthesis of one period of a CrB2/TiB2 SL using 

modulated ion-assisted magnetron sputter epitaxy. CrB2 and TiB2 unit cells are represented by 

red and blue circles, respectively.  Fig. 3.5(a) shows the first couple of unit cells (uc) of CrB2 

grown without ion assistance, forming an under dense layer with poor crystallinity and atomic 

level roughness due to low ad-atom mobility. In Fig. 3.5(b), the applied low ion-energy assists 

the thermal radiation to achieve 2D epitaxial growth by stimulated ad-atom mobility. Moreover, 

the onset of low energy ion assistance may densify and improve the crystalline quality of the 

buffer by shallow sub-surface atomic displacements. CrB2 has epitaxial growth with smooth top 

interfaces [67]. However, when synthesizing TiB2 on top of that, a buffer consisting of a certain 

number of unit cells grown without ion-assistance should be considered to protect the CrB2
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interface from ion-induced intermixing. Fig. 3.5(c) shows the buffer consisting of the first couple 

of uc grown with no ion-energy assistance and in Fig. 3.5(d) a higher ion-energy is applied to 

facilitate the ad-atom mobility for the layer-by-layer growth of TiB2 and compensate for the TH 

difference between the materials. 

 

 

 

The effect of different buffer thicknesses and ion-energies on crystal quality and interface 

abruptness of CrB2/TiB2 SLs on Al2O3 (0001) substrate is thoroughly discussed in Paper 4. 

 

 

 

 

Fig. 3.5. Plasma discharge appearance with corresponding schematic illustrating the different growth 

stages, where different ion-energies are applied for different stages of the individual CrB2 and TiB2

layers during modulated ion-assisted magnetron sputter epitaxy. (a) and (c) show growth of the first unit 

cells for CrB2 and TiB2 layers, respectively, when the applied substrate bias is 0 to protect the formed

interfaces from intermixing. (b) and (d) show 2D epitaxy and layer densification thanks to increased ad-

atom mobility and sub-surface atomic displacements in CrB2 and TiB2 layers, respectively.
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Chapter 4 

Characterization techniques 
 

4.1 X-ray diffraction 

The most conventional, powerful, and non-destructive method to check whether an artificial 

superstructure exists in an alternately deposited film is X-ray diffraction (XRD). XRD is a 

classical approach for obtaining information about crystal structure, phase content, preferred 

crystal orientations (texture), average SL period, crystallinity, strain, and crystal defects. It does 

not require any specific sample preparation. X-rays with sufficiently short wavelength, the same 

order of magnitude as the interatomic spacings, elastically interact with atoms in a lattice. In an 

elastic scattering event, which is called Thomson scattering, the X-rays do not lose their energy, 

i.e., the wavelength remains the same, while the direction is changed. In a periodic arrangement 

of scatterers, such as a crystal lattice or a layered structure, the in-phase scattered X-rays 

experience constructive interference once Bragg’s law is fulfilled [86]; 

 

nλ = 2dhkl sinθ                                                                                                                           (4.1) 

 

where n is an integer called the order of reflection, λ is the wavelength of X-rays, dhkl is the 

characteristic spacing between the lattice planes (h k l), and 2θ is the angle between the incident 

and the diffracted beams. The minimum requirement for occurrence of constructive interference 

is that the path difference between the diffracted beams is an integer of the wavelength of the 

coming X-rays. However, not all lattice planes, which fulfill the Bragg’s law can give rise to 

diffraction, because the allowed reflections must also obey the structure factor relationship 

determined by the crystal structure. For example, in case of a primitive hexagonal lattice, if h+2k 

= 3n and l = odd, they give rise to destructive interference of X-rays due to the different atomic 

positions in the unit cell, and in all other cases reflections are allowed. A diffraction pattern is 

the result of such a scattering interaction, in which the intensity of the scattered X-rays is plotted 

as a function of the scattering angle, 2θ. The intense reflections appear at specific angles 

correspond to specific unit cell dimensions and symmetries which means that the diffraction 

patterns can be used as a kind of ‘fingerprint’ for crystal structures. 
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Bragg-Brentano is the most commonly used XRD geometry which is a parafocusing geometry 

where divergent X-rays are incident on a sample and then refocused on a receiving slit before 

entering a detector. In this thesis, X-ray measurements are performed using a Philips X´Pert X-

ray diffractometer with a Cu-Kα source (λ = 1.5406 Å) operated at 45 kV and 40 mA in the 

Bragg-Brentano geometry; so called θ-2θ scans, where the sample is positioned at the center of 

the instrument, and both incident (θ) and measured scattered (2θ) angles change simultaneously 

during the measurements. Hence, due to the scattering geometry, structural periodicities in the 

direction of the sample surface normal, such as the (000l) TM diboride transverse plane spacings 

and the periodicity Λ of the grown SLs are measured very effectively. 

 

4.1.1 X-ray diffraction of superlattice structures 

There are many factors that influence the intensity, peak position, peak width, and the order of 

peaks in an XRD pattern of a SL structure. However, there are some ways that help us to learn 

about the structural properties of a given SL from a glance at its diffraction patterns. To do that 

we need to know the key parameters used to define a SL structure, described in Chapter 1, which 

are modulation period Λ, thickness ratio Γ, and the number of periods N. In sections below, the 

influence of thickness ratio, modulation period, and the number of bilayers on the XRD pattern 

is discussed. The examples shown in the Figures are from experimental data of TiB2/CrB2(0001) 

SLs grown on 4H-SiC(0001) substrate for the present project. 

 

4.1.2 Thickness ratio 

In the case of θ-2θ XRD of a SL structure, a central Bragg peak is flanked by a number of the so-

called SL satellite peaks. The central Bragg peak is called “the SL peak”, “the common SL peak”, 

or “the average lattice peak”, and its position corresponds to diffraction from a geometric average 

transverse crystal plane spacing d̅⊥ constituting the SL bilayer period Λ: 

 

Λ = DA + DB = n̅Ad⊥A+ n̅Bd⊥B                                                                                                                                                                                     (4.2) 

 

where n̅A is the average number of monolayers in layer A with the transverse plane spacing d⊥A, 

and n̅B is the average number of monolayers in layer B with the transverse plane spacing d⊥B 

[39]. 
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The average transverse SL plane spacing is given by: 

 

d̅⊥= 
n̅Ad⊥A+ n̅Bd⊥B
n̅A+ n̅B

 = xA d⊥A+ (1−xA) d⊥B                                                           (4.3) 

 

Where xA the fraction of A-lattice planes in one period: 

 

xA = 
n̅A

n̅A+ n̅B
                                                                                                           (4.4) 

 

And xB the fraction of B-lattice planes: 

 

xB=(1−xA) = 
n̅B

n̅A+ n̅B
                                                                                          (4.5) 

 

Thus, the value of d̅⊥ is somewhere in-between the peak positions of constituent materials along 

the growth direction, and depends on the layer thickness ratio which, in turn, depends on the 

number of atomic layers, the actual plane spacings, the epitaxial strains, and the Poisson ratios 

in each of the layers constituting the bilayer period [39]. Fig. 4.1 shows TiB2/CrB2 SLs with 

different thickness ratios, TiB2 as the top layer and Γ = 
DTiB2

Λ

 

. The average SL peaks are marked 

by (SL0). By increasing the relative thickness of TiB2 (increasing Γ) the average SL peak position 

moves towards the peak position of the single layer TiB2 (in this case along 0002 direction). The 

changes in the intensity and broadness of the peaks depend on many factors in the SL structure 

and material system which, for the case of CrB2/TiB2, is discussed in paper I. Generally, a narrow 

high intensity average SL peak indicates a high crystalline quality of the structure. The average 

SL peak is flanked by a number of SL satellites of orders ±n. The appearance of higher order 

satellites with higher intensities are indicative of well-defined layer modulation with abrupt 

interfaces in the SL.
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Fig. 4.1. XRD θ-2θ scans for TiB2/CrB2 superlattices with different thickness ratios Γ ≈ 0.31, 0.51, and 

0.71. Modulation period Λ ≈ 62 Å and number of periods N = 50 are kept constant for all. Curves are 

shifted vertically for clarity. 

 

For hexagonal crystal structure, the relation between the dhkl-lattice spacing, lattice parameters 

(a and c), and (h k l) lattice planes is: 

 

1
dhkl
2  = 4

3
(h
2+hk+k2

a2
)+l

2

c2
                                                                            (4.6) 

                            

In case of CrB2/TiB2 SLs with hexagonal crystal structure of both CrB2 and TiB2, the relation 

between the average SL peak d̅hkl-lattice spacing, average lattice parameters (a̅ and c̅), and (h k 

l) lattice planes is: 

 

1

d̅hkl
2 = 
4
3
(h
2+hk+k2

a̅2
)+l

2

c̅2
                                                                             (4.7) 
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The d̅hkl at the 2θ position of the average SL peak can be calculated using Bragg’s law in Eq. 

(4.1). The average transverse lattice parameter c̅ can then be calculated from the (0 0 l) lattice 

plane spacings. For example, in Fig. 4.1 the average SL peak represents the average (0 0 2) 

planes, and the Eq. (4.7) becomes: c̅ = 2d̅002. 

However, calculating the average lateral lattice parameter a̅ in the SL is not straightforward. 

Because the individual lattice parameters in the lateral direction are dependent on how much 

relaxation (misfit dislocations) there is between the layers and how much that affects the lattice. 

Moreover, the elastic constants come into play to calculate the average lattice spacings in other 

directions than the (stress-free) transverse growth direction [39]. 

 

4.1.3 Modulation period 

When the modulation period Λ becomes larger, the number of SL satellite peaks at both lower (-

n) and higher (+n) angles compared to the average SL peak increases and their mutual separation 

decreases. At some point in Λ, depending on lattice parameters and electron densities in the 

layers, the diffraction pattern becomes increasingly influenced by the individual lattice 

parameters of the constituent materials. This is manifested in the satellites being grouped with 

higher intensities around the crystalline peak positions of the constituent materials. Fig. 4.2 

shows two SLs with different modulation periods Λ = 31 and 62 Å (Λ2 = 2Λ1). Comparing two 

patterns, the number of satellite peaks for Λ2 is twice more than the number of satellites for Λ1. 

In other words, there is a relation between the modulation period and the angular separation of 

the peaks (SL(n) and SL(n-1)), and that is explained by the Bragg’s law in Eq. (4.1) where period 

Λ is called a unit cell or unit layer in the SL structure. 

 

λ = 2Ʌ sin
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peak (zero-order peak) in which the order of reflection n in the Bragg’s law should be considered 

in the calculation, and equal to the order of the satellite peak SL(n). 

 

2 𝑠𝑖𝑛θSL(n) − 2 𝑠𝑖𝑛θSL(0)
𝜆

 = ±1
Λ
                                                                                       (4.10) 

 

 

 

Fig. 4.2. XRD θ-2θ scans for TiB2/CrB2 superlattices with different modulation periods Λ ≈ 31 and 62 

Å. Thickness ratio Γ ≈ 0.31 and the number of periods N = 50 are kept constant for all. Curves are 

shifted vertically for clarity. 

 

4.1.4 Number of periods 

The width of SL satellites provides information on how perfectly a periodic structure is 

established in a SL.  Generally, the widths of the peaks arising thanks to the existence of a SL 

periodicity are determined by the number of modulation periods. These peaks are the SL satellites 

as well as so called Bragg reflections from the layer periodicity appearing in the low 2θ X-ray 

reflectivity region. In fact, N can be understood as the number of periods that contributes to those 

peaks by constructive interference. Fig. 4.3 is an example of XRD from two SLs with different 

number of periods. Other parameters are kept constant for both SLs. The first clear difference is 
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the change in the intensity of the peaks by increasing the number of periods which is due to the 

increase in the total thickness of the structure. By increasing the total thickness of the SL 

(increasing the number of periods), the number of parallel planes contributing to the intensity of 

the SL satellite peaks increases. The width of the SL and satellite peaks is proportional to the 

inverse of the number of periods N, which means that the peak width is larger for lower number 

of bilayers. 

 

 

Fig. 4.3. XRD θ-2θ scans for TiB2/CrB2 superlattices with different number of periods N = 2 and 10. 

Modulation periods Λ ≈ 62 Å and thickness ratio Γ ≈ 0.31 are kept constant for all. Curves are shifted 

vertically for clarity. 

 

4.2 Reciprocal space mapping 
 

Reciprocal space mapping (RSM) is a useful technique for investigating a certain lattice point in 

reciprocal space. From the position of the reciprocal lattice point, the average lateral lattice 

parameter a̅ and the average transverse lattice parameter c̅ can be calculated. The shape and 

position of the lattice point also help in quantifying the crystal quality, strain, relaxation, and 

lattice distortion [86-88]. 



36 
 

Average transverse c̅ and lateral a̅ lattice parameters for this project were determined by RSM 

using a Panalytical Empyrean diffractometer with a Cu X-ray tube, operating at 45 kV and 40 

mA. A hybrid mirror with a ½° divergence slit was used on the primary side and a PIXCel-3D 

detector operating in scanning line mode was used on the secondary side. RSMs were obtained 

by taking a series of 2ϴ-ω scans at consecutive ω values and the data were converted into 

reciprocal lattice units Sx and Sz using the Eq. (4.11) and Eq. (4.12) below: 

𝑆x=
1
𝜆
(𝑐𝑜𝑠𝜔−𝑐𝑜𝑠(2ϴ−ω))                                                                                                         (4.11) 

𝑆𝑧=
1
𝜆
(𝑠𝑖𝑛𝜔+𝑠𝑖𝑛(2ϴ−ω))                                                                                                          (4.12)          

From the plotted RSMs, the position of the common SL peak, the center of the SL contour with 

the highest intensity, is used for calculating average transverse d̅⊥and lateral  d̅‖ lattice plane 

spacings according to Eq. (4.13) and Eq. (4.14): 

 

d̅⊥=
1
𝑆𝑧

                                                                                                                                                    (4.13) 

d̅‖=
1
𝑆x

                                                                                                                                                    (4.14) 

 

c̅ and a̅ were then calculated using the relationship between plane spacings dhkl and lattice 

parameters for the hexagonal lattice Eq. (4.7) [89]. 

c̅  was calculated using RSM around the specular 0002 peak (c̅ = l × d̅⊥) and a̅ and c̅  were 

calculated using the RSM around the off-specular 101̅3 peak using Eq. (4.7). The shapes of the 

off-specular reciprocal lattice points were investigated around the 101̅3 reflection in order to 

assess the relative contributions from crystal lattice distortions and lateral domains to the XRD 

peak broadening for the different SLs. RSM measurements were performed and presented in 

Paper 4 and Paper 5. 

 

4.2.1 Mosaic spread and lateral coherence length 
 

Fig. 4.4(b) shows elliptical peak shapes with a tilt away from the Sx-plane. Such a tilt is 

characteristic of a peak broadening component in the direction perpendicular to the scattering 

vector q, so called mosaicity Δω. Different reasons that lead to mosaicity are inhomogeneous 

strain or lattice tilt, such as point defects, misfit dislocations, or tilted crystal domains. Mosaic 
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spread and the lateral coherence length can be calculated from an off-specular RSM 

measurement. When plotting the RSM, the center of the main SL peak contour shows the highest 

intensity which should be set as the maximum intensity level. The first contour represents the 

FWHM in all directions if the intensity level of the first contour in the map is set at half of the 

maximum intensity. The mosaic spread of a layer is calculated from the angle that the layer peak 

defines at the origin of reciprocal space, measured perpendicular to the reflecting plane normal. 

Fig. 4.4. shows an example on how to calculate the mosaicity and lateral coherence length from 

an off-specular map of CrB2/TiB2 superlattice along 101̅3. In the first step, we draw a line from 

outer contours connecting the sharp sides of central contour (AC). Then by drawing a line 

perpendicular to the scattering vector q (AB) and a line parallel to the Sx axis (BC), Δω, the 

mosaic spread, can be calculated following the equations below. 

 

𝑡𝑎𝑛
Δω
2

 = 
ΔSω
2𝑆

                                                                                                          (4.15), 

 

where 

 

𝑡𝑎𝑛
Δω
2

 ≈ 𝑠𝑖𝑛
Δω
2

 ≈ 
Δω
2

                                                                                             (4.16), 

 

and Eq. (4.15) becomes simplified to 

 

Δω = 
ΔSω
𝑆

                                                                                                               (4.17) 

 

In Eq. (4.17), ΔSω = AB (Fig. 4.4(b)) which is calculated from Eq. (4.18): 

 

ΔSω = √(AD2 + BD2)                                                                                                               (4.18) 
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And S in Eq. (4.17), is the scattering vector (the line that comes from the center and perpendicular 

to AB (Fig. 4.4(a)). For calculating S, we take the Sx and Sz values for the point in the middle of 

AB line. 

 

S = √(𝑆𝑥2+ 𝑆𝑧2)                                                                                                                         (4.19) 

 

The lateral coherence length is calculated from the reciprocal of the FWHM of the peak measured 

parallel to the interface. 

 

Lateral coherence length = 
1
ΔS𝑥

                                                                                                (4.20) 

 

 

Fig. 4.4. Off-specular reciprocal space map of CrB2/TiB2 superlattices with modulation period Λ ≈ 62 Å 

and thickness ratio Γ ≈ 0.3. (a) Distance from the center, (b) off-specular map along 101̅3, (c) Magnified 

area shown with blue rectangle in (b). 
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4.3 X-ray and neutron reflectivity 
 

To study multilayer properties such as interface width, layer thicknesses, roughness evolution, 

density of materials, etc., the conventional and widely used technique is reflectivity. It is a non-

destructive method which gives a lot of information with one measurement in Å-level resolution. 

There is no special sample preparation, and the obtained information is the averaged over the 

whole sample area. The principle for X-ray reflectivity (XRR) and neutron reflectivity (NR) are 

the same except that in X-rays we consider the electron density contrast between the layers and 

in case of neutrons, the scattering length density is considered. When the angle between the 

incident beam and the sample surface is kept equal to the angle between the reflected beam and 

the sample surface, it is called specular reflectivity. In a specular scan, the intensity of the 

reflected beam is detected at an angle 2θ, which is twice as large as the incident angle ω. 

Therefore, a specular scan is also called θ−2θ scan, and it is only sensitive to information 

perpendicular to the surface. This means that reflectivity cannot distinguish the different in-plane 

structures e.g. lateral roughness correlation, and for that, other techniques such as Grazing 

incidence small angle X-ray scattering (GISAXS) are used. Despite XRD, XRR is not sensitive 

to the crystal structure of layers and does not rely on diffraction, hence it works on amorphous 

materials as well. Based on the contrast between the layers and the degree of abruptness at the 

interfaces, a number of the so-called Keissig fringes is observed (Fig. 4.5(a)). The distance 

between the fringes is inversely proportional to the thickness of the film which means that a 

thicker film shows smaller angular separation between the fringes while a thinner film shows 

large spacing between the fringes. This is similar to the relation between the modulation period 

and the angular separation of superlattice peaks in the XRD scan. The decay of the intensity is 

related to the roughness at the interfaces. The critical angle θc, shown in Fig. 4.5(a), is the angle 

that before that there is total external reflection. 

In this thesis, NR was performed after addressing the challenges with the composition and growth 

of CrB2/TiB2 superlattices with well-defined interfaces. Other than the direct relation to the 

application in neutron optics and assessing the reflectivity performance, it was interesting to learn 

about different responses of superlattices with different B composition to NR measurements. NR 

beamtimes were accessed through successful proposals at ISIS neutron and muon source in the 

UK, Polref beamline, and ILL neutron source in France, SuperAdam beamline. The NR data 

from SuperAdam beamtimes are presented in Paper 2, Paper 4, and Paper 5.  
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4.3.1 Calculating the thickness of the film from XRR 
 

For calculating the thickness of the film, the modified Bragg’s law is used. In the modified 

equation, the electron density contrast between the layers is considered. 

 

m
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Fig. 4.5. (a) X-ray reflectivity scan of a TiB2 single layer with a schematic of a reflectivity from a single 

layer shown in the inset. (b) Sin2θ as a function of m2 where m is the order of fringes. The linear fit 

shown in (b) is related to a rough sample with only a few number of fringes appearing in XRR and it is 

not related to (a). 
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In case of multilayers, the XRR pattern looks as shown in Fig. 4.6 where there are a number of 

main Bragg peaks in addition to Kiessig fringes. In that case, the angular separation between the 

main Bragg peaks is inversely proportional to the modulation period and the number of fringes 

between each two Bragg peaks is related to the number of periods in a multilayer structure. There 

are (N-2) number of fringes between Bragg peaks where N is the number of periods. The intensity 

of the peaks depends on several factors such as the interface width, optical contrast between the 

layers, number of periods, and the thickness ratio between the layers. Calculating different 

parameters from the XRR of a multilayer is not very straightforward and for that simulation 

software can be used. 

 

 

 

 

Fig. 4.6. (a) Schematic of a reflectivity from a multilayer. For being able to show the X-rays in all 

bilayers, the incident and reflected angles are shown much larger than the reality (b) X-ray reflectivity 

scan of TiB2-CrB2 superlattices with 10 number of periods N = 10 and thickness ratio Γ ≈ 0.3. 

Modulation period in the red/upper curve (Λ ≈ 18 nm) is three times larger than that of the blue/lower 

curve (Λ ≈ 6 nm). Curves are shifted vertically for clarity. 
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4.4 GenX simulation program 

Fitting of experimental data by simulation programs allows for obtaining the layer thicknesses, 

interface width, and density. The software used for simulation and fitting the XRR and NR data 

in this work is called GenX which is a program designed mainly for the analysis of reflectometry 

data [73]. Reflectivity simulation of a material system also helps to understand how different 

parameters such as the thickness ratio, composition of each material, different isotopes, 

modulation period, and interface width affect the reflectivity of the system. These information 

help us to design a material system with optimized parameters for the growth, in addition to have 

pre-knowledge about the reflectivity of the samples. Fig. 4.7(a) shows the effect of B composition 

on neutron reflectivity of SLs with different B composition in the TiBy layers, by simulation 

using GenX code. Simulation shows that in case of layers with the same interface width σ for 

both materials, B composition in TiBy layers can significantly affect the reflectivity. This is 

evident by looking at the intensity of the main Bragg-peaks. Fig. 4.7(b) shows the effect of 

modulation period on the shape and position of the peaks for Λ ≈ 6 nm and 18 nm. Simulation 

assists us to learn about the materials system we plan to investigate, measurement parameters 

such as the range of scan and measurement time at different regions, help for a more efficient use 

of beamtimes. 

 

 

 

 

Fig. 4.7. (a) Neutron reflectivity simulation of CrB1.7/TiB3.3 and CrB1.7/TiB1.8 superlattices with 

modulation period Λ = 18 nm, thickness ratio Γ = 0.3, and N = 10 by GenX code. Same interface widths 

σCrB1.7 ≈ 3 Å and σTiBx ≈ 9 Å are considered for both cases. (b) Neutron reflectivity simulation of 

CrB1.7/TiB1.8 superlattices with modulation period Λ = 6 nm and 18 nm for different number of periods 

N = 5 and 10. Curves are shifted vertically for clarity. 
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4.5 Time of flight elastic recoil detection analysis 

For depth profiling and compositional characterization of single layer thin films and SLs, time 

of flight elastic recoil detection analysis (ToF-ERDA) is used. It is a non-destructive technique 

in which a beam of positive ions hits a sample and when enough energy is transferred from the 

incident ions to the sample nuclei during their elastic collisions, sample’s atoms are recoiled from 

the surface of the sample. The recoils are then detected to determine their energies and assuming 

the elastic collisions, the mass of recoil atoms can be calculated. Moreover, the depth information 

can be determined from the energy loss of the ions and recoil atoms in the sample (target). In 

ToF-ERDA, the flight duration of a given particle, by recording start and stop signals together 

with the particle energy, provides a possibility to distinguish between different masses which 

would be otherwise an issue in the conventional ERDA known as mass-depth uncertainty [90]. 

Some of the main advantages of ToF-ERDA are depth-profiling of light elements and sensitivity 

to isotopes which both are key for our CrB2/TiB2 material system due to the presence of B 

element and, B isotopes in our structure.  However, due to the very thin layers in SLs (DTiBy < 2 

nm) and limited depth resolution of ERDA for such thin layered structures, it is not possible to 

define the composition of B element in each layer in our diboride SLs. Fig. 4.8 shows a ToF-

ERDA spectrum of a CrBx/TiBy SL with modulation period of Λ ≈ 6 nm, thickness ratio of Γ ≈ 

0.3, and 50 number of bilayers N = 50. The signals arising from each element and B isotopes are 

shown by red arrows in Fig. 4.8. Depth profile and the concentration of each element in the SL 

are shown in the inset. The continuous banana-shaped signals coming from Cr, Ti, and B 

elements (with no split) and their corresponding continuous depth profiles confirm the limitation 

of this technique for defining the composition in very thin layers in the SL structures. However, 

it is possible to define the average B composition in the entire structure. 

ToF-ERDA measurements for the current work are carried out in a 5-MV 15SDH-2 tandem 

accelerator from National Electrostatic Corporation. Recoils are detected in an angle of 45° with 

respect to the primary beam in a telescope measuring time-of-flight using a foil-detector and 

energy in a gas ionization chamber (GIC) in coincidence and results in mass resolved data in 

ToF-vs-energy plots. Recoils were created using a 36-MeV 127I8+ beam incident at 67.5° with 

respect to the sample surface normal [91].  
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Fig. 4.8. ToF-ERDA spectrum of the CrBx/TiBy superlattices grown on the Al2O3 substrate with 

modulation period Λ ≈ 6 nm, thickness ratio Γ ≈ 0.3 and number of periods N = 50. From top to bottom, 

the spectrum shows heavy to light elements. Spectrum corresponding to each element is shown by red 

arrows (Iodine spectrum is from the incident ion beam). Depth profile and the concentration of each 

element in the superlattice is shown in the inset. 

 

4.6 Transmission electron microscopy 

In contrast to visible light used in conventional light microscopes, in an electron microscope, 

electrons are used to form a projected picture of a material. The main advantage of using electrons 

instead of light is related to the shorter wavelength λ (~2 pm at 300 kV) of electrons that enables 

the atomic size features to be observed. This is called the resolving power of a microscope, 

referred to as image resolution, that is demonstrated by the Rayleigh wave front criterion, 

 

𝑑 = 
0.61λ
μsinβ

                                                                                                               (4.24) 

                                                                                                               

where 𝜆 is wavelength of the probe, 𝜇 is the refractive index, and 𝛽 is the semi-angle of 

magnification. 
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The wavelength of visible light is between 380-740 nm which results in a point resolution of 

about half the wavelength of the light. Therefore, conventional microscopes can only resolve 

features that are larger than about 200-400 nm. For the electrons however, the wavelength is 

determined by the de Broglie relation, 

 

𝜆 = 
h
p

                                                                                                                                                      (4.25) 

 

where h is Planck’s constant, and p is the momentum. The wavelength can be varied by changing 

the accelerating energy (eV). There is an inverse relationship between λ and eV [92]: 

 

𝜆 = 
h

√2m0.eV
                                                                                                                             (4.26) 

 

where m0 is the electron mass. This relation shows that by increasing the acceleration potential 

of the TEM (typically between 40 and 300 kV), the wavelengths of electrons can be decreased 

which leads to a higher resolution. However, the resolution of an electron microscope has 

limitation due to the aberrations of the electromagnetic lenses (spherical and chromatic) which 

are used for focusing the electron beam. 

In a TEM, the electron beam is generated by an electron gun and transmitted through a very thin 

sample, typically less than 100 nm thick. The thin sample allows electrons to pass through after 

which the image of the sample is projected onto a detector.  
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4.6.1 Cross-sectional sample preparation

TEM sample preparation is time-consuming and destructive. Therefore, special attention is 

needed at different stages of the preparation, especially if the size or the number of available 

samples is limited. Fig. 4.9 shows different steps of cross-sectional sample preparation under 

optical microscope. In the first step, two pieces of size 1×1.8 mm2 (Fig. 4.9(a)) are cut by a 

diamond blade mounted on a low-speed wheel saw. The speed of the wheel saw should be 

selected wisely to prevent stress, especially in the very last moment when the blade is close to 

reaching the film. A very high speed or not sharp blade may lead to the delamination of the film 

from the substrate in the first step of preparation. Two pieces are placed in a 1-mm titanium grid 

(the size of the grid is chosen based on the thickness of the substrate) while the films are facing 

each other and fixed in their position by adding a drop of G1 epoxy (resin to hardener, 1 to 10) 

and placed on the heater. The hardness of the prepared epoxy should be checked after removing 

from the heater, by a scratch test with a razor blade. If it is soft and easily scratched with the 

blade, new G1 epoxy should be prepared, otherwise; the sample will fall off from the grid either 

during polishing or ion-milling. In Fig. 4.9(b) the sample ready for polishing steps is shown. This 

step is followed by polishing both sides with diamond papers 30, 15, 6, 3, and 1 µm to reach a 

thickness of around 50-55 µm (Fig. 4.9(c)). For polishing with diamond paper, samples are 

mounted on a glass slide with a soft glow. The amount of glow should be as much to stick the 

sample on the glass slide. Too much glow gives the wrong impression about the real thickness 

of the sample during the polishing. Frequent checks of the thickness during polishing prevent 

possible failures, especially for less experienced people. The final step, which is thinning the 

sample to an electron transparent stage, is done by low angle ion milling using a Gatan PIPS with 

sample rotation, at 5 keV and a 6° incident angle on both sides of samples. During the final 

stages of sample thinning, the ion energy is reduced to 1.5 keV, and the milling is done only from 

one side (single modulation). Fig. 4.9(d) shows the sample after the ion milling. Depending on 

the substrate, the preparation time and the milling process can be varied a lot. Normally 

specimens on Si substrate take much shorter time for preparation than specimens grown on SiC 

or Al2O3 substrates.
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Fig. 4.9. Different steps in cross-sectional TEM sample preparation shown under optical microscope. 

One piece of size 1×1.8 mm2 (a), two pieces mounted in a titanium grid and hardened by G1 epoxy 

ready for polishing steps (b), sample after polishing with diamond papers and ready for ion-milling (c), 

sample after ion-milling with the thinned center part and the hole created in the middle where the films 

are facing each other (d). 

 

4.6.2 Plan-view sample preparation 

Plan-view TEM sample preparation is done based on obtaining wedge-shape geometries of the 

specimen via conventional cutting and cleaving followed by gentle focused ion beam (FIB) 

milling to electron transparency. Plan-view sample preparation is explained thoroughly by 

Justinas Palisaitis in [93]. 

4.6.3 High angle annular dark field scanning TEM 

Compared to TEM where the parallel beam of electrons passes through a sample to form an 

image, the electron beam in a scanning TEM (STEM) is focused to a fine spot with a diameter 

down to 60 pm, which is then scanned over the sample in the same fashion as in SEM. In 

STEM, the image contrast is based on evaluating the intensities of elastically and incoherently 

scattered electrons. High angle scattering in STEM refers to relatively large scattering angles > 

3° (or >50 mrad). In this range Z-contrast is the dominating contributor to contrast in image 

formation, with very low contribution from phase contrast [94]. In Z-contrast, a converged probe 
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is scanned over the sample and the coherency in terms of the phase of the electron beam is lost, 

making the beam incoherent, and therefore reduces interference effects significantly. 

The HAADF- STEM imaging is referred to as Z-contrast imaging, that is sensitive to the atomic 

number and sample thickness. Since the scattering angle depends on the elemental number, the 

area that consists of material with higher mass appears brighter in the STEM images. The 

advantage of HAADF STEM image compared to HRTEM is that the atomic constituents in the 

projected columns can be quantified with less knowledge of the sample beforehand. However, 

for both imaging modes, knowledge of the detector, the probe and the imaging conditions is still 

required. The image contrast in STEM depends on the angular range of the scattered electrons 

collected on the detector, referred to as the collection angle, that is defined by the camera length 

and the geometrical limits of the microscope column. Also, the thickness and symmetry of the 

sample has an effect of the probe distribution as it passes through the sample, which is called 

probe channeling [92]. 

In this work, the Linköping FEI Titan3 TEM operated at 300 kV was employed to obtain the 

microstructure of single layers and SLs. Fig. 4.10 shows cross-sectional and plan-view HAADF 

STEM of single layer TiB3.3 thin film. The lighter element which is B here is shown darker. The 

inset in Fig. 4.10(b) is the electron energy-loss spectroscopy (EELS) which confirms that the 

dark regions are B-rich. 

 

 

Fig. 4.10. Cross-sectional (a) and plan-view (b) HAADF-STEM micrographs of single layer TiB3.3. The 

inset in (b) shows EELS map of Ti and B element. 
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4.6.4 Electron energy-loss spectroscopy 

Electron energy-loss spectroscopy (EELS) is a powerful method for electronic (atomic bonding 

states) and elemental characterization on atomic scale that depend on the analysis of the energy 

loss distribution of the transmitted primary beam electrons once they pass through a sample in 

TEM. An EELS spectrum can be split into zero-loss, low-loss, and high-loss regions. The 

transmitted electron beam that has zero energy-loss is referred to as the zero-loss peak (ZLP). 

This peak is very intense and has a width, which serves as an energy resolution measure of the 

primary beam and spectrometer. The low-loss region (< ~50 eV) gives information from the more 

weakly bound conduction electrons and electrons in the valence band while the high-loss region 

(> ~50 eV) contains elemental information from the more tightly bound core-shell electrons as 

well as details concerning bonding and atomic distribution. In the low-loss region, plasmon 

signals can also appear and their intensities give information about the relative thickness of the 

sample. Depending on the sample thickness and edge-excitation probability, the characteristic 

elemental signals, called ionization edges, can have relatively low intensity compared to the 

background. In addition, EELS can determine bonding environment changes as they lead to shifts 

in ionization edge onsets [92]. 

In this thesis, EELS maps are acquired from the domain boundaries and column boundaries of 

CrB2 and TiB2 single layers and CrB2/TiB2 SLs, in both plan-view and cross-sectional samples, 

to study the B concentration. One example of EELS is shown in the inset Fig. 4.10(b) where the 

distribution of Ti and B elements are shown in the plan-view TiB3.3 single layer. 

 

4.6.5 Selected area electron diffraction 

An electron diffraction (ED) pattern is the interference pattern attained when an electron beam 

scatters on a crystal. The conditions for constructive interference obey Bragg’s law as explained 

in the XRD section. In TEM the ED is used to orient the sample along the zone axis which is a 

high symmetric crystal orientation. Moreover, the crystallographic information of the sample 

including lattice spacings, space group, point group, and crystal system can be determined by 

measuring angles and distances between diffraction spots. 
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4.7 Nanoindentation 

Nanoindentation is a commonly used technique to measure the hardness of a thin film. In this 

method, the film is probed with a diamond tip, and the indentation load is simultaneously plotted 

as a function of the tip penetration depth. Each indentation includes three steps; the loading part 

where the applied load is measured until it reaches its maximum, the hold part where the applied 

load is held for a time in order to monitor drift, and the unloading part where the load is reduced 

gradually to zero. The result is a load-displacement curve from which the hardness of the film 

can be obtained by applying the method developed by Oliver and Pharr [95]. 

The hardness of the SLs presented in this thesis were measured using an Ultra-Micro Indentation 

System with a Berkovich diamond tip calibrated with a fused-silica standard sample. 
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Chapter 5 

Summary and contribution to the field 
 

5.1 Feasibility study for growth of CrBx/TiBy superlattices 

In Paper 1 we investigate the feasibility of synthesizing CrBx/TiBy (0001) diboride superlattices 

[x,y �•  1,7-3.3] epitaxially onto Al2O3(0001) substrates by direct current magnetron sputter 

epitaxy (MSE) from compound diboride targets. We study the effect of B composition and the 

excess B in the over stoichiometric TiBy layers on the crystal and interface quality of superlattices 

with different thickness ratios. Superlattices with the total thickness of 1 µm and modulation 

periods Λ = (DCrB2 + DTiB2) between 1 and 10 nm, and the TiBy-to-Λ layer thickness ratios Γ ≈ 

0.3 are grown at the optimized sputtering gas pressure of 4 mTorr Ar and a substrate temperature 

of 600 °C. Another series of superlattices with Λ = 6 nm, 50 number of periods N = 50, and layer 

thickness ratios Γ ranging from 0.2-0.8 are also grown at the same growth conditions. It is found 

that superlattices with Λ = 6 nm and Γ in the range of 0.2-0.4 exhibit the highest structural quality 

by presenting a near stoichiometric B/TM ratio throughout the film. By increasing the relative 

thickness of TiBy, the crystalline quality of superlattices starts to deteriorate due to B segregation 

in over-stoichiometric TiBy layers, resulting in narrow epitaxial superlattice columnar growth 

with structurally distorted B-rich boundaries. An increase in relative thickness of under-

stoichiometric CrBx on the other hand, enhances the superlattice quality and hinders formation 

of B-rich boundaries. The graphical abstract of Paper 1 is shown below. 
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5.2 Controlling the composition by co-sputtering 

In Paper 2 the issue of excess B is addressed, and a strategy is proposed to enhance the crystalline 

quality of diboride superlattices. We study the influence of co-sputtering of TiB2 + Ti on the 

stoichiometry and crystalline quality of 300-nm-thick TiBy single layers and CrBx/TiBy (0001) 

superlattices on Al2O3(0001) substrates grown by DC magnetron sputter epitaxy at growth-

temperatures Ts ranging from 600 to 900 °C. By controlling the relative applied powers to the 

TiB2 and Ti magnetrons (total applied power to Ti and TiB2 was kept constant), y could be 

reduced from 3.3 to 0.9. Co-sputtered TiB2.3 single layer grown at 750 °C exhibited epitaxial 

domains about 10x larger than non-co-sputtered films. A significant increase in the intensity of 

the superlattice and satellite peaks and higher order of satellite peaks in XRD diffraction patterns 

prove high epitaxial quality as well as layer definition for close-to-stoichiometry CrB1.7/TiB2.3 

superlattices with modulation periods Λ = 6 nm grown at 750 °C. TiB2.3 layers display rough top 

interfaces indicating kinetically limited growth while CrB1.7 forms flat and abrupt top interfaces 

indicating epitaxial growth with high adatom mobility. The graphical abstract of Paper 2 is shown 

below. 
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5.3 Growth of superlattices from TiB (Ti:B = 1:1) and CrB2 targets 

In Paper 3, we demonstrate the growth of high quality epitaxial sub-stoichiometric TiB1.8 thin 

films and CrB1.7/TiB1.8 superlattices from TiB (Ti:B = 1:1) and stoichiometric CrB2 targets. All 

films crystallize in the hexagonal AlB2 structure. CrB1.7/TiB1.8 superlattices exhibited a 

homogeneous B distribution within the layers. This study demonstrates the feasibility for TiB as 

sputter target material, that offers a solution for deposition of TiB2-based superlattices without 

the need to adjust the deposition parameters. Such adjustments would otherwise be unavoidable 

for tuning the TiB2 composition and could affect the growth of the other constituent materials. 

The crystal structure characteristics and local compositional variations of the as-grown films and 

superlattices were studied using high-resolution scanning transmission electron microscopy 

(STEM) imaging and electron energy loss spectroscopy (EELS) elemental mapping. The 

graphical abstract of Paper 3 is shown below. 
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5.4 Interface engineering by modulated ion-assistance

In Paper 4, we address the asymmetric interface widths for CrB2 and TiB2 that were shown in 

Paper 1 and Paper 2. We present an innovative solution for the growth of superlattices with abrupt 

interfaces from constituents with incompatible growth conditions, e.g. high difference in melting 

temperature. CrB2 and TiB2 have 1100 K difference in their melting temperature. The strategy is 

to provide sufficient ad-atom mobility to fulfil epitaxial growth of both materials by utilizing the 

best balance, for CrB2 and TiB2 individually, between thermal radiation and kinetic energy 

provided by ion flux. Ion-induced intermixing was avoided by commencing growth of each TiB2 

and CrB2 layer by up to 3 unit cells without ion assistance, forming a buffer to protect the interface 

during the ion-assisted growth of the remainder of the layers. We show the role of the interface 

buffers by comparing the structural quality of superlattices grown with and without considering 

buffer uc. The single crystal heteroepitaxy superlattice growth with interface widths σCrB2 ~ 1 uc 

and σTiB2 ~ 2 uc was confirmed for different modulation periods Λ ≈ 20 uc, 40 uc, and 60 uc. The 

graphical abstract of Paper 4 is shown below.
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5.5 Improving the structure by lattice-matched 4H-SiC substrate

In Paper 5, we address the challenge of growing different thickness ratios by utilizing a lattice-

matched 4H-SiC substrate. In Paper 1 and Paper 2 we showed that the excess B from the over-

stoichiometric TiBx (x > 2) layers segregates as B-rich tissue phases through the layers and lead 

to deterioration of structure. This effect became more pronounced for larger thickness ratios. In 

Paper 3, we controlled the composition of over-stoichiometric TiBx and achieved under-

stoichiometric TiB1.8. However, the superlattice quality again showed a decrease for larger 

thickness ratios Γ = 0.5 and 0.7, which at this stage we attributed that to the large lattice-mismatch

between the layers and Al2O3 substrate (26%). Coherency strain and relaxation during the growth 

of diboride superlattices on Al2O3 and the lattice-matched (1.29%) 4H-SiC substrate are studied. 

The SiC allows for growing high quality single crystal superlattices also with thickness ratios Γ

= 0.5 and Γ = 0.7. This is attributed to few misfit dislocations generated due to substrate misfit 

which lead to a strained layer superlattice growth. The superlattices exhibit less crystal defects, 

smoother initial growth, and smaller interface roughness when using SiC substrates. The 

graphical abstract of Paper 5 is shown below.
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Chapter 6 

Outlook 

The vast generosity of science and the never-ending questions keep us entertained all the time. 

 

The immediate future work will be divided into four main parts. 

1. Study the morphology of buried interfaces in superlattices by grazing incidence small 

angle X-ray scattering (GISAXS). 

GISAXS will assist us to learn about the lateral coherency length in superlattices and how that is 

related to the reflectivity performance of such structures. We will also learn how high energy 

ion-assistance during the growth (Paper 4) and lattice-matched substrate (Paper 5) affect the 

interface definition by investigating the interface morphology utilizing GISAXS. My beamtime 

at P03 at PETRA III, DESY synchrotron facility was granted for November 2024 (after printing 

the thesis), and the result will be presented in a future manuscript. 

 

2. Neutron supermirror for real application/Isotope enriched Ti10B2/Cr11B2 superlattice 

neutron optics. 

Utilizing Ti10B2/Cr11B2 superlattices as one of the components in neutron optics, a novel material 

system, was proposed by Jens Birch. During my research we have successfully addressed all the 

aspects described in my PhD proposal. The next step would be to synthesize superlattices with 

isotope-enriched B element to demonstrate the feasibility for the real application in Fermi 

choppers. 

 

3. CrB2/TiB2 superlattice design with mechanical, corrosion, and wear properties. 

Study the multifunctional superlattices with enhanced mechanical, corrosion, and wear properties 

and comparing with those of monolithic layers. Superlattice structures have been proven to 

present functionalities that are superior to the individual constituents. Our initial study shows that 

we can reach a simultaneous toughness and hardness by designing a superlattice structure, 

beneficial for high demanding environments. 
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4. TiB2-based superlattices (e.g. TiB2-Hf superlattices) with enhanced mechanical 

properties. 

After the successful approaches in controlling the B stoichiometry in TiB2 single layers, 

explained in this thesis, colleagues in our group have been working on growing TiB2-based 

superlattices such as TiB2-Hf for controlling the mechanical properties and achieving a 

simultaneous toughness (owing to Hf) and super hardness (thanks to TiB2). 
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