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Abstract 
 

This thesis explores the MBE growth of two different II – VI magnetic semiconductor 

compounds, MnS and MnSe, and seeks to introduce a new technique for quantitative 

measurements of the adhesion between very thin films. 

A technique based on fracture mechanics and thin-film interference has been applied and 

the adhesion between ZnSe lifted epilayers and six different substrates (glass, ZnSe, 

GaAs, GaP, InAs and InP) calculated.  The obtained results indicate that the bonding at 

the new surface is predominantly chemical.  The impact of the oxide layer on the surface 

of the new host substrate in the bonding process has also been investigated and 

preliminary results are presented. 

MnS has been grown by MBE in the metastable zinc blende (ZB) crystal structure on 

GaAs (100) substrates over a wide range of growth conditions by varying the growth 

temperature from 220 °C to 300 °C and ZnS:Mn flux ratio from 5 to 20.  Double-crystal 

X-ray rocking curves have been used to determine the crystallinity and residual zinc 

content in the layers.  This allowed a phase diagram to be produced for ZB MnS giving 

zinc incorporation as a function of the growth temperature and the ZnS:Mn flux ratio.  An 

optimum growth region has been identified where ZB MnS with less than 1% residual 

zinc incorporation can be obtained. Under these optimum growth conditions the 

maximum ZB MnS layer thickness obtained was double that obtained in previous studies, 

with layers up to 250 nm thick produced. 

The MBE growth and the structural properties of the metastable ZB MnSe has been 

studied.  A set of growth parameters, corresponding to substrate temperature of 240 °C 

and Mn:Se flux ratio of 1:10, has been established where MnSe can be grown up to 

230 nm in the ΖΒ crystal structure.  By using both (004) and (115) reflections, the lattice 

constant of ZB MnSe was determined to be 5.876 ± 0.002 Å, the value of 0.435 Poisson’s 

ratio was experimentally obtained and the growth rate obtained from XRI analysis was 

0.43 Ås-1. 

A common window for the MBE growth of both MnS and MnSe in the metastable ΖΒ 

crystal structure has been demonstrated and verified. 
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Chapter   1 

 

Introduction 
 

 

 

 

1.1 Semiconductor basics 
 

Τhe invention of the bipolar transistor in 1948 [1, 2] laid the foundations for modern 

electronics, and the first demonstration of the heterostructure laser in 1963 [3] defined 

the beginning of a new era for semiconductors physics and technology.  The number, 

variety and performance of semiconductor devices has rapidly increased as advanced 

technologies and new materials have become available.  Nowadays manufacture of 

semiconductor electronic and optoelectronic devices is a high volume, scaled-up and 

commercial technology which has changed every aspect of everyday life, from 

telecommunications to data storage.  

 

Semiconductor structures achieve their optimum potential only if they can be grown with 

high crystalline quality.  In the 1970s, the development of new crystal growth 

technologies such as molecular beam epitaxy (MBE) [4] and metalorganic vapour-phase 

epitaxy (MOVPE) [5] enabled the precise and controlled growth of very thin layers of 

different materials and allowed the production of artificial crystals with modified 

crystalline structure.  Advances in thin film growth techniques have made it possible to 

produce structures with dimensions comparable to interatomic distances in solids and 

provided the basis for low dimensional structures.  In these structures the properties of 

the materials are significantly different from those in the bulk form. 

 

In low dimensional structures the movement of charge carries is restricted by potential 

barriers, the degrees of freedom for motion are limited to two, one or zero and the system 



 

 
 

2 

becomes two, one or zero dimensional.  Quantum wells (QWs) where the charge carriers 

are confined in one dimension and move freely in the other two dimensions, is a typical 

example [6].  Confinement configurations are illustrated in Figure 1.1.  

 

 

 

 
Figure 1.1   Confinement configurations and corresponding density of states as a function 

of energy in 3D, 2D, 1D and 0D structures.  (Confinement of carriers affects 

the density of states: g(E) = dN/dE where dN is the number of electron 

quantum states within the energy interval dE).  Source: Taken from Ref. [7]. 

 

 

 

A crystal is a periodically repeated array of atoms.  The smallest assembly of the atoms 

that is repeated and forms the entire crystal is the primitive cell and its dimensions are 

defined in terms of the lattice constant, α.  The crystal structure determines the properties 

of the material.  Semiconductors of interest for electronic and optoelectronic applications 

crystallise in diamond (Si, Ge, C), zinc blende (GaAs, GaP, InAs, InP, ZnSe, ZnTe), 

wurtzite (GaN, CdS, ZnS) or rocksalt (PbS, PbTe, MgS, MgSe) structures [8, 9].  

Figure 1.2 shows the conventional cells of these four structures.   
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Figure 1.2   The conventional cells and their representative elements: a) diamond, b) zinc 

blende c) rocksalt and d) wurtzite.  To describe the cubic structures a single 

parameter is required, the edge length of the cube α; the wurtzite structure 

requires the hexagon height c and the edge length α, or the ratio c/α.  Source: 

Adapted from Ref. [8]. 

 

 

Diamond and zinc blende lattice structures are both tetrahedral bonding arrangements 

where each atom is surrounded by four equidistant nearest neighbours which lie at the 

corners of a tetrahedron.  The bond between two nearest neighbours is formed by two 

electrons with opposite spins.  The diamond and the zinc blende lattices are constructed 

by two interpenetrating face-centered cubic (FCC) lattices.  In the diamond lattice (Figure 

1.2a) all the atoms are the same; whereas in the zinc blende lattice (Figure l.2b) one 

sublattice is the anion and the other is the cation.  The rocksalt lattice (Figure l.2c) is also 

constructed by two interpenetrating FCC lattices where each atom has six nearest 

neighbours.  The wurtzite lattice (Figure 1.2d) presents similar bonding characteristics as 
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the zinc blende but the two interpenetrating sublattices are hexagonal close-packed 

lattices.  

 

The symmetry plays an important role in the properties of the crystals and is defined via 

a point group which involves a set of operations applied around a point.  The operations 

involve rotation, reflection and inversion.  The inversion symmetry is very important and 

many physical properties of semiconductors are tied to the absence of this symmetry.  The 

diamond structure has a centre of inversion at the midpoint of the line connecting nearest 

neighbour atoms while the zinc blende lacks this centre of symmetry [8, 10].  

 

For pure (un-doped) semiconductors the highest full band is the valence band, EV, and the 

next (empty) band is the conduction band, EC.  The minimum energy separation between 

conduction and valence bands in k – space is called the energy gap, Eg, and the Fermi 

level lies in the gap.  The energy-momentum (E – k) relationship near k = 0 defines the 

effective mass of the carriers in the band (i.e. electrons in the conduction band or holes in 

the valence band).  

 

In zinc blende semiconductor materials such as GaAs in Figure 1.3 the conduction band 

has s – like atomic symmetry; the p – like valence band consists of three subbands.  At 

k = 0 (Γ point) two of the three bands are degenerate (light and heavy hole) and form the 

upper edge of the band, and the third is separated by spin-orbit coupling.  
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Figure 1.3   Energy band structure of GaAs. Eg is the bandgap.  Plus signs (+) indicate 

holes in the valence bands and minus signs (-) indicate electrons in the 

conduction band.  Source: Taken from Ref. [11]. 

 

 

Near the band edges, i.e., bottom of EC and top of EV the E – k relationship can be 

approximated by a quadratic equation for a particular single band is: 

 

𝐸(𝒌) = 	 ℏ
)	*)

+	,∗       Equation 1.1 

 

where m* is the associated band effective mass: 

 

.
,∗ = 	

.
ℏ)
	/
)0
/*)

     Equation 1.2 

 

 

For a given direction in k – space the two top valence bands can be approximated by two 

parabolic bands with different curvatures: the heavy-hole band (the flatter band in 
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k – space with smaller 𝜕2E/	𝜕𝑘2) and the light-hole band (the narrower band with larger 

𝜕2E /	𝜕𝑘2).  

 

Carriers in motion are also characterised by a group velocity: 

 

𝑣4 = 	
.
ℏ
	/0
/*

     Equation 1.3 

 

 with momentum: 

 

𝒑 = 	ℏ	𝒌      Equation 1.4 

 

 

When the maximum of the valence band and the minimum of the conduction band occur 

at the same value of k the bandgap is called direct, otherwise it is called indirect.  This 

has significant consequences when carriers transfer across this minimum gap in that 

momentum (or k) is conserved for a direct bandgap but changed for an indirect bandgap. 

 

 
1.2 II-VI semiconductors 
 

The II – VI compounds (Zn, Cd, Hg)/(S, Se, Te) and their alloys have been studied for a 

long time, as has ZnO.  These materials exhibit direct bandgap transitions over the 

infrared, visible and ultraviolet spectral regions.  Their ability for efficient generation of 

visible luminescence has made them attractive candidates for application in light emitting 

diodes (LEDs), and laser diodes (LDs). 

 

Renewed impetus in these materials came from the successful demonstration of blue-

green laser emission from ZnSe-based structures [12-14] and the commercial production 

of CdTe-based solar cells [15, 16].  Other applications of these materials include: 

photodetectors, radiation detectors, nonlinear devices, magneto-optical devices and 

biophotonics [17].  HgTe (zero bandgap) and its alloys Hg1-xCdxTe, which are widely 

used in infrared and far infrared detectors and detector arrays, are not part of the subject 

matter of this thesis.  
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A major problem for the growth of high quality II – VI compounds has been the limited 

availability of appropriate II – VI substrates for homoepitaxial growth.  The majority of 

II – VI semiconductors grow on III – V (100) substrates.  Most of the epitaxial growths 

are carried out on GaAs (100) which is the substrate of preference.  InP substrates are 

also widely used, while Si, Ge, GaP, GaSb, InSb, substrates are employed and 

investigated at a much lower scale.  

 

Optimisation of the MBE growth of ZnSe on GaAs (lattice mismatch 0.25%) [18] was 

one of the initial interests in II – VI semiconductors.  The interfacial and structural 

properties of the GaAs/ZnSe heterostructure have been studied extensively and it is 

considered as a prototype; ZnSe and its alloys form the basis for the II – VI heterostructure 

research [19, 20].  

 

II – VI compounds offer a wide range of bandgap energies, Eg, and lattice constant values, 

α, as the diagram in Figure 1.4 presents.  A rather large variety of II – VI semiconductor 

alloys can be obtained by combining these binary compounds.  

 

 
 

Figure 1.4   Bandgap, Eg, at RT as a function of the lattice constant, α, of II – VI 

compounds. (HgTe with bandgap 0 eV is not shown). Dashed lines indicate 

that the bowing parameter of the corresponding alloy is not known.  Source: 

Taken from Ref. [19]. 
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The use of alloys has been motivated due to the limited availability of suitable substrates 

for II – VI epitaxial growth and the flexibility to tune the bandgaps and the lattice 

constants by varying the composition of the material.  By adjusting the bandgap and the 

lattice constant structure, designs with desirable electrical and optical properties can be 

grown with high crystalline quality and sharp interfaces.  

 

Limitations appear when compounds with different stable crystallographic structures are 

combined.  Some compounds and alloys in the bulk crystallise in the rocksalt or wurtzite 

structure; however, under the appropriate growth conditions they can be grown 

epitaxially in the zinc blende (ZB) configuration, due to substrate stabilisation.  In this 

thesis, only the MBE growth of the ZB structures will be studied, although, when 

necessary, a reference to other structures will be made.  The growth of metastable 

structures will be discussed in detail in Chapters 5 and 6. 

 

A well-known, visible bandgap, II – VI ternary alloy is ZnxCd1-xSe which can be grown 

by MBE on GaAs (100) in the ZB crystal structure in the entire composition range 

[21, 22].  This alloy is used to grow quantum wells (QWs) and quantum dots (QDs), and 

the first blue-green lasers contained ZnxCd1-xSe QWs in the active region [12, 23].  

However, structural defects limited the lifetime of these devices [20].  

 

II – VI quaternary alloys (Zn, Cd)/(S, Se, Te) have attracted attention due to the possibility 

of tuning the bandgap in the IR-UV spectral regions [24, 25].  Both Mg and Be have been 

incorporated in II – VI alloys and contributed to the improvement of the devices’ 

performance.  The alloy ZnxMg1-xSySe1-y is of great importance for the development of 

II – VI blue-green LDs because it can grow lattice matched to GaAs and provides 

bandgaps in the range from 2.7 eV to 4.4 eV [17, 26, 27].  Beryllium chalcogenides, BeTe 

and BeSe, and their alloys with ZnSe and MgSe have also been studied [17].  They can 

be grown lattice matched to GaAs and offer the possibility to tune the bandgap in the 

range from 2.7 eV to the UV [28] and it has been demonstrated that they can be used for 

the fabrication of light-emitting devices [29].  

 

Successful applications of II – VI semiconductor materials include: ZnCdSe/ZnCdMgSe 

quantum cascade lasers (QCLs) [30, 31]; ZnCd/MgSe multi-QWs on InP substrates for 
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mid-IR devices [32]; vertical-cavity surface-emitting lasers (VCSELs) with bottom and 

top distributed Bragg reflectors (DBRs) of ZnMgSSe and MgS/ZnCdSe [33]; and 

CdTe/CdMgTe microcavities for Bose-Einstein condensation of exciton polaritons [34].  

 

 

1.3 Magnetic semiconductors  
 

In 1988 the discovery of giant magnetoresistance (GMR) [35-37] ushered a new era for 

quantum electronics.  The GMR effect showed that by manipulating the spin of the 

carriers the electrical resistance of a material could be altered.  It was observed in 

structures consisting of alternated nm-thick ferromagnetic and non-magnetic layers; in 

such structures, scattering of electrons and the electrical resistance of the structure, are 

strongly dependent on an external magnetic field.  GMR was immediately applied in 

magnetic sensor technology and its scientific success was followed by widely used 

commercial products.  It was exploited in read heads and allowed magnetic disc drives to 

become smaller while holding eight times more data than before [38].  

 

Operation of traditional electronic devices is based on the transport of the electronic 

charge and the second property of the electron the angular momentum (or spin) is 

neglected.  Magneto-electronics (or spintronics) is the field of science and technology 

where the two fundamental properties of the electron, its charge and its spin, are 

manipulated simultaneously. Advances of spintronic devices over conventional 

electronics include reduced power consumption, higher speed, and increased levels of 

device integration [39].  As modern electronics are based on semiconductor technology 

it is necessary to explore ferromagnetic materials that are compatible with existing 

semiconductor technology [40]. 

 

Magnetic semiconductors have attracted considerable attention due to the interaction 

between the localised magnetic moments and the band carriers of the host semiconductor 

[41, 42], while alternating stacking of magnetic and non-magnetic layers has revealed a 

field of new phenomena which demonstrate that the spin can effectively be used to control 

the optical properties of a heterostructure [43-45].  
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Initially the work was mainly focused on II – VI dilute magnetic semiconductors (DMS) 

which have been extensively investigated, but they exhibit only paramagnetic behaviour 

[41]. On the other hand, the well-studied DMS (Ga,Mn)As has demonstrated very 

interesting low-temperature functionalities [46].  However, to date the highest reported 

Curie temperature is around 173K [47, 48], which is well below the desirable room 

temperature and the materials operate only at cryogenic temperatures.  

 

Half-metallic ferromagnets, first reported by Groot et al. [49], are a special case of 

materials because they have only one electronic spin channel at the Fermi energy and 

therefore may show nearly 100% spin polarization at high temperature.  These materials 

have attracted considerable interest due to their potential applications in spintronic 

devices.  A great interest has emerged in compounds and alloys consisting of (Cr, Mn)/(S, 

Se, Te) because if they are grown in the metastable ZB phase on a III – V substrate they 

have been predicted to be ferromagnets with high Curie temperatures, TC > 400K [50].  

However, the MBE growth of these materials in the metastable ZB phase has been proved 

challenging [51, 52].  The group at Heriot-Watt is involved with the development of this 

group of materials and forms part of the present work in Chapters 5 and 6.  

 

Despite recent advances, the field of spintronics has many challenges remaining, both in 

physical and technological aspects [53].  

 

 

1.4 MBE research at Heriot-Watt 
 

Established in 1987, the MBE group at Heriot-Watt University is focused on the growth 

and development of II – VI semiconductors and applications of epitaxial lift-off (ELO) 

technology.  

 

In 1989 [54] the group reported its first high quality ZnSe layers and in 1992 it was one 

of the first in Europe to demonstrate a 77K ZnSe/ZnCdSe QW blue laser [55].  However, 

these devices suffered from short operating lifetimes due to difficulties with p-type 

doping, while point defects and obstructions in the formation of ohmic contacts slowed 

down any further progress in the development of commercially viable devices [56, 57].  
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The outstanding success of wide-bandgap GaN-based devices [58], which overcame all 

these technical issues, reduced interest in the development of ZnSe-based blue laser 

diodes.  

 

Following this development the group focused on studies related to the structural 

properties of II – VI semiconductors and by using X-ray topography reported the first 

observations of the onset of mismatch dislocation formation in ZnSe [56, 59] and 

demonstrated a new technique to measure the onset of strain relief in piezoelectric 

structures [60, 61]. 

 

Growth of ZnS-based layers on both GaAs and GaP substrates has resulted in the 

fabrication of ZnS/ZnCdS lattice matched QW structures [62, 63].  Thick MgS layers in 

the metastable ZB structure with high crystalline quality were produced using a novel 

growth technique which utilised the compound ZnS as a sulphur source [64].  Zinc blende 

MgS is a wide bandgap (~ 4.8 eV) semiconductor, nearly lattice matched to both GaAs 

and ZnSe, and it produces excellent carrier confinement as a barrier material. Intense 

photoluminescence (PL) emission has been demonstrated in QWs of MgS/ZnSe [65, 66] 

and MgS/CdSe [67, 68], and in MgS/CdSe QDs [69, 70]. This novel method has been 

successfully applied for the growth of transition metal compounds and alloys, 

MnS [71, 72] and MnCrS [73] in the metastable ZB crystal structure.   

 

Finally, the group has also developed a new epitaxial lift-off (ELO) technology to transfer 

II – VI layers and heterostructures to other substrates for device elaboration by using 

highly reactive MgS as the sacrificial layer [74].   

 

Current research at Heriot-Watt involves the development of metastable compounds and 

alloys, and applications of the ELO technique.  Both aspects are investigated and 

discussed in this thesis.  
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1.5 Thesis outline   
 

This thesis contains a detailed description of work carried out over the period June 2015 

to November 2018.  

 

Chapter 2 contains an essential overview of the fundamentals of the MBE growth 

technique.  Important components and features are discussed together with a detailed 

description of the Heriot-Watt MBE system.  

 

Chapter 3 moves on to describe the techniques used to characterise samples grown at 

Heriot-Watt focusing on the reflection high-energy electron diffraction (RHEED) and X-

ray diffraction (XRD).  A brief overview of the background theory along with the 

experimental setup of the techniques is provided.  

 

Chapter 4 introduces a new technique to measure the adhesion of very thin films on 

different surfaces.  It describes how a fracture mechanics technique and thin-film 

interference are combined in order to determine the adhesion coefficient of lifted ZnSe 

epilayers on different host substrates.  It also details the modifications made to the ELO 

technique and allowed the lifted layer to drape over and conform to the shape of a stepped 

surface without breaking or cracking.  The impact of the oxide layer on the surface of the 

new host substrate in the bonding process is also investigated. 

 

Chapter 5 is concerned with the optimisation of the growth of the metastable ZB MnS.  

The growth was studied over a wide range of substrate temperatures and ZnS:Mn flux 

ratios.  The samples were analysed using double-crystal X-ray rocking curves and a great 

deal of structural information was obtained.  All the data collected from this study were 

plotted to produce a phase diagram and the optimal growth window was determined.  

 

Chapter 6 describes the growth and characterisation of the metastable ZB MnSe.  

Structural characterisation of the layers was carried out using X-ray diffraction (XRD) 

and X-ray interference (XRI).  The growth rate, lattice parameter and Poisson’s ratio were 

determined, and the results are presented and discussed.  Determination of a common 
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growth window where both MnS and MnSe can be grown in the metastable ZB crystal 

structure is also described.  

 

Due to the varied thematic nature of the experimental work, each chapter is preceded by 

an introduction and includes a brief conclusion section of the respective chapter. 

 

Finally, in Chapter 7, a summary of the conclusions drawn in Chapters 4, 5 and 6 is 

presented, including suggestions for further experimental studies.   
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Chapter   2 

 

MBE   fundamentals, growth and technology 

 

 

 

 

2.1 Introduction 
 

The techniques available for materials epitaxial growth include vapour-phase epitaxy 

(VPE), metalorganic vapour-phase epitaxy (MOVPE) and molecular beam epitaxy 

(MBE).  

 

MBE takes place under very controlled conditions in ultra-high vacuum (UHV) on a 

heated crystalline substrate at temperatures that depend on the materials to be grown via 

the interaction of absorbed elements supplied by molecular beams [1].  Types of materials 

that have been prepared by MBE include semiconductors, oxides, metals and magnetic 

materials.  

 

Developed in the late 1960’s [2] MBE facilitated the fabrication of structures with high 

purity and crystalline quality, heterojunction transistors and novel semiconductor devices 

with tailor-made characteristics.  Its ability to incorporate a wide range of sources 

provides the flexibility of heteroepitaxial integration of semiconductors with different 

properties and the growth of complex multilayers because of the precise control of the 

composition, the doping and the thickness, where the accuracy is down to one monolayer 

(1ML = 0.28 nm for GaAs (100) [3]) hence, for example, quantum wells and superlattices.  

 

The distinct features of MBE allow the quick investigation of unexplored materials and 

the fast exploitation of new ideas on innovative structures and devices.  MBE extended 

into the mass production technology in the late 1980’s and since then semiconductor 

lasers for CD players and light-wave communications, Hall sensors for disk drive speed 
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controllers and high-electron-mobility transistors (HEMTs) for high-speed wireless 

communications are being produced using materials grown by the MBE technique [4]. 

 

The great successes of MBE can be measured by the number of research papers published 

over the past 45 years and the attributions of several Nobel prizes that were directly 

related to results obtained from samples grown by this technique [5-10]. 

 

This introductory chapter provides a brief overview of the basics of MBE along with a 

description of the Heriot-Watt MBE equipment. 

 
 
2.2 Basics of MBE 
 

MBE growth takes place in an ultra-high vacuum (UHV) environment under the 

molecular flow regime.  Under this regime, atoms and molecules do not interact when 

they travel across the chamber and beams are directed towards the substrate [11].  

Moreover, the UHV in the growth environment makes it possible to assess and control 

the morphology and the crystallinity of the growing surface in situ and in real-time by 

high-energy electron diffraction (RHEED).  RHEED is a technique that relies on electron 

diffraction to monitor both the quality of the growing surface and the growth mechanisms, 

and allows the MBE growth process to be accurately controlled.  Additionally, the UHV 

environment minimises the background pressure and eliminates the incorporation of 

impurities into the epitaxial film from the growth environment allowing the production 

of high purity materials.  

 

Beams of atoms or molecules are generated from high purity source materials which 

operate at high temperatures in effusion cells.  On arrival on the heated substrate the atoms 

or molecules interact with other atoms or molecules and under suitable growth conditions 

single crystalline epitaxial layers can grow in an ordered way.  

 

The selection of the appropriate substrates is essential to attain high crystalline quality of 

the epitaxial layers and semiconductor structures with high optical and electrical 

performance.  The choice of suitable substrate for a growth is based on the lattice 

parameter, orientation, doping, thermal expansion properties, preparation and the cost.  
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When the substrate and the deposited layer are of the same materials, i.e. have naturally 

matching lattice constants, thermal expansion coefficients, and the occurring interface is 

structurally and chemically compatible, the process is called homoepitaxy.  Otherwise it 

is referred to as heteroepitaxy.  Homoepitaxy, even if it is the most preferred, is not always 

an option due to the poor quality and the high cost of the commercially available 

substrates.  Availability of high quality, large area and inexpensive II – VI substrates is 

very limited.  On the other hand, high quality, epi-ready GaAs (100) substrates are widely 

available and they are offered in many different orientations and doping characteristics.   

 

The epitaxial growth modes were first classified by Bauer [12] based on the relation 

between the surface energies of the substrate (γs), the epilayer (γe) and that of the interface 

between them (γi).  According to Bauer’s classification three different growth modes, 

illustrated in Figure 2.1, can be adopted. 

 

 

 

 
 
Figure 2.1  Schematic diagram of the three different crystal growth modes.  (a) Volmer-

Weber mode or island growth; (b) Frank-van der Merwe mode or layer-by-

layer growth; (c) Stranski-Krastanov mode or layer-plus-island growth.  

 

 

 

Volmer-Weber (VW) [13] or island growth mode occurs if  γe + γi > γs ; the deposited 

atoms are more strongly attracted to each other than to the substrate and 3D islands 

nucleate with the absence of a wetting layer. 
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Frank-van der Merwe (FM) [14] or layer-by-layer growth mode occurs if γe + γi < γs ; the 

deposited atoms are more strongly attracted to the substrate than they are to each other, 

the misfit is small and the film is strained to match the substrate’s surface lattice spacing 

at the interface. 

 

Stranski-Krastanov (SK) [15] growth mode occurs when the interface energy increases 

with increasing layer thickness. In this case, first a strained continuous wetting layer 

forms on the substrate and then the strain is released by the formation of 3D islands on 

that layer. 

 

The 3D growth modes VW and SK are employed for the growth of quantum dots and 

nanowires.  

 

Another kind of growth mode worth mentioning and considered as a variant of the layer-

by-layer growth is the step-flow growth mode.  Steps are formed if the crystal surface is 

inclined with respect to the lattice planes or when mounds are present on the surface.  In 

step-flow the impinging atoms attach to the step edges rather than forming islands causing 

the steps to move as the growth proceeds.  

 

MBE can also be characterised by the way the beams are supplied to the growing surface.  

In the normal MBE growth technique, the shutters of all the cells necessary for the growth 

are opened simultaneously and the thickness of the epilayer increases linearly with time.  

Modifications of this technique are the atomic layer epitaxy (ALE) and migration 

enhanced epitaxy (MEE).  In ALE instead of opening all the shutters together they are 

opened one at a time so that half a monolayer of each material (metal or non-metal) are 

sequentially deposited.  This technique works best for the growth of binary compounds, 

whereas it would be necessary to open either all the metallic or non-metallic shutters 

together for ternary and quaternary alloys.  While in MEE which is a further modified 

version of ALE, a growth delay is introduced between closing one shutter and opening 

another to enhance the deposited material to migrate around the surface so as to produce 

a smoother layer surface.  Both ALE and MEE have been successfully applied to the 

epitaxial growth of several II – VI compounds [16-19].  These techniques enable a precise 

control of thickness and when needed they are used to provide a smoother finish to the 

as-grown epitaxial layer surfaces before depositing another layer. 
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Other important components and features of MBE are discussed in the following sections 

along with the description of the Heriot-Watt MBE facility. 

 

 

2.3 Heriot – Watt MBE facility  
 

The MBE system at Heriot-Watt is constructed from stainless steel and consists of two 

Vacuum Generators V80H growth chambers, denoted HWC and HWR, connected with 

a preparation chamber and an entry lock, which are isolated to each other by gate valves.  

Figure 2.2 displays a photograph and a schematic diagram of the system.  

 

This setup allows the fast transfer of the samples, to and from the growth chambers, whilst 

contributing to the preservation of the vacuum integrity in the chambers.  Furthermore, 

maintenance can be carried out on an individual section of the machine without impairing 

the vacuum environment in the adjacent chambers.  

 

The sample holder, a molybdenum block on which the substrate is mounted, is held at the 

centre of the growth chamber by a manipulator arm.  The manipulator arm can rotate the 

holder and be fixed in three different positions; one for flux measurement, one for 

loading/unloading of the samples and one for growth.  During the growth it provides 

heating and continuous rotation to the substrate holder allowing material from all cells to 

be deposited evenly onto a substrate surface. 
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Figure 2.2   Photograph (top) of the MBE growth facility at Heriot-Watt and a schematic 

diagram (bottom) of the same setup with emphasis on the internal 

components.  

 

 

 

Samples are introduced to the system via the fast entry lock where they are loaded into a 

removable carousel.  The entry lock can be evacuated to a pressure of 10-6 mbar in 

approximately 20 minutes by means of a rotary pump and a small turbomolecular pump.  

Once pumped down, the entry lock can be opened to the preparation chamber and the 

sample placed on to the mechanical railway.  A pulley driven railway system is located 

in the preparation chamber, which facilitates the transport of the samples using a trolley 

to and from the chamber.  
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The materials used in a UHV MBE chamber are chosen very carefully as they must have 

high vacuum integrity, low porosity, low vapour pressure and be able to tolerate 

temperature cycling from cryogenic temperatures to several hundred degrees Celsius. 

Molybdenum and tantalum are commonly used for the shutters, the heating elements and 

screws because of their thermal stability and corrosion resistance to materials effused 

from cells.  Pyrolytic boron nitride (PBN) is used for electrical insulation in the chamber 

and for cell crucibles because it has both a high melting point and resistivity.  Aluminium, 

gold and copper are used for the gaskets in the flanges of the system.  As copper reacts 

with group VI elements its use is minimised in the MBE system at Heriot-Watt. 

 

The samples presented and analysed in this thesis were grown in both chambers and in 

the following chapters they are denoted with the prefixes HWC and HWR. 

 

 

2.4 Growth chambers 
 

Both chambers of the Heriot-Watt MBE system are used for the growth of II – VI 

compounds.  They contain high purity 6N (99.9999% pure or six nines) solid elemental 

or compound sources of Zn, Se, Cd, Mg, CdSe and ZnS, enabling the growth of a variety 

of binary, ternary and quaternary compounds.  Chamber HWR also contains Cr and Mn 

sources and is used exclusively for the growth of magnetic semiconductors.  Chamber 

HWC is used for the growth of all the other structures, preventing the contaminations of 

the layers from any background residual transition metals [20].  

 

Lining the inside of the chamber there is a cryoshield cooled with liquid nitrogen in order 

to provide thermal insulation among cells with different operating temperatures and to 

reduce further the chamber’s pressure. 

 

The source materials are held in cells mounted into the source flanges.  Each chamber has 

eight ports for source flanges suitable for conventional Knudsen effusion cells (K – cells) 

which are aligned so that the central axis points towards the center of the substrate holder 

which is located at the center of the chamber.  
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Other ports accommodate the low and high temperature pyrometers, RHEED gun, 

fluorescent screen, and a quadrupole mass spectrometer.  A viewing port is used to 

facilitate the alignment of the pyrometers on the substrate surface. 

 

 

2.5 Knudsen cells 
 

Molecular beams are produced by thermal evaporation of the source materials in high 

purity crucibles.  In order to reduce contamination of the sources the crucibles which are 

located in the K – cells are made from PBN which is a non-active material able to 

withstand temperatures up to 1400 oC.  

 

K – cells have independent temperature control in order to maintain steady material flux 

throughout a growth.  Each cell is heated by radiation from a resistively heated filament 

feedback through a thermocouple to a proportional integrated derivative (PID) 

temperature controller.  Spring-loaded thermocouples, type – K (chromel-alumel) for low 

temperature cells and type – W5 (tungsten-rhenium) for high temperature cells, are in 

contact with the K – cell.  Fine-tuning of the individual PID parameters ensure that 

oscillations and temperature overshoots are being kept to a minimum and set point 

temperatures maintained to ±1K.  

 

The cells are water chilled which helps to prevent thermal cross-talk among the sources 

and also helps to maintain the stability of the flux.  Additional cooling water runs around 

the high temperature cells of ZnS, Mn and Cr.  

 

Mechanically operated shutters are placed in front of each K – cell and they can be 

controlled either manually or by a computer program. Liquid nitrogen cooled shutters are 

fitted in front of all high temperature cells to substantially reduce the amount of S2, Mn 

and Cr leaking around the shutters during operation and the subsequent contamination of 

the growth chamber.  The shutters switch on and off the molecular beams within a fraction 

of a second providing control of the atomic layer thickness and abrupt interfaces on the 

atomic scale.  Operation of the shutters is controlled by means of a double solenoid.  
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An AC current drives the magnetic core to the open or close position and a DC current 

holds the shutter in place for the required length of time.  

 

 

2.6 Cell flux measurements  
 

Accurate measurement of the beam fluxes is one of the requirements for precise control 

of the growth rates and the compositions of the epitaxial layers.  The flux from each cell 

is dependent on its operating temperature and is measured by means of an ionisation 

gauge which is attached on the manipulator arm and positioned directly in the path of the 

molecular beams.  The ionisation gauge actually measures the particle density, rather than 

flux.  A measurement is obtained when only a single beam is switched on and the beam 

pressure is proportional to the atomic or molecular flux impinging on the surface. 

However, the proportionality varies with the sensitivity of the gauge to the species and 

with the position of the gauge in regards to the effusion cell.  

 

The ratio between the fluxes, Jx and Jy, of the species x and y, can be related to the ratio 

between the beams pressure, Px and Py, by [21].: 
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where J is the flux, P is the beam pressure, T is the absolute temperature, M is the 

molecular weight of the species and η is ionisation coefficient relative to nitrogen, given 

by:  
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where Z is the atomic number of the species. Flux ratios are very important as they 

determine the reconstruction and the stoichiometry of the growing surface [1, 22].  
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In the experiments described in this thesis beam pressures were measured using a 

Keithley picoammeter, which shows the beam equivalent pressure (BEP) in nA and BEP 

ratios are quoted in preference to absolute flux ratios.  

 

In general, a BEP ratio determined by an ionisation gauge does not coincide with a flux 

ratio, which is defined as the ratio of numbers of atoms impinging per unit area of a 

substrate per second, because of the different relative sensitivities of atoms and molecules 

to ionisation [23].  To obtain the actual flux from the BEP the ionisation efficiency and 

the molecular weight of the species must be taken into account [11].  This is difficult for 

the group VI elements since there is more than one molecular species in the gas phase 

and the abundance of each species is difficult to ascertain. 

 

 

2.7 Substrate temperature measurement 
 

The processes involved in a growth, desorption and migration, are very sensitive to 

temperature fluctuations.  Accurate temperature control of the substrate is crucial for 

MBE growths in order to maintain the growth rate constant and ensure superior crystalline 

quality of the produced material.  

 

The substrate holder is held in place by a horseshoe shaped ledge and this system is 

located behind a graphite heating element.  The substrate temperature is controlled by a 

similar method to the one used for the cells’ temperature control.  However, it is 

impossible to attach directly a thermocouple to the substrate holder due to the required 

rotation during the growth.  Instead, a thermocouple is placed behind the substrate heater 

and this results in a temperature offset of ~ 50 °C between the measured and actual 

substrate temperature, introducing a systematic error to the measurement.  This offset is 

not a fixed value; at room temperature it is zero and it increases with increasing substrate 

temperature. 

 

To compensate for the thermocouple offset a secondary, non-contact, temperature 

measurement is carried out using a pair of infrared (IR) optical pyrometers.  This type of 
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thermometry is based on the fact that all objects emit radiant energy and the intensity of 

the emitted radiation is a function of their temperature.  

 

Two Ircon Mirage IR optical pyrometers are situated outside the chamber and focus 

through a window onto the surface of the sample.  The incident radiation from the indium 

which is used to mount the substrates on to the holder is detected by the pyrometers and 

converted to an electrical signal.  This signal is then linearised and scaled appropriately 

within the temperature range of the pyrometer [24].  Each pyrometer operates over a fixed 

range of temperatures; the high temperature pyrometer covers the range 250 – 700 oC and 

is used to measure the temperature during the oxide desorption of the substrate, and the 

low temperature pyrometer covers the range of 120 – 310 oC and is used to monitor the 

growth temperature.  

 

As the pyrometer must be calibrated for the emissivity of the material measured it is only 

accurate when focused on the substrate.  The growth of II – VI material on the substrate 

is not a problem as they are transparent at the pyrometer’s wavelength measurement, but 

the presence of deposited materials on the window can be.  For this reason, the 

temperature measured by the thermocouple is calibrated using the pyrometer periodically, 

normally just after the pyrometer window has been cleaned, and this calibration is used 

to determine the actual temperature of the substrate.  The pyrometer reading is calibrated 

to the GaAs (100) native oxide desorption temperature ~ 580 oC [25]. 

 

 

2.8 Ultra-high vacuum environment  
 

Pressures of 10-10 mbar are maintained during growths, whilst pressures of the beams are 

~ 10-7 – 10-6 mbar.  These pressures ensure that the mean free path of atoms effused from 

the K – cells is ~ 50 m which is much larger than the size of the chamber (diameter of 

~ 1 m), so intermolecular collisions are negligible.  

 

The Heriot-Watt MBE system is pumped down using a series of vacuum pumps.  Details 

of the pressure range and pumping method for each type of pump are summarised in 

Table 2.1.  Rotary pumps are used to exhaust the chambers to a sufficiently low base 
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pressure of 10-3 mbar, before opening to the turbomolecular UHV pump.  Under normal 

UHV pumping conditions, rotary pumps provide adequate fore-pump pressure to back 

the transfer type turbomolecular pump.  The magnetically levitated turbomolecular pump 

provides a clean, oil-free vacuum down to 10-10 mbar into the main growth chamber.  

Also, ion pumps are used in conjunction with the turbomolecular pump in order to 

maintain base pressure of ~ 10-10 mbar.  Ion pumps operate better in a static vacuum under 

clean conditions.  Liquid nitrogen cooled cryoshields are used to further reduce the 

pressure in the chamber during the growth. 

 

Pump 
Pressure range 

(mbar) 
Pumping method 

Oil-sealed rotary 

vane 
Atmospheric – 10-3 

Gas drawn into pump, compressed and expelled 

through exhaust. Foreline traps used on backing 

line to prevent oil from back-streaming into the 

vacuum chamber [26]. 

Turbomolecular 10-3 – 10-9 

Magnetically levitated discs of angled blades 

rotate at high speeds, up to 60K rpm. Gas 

molecules collide with the blades increasing 

their momentum. The angle of the blades is 

designed to prevent the molecules from re-

entering the vacuum chamber [27]. Not very 

effective for light molecules/atoms such as 

helium.  

Ionisation 10-6 – 10-10 

Electrons are emitted from a cathode into a 

magnetic field where they ionise gas loaded 

from the chamber. Ionised molecules attracted 

to cathode plates where they sputter titanium on 

collision and are buried. Active gases such as 

oxygen and nitrogen permanently removed by 

titanium guttering [28]. Effective for light 

molecules/atoms. 

 
Table 2.1   Summary of pressure ranges and pumping methods for three types of pumps 

used in the Heriot-Watt MBE system. 
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Careful monitoring of the pressures in the system is very important in order to ensure 

successful growth conditions and to prevent sudden overloading of the pumping system.  

The choice of gauge used is dependent on both the pressure range and the residual gases 

in the vacuum.  Gauges used for pressure measurements in UHV chambers use charge 

collection, they ionise the residual gas molecules and measure the resulting current. 

 

In the Heriot-Watt MBE system two different types of gauges are used to measure the 

pressure in different ranges.  Pirani gauges which operate in the range of 1 to 10-3 mbar 

are used to measure the pressure in the main chambers, but typically they are used for 

qualitative monitoring of the backing line, between the turbomolecular and rotary pumps.  

The UHV in preparation and growth chambers is measured by Bayard-Alpert ionisation 

gauges.  The low-pressure limit on the ion gauge is ~ 10-11 mbar and so is ideal for 

pressure measurement in the UHV chambers [29]. 

 

 

2.9 System outgassing 
 

There are various phenomena that may contribute to residual gasses in the chamber 

including, walls outgassing, leaks, permeation through gaskets, evaporation of volatile 

materials and back-streaming of vapours from the pumps.  Also, during maintenance the 

system has to be exposed to atmosphere and some contamination is inevitable.  

 

A constant chamber pressure of 10-7 mbar can be achieved after pumping from 

atmosphere for ~ 24 hours.  One successful method used to reduce further the base 

pressure and reach UHV pressures is the bake-out.  Baking of the system is carried out at 

a temperature of 105 oC for approximately 48 hours. This temperature is much lower than 

that normally required for UHV systems, 180 – 200oC [30], because it is limited by the 

vapour pressure of sulphur and selenium.  

 

Even further reduction of the pressure can be achieved by outgassing the source materials.  

Raising the cell temperatures ~ 20 °C above the normal operating temperatures causes 

water vapour to be desorbed from the crucibles and in the case of ZnS from within the 

source material itself due to its porous nature.  
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Unlike the other materials the Mn and Cr sources undergo a cycling procedure between 

a lower temperature (500 °C) and their outgas temperature.  At the lower temperature 

contaminants and impurities diffuse to the surface of the source, segregate there and alloy 

with the source material.  However, the sudden rise to the higher temperature does not 

allow them to dissolve before they are evaporated from the surface of the source.  The 

procedure is monitored by a mass spectrometer and during the high temperature phase 

the hydrogen peak increases rapidly.  The cycling process continues until hydrogen no 

longer dominates when the cell is at the higher temperature. 

 

 

2.10 Mass spectrometry 
 
The MBE system is equipped with a compact mass spectrometer known as a residual gas 

analyser (RGA).  The RGA is used during maintenance and also allows for routine leak 

checks to be carried out.  The different modes that can be chosen are: leak detection; bar 

chart representing elemental and compound masses; and multi-trend analysis.  

 

The leak detection mode is used prior to and following the bake-out process.  In this mode 

helium is used as a probe gas, which is applied to all the external flanges and feedthroughs 

of the machine.  An increase in the partial pressure of helium is detected in the chamber, 

corresponding to an increase in the frequency of an audible tone which is proportional to 

the peak height of helium.  In the bar chart mode, a leak is indicated by an increase in 

N at 14 and 28, O at 16 and 32 and Ar at 40. 

 

The vacuum quality is determined by using the bar chart mode.  This mode measures the 

partial pressures of a large range of molecule masses.  The peak intensity in this mode is 

displayed in histogram format facilitating the detection of any contaminant species in the 

vacuum environment.  Finally, the multi-trend mode tracks up to twelve different masses 

over time and is used during the outgas of the manganese and chromium sources as 

described in Section 2.8.  
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2.11 Summary 
 
In this chapter the fundamentals and the technology of the MBE growth technique as well 

as the growth mechanisms have been summarised along with a detailed description of the 

MBE system design at Heriot-Watt.  The next chapter moves on to present the 

characterisation techniques utilised in this thesis.  
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Chapter   3 

 
Characterisation   Techniques 

 

 

 

 

3.1 Introduction 
 

Characterisation is an integral part of materials science and engineering, and essential for 

the design and development of new material systems.  Several characterisation 

techniques, destructive and nondestructive, are employed to examine the structural, 

chemical, optical, electrical and magnetic properties of semiconductor materials.  The 

wide range of information that can be obtained include; the crystal structure, thickness, 

composition and quality of the epilayer, surface topography, interface roughness and 

interlayer diffusion, chemical composition, bandgap and energy band offsets, optical 

absorption, carrier concentration, lifetime and mobility.  

 

Reflection high-energy electron diffraction (RHEED), X-ray diffraction (XRD), X-ray 

interference (XRI), photoluminescence spectroscopy (PL) and atomic force microscopy 

(AFM) are the techniques used extensively to characterize the samples grown at Heriot-

Watt MBE.  Secondary ion mass spectrometry (SIMS) is employed to study the chemical 

properties of epitaxial layers, such as composition, doping and unintentional 

incorporation of impurities. Assessment of the magnetic properties of the layers is 

provided by the group of Prof. Wolfram Heimbrodt at Philipps – Universität, Marburg; 

this will not be discussed further in this thesis.   

 

An overview of these characterisation techniques and details of the experimental 

equipment are given in this chapter with emphasis on RHEED, XRD and XRI.   
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3.2 Reflection high-energy electron diffraction (RHEED) 
 

The UHV environment in the growth chamber is ideal for the application of in situ 

monitoring techniques such as RHEED which is a powerful tool for real-time 

characterization of the surface and the growth process, as proved since the beginning of 

the MBE development [1-3].  RHEED provides useful information about the morphology 

and the quality of the growing surface and the stoichiometry by indicating either an anion-

rich or cation-rich surface [4].  Inspection of RHEED patterns is also used to evaluate the 

oxide desorption from the substrate, to calibrate the substrate temperature and for flux 

ratio adjustments [5, 6].  

 

The minimal requirements for a typical RHEED apparatus are an electron gun that 

produces a collimated beam of electrons with energies of 10 – 35 keV and a fluorescent 

screen where diffracted electrons from the growing surfaces form diffraction patterns 

which can be visually inspected and analysed [7].  

 

The experimental setup at Heriot-Watt, shown in Figure 3.1, consists of a Staib 15S 

electron gun positioned at the back of the chamber which operates at 15 keV and a 

phosphor screen placed diametrically opposite the electron gun which converts the 

intensity of the diffracted RHEED pattern into visible light.  This geometry ensures that 

the path of the electron beam is perpendicular to the molecular beams and free from any 

obstructions.  

 

Electrons with this energy can penetrate to a depth of about 100 Å.  However, the low 

glancing angle (~ 1o) of incidence of the electron beam on the surface causes the 

component of the electron momentum normal to the surface to be small and the 

penetration depth is limited to only a few top atomic layers.  As a result, the crystal surface 

diffracts the electron beam and the resulting diffraction pattern is determined by the 

periodic array of atoms on the surface.  
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Figure 3.1   Schematic of (a) the geometry of the RHEED setup inside the growth chamber 

and (b) interaction of the electron beam with the growing surface. 

 

 

 

Diffracted electrons are scattered in all directions.  Constructive interference of scattered 

electrons occurs only in a few directions and can be described in reciprocal space by the 

Laue condition with reference to the Ewald sphere.  (N.B. For elastic scattering events 

the incident wave vector k and the scattered wave vector k’ are related by |k| = |k’|, which 

can be used as a graphical representation of diffraction in reciprocal space.) 

 

Laue’s condition for constructive interference of elastically scattered electrons states that 

the wave vectors of the incident and diffracted beams must differ by a reciprocal lattice 

vector, G [8] and implies that for any incident wave vector, the wave vectors of the 

diffracted beams are determined by the intersection of the reciprocal lattice points with 

the Ewald sphere of radius k; k = 2π/λ [9].  Since the electron beam is diffracted by a very 

thin almost two-dimensional layer near the surface, the Laue condition for diffraction 

along the growth direction is relaxed and instead of points, the reciprocal lattice of the 

thin surface layer consists of one-dimensional rods as illustrated in Figure 3.2.  
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Figure 3.2   2D representation of the Ewald sphere intersecting the reciprocal lattice rods.  

The intersections of the Ewald sphere with the features of the reciprocal 

lattice define diffracted streaks visualised on a fluorescent screen.  N.B. The 

incident beam (k) and the diffracted beams (k’) are related by k – k’= G, 

where G is the set of reciprocal lattice vectors.  Source: Adapted from 

Ref. [10].  

 

 

In practice, intersection occurs over an extended distance and a streaked pattern is 

obtained because the surface of the Ewald sphere has a finite thickness due to the energy 

and angular spread of the incident electrons, and the radius of the Ewald sphere is 

considerably longer than the distance between reciprocal lattice rods [8].  Additionally, 

thermal vibrations and surface irregularities such as domain edges or steps, broaden the 

reciprocal lattice rods and the resulting diffraction pattern depends on the morphology of 

the surface [11].  The four main RHEED patterns are presented schematically in Figure 

3.3.  
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Figure 3.3 Schematic of RHEED patterns from: (a) single crystalline film with rough 

three-dimensional surface, (b) single crystalline film with stepped surface, 

(c) single crystalline film with atomically flat surface and (d) polycrystalline 

film.  

 

 

A streaked RHEED pattern (Figure 3.3b) is observed when a two-dimensional (Frank-

van der Merwe) growth takes place and the streaks generally arise from steps and terraces 

on the surface.  Reciprocal lattice spots (Figure 3.3c) are expected from a perfectly planar 

surface.  A rough surface due to a three-dimensional (Stranski-Krastanov) growth gives 

a spotty RHEED pattern (Figure 3.3a).  RHEED can also be used to observe the onset of 

dislocations and poor surface morphology which is indicated with a transition from a two-

dimensional to a three-dimensional growth [12-15].  An amorphous surface such as the 
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oxide layer on top of a semiconductor gives only a diffuse background and no diffraction 

pattern is produced.  

 

Quantitative and detailed information about the growth and evaporation rate can be 

obtained through the analysis of the RHEED intensity oscillations [6, 16].  Damped 

oscillations in the intensity of the RHEED pattern occur immediately after the start of the 

growth and they depend on the concentration of the surface terraces that act as scattering 

centres for the incident electron beam.  This technique is not used at Heriot-Watt and will 

not be discussed here.  

 

 

3.3 RHEED and surface reconstructions 
 
Semiconductor surfaces tend to reconstruct and display a lower symmetry than a simple 

termination of the bulk lattice.  In reconstructed surfaces the surface atoms move both 

perpendicular and parallel with respect to the bulk in order to attain a minimum energy 

configuration [17].  Surface reconstruction depends on the flux ratio and the substrate 

temperature, therefore for different thermal treatments and growth parameters unique 

reconstruction patterns are obtained [18].  As they have been characterised and they are 

repeatable, the reconstruction patterns are used to monitor the pre-growth thermal 

treatments of the substrate, and during the growth the quality of the growing layer.  

 

A surface that has not undergone reconstruction is said to have a (1 ×	1) RHEED pattern, 

where the two numerical values describe the periodicity of the species in two orthogonal 

directions ([110] and [1-10] for a (001) surface) in the reciprocal lattice.  The surface 

superstructure generates diffraction streaks that are superimposed on the bulk generated 

(1 ×	1) reciprocal lattice pattern.  A reconstruction is defined by the spacing of the atoms 

on the surface mesh in relation to the spacing of the substrate lattice below.  The RHEED 

diffraction pattern of a reconstructed surface consists of bright integral order streaks 

which correspond to the bulk periodicity, intercalated by faint fractional order steaks 

which are related to the surface and correspond to the periodicity of the reconstructed 

surface with respect to the bulk terminated surface.  
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After the thermal desorption of the oxide layer of the GaAs (100) substrate at temperature 

of about 580 ºC the RHEED pattern displays a (4 ×	2) reconstruction (Figure 3.4) which 

is typical for a Ga-stabilised surface [2].  A (2 ×	4) diffraction pattern from a GaAs (100) 

occurs under As-rich conditions.  Depending on the As:Ga ratio and the substrate 

temperature several different surface reconstructions with different surface 

stoichiometries have been identified and studied for the GaAs surface [19].  

 
 
 

 
Figure 3.4   4× reconstruction along the [110] azimuth obtained after the oxide desorption 

from the GaAs (100) substrate.  The arrows indicate the positions of the 

integral and the fractional order streaks.  Source: Adapted from Ref. [20]. 

 
 
 
The structure and composition of the ZnSe (100) surface has been studied during atomic 

layer epitaxy (ALE) growth using RHEED [21, 22].  For the ZnSe surface two different 

surface reconstructions are observed (Figure 3.5), the c(2 ×	2) for a Zn stabilised surface 

and the (2 ×	1) reconstructed surface for Se stabilisation. (N.B. “c” is common usage in 

RHEED nomenclature to denote the direction at 45 degrees to the two orthogonal 

directions [110] and [1-10] for a (001) surface.) 
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Figure 3.5   RHEED patterns obtained from a ZnSe surface during MBE growth.  

(a) (2 × 	1) reconstruction for Se terminated surface and (b) c(2 × 	2) 

reconstruction for Zn terminated surface.  Source: Taken from Ref. [23]. 

 

 

When the Se beam is applied a (2 ×	1) reconstruction is observed because of the Se dimers 

formation along the [110] direction and when the Zn beam is applied the c(2 ×	2) Se 

vacancy structure is observed [24].  Therefore, ~ 0.5 ML is deposited per ALE cycle and 

this growth rate is expected from the alternate formation of the (2×1) Se dimer and 

c(2 × 	2) Se vacancy structure. 

 

Each surface reconstruction is related to a particular stoichiometry and gives a different 

RHEED pattern.  During a growth the observed reconstruction pattern provides a relative 

real-time indication of the Se:Zn atomic flux ratio impinging on the surface, and transition 

between the two reconstructions at a certain substrate temperature is a reference point for 

the flux ratio adjustment [4].  A surface phase diagram of ZnSe (100) grown at Heriot-

Watt has been mapped out as a function of the Se:Zn flux ratio and the substrate 

temperature in Figure 3.6 [25].  Patterns obtained from the compounds studied in this 

thesis are introduced and discussed in the experimental Chapters 5 and 6.  
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Figure 3.6   Surface phase diagram of ZnSe (100).  Blue area: Se:Zn > 1 – Se rich regime; 

green area: stoichiometric, Se:Zn near unity; red area: Se:Zn < 1 – Zn rich 

regime.  Source: Taken from Ref. [25]. 

 
 
 
 
3.4 X-ray diffraction (XRD) 
 

X-ray diffraction (XRD) is the most powerful non-invasive tool for studying the structural 

properties of materials ranging from amorphous to crystalline, since the wavelength of 

X-rays is comparable to interatomic distances (~ 1 Å).  Diffraction of X-rays occurs when 

a plane wave front of X-ray photons collides with matter.  Electrons in the material 

interact with the X-rays, re-emitting an electromagnetic photon which travels outwards 

with a spherical wave front.  This process normally takes place without any energy losses 

and is known as coherent scattering [26].  Since wave diffraction occurs when the 

dimensions of the diffracting object are of the same order of magnitude as the wavelength 

of the incident wave, X-rays are ideally suited to examine crystal lattice structures. 
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Fundamental to all X-ray diffraction characterisation techniques is the Bragg’s 

formulation for diffraction from periodic structures (crystals), expressed as [27]: 

 

λ = 2 dhkl  sinθ      Equation 3.1 

 

where θ is the Bragg angle for incident X-rays with wavelength λ scattering off a material 

with periodicity dhkl which is the planar separation of the (hkl) planes. 

 

Incident X-rays strike the crystal planes at a glancing angle θ and strong diffraction occurs 

when they are scattered with a reflection angle which is also equal to θ (Figure 3.7).  

Constructive interference will occur when the path length difference between rays 

diffracted from consecutive parallel planes is an integral number of wavelengths.   

 

 

 
Figure 3.7   Bragg angle X-ray diffraction.  

 

 

A rocking curve measurement with double-crystal X-ray diffraction (DCXRD) is a high-

resolution analysis technique widely used to determine the layer thickness, composition 

and quality of epitaxial structures [28].  

 

Rocking curve is a plot of diffracted intensity versus angular position, θ, of the sample 

[29].  It is obtained by rotating the sample through small angles about both, the vertical 

rotation axis and the tilt axis, of the sample stage (Figure 3.8).  The X-ray data are 

collected by using the θ/2θ scan, where the sample and the detector are scanned through 
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angles with a 1:2 ratio, while the detector aperture is restricted with a slit in order to 

reduce the scattered and background radiation. 

 

 

 

 
Figure 3.8   Schematic diagrams of (a) θ/2θ scan and (b) sample stage indicating the 

different degrees of freedom.  

 

 

The Bragg angle, θL of the epilayer can be found from: 

 

θL = θS + ΔθL     Equation 3.2 

 

where ΔθL is the angular splitting given by the separation of the layer peak from the 

substrate peak and θS is the Bragg angle for the lattice spacing of the substrate.  The lattice 

spacing, dhkl, can now be calculated from Equation 3.1 and from this value the lattice 

constant, c, perpendicular to the diffraction planes can be determined directly using the 

(004) symmetrical reflection by: 

 

   Equation 3.3 
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where a, b and c are the dimensions of the unit cell and h, k, l are the Miller indices.  The 

lattice constant, α, parallel to the diffraction planes can be obtained by using an 

asymmetric reflection. 

 

In symmetric reflections the set of planes undergoing diffraction are parallel to the surface 

whereas in asymmetric reflection there is a non-zero angle between the planes and the 

surface (Figure 3.9). 

 

 

 
Figure 3.9   Schematic of (a) a symmetric reflection e.g (004) and (b) an asymmetric e.g. 

(115) reflection.   

 

 

There are two possible angles of entry for asymmetric reflections because X-rays can 

travel the reverse path just as easily: entry angle less than the Bragg angle for the 

reflection known as glancing incidence angle, ω+, and exit angle less than the Bragg angle 

known as glancing exit angle, ω-.  They are defined as: 

 

    Equation 3.4 

The interplanar angle, f, between two planes, (hkl) and (h´k´l´) in a cubic crystal can be 

found using [30]: 

 

  Equation 3.5 
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Equation 3.5 for a (001) surface reduces to: 

 

    Equation 3.6 

 

 

The analysis of the rocking curves can be simplified by using a simulation software such 

as Jordan Valley RADS (Rocking Curve Analysis by Dynamical Simulation).  This 

software package uses the Takagi-Taupin equations [31, 32] to simulate the diffraction 

of X-rays through a crystal.  These simulations can then be compared to the experimental 

data using a goodness of fit (GOF) merit figure and information about strain, thickness 

and composition can be calculated.  The GOF is a chi-squared statistic which ranges from 

0 to 1 where 0 represents a perfect match: 

 

𝑥+ = 	∑ [𝑙𝑜𝑔.BP𝑦R
STUV − 	𝑙𝑜𝑔.B(𝑦R

XY,Z)]
+*

R\]     Equation 3.7 

 

where, 𝑦R
STUis the ordinate of the reference data and 𝑦R

XY,Z is the ordinate of the 

comparison, and j and k are the indices of the first and last points defining the overlapping 

of the two data sets.  If the two data sets become more alike, the GOF value reduces. 

 

 

3.5 X-ray interference (XRI) 
 

Around the Bragg peak there are a series of subsidiary peaks known as Pendellösung 

fringes with a spacing inversely proportional to the thickness of the layer.  Using the 

double-crystal XRD technique, the thickness of pseudomorphic (fully strained) layers can 

be determined by analysing the Pendellösung fringe spacing, but the layers must be 

hundreds of nm thick [33, 34].  

 

The X-ray interference (XRI) technique allows the thickness of layers of a few 

nanometres to be measured.  It is very important when developing new materials of 
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unknown properties and it was initially demonstrated for AlGaAs/GaAs and 

InGaAs/GaAs heterostructures [35, 36].  

 

Modulation of the Pendellösung fringes arises when a phase change is introduced as X-

rays are passed through two identical layers separated by a layer with different 

composition which forms a Bragg interferometer.  If the two materials differ in strain 

there can be enough interference introduced to produce observable changes in the 

Pendellösung fringes.  

 

Samples that are used for XRI measurements have a structure A/B/C/B, where A is the 

substrate, B are the cladding layers with the same composition and thickness and C is the 

thin layer under study.  The spacer layer, C, introduces a phase shift between the 

diffracted rays from the two cladding layers, resulting in an interference pattern.  The 

phase shift is dependent on the thickness of the spacer layer.  In order to obtain 

unambiguous value for the layer thickness the rocking curves from two reflections with 

different planar spacing must be analysed [37]. 

 

There are however limits to this method due to strain mismatch between the materials of 

the cladding and spacer layers [38].  

 

 

3.6 X-ray experimental setup 
 

A schematic diagram of the Heriot-Watt X-ray diffraction system is shown in Figure 3.10.  

Currently the system in place is a BEDE 200 system running in conjunction with the JV 

RADS simulation software. 
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Figure 3.10   Schematic diagram of the X-ray experimental setup at Heriot-Watt.  

 

 

The X-rays are generated from electron bombardment of a copper target and therefore 

produce radiation most intensely at the Cu Kα line (1.54 Å).  Emitted radiation is non-

coherent and radiates in all directions, and to confine the radiation, it is only allowed to 

emit through a small diameter beryllium window.  Collimation of the radiation is achieved 

by a single crystal of Si aligned so that a small etched channel is in line with the incident 

radiation.  Only radiation with the correct angle for diffraction will be collimated and 

transmitted, all other angles are absorbed by the Si [39].  As the only requirement for 

transmission is that the Bragg condition is fulfilled, there are a range of wavelengths that 

can be transmitted.  A broad spectral beam is produced which is analysed by a 

monochromator in order to select a specific wavelength to be irradiated onto the sample. 

By using the (333) reflection of a (111) orientated crystal, a specific wavelength can be 

selected. In the same way, the collimator crystals will only allow transmission of radiation 

that satisfies the Bragg angle.  The monochromator is setup so that only one wavelength 

will fulfil the Bragg angle and will only transmit that specific wavelength.  

 

After a collimated beam has been produced it is directed onto the sample attached to the 

4-axis stage (Figure 3.8b).  The stage is set up so that a chosen reflecting plane is at the 

Bragg angle to the incident beam.  There are specific lattice planes that provide strong 

diffraction.  For most scans the (004) plane is used as it satisfies the conditions for strong 

diffraction. 
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The detector is a solid-state device with its output transferred to a PC where the signal 

counts are recorded.  It is set up so that the directed beam makes an angle of 2θ with the 

sample stage.  Rocking curve analysis requires this relationship to remain constant 

throughout the entire scan range [29].  Consequently, as the stage is rotated through a 

range of many arcseconds the detector is moved simultaneously to maintain the same θ-

2θ alignment.  As the detector scans through this range the intensity is obtained as a 

function of angle θ. Once obtained, the I/(θ-2θ) spectrum can be imported into the JV 

RADS simulation software which provides estimates of layer thickness, composition, 

lattice parameter, strain, and interlayer grading. 

 

 

3.7 Atomic force microscopy (AFM) 
 
Invented by Binnig et al. in 1986 [40] AFM is a type of scanning probe microscopy and 

it is used to examine the topography of a sample surface with resolution of the order of 

fractions of a nanometre.  Unlike conventional microscopy that utilises a light source and 

lenses to observe samples, AFM generates high-resolution topographic images of a 

surface by sensing interactions such as van der Waals forces, electrostatic forces, covalent 

and capillary forces between the tip and surface atoms.  Height fluctuations and 

distribution of the surface features can be measured and form a high-resolution image of 

the three-dimensional shape of the sample surface [41]; features such as quantum dots 

[42] and nanowires [43] can be observed and analysed by AFM.  Also, information about 

the structural phase transitions can be derived by AFM studies [15].   

 

A schematic diagram of the Heriot-Watt DimensionTM 3100 AFM system is shown in 

Figure 3.11 [41].  A very sharp silicon tip attached to a flexible cantilever is scanned 

across the sample surface and any interaction with surface features deflects the motion of 

the cantilever.  Deflection of the motion is detected by a split photodiode detector via a 

laser beam focused on the apex of the cantilever.  The detected signal from the photodiode 

is used to control the tip-sample interaction by means of an electronic feedback loop.  
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Figure 3.11   Schematic diagram of the AFM setup at Heriot-Watt.  

 

 

Two basic modes of operation with the AFM are the contact mode and tapping mode.  In 

contact mode the tip remains in contact with the surface throughout the scanning 

procedure.  A constant deflection is maintained between the tip and the sample by means 

of a feedback control loop.  If the measured deflection varies from the required value the 

feedback amplifier applies a voltage to the piezo crystal on which the cantilever is 

mounted.  This voltage change adjusts the height of the scanner relative to the surface in 

order to maintain the desired value of deflection.  The voltage is applied to the piezo 

crystal in order to achieve a direct measure of the height of the surface features.  This 

information is stored for each (x, y) data point to form a topographic image of the sample 

surface. 

 

However, the contact mode can easily damage the surface and thus is not preferred for 

samples grown by MBE.  Tapping mode eliminates problems associated with the contact 

mode such as friction, adhesion and electrostatic forces between the surface and the tip, 

by alternately placing the tip in contact with the surface, then lifting the tip up to prevent 

dragging it across the surface whilst at the same time maintaining high resolution. 
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In tapping mode the cantilever assembly is oscillated at its resonant frequency generated 

by the piezoelectric crystal.  While scanning, the oscillating tip intermittently contacts 

with the surface at a frequency between 50 kHz and 500 kHz with the amplitude ranging 

typically from 20 nm to 200 nm.  When in contact with the surface the oscillation is 

reduced due to the energy losses.  As the tip scans the surface in a parallel pattern the 

oscillation amplitude scales in direct proportion to the average distance of the probe to 

the sample.  Using the split photodiode detector a feedback loop is generated controlling 

tip-sample interaction.  The signal from the detector is then amplified, digitized and 

converted by the software program.  Parameters such as feature dimensions, sectional 

profiles, distribution densities and surface roughness are obtained by this method. 

 

The limitations of the tapping mode are related to the shape of the tip (Figure 3.12).  The 

pyramidal shape of the tip can become problematic with surfaces that have features with 

steep sides because the sloped side of the tip interacts with the step before the apex 

reaches the edge of the step.  Features that are smaller than the radius of curvature of the 

tip are imaged broader than they actually are, and they return scans with skewed edges.  

 

 

 
Figure 3.12   Schematic diagram of the Si cantilever tip used in the Dimensions 3100 

AFM.   
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3.8 Photoluminescence spectroscopy (PL) 
 
Photoluminescence spectroscopy (PL) is a contactless, non-destructive characterisation 

technique of probing the electronic structure of semiconductors.  This technique also 

provides sensitive analysis of material quality as any impurities or defects which provide 

optical traps produce transitions at specific energies and will show up in the spectra. 

 

In semiconductors, PL occurs when a semiconductor is irradiated with light of greater 

energy than the bandgap.  Photo-excitation causes the light to be absorbed and excite 

electrons from the valence band to higher energy states in the conduction band and 

concurrently holes with a positive charge are created in the valence band [44].  Bound by 

coulomb attraction these electron-hole pairs form excitons.  The binding energy of an 

exciton for a given state n is given by: 

 

𝐸^_ = −13.6 b
cd)

.
_)
	𝑒𝑉     Equation 3.8 

 

where εr is the bulk dielectric constant and μ is the reduced effective mass.  

 

Due to interactions with the crystal lattice the excited electrons will dissipate energy in a 

process known as thermalisation before dropping to lower energy states at the conduction 

band edge [45].  This is a non-radiative process and takes place within a few picoseconds.  

Subsequently, the electrons decay to the ground state with recombination of the electron-

hole pairs via radiative and non-radiative processes.  This is summarised in Figure 3.13. 

The radiative recombination process or photoluminescence involves photon emission and 

takes place typically within a few nanoseconds of excitation. 
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Figure 3.13  Schematic diagram of the exciton generation, the thermalisation and 

recombination process.  

 

 

Excitonic recombination is the predominant mechanism in high quality II – VI materials 

and produces PL peaks with a narrow line width, with energy equal to the energy 

bandgap, Eg, of the semiconductor minus the exciton binding energy, Ex [45].  

 

The intensity and spectral content of the emitted PL allows direct measurements of 

important material properties such as the bandgap, impurity levels and defects, 

recombination mechanisms and surface structure.  Localised defects or impurity levels in 

the material can alter the radiative process resulting in photon emissions of lower energy.  

However, emissions associated with these energy levels are well known and can be used 

to identify specific defects in a material from the PL spectra [46, 47].  The amount of 

strain in a crystal structure alters the bandgap and thus, it can be detected in the PL spectra 

as a shift of the peak [48]. 

 

At room temperature typical values for exciton binding energies in bulk II – VI materials 

are ~ 30 meV and carriers have thermal energy, kT, of 25 meV [49]. Hence most 

recombination will be excitonic at low temperatures. PL experiments are typically 

performed at cryogenic temperature to prevent thermal dissociation of excitons and 
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minimise lattice vibrations allowing more details of the exciton absorption spectrum to 

be observed.  The effect of lattice vibrations on the PL spectra can be prominent and 

results in broadened peaks making it hard or not possible to detect important details.  

 

Strong PL signals are observed only in relatively thick bulk material (~ 1 μm) but by 

confining the carriers in low-dimensional structures such as quantum wells (QWs) the 

exciton binding energy can be increased, and the emission process becomes more 

efficient.  In these structures the excitons are generated in the barrier region and either 

drift or diffuse in the well.  The high bandgap barrier confines the excitons and quantises 

the density of states within the well [50].  Increase in the recombination rate occurs due 

to the increased localisation, and an enhancement in the PL emission intensity will be 

observed.  Variations in the width of the bandgap material and fluctuations in the interface 

composition will cause energy shifts in the PL spectra and broadened peaks. 

 

Very low concentrations of optical centres can be examined using PL but it is not always 

a reliable method of providing an estimate of the density of optical centres.  The main 

limitation of PL is that many optical centres may have multiple excited states, which are 

not populated at low temperature. 

 
A schematic of the experimental setup used at Heriot-Watt to obtain data is shown in 

Figure 3.14.  PL measurements are carried out using a 375 nm GaN laser diode as 

excitation source.  The laser source is focused onto a sample housed within a cryostat 

cooled using liquid nitrogen.  The focusing lens is positioned to minimise the spot size 

and to increase the optical irradiance.  The resulting emission generated by the sample is 

gathered and collimated using two 100 mm focal length lenses.  A dichroic mirror with 

an edge at 390 nm is used to direct any reflected laser light out of the system while 

transmitting the PL emission onto a lens which focusses onto a large NA optical fibre.  

The PL emission is then delivered to a fibre-coupled monochromator, which 

simultaneously measures the full emission spectrum on a CCD detector.  
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Figure 3.14   Schematic diagram of the optical setup used for PL measurements.  

 

 

 

3.9 Secondary ion mass spectroscopy (SIMS) 
 
Secondary ion mass spectroscopy (SIMS) is a very sensitive but destructive technique 

used to obtain compositional information about a material as a function of thickness, in 

the direction of growth.  The SIMS analysis is carried out by Loughborough Surface 

Analysis (LSA).  It is undertaken in a complementary manner to examine a few selected 

samples and in this section only a brief description is given.  

 

In this technique secondary ions are sputtered from the sample surface by bombarding it 

with primary ions, typically Cs+, Ar -, O2+ and O-, in a UHV environment.  A fraction of 

the sputtered atoms are ionised either positively or negatively, the so-called secondary 

ions.  A mass spectrometer is then employed to analyse the mass-to-charge ratio of the 

sputtered species and hence determine the elements present in the original material.  If 

the sputtering rate is known, then the composition of elements can be directly related to 

their depth.  It does not however, provide any information about the bonding arrangement 

of the elements.  
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3.10 Summary  
 
An overview of the techniques used to characterise the samples grown at Heriot-Watt 

MBE has been described in this chapter.  Examination of epitaxially grown films is made 

using RHEED, X-ray, photoluminescence spectra, atomic force microscopy, secondary 

ion mass spectroscopy, etc..  RHEED and the X-ray diffraction methods are the prominent 

techniques used and provided the most comprehensive data for the work presented in this 

thesis.  

 

RHEED, X-ray, AFM and PL studies were performed by the candidate in-house, and 

SIMS analysis is performed on a commercial basis by Loughborough Surface Analysis 

Ltd..  
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Chapter   4 

 

Adhesion measurements of epitaxially lifted MBE  

grown ZnSe layers on different substrates 

 

 

 

 

4.1 Introduction 
 

Current semiconductor fabrication generally requires devices to be grown on single 

crystal substrates which prevents the implementation of some novel device designs due 

to fundamental limitations, both structural and chemical.  The selection of the 

semiconductor materials that are incorporated into a device is based on their optical and 

electrical properties but the combination of the materials that can grow monolithically to 

create a device is strongly dependent on the crystal structure and the lattice constant.  The 

most common semiconductors used in devices come from group IV elements and III – V 

or II – VI compounds.  High-quality interfaces between materials of different groups is 

very difficult to form [1-4].  

 

Epitaxial lift-off (ELO) is a post-growth technique that overcomes some of these 

limitations, as it allows an epitaxial layer to be separated from its original substrate and 

transferred to a new one.  It provides flexibility to the fabrication of semiconductor 

devices and potential reuse of the substrates [5, 6].  Successful integration of dissimilar 

materials into a device, selecting the optimal properties for each layer, adds a degree of 

freedom by extending the range of previously incompatible materials on a single host 

substrate and offers the opportunity to build the next generation of semiconductor 

devices.  

 

ELO was first reported in 1978 by Konagai et al. [7] where, by exploiting the large 

difference in the etch rates of GaAs and AlAs in hydrofluoric acid, a 30 μm thick GaAs 
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(active) layer was removed from its substrate by etching a 5 μm thick AlxGa1-xAs 

(sacrificial) layer, which was grown between the substrate and the active layer.  The 

process was later developed by Yablonovich et al. [8] and enabled the epilayers to be 

lifted from structures with thinner sacrificial layers using a coat of Apiezon wax on top 

of the active layer.  The use of Apiezon wax is crucial as it provides a sufficiently rigid 

carrier for the lifted layer and prevents it from breaking into small pieces during etching.  

Also, the surface tension induced from the wax coating aids the etching process by pulling 

the lifted layer upwards, exposing the sacrificial layer to fresh etch.  Otherwise the etching 

process progresses very slowly and eventually stops before the full release of the active 

layer from the substrate.  

 

 

4.2 Epitaxial lift-off of II – VI heterostructures using MgS sacrificial 

layer  
 

The ELO technique was originally developed for III – V materials.  The MBE group at 

Heriot-Watt extended this technique to II – VI materials and performed ELO in ZnSe-

based heterostructures using MgS as a sacrificial layer [9].  The ease of oxidation of MgS 

and its solubility in dilute acids made it suitable for being used in the ELO process.  A 

thin layer of MgS in a ZnSe-based heterostructure acts the same way as AlAs in a GaAs-

based heterostructure.  However, instead of HF, a solution of 30% HCl diluted with water 

was used for the etching process where the MgS reacts with HCl to form MgCl2 and H2S 

which are soluble in water.  The etch rate of the MgS sacrificial layer was estimated to be 

3 mm/h and ~ 108 larger than the etch rate of ZnSe in HCl [9].  The minimum MgS layer 

thickness, essential for successful ELO, was found to be ~ 3 nm [10].  The diagram in 

Figure 4.1 illustrates the basic stages of the ELO procedure and a picture of a 3 × 3 mm2 

lifted ZnSe layer transferred onto a glass substrate is shown in Figure 4.1d.  
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Figure 4.1   Schematic representation of the basic stages involved in the wax-based ELO 

procedure: (a) sample coated with a layer of wax, (b) after the lift-off the 

epilayer is rinsed in de-ionised water and deposited onto the new substrate. 

Light pressure is applied on top of the sample for ~ 24 hours to initiate the 

bonding and to allow any remaining water to evaporate, and (c) the process 

is completed by dissolving the wax coating in 2-bromopropane solution. (d) 

Picture of a lifted ZnSe layer transferred onto a glass substrate.  

 

 

The structural and optical quality of the lifted layers was investigated thoroughly by 

means of optical microscopy and photoluminescence (PL) spectroscopy [11-13].  The 

layers were examined before lift-off on the original substrate and after lift-off on glass 

substrates under the exact same conditions.  The PL experiments confirmed that the lifted 

layers have the same optical characteristics as the original material before the lift-off; 

they showed no signs of degradation of the optical quality and no damage introduced to 

the layers by the ELO procedure.  Our group has also shown that II – VI layers grown on 

GaAs, InP, and GaP can all be exfoliated using this technique [14].  
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More recently it has been demonstrated by N.M. Eldose as part of his doctoral work, a 

stacking of multiple lifted layers onto glass substrates whilst maintaining their structural 

and optical quality [15].  Single-QWs with structure ZnSe (70 nm) /Zn0.79Cd0.21Se 

(10 nm) were removed from the original GaAs substrate using ELO, transferred onto a 

glass substrate and stacked on top of each other to form a triple-QW structure.  PL 

spectroscopy was used to compare this structure with a triple-QW structure of similar 

design grown entirely by molecular beam epitaxy (MBE) and the resultant spectra are 

shown in Figure 4.2.  

 

 

 
 

Figure 4.2   Photoluminescence of the MBE grown single-QW (blue), triple-QW (red) 

and the stacked triple-QW onto the glass substrate (black) at (a) 77 K and 

(b) room temperature.  The excitation was provided by a 375 nm GaN laser 

diode and all measurements were taken under the same conditions.  Source: 

Taken from Ref. [15]. 
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The PL emission intensity of the stacked triple-QW on the glass was much higher than 

for the MBE grown triple-QW on GaAs for both low and room temperature (RT) 

measurements.  The ~ 2 meV shift in PL peak and the slight increase in the FWHM that 

were observed between the stacked triple-QW and the MBE grown structure were 

consistent with the previous findings can be attributed to small changes in the strain state 

of the layers after the ELO procedure. [9, 16]. 

 

These preliminary results are very important and promising as they demonstrate that the 

attractive properties of II – VI QWs could be combined with arbitrary substrates and to 

produce designs which are not possible to grow using traditional epitaxial methods.   

 

ELO technology has been exploited in several applications and lifted layers have been 

successfully transferred to alternative substrates.  Published reports in the literature 

include laser diodes (LDs) [17-19], distributed Bragg reflectors (DBRs) [20-22], solar 

cells [23, 24] and surface acoustic wave (SAW)-semiconductor coupled devices [25, 26].  

 

 

4.3 Adhesion of thin films 
 

In thin film technology the adhesion is a crucial parameter as it determines the durability 

of the film as well as the ease of removal from the substrate.  Poor adhesion could severely 

reduce the performance of an electronic or optoelectronic device, and in protective 

coatings could accelerate the deterioration of the whole structure due to inadequate 

protection from weathering, humidity or corrosive environment.  

 
The adhesion in thin films measures the strength of the binding forces at the interface 

between two materials and depends on the intermolecular and interatomic interactions.  

These binding forces are classified into the primary chemical bonds which can either be 

ionic, covalent or metallic, and the secondary type of bonds which are categorised into 

two groups, the hydrogen bonds and the van der Waals (vdW) force [27].  

 

To date, the mechanical methods that are available to measure the adhesion between two 

adjacent thin films include the peel test which is also known as the scotch tape test, the 
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direct pull-off method and the scratch method [28, 29].  All these tests require modest 

equipment, are easily adaptable and not time consuming.  On the other hand, the results 

are too qualitative, with the analysis proving complex because of the different forces 

involved and the experimental values obtained from the different tests cannot be 

compared directly.  A comprehensive review of the various methods used to measure the 

adhesion of thin films is given by K. L. Mittal in Ref. [28].  

 

These methods have been very successful for macroscopic films, which are durable and 

easy to handle, but they have limited applicability to fragile single-crystal layers.  

Yablonovich et al. [30] have reported that the lifted layers tend to adhere very well on the 

new substrates without using any adhesive material and formed permanent bonds which 

they called vdW due to the presumed role of the interfacial forces.  Gautier et al. [19] 

have studied the interface of epitaxially lifted GaN layers transferred from sapphire to 

glass substrates, and based on their observation that the structure remained intact after the 

aggressive focus ion beam milling, they reported that the existence of strong bonding 

forces at the interface could also be attributed to chemical activation and not only to weak 

vdW interaction.  However, despite these observations there has been no quantitative 

experimental evidence in the literature, and the strength and the nature of this bonding 

remains unclear.  

 

Quantitative determination of the adhesion energies of II – VI materials on different 

surfaces will help to better understand the ELO process, to identify the interfacial forces 

and their effect on the final structure and to use this technique not only for fabrication but 

also as a diagnostic tool when developing new designs.  In this chapter, a fracture 

mechanics technique and thin-film interference were employed to determine the adhesion 

coefficient of ZnSe on different substrates. 
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4.4 Fracture mechanics 
 

In fracture mechanics, by analysing the propagation of cracks it is possible to relate the 

force required to separate two slabs of material from each other to the adhesion energy 

holding them together [31].  

 

When a crack forms at the interface of two materials, a and b, where γa and γb are the 

surface energies of materials a and b respectively and γab is the energy at the interface (or 

the adhesion energy), the work, Wab, that is required to separate the materials at the 

interface is given by [32]: 

 

Wab = γa + γb – γab     Equation 4.1 

 

Crack propagation can be described using Griffith’s theory [33] which states that a crack 

will propagate in order to lower the total energy of the system, by dissipating the elastic 

energy into the creation of a new surface (crack formation).  Fracture occurs at a critical 

crack length where the free surface energy reaches a peak value beyond which the free 

energy decreases as the crack length increases. 

 

Mastrangelo and Hsu [34] proposed a method to measure the surface energy by using 

cantilever beams placed in close proximity to the substrate and they determined the 

critical beam length for collapsing by modelling the role of the capillary forces.  Since 

the beam-to-substrate gap is very small, strong attractive capillary forces develop and 

during the dehydration the capillary volume decreases causing the beam to collapse and 

subsequent pinning to the substrate, leaving only surface-driven interfacial adhesion.  

 

This method has been experimentally tested and confirmed by de Boer and 

Michalske [35] while a modification of this method, proposed by Maszara et al. [36], has 

been used to measure the adhesion energy between thin films [37-39], as well as to study 

direct-wafer bonding processes [36, 40, 41].  For a detailed review of this technique the 

reader is referred to references [31, 34, 35]. 
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In the present work, to measure the adhesion of epitaxially lifted layers on different 

substrates an adapted version of a double-cantilever system (DCS) was used.  The DCS 

is a stepped structure built of ELO layers deposited on the new substrate, as shown 

schematically in Figure 4.3a.  

 

 

 

 
Figure 4.3  Schematic diagrams of the technique adapted for the experimental 

measurements: (a) side view of the DCS and, (b) plan view of the DCS as 

viewed under the optical microscope.  The fringes are generated via thin-

film optical interference between the substrate and the drape layer.  (Not 

to scale). 

 

 

The adhesion, γ, between the second layer and the substrate, is defined by [35]: 

 

𝛾 = 	 i
+
A0j

kl)

mn
I       Equation 4.2 

 

where, E is Young’s modulus of the drape layer, t is the thickness of the drape layer, h is 

the step height and s is the transition region distance.  The transition region distance s can 
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be determined from the interference pattern by measuring the distance from the step edge 

to the edge of the last fringe.  Figure 4.3b shows schematically a plan view of the DCS as 

viewed under an optical microscope.  Interference occurs between the substrate and the 

second layer when the thickness of the layers is greater than the wavelength of the 

microscope light.  For this experiment, the DCS was constructed using 1 μm thick ELO 

ZnSe layers.   

 

The relationship between Young's modulus, E, and the stiffness coefficients c11 and c12 

for a cubic crystal is given by [42]: 

 

𝐸 = 	 (oppq	op))	r	(opps	+op))
opps	op)

    Equation 4.3 

 

For the ZnSe, E was calculated to be E = 48 GPa using published stiffness coefficients 

[43].  

 

 

4.5 Growth of MgS-based structures for ELO 
 

All the samples used in this study were grown in the HWC chamber on GaAs (100) 

substrates supplied from American Crystal Technology (AXT) following the standard 

growth procedure [44].  6N elemental sources of Zn, Se and Mg and a 6N ZnS compound 

source were used and a liquid nitrogen cooled shutter was fitted in front of the ZnS cell 

to substantially reduce the amount of S2 leaking around the shutter during operation and 

the subsequent contamination of the growth chamber.  

 

Samples with the structure GaAs (sub) / ZnSe (10 nm) / MgS (7 nm) / ZnSe (1 μm) were 

grown and subsequently capped with ~ 2 µm of amorphous Se.  Flux ratios were set 1:2 

for the Zn:Se and 1:36 for the Mg:ZnS, corresponding to the optimum growth conditions 

determined previously [45].  The surface was monitored during growth by reflection high 

energy electron diffraction (RHEED).  Sharp, streaky c(2 × 	2) and (2 × 	1) RHEED 

patterns were observed during growth of MgS and ZnSe layers respectively.  
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After the structure was grown the substrate temperature was reduced from a growth 

temperature of 240 °C to 30 °C with no fluxes applied.  During cool down the sharp and 

streaky (2 × 	1) RHEED pattern was maintained, indicative of a flat Se-terminated 

surface.  After cooling, an amorphous Se capping layer was deposited on the ZnSe by 

exposing the surface to a Se flux of 200 nA beam equivalent pressure (BEP).  As soon as 

the Se deposition began, the RHEED patterns changed to amorphous rings, which quickly 

disappeared for the duration of the deposition.  Post-growth DekTak step profile 

measurements were used to determine the thickness of the Se cap and subsequent 

deposition rate was found to be ~ 0.5 µm/h.  The Se cap was used in this experiment in 

place of our standard Apiezon wax carrier [9] as it provided a more flexible carrier for 

the ELO layer and allowed the top layer of the DCS to drape over the step.  The following 

section describes the procedure to build a DCS and it was repeated for all the 

measurements carried out in this chapter. 

 

 

4.6 ELO utilizing Se cap 
 

Using samples described in the previous section, ELO was performed with a Se cap.  

Once removed from the growth chamber samples were cleaved into square pieces of 

10 × 	10 mm2, 7 × 	7 mm2 and 4 × 	4 mm2 to create the desired step structure.  After ELO, 

the 7 × 	7 mm2 piece generates the step of ZnSe on the glass, the 4 × 	4 mm2 piece is the 

step of ZnSe on ZnSe and finally the 10 × 	10 mm2 was used as a drape over both steps to 

measure adhesion of ZnSe – ZnSe and ZnSe – glass.   

 

All the ELO experiments were performed in a clean room to minimise the contamination 

of the structures from particles and organic species which can affect the bonding quality 

and caution was taken throughout the process as these structures are very fragile and can 

be damaged if handled roughly.  

 

Prior to etching, all samples were heated at 100 °C for 90 seconds.  It was observed that 

the samples which had not been through this pre-etch heating process needed several 

hours (> 24 h) for the ZnSe to be released from the substrate.  During this process, the 

lustre of the Se cap layer changed, from shiny to matte grey.  This difference can be seen 
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in Figure 4.4a where the smaller piece on the left side has been through the pre-etch 

heating process and the bigger one is the original sample untreated.  The observed colour 

change in the Se cap layer probably indicates the glass transition from amorphous to 

polycrystalline Se [46] which provides a slightly more malleable carrier and allows better 

etch solution penetration.  

 

 

 
Figure 4.4   Photographic presentation of the various stages involved in Se cap-based 

ELO: (a) cleave sample; (b) immerse in 30% HCl etch solution – ELO in 

progress; (c) epilayer separated from its substrate; (d) epilayer rinsed in DI 

water; (e) lifted epilayer deposited on glass substrate and (f) Se cap 

desorption at 200 °C. 

 

 

The samples were then placed cap side up in a solution of 30% HCl at RT (Figure 4.4b). 

After the samples were completely etched, separation of the ZnSe layers occurred with 

the lifted layer floating at the meniscus (Figure 4.4c), typically within 15 minutes. Etching 

of the Se capped samples was observed to be significantly faster than the previously 

described wax capped samples, where the etch rate of the MgS sacrificial layer was 

estimated to be about 3 mm/h [9, 10].  This suggests that the tension introduced by the Se 

cap aids the ELO process in the same way as the wax had previously [30].  However, as 
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we can accurately control the thickness of the Se cap we can tailor the tension applied 

and give higher level of control to the process. 

The ZnSe lifted layers were carefully removed from the HCl solution, rinsed in de-ionised 

(DI) water (Figure 4.4d) and deposited onto a substrate of borosilicate glass (Figure 4.4e) 

with root mean square (RMS) surface roughness of 11 nm, measured using atomic force 

microscopy (AFM) in tapping mode.  Using a swab, a small force was applied on the top 

of the samples to initiate bonding and force the DI water out of the interface.  Samples 

were then left to dry at temperature of 70 – 100°C for 24 h whilst placed under a light 

weight of roughly 20N to 30N.  Once dry, the Se cap was desorbed by gradually heating 

the samples up to 200 °C under atmospheric pressure (Figure 4.4f).  Starting from 25 °C 

the temperature was raised at a rate of 1°C/min until it reached 200 °C.  The samples were 

maintained at 200 °C for 15 minutes.  They were then removed from the hot plate and left 

to cool down to RT.  

 

Repeating this procedure for all lifted ZnSe layers, DCS structures were fabricated on 

glass and ZnSe as illustrated in Figure 4.3a.  All the lifted epilayers were examined by a 

Leica DM-RBE microscope equipped with a ZEISS MR3 Axiocam colour camera which 

was used to collect the pictures.  

 

 

4.7 Modifications introduced to the ELO process 
 
Before proceeding to the measurements, it is necessary to discuss the replacement of the 

wax with the Se cap.  As this was the first time a Se layer was used as a carrier for the 

lifted layer, expected challenges showed up at the initial stages of the experiment.  

 

Capping samples with a layer of amorphous Se has been extensively used to prevent 

surface oxidation, which can cause difficulties to post-growth characterisation studies and 

to protect the surface when samples are being transported between labs.  In the case of 

ELO, the Se cap was used as an alternative carrier for the lifted layer.  A Se cap can be 

easily desorbed by heating to 200 °C and is resistant to HCl solution. 

 

The underlying reason for this replacement was to eliminate the limitations of the ELO 

process that are associated with the use of wax.  These limitations arise from the lack of 
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uniformity when applying the wax which generates regions of high and low stress on the 

epilayer when it is transferred to a new substrate.  This has shown an increase in the 

density of cracks formed in the lifted layer.  By contrast, the Se cap is deposited by MBE 

and its thickness can be accurately controlled.   

 

Another disadvantage of the wax coat is that for larger samples (> 10 mm2) the etch 

process becomes much slower.  As the etching channels approach the centre of the 

sacrificial layer, the process stops as the curvature induced by the wax is minimal at the 

centre.  This requires pushing the epilayer slightly to release it from the substrate.  This 

forcible separation damages the lifted layer.  Additionally, leaving the sample in the etch 

for a prolonged period compromises the quality of the epilayer because its surface 

oxidises and degrades.  As was pointed out in the previous section the use of a Se cap 

accelerated the etching process on all the layers, regardless of their size, releasing them 

from the substrate in less than 15 minutes.  

 

All the lifted layers were examined by optical reflection microscopy and images were 

taken when deposited onto the new substrate, before and after the Se cap desorption.  

Although all the ELO layers adhered well to the glass, initial tests showed a high density 

of unbonded areas (blisters) from 30 µm to 200 µm in diameter, across the interface after 

the Se cap was removed with steep rise in temperature.  The sudden temperature change, 

from 25 °C to 200 °C, caused expansion of any residual DI water trapped at the interface 

and formed blisters as shown in Figure 4.5a.  

 

Following this, a moderate temperature of 70 – 100°C was applied to the sample during 

the 24 h cure period to reduce further the volume of the DI water at the interface, and the 

Se cap was desorbed by gradually heating the samples up to 200 °C at a rate of 1 °C/min.   

 

The slower Se cap desorption did leave some residual Se on the surface (black dots seen 

in the microscope images in Figure 4.5), but it was at low density and judged to not 

interfere with the measurements.  These two modifications of the ELO process 

significantly reduced the size and the density of the blister as shown in Figure 4.5b and 

provided large enough blister free areas for subsequent experiments. 
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Figure 4.5    Microscope images of ZnSe lifted layers deposited on glass after the Se cap 

desorption (Black dots are residual Se).  Image (a) shows a high density of 

blisters at the interface and image (b) shows the significant reduction of the 

blisters after improving the ELO procedure.  (The difference in colour 

between the images is due to white balance correction in the CCD camera 

used to collect the images.) 

 

 

4.8 Adhesion measurements of ZnSe on ZnSe and glass 
 

Interference reflection microscopy was used to measure the transition region distance, s, 

as illustrated in Figure 4.3b.  Figure 4.6a shows the fringing between the drape ZnSe layer 

and the glass substrate and Figure 4.6b shows the fringing between the drape ZnSe layer 

and the ZnSe.  The distance s was determined by measuring the distance from the step 

edge to the edge of the last fringe, as the arrows indicate in both images of Figure 4.6.  
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It can be seen that s varied along the step edge due to some expansion in the void between 

the glass and the drape layer that lifts the ZnSe off the underlying layer.  To correct for 

this, values of s were measured for many different areas of the sample and their mean 

value used in the subsequent calculations with Equation 4.2. 

 

 

 
 

Figure 4.6   Microscope images showing interference fringes at the interface between 

(a) the ZnSe drape layer and the glass substrate and (b) the ZnSe drape layer 

and the ZnSe.  The dashed line indicates the edge of the step and the arrows 

the transition region distance s from the step edge to the edge of the last fringe. 

Black dots are residual Se. The step height was grown to be 1 μm which is in 

good agreement with the estimated height from the optical fringes in the range 

of 0.9 – 1.3 μm. 
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The transition region distance s was measured to be 23 ± 4 μm for ZnSe draped onto 

ZnSe, and 38 ± 4 μm from the ZnSe draped onto glass.  Using Equation 4.2, the adhesion 

of ZnSe to ZnSe was calculated to be 270 ± 60 mJm-2 and for ZnSe to glass was 

34 ± 4 mJm-2. All the results are listed in Table 4.1.  It is important to note that although 

the errors here may be large, this is directly related to the s value which is raised to the 

fourth power in Equation 4.2.  In this case most of the variance in s arises from the 

expansion along the step edge due to the heating processes.  However, the smallest s value 

measured and thus the largest adhesion calculated, gives the upper limit for each case, 

which is the significant number we are determining.      

 

 

New substrate ZnSe Glass 

Transition region distance s (μm) 23 ± 4 38 ± 4 

Adhesion γ (mJ/m2) 270 ± 60 34 ± 4 

 

Table 4.1   Measurements of transition region distance s, and the adhesion energies γ, of 

lifted ZnSe layer on ZnSe and on glass.  

 

 

Calculations of the energies of different types of bonds were carried out by Dr. Kevin 

Prior, using values in the literature.  The method followed for these calculations is 

presented in Ref. [37].  The strength of the vdW force was estimated to be 0.05 mJm-2 

and the ZnSe – ZnSe chemical bond strength was estimated to be 400 mJm-2 [37, 38].  

Our results indicated that the adhesion energies are considerably larger by several orders 

of magnitude than would be expected if only vdW forces were present.  The measured 

value of 270 ± 60 mJm-2 for the adhesion of ZnSe to itself is far beyond the vdW limit 

and much closer to the value of  400 mJm-2 indicating that chemical bonding is the main 

adhesion mechanism.  It is likely that slightly weaker chemical bonding is also present in 

the case of adhesion of ZnSe to glass. 

 

400 mJm-2 corresponds to the upper limit for chemical bonding between two ZnSe 

surfaces where all atomic bonds across the interface between the two layers are restored, 
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creating essentially one perfect crystal.  However, in practice this could not be the case 

for the following reasons:   

 

1) Alignment of the adjacent layers.  As no special effort was made to ensure that 

the crystal axes of the two layers were aligned during ELO, not every Zn (Se) site 

in the overlayer is aligned with a Se (Zn) site in the layer below. In the case of the 

amorphous glass layer the bonds must be Zn – O or Se – O and no alignment is 

possible.  

2) Lattice matching/strain.  Thermally induced strains between the Se cap, the lifted 

layer and the new host substrate, could lead to uneven bonding and reduce the 

overall bond strength. 

3) The surface roughness.  The bonding strength is limited in cases of high surface 

roughness because the interfacial contact area is restricted to the peaks of the 

underlying layer and no bonding will occur in the troughs unless the overlayer can 

deform to follow the underlying layer contours. RMS surface roughness measured 

using an AFM for both the glass and the ZnSe were 11 nm and 0.4 nm 

respectively.  The glass surface is rougher than that of the ZnSe layer, and this 

effect may contribute towards reducing the adhesion. 

4) Impurity incorporation in bonds.  Even in the case of bonding between two ZnSe 

layers, bonds containing bridging oxygen atoms, such as Zn – O – Zn or 

Se – O – Se, are expected to form using oxygen from both the thin oxide layer 

forming on the surface of the layers and the DI water. 

 

 

Although the bonding is reduced somewhat from that between two crystal planes, it is 

still very strong compared to vdW bonding and certainly large enough to enable the 

production of stable multilayer devices.  However, the unbonded areas, due to blisters 

forming at the interface, remain an issue.  

 

The formation of the blisters was attributed to trapped DI water at the interface.  As 

mentioned above the water is necessary to promote the bonding process but its presence 

becomes unfavourable during thermal procedures such as the Se cap desorption where 

the samples are heated up to 200 °C and any remaining water at the interface expands, 

forcing the layer away from the substrate causing the formation of the blisters.  



 

 
 

85 

 

Following the successful determination of the adhesion energy of ZnSe on two different 

substrates it was decided to repeat the same experiment on different materials. 

 

 

4.9 Preliminary investigation using different substrates 
 
The substrates that were chosen to continue this study were commercially available 

III – V substrates: GaAs, GaP, InAs and InP, all (100) oriented. The substrates were 

supplied from the American Crystal Technology (GaAs), Wafer Technology (InAs and 

InP) and from the Institute of Electronic Materials Technology (GaP).  Before proceeding 

to measure the adhesion of the ZnSe on the four different substrates a preliminary 

investigation was conducted to evaluate the impact of the oxide layer of the surface on 

the bonding process.  The procedures and the results obtained from this investigation are 

presented in this section, starting with the GaAs, GaP and InAs substrates; the InP is 

discussed separately at the end.  

 

Each substrate was cleaved into two pieces, one piece left untreated whereas the other 

was processed chemically in order to remove the native oxide layer from the surface.  A 

5 × 	5 mm2 ZnSe lifted layer 1 μm thick was transferred on top of each substrate, 

processed and unprocessed, following the procedure described in previous Section 4.6 

and they were examined under the optical microscope.  Observations made during the 

process and on the final structures are described below.  

 

The native oxide layer was chemically removed from each substrate following the same 

procedure that is typically applied prior to growth.  The GaAs substrates were etched in 

a 2:2:20 H2O2:H2O:H2SO4 solution for 90 seconds at ~ 60 °C [47] and the GaP substrates 

were etched in 15:5:5 solution of HCl:HNO3:H2O for 120 seconds at RT [44]. For the 

InAs substrates a combination of 1:1:1 H3PO4:H2O2:H2O and 1:8:80 H2SO4:H2O2:H2O 

solutions was used and the substrates were etched in each solution for 30 seconds at RT 

[48].  After the etching process all the substrates were rinsed in DI water and quickly 

dried with dry nitrogen gas.  
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On the surface of the unprocessed substrates the ZnSe lifted layer adhered very well and 

the ELO procedure was carried out successfully to the final step and no complications 

were observed throughout the process.  On the final structures only a small number of 

blisters were observed and their diameter did not exceed 40 μm.  Figure 4.7 displays the 

microscope pictures collected from the ZnSe lifted layer deposited on the unprocessed 

surface of GaAs, GaP and InAs substrates.  

 

 

 

 

 
Figure 4.7   Microscope images of a ZnSe lifted layer deposited on the unprocessed 

surface of (a) GaAs, (b) GaP and (c) InAs.  Black dots are residual Se. 
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On the chemically processed surfaces it was observed that for the time needed to place 

the new structures on the hot plate and apply the weight on top, the remaining water at 

the interface was drying out faster and the edges of the lifted layer started to detach from 

the substrates and roll towards their center, as can be seen in Figure 4.8.  

 

 

 
Figure 4.8   5 × 	5 mm2 ZnSe lifted layer deposited on a chemically processed GaAs 

surface. Picture shows how the ZnSe layer started to detach and roll upwards 

right after the removal of the remaining water at the interface.  

 

 

To work around this problem, it was decided to repeat the process and skip the step where 

the remaining water is forced out of the interface with a swab.  This small amount of 

water was enough to keep the lifted layers in place (Figure 4.9) for the time required to 

proceed on the next step of the process.  

 

 

 
Figure 4.9   5 × 	5 mm2 ZnSe lifted layer deposited on a chemically processed surface of 

GaAs on the left and InAs on the right.  The structures were placed on the hot 

plate after the deposition of the lifted layer on the new substrate with a small 

amount of water at the interface.  
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Following this modification, the procedure was completed successfully for all the three 

substrates.  The new structures were examined under the microscope and the results are 

shown in Figure 4.10.  

 

 

 

 

 
Figure 4.10   Microscope images of a ZnSe lifted layer deposited on the chemically 

processed surface of (a) GaAs, (b) GaP and (c) InAs.  Black dots are 

residual Se. 
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Overall it was observed that more blisters formed at the interfaces of the three chemically 

processed samples than those with the oxide layers and the edges of the lifted layers did 

not adhere very well on the new substrates.  

 

To remove the native oxide layer of the InP surface a successful method that has been 

previously used by the MBE group at Heriot-Watt was adopted and it consists of two 

chemical steps [49]. At the first step the substrate was etched in a 4:1:100 

H2SO4:H2O2:H2O solution for 2 minutes and for the second step it was etched in a 1:1 

H2SO4:H2O for 30 seconds at RT.  The substrate was then rinsed in DI water and dried 

with dry nitrogen gas.  

 

The original surface of the InP substrates is slightly hydrophobic.  After the first chemical 

etch with the hydrogen peroxide based solution the surface is hydrophilic and has 

0.2 – 0.5 ML of oxide.  The second chemical step leaves the surface terminated with 

elemental phosphorus and it is highly hydrophobic [49]. 

 

On this highly hydrophobic surface it was not possible for the ZnSe lifted layer to adhere.  

The chemical process was repeated but the second time it was stopped after the first 

chemical step and the deposition of the lifted layer was attempted on the hydrophilic 

surface.  The second attempt was successful, as the lifted layer was attached sufficiently 

on the InP substrate (Figure 4.11b) showing that the presence of the oxide layer, even if 

only half a monolayer thick, aids the bonding process.  

 

 
Figure 4.11  Microscope pictures of ZnSe lifted layer deposited (a) on the unprocessed 

surface of the InP substrate and (b) on the chemically processed InP surface.  
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The ZnSe lifted layer adhered very poorly on the unprocessed InP substrate.  As can be 

clearly seen in Figure 4.11a the edges of the lifted layer were damaged and large 

unbonded areas formed at the interface.  The two cases where the lifted layer did not 

adhere or adhered weakly were attributed to the hydrophobic nature of the InP surface 

which dominates and obstructs the bonding process by not allowing the remaining 

DI water of the rinsing process to be effective at the interface.  

 

Although the interfaces were not studied in detail here, these qualitative results suggested 

that the lifted layers are held on the substrates via the attractive interactions between the 

water molecules and the oxide layer of the surface. 

 

 

4.10 Adhesion measurements of ZnSe on GaAs, GaP, InAs and InP 

substrates 
 
Based on the results of the previous section, the adhesion measurements of the ZnSe were 

performed on unprocessed surfaces of the GaAs, GaP and InAs substrates while the InP 

surface was chemically processed with the the hydrogen peroxide (H2O2) based solution 

as described above, as it was the only treatment that provided good results.  

 

The sample with the structure GaAs (sub) / ZnSe (10 nm) / MgS (7 nm) / ZnSe (1 μm) 

was cleaved into square pieces of 10 × 	10 mm2 and 5 × 	5 mm2 to create the desired step 

structure. The 5 × 5 mm2 piece generates the first step of ZnSe on the new substrate and 

the 10 × 10 mm2 was used as a drape over the step to measure adhesion of ZnSe on the 

four new substrates.  Following the same procedure as described in Section 4.6, ZnSe 

lifted layers were stacked on top of each other and a DCS was fabricated on the surface 

of each of the four substrates.  Figure 4.12 shows a photographic presentation of various 

steps involved in the experimental procedure, including the final structures, in Figure 

4.12f.  (The DCS fabricated on the GaAs substrate is not shown in Figure 4.12.) 
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Figure 4.12  Photographic presentation of the various stages involved in Se cap-based 

ELO; (a) cleave sample, (b) immerse in 30% HCl etch solution – ELO in 

progress, (c) epilayer separated from its substrate, (d) epilayer rinsed in DI 

water, (e) ZnSe drape layer deposited over the step and (f) final structures 

after the Se cap desorption at 200 °C. 

 
 
Once the new structures had been successfully fabricated, the four new samples were 

examined under the microscope and interference reflection microscopy was used to 

measure the transition region distance, s, as illustrated in Figure 4.3b.  Pictures taken of 

all the samples are displayed in Figure 4.13 showing the fringing between the ZnSe drape 

layer and the new substrate.  
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Figure 4.13    Microscope images showing interference fringes at the interface between 

the ZnSe drape layer and (a) the GaAs substrate, (b) the GaP substrate, (c) 

the InAs substrate and (d) the InP substrate.  The dashed line indicates the 

step edge and the arrows the transition region distance s from the step edge 

to the edge of the last fringe.  

 

 

The distance s was determined as described in Section 4.8, by measuring the distance 

from the step edge to the edge of the last fringe, as the arrows indicate in all images of 

Figure 4.13.  Values of s were measured for many different areas of every sample and 

their mean value used in the subsequent calculations with Equation 4.2.  All the results 

are summarised in Table 4.2.  
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New substrate GaAs GaP InAs InP 

Transition region distance 

s (μm) 
19 ± 3 17 ± 3 18 ± 2 30 ± 4 

Adhesion 

γ (mJ/m2) 
496 ± 95 874 ± 178 790 ± 54 84 ±10 

 
Table 4.2   Measurements of transition region distance s, and the adhesion energies γ, of 

lifted ZnSe layer on the four different substrates; GaAs, GaP, InAs and InP.  

 
 

 

These results agree with the previous findings of this study reported in Section 4.8, Table 

4.1 and confirm that the bonds are predominately chemical.  This is further supported 

from the fact that the bonds develop slowly during the curing period.  Also, combination 

of all the results obtained in this chapter suggest that some of the bonds involve oxygen 

linkages using oxygen supplied either from the oxide layer of the substrate or from a 

reaction with the water molecules.  

 

However, comparison of these results with tabulated bond strengths is not possible 

because these values refer to species in the gas phase and the bond energies depend on 

the environment.  Therefore, further studies are needed in order to explain the way these 

values are ordered. 

 
 

4.11 Summary and outlook 
 
This chapter has demonstrated how ZnSe layers grown by molecular beam epitaxy 

(MBE), after processing by epitaxial lift-off (ELO), can be analysed using fracture 

mechanics and thin-film interference to determine the adhesion energy of ZnSe thin films 

on six different substrates: glass, ZnSe, GaAs, GaP, InAs and InP.  

 

The epitaxial lift-off technique has been modified by replacing the wax (which is used as 

a temporary host substrate to maintain the integrity of the lifted layer during the transfer) 

with a Se cap.  This replacement provided a more flexible carrier and allowed the lifted 
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layer to drape over and conform to the shape of a stepped surface without breaking or 

cracking.  The use of the Se cap has accelerated the etching process and enabled large 

area epilayers to be exfoliated and transferred onto new substrates.  

 

All the new structures were examined under the microscope, the surfaces were flat and 

free of cracks and neither particle inclusions, nor voids were observed at the interfaces.  

This indicates that the integrity of the layers has been preserved by the new carrier during 

the transfer process and attests to the uniform adherence onto the new substrates.  

 

Double-cantilever structures have successfully been fabricated using multiple ZnSe 

layers separated from their substrates and stacked on the new host substrates.  The results 

obtained for the adhesion energy of the ZnSe on these substrates are summarised in 

Table 4.3. The values are considerably larger than if only van der Waals forces were 

present and indicate that the bonding is predominately chemical rather than van der 

Waals. 

 

 

New substrate GaAs GaP InAs InP ZnSe Glass 

Adhesion  

γ (mJ/m2) 
496 ± 95 874 ± 178 790 ± 54 84 ± 10 270 ± 60 34 ± 4 

 

Table 4.3   Summary of the results obtained in Chapter 4. Adhesion energies γ of lifted 

ZnSe layer on; GaAs, GaP, InAs, InP, ZnSe and glass.  

 
 
Bonding between adjacent layers is not continuous and shows blister-like imperfections, 

which can be reduced in density if the samples are dried before heating, but the cause of 

the blisters remains unclear and has to be resolved before the production of large area 

devices.  Different approaches, before during and after the bonding process, need to be 

tested to overcome this problem.  Changing, for example, the substrate preparation 

methods and the temperature profiles, to determine their effect on the blister size and 

density. An alternate approach could be to add an annealing step at the ELO process, after 

the Se desorption, and investigate whether this step is able to permit closure of the gaps, 

caused by the blisters, at the interface, thence increasing the bonding strength.  
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Preliminary experimental evidence showed that the presence of the oxide layer on the 

surface of the new host substrate is beneficial to the bonding process, but more research 

is required to better understand the role of the oxygen in the process.  Additional structural 

and compositional analysis needs to be undertaken in order to investigate the interface 

more closely.  The best method to ascertain the chemical composition of the interface is 

the use of secondary ion mass spectroscopy, while vibrational spectroscopies (Raman or 

infrared transmission) could also be employed to provide information on the bonding 

arrangement at the interface.  

 

Further investigation and optimisation, in terms of the conditions of the experiment and 

the bonding mechanisms, are essential to improve the reproducibility of this technique as 

well as its extension to different materials in order to develop a reliable method for 

quantitative analysis and accurate measurements of the adhesion energies.  
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Chapter   5 

 

Optimisation of the growth conditions and phase diagram 

for the MBE growth of zinc blende MnS on GaAs (100)  

 

 

 

 

5.1 Introduction 
 

Manganese containing compounds have attracted considerable interest due to their 

potential applications in spintronic devices (see Section 1.3). MnS is a magnetic 

semiconductor with a wide bandgap, Eg = 3.8 eV at 0K, and its stable crystal structure is 

rocksalt (RS). However, there have been successful attempts to produce MnS in the 

metastable zinc blende (ZB) crystal structure.  

 

Naturally occurring materials adopt the lowest energy configuration for the crystal 

structure as it is the most stable.  However, using thin film growth techniques it is possible 

to produce many different compounds in crystal structures which are not the lowest 

energy configurations (metastable) for the bulk compound.  The best known example is 

the plasma-assisted chemical vapour deposition (CVD) of diamond which is a metastable 

form with respect to graphite which is the stable structure of carbon.  

 

In III – V semiconductors, it is well known that the nitrides which have wurtzite as their 

stable crystal structure, can be grown in the metastable ZB crystal structure on a (100) 

oriented substrate where the 4-fold periodicity of the substrate causes the epitaxial layer 

to adopt the same structure [1].  Similarly, in II – VI semiconductors both CdS [2] and 

CdSe [3], which have wurtzite as their stable crystal structure, can grow in the ZB 

structure as the epitaxial layer adopts the symmetry of the substrate.  In more ionic 

compounds which have RS or NiAs as their stable crystal structure and the atoms 
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are 6 - fold co-ordinated, it is not obvious whether the epitaxial layer can adopt the ZB 

structure of the substrate and grow in a metastable phase, but several studies have clearly 

demonstrated that there are cases where the same mechanism applies.  Compounds, such 

as MgSe [4] and MnSe [5] which have stable crystal structure RS and MnAs [6] which 

has the NiAs stable structure, have all been grown in the metastable ZB structure.  

 

The Phillips ionicity, fi, of a compound plays a key role in determining the stable crystal 

structure.  It has been mentioned that the value fi = 0.786 is the border between the ZB 

and RS crystal structures [7].  Above this value the crystal structure becomes RS.  III – V 

compounds have a limited range of ionicities, 0.321 < fi < 0.625, and thus they all have 

the ZB stable structure, except the nitrides as mentioned above.  Whereas in II – VI 

compounds the range of ionicities is substantially wider [8].  This value is very important 

for the structural phase transformation studies of compounds that exhibit large ionicity 

such as MnS (0.784) [9], MgS (0.786) [10] or MgSe (0.790) [11], where the value lies on 

the borderline which separates the ZB from the RS structure. 

 

The growth of these compounds in a metastable phase is limited by a critical thickness 

above which the layer cannot adopt the structure of the underlying substrate and starts to 

revert back to its stable crystal structure [12, 13].  Reflection high-energy electron 

diffraction (RHEED) studies have concluded that the change in the crystalline structure 

starts to nucleate at the surface of the layer during the growth [14, 15].  As the layer 

reaches this critical thickness, a sharp transition from two-dimensional to three-

dimensional growth is observed in the RHEED patterns.  Further confirmation and details 

about the structural transition from ZB to RS were also obtained from investigations 

conducted using X-ray diffraction (XRD) and transmission electron microscopy (TEM) 

techniques [16-18]. 

 

 

5.2 Previous research in metastable group II sulphides 
 
Many group II sulphides, including MgS and MnS, have RS as their stable crystal 

structure but they can also be grown epitaxially in the metastable ZB phase.  Initial 

attempts to grow ZB MgS by molecular beam epitaxy (MBE) yielded ~ 10 Å thick layers 

before phase reversion was observed in the RHEED patterns [14], while by using metal-
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organic chemical-vapour deposition (MOCVD) the thickness of ZB MgS layers was 

increased to 10 nm [19].  Previous attempts to grow ZB MnS using MBE were carried 

out by Skromme et al. [20] and produced layers up to 50 nm thick without reversion to 

the stable RS crystal structure. 

 

The MBE group at Heriot-Watt has focused on the development of sulphur containing 

compounds and has shown that by modifying the MBE growth process and using ZnS as 

the sulphur source, both MgS [21] and MnS [22] can be grown on GaAs (100) substrates 

in the ZB structure producing much thicker layers than the samples reported previously 

grown using conventional MBE [14, 20].  Availability of thick layers with good 

crystalline quality allowed extensive structural and optical characterisation of these 

compounds; the growth of MgS-based alloys, such as ZnMgSSe and ZnMgS; and the 

production of different multilayer structures, exploiting the properties of these novel 

semiconductors.  Perhaps the most important is the ZnxMg1-xS1-ySey alloy system as the 

bandgap energy varies from 2.7 eV to 4.4 eV which is sufficient to confine carriers in 

Zn(Cd)Se(S) quantum wells or quantum dots in the composition range of lattice matching 

to GaAs [15, 21, 23-25]. 

 

More recently, using the same growth technique, ZB layers of Mn1-xCrxS with varying x 

have been successfully grown [26].  Figure 5.1a shows a bright field TEM image of a 

Mn0.51Cr0.49S layer clearly visible between two ZnSe layers.  
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Figure 5.1  (a) Bright field TEM image of a ZnSe (50 nm) / Mn0.51Cr0.49S (6 nm) / ZnSe 

(50 nm) structure grown on GaAs.  (b) Magnetic phase transition 

temperatures of metastable ZB Mn1-xCrxS films between ZnSe cladding 

layers as a function of x. (Red points: Curie T – Black squares: Neèl T). 

Source: Taken from Ref. [27]. 

 

 

Figure 5.1b presents a summary of the data obtained from these studies [27] and it can be 

seen that when the Cr mole fraction x is greater than 0.5 the ferromagnetic phase transition 

becomes dominant.  Based on these preliminary results, this group of semiconductors is 

a strong candidate for spin-based electronics.  

 

Using ZnS as the sulphur source results in residual zinc incorporation, xres, in the layers 

of 0.5 - 3% [21, 22].  During the study of ZB MgS growth it has also been observed that 

the maximum thickness of the layers is a sensitive function of both the ZnS:Mg flux ratio 

and the substrate temperature [28].  In the case of ZB MgS, further optimisation of the 

growth process, over a wider range of growth conditions, resulted in the improvement of 
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the maximum thickness of the layer from 140 nm [21] to 200 nm [29] and a phase diagram 

showing the maximum thickness as function of the Mg flux and the substrate temperature 

was created [30].  

 

Initial work on the growth of ZB MnS was carried out by Dr. Lorraine David as part of 

her 2006 Ph.D. thesis where by using a certain set of growth conditions, 132 nm thick 

layers of ZB MnS layers were grown on top of an additional ZnSe/MnS smoothing layer 

with xres = 3% [31].  The additional ZnSe/MnS layer was used in place of the ZnSe buffer 

layer as previous work on MgS showed that the growth of strain-symmetrised structures 

with ZnSe/MgS multilayers resulted in increasing the maximum thickness of the ZB layer 

[28].  

 

The thickness of the layers enabled an extensive investigation into the structural 

properties of this material.  Using X-ray diffraction techniques the lattice constant of ZB 

MnS was determined to be 5.559 ± 0.002 Å and a value of 0.475 was obtained for 

Poisson’s ratio [22].  Atomic force microscopy analysis showed that the spotty RHEED 

pattern, which indicates the onset of three-dimensional growth, was evident in the scans 

of the surface as a series of one-dimensional ridges [31].  The development of long ridges 

on the surface has been connected to the ZB to RS structure reversion [32]. 

 

This chapter investigates the effect of varying the substrate temperature, Tsub, and the 

ZnS:Mn flux ratio, f, on xres in order both to optimise the growth conditions of ZB MnS 

and to determine how reproducibly those conditions could be obtained.  For this study, a 

variety of different structures were grown. Firstly, Mn1-xZnxS layers with thicknesses, 

d > 50 nm thick were used to determine xres by double-crystal X-ray rocking curves 

(DCXRC).  Secondly, samples containing MnS layers with d < 10 nm thick were used to 

determine the growth rate by X-ray interference (XRI) as described in the following 

section.  X-ray measurements were carried out using a Bede D200 Diffractometer and 

layer thicknesses and compositions determined using the Jordan Valley RADS simulation 

program.  As the RHEED screen was not equipped with a recording device, pictures of 

the RHEED patterns presented here were taken with a portable camera. 

 

 



 

 
 

106 

5.3 Growth of MnS 
 

All the samples used in this study were grown in the HWR chamber using 6N elemental 

sources of Zn, Se and Mn and a 6N ZnS compound source. Liquid nitrogen cooled 

shutters were fitted in front of both ZnS and Mn cells to substantially reduce the amount 

of S2 and Mn leaking around the shutters during operation and subsequent contamination 

of the growth chamber.  

 

Samples were grown on GaAs (100) substrates supplied from American Crystal 

Technology (AXT).  To remove the native oxide layer of the surface, the substrates were 

etched in a 2:2:20 H2O2:H2O:H2SO4 solution for 90 seconds at ~ 60 °C [33]. The 

substrates were then rinsed in 18MΩ de-ionised water and quickly dried with a jet of dry 

nitrogen gas.  Using a thin layer of molten indium as a bonding agent the substrates were 

secured on a molybdenum holder.  They were then transferred to the growth chamber and 

heated to 580 °C to remove the oxide layer.  Subsequently, they were cooled to the growth 

temperature under Zn flux [34] while a sharp (4 ×	2) RHEED pattern was always obtained 

indicating minimal sulphur contamination of the GaAs substrate.  During all growths the 

crystal phase was determined using RHEED.  

 

Before and after every growth, beam equivalent pressures (BEP) for Mn and ZnS cells 

were measured by means of an ionisation gauge placed in the growth position.  The 

estimated error for the BEP readings was less than 5% which was sufficiently accurate 

for this study.  The ion gauge currents so obtained were used uncorrected for any gauge 

sensitivity factors and their ratio, f, is used here with f > 1 indicating an excess flux of 

ZnS.  During these experiments it was found that the run-to-run flux readings at constant 

cell temperatures were reproducible for all source materials used with the exception of 

ZnS which typically drifted from growth to growth.  It can be assumed that this arises 

from the nature of the ZnS source (small solid lumps of material with poor thermal contact 

to each other and the cell); constant f values were obtained by altering the ZnS cell 

temperature. 

 

The substrate temperature, Tsub was monitored during growth both in situ using 

thermocouple and ex situ using two Ircon Mirage infrared optical pyrometers, covering 
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the overlapping temperature ranges 250 – 700 °C and 120 – 310 °C. The pyrometer 

readings indicated that temperatures remained constant throughout the growth of each 

sample, but due to material deposition on the pyrometer window readings drifted by 

2 – 5 °C over the growth of approximately 20 samples, which was found to be negligible. 

 

A series of samples with structure: GaAs / ZnSe (50 nm) / Mn1-xZnxS (d > 50nm) were 

grown to investigate the effects of varying Tsub and f on xres in the MnS layers.  In these 

structures the 50 nm thick ZnSe buffer layer was deposited to protect the GaAs substrate 

from sulphur contamination.  During the deposition of the buffer layer a sharp (2×1) 

RHEED pattern was typically observed indicating a flat surface, ideal for the subsequent 

ZB MnS growth.  

 

During the Mn1-xZnxS growth the surface morphology was monitored by RHEED.  

Initially the layers displayed a c(2×2) RHEED pattern with sharp streaks as shown in 

Figure 5.2.  In the course of the growth weak spots began to appear along the streaks.  At 

this stage of the growth, the crystal structure of a metastable layer is still ZB but the 

surface has developed a characteristic roughened structure [35].  

 

 

 
Figure 5.2    c(2 ×	2) RHEED pattern from the ZB Mn1-xZnxS surface during growth.  The 

RHEED beam is oriented along the [100] azimuth.  



 

 
 

108 

However, for any metastable layer there is a maximum thickness after which the layer 

starts to revert to the stable crystal structure.  In the present case this involves a martensitic 

change of the structure from ZB to RS which is clearly visible in RHEED with a sudden 

change to a spotty RHEED pattern with off-axis features [18, 21].   

 

Mn1-xZnxS layers were grown over a wide range of growth conditions by varying Tsub 

from 300 °C to 220 °C and f from 20 to 5 produced by varying the ZnS and Mn cell 

temperatures between 800 – 870 °C, and 780 – 820 °C respectively.  

 

An initial set of samples was grown with Tsub = 290 °C and f progressively lowered from 

20 to 14.  With f = 20, it was observed that spots started to form on the RHEED diffraction 

streaks (Figure 5.3) after approximately 15 minutes of growth and slowly increased in 

intensity and size over time; reducing f to 14 slowed their formation.  Reducing f further 

to 8 caused the RHEED pattern to become spotty with off-axis features as soon as the 

growth started, indicative of phase conversion at the start of the growth (Figure 5.4).  

 

 

 
Figure 5.3   c(2 ×	2) RHEED pattern from the ZB Mn1-xZnxS surface during growth 

showing the formation of spots along the diffraction streaks.  The RHEED 

beam is oriented along the [100] azimuth. 
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Figure 5.4   Spotty RHEED pattern obtained from Mn1-xZnxS surface. The RHEED beam 

is incident along the [110] azimuth.  

 

 

 
Several samples were then grown by gradually lowering both Tsub and f.  Not every change 

in the growth parameters improved the RHEED pattern with some growth conditions not 

producing ZB layers.  However, with Tsub = 240 °C and f = 7, RHEED showed strong 

streaks for 55 minutes growth.  Overall, it was noticed from the RHEED observations 

that this growth was very sensitive to both Tsub and f. 

 
 
5.4 X-ray characterisation of the Mn1-xZnxS layers 
 
The Mn1-xZnxS layers were sufficiently thick to be examined using DCXRC and produced 

a clear diffraction peak showing that the layers maintained the ZB structure.   

Approximately 50 samples were grown covering 28 different combinations of growth 

conditions.  For combinations where the growth conditions were repeated, no observable 

differences were seen between growths.  
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Table 5.1 summarises the different combinations of growth conditions used with xres in 

the Mn1-xZnxS layers determined from the DCXRC scans.  Also included are the growth 

conditions of the samples that from the start of the growth did not grow in the ZB phase, 

as indicated by the RHEED pattern.  As has been seen previously [15], with no single 

crystal ZB layer these samples did not produce DCXRC peaks.  

 

The strain, ε between the GaAs substrate and the ZnSe layers is εZnSe = - 0.0025 

(compressive) and between the GaAs and the ZB MnS layers is εMnS = 0.007 (tensile).  

Given the fact that the onset of strain relief in ZnSe layers is observed after 150 nm and 

that the deposition time of the Mn1-xZnxS layers was between 25 – 55 minutes we would 

expect all the structures to be fully pseudomorphic and sufficiently thick to be examined 

using DCXRC. 

 

Figure 5.5 shows the (004) double-crystal X-ray rocking curves of eight selected samples 

from Table 5.1, in pairs of two at the same substrate temperature, representing different 

growth regions.  The dashed line at 2292 arc seconds indicates the position of the bulk 

ZB MnS diffraction peak and the shift in the position of the peaks arises from the residual 

zinc content in the layers which was determined using the Jordan Valley RADS software.  
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Sample 

No. 

Tsub  

(°C) 

TZnS 

(°C) 

TMn 

(°C) 

fZnS 

(nA) 

fMn 

(nA) 
fZnS:Mn xres (%) 

HWR057 290 865 780  420 21 20:1 35 

HWR059 290 865 790 420 25 17:1 17 

HWR060 290 865 800 420 30 14:1 12 

HWR061 290 840 820 330 40 8:1 No ZB growth 

HWR063 270 860 780 400 20 20:1 29 

HWR066 270 865 800 420 30 14:1 22 

HWR074 270 835 810 290 35 8:1 11 

HWR076 270 810 820 244 40 6:1 No ZB growth 

HWR077 255 870 800 415 30 14:1 32 

HWR080 255 840 800 315 30 10:1 21 

HWR078 255 820 800 175 30 6:1 17 

HWR081 255 810 800 155 30 5:1 19 

HWR083 240 865 780 400 20 20:1 No ZB growth 

HWR084 240 865 790 400 24 17:1 No ZB growth 

HWR085 240 870 800 410 30 14:1 39 

HWR087 240 855 800 350 30 12:1 31 

HWR088 240 850 800 300 30 10:1 23 

HWR092 240 820 800 240 30 8:1 11 

HWR090 240 800 790 180 25 7:1 13 

HWR091 240 800 800 180 30 6:1 1 

HWR089 240 800 810 178 35 5:1 10 

HWR097 225 870 780 358 20 18:1 No ZB growth 

HWR120 225 870 790 358 25 14:1 40 

HWR123 225 850 800 300 30 10:1 33 

HWR126 225 835 800 240 30 8:1 23 

HWR131 225 825 800 220 30 7:1 9 

HWR133 225 815 790 150 25 6:1 15 

HWR132 225 800 790 130 25 5:1 6 

 

Table 5.1   Summary of the growth conditions applied on 28 growths and the residual 

zinc content, xres in the Mn1-xZnxS layers.  The fluxes of ZnS and Mn are 

expressed as ion gauge readings in nA. 
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Figure 5.5   (004) DCXRC scans from selected samples.  The dashed line indicates the 

position of the bulk ZB MnS diffraction peak at 2292 arc seconds.  Samples 

presented as numbered in Table 5.1: (a) samples HWR057 – Mn0.65Zn0.35S 

(red) and HWR060 – Mn0.88Zn0.12S (black), (b) samples HWR077 – 

Mn0.68Zn0.32S (black) and HWR078 – Mn0.83Zn0.17S (blue), (c) samples 

HWR085 – Mn0.61Zn0.39S (black) and HWR092 – Mn0.89Zn0.11S (blue) and 

(d) samples HWR120 – Mn0.60Zn0.40S (black) and HWR133 – Mn0.85Zn0.15S 

(blue).  The smaller peak at ~ +600 arc secs is a stray reflection from CuKa2 

radiation. 
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5.5 Phase diagram for the MnS growth and discussion of the results 
 
All the data obtained from the X-ray scans (Table 5.1) were analysed using matrix 

transformation procedure to generate a frequency output of xres which then projected on 

a 2D phase diagram as function of Tsub and f as shown in Figure 5.6.  

 

 

 
Figure 5.6   Phase diagram for the growth of metastable ZB Mn1-xZnxS plotting f as a 

function of Tsub for different values of xres.  The white marked area is the 

optimal growth window where xres < 0.01 and corresponds to 

Tsub = 230 – 250°C and f = 5.5 – 6.5. The red regions marked “NO ZB 

GROWTH” are those where the RHEED pattern shows phase conversion 

starts when growth commences.  
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The top left and bottom right corners of the plot shown as red zones were regions which 

were not explored further as any attempts to grow ZB MnS always produced a RHEED 

pattern indicative of phase conversion as soon as the growth started.  Between these 

extrema ZB Mn1-xZnxS layers are produced which are shown as 3 coloured bands 

corresponding to different regions of xres. 

 

Within this region of ZB growth there are two areas of interest.  The first area and the one 

which is the most important outcome of this present study was the revelation of an 

optimum region (area marked in white in Figure 5.6) which corresponds to 

Tsub = 230 – 250°C and f = 5.5 – 6.5 with the lowest possible zinc incorporation. 

Figure 5.6 shows clearly that this window for optimum growth covers a very small part 

of the phase diagram.  Figure 5.7 shows cross sections through the phase diagram at two 

different values of f and shows that around the optimum, changing Tsub by only 10K 

increased xres by an order of magnitude.  Although the residual zinc concentration is very 

sensitive to the growth conditions, the exact location of the minimum was confirmed with 

multiple growths and we were able to repeatedly obtain ZB MnS layers with xres < 1%.  

 

 

 
Figure 5.7    Residual zinc incorporation cross sections as function of Tsub for fZnS:Mn = 6 

(red) and fZnS:Mn = 14 (black). (Data from Table 5.1.)  
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The second region of interest occurs where there is a sharp change in the direction of the 

boundary between the blue and green regions in Figure 5.6.  Again, there are sufficient 

data in this region for us to be sure that this effect is both real and reproducible.  

 

Together with the existence of the zinc incorporation minimum in xres, Figures 5.6 and 

5.7 show that the relationship of xres as a function of f and Tsub is complex.  Partly, this 

derives from the fact that the compound ZnS source produces both Zn and S2 in a fixed 

ratio, and therefore it is not possible to change the II:VI and Zn:Mn flux ratios 

independently.  As a result, over at least part of the temperature range there is a minimum 

Zn coverage and both increasing or decreasing f will increase xres.  

 

At the minimum, the incorporation of zinc into the growing layer is so low that the 

replacement of surface Zn atoms by Mn atoms and their subsequent incorporation is 

probably the dominant composition controlling reaction.  As shown in Figure 5.7, 

reducing the growth temperature increases xres, which could arise from a decreasing 

evaporation rate for surface Zn atoms.  The increase in xres at higher temperatures requires 

an opposing mechanism, for which there are several possible candidates, including: 

increased S2 decomposition above Zn atoms (which will enhance the growth rate and 

hence xres), enhanced surface mobility of S atoms leading to Zn atom burial, and exchange 

of positions of surface Zn atoms with subsurface Mn.  

 

 

5.6 XRI analysis and growth rate measurement 

 
The reproducibility of the growth and the crystallinity of the layers produced, was 

determined by growing a second set of samples using the optimum growth conditions 

identified in Figure 5.6.  The XRI samples were grown with the structure 

GaAs / ZnSe / MnS (d nm) / ZnSe, where 1nm £ d £ 10nm and the MnS layers were 

grown for 60, 90 and 120 seconds.  The XRI technique was used to determine the growth 

rate and crystallinity of the MnS layers.  In this method, a very thin layer of the material 

is sandwiched between two thicker identical layers with a different composition.  The 

thin central layer forms a Bragg interferometer which causes a phase shift in the diffracted 

X-rays and modulates the intensity of the Pendellösung fringes as a function of the 

thickness of the central layer and the planar spacing [18].  
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(004) reflection double-crystal X-ray curves were obtained for all the samples and 

simulations were performed using the Jordan Valley RADS simulation program.  The 

samples had well resolved Pendellösung fringes, indicative of good crystallinity 

throughout the entire structure.  Figure 5.8 shows the (004) XRI experimental scans and 

the corresponding simulations.  The results obtained from the XRI analysis are given in 

Table 5.2.  
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Figure 5.8   (004) XRI experimental scan (black) and simulation (red) of (a) HWR100, 

(b) HWR101 and (c) HWR106 with structure GaAs / ZnSe / MnS 

(d nm) / ZnSe, where 1 nm £ d £ 10 nm and the MnS layers were grown for 

60, 90 and 120 seconds respectively. 
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Sample 

ZnSe 

thickness  

(Å) 

MnS 

thickness  

(Å) 

MnS 

growth time  

(s) 

MnS 

growth rate 

(Ås-1) 

GOF 

HWR100 420 42.1 60 0.70 0.152 

HWR101 420 63.1 90 0.70 0.129 

HWR106 400 86.3 120 0.71 0.179 
 

Table 5.2   MnS thickness and growth rate obtained by XRI analysis. 

 

Goodness of fit (GOF) is a feature provided by the simulation software and generates a 

useful measurement of how well the experimental data correspond to the simulations.  

A description of the GOF was given earlier in Section 3.4.  

 

The GOF values, summarised in Table 5.2, indicated that the experimental scans were in 

excellent agreement with the simulations.  The analysis confirmed that the xres in the MnS 

layers was less than 1% and from the MnS thickness the growth rate was determined to 

be 0.7 Ås-1. 

 

 

5.7 Growth of the maximum ZB MnS thickness 
 
Following the determination of the growth rate, thick MnS layers were grown using the 

optimised growth conditions obtained from the phase diagram in Figure 5.6, as described 

above.  During the growth, the MnS layer displayed a c(2 ×	2) RHEED pattern with sharp 

streaks, indicative of a two-dimensional growth.  The growth was stopped at the onset of 

RS phase nucleation which was observed at 60 minutes of growth.  

 

Figure 5.9a shows the (004) DCXRC scan from the sample HWR141 with structure 

GaAs / ZnSe (50 nm) / MnS (250 nm) compared to the thickest sample that has been 

previously reported (Figure 5.9b) [22].  The sample shown in Figure 5.9b was grown 

under non-optimised conditions [31] on top of a ZnSe/MnS/ZnSe smoothing layer at a 

growth rate of 0.42 Ås-1 with d = 132 nm and xres = 3%. 
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Figure 5.9  (004) DCXRC from samples with structure (a) GaAs / ZnSe (50nm) 

/MnS (250 nm) and (b) GaAs / ZnSe (53 nm) / MnS (23 nm) / ZnSe (18nm) 

/MnS (132 nm) [31].  The smaller peak at ~ +600 arc seconds is a stray 

reflection from CuKa2 radiation. 

 

 

Clear diffraction signals from both MnS layers indicate that the ZB crystal structure has 

been maintained, but the optimised structure (Figure 5.9a) appears to be of higher quality 

as indicated by the symmetric shape of the DCXRC peak and the lower FWHM which 

reduced from 1550 to 910 arc seconds.  The maximum thickness of the ZB MnS layer 

has been doubled and xres decreased to < 1%.  

 

The zinc incorporation was further confirmed by secondary ion mass spectroscopy 

(SIMS) and Auger electron spectroscopy as this particular sample (HWR141) was sent to 

and examined by Loughborough Surface Analysis (LSA).  Sharp interfaces were 

observed between MnS and ZnSe layers as seen in Figure 5.10a.  
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Figure 5.10   (a) SIMS analysis and (b) Auger electron spectroscopy depth profile of 

sample with structure GaAs / ZnSe (50 nm) / MnS (250nm). 
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The Zn signal detected in the MnS layer was determined with simultaneous Auger 

spectroscopy (Figure 5.10b) and xres was estimated to be approximately 0.5%.  This result 

is in excellent agreement with the results obtained from the DCXRC and XRI analysis.  

 

 

5.8 Summary and outlook 
 
The growth of zinc blende MnS over a range of substrate temperatures and ZnS:Mn flux 

ratios has been studied and the phase diagram has been established as a function of these 

two variables for different values of zinc incorporation.  

 

A very narrow growth region centred around 240 °C with a flux ratio of 6 has been 

determined where ZB MnS layers can be grown with xres < 1%.  The XRI samples grown 

within this optimal growth region confirmed the layer composition and the growth rate 

was determined to be 0.7 Ås-1. We have also shown that by going through this 

optimisation procedure metastable ZB MnS can be grown by MBE in layers up to 250 nm 

without any degradation in the crystal structure.  

 

Optimisation of the growth conditions of thick MnS layers is useful in the development 

of other metastable zinc blende compounds and alloys, such as CrS and MnCrS.  Unlike 

MnS which is antiferromagnetic even in the ZB phase, ZB CrS has been predicted to be 

ferromagnetic, while in its stable NiAs structure it is an antiferromagnet [36, 37].  

Availability of thick enough ZB CrS layers grown under optimum conditions will allow 

structural characterisation in order to verify the lattice parameter and Poisson’s ratio.  
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Chapter   6 
 

Growth and X-Ray characterisation  

of zinc blende MnSe on GaAs (100)  

 

 

 

 

6.1 Introduction 
 

MnSe is a magnetic semiconductor (see Section 1.3) with stable crystalline structure 

rocksalt (RS).  As mentioned in the previous Chapter 5, by using molecular beam epitaxy 

(MBE) under a suitable selection of growth conditions this compound can be grown in 

the metastable zinc blende (ZB) crystal structure, up to a maximum thickness where the 

structure starts to revert back to the stable form.  This maximum thickness and the quality 

of the material are strongly dependent on the growth conditions. 

 

A number of efforts towards the MBE growth of ZB MnSe on GaAs (100) have been 

reported.  Initial attempts by Kolodziejski et al. [6] on GaAs (100) substrates at a growth 

temperature of 400 °C resulted in Zn1-xMnxSe layers with ZB crystalline structure for 

mole fractions of x < 0.30.  Above x = 0.30 and up to a maximum Mn concentration of 

0.57 the layers exhibited the rocksalt crystal structure.  These growths were carried out 

by using elemental Zn, Se and Mn sources at a purity of 6N, 6N and 4N respectively.  The 

cell temperatures were set at 325 °C for the Zn and 200 °C for the Se, while the Mn 

temperature was ranged from 820 °C to 950 °C to provide the various Mn mole fractions.  

Heimbrodt et al. [7] have reported growth of ZB MnSe up to 5 nm on GaAs (100) at a 

growth temperature of 320 °C and Mn:Se flux ratio of ~ 0.28.   Chang et al. [8] produced 

ZB MnSe layers 100 nm thick at growth temperature of 400 °C with MnSe growth rate 

of  ~ 1 Ås-1.  Direct structural characterisation in terms of lattice constant and/or Poisson’s 

ratio was not achieved.  
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The renewed attention to this compound has promoted several theoretical and 

experimental studies over the last few years with the aim to investigate the magnetic 

properties and to determine the most important structural parameters of the metastable 

phase.  

 

So far, the MBE group at Heriot-Watt has produced four different compounds in the 

metastable ZB crystal structure (shown in brackets is the stable form): MnS (RS) [9], 

MgS (RS) [10], CrS (NiAs) [11] and CrSe (NiAs) [12].  This final experimental chapter 

of the thesis presents the details of our first attempt to grow ZB MnSe on GaAs (100) 

substrates.  The layers were characterised via X-ray diffraction techniques.  As mentioned 

previously the measurements were carried out using a Bede D200 Diffractometer, the 

Jordan Valley RADS simulation program used for the analysis of the results and pictures 

of the RHEED patterns presented here were taken with a portable camera.  

 

 

6.2 Growth of MnSe 
 

All the samples in this study were grown in the HWR growth chamber in a similar manner 

to the growths of MnS.  Growth of MnSe and ZnSe layers was performed using 6N purity 

elemental sources of Zn, Se and Mn.  A liquid nitrogen cooled shutter was fitted in front 

of the Mn cell to substantially reduce the amount of Mn leaking around the shutter during 

operation and the subsequent contamination of the growth chamber.  

 

The structures were grown on GaAs (100) substrates supplied from American Crystal 

Technology (AXT).  Before transfer into the growth chamber the substrates were etched 

in a 2:2:20 H2O2:H2O:H2SO4 solution for 90 seconds at ~ 60 °C [13].  The substrates were 

then rinsed thoroughly with 18 MΩ de-ionised water and dried quickly with a jet of dry 

nitrogen gas.  Using a thin layer of molten indium as a bonding agent the substrates were 

secured on a molybdenum holder.  This bonding process produces a highly oxidised 

surface and depending on the applied temperature and the duration of the process the 

oxide layer thickness varies between 2 – 3 nm [14]. 
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The substrates were then transferred to the growth chamber and heated to 580 °C to 

remove the oxide layer.  Subsequently, they were cooled to the growth temperature of 

240 °C under Zn flux [15]. After the oxide removal a sharp (4 ×	2) RHEED pattern was 

always obtained indicating a clean surface of the GaAs substrate.  During all growths the 

crystal phase was determined using RHEED.  

 

Cell temperatures of 290 °C, 190 °C and 800 °C were used for the Zn, Se and Mn sources 

respectively.  These temperatures were chosen because they generated the same fluxes as 

had been used in the previous growth study of MnS.  The sources were raised to their 

operating temperatures 60 minutes before the substrate transportation into the growth 

chamber so that the flux readings could be taken before the deoxidation process.  Beam 

equivalent pressures (BEP) for all elements were measured by means of an ionisation 

gauge placed in the growth position.  During these growths it was found that the run-to-

run flux readings at constant cell temperatures were reproducible for all source materials.  

The substrate temperature was measured by a pyrometer and kept at 240 °C for all the 

growths.  

 

All MnSe growths were initiated on a 30 nm thick ZnSe buffer layer.  According to 

previous studies on the growths of ZB MgS and MnS, the ZnSe buffer layer provides an 

ideal surface for the subsequent growth of a metastable zinc blende compound [16].  The 

cell temperatures of the Zn and Se were not modified and the Zn:Se flux ratio was set to 

1:2 for all the growths performed for this study.  

 

At the start of the ZnSe growth the streaked RHEED pattern of the surface was changed 

to a spotty pattern indicating the initial nucleation at the growing surface.  After 

approximately one minute the three-dimensional growth transformed to a sharp (2×1) 

RHEED pattern which was typically observed, indicating a flat Se terminated ZnSe 

surface. 

 

During the MnSe growth the surface morphology was monitored by RHEED.  Initially 

fluxes of BEP, expressed as ion gauge readings in nA were 30 nA and 190 nA for Mn 

and Se sources respectively producing a II – VI flux ratio of 1:16.  At the onset of the 

MnSe growth the (2 ×	1) RHEED pattern of the ZnSe surface persisted indicating a 
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successful growth of zinc blende MnSe.  It was also observed that both the integral and 

the fractional streaks became more intense.  A comparison of the ZnSe and MnSe RHEED 

patterns can be seen in Figure 6.1.  Figure 6.1a shows the (2 ×	1) RHEED pattern of the 

ZnSe layer along with RHEED pattern of the adjacent MnSe layer in Figure 6.1b.   

 

 

 

 

 
 

Figure 6.1   (2 ×	1) RHEED patterns obtained from the surface of (a) ZnSe layer and (b) 

MnSe layer.  (Degradation of the phosphor coating is apparent).  
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A comparison of the two RHEED patterns shows that they are virtually identical.  

However, as the ZnSe growth stopped and the MnSe growth started a variation in the 

intensity of the RHEED pattern was observed.  Both the integral and the fractional streaks 

were more intense during the MnSe growth indicating a flatter surface [17]. 

 

The MnSe growths showed a sharp and streaky RHEED pattern for approximately 

4 minutes when the pattern became spotty with off-axis features (Figure 6.2a) indicating 

a transition from a two-dimensional to a three-dimensional growth.  Subsequently, at 

approximately 10 minutes growth of MnSe, the spotty RHEED pattern evolved to 

amorphous rings (Figure 6.2b) indicating the presence of major defects such as stacking 

faults and twins [17].  
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Figure 6.2   RHEED patterns observed on the MnSe growing surface. (a) Spotty RHEED 

pattern with off-axis features and (b) amorphous rings.  

 

 

Further growths were attempted by lowering the Mn flux while the rest of the growth 

parameters remained unchanged.  When the Mn flux lowered to 20 nA corresponding to 

a Mn cell temperature of 780 °C, the MnSe layers were grown for 35 minutes. During 

these growths the layers displayed a (2×1) diffraction pattern with sharp streaks for 20 

minutes indicating a two-dimensional growth and no signs of phase reversion were 

observed.  
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Table 6.1 summarises the two different sets of growth conditions applied during this study 

and the optimal growth window which produced thick ZB MnSe layers is highlighted. 

 

 

 Tsub 

(°C) 

TSe 

(°C) 

TMn 

(°C) 

fSe 

(nA) 

fMn 

(nA) 
fMn:Se 

Non optimal growth conditions 240 190 800 190 30 1:16 

Good growth conditions 240 190 780 190 20 1:10 

 

Table 6.1    Summary of the two different sets of growth conditions applied for the growth 

of ZB MnSe.  The fluxes of Se and Mn are expressed as ion gauge readings 

in nA. 

 

 
 
6.3 XRI analysis and growth rate measurement 
 

Once the optimum conditions for the growth had been established a set of samples were 

grown to determine the growth rate and crystallinity of the MnSe layers.  The XRI 

technique was used as it had been successfully used for the characterisation of MgS [18] 

and MnS [9].  The details of this technique are described in Section 3.5 and in 

references [19-21]. 

 

Samples with structure GaAs (sub) / ZnSe / MnSe (d nm) / ZnSe were grown with varying 

MnSe layer thickness d and the RHEED patterns indicated that the MnSe growth was in 

the zinc blende phase.  (004) and (115) double-crystal X-ray rocking curves were obtained 

for all the samples, and simulations were performed using the Jordan Valley RADS 

simulation program.  

 

It was necessary to use both the (004) and (115) reflections in order to obtain an 

unambiguous choice of layer thickness.  As the strain between two II – VI compounds is 

much larger than is found in a III – V system, the modulation pattern of the Pendellösung 
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fringes observed in the XRI scan is repeated more frequently with increasing layer 

thickness.  Therefore, to obtain a unique value for the thickness it is essential to use two 

reflections with different planar spacing [21]. 

 

The initial simulations did not generate acceptable fits to the experimental data.  

Reasonable fits were obtained when ~ 10% of relaxation was added to the models.  

However, this partial relaxation in the structures was ruled out as the total thickness of 

the ZnSe layers was sufficient to provide well-defined peaks without exceeding the 

critical thickness for relaxation, and the sharp interference fringes observed in the scans 

would be expected only from a pseudomorphic material.  The source of this problem was 

attributed to the incorrect value of Poisson’s ratio, v, of the MnSe that was being used for 

the simulations.  

 

As the JV RADS software is a modelling tool, all input values have to be defined by the 

user and for the initial simulations the value of v = 0.390 was set.  This value was obtained 

from density functional theory calculations [22].  Improvements in the fit between the 

experimental scans and the simulations were made by varying the value of v.  The best 

fits were obtained with v = 0.435.  

 

The (004) and (115) reflections obtained from the XRI samples HWR109, HWR110 and 

HWR112 and the corresponding simulations are shown in Figures 6.3 and 6.4.  The 

results obtained from the analysis are presented in Tables 6.2 and 6.3.  
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Figure 6.3   (004) XRI experimental scan (black) and simulation (red) of (a) HWR109, 

(b) HWR110 and (c) HWR112 with structure GaAs / ZnSe / MnSe (d nm) 

/ ZnSe, where the MnSe layers were grown for 60, 90 and 120 seconds 

respectively. 



 

 
 

135 

 
 
Figure 6.4    (115) XRI experimental scan (black) and simulation (red) of (a) HWR109, 

(b) HWR110 and (c) HWR112 with structure GaAs / ZnSe / MnSe (d nm) 

/ ZnSe, where the MnSe layers were grown for 60, 90 and 120 seconds 

respectively. 
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Sample 

ZnSe 

thickness  

(Å) 

MnSe 

thickness  

(Å) 

MnSe 

growth time  

(s) 

MnSe 

growth rate 

(Ås-1) 

GOF 

HWR109 480 25.85 60 0.43 0.131 

HWR110 480 41.44 90 0.46 0.154 

HWR112 500 54.07 120 0.45 0.182 
 

Table 6.2   MnSe thickness and growth rate determined by (004) XRI analysis. 

 

 

 

Sample 

ZnSe 

thickness  

(Å) 

MnSe 

thickness  

(Å) 

MnSe 

growth time  

(s) 

MnSe 

growth rate 

(Ås-1) 

GOF 

HWR109 480 24.71 60 0.41 0.159 

HWR110 480 39.60 90 0.44 0.148 

HWR112 500 52.88 120 0.44 0.184 
 

Table 6.3   MnSe thickness and growth rate determined by (115) XRI analysis. 

 

 

As can be seen from the graphs in Figures 6.3 and 6.4 and from the goodness of fit (GOF) 

values in Table 6.3 the experimental scans are in good agreement with the simulations.  

The excellent resolution of the interference fringes indicates high crystalline quality of 

the structures and a growth rate of ~ 0.43 Ås-1 was obtained for the ZB MnSe.  

 
The Poisson’s ratio value of v = 0.435 that was determined for the ZB MnSe from the 

XRI analysis in this section is rather high but completely in line with those of MgS 

(v = 0.425) [10] and MnS (v = 0.475) [23] in the metastable ZB phases.  High values of 

Poisson’s ratio seem to be a characteristic of the ZB phase metastable compounds [24].  
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From the value of Poisson’s ratio, v, the difference between the elastic constants c11 and 

c12 can be calculated in terms of c11, using [25]: 

 

𝑐.. −	𝑐.+ = 	 𝑐..
(.q+u)
.qv

   Equation 6.1 

 

The factor (c11 –  c12) is known as the elastic shear constant and measures the resistance 

of the crystal to shear along the  [0-11] direction on the (110) plane [25].   It is also related 

to the bond bending force constant, C1: 

 

𝐶. 	= 	
		xk

i+
	(𝑐.. −	𝑐.+)   Equation 6.2 

 
 
 

Where α is the lattice constant.  
 
 
For v = 0.435, (c11 –  c12) = 0.23 c11.  Low values of the elastic shear constant give rise to 

easily distorted bond angles (low C1) and in the present case it implies that the 

Se – Mn – Se bond angle can easily modified to either 180º or 90º, i.e. from a tetrahedral 

to cubic bonding arrangement [24].  
 

 

6.4 XRD analysis of thick MnSe layers and determination of the 

lattice constant 
 

Following the growth rate determination, growths of thicker ZB MnSe layers were 

attempted under the optimal growth conditions reported in Table 6.1 following the same 

growth procedure as described above.  During the growths the MnSe layers displayed a 

(2 ×	1) diffraction pattern with sharp streaks indicating a two-dimensional growth.  The 

growths were stopped when the RHEED pattern changed from streaky to spotty indicating 

the onset of a three-dimensional growth.  
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Sample HWR136 was grown for 90 minutes and examined using double-crystal X-ray 

rocking curves (DCXRC).  Figure 6.5 shows the (004) DCXRC obtained from the sample 

HWR136 with structure GaAs / ZnSe (30 nm) / MnSe (230 nm) which produced a clear 

diffraction peak showing that the MnSe layer maintained the ZB structure.   

 

 

 
 

Figure 6.5 (004) DCXRC from the sample HWR136 with structure 

GaAs / ZnSe (30 nm) /MnSe (230 nm). 

 

 

The lattice parameter, α of ZB MnSe was determined from the analysis of the DCXRC 

from both (004) and (115) (Figure 6.6) reflections and the value α = 5.876 ± 0.002 Å 

obtained.  Indirect values for the lattice constant of ZB MnSe have been previously 

published. The value of 5.82 Å was obtained from theoretical calculations by 

Pajaczkowska [26]; Kolodziejski et al. [27] reported a value of 5.93 Å, and 5.90 Å was 



 

 
 

139 

reported by Furdyna [1].  The values of 5.93 Å and 5.90 Å were calculated from a 

substantial extrapolation of data obtained from the lattice constant variation with the Mn 

mole fraction in ZB ZnxMn1-xSe layers grown by MBE  (N.B. the extrapolations were 

from very low Mn concentrations).  The α value of 5.876 ± 0.002 Å obtained from the 

present analysis is more accurate than the indirect determinations.  

 

 

 

 
 

Figure 6.6 (115) DCXRC from the sample HWR136 with structure 

GaAs / ZnSe (30 nm) / MnSe (230 nm).  The smaller peak at ~ + 600 arc 

seconds is a stray reflection from CuKa2 radiation. 
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Regarding the critical thickness of the ZB MnSe on GaAs substrates, Heimbrodt et al. [7] 

have reported the limit to be 5 nm while Chang et al. [8] have observed growth of MnSe 

in the zinc blende phase up to 100 nm.  The ZB MnSe layers of 230 nm grown during 

this study were thicker by a factor of two over the best previous results.  

 

Sample HWR117 was grown for ~ 2 hours giving a thickness of 290 nm for the MnSe 

layer, with structure GaAs / ZnSe (30 nm) / MnSe (290 nm) and examined by double-

crystal X-ray rocking curves.  The RHEED pattern clearly indicated a transition from 

two-dimensional to three-dimensional growth after approximately 245 nm and as can be 

seen in Figure 6.7 there was no trace of a ZB MnSe diffraction peak.  

 

 

 
 

Figure 6.7 (004) DCXRC from the sample HWR117 with structure 

GaAs / ZnSe (30 nm) / MnSe (290 nm).  
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The ZB MnSe peak seems to have completely disappeared and not just reduced in 

intensity.  Previously, the MBE group at Heriot-Watt has carried out an extensive 

investigations on the transformation from zinc blende to rocksalt that occurs in the crystal 

structure of the metastable compounds [24, 28, 29].  According to these findings, before 

the transformation long one-dimensional ridges of approximately 2 monolayers high 

develop on the growing surface acting as nucleation points for the transformation.  High 

local stresses caused by the ridges at the surface of the material introduce deep cracks 

which penetrate into the underlying ZB layer causing the phase reversion. 

 

 

6.5 Achievement of common growth settings for ZB MnS and MnSe 
 

The MBE growth of heterostructures or multilayer structures using a combination of 

binary compounds requires a simultaneous operation of different effusion cells, one for 

each element of the structure.  A main challenge in MBE is when a growth requires 

interruption in order to adjust the cell temperatures and modify the flux ratio of the 

respective elements; this process is time-consuming as it takes a long time for the effusion 

cells to be thermally stable again and it is not very accurate as it is unknown if the fluxes 

have returned to the same calibrated value.  As a consequence, a growth interruption can 

lead to potential contamination of the exposed surface of the sample, compromise the 

interface sharpness and reduce the structural quality.   

 

The final part of this programme was to investigate whether the MnS and the MnSe could 

grow in the ZB structure under the same growth conditions.  In the previous Chapter 5 a 

narrow growth window with substrate temperature 240 °C and a ZnS:Mn flux ratio of 6:1 

was determined where high quality ZB MnS layers could be grown.  The corresponding 

Mn flux for these conditions was 30 nA.  

 

As mentioned above the initial attempts to grow MnSe with the Mn flux at 30 nA did not 

produce ZB layers and the growths were halted at ~ 4 minutes.  Good quality thick ZB 

MnSe layers were obtained when the Mn flux was lowered to 20 nA.  At this point it was 

decided to grow MnS by adjusting the growth conditions to match those of the ZB MnSe 

while maintaining the ZnS:Mn flux ratio at 6:1.  
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Samples with structure GaAs / ZnSe (40 nm) / MnS (d > 50 nm) were grown as described 

in the previous Section 5.3.  The Mn flux was fixed at 20 nA and the ZnS flux was lowered 

to 120 nA.  The corresponding cell temperatures were 780 °C for the Mn and 790 °C for 

the ZnS.  The substrate temperature (240 °C) and the cell temperatures of the Zn (290 °C) 

and Se (190 °C) were not modified.  

 

The surface morphology was monitored by RHEED and during the deposition of the ZnSe 

buffer layer a sharp (2 ×	1) RHEED pattern was typically observed indicating a flat 

surface.  The MnS layers displayed a c(2 ×	2) RHEED pattern with sharp streaks, 

indicative of a two-dimensional growth. The growth was stopped at ~ 50 minutes where 

weak spots began to appear along the streaks indicating that the crystal structure of the 

MnS layer was still ZB but the surface was developing a roughened structure.  

 

Sample HWR143 with structure GaAs / ZnSe (40 nm) /MnSe (d nm) was examined using 

double-crystal X-ray rocking curves and Figure 6.8 shows the obtained (004) DCXRC 

scan which produced a clear diffraction peak at ~ 2340 arc seconds showing that the MnS 

layer maintained the ZB structure.   
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Figure 6.8 (004) DCXRC from the sample HWR143 with structure 

GaAs / ZnSe (30 nm) /MnS (d nm).  The smaller peak at ~ + 600 arc 

seconds is a stray reflection from CuKa2 radiation. 

 

 

These results suggest that it is possible to grow these two materials, MnS and MnSe, in 

the metastable ZB crystalline structure under the same growth conditions.  

 

 

6.6 Summary and outlook 
 
This chapter has studied the MBE growth and the structural properties of the metastable 

ZB MnSe.  A set of growth parameters, corresponding to substrate temperature of 240 °C 

and Mn:Se flux ratio of 1:10, has been established where MnSe can be grown up to 

230 nm in the zinc blende phase without conversion to the stable crystal structure.  

 



 

 
 

144 

Growth of thick ZB MnSe layers has enabled the characterisation by X-ray diffraction 

and X-ray interference, not achieved previously.  By using both (004) and (115) 

reflections, the lattice constant of ZB MnSe was determined to be 5.876 ± 0.002 Å, the 

value of 0.435 Poisson’s ratio was experimentally obtained and the growth rate obtained 

from XRI analysis was 0.43 Ås-1.  The lattice constant determination was more accurate 

than previous studies and the ZB layer thickness obtained was greater by a factor of two. 

 

To develop a full picture for this growth additional studies will be needed over a wider 

range of growth parameters in order to determine whether there are improvements in the 

thickness and the quality of the material.  

 

Our previous work on MgS and MnS has shown that these metastable materials exhibit 

different surface morphologies and that the phase transition is associated with the 

presence of cracks in the layer.  Further investigations by AFM topography and cross 

sectional TEM at different stages of the growth are also required to explore the 

relationship between the surface morphology of the MnSe and the growth conditions and 

to investigate more the mechanism behind the transformation from the metastable zinc 

blende to the stable rocksalt crystal structure.  

 

Finally, a common growth window where both MnS and MnSe can be grown in the 

metastable ZB crystal structure has been determined allowing the growth of multi-layered 

structures without any growth interruptions.  Availability of sharp interfaces with high 

crystalline quality will enable the study of the physical properties at the interfaces of these 

materials.   
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Chapter   7 
 

Concluding remarks and future prospects 

 

 

This final chapter provides a brief summary of the work presented in Chapters 4, 5 and 

6, together with the main conclusions.  Ideas and directions for future work are also given.  

The work presented in this thesis examined the adhesion properties of epitaxially lifted 

ZnSe layers on different surfaces and introduced a new technique for quantitative 

measurements of the adhesion between very thin films.  Also, the MBE growth of two 

different II – VI magnetic semiconductor compounds, MnS and MnSe, has been 

investigated.  This chapter is subdivided in two sections where the two different projects 

are discussed.  

 

 

7.1 Epitaxial lift-off: Adhesion measurements and potential 

applications 
 

The main motivation behind this project was to examine whether it was possible to 

develop a technique to quantitatively measure the adhesion between very thin films using 

fracture mechanics and thin-film interference.  

 

The proposed technique required a stepped structure to be built of epitaxially lifted layers 

deposited on a new substrate.  As this was not possible with the traditional wax-based 

epitaxial lift-off (ELO) technique, modifications were introduced to eliminate the 

limitations that were associated with the use of wax.  The replacement of the wax with a 

Se cap provided a more flexible carrier and allowed the lifted layer to drape over and 

conform to the shape of a stepped surface without breaking or cracking.  

 

The stepped structures were successfully fabricated using multiple ZnSe layers exfoliated 

from their original substrates and stacked on new host substrates.  The new structures 

were analysed using fracture mechanics and thin-film interference to determine the 
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adhesion energy of ZnSe thin films on six different substrates: glass, ZnSe, GaAs, GaP, 

InAs and InP.  The results obtained for the adhesion energy of the ZnSe on these 

substrates indicated that the bonding is predominately chemical.  

 

Examination of the new structures under the microscope showed that the integrity of the 

epilayers had been preserved, the surfaces were flat and free of cracks.  However, blister-

like imperfections at the interfaces showed that the bonding was not continuous.  The 

formation of the blisters was attributed to trapped de-ionised water at the interface which 

is an important issue and needs to be resolved.  An approach to tackle this issue is to add 

an annealing step at the end of the ELO process and investigate whether this step is able 

to permit closure of the gaps, caused by the blisters, at the interface.  

 

The impact of the oxide layer on the surface of the new host substrate in the bonding 

process was also investigated and the preliminary results showed that the presence of this 

layer is beneficial to the bonding process.  This rather interesting result can be 

investigated further by treating the new surface with an oxidising agent, such as hydrogen 

peroxide, and examine if the bonding strength is increasing.  

 

More research should be undertaken to investigate the interfaces and the bonding 

mechanisms.  Secondary ion mass spectroscopy could be employed to obtain chemical 

composition of the interface while Raman spectroscopy could provide information on the 

bonding arrangement.  

  

Optimisation in terms of the conditions of the experiment is essential to improve the 

reproducibility of this technique and its extension to different materials in order to 

develop a reliable method for accurate measurements of the adhesion energies.  

Furthermore, this technique could be used not only for fabrication but also as a diagnostic 

tool when developing new designs.  

 

As was pointed out above, replacement of the wax with a Se cap allowed the lifted 

epilayer to drape over and conform to the shape of stepped surfaces without breaking or 

cracking.  
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During the experiments it was observed in several cases that the ZnSe epilayer could 

adopt three-dimensional shapes without tearing or breaking (Figure 7.1).  This interesting 

feature could be exploited in structures and devices not currently realisable by standard 

growth and fabrication techniques.  

 

 

 
Figure 7.1    Se-capped ZnSe epilayer removed from water using a standard microscope 

slide.  The thickness of the slide is ~ 3 mm.  The inset shows a magnification 

of the epilayer folded along the edge of the slide.  

 

 

 

A potential application is to deposit II – VI exfoliated epilayers onto InAs mesa devices 

to improve their performance by reducing the surface leakage current.  Single crystal 

ZnSe provides an alternative for passivation of low bandgap devices as it is both highly 

resistive, and optically transparent to the InAs operating wavelength.  Direct growth of 

II – VI materials on InAs substrates [1] and processed InAs mesa devices [2], has been 

successfully demonstrated previously.  However, an extensive and complicated procedure 

on the InAs device was required prior to deposition.  
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Initial tests of ZnSe epilayers deposited on patterned GaAs substrates have shown 

promising results for the development of this application with almost full coverage of the 

three-dimensional surface (Figure 7.2).  

 

 

 
Figure 7.2    400 nm thick ZnSe epilayer deposited on top of a patterned GaAs substrate.  

The diameter of the mesas is 200 μm, their height is 8 μm and the distance 

between them is 300 μm. The green pattern visible on the surface of the 

ZnSe epilayer is residual amorphous Se.  

 

 

Finally, it is very important to be mentioned that the ELO procedure is highly dependent 

on the operator’s experience and the real challenge actually lies in achieving mechanical 

automation of the procedure.  An automated ELO procedure that will be operated and 

controlled only by the equipment would not only extend the technique to different 

materials and groups of semiconductors, but it could lead to the industrial utilization of 

the ELO technique. 
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7.2 MBE growth of metastable transition metal containing compounds 
 

Interest in the transition metal containing compounds has revived due to their potential 

applications in spintronic devices.  However, the growth of these materials in the 

metastable zinc blende (ZB) phase has proved challenging.  Studies performed over the 

last 10 years from the MBE group at Heriot-Watt have shown that the growth of these 

materials in the metastable ZB crystal structure is very sensitive to the growth conditions.  

The main objective of group is to explore materials composed of transition metal elements 

(Cr, Mn) combined with group VI elements (S, Se).  Study and optimisation of the growth 

of these materials in the ZB crystal structure will allow their growth on standard GaAs 

substrates and this will result in structures compatible with the existing semiconductor 

technologies. In this thesis the growth of the MnS and MnSe compounds has been 

investigated.  

 

MnS was grown in the ZB crystal structure on GaAs (100) substrates over a wide range 

of growth conditions by varying the growth temperature from 220°C to 300°C and 

ZnS:Mn flux ratio from 5 to 20.  Double-crystal X-ray rocking curves were used to 

determine the crystallinity and residual zinc content in the layers.  This allowed a phase 

diagram to be produced for ZB MnS giving zinc incorporation as a function of the growth 

temperature and the ZnS:Mn flux ratio.  

 

A narrow growth region corresponding to substrate temperature of 240 °C and Mn:Se 

flux ratio of 6 was identified where ZB MnS with less than 1% residual zinc incorporation 

was obtained.  The XRI samples grown within this optimal growth region confirmed the 

layer composition and the growth rate was determined to be 0.7 Ås-1.  Going through this 

optimisation procedure the maximum thickness of ZB MnS layers was double that 

obtained in previous studies, with layers up to 250 nm thick produced. 

 

Optimisation of the growth conditions of thick MnS layers is useful in the development 

of other metastable ZB compounds and alloys, such as CrS and MnCrS.  Unlike MnS 

which is antiferromagnetic even in the ZB phase, ZB CrS has been predicted to be 

ferromagnetic, while in its stable NiAs structure it is an antiferromagnet [3, 4]. 
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Initial attempts to grow ZB CrS on InP and GaP substrates were carried out by Dr. 

Richard Moug as part of his doctoral work and highlighted a series of difficulties related 

to the growth of this compound [5].  Although the RHEED patterns during the growths 

showed strong evidence of a ZB structure, poor nucleation and three-dimensional growth 

led to the production of very thin and rough layers, not suitable for structural 

characterisation.  It is obvious that optimisation of the growth conditions is required to 

address these issues and to develop further this material.  Availability of thick enough ZB 

CrS layers grown under optimum conditions will allow structural characterisation in order 

to verify the lattice parameter and Poisson’s ratio.  

 

The growth and structural properties of metastable ZB MnSe were also studied.  A set of 

growth parameters, corresponding to a substrate temperature of 240 °C and Mn:Se flux 

ratio of 1:10 resulted in ZB MnSe of thickness 230 nm without conversion to the stable 

crystal structure.  Growth of thick ZB MnSe layers allowed the characterisation by 

double-crystal X-ray rocking curves.  By using both (004) and (115) reflections, the 

lattice constant was determined to be 5.876 ± 0.002 Å, the value of 0.435 for the Poisson’s 

ratio was experimentally obtained and the growth rate obtained from XRI analysis 

was 0.43 Ås-1. 

 

To develop a full picture for this growth, additional studies will be needed over a wider 

range of growth parameters in order to determine whether there are improvements in the 

thickness and the quality of the material.  Further investigations by AFM topography and 

cross sectional TEM at different stages of the growth are also required to explore the 

relationship between the surface morphology of the MnSe and the growth conditions, and 

to investigate more the mechanism behind the transformation from the metastable zinc 

blende to the stable rocksalt crystal structure.  

 

Finally, a common window for the growth of both MnS and MnSe in the metastable ZB 

phase was determined and verified.  This allows the growth of multi-layered structures 

without any growth interruptions.  Availability of sharp interfaces with high crystalline 

quality will enable the study of the physical properties at the interfaces of these materials.   
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