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DISSERTATION ABSTRACT 

Devin R. Merrill 

Doctor of Philosophy 

Department of Chemistry and Biochemistry 

December 2015 

Title:  Stability, Reactivity, and Constituent Interaction in TiSe2-Based Metastable Misfit 
Layer Compounds Synthesized from Designed Amorphous Precursors 

 

A series of intergrowth compounds with the basic formula [(MSe)1+δ]m(TiSe2)n are 

reported. The compounds are prepared from modulated elemental reactants and display 

interesting structural and electronic behavior. Section 1 of this dissertation outlines initial 

attempts to characterize constituent interaction. The first member of the SnSe based 

subclass is reported and displays the highest Seebeck coefficient of any m = n = 1 

compound reported to date, and a surprising amount of order is observed, compared to 

previously reported compounds. With properly established deposition parameters, the 

synthesis was extended to included the m = 2-4 compounds. These compounds display 

interesting electronic behavior that suggests the band structure shifts considerably as the 

SnSe block is expanded, affecting the interaction between the constituent layers. The first 

compound based on BiSe is then reported, suggesting that the Bi structure donates more 

conduction electrons to the band structure.  

Targeted substitution through kinetic control is the focus of Section 2, and a family of 

(PbxSn1-xSe)1+ δ TiSe2 is reported over the entire range of x, even though a miscibility gap 

exists in the bulk PbxSn1-xSe system. The resulting alloyed intergrowth compounds also 

display equal or higher mobility than the end members, suggesting modulation doping 
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could be used to affect transport properties. As a proof of principle, the analogous system 

based on a BixSn1-xSe constituent was prepared to attempt to systematically affect carrier 

concentration. It was found that while carrier concentration can be controlled, the 

evolving structure affects the doping efficiency of the Bi atoms and mobility in the 

structure. 

Section 3 outlines attempts to form higher order TiSe2-based heterostructures and the 

important chemical considerations observed during the preparation of these materials. 

The 3 component systems in the Pb-Sn-Ti-Se system can be formed at low temperature, 

with SnSe2 rather than SnSe. While at higher temperatures, topotactic reactions occur, 

causing rearrangement to the alloyed rocksalt structure. Compounds within the alloy 

system with m > 1 are presented which show surface segregation of Pb atoms, and a 

designed experiment suggests this is a thermodynamic effect. 

This dissertation includes previously published and unpublished coauthored material. 
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CHAPTER I 

INTRODUCTION: MISFIT LAYER COMPOUNDS AND FERECRYSTALS: 

MODEL SYSTEMS FOR THERMOELECTRIC NANOCOMPOSITES 

This work was published in volume 8, issue 4 of Materials in 2015 with coauthors 

Daniel B. Moore, Sage R. Bauers, Matthias Falmbigl, and David C. Johnson. Daniel B. 

Moore assisted with sample synthesis, Sage R. Bauers and Matthias Falmbigl assisted 

with writing and reference compilation, David C. Johnson is my advisor and research 

group leader, and I am the primary author. 

I.1. Background 

Thermoelectric research dates back to the 1820's when Seebeck discovered that a 

current flows in a closed circuit made of two different metals when the two junctions 

between the metals are at different temperatures.1 Peltier discovered the reverse effect a 

decade later, setting the stage for both heating and cooling thermoelectric modules.2 

Initial devices were based on metal thermocouple junctions. The first significant 

breakthrough to improve performance was by Ioffe in the 1930's, who discovered that 

heavily doped semiconductors were more efficient than metals.3 The ability to make them 

n doped and p doped enabled the development of useful thermoelectric modules. Later 

Ioffe introduced the concept of the figure of merit for thermoelectric materials.4 A 

material's dimensionless figure of merit is given by,  

𝑧𝑇 = 	
𝛼&𝜎𝑇
κ  

where T is the temperature, α is the Seebeck coefficient, σ the electrical conductivity and 

κ the total thermal conductivity. κ is the sum of the electrical thermal conductivity, κe, 

and the lattice thermal conductivity, κl. α, σ and κ are all temperature dependent. To 

obtain high values of zT, the goal is to maximize the numerator (power factor) and 

minimize the denominator (total thermal conductivity) simultaneously to increase the zT. 

This requires decoupling of the above three key transport related properties in solids - α, 

σ and κe. As discussed by Spaldin, these are “contraindicated” properties.5 The electrical 
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conductivity and Seebeck coefficient vary in opposite directions with the density of states 

at the Fermi level. The electrical and the electrical thermal conductivity vary together, 

resulting in the Wiedemann-Franz relationship.6 This interrelationship between these 

properties presents one of the grand challenges in materials chemistry and physics - 

engineering new materials to obtain “contraindicated” properties. Three separate 

challenges need to be met. One needs to design new materials in which the scattering 

mechanisms and band structure can be altered to allow simultaneous increases in 

electrical conductivity and Seebeck coefficient, or at least to minimize the trade-off 

between them. One also needs to design chemical structures in which phonons and 

electrons move independently so as to minimize lattice thermal conductivity without 

reducing electron mobility. Third, one needs to be able to synthesize the designed 

materials to determine if the design criteria are correct and result in the targeted 

compounds having the expected properties.  

I.1.1. Overview 

This paper begins with a historical overview of thermoelectric research, starting with 

a short summary of the research focus during the 1950's when thermoelectric materials 

first became interesting from a device perspective. A summary of some of the highlights 

of the past 20 years is given, where a significant increase in the figure of merit occurred 

due to an understanding of how to decrease the lattice thermal conductivity without 

adversely affecting electrical transport. A short section then summarizes suggestions in 

the literature for enhancing the power factor and some experimental results to date. Misfit 

layered compounds are introduced as a potential platform to understand enhancements 

observed in nanocomposites, which have been a major focus of researchers in the past 

decade. The repeating interfaces in misfit layer compounds enable their structure to be 

determined more accurately than randomly oriented composite materials, enabling 

structure function relationships to be understood. The peculiar incommensurate structural 

features, composed of two different building blocks with distinct properties, allows for 

structural manipulations which are challenging in conventional materials. Due to the 

versatile properties of their constituents, MLCs (in particular TiX2-based MLCs with X = 

S, Se) also qualify as promising candidates for thermoelectric applications. The 
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discussion includes a brief summary of the synthesis, structure, thermal conductivity and 

electrical properties of misfit layer compounds. The literature on the structure and 

physical properties of turbostratically disordered polytypes of misfit layer compounds - 

ferecrystals - which can be prepared with a broad range of constituents, constituent 

thicknesses, and various layer sequences is then summarized. Following this overview of 

the literature we present new results on the synthesis, structure and electrical properties 

for a sequence of new ferecrystals, the ten possible [(PbSe)1+δ]m(TiSe2)n compounds with 

m and n less than or equal to 3. 

I.2. Historical Context  

I.2.1. The First Wave of Thermoelectric Materials Research  

Ioffe and others started the first wave of thermoelectric materials research in the 

1950's based on several design concepts.7,8 This decade and the 60's focused on preparing 

and characterizing narrow band gap semiconductors and on making solid solutions to 

reduce the lattice thermal conductivity via mass difference (or alloy) scattering. There 

was a focus on using heavy elements from the right hand side the periodic table with 

small electronegativity differences under the assumption that this would result in high 

carrier mobility. These efforts resulted in finding thermoelectric materials such as 

bismuth telluride, with zT's around 1, which still are the dominant materials in 

commercial thermoelectric devices today. Thermoelectric materials research activity 

subsequently declined during the 1970's and 1980's, being limited in part by the lack of 

new semiconducting materials to be explored and also by the lack of new strategies that 

might significantly increase zT. 

I.2.2. The Second Wave - Minimizing Lattice Thermal Conductivity 

Starting in the mid 1990's, there has been a tremendous surge of interest in the search 

for new thermoelectric materials with enhanced performance resulting from two new 

ideas. In 1993, Hicks and Dresselhaus proposed that it might be possible to increase zT of 

certain materials by preparing them as part of quantum-well superlattice structures.9,10 

The idea was that the lower dimension of a two dimensional slab would introduce sharp 

features in the density of states that could result in an increased power factor. Two years 
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later, Slack proposed the concept of a “phonon- glass electron-crystal” for designing 

efficient thermoelectric materials.11 The idea was to lower the lattice thermal 

conductivity, which is independent of electrical transport properties, without degrading 

the electrical properties. The lowest thermal conductivities are commonly found in 

glasses due to the short mean free paths of phonons, hence the phonon glass in Slack's 

concept. High zT values also require maximizing the numerator, which is commonly 

referred to as the power factor. The power factor is typically largest in materials with 

large mobility values, which are found in single crystals - the electron crystal part of 

Slack's concept. Importantly, Slack suggested several types of structures where “phonon- 

glass electron-crystal” behavior might be found. These centered around structures that 

contain large vacancies where dopant atoms could be incorporated without disturbing the 

electronic crystal component. The concept was that dopant atoms would "rattle" around 

in the large cavity at operating temperatures, acting as an Einstein-like scatterer of 

phonons. The atoms forming the valence band would be matrix atoms, only weakly 

coupled to the dopant atoms, and therefore the compounds would maintain their large 

mobility values. 

With these ideas introduced, the experimentalists quickly found very promising initial 

systems to explore.  While there were several very promising early reports of 

extraordinarily high zT values from layered systems prepared to test the prediction of 

Hicks and Dresselhaus, the main cause of increased performance was a significant 

reduction in lattice thermal conductivity rather than an increase in the power factor.12,13 

Unfortunately, other research groups have not been able to reproduce the exceptionally 

high zT values in these initial reports.14 The “phonon- glass electron-crystal” concept, on 

the other hand, has produced two major classes of materials, skutterudites15 and 

clathrates16, that now have compounds that rank in the top 10 of the highest zT's reported. 

The renewed research efforts have also resulted in several other proposed 

mechanisms to increase zT and have been used as foundations to search for exceptional 

zT performance. It was noted that compounds with complex unit cells often have very 

low lattice thermal conductivities, and a very promising new thermoelectric material 

Yb14MnSb11 was discovered by Kauzlarich in 2007.17,18Lee and later Morelli both 
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showed that compounds near phase transitions can have very low lattice thermal 

conductivity and reasonable zT's.19,20 Kanatzidis and others have shown that 

nanocomposites are another way to achieve exceptionally high zT values, with the 

inclusions of A in B resulting in very low lattice thermal conductivity and hints that the 

ability to control carrier concentration in part through charge transfer between the matrix 

and the inclusion and selective scattering of carriers might result in higher power 

factors.21  

To summarize the efforts in the last 20 years, there are now quite a few avenues to 

reduce lattice thermal conductivity without seriously impacting the power factor. This has 

led to several materials reported by more than one research group having ZT's of ~1.5.  

There have even been reports of thermal conductivity values well below the previously 

assumed "predicted minimum thermal conductivity" as a result of efforts to optimize 

thermoelectric performance.  

I.2.3. The Third Wave - Enhancing Power Factors through Nanocomposites and Band 

Engineering 

To find materials with even higher zT values, the community is challenged to find 

avenues to increase the power factor above that which can be obtained by optimizing the 

carrier concentration (Figure I.1).22,23 There are several promising leads as to how this 

might be accomplished and the community is poised for a breakthrough that would lead 

to a third wave of increased research activity. Large power factors require both large 

conductivities and simultaneously large Seebeck coefficients. While the search in the 

1950's focused on narrow gap semiconductors, high performance thermoelectric 

materials generally have electrical resistivity values less than 1 x 10-5 Ωm at 300 K which 

is considerably more conductive than Mott predicted24,25 for his minimum metallic 

conductivity. Compounds with metallic conductivity generally have low Seebeck 

coefficients, but high power factors violate this principle. A recent review highlighted 

how infrequently metallic conductivity is found with large Seebeck coefficients as shown 

in Figure I.2, adapted from work by Gaultois et al.26 High power factors result from 

interesting physics that make the compounds unusual. For bismuth and lead telluride 

compounds, a high band degeneracy perhaps with band asymmetry results in an 
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unusually high Seebeck coefficient despite their metallic behavior.27 Skutterudite 

structured compounds can have unusually high mobility values, leading to high 

conductivities at lower carrier concentrations.28,29 Correlated electron and electron spin 

interactions in layered cobalt oxides, perhaps combined with an unusual band structure, 

results in very high Seebeck coefficients for a metallic compound.30-32 High power 

factors are often found in compounds having correlated electron behavior, for example 

heavy Fermion materials33,34 and compounds with large electron-phonon coupling often 

associated with charge or spin density wave behavior.35  

	

Figure I.1: General relationship between Seebeck coefficient (α), conductivity (σ), and 
power factor (α2σ) as a function of carrier concentration (nc). Curves generated based on 
Bi2Te3,22,23 and can be expected to change in shape and magnitude based on material 
system. 
	

	

Figure I.2: Transport properties of thermoelectric compounds reported to date, organized 
by class of compound. Marker radius is proportional to the reported power factor. Figure 
adapted from work by Gaultois et al.26	
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There are relatively few reports of taking a high performing material and enhancing 

the power factor and they generally fall into two categories. One successful approach has 

been to dope PbTe with either sodium or thallium in a manner that both controls the 

doping and alters the band structure.36,37 The second strategy involves creating a 

nanocomposite, with material A present as nanoinclusions within a matrix of an already 

high performing thermoelectric material B. The nanoinclusions of A act as a dopant and 

scatter phonons, but also have been suggested to increase the power factor either by 

scattering electrons of different energy at different rates or by doping in a manner that 

preserves high carrier mobility.38 This second approach has become the focus of 

considerable effort, although the main contribution to enhanced zT still arises from a 

lowering of the lattice thermal conductivity through the scattering of heat carrying 

phonons. 

I.2.4. Nanocomposites 

A challenge in the efforts to optimize nanocomposites has been to find that part of the 

nanocomposite that is enhancing performance. Each of the constituents of the composite 

have their own band structures, and charge transfer will occur between them to lower the 

total energy. The surfaces of one or both constituents are likely to distort, changing the 

band structure from that of the bulk material. The charge transfer between the 

nanoinclusion and the matrix, equivalent to modulation doping in semiconductor 

superlattices, can control the carrier concentration without significant lowering of the 

carrier mobility due to impurity scattering.39 The techniques available to characterize the 

nanostructure, including the local compositions and local structures at interfaces, are 

limited and provide only local views of what is likely to be a broad distribution of 

structural configurations at the interfaces. Understanding how to modify the structure at 

interfaces and tuning the Fermi energy of the nanoinclusions via alloying to control 

doping remains a challenge. It offers opportunities to adjust parameters in ways not 

available to a single constituent system. An apprehension remains concerning the long-

term stability of these nanoengineered systems under the high temperatures and 

temperature gradients during operation as part of a thermoelectric device. Hopefully a 
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balance can be found that maintains the gains in performance while preserving the long-

term stability and reliability of thermoelectric devices.  

I.3. Misfit Layer Compounds 

Misfit Layer Compounds (MLCs) are an interesting class of precisely ordered 

thermodynamically stable nanocomposites and the discovery of high ZT in [Ca2CoO3]p 

CoO2 resulted in examining chalcogenide compounds with similar structures. We will not 

discuss the oxide materials here, as very good overviews already exist.40,41 The misfit 

layered chalcogenides are composed of a layered dichalcogenide and a rocksalt like 

structure as seen in Figure I.3 with the general formula [(MX)1+δ]m(TX2)n, where M is Sn, 

Pb, Sb, Bi or a rare earth, T is Ti, V, Nb, Ta or Cr, and X is S or Se. There are several 

excellent reviews of these compounds and their unusual structures and properties.42-45 

They provide an interesting potential opportunity to study the effect of interface structure 

and local distortions on thermoelectric properties, because the precisely periodic structure 

enable the structure to be solved using higher dimensional crystallography to take into 

account the mismatch in in-plane area of the two constituents.46 Unfortunately it is only 

possible to prepare compounds with small m and n due to synthetic limitations. 

I.3.1. Structure 

Initial reports misidentified the misfit layer chalcogenide compounds as MTX3, until 

single crystal diffraction experiments showed the complex superlattice structure with two 

unique constituents, the history of which is nicely summarized by Wiegers.42 The unit cell 

is generally defined with the c-axis normal to the constituent layers, which typically 

consists of a bilayer of rocksalt interleaved between dichalcogenide layers, with only van 

der Waals bonding thought to occur between the two structures. 42-45 Compounds reported 

to date have generally been discovered through high temperature synthesis routes, with 

most of the reported compounds having m=n=1 or m=1, n=2.  There is one report of a 

m=1, n=3 compound.  The relative displacement between the constituents, the distortions 

of each of the constituents discussed below, and different stacking arrangements of the 

dichalcogenide layers produce a considerable number of different unit cell symmetries as 

has been extensively reviewed by Wiegers in 1996.42 The two constituents display large 
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distortions from the expected bulk structures, as the two lattices conform to one another 

typically yielding a commensurate b lattice parameter, as shown in Figure I.3. The a 

lattice parameters, however, are typically not commensurate and result in a difference in 

the in-plane packing density of the two constituents, expressed by the 1+δ term, and 

calculated as shown in Figure I.3. The incommensurate structure between the distinct 

lattices results in a modulation function that reflects the changes in the local environment 

in the crystal structure.46 A simple 2-D depiction of this phenomenon is given in Figure 

I.4, where the proximity of M cations and X anions in the rock salt structured constituent 

with respect to the neighboring X atoms in the TX2 layer varies with position. The 

termination of the 3 dimensional rock salt structure causes a puckering distortion of the 

MX layer. Charge transfer between the constituents and local charges on different atoms 

result in electrostatic interactions that affect the puckering distortions in the MX layer. 

The complexity of the crystal structure, the lack of distinct bonds between constituents, 

and the anharmonic potentials for atoms at the interfaces has lead to suggestions that this 

structural motif could provide an ideal platform for a phonon-glass electron-crystal 

behavior, with potentially large zT values if the proper material system could be 

identified. 

	

Figure I.3: Structural summary of misfit layer compounds. General Superlattice structure 
(left) with in-plane lattice depiction (bottom right) and calculation of misfit parameter 
based on difference in in-plane packing density (top right). 
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Figure I.4: Two-dimensional representation of modulation in the a-direction and the 
resulting changes in local environment. The black arrows represent coulombic 
interactions expected based on proximity to X atoms in the adjacent TX2 layer. 
	

I.3.2. Thermal Transport Properties 

Misfit compounds have been proposed as potentially ideal thermoelectric materials, 

with the dichalcogenide layer providing a region of high-mobility that provides the 

electron-crystal electronic structure, interwoven with the MX layer between the 

dichalcogenide layers acting as a phonon-glass by suppressing the transport of phonons 

by the structural mismatch between the MX layer and TX2 layer which disrupts the 

periodicity of dichalcogenide perpendicular to the layers.47 It should be noted that these 

two interactions are orthogonal to one another in the structure. The first thermal 

conductivity study of a misfit layered chalcogenide that we could find a report of was 

done on (Yb0.95S)1.24NbS2 in 2004 in response to the high performance discovered in the 

structurally related layered cobalt oxides.48 A very low total thermal conductivity of 0.80 

WK-1m-1 was measured at 300 K.  Subsequent measurements on (LaS)1.20CrSe2 and 

(LaS)1.14NbS2 measured total thermal conductivity values between 1.2 and  

1.5 WK-1m-1.49 Thermal conductivity values of 2.8 WK-1m-1, 2.4 WK-1m-1 and 2.8 WK-

1m-1 respectively have been reported by Koumoto for the misfit compounds containing 

two TiSe2 layers per unit cell, (BiS)1.2(TiS2)2, (SnS)1.2(TiS2)2 and (PbS)1.18(TiS2)2 and are 

further enhanced by stacking faults.47,50  

I.3.3. Electrical Transport Properties 

The transport properties of misfit layer compounds are generally thought to be 

dominated by the dichalcogenide layer, and can vary from semimetallic (Ti) to metallic 

(V, Ta, Nb) based on the number of d-electrons of the transition metal and the 

coordination environment.45 The presence of the MX layers result in vastly different 
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properties from the bulk TX2 compounds with reported carrier concentrations varying 

drastically from the bulk values of the parent dichalcogenide, due to charge transfer from 

the MX constituent.45 The distortion of the constituent lattices undoubtedly also affects 

the transport properties, particularly the mobility of the carriers. If electrons are indeed 

transferred from the rocksalt to the dichalcogenide to fill lower energy states, this results 

in partially filled bands in both constituents, with the higher mobility carriers in the 

dichalcogenide layer responsible for the transport properties. This proposed mechanism 

of conduction explains the change in sign of both measured Hall and Seebeck coefficients 

for a number of misfit layered compounds when compared to the pristine bulk 

dichalcogenide, and their intercalates.45,51-53 This suggests that selection of the two proper 

constituents could lead to a method of optimizing the carrier concentration through 

modulation doping, to maximize the power factor while maintaining a low κL. Most of 

the studies in metallic Nb and Ta based sulfide compounds have been reported to have 

Seebeck coefficients less than |50| µVK-1 due to high carrier concentrations.42 While it 

should be possible to control carrier concentration via doping of the rock salt structure, 

this has not been reported, presumably due to the difficulty of obtaining single phase 

products from the high temperature synthesis approaches commonly used. 

Compounds based on a single layer of TiS2, (MS)1+δTiS2, were reported to have lower 

carrier concentrations than the Nb and Ta based compounds, approximately 1021 cm-3 

compared to 1022 cm-3, producing higher Seebeck coefficients (as high as |70| µVK-1) 

with still reasonably high conductivity values.47,54The group of Koumoto reported the 

synthesis of (MS)1+δ(TiS2)2, where n = 2 with M = Bi, Pb and Sn.47 The addition of the 

extra layer of TiS2 per unit cell in the PbS and SnS resulted in nearly a factor of 2 

increase in the Seebeck coefficient when compared to the n = 1 compounds. The Bi 

compound showed a marked increase in both carrier concentration and conductivity, 

presumably because it is donating it's additional valence electron to the TiS2, and a 

corresponding decrease in α. (PbSe)1.16(TiSe2)2 reported by Giang and Cava is the only 

misfit layer based on TiSe2 with a reported Seebeck coefficient in the literature to date.53 

This compound has a lower electrical conductivity and comparable Seebeck coefficient to 

the sulfur analog prepared by Koumoto.47 The difference in measurement techniques 

(single crystal versus pressed pellet) and the variability inherent in solid state synthesis 
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makes it difficult to draw conclusions from the comparison. Combined with the thermal 

conductivity values discussed earlier, these TiX2 based compound reach zT values of 

~0.3 at room temperature, similar to that reported for [(Yb0.95S)1.24]NbS2.48 It is important 

to note that none of these compounds have been optimized to have the carrier 

concentration that yields the highest power factor.  

The chemical flexibility of misfit layer compounds provides an interesting platform to 

explore structure-function relationships, to explore the phonon glass-electron crystal 

concept of Slack, and to understand phenomena of importance to improving performance 

of thermoelectric materials. The pseudo-independent band structures in these layered 

materials offer the opportunity to adjust one layer to affect the other through modulation 

doping. To date, the extent to which this class of compounds has been explored is limited 

by the constraints of thermodynamic stability at the high temperatures used in traditional 

solid-state chemistry synthesis approaches. Their potential flexibility remains relatively 

unexplored. The discovery of the layered cobalt oxide based compounds suggests that 

misfit type compounds, consisting of two unique constituent lattices, provide a flexible 

structural motif that has relatively low thermal conductivity and potential new avenues to 

improving the power factor.40,41 Controlled substitution, alteration of layering schemes, 

and identification of constituent pairings that result in optimum materials properties 

remain to be explored. 

I.4. Ferecrystals 

A thermodynamically stable (MX)1+δTX2 misfit layer compound implies that the 

interface between the constituent layers must lower the free energy of the misfit layer 

compound below that of a mixture of the two binary compounds.  Hence, it is 

straightforward to postulate that increasing the thickness of one or both of the constituent 

layers in the repeating unit, depicted in Figure I.5 should yield a compound that is at least 

a local free energy minimum. The challenge is coming up with a kinetically controlled 

route to any specific compound within the very large set of potential compounds 

[(MX)1+δ]m(TX2)n. 
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Figure I.5: The thermodynamic stability of the reported MLCs suggests that local free 
energy minima must exist for other values of m and n. 
	

I.4.1. Synthesis 

A kinetically controlled synthesis approach has been developed over the past 25 years 

to access metastable compounds under conditions where they are kinetically trapped via 

the self assembly of vacuum deposited amorphous precursors containing designed 

sequences of ultrathin modulated elemental layers.55-59 In the last 10 years, it has been 

shown that precursors prepared with local composition profiles similar to that found in a 

misfit layer compound will self assemble in a short time (minutes) at low temperatures 

300-400°C because only short -range diffusion is required. By preparing designed 

sequences of binary layers, it has been possible to trap kinetically stable compounds with 

specific m and n values not obtainable through traditional methods.55-59 This approach 

requires the precise calibration of the elemental layers to provide the correct composition 

of each of the precursor's elemental bilayers corresponding to the constituent's 

stoichiometry, the correct ratio of composition between the two constituents as defined 

by the misfit parameter, and the correct total amount of material per constituent layer 

(either M-X or T-X) to allow for the formation of a single structural repeating unit of 

each of the targeted constituents. This procedure has been previously described in 

considerable detail.57 Typically precursors are prepared with ≤ 5% excess chalcogen to 

account for any losses during annealing. The synthesis of specific compounds in the 

system is done by repeating the deposition of the elemental M-X and T-X bilayers the 

desired number of times to achieve the targeted m and n values. Low temperature 

annealing self-assembles the precursors into the targeted kinetically stable intergrowth 

structures.  
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I.4.2. Structure 

This approach has been used to prepare metastable compounds of the general formula 

[(MX)1+δ]m(TX2)n with M = Bi, La, Pb, or Sn; T = Ti, V, Cr, Mo, Nb, W, or Ta; and X = 

Se or Te that contain an integer number m bilayers of MX separating blocks of TX2 that 

are n X-T-X trilayers thick. The difference in the synthesis approach results in several 

important structural differences between the thermodynamic and metastable misfit layer 

compounds.  First, the constituent structures do not distort to make a common in-plane 

lattice parameter resulting in independent in plane diffraction patterns for the two 

constituents.60 The metastable compounds also exhibit turbostratic disorder, or rotational 

disorder about the c-axis (Figure I.6).55-61 This disorder disrupts the 3-D crystallinity in 

the material, and these metastable compounds are referred to as ferecrystals, from the 

latin root fere, meaning almost. 

	

Figure I.6: Comparison of 3-D crystals observed in misfit layer compounds and the 
turbostratic disorder observed in the metastable ferecrystals (left). HAADF-STEM image 
of ferecrystalline (SnSe)1.2TiSe2 showing turbostratically disordered layers (right). Zone 
axes are visible that help identify the constituents. 
	

In most ferecrystal families, the TX2 structures can be fit to the bulk structure types. 

Systems containing Ta, Nb, Mo and W typically have trigonal prismatic coordination of 

the transition metal, while those containing Ti and V have octahedral coordination. A 

useful discussion of the structure of these binary compounds based on electron 

configuration was presented by Kertesz and Hoffman.62 Zone axes for the expected 
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structures (chevrons for trigonal prismatic and dumbbells for octahedral (see Figure I.7) 

have been observed in electron microscopy studies of ferecrystals, and the in-plane 

structures have displayed reflections consistent with the bulk structures, with lattice 

parameters generally very close to those reported in bulk compounds.55-61 

Different stacking arrangements of TX2 layers result in a large number of polytypes 

in the bulk binary compounds.62,63Octahedrally coordinated systems such as TiX2 and 

VX2 form 1-T polymorphs, where the layers stack in an A-A repeating sequence, yielding 

a c-axis lattice parameter equal to the distance between transition metal atoms in two 

adjacent layers. Compounds containing Ta, Nb, Mo and W in trigonal prismatic and/or 

octahedral coordination form more complex stacking sequences by varying the synthesis 

conditions. Ferecrystal containing TiX2 and VX2 have each block of n trilayers forming 

as a 1-T polymorph, but the orientation of the 1T blocks varies between blocks. 

Ferecrystals containing Ta, Nb, Mo and W show mostly trigonal prismatic coordination 

and typically have a random stacking sequence both in and between dichalcogenide 

blocks.55-61,64 

	

Figure I.7: Structure types observed for TX2 layers. Compounds based on Ti and V are 
octahedrally coordinated, and those based on Ta and Nb are trigonal prismatically 
coordinated. The rocksalt like structure is also shown, with puckering distortions in the c-
direction. 
	

The structure of the MX constituents in ferecrystals varies with the thickness of the 

block, as surface and volume free energies compete to create the lowest energy structure. 

PbSe layers adopt a square basal plane structure, but there is a pairing distortion with 

alternating long and short distances between the rock salt planes along the c axis.  This 
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distortion decreases as m increases, and when m~6 the structure appears to be bulk, with 

a puckering distortion of the surface layer.65 SnSe is either square or displays a slight 

distortion from a square basal plane, at low values of m. At higher values of m, SnSe 

shifts towards the orthorhombic (GeS structure) for α-SnSe.58 A more complete summary 

of the in-plane structures of ferecrystalline compounds and a comparison with the 

thermodynamic compounds is available elsewhere.60 

I.4.3. Thermal Conductivity 

The lack of long-range order in ferecrystals prevents the formation of phonons, which 

are present in the crystalline misfit layer compounds. This results in incredibly low 

thermal conductivity, including the lowest lattice thermal conductivities every measured 

for a full dense solid, on the order of 0.05 - 0.10 Wm-1K-1 along the c-axis.66,67The cross 

plane thermal conductivity is the sum of the series thermal conductivity of the individual 

components.  Along the constituent planes, the thermal conductivity is higher, 0.4-0.5 

Wm-1K-1 measured on a number of free-standing films annealed under a variety of 

conditions. These very low lattice thermal conductivities are very advantageous for 

potential thermoelectric applications, as it reduces the loss of efficiency due to heat flow 

through the module. Turbostratic disorder is currently the most effective strategy known 

to realize a “phonon glass”. 

I.4.4. Transport Properties  

The absolute value of the electrical resistivity of ferecrystals and misfit layer 

compounds with the same composition and nanoarchitecture are within a factor of 10 of 

one another. The resistivities of the metastable compounds have very little temperature 

dependence when compared to their thermodynamic analogs. Interestingly, the low 

residual resistivity ratio is not due to an increased resistivity at low temperatures, which 

may be expected from impurity or other fixed defect scattering. For systems where both 

thermodynamic and metastable compounds are reported, the resistivity at low 

temperatures is similar in magnitude.68-71 Misfit layer compounds with high carrier 

concentrations show behavior expected for a metal, with resistivity increasing linearly 

with temperature due to increased electron-phonon scattering. The metastable analogs, 
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while showing similar magnitudes of resistivity below 50 K, do not show the increase at 

higher temperatures. This lack of temperature dependence has been attributed to the lack 

of electron-phonon scattering at higher temperatures.  

In general, ferecrystals have a higher mobility than the misfit layer compounds. The 

lack of distortions in the TX2 constituents in the ferecrystals may play a role in the 

enhanced mobility observed. Improving mobility in materials is one way to improve the 

conductivity of a material, without significantly affecting the Seebeck coefficient. The 

Seebeck coefficients of ferecrystals of similar resistivity to misfit layer compounds tend 

to be larger, due to the higher mobility. 

I.4.5. Charge Transfer Between Constituents 

The ability to synthesize ferecrystalline compounds with a much broader range of m 

and n has provided a mechanism to systematically study constituent interaction. Two 

series of metallic compounds, [(PbSe)1+δ]mNbSe2 and [(SnSe)1+ γ]mNbSe2, have 

systematically decreasing carrier concentration when normalized to the NbSe2 layer as m 

increases.69,71 NbSe2 itself is a metal with a half filled band, and the Hall coefficient for 

both these series is positive and systematically increases as m increases. This suggests an 

increasing transfer of electrons from the rocksalt to the dichalcogenide as m increases. 

Work on TiSe2 containing ferecrystsals also suggests charge transfer, with the m = 1, n = 

2 compounds displaying similar trends to that observed for the Sn, Pb and Bi MLC 

analogs with TiS2. The BiS and BiSe containing MLCs and ferecrystals have a higher 

carrier concentration, consistent with the donation of one electron to TiX2 for each Bi 

atom, and hence a higher conductivity than the SnX and PbX compounds. This charge 

transfer between constituents might account for the stability of these compounds. 

Calculations of the energetic gain through coulombic interactions, which can be thought 

of as energy stored in an atomic scale capacitor, suggest that significant stabilization may 

be gained through charge transfer. The varying level of charge transfer based on 

constituent suggests that adjustments to the rocksalt layer could be used to affect carrier 

concentration in the conducting dichalcogenide layers in a manner similar to modulation 

doping in III-V superlattice systems grown via molecular beam epitaxy.72 
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I.4.6. Thermoelectric Potential 

The extremely low lattice thermal conductivities of ferecrystals and the ability to tune 

their structure make them attractive test systems and potentially useful thermoelectric 

materials. Turbostratically disordered compounds containing NbSe2, TaSe2, and VSe2 as 

the dichalcogenide constituent layered with either PbSe and SnSe have metallic behavior 

with carrier concentrations too high to produce large Seebeck coefficients.57,69,71,73 As 

with the misfit layered compounds, it would be interesting to explore the properties of 

these group V transition metal dichalcogenides with rare earth monochalcogenides. 

Turbostratically disordered compounds containing MoSe2 and WSe2 with either PbSe and 

SnSe can have very high Seebeck coefficients, but they also have resistivity values that 

are much to high, leading to low power factors.59,74 As with the thermodynamically stable 

misfit compounds, however, materials based on TiSe2 have shown to produce carrier 

concentrations on the order of 1021 cm-3, with high Seebeck coefficients and resistivity 

values on the order of 10-5 Ωm. To date, (SnSe)1.2TiSe2, (PbSe) 1.16(TiSe2)n ( n = 1,2) and 

(BiSe)1.15TiSe2 have all been reported.68,70,75,76 For TiSe2 based compounds, the only 

direct comparison between a ferecrystal and a misfit compound is for 

[(PbSe)]1.16(TiSe2)2.53,68 Interestingly, the ferecrystal has an order of magnitude higher 

conductivity at room temperature as shown in Figure I.8 and α that is twice as large as the 

misfit layer compound.  

	

Figure I.8: MLC53 and ferecrystal (from set A in this work) temperature dependent 
resistivity. The turbostratically disordered compound is found to be almost temperature 
independent due to the disruption of phonons in the out of plane direction. 
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Such an increase in Seebeck coefficient and conductivity in unison is rare, and results in a 

factor of approximately 30 increase in the power factor. Although no Hall data were 

reported for either compound, the simplest explanation is that the ferecrystal has a lower 

carrier concentration and a significantly higher mobility.  

I.5. Synthesis and Properties of [(PbSe)1+δ]m(TiSe2)n with m,n ≤ 3 

The significant difference in properties between the ferecrystal and misfit compound 

[(PbSe)]1.16(TiSe2)2 lead us to investigate other members of this family of ferecrystalline 

compounds. Fortunately, the modulated elemental reactants synthetic technique provides 

an avenue to systematically prepare compounds with specific values of m and n.  We 

decided to prepare all 10 compounds with m and n less than or equal to 3 - i. e. m:n = 

1:1, 1:2, 1:3; 2:1, 2:2, 2:3; 3:1, 3;2 :3:3 and the 1:1:2:2 structural isomer of 3:3, with sets 

of compounds summarized in Figure I.9. This sequence of compounds provides the 

	

Figure I.9: The ability to synthesize compounds with a variety of m and n values offers 
the opportunity to identify structure property relationships. Some of the first 10 
compounds are given here with m,n ≤ 3. 
 



 20 

 opportunity to look for trends indicative of charge transfer between constituents. If the 

PbSe layer behaves as an electron donor and the TiSe2 layer as an acceptor, the carrier 

concentration for a series of constant m and increasing n should decrease, as the charge 

donated is spread over more layers. 

I.5.1. Synthesis  

The modulated elemental reactant synthesis approach is based on preparing a 

precursor that has local composition and overall nanoarchitecture similar to that of the 

desired final product. Gently annealing this precursor results in its self assembly into the 

desired product as shown in Figure I.10 for a 1:1 compound. Depositing two layers of the 

Ti:Se layer instead of one layer as depicted in Figure I.10 would result in the self 

assembly of the 1:2 compound. The calibration of the deposition system to prepare the 

precursors involves three steps. First, the ratio of the elements in the Pb:Se and Ti:Se 

layers have to be adjusted to correspond to the stoichiometry of the PbSe and TiSe2 layers 

desired in the final product. Second, the ratio of Pb to Ti has to be made to correspond to 

the misfit parameter, 1.16. Third, the absolute thickness of the Pb:Se and Ti:Se layers has 

to be adjusted while maintaining relative compositions such that the number of atoms in 

each layer corresponds to the structural unit that will self assemble: a bilayer of PbSe and 

a Se-Ti-Se trilayer, respectively. A systematic procedure for accomplishing this using 

XRR and electron probe microanalysis77 to determine thickness and composition 

respectively has been described in detail previously.57 

	

Figure I.10: Modulated elemental reactant synthesis. Control of local composition and 
structure allows for the self-assembly of amorphous precursors into targeted metastable 
products. 
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I.5.2. Structure  

Figure I.11 contains the diffraction patterns obtained from the 9 compounds made 

with a simple A:B structure.  All of the reflections can be indexed as 00l reflections of the 

targeted structures and the c-axis lattice parameters for each compound are given in Table 

I.1. Several of the compounds were made several times, and the table contains the lattice 

parameters for each attempt. For each of the three series of compounds, 1:n; 2:n and 3:n, 

there is a systematic increase in the c-axis lattice parameter of 0.60(1) nm, corresponding 

to the thickness of the added Se-Ti-Se trilayer.  This value is consistent with that reported 

for the binary compound TiSe2, 0.6004 nm and that found in the known 

[(PbSe)]1.16(TiSe2)2 misfit layered compound. 53,78 The systematic increase of the c-lattice 

parameter as m is increased by 1 is 0.62(1) nm, which is also consistent with that reported 

for the binary compound PbSe and the estimated thickness of PbSe layers in known 

misfit compounds.53,68,79 

	

Figure I.11: Diffraction patterns for the unique combinations of m:n (Cu kα). All 
maxima can be indexed to 00l reflections (* = substrate peak). 
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Table I.1: C-lattice parameter, electrical resistivity (ρ) and Seebeck coefficient (α) for 
compounds in the [(PbSe)1+δ]m(TiSe2)n family synthesized for this study. The samples are 
organized by vacuum cycle in deposition equipment (black = set A, green = set B, blue = 
set C). 

 

Figure I.12 contains the diffraction patterns of the two structural isomers, 3:3 and 

1:1:2:2. As can be seen, the 00l reflections are at the same angles, reflecting the similar c-

axis lattice parameters of these compounds.  The intensities of the reflections differ from 

one another as expected, because of the difference in the modulation of their electron 

densities along the c-axis. The lattice parameter of the 1:1:2:2 isomer is slightly larger 

due to the additional interface between PbSe and TiSe2 in the unit cell.  

To get more information about the structure of these compounds, in plane diffraction 

scans were collected on a subset of samples and are shown in Figure I.13. Only hk0 

reflections are observed due to the crystallographic alignment of the compounds with the 

substrate, forming a ‘2-D’ powder along the in-plane direction. The reflections can be 

indexed as independent patterns of PbSe and TiSe2.  The position of the reflections and 

their linewidths are similar in all 4 compounds, indicating that the in-plane lattice  
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Figure I.12: 00l Diffraction pattern for the 3:3 compound and its structural isomer 
1:1:2:2. Differences in layering scheme result in changes to the relative intensity of 
diffraction maxima. 
 
parameters do not change significantly as m and n are varied and that the PbSe lattice 

remains square and the TiSe2 lattice remains hexagonal in the plane as m and n are 

varied. The PbSe a-axis lattice parameter was found to be between 0.6109(4) nm and 

0.6140(1) nm for these compounds.  The TiSe2 a-axis lattice parameter was found to be 

between 0.3561(6) nm and 0.357(1) nm. These values are similar to those reported 

previously for PbSe-TiSe2 ferecrystals and misfit layer compounds.53,68,70,75,76 

	

Figure I.13: In-plane diffraction patterns for 1:n and 3:3 compounds. Only hk0 
reflections for the two constituent structures are observed (labeled on the 3:3 scan). The 
relative intensity of peaks change as expected for the varying ratio of constituent layers. 
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HAADF-STEM images were obtained on a subset of samples prepared for this study, 

and Figure I.14 contains a close up image of the 3:3 and 1:1:2:2 isomers. Both 

compounds have unit cells containing 3 structural units of each constituent, but a 

different sequence of layers resulting in an additional interface in the 1:1:2:2 isomer. The 

structures of the different layers can be seen to be different and different layers of PbSe 

and TiSe2 can be seen to have different orientations. However, within one block of each 

constituent the orientation remains the same. As observed in [(PbSe)1 + y]m[MoSe2]n 

compounds, the PbSe layer consists of pairs of planes, separated by slightly larger 

distances.65 This distortion is thought to result from a competition between surface and 

volume free energy, with the observed distortion being the lowest energy state. The 

overall structure is consistent with that expected from the observed diffraction patterns 

and the designed nanoarchitecture of the precursors. 

	

Figure I.14: HAADF-STEM data for the 3:3 and its structural isomer 1:1:2:2. The 
expected repeating units are observed, and turbostratic disorder is clearly visible in both 
compounds. 
	

I.5.3. Electrical Transport Properties 

The temperature dependent resistivity for the samples in black in Table I.1, which 

were all made in the same period of time with the same chamber calibration, are shown in 

Figure I.15.  The resistivity increases as m increases in the series 1:n and surprisingly the 

2:2 and 3:3 compounds have higher resistivity than the 1:1 compound. All compounds 

show the same basic temperature dependent behavior, with resistivity decreasing very 

slightly as temperature is decreased before either leveling out or slightly increasing at 

temperatures below 50 K. The two samples with higher resistivities also show a larger 
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upturn at lower temperatures from room temperature. The lack of temperature 

dependence is consistent with prior reports of the resistivity of ferecrystals, and has been 

attributed to the turbostratic disorder which prevents organized vibrations with an out of 

plane component. The slight upturn at low temperatures has been attributed to electron-

electron interactions leading to localization of carriers.80 The magnitude of the resistivity 

depends on both, the number of charge carriers, and their mobility through the lattice, 

both of which can be expected to change between compounds, and due to slightly 

different compositions, between samples prepared in different deposition cycles. Slight 

changes in the composition would be expected to affect both the carrier concentration and 

carrier mobility, as impurity scattering and grain sizes change.  

	

Figure I.15: Temperature dependent resistivity for compounds from set A (black text in 
Table I.1).  
 

In order to determine if carrier concentration or mobility differences are responsible 

for the different resistivity values of the compounds in Figure I.15, Hall measurements 

were conducted and carrier concentration and Hall mobility were calculated assuming a 

single band model. For all samples the Hall coefficient was negative, indicating that 

electrons are the predominant charge carriers. This is in agreement with the prior work on 

TiS2 containing misfit compounds, where the TiS2 was assumed to be the predominant 

conducting layer and charge donation from the MS constituent resulted in the observed 

carrier concentration.47,54 The room temperature results are summarized in Table I.2. The 

carrier concentration systematically decreases as n is decreased, and compounds with the 

same TiSe2 thickness but different PbSe thickness have similar carrier concentrations. 

The systematic decrease in carrier concentration with increasing thickness of TiSe2 is 
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consistent with charge transfer from the PbSe to TiSe2, with the same amount of charge 

being spread across more TiSe2 layers. The lack of a change in carrier concentration as m 

increases is more difficult to understand. The explanation is probably related to the 

structural distortions of the PbSe seen in the STEM images, which will change the band 

structure and perhaps leading to less charge transfer per layer as the number of PbSe 

layers increase. The mobility systematically increases in the 1:n compounds, varying 

inversely with the carrier concentration. The mobility remains relatively consistent within 

the m = n class of compounds. Figure I.16 contains the temperature dependence of the 

carrier concentration for the 2:2 and 3:3 compounds, which indicates that the upturn in 

the resistivity is a result of a decrease in carrier concentration. This variation of the 

carrier concentration might also be a result of assuming a single band model.  

Table I.2: Carrier concentration and mobility for compounds in set A. Carrier 
concentrations calculated from the Hall coefficient suggest that charge transfer is 
occuring between constituents. 

 

	

Figure I.16: Temperature dependent carrier concentration (ne) for the m = n = 2 and 3 
compounds, suggesting that the upturn in resistivity is in part due to a decrease in 
carriers. 
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Figure I.17 shows the variation of the room temperature Seebeck coefficient as a 

function of the number of TiSe2 layers in the compounds for two sets of samples prepared 

in different deposition cycles. For all samples the Seebeck coefficient is negative, 

implying that electrons are the predominant carriers in agreement with the Hall 

measurements. The Seebeck coefficient is seen to increase in absolute magnitude as the 

number of TiSe2 layers is increased but changes only slightly in each set of samples as m 

is varied.  This is consistent with the changes in carrier concentration calculated from the 

measured Hall coefficients.  There is a larger difference between the two sets of samples 

prepared in different deposition cycles. This is consistent with prior investigations of 

samples prepared via self-assembly in our group, where samples synthesized within a 

given deposition cycle are relatively consistent and there is more variation between 

samples prepared in different deposition cycles. The variation between cycles likely 

arises from slight changes to composition and thickness of the precursor layers that result 

in differences in the type and density of defects. These subtle changes in defect density 

have proven difficult to quantify through structural characterization techniques, with 

nearly all the samples having very similar diffraction patterns. Differences in defect 

densities have been observed via electron microscopy studies, but the small areas 

investigated make it difficult to say that these observations are representative. Table I.1 

	

Figure I.17: Seebeck coefficient (α) as a function of number of TiSe2 layers (n). The 
magnitude of α is seen to increase with n, independent of m. 
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contains a summary of all of the samples investigated color coded by the deposition cycle 

in which they were prepared.  

Table I.1 also contains room temperature resistivity and Seebeck coefficients for the 

3:3 and 1:1:2:2 sample. The resistvity of the 3:3 compound was found to be slightly 

higher than that of the 1:1:2:2 isomer, 4.3 x 10-5 Ωm compared to 3.8 x 10-5 Ωm. The 

Seebeck coefficient for the 3:3 compound was -102 µV/K while that for the 1:1:2:2 

compound was found to be -74 µV/K, respectively. This is consistent with the discussion 

of the transport data for the other compounds, where thicker blocks of TiSe2 have lower 

carrier concentration, higher mobility and higher Seebeck coefficients. The data for the 

isomers, along with the other compounds with m,n ≤ 3 suggests that increased numbers 

of adjacent TiSe2 layers might be an avenue to increase the power factor. Additional 

studies on structural isomers, especially where more isomers are possible such as the 6 

possible isomers containing 4 structural units of each constituent, might provide more 

insights to the role of the interfaces in these compounds.  

I.6. Conclusions and Outlook 

Misfit layer and similar compounds may provide a useful platform for the and 

creation of high performance thermoelectric materials due to their low lattice thermal 

conductivity and potential for modulation doping on a sub-nanometer length scale. Like 

other material approaches to thermoelectric applications, understanding materials 

properties on a deeper level requires understanding reproducibility and the underlying 

affects on observed properties. In the case of bulk materials synthesized at high 

temperatures, it is generally assumed that thermodynamic equilibrium is achieved and 

can be reproduced. The variation of properties in the literature for nominally the same 

compound demonstrates that reproducibility is a challenge. Metastable compounds 

represent an opportunity to test materials properties over a wider range of composition 

and structure. Improving control in the preparation of precursors would improve 

reproducibility. The preferred orientation found in ferecrystals made via designed 

precursors makes structural characterization possible at a much more detailed level than a 

random mixture of a material in a matrix, The ability to synthesize the metastable 

variants of misfit layer compounds offers the opportunity to probe constituent interaction 
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on a deeper level, by changing the thickness of the constituent blocks with constant or 

varying composition, and identifying trends in the resulting transport properties. The 

synthetic control offers the opportunity to make new compounds and explore new 

material systems, providing the chance to observe trends in material behavior and 

potentially discovering properties not achievable through traditional approaches. 

I.7. Dissertation Overview 

The following dissertation can be broken down into three main sections. The first 

section, (Chapters II-VI) describe the synthesis of ternary compounds and seeks to 

understand the constituent interaction in TiSe2 based compounds. Chapter II outlines the 

synthetic and characterization approaches used throughout this thesis. Chapter III outlines 

the synthesis and characterization of (SnSe)1.2TiSe2 which was published in collaboration 

with Daniel B. Moore, Jeffrey Ditto, Duncan R. Sutherland, Matthias Falmbigl, Markus 

Winkler, Hans-Fridtjof Pernau, and David C. Johnson. Chapter IV expands upon the 

structural studies of the compound reported in Chapter III, and was done in collaboration 

with Jeffrey Ditto, Sven Rudin, and David C. Johnson. Chapter V describes the synthesis 

of [(SnSe)1+δ]m(TiSe2)1 compounds, with m ≤ 4. This work was done in collaboration 

with Sage R. Bauers, Jeffrey Ditto, and David C. Johnson, and provides evidence for a 

more complicated band interaction in the SnSe based family of compounds. Chapter VI is 

the first report of a BiSe-based ferecrystal, and was published in collaboration with 

Daniel B. Moore, Mark N. Coffey, Adam W Jansons, Matthias Falmbigl, and David C. 

Johnson. The substitution of Sn with Bi suggests that changes in the rocksalt structure 

can affect the transport properties of the material, and suggests that TiSe2 based 

compounds could be designed which optimize their thermoelectric performance. 

Section two (Chapters VII, and VIII) reports attempts to demonstrate the formation of 

alloyed rock salt structures. Chapter VII reports the synthesis of compounds based on a 

PbxSn1-xSe alloyed constituent, and was published in collaboration with Duncan R. 

Sutherland, Jeffrey Ditto, Sage R. Bauers, Matthias Falmbigl, Douglas L. Medlin, and 

David C. Johnson. This chapter serves as proof of principle that metastable constituent 

structures can be formed robustly, even when bulk phase segregation would be expected. 

Chapter VIII presents the analogous Bi series, as proof of principle that modulation 
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doping is a viable approach to adjusting materials properties, and was done in 

collaboration with Suzannah R. Wood, Alex Lygo, Jeffrey Ditto, and David C. Johnson. 

 The final section of this dissertation (Chapter IX-XI) explores the metastability of 

compounds in the Pb-Sn-Ti-Se system. Chapter IX was done in collaboration with 

Duncan R. Sutherland, Jeffrey Ditto, Daniel B. Moore, Matthias Falmbigl, Douglas L. 

Medlin, and David C. Johnson and outlines the formation of a family of metastable multi-

consituent heterostructures. Chapter X presents a topotactic reaction as the multi-

constituent heterostructures decompose to form the alloy structure reported above, 

resulting from a collaborative effort with Duncan R. Sutherland, Jeffrey Ditto, Douglas 

Medlin, and David C. Johnson. Finally, chapter XI presents surface segregation observed 

in the alloyed structures, and was accomplished in collaboration with Jeffrey Ditto and 

David C. Johnson. This section provides a context for the understanding of both material 

formation and transformation, as well as the driving forces responsible for the observed 

behavior.  
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CHAPTER II 

SYNTHETIC AND CHARACTERIZATION METHODS 

 

The compounds presented herein were prepared via the modulated elemental 

reactants (MER) method, which uses low temperatures and therefore diffusion limitation 

to nucleate metastable products. This approach relies on controlling local composition of 

a precursor film which is close to the targeted structure of the desired intergrowth 

compound. A low temperature annealing step allows the mostly amorphous precursors to 

self-assemble in the local free energy minima provided by the precursor structure, 

without supplying sufficient energy to overcome the diffusion barriers that prevent the 

formation of thermodynamic products. This approach has been demonstrated for several 

systems with the same basic structural motif as their thermodynamic counterparts, misfit 

layer compounds,1 with the basic formula [(MSe)1+ δ]m(TSe2)n.2–5 The kinetic approach 

allows for the formation of several compounds that were previously not accessible 

through high temperature synthesis routes (i.e. values of m > 1, and n >3). What follows 

is an explanation of the experimental setup for the deposition of precursor films, the 

subsequent formation of the metastable intergrowth compounds, and their structural and 

electrical characterization. 

Precursors are synthesized using physical vapor deposition, at pressures below 5x10-7 

Torr. A custom built deposition chamber is used to deposit 3 (ternary compounds) or 4 

(quaternary compounds) elements simultaneously. Each deposition source is isolated by a 

baffle system, with deposition pathways defined to reach the corresponding quartz crystal 

microbalance (QCM), and the substrate holder. The rates are monitored continuously by 

the QCM, and maintained between 0.1-0.3 Å/s at the substrate. In order to form the 

layered precursor, the path to the substrate is covered by a pneumatically controlled 

shutter. A custom designed Labview program is used to control the shutters for the 

sources used in the deposition, which opens the shutters in the sequence desired, and for 

the specified thickness for each source. The result is the ability to vary the thickness of 

individual elemental layers, and the sequence in which they are deposited. 

The formation of targeted intergrowths require that precursor have close to the target 

composition, and repeating unit thickness expected for the metastable product. Achieving 
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deposition parameters that yield these conditions require an iterative calibration 

procedure, and the Sn-Ti-Se system is given as an example here. The first requirement is 

the stoichiometry of the metal cations, which is defined by the expected in-plane packing 

density. This is achieved by maintaining the one cation’s parameters, while 

systematically varying the other. The appropriate ratio deposition parameters is then 

selected based on the composition results from electron microprobe analysis (EPMA), 

using a thin film method described elsewhere.6 Figure II.1 shows the calculation of the 

M:T ratio at the end of this iterative cycle, which appears as the slope in the figure.  

 
Figure II.1: Calculation of the Sn:Ti ratio. The measured Sn:Ti ratio (EPMA) is plotted 
versus the ratio of the number of SnSe repeats (m) to TiSe2 repeats (n). The slope gives 
the ratio of the cations. The target in this case is 1.21, within the error of the 
measurement. 

 
The ratio of Se in each layer is then adjusted by preparing compounds over a variety 

of m and n and comparing the ratio with the target 1Se : 1M and 2Se : 1T. Figures II.2 

and II.3 give the Se:Sn and Se:Ti ratios, respectively, and are from the end of the iterative 

process. From these data points, the final ratio of deposition parameters are selected, to 

give the appropriate ratio of reactants, with slight excess Se (3-5%). Once the proper 

composition is achieved, the thickness of the precursor repeat unit is adjusted to give the 

correct total amount of reactants to form one structural unit, by measuring the thickness 

via x-ray reflectivity (XRR) and adjusting the thickness of the elemental layers while 

maintaining the ratio of the deposition parameters. If there is too much, or too little 
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reactant present, the structure has to rearrange in order to self assemble, often resulting in 

large defect regions, or a lack of formation of the targeted structure in general. 

 
Figure II.2: Plot of normalized Se/Sn ratio versus the m/n. The slope gives the ratio of 
Se:Sn in the SnSe precursor layer. The target is 1.03-1.05 to meet the slight excess in Se 
requirement. 

 
Figure II.3: Plot of the normalized Se/Ti ratio versus n/m. The slope gives the Se:Ti ratio 
in the TiSe2 precursor layer. The target is 2.06-2.10 to provide the slight excess in Se. 

Annealing is carried out on a calibrated hot plate in a N2 environment ([O2],[H2O] ≤ 

0.8 ppm). Once precursors with the appropriate composition and repeat thickness are 

established, annealing studies are performed for the various systems reported in the is 
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dissertation. The formation of the targeted metastable product can be tracked as a 

function of temperature and time through x-ray diffraction (XRD) experiments, which is 

commonly reported in the following chapters. The optimum temperature is determined by 

the maximum intensity and minimum full width at half maximum (FWHM). Above this 

temperature, the decomposition of the metastable structure is observed. Figure II.4 shows 

the O and Se content for the Bi-Ti-Se system as a function of annealing temperature. The 

data suggests that the decomposition of the structure is inpart due to the oxidation of the 

material, even though the concentration of oxidizing agents is low.  

 
Figure II.4: The Se and O content measured for the Bi-Ti-Se m = n = 1 compound. At 
high temperatures, the film decomposes, with O replacing Se throughout much of the 
film. 

Films are generally deposited with a targeted total thickness of approximately 50 nm, 

for the ease of characterization. Si (<100> oriented) substrates are used for structural 

characterization. X-ray diffraction experiments are reported in both locked couple (θ/2θ) 

and in-plane geometry. The textured nature of the films result in the observation of 00l 

and hk0 reflections in the two different geometries, respectively, which provides 

structural information about both the superstructure and the constituents individually. 

High angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) is used to understand the self assembly on a local level, and provides chemical 

information where intensity scales with atomic number. The resulting images compliment 

the global measurements made with EPMA and XRD. 



 35 

For transport measurements, films are simultaneously deposited on fused silica 

substrates, using shadow masks to provide a cross-like geometry for van der Pauw 

resisitivity measurements. Temperature dependent resistivity and Hall effect 

measurements are performed using a lab-built system with a closed cycle He cryostat to 

measure in between 20-295 K. Carrier concentrations are calculated from the Hall 

coefficient (RH) assuming a single band model. In-plane Seebeck effect measurements 

were performed using a lab-built system, which heats one contact to provide a small 

temperature gradient. 
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CHAPTER III 

THE SYNTHESIS, STRUCTURE, AND ELECTRICAL CHARACTERIZATION 

OF (SnSe)1.2TiSe2 

This material appeared in volume 2015, issue 1 of European Journal of Inorganic 

Chemistry (2015) with coauthors Daniel B. Moore, Jeffrey Ditto, Duncan R. Sutherland, 

Matthias Falmbigl, Markus Winkler, Hans-Fridtjof Pernau, and David C. Johnson. Daniel 

B. Moore and Duncan R. Sutherland assisted with sample synthesis, Jeffrey Ditto 

provided scanning transmission electron microscopy analysis, Matthias Falmbigl 

provided Rietveld refinement and le Bail analysis, Markus Winkler and Hans-Fridtjof 

Pernau assisted with the electrical characterization, David C. Johnson is my advisor and 

research group leader, and I am the primary author. 

III.1. Introduction 

Over the last two decades the search for compounds with enhanced thermoelectric 

performance was motivated to a large degree by a paper by Hicks and Dresselhaus that 

predicted enhanced power factors for structures of reduced dimensionality and the 

phonon glass electron crystal concept introduced by Slack.[1-3]  The power factor, α2σ, 

where α is the Seebeck coefficient and σ is the electrical conductivity, is typically 

optimized as a function of carrier concentration through doping, to give the largest 

thermoelectric figure or merit, zT. Most thermoelectric materials are semiconductors 

resulting in an optimized carrier concentration of typically around 1019 carriers cm-3. 

While not directly conforming to the original idea put forth by Hicks, there are a number 

of layered materials that have unusually high Seebeck coefficients with higher carrier 

concentrations ~1020 - 1021 carriers cm-3. These include the layered cobalt oxides, 

NaxCoO2  and the misfit compound [Ca2 CoO3 ]0.62[CoO2], and a number of compounds 

containing titanium dichalcogenide layers, (MS)1+x(TiS2)2 (M.Pb, Bi, Sn), Ti1+xSe2, and 

CuxTiS2.[4-6]  

Titanium dichalcogenide TiX2 compounds themselves exhibit interesting transport 

properties.  TiTe2 is generally agreed to be semimetallic, TiS2 is generally agreed to be 

semiconducting and TiSe2, while debated over the years, is thought to be a small bandgap 

semiconductor.[7-9] TiS2 and TiSe2 have anomalously large Seebeck coefficients, which 

has been attributed to an unusually large phonon drag effect.[10] While the binary 
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compounds have thermal conductivities that are too large for them to be effective 

thermoelectric materials, recent reports have shown that inserting cations or incorporating 

structural layers into the van der Waal gaps reduces thermal conductivity while 

preserving the unusual electrical properties.[5,6,11,12]  For the misfit layered TiS2 

containing compounds, the group of Koumoto has shown that changing the identity of the 

intercalated rock salt structure changes the amount of charge transfer.[5]  There have only 

been three reports of misfit layered compounds containing TiSe2.  Crystalline 

[(PbSe)1.16]1(TiSe2)2 was reported to be a superconducting metal below 2.3 K by Giang, 

et al. Turbostratically disordered [(PbSe)1.18]1(TiSe2)2 and [(PbSe)1.18]1(TiSe2)1 were 

reported by Moore, et. al. to have a lower room temperature resistivity and a Seebeck 

coefficient that was almost double that of the crystalline analog reported previously.[13-15] 

The synthesis approach used by Moore, et al. opens opportunities to prepare both new 

compounds and different polymorphs of existing compounds within the TiSe2 containing 

family of compounds.[14,15] Turbostratic disorder, a common feature of compounds 

prepared using this approach, has been shown to result in remarkably low lattice thermal 

conductivities.[16,17] Since in the crystalline misfit sulfides reported by Wan the SnS 

containing compound had better thermoelectric performance than the lead analog, we 

were motivated to synthesize (SnSe)1.2TiSe2.[5] Here we present the synthesis of this new 

compound, its structure, and its electrical transport properties. The power factor was 

found to be almost a factor of two larger than reported for (PbSe)1.18TiSe2.[14] Reducing 

the carrier concentration, through doping of the SnSe layer or by incorporating a larger 

band gap partner for TiSe2, are suggested as avenues to further increase the performance 

of these interesting materials. 

III.2. Experimental Section 

Designed precursors containing modulated elemental reactants were synthesized in a 

custom built high vacuum system at pressures below 5 x 10-7 torr. Tin and titanium metal 

were deposited using electron beam guns and Se was deposited using an effusion cell, 

with rates maintained between 0.2-0.3 Å/s at the substrate and monitored by quartz 

crystal microbalances.  Elemental layers were deposited in calibrated thicknesses in the 

sequence of Ti, Se, Sn, Se and repeated 43 times to give total film thickness of 

approximately 50 nm. Films were deposited on Si and fused silica substrates for 
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structural and electrical measurements, respectively. Samples were annealed in a nitrogen 

atmosphere ([O2],[H2O] ≤ 0.7 ppm) for 30 minutes at different temperatures to determine 

the optimum formation conditions.  

X-ray reflectivity and diffraction measurements were conducted on a Bruker D8 

Discover (Cu Kα radiation) and used to measure total film thickness and as-deposited 

repeat unit thickness, as well as to follow the self-assembly of the precursor into the 

superlattice. Refinement of the atomic planes along the c axis was performed using the 

Rietveld method and the Full Prof Suite software package.[18] Composition was 

monitored with electron probe microanalysis (EPMA) using a Cameca SX50 to follow O, 

Se, Sn, and Ti content using a process described elsewhere.[19] Samples were cleaved in 

vacuum for XPS analysis by epoxying a post to the sample surface and knocking the post 

off in the sample introduction chamber. TEM cross-section Samples were prepared on a 

FEI Helios 600 Dual-Beam FIB with a Sidewinder ion column using methods developed 

by Schaffer et al .[40]  High angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) images were obtained using an FEI Titan 80-300 TEM at 

300keV. Temperature dependent resistivity and Hall effect measurements were 

performed in the van der Pauw geometry on cross-shaped samples deposited on quartz 

substrates using shadow masks. Lab built measurement systems were used for electrical 

characterization. Low temperature measurements were performed under high vacuum 

conditions (University of Oregon) and high temperature measurements were conducted in 

a 100mbar nitrogen environment (Fraunhofer Institute for Physical Measurement 

Techniques). 

III.3. Results and Discussion 

The synthetic approach used to prepare the title compound requires that precursors 

are prepared which contain constituent layers with compositions close to the 

stoichiometry of the desired components to induce them to nucleate, and that the total 

amount of material deposited in each constituent layer is close to that required to form a 

structural unit of the desired constituent.[20-22] The deposition parameters for TiSe2 that 

result in a one to two Ti:Se ratio and the proper thickness to form a single Se-Ti-Se 

trilayer had been established previously, and were used as a starting point for the 

calibration.[14,15] The misfit parameter δ was initially estimated to be 0.20 using the 
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analogous sulfide misfit layer compound[23] and was used as a target Sn:Ti ratio until the 

true value could be determined experimentally from the in-plane packing density 

calculated from the constituent lattice parameters. In order to establish the necessary 

deposition parameters to get the correct stoichiometric ratio of Sn to Ti, a series of films 

were created in which the thickness of the elemental Sn-Se precursor bilayer was varied 

while the previously determined TiSe2 parameters were maintained. The resulting films 

were then analyzed with EPMA to determine the elemental composition.[19] The Sn:Se 

ratio was next optimized by varying the thickness of the elemental Se layer while 

maintaining the Sn parameter and checking composition with EPMA. Finally, while 

maintaining established elemental ratios, the thickness of the repeating unit was varied to 

be just slightly thicker than the c-lattice parameter of the target compound, which was 

determined by least squares refinement of superlattice diffraction observed in some of the 

annealed samples from the initial depositions. Samples prepared using the calibrated 

deposition parameters had the desired Sn:Ti ratio for the targeted misfit parameter. The 

Ti:Se and Sn:Se ratios were calibrated to be 3-5% selenium rich compared to the 

idealized 1:2 and 1:1 ratios respectively, to compensate for Se loss during the annealing 

process.   

III.3.1. Structural Analysis 

The initial sets of samples were annealed at 350°C, the temperature determined to be 

optimal for the formation of the Pb analog.[14,15] Once precursors with correct 

composition and repeat unit thickness that formed the title compound on annealing at 

350°C were prepared, 00l diffraction patterns were taken as a function of annealing 

temperature to probe the formation of the superlattice as a function of annealing 

conditions (Figure III.1). The as-deposited precursor contains weak and broad low angle 

Bragg reflections due to the periodic electron density in the films. Intense, sharp peaks 

are not observed due to the composition gradients that likely exist across the mostly 

amorphous interfaces and local variations in the thickness of the elemental layers. As the 

annealing temperature increased, the superlattice reflections intensify and a clear 

decrease in the full width at half maximum (FWHM) of the Bragg peaks is observed as 

the temperature is increased from 200-350°C, which is consistent with the formation of 

the targeted compound. Maximum intensities are obtained for the 350°C annealed sample. 
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A shoulder on the 004 peak begins to appear at 400°C, suggesting the growth of another 

phase, probably SnSe. At T > 400°C, the shoulder intensifies, unidentified phases grow in, 

and the diffraction peaks from the superlattice structure decay suggesting the 

decomposition of the target structure. From this study, 350° C was chosen as an optimal 

annealing temperature.  

 
Figure III.1: 00l Diffraction as a function of annealing temperature (offset for clarity). 
Observed superlattice maxima are indexed for the pattern at the optimum temperature 
(350°C) 

During the calibration process, annealed films with a surprisingly large range of 

composition and precursor repeat unit thicknesses (summarized in Table III.1) had 

diffraction patterns consistent with the target superlattice structure.  The ratio of Sn to Ti 

varied between 1.0 and 1.39 and the thickness of the repeating unit in the precursor 

varied between 12.1 and 13.2 Å. The c-parameters varied little (12.04 Å to 12.08 Å), 

suggesting that there is a defined structure. One possible explanation is the occurrence of 

conformal inclusions, regions where one layer substitutes for the other, observed 

previously in MER synthesized films.[24]  These conformal inclusions allow 

composition to be varied without a disruption of the long-range superlattice structure of 

the material. In an attempt to characterize the relative amount of the target product 

formed, the defect level of the structure and the variability of the layer stacking, the 

intensity of the 003 reflection (counts per seconds, CPS), the FWHM of the 003 

reflection and the ratio of the 003 to 002 reflection intensities were tabulated (Table III.1). 

The films can be sorted into two distinct groups. The first (Samples A-E, bold, Table 

III.1) contains films that show high intensity, low FWHM, and a small range of 003/002 
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intensity ratios, suggesting the formation of a similar product in each case. Samples in the 

second group (Samples F-M, Table III.1) have one or more of the following features: low 

intensity, larger FWHM, more variability in the ratio of 003/002 reflection intensities, 

and a wider range of annealed c-parameters. Since sample thickness and the sample area 

illuminated were held constant, the low intensity results from less superlattice material in 

the sample volume.  The increase in the FWHM is likely caused by higher defect 

concentrations and/or smaller grain size.  The larger range of the ratio of the 003 and 002 

reflections is likely caused by different concentrations of volume defects, regions where 

one layer substitutes for the other. It is clear that the formation of ferecrystalline products 

from the amorphous precursors is surprisingly robust and the details of the resulting 

defects formed require further investigation. For the remainder of this paper, however, we 

will focus our attention on the samples in group 1. 

EPMA data was collected as a function of annealing temperature to determine if 

changes in the composition of the film with annealing time or temperature were 

responsible for the decrease in superlattice diffraction above 350°C. The atomic percent 

of oxygen increased from approximately 3% for as-deposited films, to 4-5% for films 

annealed at 350°C despite annealing in a nitrogen atmosphere with ~0.5 ppm oxygen. 

The oxygen signal in the as-deposited sample is in part due to the native oxide layer on 

the Si substrate. Additional oxygen in the as-deposited sample could come from 

incorporation during the deposition process or from surface oxidation after removal from 

the deposition chamber. To distinguish between surface oxidation and a distribution of 

oxygen throughout the sample, samples were cleaved in the XPS vacuum chamber and a 

comparison of the exfoliated regions to original surface regions was performed. The 

resulting spectra show that the original surface of the film had a strong oxygen signal, 

while the freshly exposed interior layers displayed no observable oxygen signal, 

suggesting that oxygen is not incorporated in the sample during deposition and surface 

oxidation is the major factor in the increase in oxygen level during annealing. Further 

support for surface oxidation comes from HAADF-STEM experiments, where 2-3 

bilayers of SnSe could be identified adjacent to one another at the surface of the film, 

suggesting that TiSe2 is oxidized in the uppermost unit cells, forming independent TiOx 

and SnSe layers not associated with the intergrowth compound. At temperatures above 
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350°C, the oxygen content of the films increased dramatically to 15-20 atomic percent 

after annealing at 400°C, even though the annealing was done in an inert atmosphere, 

suggesting that there is sufficient energy at this temperature to overcome any kinetic 

barrier towards oxidation. The decomposition of (SnSe)1+δTiSe2 is therefore in part due to 

it's instability with respect to oxidation. 
 
Table III.1: Table of samples synthesized during the calibration process that displayed 
superlattice diffraction maxima. Composition is reported from EPMA and represents 
global film composition. The composition of the superstructure is given by the in-plane 
packing density of each constituent (calculated from in-plane lattice parameters below). 
Samples given in bold (A-E) are considered representative of the title compound. 
 

 
A high quality θ/2θ diffraction scan of sample can be seen in Figure III.2a. The films 

are highly textured, with the c-axis normal to the substrate, so diffraction data taken in 

the conventional θ/2θ geometry show only 00l diffraction maxima. The presence of 

Kiessig fringes (the high frequency oscillations between Bragg reflections) to relatively 

high two theta values suggests that the air/film and film/substrate interfaces are smooth 

and parallel. The Parratt relationship (inset Figure III.2b) describes the extent to which 

these interfaces are parallel and smooth, where Δt is the film roughness, θc is the critical 

angle, and θi represents the angle at which fringes can no longer be resolved.[25] Based off 

the pattern shown in Figure III.2b, θi  was estimated to be 7.5°, leading to a calculated 

roughness of 0.9 Å. This suggests that the top and bottom interfaces are very parallel and 

near atomically smooth. Further insight about the evolution of the film during annealing 
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can be gained from the number of fringes appearing between Bragg reflections. In theory, 

the number of fringes (nf ) between Bragg reflections is nf = nr.u. – 2, where nr.u, is the 

number of repeating units present in the film.  In the pattern in Figure III.2 nf = 39, and in 

the designed precursor nr.u. = 43, yielding nf = nr.u. – 4.  This indicates that two of the 

deposited repeating units were lost, probably due to surface oxidation as suggested by the 

EPMA and XPS results, during the annealing process.   

 
Figure III.2: A diffraction pattern of sample A (a) displaying Kiessig fringes to more 
than 15° 2θ (b). The Parratt relationship is inset. Superlattice maxima are indexed, * 
denotes substrate or stage peaks.	 

Cross-sectional HAADF-STEM data was obtained on sample A to probe the structure 

and the frequency of defects. The lower magnification image shown in Figure III.3a 

clearly shows the alternating SnSe (bright) and TiSe2 (dark) layers throughout the film, 

confirming the formation of the superlattice unit cell consisting of 1 structural unit of 

each constituent. Interestingly, there are several regions of higher order within the film 

that have not been observed previously in compounds synthesized by modulated 

elemental reactants. The bulk structures for each constituent compound can be seen in 

Figure III.3b, and a higher magnification HAADF-STEM image of a particularly ordered 
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region in Figure III.3c. TiSe2, like other dichalcogenides, consists of Se-Ti-Se trilayers 

with a van der Waal gap separating adjacent layers, The Se-Ti-Se layers are stacked in an 

a-b-c pattern resulting in Ti being octahedrally coordinated to 6 Se atoms.  The Se-Ti-Se 

layers stack in an A-A stacking sequence, with the trilayers identically aligned in each 

layer, resulting in the 1T polytype.[26] The 110 zone axes observed in the STEM image 

shows that the Ti atoms are octahedrally coordinated.α-SnSe, the thermodynamically 

stable phase at room temperature and ambient pressure, crystallizes in the GeS structure,  

 
Figure III.3: (a) Low magnification HAADF-STEM images displaying alternating layers 
of SnSe and TiSe2 throughout the entirety of the film. (b) Bulk structures for the 
constituent compounds. (c) High magnification HAADF-STEM displaying two unique 
lattices intergrown. Crystal faces and structure representations are specified for 
hexagonal TiSe2 and square-basal SnSe, as seen with other ferecrystal systems. 
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which is a distorted variant of the cubic rock salt structure.[27] In previously reported 

SnSe containing misfit layer compounds, SnSe is significantly distorted from the bulk 

structure, and was reported to have a = b, or a square basal-plane structure for single 

bilayers of SnSe.[20-22,28,29] In Figure III.3c, both 100 and 110 zone axes are clearly visible, 

but the extent of the distortion cannot be determined from the images. The indices 

assigned in Figure III.3c are consistent with the square basal plane SnSe and 1T-TiSe2 

structures reported for the constituents in previously reported misfit layer 

compounds.[14,15,20-22,28,29]  The images clearly confirm the independent constituent 

structures of the intergrowth compound.  

The presence of clearly defined crystallographic planes offers the opportunity to 

calculate the in-plane lattice parameters from the HAADF-STEM images. Line profiles in 

the hk0 direction were analyzed to determine the distance between atomic columns, from 

which the lattice parameters were calculated for each constituent, assuming a square 

basal plane for SnSe and the CdI2 structure for TiSe2. The lattice parameters for both 

SnSe (a = 6.2(1)Å) and TiSe2 (a = 3.7(1) Å) are both within the error bars of those 

reported for other ferecrystalline and misfit layered compounds containing SnSe 

(generally a = 6.0 (1) Å)[20-22,28,29]  or TiSe2 (a = 3.55(5) Å).[13-15] The calculated  misfit 

parameter, from our STEM derived lattice parameters  was found to be 0.2, which is the 

same value  previously reported for the analogous sulfide compound.[23]  

Further details of the structure were obtained by refining the 00l diffraction pattern 

using the Rietveld method to determine the location of atomic planes in the c direction, as 

shown in Figure III.4 and tabulated refinement parameters can bee seen in Table III.2.[18] 

The refinement converged to a lattice parameter c = 12.050(1) Å, with residuals, RF and 

RB of 0.0159 and 0.00781 respectively. Further details of the results are tabulated and a 

depiction of the resulting model and the calculated distortions are given in Figure III.4. 

Within the SnSe layer, the Sn and Se atoms are not in the same plane.  This puckering of 

what would be a single 100 plane in an ideal rock salt structure is nearly double that 

observed in the PbSe layer in the (PbSe)1.16TiSe2 ferecrystal reported previously.[14]  The 

27 pm distortion is larger than that  found in [(SnSe)1.15]1[VSe2]1 (19(3) pm) Sn-Se but 

smaller than that found in [(SnSe)1.06]1[MoSe2]1, (40(1)pm).[21,28] The refined distance 

between the Ti and Se planes in the TiSe2 constituent (1.54Å) is significantly larger than 
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the 1.45 Å reported for the analogous Pb compound.[14] The distance between the Se 

plane in TiSe2 and the puckered Sn plane in the Sn-Se layers is 2.98 Å compared to 3.13 

Å for the analogous distance reported for (PbSe)1.16TiSe2.[14] The model and the refined 

distances are all consistent with the conclusions drawn from the STEM images in Figure 

III.3. 

 
Figure III.4: Rietveld refinement of sample A. The red dots represent the measured 
pattern, the black line the modeled intensity, the blue line the difference between 
experimental and calculated intenstity, and the blue ticks indicate the Bragg positions 
(only 00l). Spacings between interatomic planes in the c direction are also given. 

III.3.2. Electrical Characterization 

Table III.3 contains the room temperature transport data for both samples A and B 

studied here, and a summary of prior published values for both TiSe2 and TiS2 containing 

misfit layered compounds. The magnitude of the conductivity of samples A and B is 

consistent with that of a low conductivity metal, a semimetal or a heavily doped 

semiconductor.  The magnitude is slightly higher than prior reported values for TiSe2 

containing misfit layer compounds and ferecrystals[13-15] but smaller by a factor of 3 than 

the values reported for TiS2 containing misfit layer  compounds.[5,30]  In these prior 

reports, it was suggested that the TiX2 layers dominate the electrical properties as 

substitution of Sn for isoelectronic Pb did not significantly alter the electrical properties.  
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Table III.2: Refinement parameters for interatomic plane spacing along the c-axis 
associated with the fit plotted in Figure III.4. 
 

Compound Parameters  
Composition from refinement (SnSe)1.14TiSe2 
Radiation Bruker D8, Cu 

Kα 
2θ range (degrees) 6 ≤ 2θ ≤ 65 
c (Å) 12.050(1) 
Reflections in refinement 16 
Number of variables 13 
RF = Σ⏐Fo-Fc⏐/ΣFo 0.0160 
RI = Σ⏐Io-Ic⏐/ΣIo 0.0079 
RwP = [Σwi⏐yoi-

yci⏐
2/Σwi⏐yoi⏐

2]1/2 

0.0826 
RP = Σ⏐yoi-yci⏐/Σ⏐yoi⏐ 0.0403 
Re =[(N-P+C)/(Σwiy2

oi)]1/2 0.0186 
χ2 = (RwP/Re)2 19.7 
Atom parameters 
Ti in 1a(0), Beq (Biso) 

102(nm2) 

 
Occ. 1.0 
Se1  in 2c (z), z 0.1268(1) 
Occ. 1.0 
Sn in 2c (z), z 0.3754(2) 
Occ. 1.14(1) 
Se2 in 2c (z), z 0.3977(3) 
Occ. 1.14(1) 

 

The resistivity as a function of temperature for samples A and B are shown in Figure 

III.5, along with the isoelectronic (PbSe)1.16TiSe2 analog. The slight difference in 

resistivity between heating and cooling in the high temperature data for sample A is a 

consequence of surface oxidation of the top layers due to prolonged exposure to elevated 

temperatures, resulting in a slight decrease in the conducting film thickness. The 

resistivity shows relatively little temperature dependence, with the overall magnitude of 

the resistivity changing by less than a factor of two from 20 K to 295K, with a slight 

upturn at low temperatures. This change in the resistivity with temperature is a factor of 

12 less than reported for (PbSe)1.16(TiSe2)2 by Giang et. al,[13] and a factor of 5 and 10 

less than that of (PbS)1.16TiS2 and (SnS)1.20TiS2 reported by Wiegers[30] respectively. The 

smaller -magnitude of the temperature dependence of the resistivity has been attributed to 

the turbostratic disorder observed in compounds synthesized from modulated elemental 

reactants.  The turbostratic disorder results in a very different phonon distribution and 

very low cross plane lattice thermal conductivities.[16,17] The room temperature electrical 



 48 

resistivity of (SnSe)1.2TiSe2 is a factor of two smaller than that reported for single crystals 

of (PbSe)1.16(TiSe2)2,[13] suggesting that the decreased temperature dependence is not a 

result of a high residual resistivity, but rather due to less phonon scattering at higher 

temperatures. The upturn at low temperatures, found in all TiSe2 containing intergrowths 

with significant rotational disorder between layers is thought to result from electron-

electron correlations leading to weak localization.[33]  

Table III.3: Electrical properties of TiX2 based compounds are shown. Those given in 
bold are compounds synthesized from modulated elemental reactants.  
 

Material σab 

(S/cm) 

ne 

(1021cm-3) 

αab 

(µV/K) 

α2σ x10-4  

(W/K2m) 

Sample A 660 2.0 -75 3.7 

Sample B 860 2.4 -77 5.1 

(PbSe)1.16TiSe2
14 650 2.3 -66 2.8 

(PbSe)1.16(TiSe2)2
15 360 - -91 3.0 

(PbSe)1.16(TiSe2)2
13 50 - -50 0.13 

(SnS)1.20TiS2
30 2000 1.8 -36 2.6 

(PbS)1.18TiS2
30 6300 3.8 -29 5.3 

(SnS)1.2(TiS2)2
5 1700 1.9 -70 8.3 

(PbS)1.18(TiS2)2
5 1900 2.4 -56 6.0 

(BiS)1.18(TiS2)2
5 2700 5.3 -45 5.5 

TiSe2
31  1.0x10-3 - +15 2.3 x 10-7 

Ti1.1Se2(MER)32 280 3.4 -134 5.0 

Cu0.1TiS2
6 4000 3.7 -45 10 

Cu0.11TiSe2
12 3000 0.2 -50 8 

 

 
Figure III.5: Temperature dependent resistivity for the compounds synthesized from 
modulated elemental reactants. 
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To further understand the electrical behavior of the (SnSe)1.20TiSe2 compounds, Hall 

effect measurements were performed. The Hall coefficients were found to be negative, 

indicating electrons are the majority charge carriers. Following previous reports, the 

carrier concentration was calculated using RH = 1/nee where ne is the concentration of 

conducting electrons and e is the elementary charge (Figure III.6 and III.7). The carrier 

concentration measured for samples A and B are very similar to that reported for other 

isoelectronic (MX)1+δTiX2 intergrowth compounds.  The carriers are thought to arise 

from the rock salt constituent donating electrons to the 3d band of the TiX2 constituent, 

which is responsible for the majority of the conductivity.[34] The carrier concentration 

decreases linearly for the Sn compounds below room temperature, and are very similar in 

magnitude and behavior to the previously reported PbSe analog, synthesized by methods 

previously reported and measured for comparison (Figure III.7a).[14] There is a significant 

increase in carrier concentration as the temperature is raised above 300 K, which may be 

a consequence of the thermal excitation of carriers or increased contribution from the 

carriers in the SnSe layer. The calculated single band mobility (Figure III.7b) of the 

carriers in (SnSe)1.2TiSe2 and (PbSe)1.18TiSe2 have nearly identical temperature 

dependent behavior and magnitudes, as may be expected for the isoelectronic systems. 

Similar temperature dependence was also found for  (BiSe)1.15TiSe2 synthesized from 

modulated elemental reactants and reported elsewhere,[35] though the magnitude of the 

carrier  

 
Figure III.6: Temperature dependent Hall coefficient for the compounds synthesized 
from modulated elemental reactants. 
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concentration coincided with the addition of an extra carriers, consistent with reports of 

the TiS2 compounds, and further suggesting that a TiSe2 band is responsible for 

conduction.[5,14,35] The increase in mobility as temperature decreases is likely due to a 

decrease in in-plane phonon scattering and decreased magnitude of the atomic vibrations. 

The carrier mobility found in single crystals of the analogous sulfides is a factor of 3 

larger. Prior studies on semiconducting [(PbSe)1.0]m[MoSe2]n and [(PbSe)1.0]m[WSe2]n 

compounds suggests that the mobility of (SnSe)1.2TiSe2 might be increased by extended 

low temperature annealing in a selenium partial pressure.[36,37] 

 
Figure III.7: (a) Calculated carrier concentration (ne) and (b) electron mobility (µe) 
based on a single band model, as a function of temperature. 

The Seebeck coefficients (S) of samples A and B were -75 µVK-1 and -77 µVK-1 at 

room temperature, respectively. The negative sign of S agrees with the negative Hall 

coefficient, also indicating that electrons are the predominant charge carriers. The 

Seebeck coefficients of samples A and B are greater in magnitude than the -66 µVK-1 

previously reported for the  (PbSe)1.16TiSe2 ferecrystal just as S is larger in (SnS)1.2(TiS2)n 
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than (PbS)1.18(TiS2)n.[5,14,30] The Seebeck coefficients of the selenide compounds 

(SnSe)1.2TiSe2 and (PbSe)1.16TiSe2 are about than a factor of 2 higher than that reported 

for the sulfide compounds (SnS)1.2TiS2 and (PbS)1.18TiS2 with similar carrier 

concentrations.[30] 

Formal valence arguments suggest that (MX)1+δTiX2 compounds should be 

semiconductors ([M2+X2-]1+δ [Ti4+X2-
2]). Prior literature explains the metallic behavior of 

these compounds as resulting from an overlap of the valence band of the MX constituent 

with the formally empty d band of TiX2 leading to charge transfer from MX to TiX2.[34] 

For the (SnSe)1.2TiSe2 compounds reported here, an average carrier concentration of 0.3 

electron per Ti was calculated by considering the density of Ti atoms and assuming the 

Hall voltage can be converted to carrier concentration using a single band model where 

the carriers are in a Ti 3d conduction band. This value is approximately double of that 

reported for (SnS)1.2(TiS2)2, as expected because the Sn/Ti ratio is half of that in 

(SnSe)1.2TiSe2.[5] 

Figure III.8 contains a schematic band structure diagram illustrating the proposed 

relative band energy and Fermi level of the two constituents and the stabilization of the 

material due to charge transfer. The energy contained in the capacitance resulting from 

electrons in the TiSe2 layer and the corresponding number of holes left in the adjacent 

SnSe constituent is appreciable, between 7 and 9 kJ/mol depending on the value used for 

the distance of the charge separation (6 Å between the Ti layer in TiSe2 to center of the 

SnSe layer or 4.5 Å from the Ti to the closest Sn/Se average plane position, respectively), 

the approximation used for permittivity (vacuum), and assuming a Madelung constant of 

2 for the superlattice structure. This suggests that charge transfer between constituents 

may help explain the somewhat unexpected thermodynamic stability of the intergrowth 

compound compared to the individual constituents when prepared using solid-state 

synthesis methods.34 The data presented here, in agreement with prior literature results, 

show that electrons dominate the electrical conduction.  This implies that the mobility of 

the holes in SnSe is significantly smaller than that of the electrons in TiSe2.  
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Figure III.8: Proposed band structures of the constituent materials (left and right) and the 
ferecrystal product (center). 

 

The effective mass of samples A and B were calculated to be 6.1 and 7.1 times that of 

a free electron from α and ne measured at room temperature, respectively, assuming a 

single band and carrier type are responsible for conduction. The relationship used for the 

calculation is given below, where kB is Boltzmann’s constant, e is the elementary charge, 

h is Planck’s constant, m* is the effective mass, and T is temperature.[38]  

  
As a first approximation, one can estimate the power factor as a function of ne by 

assuming a constant effective mass and using the Pisarenko relationship.[39] Not 

surprisingly, lowering the carrier concentration in (SnSe)1.2TiSe2 should result in an 

increased power factor. The proposed band diagram suggests that there are several 

mechanisms possible for lowering the carrier concentration in the material. A series of 

compounds (SnSe)1+δ(TiSe2)n would lower the carrier concentration in each TiSe2 layer 

as n increases, if the amount of charge transfer remains relatively constant. Substituting a 

monovalent cation for Sn2+ in the rocksalt layer would lower the amount of charge 

transfer, potentially without lowering the carrier mobility in the TiSe2 layer.  
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III.4. Conclusions 

Intergrowth compounds represent an opportunity to study buried interfaces and the 

bonding between two different structures.  The different band structures of the 

components provide opportunities to controllably adjust the properties of one material 

with one carrier type by choosing the other constituent to provide the correct band 

alignment and therefore provide carriers by charge transfer. In an ideal situation, the 

“donor” layer would contribute the amount of carriers required to maximize the power 

factor of a thermoelectric material, while not providing detrimental effects from the holes 

left after charge transfer. Such a system would effectively allow for a controlled doping 

with little or no effect on carrier mobility as demonstrated above.  

III.5. Bridge 

The synthesis of the m = n = 1 compound in the Sn-Ti-Se system provides a 

comparison to the Pb analog. It is also the foundation from which this dissertation is built. 

In the coming chapters, the observed long range order in this compound, and other 

compounds with increased m are explored. 
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CHAPTER IV 

THE OBSERVATION OF LONG RANGE ORDER IN [(SnSe)1.2]1(TiSe2)1 

This work is unpublished but was coauthored with Jeffrey Ditto, Sven Rudin, and 

David C. Johnson. Jeffrey Ditto assisted with HAADF-STEM and electron diffraction 

data, Sven Rudin supplied the DFT calculations, David C. Johnson is my advisor and 

research group leader, and I am the primary author.  

IV.1. Introduction 

Misfit layer compounds represent an interesting class of thermodynamically stable 

superlattice materials, which have been reviewed extensively.1–3 They are composed of 

interleaved rocksalt-like and transition metal dichalcogenide structures with the basic 

formula (MX)1+δ(TX2)n where X is a chalcogen (S or Se) and n is the number of 

dichalcogenide layers in the unit cell, generally n = 1, 2, or 3. The rocksalt structure 

consists of a bilayer structure with the cations (M = Sn, Pb, Bi, or a rare earth) displaying 

a puckering distortion along the c-lattice vector toward the neighboring dichalcogenide 

layer. To date, compounds have been prepared with T = Ti, V, Nb, Ta, and Cr. It is 

generally hypothesized that the transport properties are dominated by the choice of 

dichalcogenide, and subsequent charge transfer between constituents in the intergrowth 

compound. The structure of the constituents are known to distort, forming a common b 

axis, while the a-lattice vectors remain incommensurate. The result is a 3-dimensional 

crystal with a difference in in-plane packing density, which results in the misfit parameter 

(1+δ) for which the compounds are named. These compounds have been studied 

extensively, but the high temperature synthesis routes lead to thermodynamic products, 

and has limited the ability to form designed materials to affect materials properties. 

Recently, a new approach to synthesizing metastable compounds with the same basic 

structural motif has been developed.4,5 It employs the use of modulated elemental 

reactants (MER) in a layered amorphous precursor which displays local compositions 

close to that of the targeted structure, and a low temperature annealing step to nucleate 

the constituent structures. The MER method has enabled the synthesis of a multitude of 

compounds not previously available through control of the thickness of each of the 

constituent layers and compounds containing new constituents, for example MoSe2 and 

WSe2.6–8 This has enabled systematic studies of constituent interaction9,10 and size 
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dependent structural effects.7,8,11,12 The metastable variants show several important 

distinctions when compared the MLCs. The most influential is the presence of 

turbostratic (rotational) disorder, which results in the compounds behaving as a stack of 

2-D layers, rather than as 3-D crystals. This interesting disorder has resulted in the term 

“ferecrystal” from the latin root fere, meaning “almost”. It also results in the structure of 

the constituents having lattice parameters closer to those of the bulk materials, with no 

distortions to create common axes between them. While the self-assembly of the 

precursors into ferecrystals is still not understood, early evidence suggests that templating 

occurs between adjacent dichalcogenide layers13, with the preferred orientation disrupted 

by the presence of the rocksalt intergrowth.14,15 

The recently reported (SnSe)1.2TiSe2 compound prepared using modulated elemental 

reactants, however, displayed large areas containing aligned adjacent layers, not 

previously observed compounds using this synthesis approach.16 This lead us to 

investigate the structure in greater detail, to understand if constituent interaction could be 

resulting in template growth. STEM data suggests there are preferred orientations 

between the layers, with similar combinations of zone axes present. The hk0 structure of 

SnSe also displays a distortion that is not present in other SnSe based ferecrystals. We 

also present initial calculations comparing the Sn-Ti and Sn-V systems, which seems to 

support a larger discrepancy between orientational stability in the Sn-Ti system. The data 

seems to support the formation of a compound with template growth, that generally 

displays longer range order than previously observed, with rotational disorder still 

present, but to a smaller degree. 

IV.2. Results and Discussion 

High angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) data was collected on several m = n = 1 compounds, and some representative 

images can be seen in Figure IV.1. The contrast difference between the layers allows for 

the unambiguous identification of the SnSe bilayers (bright) and TiSe2 trilayers (dark). In 

a large number of the images, crystallographically aligned layers can be observed, 

confirming the basic structural motif of the compound, and constituents. Surprisingly, 

there are regions where several adjacent layers show similar crystallographic alignment. 

This is something not previously observed in compounds prepared using the MER 
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approach, where turbostratic disorder has been observed in all systems to date. The 

statistical improbability of seeing so many adjacent layers oriented in a consistent manner 

suggests that these regions are not the result of random chance. 

 
Figure IV.1: Representative HAADF-STEM data at (a) low and (b) high magnification. 
There are several regions were multiple adjacent layers display consistent orientation, not 
previously observed in compounds synthesized byt the MER technique. 

The hk0 patterns for two Sn-Ti-Se compounds can be seen in Figure IV.2, with 

indices for both constituents provided for the observed reflections. The structure for 

TiSe2 is consistent with all previous reports for TiSe2 containing ferecrystals, and 

matches the CdI2 bulk structure and lattice parameter (3.55 Å).17–20 Compounds 

containing SnSe have displayed either a square basal plane, or the expected orthorhombic 

distortion consistent with α-SnSe.21 In (SnSe)1.21TiSe2, the reflections cannot be indexed 

to either of these space groups. Split peaks are observed, ruling out the square basal plane 

structure, while the splitting of reflections does not match the reduced symmetry of α-
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SnSe. The structural can be fit using a 2-D space group p2gg. This is the first report of 

this distortion in a SnSe based metastable intergrowth compound synthesized from 

modulated elemental reactants. The only SnSe containing MLC reported to date is 

(SnSe)1.16NbSe2. The constituent structure was fit to the Cm2a space group with a = 

0.5928 nm and b = 0.5970 nm. Interestingly, the distortion observed in the metastable 

compound is larger than the thermodynamic compound. 

 
Figure IV.2: In-plane diffraction pattern for 2 m = n = 1 compounds. The in-plane 
distortion can be fit to the 2D space group p2gg, and is unlike any other reported for a 
SnSe based compound. 

A reciprocal space map (RSM) was collected at the ESRF in an attempt to identify 

long range order, and can be seen in Figure IV.3, with the expected position of the l = 1,4 

based on the known c-lattice parameter given for reference. Ferecrystalline films in the 

past have displayed streaking along in the l direction for each family of hk reflections, 

due to a decoherence in the structure across layers due to rotational disorder. The RSM in 

Figure IV.3 displays broad but discreet maxima in the l direction in both the (22l) SnSe 

and (11l) TiSe2 families of reflections. The position of the maxima correlate with the c-

lattice parameter determined from the (00l) reflections, which is highlighted in the 

integrated profile comparison of the (00l) and SnSe (22l) set of reflections. The presence 

of discreet maxima which correspond to the c-lattice parameter suggests that there are 

regions in the film which show greater coherence than previously observed for this class 

of metastable intergrowths. This is consistent with the preferred orientation observed in 

the STEM data, which suggests that there should be increased coherence across multiple 

adjacent unit cells. 
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Figure IV.3: Reciprocal space map from the ESRF, with expected l positions given. 
Discreet maxima in the l-direction suggest more long range order in the compound than 
previously observed. Inegrated profiles of the (00l) and SnSe (22l) family of reflections 
show that the spacing in the l-direction is consistent with the c-lattice parameter. 

To gain additional information about the coherence between unit cells, electron 

diffraction data was collected from the especially ordered regions of the cross section and 

shown in Figure IV.4. The streaks along hkl directions normally observed in ferecrystals 

show modulation that in some cases can be resolved into discreet maxima. The 

modulations suggest that there is coherence across multiple unit cells in the Sn-Ti-Se 

system. Figure IV.4 shows line profiles through the (00l) set of reflections, and a set of 

hkl reflections (profile locations noted in Figure IV.4, center). It is clear from the profiles 

that discreet maxima exist and that the period is increased in the hkl data, suggesting that 

there is a supercell in the volume being probed by the beam. Further study of reciprocal 

space is required, where both global (XRD) and local (electron diffraction) structure 

experiments are used to further understand the nature and extent of the long range order. 
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Figure IV.4: STEM (left) and SAED (center) for the m = n = 1 compound. The discreet 
maxima in the l direction suggest there may be local regions were a supercell is present, 
as highlighted by the line profiles (right). 

The constituent structures of misfit layer compounds are known to distort to one 

another, to form a commensurate b lattice vector. Such distortions must provide a drop in 

free energy, as they present themselves over nearly all of the materials systems explored 

in the thermodynamic compounds explored to date. The observed distortion in the Sn-Ti-

Se compound is reminiscent of the structural interaction observed in the 

thermodynamically stable compounds. An overlay of the two in-plane lattice structures 

shows surprising alignment of atomic planes, when the a axes are aligned perpendicular 

to one another. The presence of such a distortion and congruent atomic plane along one 

of the lattice vectors suggests that the alignment observed in the STEM data and the 

distortion in the lattice parameters results in significant stabilization. 

Calculations were performed in order to understand if the two structures may be 

expected to show preferred orientation. Figure IV.5 shows the basic approach for the 

calculations, with two islands of SnSe surrounded by dichalcogenide layers. In this case, 

we chose to compare the Sn-Ti-Se system with the similar previously reported Sn-V-Se 

system where the long range order is not observed. The islands were placed in 6 

combinations of locations between the trilayers structures, and the islands. Table IV.1 

shows the results of the calculations. The most stable configuration for both systems is 

listed first, and the other 5 combinations listed below. Interestingly, the favorable 

position in the Sn-Ti-Se system was found to have a lower overall energy, and perhaps 

even more interesting is that the other orientations showed a far more marked increase 

than the Sn-V-Se system. While these calculations are preliminary, they suggest that the 
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two constituent structures, due to their size and shape, may provide conditions that favor 

specific interlayer orientations, seemingly supporting the observations from the STEM 

and in-plane diffraction data. 

 
Figure IV.5: Calculations of interlayer orientation, with two specific orientations given 
in (a) and (b). 

Table IV.1: Calculation of 6 different island orientations for the Sn-V-Se and Sn-Ti-Se 
systems. The large difference observed in the Sn-Ti-Se system supports the notion that 
significant stabilization could be gained in the system through preferred interlayer 
orientation. 
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IV.3. Conclusions 

The in-plane unit cell of SnSe in (SnSe)1.2TiSe2 prepared using modulated elemental 

reactants is distorted in a manner not previously observed. The distortion results in a 

lattice match, when the a-axis lattice vector to SnSe is oriented perpendicular to the a-

axis lattice vector of TiSe2. STEM, electron diffraction data and x-ray diffraction 

reciprocal space maps data all show that long range order between the constituents is 

present. Calculations suggests that the superstructure as a whole gains significant 

stabilization from preferred orientation between the layers, perhaps driving the slight 

distortion of the SnSe structure to provide lattice match. Further electron diffraction 

studies need to be conducted to understand the long range ordering. 

IV.4 Bridge 

The long range order observed in the m = n = 1 compound is unique among 

compounds synthesized from modulated elemental reactants. It represents a hybrid 

material between the turbostratically disordered ferecrystals and the thermodynamic 

misfit layer compounds. This compound is the baseline for the comparison of the 

compounds with increasing rocksalt thickness (m) in the following chapter.  
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CHAPTER V 

COMPLEX CONSTITUENT INTERACTION IN [(SnSe)1+δ]m(TiSe2)1 

COMPOUNDS:  

CONVERSION FROM N-TYPE TO P-TYPE BEHAVIOR 

This work is to be submitted for publication with coauthors Sage R. Bauers, Jeffrey 

Ditto, and David C. Johnson, prior to the submission of this dissertation. Sage R. Bauers 

assisted with sample synthesis and structural data collection, Jeffrey Ditto provided 

scanning transmission electron microscopy analysis, David C. Johnson is my advisor and 

research group leader, and I am the primary author. 

V.1. Introduction 

Multi-phase composite materials have garnered a large amount of recent interest for 

applications that require optimizing contradictory properties, for example electronic 

transport, magnetic, thermal or mechanical properties. Multiferroic composites, for 

example, have more than three orders of magnitude higher magnetoelectric coupling 

coefficients compared to single phase materials.1–3 Electrochemical applications such as 

fuel cells have mass transport, electrical conductivity, and catalytic requirements which, 

while difficult to optimize in a single phase material, can be independently tuned in a 

composite.4–6 Thermoelectric materials represent another application where the 

simultaneous optimization of the Seebeck coefficient, electrical, and thermal conductivity 

is hindered by contradictory properties.7,8 The presence of interfaces between phases can 

enhance performance by providing diffusion paths, active catalysis sites, phonon 

scattering, and interfacial magnetoelectric coupling. As the size of the composite 

crystallites decreases, interface density increases, and these effects are magnified. In the 

nanoscale regime, new properties can immerge.9 Understanding how constituent 

structures change with size and interact with one another is critical to enable materials 

design in these complex systems and applications. 

Titanium dichalcogenides and compounds containing the layered TiX2 structural 

motif are an example of a material system with potentially interesting thermoelectric 

properties where optimizing properties has been challenging. TiS2 and TiSe2 are small 

band gap semiconductors with unusually large Seebeck coefficients relative to their 

density of carriers, making them an interesting target for thermoelectric optimization.10–12 
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Intercalation has been shown to dramatically decrease thermal conductivity, increasing 

the dimensionless thermoelectric figure of merit to around 0.5.11,13 Misfit layer 

compounds based on TiS2 and TiSe2 have been synthesized with m = 1, and n = 1,2.14–16 

The sulfide based, n = 2 compounds14 displayed promising thermoelectric behavior for an 

unoptimized material. Making related derivatives of these compounds and optimizing 

carrier concentrations have been unsuccessful and challenging respectively, due to the 

lack of tools to control products in the high temperature vapor transport reactions used to 

produce crystals. Designed precursors that self assemble at low temperatures while 

maintaining the precursor architecture have recently enabled layering schemes previously 

not achievable in [(MX)1+δ]m(TSe2)n materials to be synthesized.17–20 The presence of 

turbostratic (rotational) disorder between and within the constituent layers in these 

materials results in very low lattice thermal conductivity.21,22 Several layering schemes 

involving TiSe2 have been reported and the data suggests that charge transfer is occurring 

between the constituents, with electrons the majority carriers.17 The carrier concentration 

can be diluted by increasing the ratio of TiSe2 layers to PbSe layers leading to enhanced 

power factors.17 This suggests that  nanoarchitecture and the ratio of constituents can 

potentially be used to control carrier concentration to improve power factors.  

To probe the effect of nanoarchitecture on both structure and properties we 

synthesized a family of compounds [(SnSe)1+δ]mTiSe2 where m ≤ 4. SnSe was chosen as 

the constituent to pair with TiSe2 due to the higher performance of SnS-TiS2 misfit 

compounds reported by Wan, and the behavior of the m = n = 1 selenide 

compounds.14,18,19,23 The compounds form even if there is excess Sn or Se in the 

precursors, with the excess leaving the targeted structures during the low temperature self 

assembly. As the thickness of the SnSe layer is increased, the structure changes 

significantly, from a rectangular in plane unit cell when m = 1, to a square in plane unit 

cell for m = 2 and 3,  to a different rectangular unit cell that is related to the bulk α-SnSe 

orthorhombic structure for m = 4. The unusual in-plane unit cell of the m=1 compound 

results from the formation of long range order, which is the first time this has been 

observed from compounds prepared via low temperature self assembly from designed 

precursors. Electrical transport measurements indicate that a simple single band is 

inappropriate for these compounds, as the sign of the Hall coefficient and Seebeck 
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coefficient change sign as m is increased. The complex electrical transport behavior is 

intertwined with the structural changes that occur as m is increased, making the 

previously applied rigid band model with charge transfer between constituents 

insufficient do describe the transport properties.  

V.2. Experimental 

Precursors were synthesized in a high vacuum physical vapor deposition system, with 

deposition occurring at pressures below 5 x 10-7 Torr. Tin and titanium metals were 

deposited using electron beam guns, and selenium was deposited using an effusion cell. 

A PC controlled pneumatic shutter system was used to control the sequence and thickness 

of the elemental layers. The rate of deposition, and thickness of elemental layers were 

measured using quartz crystal microbalances, with rates maintained at 0.1-0.3 Å/s at the 

substrate. The elemental layers were deposited in a Ti-Se-m[Sn-Se] sequence, with the 

Sn-Se precursor layer repeated m times to form the targeted compounds. The sequence 

was repeated  to get a total film thickness of approximately 50 nm for ease of 

characterization. Precursors were annealed in an inert environment (N2, [O2,H2O] ≤ 0.8 

ppm) at 350°C for 30 minutes.  

The structure of the precursors and products were determined using x-ray diffraction 

and electron microscopy. Locked couple X-ray diffraction (XRD) and reflectivity (XRR) 

were used to determine the superstructure and the total film thickness, respectively, using 

a Bruker D8 Discover. Constituent structures were characterized using in-plane 

diffraction geometry on a Rigaku SmartLab diffractometer. All diffraction patterns are 

reported using a Cu Kα radiation source. Composition measurements used for the 

calibration of deposition parameters was performed using a method described 

elsewhere.24 High angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) data was collected at Pacific Northwest National Laboratory using a 

probe aberration-corrected Titan 80-300™ STEM and EDX maps were acquired using a 

probe aberration corrected JEOL ARM200CF. Hall effect and van der Pauw resistivity 

measurements were conducted on a lab-built closed cycle He low temperature system. 

V.3. Results and Discussion 

The modulated elemental reactant approach was used to prepare the targeted 

compounds. The deposition parameters required to prepare layered amorphous precursors 
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that closely resemble the targeted structure in both local composition and layer thickness 

were determined using an iterative approach. This approach involves preparing a series of 

precursors with varying n and m values, measuring composition via EPMA and 

amorphous repeat thickness via XRR, and interpolating to obtain desired compositions 

and thicknesses as described previously. 25 Once deposition parameters were calibrated, 

precursors for each of the targeted [(SnSe)1+δ]mTiSe2 compounds were prepared by 

repeating the elemental Sn and Se bilayer m times and the Ti|Se bilayer once to obtain a 

total thickness of approximately 50 nm. 350°C was used as an annealing temperature 

during the optimization process to correlate the composition and precursor thickness to 

superstructure formation based on a previous investigation.23 Once calibration was 

complete a brief study confirmed that 350°C for 30 min was the optimum annealing 

temperature and time, which was used for all of the compounds reported here. 

V.3.1. Structural Characterization 

The diffraction patterns of the compounds prepared in this investigation can be seen 

in Figure V.1. The layered nature of the precursor, and the subsequent superlattice 

structure results in films with the c-axis normal to the Si substrate, therefore only 00l 

reflections are present in the patterns. The narrow and sharp reflections, without the 

presence of impurity phase maxima, and the changes in the position and frequency of 00l 

maxima 

 

Figure V.1:  Out of plane diffraction for the compounds with m ≤ 4. All reflections can 
be indexed to 00l reflections of the superstructure. Offset for clarity. 
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suggest that the targeted structures were prepared. The calculated c-axis lattice 

parameters are summarized in Table V.1. The c-axis lattice parameter increases by 

0.579(1) nm per bilayer of SnSe, which is consistent with the 0.577(5) nm reported for 

SnSe-NbSe2 based compounds,26 and 0.5806(2) reported for SnSe-MoSe2 compounds.27 

Table V.1: Lattice parameters for the title compounds. The space group used to fit the 
SnSe structure is also given. 

 
In-plane diffraction patters were collected to characterize the constituent structures 

and are shown in Figure V.2a. The observed reflections can be indexed as either SnSe or 

TiSe2 reflections, except for a reflection which is consistent with SnSe2. STEM 

experiments discussed later indicate that the SnSe2 is present on the surface of the films. 

The in-plane lattice parameters for each constituent were calculated from least squares 

fits and are summarized in Table V.1. In all of the compounds, TiSe2 could be fit using 

the CdI2 structure type (P-3m1) with an a-axis lattice parameter ranging between 

0.352(3) and 0.354(3) nm. This is consistent with previously reported metastable 

compounds containing TiSe2 and the bulk structure of TiSe2.17–20,28,29 The relatively large 

error on the TiSe2 lattice parameter results from overlapping reflections, with only the 

(110) reflection free from interference from other phases. 

The SnSe in-plane structure varies considerably as a function of its thickness as 

highlighted in Figure V.2b, with the appropriate symmetry groups and resulting lattice 

parameters given in Table V.1. The  m = 1 compound displays a unique distortion 

identified previously,29,30  which can be fit using the 2-D space group p2gg. This 

distortion results in a lattice match with the TiSe2 structure. The compound also displays 

long range order with the a-axis lattice vectors of TiSe2 and SnSe being perpendicular to 

one another. This data, along with supporting STEM data, indicates that the m = n = 1 
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compound is better described as a metastable misfit layer compound, with a large number 

of rotational defects present. 

 
Figure V.2: (a) In-plane diffraction patterns of the title compounds. (b) Maxima 
displaying the structural evolution of the SnSe constituent as a function of thickness. 

The rectangular distortion of the SnSe constituent is no longer observed in the m = 2 

and 3 compounds. The SnSe reflections in these compounds can be indexed to the 2-D 

space group p4gm, which is consistent with the structures reported in the SnSe-TaSe2 and 

SnSe-MoSe2 systems.25,31 No evidence for long range order is observed. The a-axis 

lattice parameter of the m = 3 compound is slightly larger than that observed in the m=2 

compound. The increase in lattice parameter is likely due to a decrease in the puckering 

distortion as the volume to surface ratio changes.31 The SnSe in-plane structure changes 

again in the m=4 compound, with the reflections now indexing to a rectangular in plane 

unit cell based on the bulk α-SnSe orthorhombic structure. This structural change with 

thickness was observed previous in the SnSe-TaSe2 and SnSe-MoSe2 systems.25,31. The 

change in the surface to volume ratio as m increases is the likely cause of the structural 
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evolution with thickness, with thicker layers favoring the bulk SnSe constituent 

structure.30,31 

HAADF- STEM investigation shows that the majority of the film has the targeted 

structure, although small regions with substitutional defects where TiSe2 replaces a 

portion of a SnSe bilayer were observed.  This has been observed previously in 

ferecrystalline compounds,32 and is likely due to deviations in composition in the 

precursor. SnSe2 was observed at the surface and the film/substrate interface as a high Z 

CdI2 structured phase. The SnSe2 likely forms from excess Sn and Se migrating out of the 

sample as the superstructure self-assembles. As seen in Figure V.3, a high magnification 

HAADF STEM image of a representative area of the m = 3 compound, the layers of SnSe 

and TiSe2 have the contrast expected for the relative Z of the constituents, and the 

monoselenide is the Sn containing phase in the superstructure. Extensive turbostratic 

disorder is observed for the m ≥ 2 compounds, supporting the decoupling of the layers 

suggested by the hk0 diffraction. This is consistent with the other SnSe containing 

compounds synthesized from modulated elemental reactants. 25,31 Atomically abrupt and 

smooth interfaces between the different constituents are observed, reflecting the extent of 

 
Figure V.3: High magnification HAADF-STEM image. The expected crystal faces are 
observed for the two constituents, with turbostratic disorder observed between the layers. 
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diffusion during the self-assembly process which corrects for local variation in both 

thickness and composition. Where zone axes are observed for the darker Se-Ti-Se layers, 

they are those expected for a CdI2 structured TiSe2 with Ti octahedrally coordinated. The 

SnSe layer is based on a distorted rocksalt structure best described as 3 pairs of bilayers, 

with longer interplane distances between the more closely spaced bilayers. A similar 

distortion into bilayers was observed for thin PbSe layers and rationalized as an interplay 

between volume and surface free energy. 

Where zone axes are observed for the SnSe layers, each of the bilayers has the 

expected patterns for a distorted rock salt layer, but surprisingly several different relative 

orientations are observed. The majority of the layers have the anticipated rock salt 

structure where the cations alternate with the anions in a face centered arrangement. In 

some of the areas along the [100] zone axis, however, occasionally the bilayers stack with 

the cations aligned above each other as highlighted in Figure V.4. This unexpected 

stacking arrangement may reflect the mechanism of formation, as the crystallographic 

alignment of the two constituent structures suggests that the layers template off of each 

other.33 Calculations are required to determine if there is a significant energy difference 

between the different configurations and if processing conditions influence the frequency 

this is observed. 

 
Figure V.4: HAADF-STEM data showing interesting atypical structure in thicker SnSe 
layers. The presence of such structural variation may be a reason for the unexpected 
transport behavior. 

V.3.2. Transport Properties 

Temperature dependent resistivity was measured for the compounds and can be seen 

in plotted in Figure V.5. The resistivity of the m=2, 3 and 4 compounds are all higher 

than that previously reported m = n = 1 compound. Adding additional layers of SnSe, a 

wider band gap constituent than TiSe2 might be expected to increase the resistivity, but 
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surprisingly, the highest resistivity is measured for the m = 2 compound, with subsequent 

increases in m resulting in lower resistivity. This behavior is different than that observed 

previously for (SnSe)m(NbSe2)n, where an increase in the thickness of nominally 

semiconducting phases resulted in a systematic increase in resistivity.26 The resistivity 

increases as temperature is decreased for all of the compounds at low temperature, with 

the overall magnitude of the increase scaling with the room temperature resistivity. The 

temperature dependence is not exponential as expected for a traditional semiconductor, 

but is consistent with a metal where carrier localization is occurring at low temperatures. 

 
Figure V.5: Temperature dependent resistivity of the compounds plus the two previously 
reported m = 1 compounds. The decreasing resistivity with increasing SnSe thickness is 
unexpected, based on previously reported TiSe2 based compounds. 

Hall effect measurements were made to provide additional data to understand the 

surprising resistivity results, and the temperature dependence of the Hall coefficient for 

the compounds can be seen in Figure V.6. For all of the compounds, the Hall coefficient 

changes very little as temperature is varied, consistent with metallic behavior. The m=1 

compound has a negative Hall coefficient at all temperatures, indicating electrons are the 

majority carrier. This is consistent with electrons in SnSe transferring to lower energy Ti 

3d states in TiSe2.refs The compounds with m > 1, however, all display positive room 

temperature Hall coefficients, suggesting holes are the majority carriers. The Hall 

coefficient for the m = 2 compound switches sign at approximately 160 K, suggesting a 

change in majority carrier type. The Hall coefficients systematically  become more 
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positive as m is increased, suggesting that the changes in resistivity with m do not reflect 

changes in carrier concentration. This suggests that the average carrier mobility must 

significantly increase as m is increased, and that the mobility for electrons is significantly 

different than for holes. 

 
Figure V.6: Temperature dependent Hall coefficient (RH) measurements for the title 
compounds plus the previously reported m = 1 compounds. The Hall coefficient switches 
sign as a function of SnSe thickness. 

Room temperature Seebeck coefficients were measured for all of the compounds to 

gain more information of the electronic structure and are summarized in Table V.2. Like 

the Hall coefficient, the Seebeck coefficient also changes sign as m is increased. The m = 

2 compound displays a positivie Hall coefficient and a negative Seebeck coefficient, 

which is consistent with the change in the Hall coefficient as a function of temperature 

and indicates that both carrier types contribute to the observed conductivity. The 

difference in the magnitudes of the resistivities, Hall coefficients and Seebeck 

coefficients suggest that the holes have higher mobility than the electrons. The magnitude 

of the Seebeck and Hall coefficients for the m=1 and 4 compounds indicate that effective 

masses of the electrons and holes must also be different, with the electrons having a 

higher effective mass. This complex behavior is inconsistent with the simple rigid band 

model with charge transfer between constituents used to rationalize the electrical 

properties of analogous m ≤ n compounds.14–16 The band structure of these compounds 

can conceptually be thought of as consisting SnSe bands and TiSe2 bands, both perturbed 
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by the interface and the charge transfer between SnSe and TiSe2 which depends on the 

band offsets and the Fermi level. The diffraction and TEM data indicates that the 

structure of the SnSe constituent is changing with the thickness of the SnSe layer, so a 

rigid band model is certainly not appropriate. The complex variation of the electrical 

properties indicate that these compounds cannot be thought of as simple composites 

where the properties of the individual constituents can be summed to obtain the 

properties of the intergrowth. 

Table V.2: Room temperature electrical data for the title compounds and the previously 
reported m = 1 compounds. 

 
V.4. Conclusions 

Three new [(SnSe)1+δ]m(TiSe2)1 compounds were synthesized from modulated 

elemental reactants. As the SnSe block thickness is increased, the structure evolves from 

orthorhombic (m = 1) to cubic (m = 2,3) to a structure that is related to the bulk 

orthorhombic phase (m = 4). The distortion of SnSe in the m=1 compound results from 

the formation of an extended commensurate lattice. The compounds also display 

unexpectedly complex electrical properties, with resistivity decreasing as the thickness of 

the SnSe layer is increased and the carrier type changing as m is varied and as a function 

of temperature. The evolving structure and interesting electrical properties suggest the 

constituent interaction is complicated and the previously used models based on rigid 

bands and charge transfer between the constituents is not appropriate for these 

compounds. The complex electrical behavior observed for the title compounds indicates 

that two carriers contribute have different mobility values and effective masses. 

V.5. Bridge 

The m ≤ 4 compounds displayed interesting structural and electronic evolution as a 

function of SnSe thickness. The interesting behavior observed suggests the simple band 
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diagram give in Chapter III falls apart as the structure evolves as a function of m. This 

suggests that complex behaviors, and interesting thermoelectric behavior may be 

observed at high values of m.  
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CHAPTER VI 

SYNTHESIS AND CHARACTERIZATION OF TURBOSTRATICALLY 

DISORDERED (BiSe)1.15TiSe2 

This work appeared in volume 29 issue 6 of Semiconductor Science and Technology 

in 2014 with coauthors Daniel B. Moore, Mark N. Coffey, Adam W Jansons, Matthias 

Falmbigl, and David C. Johnson. Daniel B. Moore and Mark N. Coffey assisted with 

sample synthesis, Adam W Jansons assisted with electrical characterization, Matthias 

Falmbigl provided Rietveld and le Bail analyses, David C. Johnson is my advisor and 

research group leader, and I am the primary author. 

VI.1. Introduction 

Over the last several years, increasing attention has been paid to the properties of two 

dimensional sheets of materials, with the initial focus on graphene leading to a Nobel 

Prize awarded to Novoselov and Geim in 2010 for the discovery of truly extraordinary 

mechanical and electronic properties of this two dimensional new material.1,2 The 

expectation is that there will be an emerging field of applications, especially in the arena 

of electronics, using two-dimensional materials that offer high mechanical and chemical 

stability complemented by a wide range of electronic properties.3-6  The transition metal 

dichalcogenides, composed of a range of transition metals (T = Mo, W, Re, Nb, Ti etc.) 

and chalcogens (X = S, Se, Te) with a stoichiometry TX2, may either be metallic or 

semiconducting with a variety of band gaps and structurally contain two-dimensional X-

T-X trilayers.  Stacking two-dimensional building blocks of different materials in 

designed sequences creates opportunities for many applications, including enhanced solar 

energy conversion and electronic device performance, by taking advantage of unique 

combinations of electrical and optical properties found in the building blocks.3,7-10 For 

thermoelectric materials, the presence of two crystalline constituents shows promise for 

increasing phonon scattering while not sacrificing electrical conductivity, both of which 

are crucial for maximizing the thermoelectric figure of merit. Intergrowth structures 

might permit the tailoring of properties via nanoarchitecture to achieve a "phonon glass - 

electron crystal". 

One class of compounds that naturally consist of stacked two dimensional layers with 

different structures are misfit layer compounds (MLCs) composed of a transition metal 
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dichalcogenide and a rocksalt-like structure interleaved to create a superlattice.11 The 

presence of two crystalline constituents results in low thermal conductivity, presumably 

from the anharmonic atomic potentials at the interfaces created by the mutual distortion 

of the two constituent layers. 12,13 Exceptionally low thermal conductivity has been 

observed if there is turbostratic disorder between the layers that eliminates the 3-D 

periodicity. 14 The turbostratic disorder, while scattering phonons effectively, does not 

appear to decrease electrical conductivity.  Where both ordered and turbostratically 

disordered polymorphs of the same compound are known and the electrical conductivity 

measured, the disordered compound has similar or higher conductivity.15 

Recently, the synthesis of the new MLC (BiSe)1.13TiSe2 via vapor transport methods 

was reported.16 The MLC was found to consist of a BiSe layer interleaved with TiSe2 in 

alternating layers. A coherent superstructure was reported with common lattice 

parameters of b = 6.2 Å and c = 23.748 Å but differing a lattice vectors a = 3.5 Å (TiSe2) 

and a = 6.2 Å (BiSe). Like other MLCs reported previously, the b lattice parameters of 

the two constituents conform to one another, while the a parameters do not, resulting in 

different in-plane packing density and thus the “misfit”, or non-integer stoichiometry 

between constituent layers.11 The temperature dependent resistivity displays metallic 

behavior, with increasing resistivity as a function of temperature. 

Herein we report the synthesis and characterization of (BiSe)1.15TiSe2 from modulated 

elemental reactants with a similar interleaved structure containing layers of BiSe and 

TiSe2, but without the presence of a coherent supercell. The structural characterization 

shows significant differences in both in-plane lattice parameters of the BiSe constituent 

and long-range order in the c-direction in the film due to the turbostratic disorder.  The 

(BiSe)1.15TiSe2 compound we report also shows metallic resistivity behavior, but 

different temperature dependence than the 3-D crystal.  The lack of long-range order 

appears to make the material behave more like 2-D layers rather than a 3-D compound. 

Comparison to previously synthesized (PbSe)1.16TiSe2 offers a chance to understand the 

effect of electron configuration of the rocksalt cation on the electrical properties of the 

resulting films, and suggests a method for controlled doping.17 
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VI.2. Experimental 

Samples were prepared using a custom-built physical vapor deposition system, at 

pressures below 5 x 10-7 Torr. Bi and Ti were deposited using electron beam guns and Se 

was evaporated using an effusion cell. Rates of deposition and thickness deposited were 

monitored by quartz crystal microbalances with rates maintained between 0.2-0.3 Å/s at 

the substrate. Films were deposited on both <100> Si substrates and masked, fused silica 

substrates for structural and electrical characterization, respectively. Elemental layers 

were deposited in the order of Ti, Se, Bi, Se at calibrated thicknesses using personal 

computer controlled pneumatic shutters.  The shutters were opened sequentially until the 

desired thickness for each element was achieved. The thickness of the elemental layers 

was scaled to match the composition of the previously synthesized misfit layer compound 

as an initial target, and the total thickness of the repeat unit was scaled to the expected c-

lattice parameter of approximately 1.2 nm.16  The desired layer sequence was repeated 42 

times to give approximately 50 nm total film thickness. Electron probe microanalysis 

(EPMA) and x-ray diffraction and reflectivity were used to determine the composition, 

and layer thickness, and total film thickness, respectively.18 X-ray diffraction and 

reflectivity measurements were carried out using a Bruker D8 Discover diffractometer 

(Cu Kα radiation). Films were annealed in an inert environment (N2, with [O2, H2O] ≤ 0.5 

ppm) at the experimentally determined optimal temperature for 30 minutes to induce the 

formation of the target compound. 

High angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and selected area electron diffraction (SAED) data were obtained using an FEI 

Titan transmission electron microscope at 300 kV accelerating voltage. In-plane 

structural studies were carried out at the Advanced Photon Source (APS), beamline 33-

BM-C using a wavelength of 1.1272(1) Å, and in-plane goniometer geometry resulting in 

hk0 diffraction maxima in the patterns. Lattice parameters were obtained from least 

squares fits. Electrical resistivity measurements were made on films deposited on fused 

silica substrates in the van der Pauw geometry using a custom built system with a closed 

system He cryostat for temperature dependent studies. Hall effect measurements were 

made in the same system and geometry by varying the magnetic field while supplying a 
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constant current.  The resulting hall voltage (RH) was used to calculate both carrier 

concentration and mobility using a single band model, discussed in greater detail below. 

VI.3. Results and Discussion 

VI.3.1. Synthesis and Structural Characterization 

The synthesis of the target compound was accomplished using a method described 

elsewhere.19,20 The deposition parameters for TiSe2 had been previously established 

during the preparation of [(PbSe)1+δ]m[TiSe2]n compounds  and were held constant while 

the parameters used for the BiSe layer were adjusted.15,17 The ratio of the Bi:Ti was 

adjusted by changing the thickness of the Bi layer to match the misfit parameter reported 

for the previously reported MLC as a starting point. Once the correct ratio of Bi:Ti had 

been achieved, the Se in the BiSe layer was adjusted to give approximately 5% excess Se 

to account for Se loss during processing steps. When the proper composition was 

realized, the total thickness of the repeating unit was scaled to be 1.2 nm, slightly greater 

than the expected unit cell thickness.16 During the process several films were synthesized 

with c-axis lattice parameters near 11.77 Å and the films were remarkably well ordered 

on deposition with 5 orders of 00l Bragg diffraction maxima.  The structural information 

on several films is summarized in Table VI.1.  The formation of the target structure over 

a wide compositional range suggests that the structure can accommodate defects to 

compensate for excess reagents without greatly affecting the supercell structure itself. 

Attempts to further understand the relationship between precursor composition and 

structure and product formation in the material are currently underway.  

Table VI.1: Representative compounds synthesized during the calibration process. 
Repeating unit (c parameter) for the as-deposited precursor and annealed structures, and 
the Bi/Ti ratio measured with EPMA are given. 

 
Figure VI.1 contains diffraction data collected as one of the samples was annealed at 

a variety of temperatures to understand both the formation and transformations of the 
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target compound.  Only 00l diffraction maxima are observed in the scans due to the 

intensely textured nature of the films as the 2-D structure of the constituents results in the 

c-axis being normal to the substrate surface. We used both intensity of the superlattice 

maxima and full width at half maximum (FWHM) to gauge the relative formation of the 

target superlattice. The as-deposited diffraction pattern in Figure VI.1 indicates that there 

is a significant amount of order in the as deposited film.  As annealing temperature is 

increased up to 350°C, the superlattice maxima increase in intensity and the FWHM 

decreases. Above 350°C there is an increase in FWHM and a decrease in intensity, 

suggesting the decomposition of the superlattice.  We also observe the growth of 

unidentified impurity phases, suggesting that the structure containing interleaved layers is 

rearranging to form other more thermodynamically favorable phases. The destruction of 

the target superlattice is consistent with the compound being metastable, as has been 

observed for other compounds synthesized by the modulated elemental reactant method, 

and the optimum formation temperature (350°C) is similar to the processing conditions 

for (PbSe)1.16TiSe2 reported previously. 15,17,19-22 

	
Figure VI.1: A series of 00l diffraction patterns collected as a function of annealing 
temperature (offset for clarity). All films were annealed for 30 min at the temperature 
indicated by the scan. Reflections are labeled with the 00l indices above the 350°C scan 
(*denotes substrate peak). 

Electron microscopy data was collected to gain insight into the structure of the films, 

and a representative HAADF-STEM image is presented in Figure VI.2. The lower 

magnification images showed that the alternating layers prepared in the as deposited 
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precursor self assemble into two chemically unique layers in an alternating pattern in the 

annealed films. In the dark field images, the brighter layers can be attributed to the BiSe 

constituent by both the contrast difference expected for HAADF-STEM images and the 

appearance of (100) and (110) projections from a rocksalt-like structure (see inset Figure 

VI.2) expected from the structure reported for the MLC.16 The dark layers are from the 

lower average Z TiSe2, which is confirmed by the presence of (110) projections of the 

CdI2 structure consistent with previous reports for TiSe2.11,15,17,24,25 The HAADF-STEM 

images show no sign of order in the 00l direction, suggesting that the supercell reported 

for the traditionally synthesized (BiSe)1.13TiSe2 is not present in the analogous compound 

reported here.  This is not an unexpected result, as turbostratic disorder is typically 

observed in intergrowth compounds synthesized by the modulated elemental reactant 

method.15,17,19-22 

	

Figure VI.2: HAADF-STEM image at low and high (inset) magnification. 
Representations of the expected rocksalt and dichalcogenide structures along various 
projections are given in the high magnification images.   

The in-plane diffraction pattern (Figure VI.3) of the (BiSe)1+δTiSe2 sample annealed 

at 350°C reveals hk0 reflections of both constituents only, which is consistent with 

several other ferecrystalline 1:1 compounds and the layered structure observed in the 

HAADF-STEM data.19,20 The TiSe2 can be indexed using the hexagonal basal plane 

lattice parameters of the bulk structure (CdI2-type, a= 3.535 Å)24 and reveals a slightly 
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larger value of 3.58(6) Å found for the intergrowth. The accuracy of the determined 

lattice parameter is relatively small as only two Bragg-peaks of TiSe2 don’t overlap with 

reflections stemming from BiSe. Attempts to index the remaining peaks using the basal 

plane parameters of a cubic unit cell failed, but reducing the symmetry to an 

orthorhombic structure allowed us to unambiguously explain all of the remaining Bragg-

reflections. In contrast to the bulk structure of BiSe, which crystallizes in its own trigonal 

structure type25 with an a-lattice parameter of 4.15(2) Å, within the ferecrystalline 

compound (BiSe)1+δTiSe2, the BiSe layer has slightly different a and b lattice parameters. 

The refined lattice parameters are a= 4.562(2) Å and b= 4.242(1) Å and the orthorhombic 

space group Pcmn that was previously used to explain the in-plane diffraction for 

[(SnSe)1+δ]m[MoSe2]n
26 is consistent with our data for (BiSe)1+δTiSe2. The calculated 

misfit parameter, δ, for this compound is 0.15, which is close to the value of 0.13 

reported recently for the corresponding misfit-layered compound.16 The increase in the 

misfit parameter indicates a higher in-plane packing density of BiSe in the MER material, 

when compared to the MLC. This probably results from the independent constituent 

lattices, which are distinct from the distorted structures in MLCs that result in common 

lattice parameters in one or both in plane directions.11,16  

	

Figure VI.3: hk0 diffraction pattern displaying bragg peaks and associated indices from 
the independent lattice structures of both constituents.    
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SAED data was collected in order to compare the level of disorder in the 

(BiSe)1.15TiSe2 reported in this manuscript with the traditionally synthesized MLC analog 

reported previously. The SAED patterns (Figure VI.4) display clear, discreet maxima in 

the 00l and hk0 directions, which yield lattice parameters consistent with the 00l and hk0 

XRD data discussed above. The films show no discrete hkl (h, k ≠ 0; l ≠ 0) reflections, 

but rather streaking in the l direction for each hk set of reflections, which is consistent 

with the turbostratic disorder evident in the STEM image discussed earlier. This streaking 

results from the low coherence length in hkl (h, k ≠ 0; l ≠ 0) directions and has been 

observed in turbostratically-disordered films reported previously.15,17,19-22 The HAADF-

STEM and SAED confirm the lack of any preferred interlayer orientation, in contrast to 

the MLC analog and to MLCs in general. The lack of a preferred orientation may 

contribute to the large difference in the in-plane lattice structures relative to the 

(BiSe)1.13TiSe2 MLC previously reported.16 

	
Figure VI.4: SAED pattern of (BiSe)1.15TiSe2. 00l and hk0 maxima consistent with XRD 
data. Streaking in l direction indicates the presence of turbostratic disorder. Si substrate 
maxima are denoted by red circles. 

VI.3.2. Transport Properties 

The electrical resistivity of a (BiSe)1.15TiSe2 film synthesized on a fused quartz 

substrate was obtained using the van der Pauw method and its temperature dependence is 

compared to the MLC analog in Figure VI.5.16 Despite the significant structural 
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differences between the two compounds, the room temperature resistivities are strikingly 

similar, especially since different laboratories have reported order of magnitude 

differences between the resistivity of the same metallic compound.27,28  For the MLC, the 

resistivity ratio ρ(280)/ρ(20) is about 10, which is similar in magnitude to what is 

observed in common 3-D metals as a result of  increased phonon scattering as 

temperature is raised. The (BiSe)1.15TiSe2 ferecrystal analog shows only a 30% decrease 

as the temperature is decreased to 20K. This suggests a different scattering mechanism in 

the ferecrystal compared to the crystalline analog. Although both compounds display 

metallic temperature dependence, the smaller change in magnitude observed in the 

ferecrystal is a direct result of the phonon disruption caused by turbostratic disorder.  The 

lack of phonons caused by the short coherence lengths in the structure in directions other 

than 00l and hk0 in turbostratically disordered ferecrystals also results in very low 

thermal conductivity in the cross plane direction.22,29,30 

	
Figure VI.5: Temperature-dependent electrical resistivity comparison to the MLC16 
showing differences in magnitude of increase from 20-280K, attributed to differences in 
phonon transport in the films due to the presence of turbostratic disorder.  The error bars 
fall within the marker for each data point. 

Figure VI.6 contains the Hall coefficient as a function of temperature for both 

(BiSe)1.15TiSe2 and (PbSe)1.16TiSe2. In general, the Hall coefficient is a function of the 

electron and hole concentrations and the mobility of both the electrons and holes.  

Assuming a single band, and hence a single carrier type, the relationship simplifies to RH 

= 1/ne, where RH is the Hall coefficient calculated from the measured Hall voltage and n 
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is the carrier concentration assuming a single band model.  For both compounds the Hall 

coefficient was negative, indicating that electrons are the predominant carrier type.  The 

lower absolute value of the Hall coefficient of (BiSe)1.15TiSe2 suggests that it has a higher 

carrier concentration. The carrier concentration increase of about 4 x 1021 carriers cm-3 at 

room temperature for the bismuth compound compared to the lead compound, assuming 

a single band model, is approximately equal to the number of rock salt cations in the 

same volume.  This suggests that a bismuth atom in (BiSe)1.15TiSe2  donates one more 

electron to the conduction band than does a lead atom in (PbSe)1.16TiSe2, which agrees 

with the formal valance state of Pb2+ and Bi3+.  

	
Figure VI.6: Temperature dependent Hall coefficient and carrier concentration 
calculated using a single band model for turbostratically disordered (BiSe)1.15TiSe2 and 
(PbSe)1.16TiSe2.The spread of the Hall coefficient data points with respect to a smooth 
curve reflects the error of the measurement. 

 

The mobility values as a function of temperature, shown in Figure VI.7, were 

calculated for both (BiSe)1.15TiSe2 and (PbSe)1.16TiSe2 from the single band model carrier 

concentrations and the measured electrical resistivity. The mobility values are remarkably 

similar, supporting the idea in the literature that the metallic properties found in misfit 

layered compounds result from the properties of the dichalcogenide. If this idea is 

correct, then this combined with our measured carrier concentrations suggest that it 
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should be possible to systematically dope the conduction band in (PbSe)1.16TiSe2 by 

replacing Pb with Bi, and that conduction band should gain an electron for every Bi 

doped in to PbSe. 

	

Figure VI.7: Temperature dependent mobility calculated using a single band model for 
(BiSe)1.15TiSe2 and (PbSe)1.16TiSe2 synthesized from MER.  Similarity in magnitude 
suggests TiSe2 is the conducting layer. 

VI.4. Conclusions 

 The compound (BiSe)1.15TiSe2 was prepared from modulated elemental reactants, 

and was compared to the previously reported MLC analog. The presence of turbostratic 

disorder in (BiSe)1.15TiSe2 results in significant differences in the in-plane structure of the 

BiSe layers compared with that of the crystalline MLC. (BiSe)1.15TiSe2 is a metal, with 

similar room temperature resistivity to the MLC.  It has a weaker temperature 

dependence, however, due to the disordered structure. Comparison of the Hall effect data 

with (PbSe)1.16TiSe2 suggests that the TiSe2 layer is responsible for conduction in the 

materials with electrons transferred from the rocksalt constituent as majority carriers. The 

difference in carrier concentration between the PbSe and BiSe containing compounds 

suggests that the bismuth is a trivalent cation, donating one more electron to the TiSe2 

constituent than PbSe. This suggests that it should be possible to dope the TiSe2 layer to a 

desired carrier concentration without lowering the mobility, by incorporating the dopant 

atoms into the non-conducting rocksalt structure. 
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VI.5. Bridge 

The compound reported in this chapter is the first ferecrystal based on BiSe reported 

in literature. It offers the opportunity to understand the role of the rocksalt cation in both 

structural and electrical properties of the materials. This chapter provided motivation for 

the rest of this work, which explores making chemical substitutions to affect material 

properties. It also serves as the end member in a modulation doping study presented 

below. 
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CHAPTER VII 

KINETICALLY CONTROLLED SITE-SPECIFIC SUBSTITUTIONS IN HIGHER 

ORDER HETEROSTRUCTURES 

This work is published in volume 27 of Chemistry of Materials in 2015 with 

coauthors Duncan R. Sutherland, Jeffrey Ditto, Sage R. Bauers, Matthias Falmbigl, 

Douglas L. Medlin, and David C. Johnson. Duncan R. Sutherland assisted with sample 

synthesis and compositional studies, Jeffrey Ditto and Douglas L. Medlin provided 

electron microscopy analysis, Sage R. Bauers assisted with electrical characterization, 

Matthias Falmbigl assisted with diffraction characterization, David C. Johnson is my 

advisor and research group leader, and I am the primary author. 

VII.1. Introduction 

Perhaps the most common technique used to optimize or tune the properties of solids 

is to make a chemical substitution. For example, in thermoelectric materials solid 

solutions between two isostructural compounds are used to both lower thermal 

conductivity and to control carrier concentrations, resulting in improved zT values 

relative to the end members.1 Substitutions are also a common method used to probe 

physical properties in the search for their fundamental underpinnings. Examples include 

superconducting compounds and magnetic materials, where substitutions have been used 

to probe the interaction that leads to the superconducting state and to explore magnetic 

coupling mechanisms between different sites, respectively.2-6 In the electronics industry, 

trace amounts of an element are added to electronically dope semiconductors, for 

example As, P or B into silicon, to control material properties. Carrier concentrations 

increase as the doping concentration increases, with a subsequent decrease in carrier 

mobility due to increased impurity scattering. Typically substitutions are done during 

synthesis or crystal growth, where the high process temperatures enhance the 

incorporation of the substituting atom due to entropic considerations. However, these 

same high temperatures lead to random substitutions distributed across potential sites 

controlled by the segregation coefficients of each site at the temperatures used.  

Preparing desired solid solutions or tuning carrier concentration by doping becomes more 

challenging as solids become more complex - either structurally, in the number of 
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constituent elements, or if a concentration gradient of the dopant is desired. For example, 

doping Si is rather straightforward with high activation percentages of 0.5 or more, due to 

preferred substitutions of dopants on lattice sites rather than other locations such as 

inclusions or defects.7 Similar controlled substitutions in ternary and higher order 

tetrahedrally-based semiconductors, such as CuInSe2, become more difficult as 

substitutions can occur in multiple sites and many different defects can form.8-10 Higher 

order compounds with different structural motifs, such as misfit layer compounds that 

contain interleaved layers of a rock salt structured constituent with a transition metal 

dichalcogenide,11 provide an even greater challenge. Processing conditions can also make 

substitutions difficult. While Si can be doped from a melt, where the segregation 

coefficients are known, growth conditions involving heterogeneous intermediates are 

difficult to control.7 For example, compounds grown as single crystals via vapor transport 

reactions are notoriously difficult to dope, as the partition function between the vapor and 

solids are usually not known and the kinetics of the transport reaction are different for 

different elements.12 As a result of these synthetic limitations, site specific alloys of 

complex materials, such as misfit layer compounds, remain relatively unexplored.   

A potential solution to this challenge is provided by the modulated elemental reactant 

method. Modulated elemental reactants have been used to prepare many new misfit layer 

compounds and the nanoarchitecture of the precursor has been shown to be preserved in 

the self assembly of the targeted kinetically-stable product.13-15 This synthetic approach 

has also been shown to provide a route to prepare solid solutions within just the transition 

metal dichalcogenide constituent, suggesting promise for control of material properties 

on a finer scale than previously possible in these compounds.16 The literature on misfit 

layer compounds discusses them as being related to intercalation compounds,11,17-19 with 

the rock salt (MX) constituent donating charge to the dichalcogenide (TX2) and electrical 

transport occurring mainly in the TX2 constituent. It should be possible to test this 

hypothesis by preparing solid solutions of the MX constituent. In principle, if the MX 

constituent contributes significantly to the conduction, then making a solid solution 

should decrease the overall mobility. However, if the TX2 constituent dominates the 

conduction, the mobility should not be affected by the solid solution.  
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Here we report the synthesis of the alloyed intergrowth compounds (PbxSn1-

xSe)1+δTiSe2 using modulated elemental reactants. The compounds are shown to form a 

solid solution in the rock salt structured constituent over the entire range of 0 ≤ x ≤ 1, 

confirmed via X-ray diffraction and electron microscopy experiments. The transport 

properties are also characterized and Hall mobility shows that the alloying of PbxSn1-xSe 

actually increases carrier mobility, providing direct evidence for conduction occurring 

mainly in the dichalcogenide constituent in misfit layer compounds. This suggests that 

modulation doping, i.e. adding doping atoms to the rock salt structured layer of a misfit 

compound, would be an effective approach to varying carrier concentration without 

decreasing mobility.  

VII.2. Experimental 

Amorphous layered precursors containing modulated elemental reactants were 

deposited in a custom built high-vacuum chamber at pressures lower than 5 x 10-7 torr. 

The elemental layers were deposited sequentially, in the order Ti, Se, Pb, Sn, Se, and 

repeated 42 times for ease of characterization. The deposition parameters were calibrated 

in a process described in detail elsewhere,13 and were refined as discussed below. Si 

substrates were used for structural characterization. All samples were annealed in a N2 

atmosphere ([O2,H2O] ≤ 0.7 ppm) for 30 minutes at 350°C, unless otherwise specified.  

Structural characterization was carried out using X-ray diffraction (XRD) and X-ray 

reflectivity (XRR), electron probe microanalysis (EPMA), and electron microscopy 

techniques. Standard θ/2θ and in-plane geometry XRD measurements were performed on 

a Bruker D8 Discover diffractometer and Rigaku SmartLab diffractometer, respectively 

(Cu Kα radiation). Standard geometry measurements were used to characterize the total 

film thickness (XRR) and the superlattice structure (XRD). In-plane geometry XRD was 

used to obtain structural information about the individual constituents. Composition data 

were obtained using EPMA via a thin-film technique described elsewhere.20  

High angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and energy dispersive X-ray spectroscopy (EDX) measurements were conducted 

using an aberration corrected FEI Titan G2 80-200 STEM equipped with ChemiSTEM™ 

technology. The STEM was operated at 200keV, 18.1 mrad convergence angle,110 mm 

camera length, and approximately 0.1 nA of current using a 50 mm condenser aperture. 
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EDX spectrum images were acquired with a 2.3 ms dwell time per pixel integrated over 

multiple drift-corrected frames. Thin cross-section lamellae were prepared on an FEI 

Helios 600i Dual-Beam FIB using wedge premilling methods.21 EDX signal intensity 

profiles were extracted for Sn, Pb, Ti, and Se at energy windows of 3.34-3.99 keV, 2.23-

2.56 keV, 4.37-4.67 keV, and 1.30-1.57 keV, respectively. 

Transport measurements were conducted on samples deposited through a shadow 

mask onto fused quartz substrates. All measurements were performed on a lab-built 

system between 20 and 290 K, with measurements being made during both cooling and 

heating to identify any hysteresis. Film thicknesses were previously measured with XRR 

and contacts were made with pressed indium. Resistivity measurements were performed 

using the van der Pauw method22,23 in a standard cross geometry while sourcing a current 

of ≤ 0.1mA. Hall effect measurements were made while sourcing 0.1 mA and were 

performed in the same cross geometry by measuring induced voltage while varying a 

perpendicular magnetic field between 0-16 kG. Carrier concentration and mobility 

calculations assume conduction via a single carrier and band. 

VII.3. Results and Discussion 

The compounds in this study were prepared using the modulated elemental reactants 

synthesis approach. This method relies on controlling local compositions to control 

reaction kinetics. To prepare the targeted alloy intergrowth compounds requires that 

precursor films have different regions corresponding to the compositions of the 

constituents with thickness of each region close to that of the targeted structural unit. For 

the PbxSn1-xSe, the structural unit is a bilayer with a rock salt like structure. For the TiSe2, 

the structural unit is a Se-Ti-Se trilayer with Ti octahedrally coordinated by Se. Initial 

deposition parameters were taken from the prior synthesis of the parent SnSe and PbSe 

containing compounds and scaled to prepare the three alloy compositions.24,25 These 

initial precursors were annealed at the optimum temperature for the parent compounds 

(350°C) and x-ray diffraction patterns were collected to confirm that the targeted 

compounds formed. The ratio of Pb to Sn was modified slightly based on EPMA data 

until the targeted compositions were obtained. The thickness of the Pb/Sn layer was then 

adjusted until a maximum intensity and minimum line width of 00l reflections was 

obtained without any detectable impurity phases.  
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An annealing study was performed on the nominally x = 0.5 precursor to determine 

the optimal temperature for the formation of the alloys. Figure VII.1 contains diffraction 

patterns collected as a function of temperature. The as-deposited sample shows broad, 

low intensity 00l reflections due to the repeating electron density in the precursor. As the 

temperature was gradually increased up to 350°C, the reflections narrow, increase in 

intensity, and higher order 00l reflections appear indicating the formation of the desired 

superstructure. The maximum intensity and minimum line width was observed in the 

350°C diffraction pattern. Above 350°C, the line widths increase, intensities of the 00l 

reflections decrease, and unidentified reflections are observed, suggesting the 

decomposition of the targeted compound and the formation of additional phases. 350°C 

was also found to be the optimal annealing temperature for the end members, and was 

therefore used for all of the samples in this study.  

 

Figure VII.1: The evolution of the diffraction pattern during the self assembly of an as-
deposited precursor designed to nominally form (Pb0.5Sn0.5Se)1+δTiSe2. The 00l indices 
for the superlattice reflections are given above the 350°C scan. 

VII.3.1. Structural Properties 

To track changes in lattice parameters as a function of Sn substitution for Pb, 00l 

diffraction patterns for both the alloys and end members were collected, and are shown in 

Figure VII.2.  Due to the layered nature of the compound, the films display a high level 

of texturing, with the c-axis normal to the substrate surface. All the diffraction maxima 

can be indexed as 00l reflections of the targeted alloyed superlattices, with no observable 
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impurity phases or phase segregation. Qualitatively, the peaks shift continuously as a 

function of x from one end member to the other, which is especially obvious at higher 

angles (Figure VII.2b). The c lattice parameters calculated from the patterns (Table VII.1, 

inset Figure VII.2b) vary linearly as a function of the measured global composition, 

following Vegard’s law.26 The (007) reflection shows the largest variation in intensity 

between the two end members and its normalized intensity varies systematically with 

composition, resulting from the change in scattering power of the rock salt cation as a 

function of x, also supporting the formation of the targeted solid solution in the PbxSn1-

xSe constituent (Figure VII.2b).  

 

Figure VII.2: (a) The 00l diffraction pattern of the five (PbxSn1-xSe)1+δTiSe2 compounds 
prepared in this investigation (offset for clarity), the peaks can be indexed to the 
superlattice (out-of-plane) structure. (b) A close up of the (007) and (008) reflections, 
showing the systematic shift in the position of the reflections and the systematic change 
in the intensity of the (007) reflection of the different compounds as x is varied. The inset 
shows the change in the lattice parameter as a function of composition. 
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Table VII.1: A summary of the measured composition and lattice parameter for the 
targeted (PbxSn1-xSe)1+δTiSe2 compounds. The measured oxygen content partially results 
from the SiO2 layer on the top of the substrate and is not used in calculating x. 

 

The constituent structures can be characterized independently and the in-plane 

diffraction patterns of the compounds are shown in Figure VII.3a.13-16,24,25 All of the 

reflections can be indexed as hk0 reflections from the expected constituent structures. For 

TiSe2, the indexed reflections in Figure VII.3a are consistent with CdI2 structure of bulk 

1-T TiSe2 and other TiSe2-containing intergrowth compounds.24,25,27-29, The a-axis lattice 

parameters for the TiSe2 constituent of the five compounds were calculated using a least 

squares fit and the space group P-3m1, (Table VII.2). The TiSe2 lattice parameter does 

not systematically vary with composition changes in the rocksalt-like layer and is 

consistent with that measured for other TiSe2 containing misfit compounds and is close to 

that of bulk TiSe2, further supporting the targeted site-specific substitution.24,25,27-29 The 

remaining peaks in the patterns could be indexed to a rocksalt-like structure as labeled in 

Figure VII.3a. The PbSe structure (x = 1) can be fit using a 2-D rocksalt structure (p4gm), 

with a square basal plane where a = b = 0.6125(2) nm. This agrees well with the lattice 

parameter reported previously.24,27,28,29 The hk0 patterns for the SnSe structure (x = 0) 

shows a distortion from the square basal plane that can be fit using 2-D space group 

p2gg. This reduction in symmetry was not resolvable in the previously reported STEM 

data.25 The reduced symmetry allows for the identification of all split reflections and 

yields an a-axis lattice parameter of 0.6094(3) nm and a b-axis lattice parameter of 

0.5974(4) nm.  

The intermediate compositions vary between the end members, with the lattice 

parameters decreasing and in-plane distortion increasing as a function of x (Figure VII.3b 

and Table VII.2). Both the a and b lattice parameters of the MSe constituent display 

Vegard’s law behavior within error, and the in-plane area of the 2-D lattice along with the  
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Figure VII.3: (a) In-plane diffraction patterns of the five (PbxSn1-xSe)1+δTiSe2 
compounds prepared in this investigation. All peaks can be indexed to hk0 reflections of 
the constituent structures. (b) A close up of two reflections that clearly show the 
rectangular in plane distortion of the rock salt constituent as it becomes more Sn rich. 

resulting calculated misfit parameter (the difference in in-plane packing density that 

results from incommensurate constituent lattices, represented by the 1+δ ratio of 

constituent formula units) can be seen plotted in Figure VII.4 as a function of 

composition. The clear identification of all maxima observed in the patterns, the strong 

correlation between lattice parameter and measured global composition, and the lack of 

any impurity phases supports the conclusion drawn from the 00l diffraction that a PbxSn1-

xSe solid solution of the rock salt constituent forms across the entire range of 0 ≤ x ≤ 1. 

While the bulk PbxSn1-xSe solid solution has a miscibility gap such that the x = 0.26 and 

x = 0.48 compositions would be expected to disproportionate into Sn rich and Pb rich 

compounds, the kinetic approach used here provides a route to a single-phase metastable 

PbxSn1-xSe bilayer constituent. This solid solution behavior is perhaps not unexpected, as 
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the structure of the rock salt bilayers is significantly different from the bulk 

constituents.30  

Table VII.2: In-plane lattice parameters for both constituents of [(PbxSn1-xSe)1+δ]TiSe2 
and the calculated misfit parameter (1+δ). 

 

 

Figure VII.4: In-plane area of the PbxSn1-xSe constituent unit cell and the calculated 
misfit parameter, which results from the incommensurate constituent lattices. The error 
for both data sets is smaller than the markers for each point. 

Additional evidence for the structure of the two constituents was obtained from 

HAADF-STEM data, with a representative example (x = 0.26) shown in Figure VII.5a. 

The image contains two constituent phases, with identifiable zone axes for a single phase 

rocksalt-like PbxSn1-xSe layer (brighter) and the octahedrally-coordinated CdI2 structure 

expected for TiSe2 (darker), consistent with the published parent compounds and the fits 

used in the hk0 diffraction data above. Turbostratic disorder is also observed, as is 

common in the kinetically stabilized class of compounds, synthesized from modulated 

elemental reactants.13-16,24,25,29 EDX spectra images were also collected to qualitatively 

confirm the formation of the targeted constituents, and a map of the same representative  
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Figure VII.5: (a) HAADF-STEM data of a representative region (x = 0.26) showing 
superlattice structure. Visible zone axes are labeled for each constituent and (b) the 
corresponding EDX map, with Se-Ti-Se trilayers clearly visible. 

region is shown in Figure VII.5b. The Spectra confirm the presence of Pb, Sn, and Se in 

the MX layer identified by STEM, further supporting the formation of a solid solution. 

The repeating unit is clearly resolved, and in some regions, the individual Se and Ti 

layers in the Se-Ti-Se trilayers expected for TiSe2 can be seen. Spectra were integrated 

along the a-b plane to give intensity profiles in the c direction to assess the variation in 

relative local compositions with alloying. A representative sample area and the resulting 

profiles for the three alloy compounds are shown in Figure VII.6, with Se removed for 

clarity. The systematic variations in intensities for each elemental signal correspond quite 

well with the expectations from the EPMA and XRD results across the compositional 

series. In some cases the bilayer of the MX structure can even be resolved, providing 

further support for the presence of bilayers of a PbxSn1-xSe alloy separated by TiSe2 

trilayers.  

VII.3.2. Electrical Transport Properties 

Electrical transport measurements in the in-plane direction were conducted to 

understand the effect of the targeted substitution on the electronic structure of the 

compounds. The temperature dependent resistivity data for the mixed cation compounds 

can be seen in Figure VII.7 along with that previously published for the two end-

members.24,25 The magnitude of the resistivity is that of a poor metal and surprisingly the 

lowest resistivity was found for the tin-rich alloys. The magnitudes are similar to those 

reported previously for other PbSe-TiSe2 and SnSe-TiSe2 containing layered compounds  
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Figure VII.6: top - EDX map for the x = 0.70 sample with the Se signal removed for 
clarity. The bottom three graphs provide integrated intensity profiles for the three alloy 
compounds. Pixel resolution varies depending on the magnification used for the profile, 
but the compositionally distinct layers are clearly resolved for all three samples. 

in the literature.24,25,28,29 Given the isovalent nature of the substitution, and the variation 

seen in the Sn end member shown in Figure VII.7, the magnitudes measured on the 

compounds reported here likely fall within the reproducibility of samples. The very small 

temperature dependence of the intermediate compounds is very similar to that found for 

the parent compounds, suggesting a weak electron-phonon interaction. The presence of 

turbostratic disorder and the subsequent lack of phonons with a cross-plane component 

has been suggested as a cause of the small electron-phonon coupling.25,29 



 97 

 

Figure VII.7: Temperature dependent resistivity. The magnitudes of the resistivity for all 
compounds fall within the range expected from sample to sample variation. The (A) and 
(B) labels for the two x = 0 data sets refer to two separate preparations of nominally the 
same sample, as  previously reported.25 

The Hall coefficient (RH) was measured to be negative for all compounds, as reported 

for the parent compounds and other TiX2 based misfit type compounds,24,25,28,29,31,32 

suggesting electrons are the majority carrier. Carrier concentration was calculated for 

each of the compounds assuming a single band model (Figure VII.8). The number of 

carriers calculated from RH for the misfit type compounds here and in prior reports is far 

greater than those reported for bulk TiX2 compounds, which has been attributed to charge 

transfer between constituents.24,25,28,29,31,32 The carrier concentrations decrease linearly 

with decreasing temperature, which could be a result of carrier localization or a 

consequence of assuming a single band model. The calculated carrier concentration 

decreases with increasing Pb content and hence with decreasing misfit parameter. The 

trend in the carrier concentration is consistent with charge transfer from the rock salt 

layer to the TiSe2, the magnitude of which would be expected to scale with the misfit 

parameter and the resulting change in stoichiometry between the two constituents. The 

spread of the values for the two SnSe1.21TiSe2 compounds prepared during different 

deposition runs indicate that the trend is at the limit of our resolution, given the sample to 

sample variation.25 This lack of a strong variation in the carrier concentration as a 

function of x is not surprising considering the isovalent substitution of Pb for Sn. 
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Figure VII.8: Carrier concentration calculated from the Hall coefficient, assuming a 
single band model. 

From the carrier concentration and resistivity, the Hall mobility was calculated for the 

different samples and displayed in Figure VII.9. The highest mobility is found for the Sn 

rich alloys. In general, the mobility of charge carriers is influenced by defects, the 

presence of the interface between the constituents and by electron/phonon interactions 

cause by atomic displacement in the lattice due to thermal vibrations. At low 

temperatures, the density of impurities and defects determines the mean free path of 

charge carriers, and therefore mobility. Previously prepared solid solutions of both SnSe 

and PbSe material systems have shown decreased mobility, as expected, because the 

disorder present in the solid solution reduces the mean free path.33,34 In the compounds 

presented here, the disorder in the rock salt layer would be expected to significantly 

decrease Hall mobility if the free carriers are conducting through states in the PbxSn1-xSe 

layer. However, the magnitude of the mobility is equal or greater than the end members, 

suggesting that little charge transport occurs through the PbxSn1-xSe constituent. This 

mobility data provides direct evidence that electrons in the TiSe2 constituent are 

responsible for conduction, supporting the general assumption that the dichalcogenide 

constituent dominates the electrical transport in misfit layer compounds.11,17-19 We 

speculate that the increase in mobility for the alloys might result from preferential site 

occupancy by Sn and Pb, which could reduce interfacial scattering. This would imply 
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surface segregation might occur in compounds with thicker, alloyed layers of the rock 

salt constituent. 

 

Figure VII.9: Hall mobility calculated from resistivity and carrier concentration. The 
magnitude of the mobility either remains constant or increases for the mixed cation 
compounds, providing the first direct evidence for the conduction mechanism in the 
compounds. 

VII.4. Conclusions 

(PbxSn1-xSe)1+δTiSe2 compounds were successfully synthesized from modulated 

elemental reactants over the entire range of 0 ≤ x ≤ 1, demonstrating that controlled 

substitution of the rocksalt cation site in a misfit layer compound is possible. The 

superlattice and constituent lattice parameters vary according to Vegard’s law, supporting 

the formation of a solid solution. HAADF-STEM and EDX also support the conclusions 

drawn from the X-ray diffraction data. The mobility of the intermediate compounds is 

equal or greater than that of the end members, providing direct evidence that conduction 

of electrons in the TiSe2 constituent is the mechanism of conduction in this family of 

compounds. If the appropriate substitutions can be identified, it may be possible to tune 

the Fermi energy in the MX layer to control charge transfer, carrier concentration and the 

subsequent properties of the material, without negatively impacting carrier mobility in the 

TX2 structural unit. Such a modulation doping approach in a nanoscale composite 

material could provide a method for optimizing contradictory single-phase properties in 

complex materials applications, such as thermoelectric devices. More broadly, the ability 

to prepare complex materials with site-specific substitutions at lower reaction 
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temperatures suggests that the use of designed precursors that target specific local 

compositions could enable more efficient doping of semiconducting compounds.  

VII.5. Bridge 

The formation of a solid solution across the entire range of x in this chapter is 

somewhat surprising, as a miscibility gap is expected at intermediate concentrations. It 

suggests that new phases may be synthesized as intergrowth materials via the MER 

technique. It also suggests that the inclusion of an atom of different valencies may be 

possible, in which case modulation doping should occur. This chapter provides a platform 

for the following discussion of the Bi-Sn alloyed constituent, and the demonstration of 

modulation doping this class of compounds. 
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CHAPTER VIII 

MODULATION DOPING IN METASTABLE CHALCOGENIDE 

HETEROSTRUCTURES VIA  

KINETICALLY-CONTROLLED SUBSTITUTION 

This work is being prepared for publication, with coauthors Suzannah R. Wood, Alex 

Lygo, Jeffrey Ditto, and David C. Johnson. Suzannah R. Wood is providing minor 

assistance with sample synthesis as well as assistance with structural characterization, 

Alex Lygo is assisting with sample characterization, Duncan Sutherland provided 

electron microprobe analysis, Jeffrey Ditto is providing electron microscopy data, David 

C. Johnson is my advisor and research group leader, and I am the primary author. 

VIII.1. Introduction 

Chemical substitution has been a fundamental approach to affecting transport 

properties in compounds, yet these substitutions often result in ionized scattering and 

therefore a reduction in carrier mobility. Modulation doping, charge transfer between 

regions within a structure, has been demonstrated as a means to circumvent this 

detrimental effect, with improved mobility along semiconductor interfaces due to charge 

transfer from the non-conducting phase and the absence of dopant atoms in the 

conducting phase.1,2 This approach has been suggested as a means of improving the 

thermoelectric figure of merit (zT) by increasing the conductivity in the material without 

significantly affecting the other contradictory properties and has been demonstrated in 

bulk composite3,4 materials and superlattices.5,6 The resulting composite materials display 

increased power factors (S2σ), and are able to maintain low thermal conductivities thanks 

to the presence of interfaces between phases, which effectively scatter phonons. 

Misfit layer compounds are an interesting class of thermodynamic layered 

compounds which represent an extreme case of a composite structure with two different 

structures that often do not lattice match in either one or two directions .7–9 Early reports 

of these compounds suggest that compounds based on TiS2
10 and NbS2

11 may be 

interesting for thermoelectric materials, with more recent work showing zT values of 0.4 

for reported for the unoptimized (SnS)1.20(TiS2)2 compound.12 The synthetic challenges 

associated with preparing and characterizing these materials make optimization difficult, 

and the ability to design nanoarchitecture via traditional solid state and vapor transport 
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reactions is limited. Recently metastable variants of these compounds have been prepared 

using amorphous layered precursors and low formation temperatures to nucleate the 

targeted superstructure with a variety of layering schemes.13–15 Compounds synthesized 

via this route in the (PbSe)1+δ(TiSe2)n family with high n values have promising S2σ 

values, suggesting the compounds in this family may be promising thermoelectric 

materials.16 A family of (PbxSn1-xSe)1+δTiSe2 compounds was synthesized, showing that 

the modulated elemental reactant synthesis technique is capable of making kinetically 

controlled site-specific substitutions. This suggests another route for affecting transport 

properties in these materials.17 

Here we report the synthesis, structure and transport properties of compounds within 

the (BixSn1-xSe)1+δTiSe2 family. The end member compounds have different structures, 

with SnSe adopting a distorted rock salt structure and BiSe having a structure that has 

been described as a distorted rock salt structure with periodic antiphase boundaries to 

create a larger in-plane unit cell. The compound at x = 0.5, while forming the expected 

periodic structure along the c-axis, has in-plane diffraction data that is consistent with 

two distinct MX structures. The domain structure between these two MX structures is not 

known. All the samples are metallic, with resistivity values ~ 10-5 Ω m and very slight 

systematic changes in resistivity with temperature. The carrier concentration calculated 

from the Hall coefficient suggests that carriers can be added through the targeted 

substitution with minimal affect on mobility, but the change in transport properties as a 

function of Bi content is not linear, and suggests the doping efficiency of Bi drops as x 

increases. The drop in doping efficiency with increasing Bi content is likely due to an 

increase in the density of antiphase boundaries with Bi-Bi bonds that localize electrons. 

VIII.2. Experimental 

Precursor films were deposited using a designed physical vapor deposition system, at 

pressures below 5 x 10-7 Torr. The sources are isolated from one another by a baffle 

system designed to simultaneously deposit four sources, and the substrate via shutters 

sitting above a hole in the baffle architecture. The elemental layers were deposited in a 

Ti-Se-Bi-Sn-Se sequence using a PC-controlled labview program to control shutter 

delays to deliver calibrated thicknesses. Se was deposited using an effusion cell, while Bi, 

Sn, and Ti were deposited using electron beam guns, with rates were maintained at 0.1-
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0.3 Å/s and monitored using quartz crystal microbalances. Films were deposited on 

<100> Si for structural characterization and fused silica for electrical measurements. 

Annealing was conducted in a N2 environment ([O2,H2O] ≤ 0.8 ppm), at the specified 

temperatures for 30 minute duration. 

X-ray diffraction (XRD) experiments were conducting in both locked couple and in-

plane geometries using a Bruker D8 Discover and Rigaku SmartLab diffractometer, 

respectively (Cu Kα radiation). Electron microprobe analysis experiments (EPMA) were 

performed using a Cameca SX50, equipped with 4 spectrometers, using a method 

described elsewhere.18 Transport measurements were conducted using the van der Paaw 

method on a lab-built low temperature system. Fused silica substrates were masked 

during deposition to provide a cross geometry for the measurement. Electrical 

measurements were made using pressed indium contacts and and a custom built low-

temperature system. Hall effect measurements were made with magnetic field varying 

from 0 – 16 kG.  

VIII.3. Results and Discussion 

The synthetic approach used to prepare the compounds requires calibration of the 

precursors to achieve the composition and similar structural unit to the target 

superstructure. In this case, the parent systems were calibrated separately, and the alloys 

synthesized by scaling the MX deposition parameters to match the targeted x value. 

Elemental layers were then adjusted slightly based on measured thickness and 

composition via XRR and EPMA, respectively. The two end members and three alloy 

precursors were synthesized and their as-deposited compositions are summarized in 

Table VIII.1. The measured rocksalt cation compositions match closely with the targeted 

values. 

An annealing study was carried out on the x = 0.48 sample assuming it would be most 

representative of the alloyed compounds, and the resulting 00l diffraction patterns can be 

seen in Figure VIII.1. The as-deposited precursor displays the reflections resulting from 

the repeating electron density in the precursor, suggesting the precursor is uniformly 

layered throughout the film. As the annealing temperature is increased, reflections 

consistent with the targeted superstructure narrow and intensify, consistent with the 

formation of the designed compound. At 350°C, the reflections are most intense and 
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display the minimum full width at half maximum. Above 350°C, the reflections of the 

targeted superstructure are broader, less intense, and accompanied by the growth of 

maxima from impurity phases, most notably Bi2Se3. 350°C was therefore established as 

the optimum formation temperature of the compounds and was used for the remaining 

samples in this study.  

Table VIII.1: Precursor composition and resulting annealed lattice parameters for the 
[(BiSnSe)1+δ]TiSe2 compounds. the space group used to obtain the in-plane lattice 
parameters is also given. 

 

 

Figure VIII.1: Locked couple diffraction patterns for the x = 0.48 compound, as a 
function of annealing temperature (offset for clarity). 

VIII.3.1. Structural Characterization 

The 00l diffraction for the three intermediate compositions and the parent compounds 

are shown in Figure VIII.2. Each of the patterns can be indexed to the superstructure with 

no discernible impurity phases present. Figure VIII.2 also shows the (007) and (008) 

reflections, highlighting the systematic shift in lattice parameter as Bi replaces Sn. The c-
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lattice parameter varies linearly with composition of the as-deposited precursor between 

the end members as expected from Vegard's law, changing from 1.177 nm for the Bi 

compound to 1.204 nm for the Sn compound. The systematic decay of the (007) peak’s 

relative intensity as a function of x also suggests that the composition of the ferecrystal 

structure is changing as the targeted substitution is increased. 

 

Figure VIII.2: (top) Overlay of the 00l diffraction patterns of the title compounds over 
the entire range of x and (bottom) zoomed in higher angle region, clearly showing the 
change in lattice parameter and superlattice composition through relative intensities as a 
function of x. 

In-plane x-ray diffraction scans were collected to understand the evolution of the 

structure of the individual constituents and can be seen in Figure VIII.3. Lattice 

parameters were calculated from a least squares method and are summarized in Table 

VIII.1. The x = 1 sample's reflections can be indexed as TiSe2 and BiSe.19 The x = 0 

sample's reflections can be indexed as TiSe2 and SnSe.17 The intermediate compositions 

displaying lattice parameters intermediate between the parent structures, with small x 

values consistent with adding Bi to the SnSe structure and large x values consistent with 
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Figure VIII.3: In-plane diffraction parameters as a function of x (offset for clarity). 

adding Sn to the BiSe structure. The x=0.5 sample is more complicated with evidence 

that regions of both the SnSe and BiSe structures might be present, with the SnSe 

reflections more intense as discussed further below. The TiSe2 reflections remain 

consistent throughout the family of compounds In-plane parameters vary slightly from 

0.356(1)-0.358(1) nm which is consistent with previous reports of TiSe2 based metastable 

intergrowths20 and the close to that reported for the bulk compound.21 

The other reflections can be assigned to the two space groups expected from the SnSe 

and BiSe structures previously reported. SnSe parent was fit to 2-D space group p2gg 

with a = 0.6094(3) nm and b = 0.5974(3) nm.17 The BiSe parent was fit using the space 

group Pcmn with a = 0.4562(2) nm and b = 0.4242(1) nm.19 The targeted alloy 

compounds show structures intermediate between the end members, with the x < 0.5 

displaying symmetry consistent with the SnSe consituent, and x > 0.5 consistent with that 

of BiSe. The calculated misfit parameter using the symmetry of the SnSe end member 

deviates strongly from the expected packing density, and away from Vegard’s law as the 

structure changes to that of the BiSe end member. This behavior is different than 

observed in the (PbxSn1-xSe)1+δTiSe2 alloys previously reported.17 The x = 0.48 sample 

displays a broad background around the (220) SnSe reflection, as well as a shifting and 

broadening of the (420) and (240) peaks, suggesting the both symmetry types are present, 

with no observed disruption in the superstructure. 
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VIII.3.2. Electrical Transport Properties 

Figure VIII.4 contains the measured resistivity as a function of temperature for the 

alloys, and the parent compounds.19,22 The temperature dependence of the alloyed 

compounds is similar in behavior to the parents, and other materials synthesized from 

modulated elemental reactants. The small temperature dependence has been attributed to 

the turbostratic disorder observed between the layers, which decreases electron-phonon 

interactions at higher temperatures. The compounds trend as a function of Bi content as 

expected from the parent compounds, showing a systematic decrease in resistivity as the 

Bi content is increased. The upturn observed at low T has been attributed with weak 

localizations, and increases as a function of the magnitude of the resistivity, consistent 

with previous reports.22,23 

 
Figure VIII.4: In-plane resistivity as a function of temperature. The parent compounds 
are also given.19,20 

The measured Hall voltage was negative indicating that electrons are the majority 

carriers, as seen in the previously reported TiX2 based MLCs and ferecrystals.12,16,17,24–26 

Carrier concentration was calculated from the Hall coefficient assuming a single Ti 3d 

band in TiSe2 was responsible for conduction, and can be seen along with the parents in 

Figure VIII.5. For compounds to date, this simplistic picture has successfully described 

the transport behavior of the materials. The compounds show marked increase in carrier 

concentration as Bi is added to the structure. Figure VIII.6 shows the number of carrier 

per rocksalt cation in the structure, as well as the calculated number of electrons added 

per Bi atom, by subtracting the number of electrons expected from the Sn structure, and  
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Figure VIII.5: Carrier concentration calculated from the Hall coefficient assuming a 
single band model. 

normalizing the additional carriers to the concentration of Bi in the rocksalt cation site. It 

is clear from the hall data that the doping efficiency of the Bi atoms is changing as Bi 

content increases. We hypothesize this could be due in part to the complex structure 

reported for BiSe in MLCs,8 where Bi-Bi bonds exist to partially stabilize the additional 

valence electron in the structure. In such a case, the increasing number of Bi-Bi bonds as 

a function of Bi concentration would be expected to decrease the doping efficiency of the 

Bi cations, which is consistent with the Hall effect data. 

 
Figure VIII.6: The number of conducting electrons per rocksalt cation in the structure, 
and the number of additional electrons added to the conduction band from Bi. 

The Hall mobility was calculated from the resistivity and carrier concentration and 

can be seen in Figure VIII.7. The mobility of the alloys increases with the Bi content. 

Surprisingly, the x = 0.24 and x = 0.48 compounds show lower mobility than the x = 0.71 
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compound, and the end members. The decrease observed in mobility is relatively small, 

considering the number of scattering sites incorporated by making substitutions on this 

scale, considering mobility can vary by an order of magnitude or more in bulk materials 

between the pure and alloyed compounds such as Si and GaAs are over an order of 

magnitude decrease for 1019
 cm-3 carriers compared to 1015 cm-3 carriers.27 Still, the 

decrease in mobility for high Sn content suggests that the substitution in the MX layer is 

affecting the mean free path of carriers, which is unexpected from the previously 

published reports for TiX2 based materials. 

 
Figure VIII.7: The Hall mobility calculated from the resistivity and carrier concentration 
for the end members and intermediate compositions. 

VIII.4. Conclusions 

Superstructures can be formed over the entire range of x, with intermediate alloy 

concentrations resulting in a mix of grain symmetry in the BixSn1-xSe layer. The resulting 

transport properties suggest that Bi cations provide extra charge carriers, as expected 

from the parent compounds. The observed properties confirm that modulation doping via 

controlled site-specific substitutions can be a useful mechanism for affecting materials 

properties in a manner not achievable through high temperature routes. The doping 

efficiency clearly changes as the Bi content increases, which would be expected as more 

Bi-Bi bonds reported for the BiS and BiSe based misfit layer compounds could be 

formed. The Hall mobility data suggests that there is more constituent interaction than 

previously hypothesized. 
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VIII.5. Bridge 

The demonstration of modulation doping in metastable heterostructures provides a 

platform for further optimization of materials properties. It also highlights how little we 

know about the constituent interaction in the materials. It inspired the question as to other 

synthetic possibilities, and lead to attempts to synthesize 3 constituent heterostructures, 

reported in the following chapter. 
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CHAPTER IX 

THE SYNTHESIS OF MULTI-CONSTITUENT HETEROSTRUCTURES FROM 

DESIGNED AMORPHOUS PRECURSORS 

This work is in final preparation to be submitted to Angewandte Chemie International 

Edition with coauthors Duncan R. Sutherland, Jeffrey Ditto, Daniel B. Moore, Matthias 

Falmbigl, Douglas L. Medlin, and David C. Johnson. Duncan R. Sutherland assisted in 

sample synthesis, as well as structural and compositional analysis, Jeffrey Ditto and 

Douglas L. Medlin provided electron microscopy data and analysis, Daniel B. Moore 

assisted with sample synthesis, Matthias Falmbigl provided Rietveld and le Bail analyses, 

David C. Johnson is my advisor and research group leader, and I am the primary author. 

IX.1. Introduction and Discussion 

The number of unique properties discovered in single layer materials like graphene[1] 

and other 2-dimensional systems such as transition metal dichalcogenides have increased 

tremendously in the last decade,[2-4] and the opportunity to design and control properties 

via the stacking of 2-D layers in heterostructures has further increased the interest in this 

field.[5] The ability to predict the structure of multiple constituent heterostructures has 

enabled theorists to predict combinations of constituents with enhanced properties 

relative to those of the bulk constituents or isolated individual 2-D layer.[6] It has been 

proposed that graphene monolayers separated by high k dielectric materials might result 

in new materials with high superconducting critical temperatures, similar to the behavior 

observed between loosely coupled planes in copper oxide superconducting materials.[5,7,8] 

Novel optical properties in heterostructures of TX2 compounds where T = Mo and W and 

X = S and Se have been predicted,[9] and the observed variation in electronic structure 

based on the number of adjacent TX2 layers suggests further opportunity for material 

design.[2,6,10] There have also been a limited number of experimental demonstrations of 

enhanced properties of complex structures built from 2-D materials. Intercalation of 

atomic or molecular species has been used to adjust properties, such as superconductivity 

in Ca intercalated graphene,[11] and increased Tc in superconducting TaS2.[12] Tuning both 

constituents and the interaction between constituents show promise for engineering 

properties tuned for specific applications.[5,13] 
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Synthetic challenges have prevented the broader exploration of higher order 

heterostructures. Approaches to large area films of single constituent 2-D materials are 

being developed using a variety of techniques, for example the recent work on the 

synthesis of 2-D MoS2,[14] but it is generally not possible to use them sequentially to 

prepare heterostructures containing chemically different 2-D materials.[5] Therefore the 

most common approach to preparing heterostructures involves the cleaving of 

monolayers from bulk crystals or films with adhesive tape. The individual layers are then 

sequentially stacked together to form a heterostructure. This is a challenging approach, 

which requires layers to be individually manipulated. Only a few groups have developed 

the necessary expertise to successfully prepare multiconstituent films. Without pristine 

starting materials and formation conditions, the integrity of the film and its properties 

may also be compromised. The stability of the isolated 2-D constituents prepared by 

cleaving also presents challenges, as recently highlighted Geim et al.[5] New approaches 

are needed to enable the preparation of heterostructures containing layers that may not be 

stable on their own and that can be used to prepare homogenous multiconstituent 2-D 

structures over a large area. 

Here we show that a kinetic approach for the synthesis of heterostructures enables the 

preparation of 3 constituent heterostructures in the 

[(PbSe)1+δ]m(TiSe2)n[(SnSe2)1+γ]m(TiSe2)n family of compounds with a variety of m and n 

values by controlling the local composition and nanoarchitecture of designed amorphous 

precursors. To our knowledge, this is the first reported heterostructure containing SnSe2 

and among the first three-constituent heterostructures to be reported. Although 

structurally analogous to the thermodynamically stable misfit layer chalcogenide 

compounds[15] and the closely related tubular superstructures[16] including SnS-SnS2 

reported by Radovsky, et al,[17] the turbostratically-disordered products reported here 

consist of crystallographically independent layers with different constituent structures. 

The synthesis approach used enables sequences, layer thicknesses and combinations of 

structures to be prepared that cannot be synthesized using other techniques.[18,19]  

The samples were prepared by depositing elemental layers in sequences resembling 

the structure of the desired products, for example a Pb-Se-Ti-Se-Sn-Se-Ti-Se sequence 

was used as a precursor for [(PbSe)1+δ]m(TiSe2)n[(SnSe2)1+γ]m(TiSe2)n. Individual 
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elemental layer thicknesses were adjusted based on composition data from electron probe 

microanalysis[20] and the repeat unit thickness determined from X-ray reflectivity to 

contain the correct number of atoms for the targeted constituent. The precursors were 

intentionally deposited with ~5% excess Se to compensate for losses during 

annealing.[21,22] An annealing study was conducted and 275°C was established as the 

optimal temperature for formation. This temperature is lower than previously reported for 

[(MSe)1+δ]m(TiSe2)n compounds (M=Sn or Pb), or alloyed [(Sn1-xPbxSe)1+δ]m(TiSe2)n 

compounds.[21-24] Extended annealing above 275°C results in selenium loss and 

interdiffusion of the Sn and Pb layers to form the random alloy  

[(Sn1-xPbxSe)1+δ]m(TiSe2)n.[22] 

Figure IX.1 contains the diffraction patterns resulting from annealing different 

precursors at 275°C for 15 minutes. All the diffraction maxima can be indexed as (00l) 

reflections indicating that the compounds are crystallographically aligned with their c-

axis perpendicular to the substrate. The c-axis lattice parameters and in-plane lattice 

parameters for each of the constituents in the compounds derived from the data in Figure 

IX.1 are summarized in Table IX.1. The systematic changes in the c-axis lattice 

parameter as a function of m and n enable us to calculate the average thickness of the 

constituent layers. The thickness of a TiSe2 layer was calculated to be 0.613 nm, which is 

larger than the thickness of the repeating Se-Ti-Se layer found in bulk TiSe2 (0.6008 

nm),[25] and the thickness of TiSe2 layers found in ferecrystals (0.603 nm).[26]  The sum of 

the thicknesses of the SnSe2 and PbSe layers is 1.217 nm which is slightly lower than the 

sum of the bulk c-axis lattice parameters reported in the literature for SnSe2 and PbSe 

(1.226 nm).[27,28] A structural model inferred from the changes in c-axis lattice parameter 

and the HAADF STEM data discussed below containing layers with thicknesses given by 

the m and n values reproduce the observed intensity patterns in the 00l diffraction 

patterns. 
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Figure IX.1: Out-of-plane (00l) diffraction patterns for compounds with different 
layering schemes. Indices are shown in parentheses above for selected reflections.  

Table IX.1: Lattice Parameters obtained from the in and out of plane diffraction 
measurements. 

 

Diffraction experiments using in-plane geometry were collected to characterize the 

independent crystal lattices of the constituent materials, and the resulting patterns of three 

of the compounds are contained in Figure IX.2. Due to the textured nature of the film, 

only hk0 reflections of the independent constituent structures are present in the patterns. 

The lattice parameters calculated for the PbSe, SnSe2 and TiSe2 constituents (Table IX.1) 

are consistent with previously reported compounds, and display no clear trends as a 

function of the layering scheme. The PbSe constituent can be indexed using the 2-D 

rocksalt structure (p4gm), resulting in an a-axis lattice parameter ranging between 

0.606(3) - 0.612(1) nm. This in-plane lattice parameter is slightly smaller than those 

reported for PbSe containing misfit compounds (0.614-0.620 nm) and agrees with 
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previously reported PbSe containing ferecrystals (0.603-0.618 nm).[29] TiSe2 reflections 

can be fit using the CdI2 structure (P-3m1) with an a-axis lattice parameter that varies 

between 0.353(3) nm and 0.357(1) nm for the heterostructures shown in Figure IX.1, also 

consistent with previous reports of ferecrystals (0.354-0.356 nm) containing TiSe2 

layers.[21-24,26] The remaining reflections can be indexed to a hexagonal CdI2 structure (P-

3m1) with the calculated a-axis lattice parameter varying between 0.374(2) nm and 

0.380(1) nm for the heterostructures shown in Figure IX.2.  These in-plane lattice 

parameters are close to the reported a-axis lattice parameter of bulk SnSe2 of 3.81(1) 

nm.[27] The in-plane diffraction data suggests that the Sn constituent layer is 

predominately in the diselenide phase.  

 

Figure IX.2: In-plane (hk0) diffraction patterns for compounds with different layering 
schemes. Indices are shown in parentheses above for selected reflections.  

Scanning transmission electron microscopy (HAADF-STEM) and energy dispersive 

x-ray spectroscopy (EDX) mapping experiments were performed to obtain further 

structural and compositional information on the heterostructures formed. Representative 

HAADF-STEM images for the m = 1, n = 3 compound, shown in Figures IX.3a and b, 

support the formation of 3 unique constituents. The HAADF-STEM image (Figure IX.3a) 

shows a consistent repeating structure throughout the entirety of the film, with blocks of 

TiSe2 separating the SnSe2 and PbSe constituents as intended from the designed 

precursor. Higher magnification images like Figure IX.3b, show 3 unique constituents 

with different zone axes in different layers resulting from the turbostratic disorder  
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Figure IX.3: HAADF-STEM of the m = 1, n = 3 compound at low (a) and high (b) 
magnification, where the expected crystal faces for the constituents are observed. The 
EDS mapping data and the corresponing integrated profile can be found in pane c.  
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between constituents. The brightest layers, corresponding to high Z, contain regions with 

the expected zone axes of a rocksalt-like structure. This is consistent with the formation 

of a PbSe layer similar to that previously reported. The layers with the lowest intensity 

correspond to the 3 layer thick regions of TiSe2 (CdI2 structure) expected from the 

precursor structure. In the region displayed in Figure IX.3b, many identifiable zone axes 

in the TiSe2 layers are clearly defined. While only a 1T stacking was observed in 

previous [(PbSe)1+δ]m(TiSe2)n ferecrystals, here we see several layers in which one of the 

layers in the TiSe2 block has a different orientation, perhaps reflecting the asymmetry of 

the environment between the PbSe and SnSe2 constituents, and the low formation 

temperatures. The intermediate z-contrast layers correspond to the single layer of the 

SnSe2 constituent, which also has a CdI2 structure type. The unique Z-contrast of the 

three layers, and observed patterns of the zone axes corroborate the formation of three 

unique constituent structures suggested by the diffraction data.  

The EDX maps (Figure IX.3c) show the variation of the local composition and 

support the structural assignments made from the HAADF-STEM images. The EDX data 

also suggests that very little intermixing is occurring, with the constituent layers 

remaining unique. The slight upturn in Sn signal in the Pb layer suggests that some Sn 

atoms may have been incorporated into the PbSe layer. The SnSe2 and TiSe2 layers do 

not appear to intermix even though they have the same structure. The large difference 

between the atomic radii and therefore in-plane lattice parameters of these two 

constituents probably makes Sn/Ti substitutions enthalpically unfavorable. 

The ability to vary the sequence of layers in the precursor to self assemble specific 

higher order heterostructures enables systematic investigations of structure-property 

relationships in these complex materials. These systematic studies combined with theory 

to understand the fundamental interactions will be needed to guide optimization of 

properties and performance of devices containing heterostructures, since the number of 

possible configurations increases rapidly as the number of constituents increase (Figure 

IX.4). We calculated the total number of uniquely layered compounds for varying 

constituents for up to a total of 20 constituent layers per unit cell using necklace 

combinatorics30 and subtracted out the repeats that occur from the factors of larger unit  
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cells. The total number of compounds for n = 20 increases from almost 60,000 with two 

constituents to over 130 million with three constituents and to over 35 billion with four 

constituents. This illustrates the need to fundamentally understanding the interactions 

between constituents and how these interactions effect properties to predict how 

properties evolve with nanoarchitecture. The ability to prepare specific heterostructures 

with known structure enables predictions to be experimentally tested, enhancing the 

feedback between experiment and theory. 

 

Figure IX.4: The calculated number of unique compounds based on the number of 
constituent layers, and the number of layers in the unit cell. 

IX.2. Experimental Section 

Samples were synthesized in a custom-built physical vapour deposition system, as 

described elsewhere.[21-24] Pressures were maintained below 5x10-7 Torr during the 

deposition, and rates were held between 0.1-0.3 Å/s at the substrate and monitored with 

quartz-crystal microbalances. Annealing was done in a N2 environment ([O2,H2O] ≤ 0.8 

ppm). Out-of-plane and in-plane diffraction measurements were conducted on a Bruker 

D8 Discover and a Rigaku SmartLab diffractometer, respectively (Cu Kα). HAADF-

STEM measurements were conducted at Pacific Northwest National Laboratory using a 

probe aberration-corrected Titan 80-300™ STEM and EDX maps were acquired using a 

probe aberration corrected JEOL ARM200CF. 
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IX.3. Bridge 

The formation of 3 constituent heterostructures at low temperatures provides a route 

to produce complex materials. As highlighted above, the amount of imaginable 

compounds is nearly endless. The stability of such complex materials is not well 

understood, and of vital importance for their usefulness. Interestingly, higher temperature 

annealing of the compounds reported in this chapter showed a complex topotactic 

reaction, explored in greater detail the following chapter. 
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CHAPTER X 

MULTISTEP TOPOTACTIC REACTIONS IN METASTABLE 

CHALCOGENIDE HETEROSTRUCTURES 

This work is unpublished but was done in collaboration with Duncan R. Sutherland, 

Jeffrey Ditto, Douglas Medlin, and David C. Johnson. Duncan Sutherland assisted with 

in-situ and ex-situ annealing studies and data analysis, Jeffrey Ditto and Douglas Medlin 

provided electron microscopy data and analysis, David C. Johnson is my advisor and 

research group leader, and I am the primary author. 

X.1. Introduction 

Understanding the kinetics of solid state reactions is particularly important in the 

formation of metastable phases but it is challenging to obtain detailed information about 

most solid state reactions because reactants are typically powders and the reactions and 

structural changes occur at surfaces and interfaces. Solid state reactions are typically 

monitored by tracking changes in unit cell volume,1 by tracking the ratio of reactants and 

products and their structural evolution using Rietveld refinements,2–4 or via in-situ 

electron microscopy studies.5 In-situ X-ray diffraction techniques have been used to 

understand solid state reactions,6,7 and more complex synthesis methods such as the 

solvothermal approaches.8,9 Attempts to combine in-situ scattering and spectroscopy 

techniques has further yielded useful insights into reaction pathways.10,11 Yet obtaining 

direct information about the atomic level rate limiting step in a solid state reaction 

remains elusive. 

Topotactic reactions via soft chemical reactions have been increasingly used to form 

metastable compounds and the preservation of basic structural features between reactants 

and products simplifies the reaction pathway. The simplest of these reactions are 

intercalation and ion exchange. These reactions are of vital importance for battery 

applications, where the longevity and consistency of the electrochemical reactions benefit 

from readily reversible, low-stress reaction pathways.12,13 Synthetic examples include 

transition metal oxide reductions,1 and redox synthesis of metastable magnetic phases.4 

There are fewer examples of multi-step reactions which can be performed sequentially to 

accomplish transformations that can not be done in a single one-step reaction.3 Layered 
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compounds, because of the obvious diffusion pathways and preferred orientation that 

enhances signal, are particularly attractive for in situ studies of topotactic reactions.14–16 

In this paper we explore the conversion of the ordered metastable 

(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstructures into higher entropy 

(Pb0.5Sn0.5Se)m(TiSe2)n random alloys at elevated temperatures using a variety of 

diffraction and STEM techniques. (PbxSn1-xSe)m(TiSe2)n random alloys can be prepared 

at elevated temperatures17 and (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstructures can be 

prepared at low temperatures by using precursors with different designed structures and 

have been structurally characterized using XRD and electron microscopy techniques. The 

topotactic nature of this reaction combined with the preferred orientation of both the 

reactants and products makes this an ideal system to probe the inter conversion using in-

situ x-ray diffraction. The ability to systematically change the nanoarchitecture is an 

added advantage of this system, as it also allows diffusion to be independently probed as 

a rate limiting step in the reaction pathway. The studies outlined below are consistent 

with a three step reaction mechanism. The initial precursor consisting of a designed 

sequence of elemental layers self assembles into the  (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n 

superstructure at low temperature. At higher temperatures, the 

(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstructure's Sn is reduced with the simultaneous 

loss of Se. The SnSe and PbSe layers intermix through the intervening TiSe2 layers. The 

rate of the formation of the final (Pb0.5Sn0.5Se)m(TiSe2)n product does not depend on the 

number of TiSe2 layers between the Sn and Pb constituents, indicating the rate 

determining step is the reduction of Sn with the concomitant loss of Se. 

X.2. Experimental 

Layered precursor films were synthesized using the modulated elemental reactants 

technique. This approach relies on the creation of a mostly amorphous film that mimics 

the targeted structure in both composition and structure. Precursors are deposited in a 

custom built physical vapor deposition system at pressures below 5 x 10-7 torr. Pb, Sn, 

and Ti were deposited using electron beam guns, and Se using an effusion cell. Rates 

were maintained at 0.1-0.3 Å/s at the substrate using quartz crystal microbalances (QCM) 

to monitor the rate and control the power of the electron beam sources. Elemental layers 

were deposited using a PC-controlled pneumatic shutter system to expose the substrate to 
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the plume of each source for a calibrated thickness measured by the QCM. Calibration of 

the deposition parameters is described further below. Precursor films were annealed in a 

N2 environment ([02,H2O] ≤ 0.8 ppm) for ex-situ experiments.  

Adjustments to deposition parameters during calibration were made using x-ray 

reflectivity (XRR) and diffraction (XRD) as well as compositional characterization from 

electron probe microanalysis (EPMA) using a method described elsewhere.18 XRR, θ/2θ 

XRD, and in-situ measurements were performed on a Bruker D8 Discover diffractometer 

(Cu Kα radiation). A Rigaku SmartLab diffractometer (Cu Kα) was used for in-plane 

XRD measurements to characterize the constituent phases independently. In-situ 

measurements were conducted using an Anton-Parr hot stage on the D8, with N2 gas 

flowing through the polymer housing to prevent oxidation, which was confirmed via 

EPMA. High angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) and energy dispersive X-ray spectroscopy (EDX) experiments were 

conducted at Sandia National Laboratories using an aberration corrected FEI Titan G2 

80-200 STEM equipped with ChemiSTEM™ technology. The STEM was operated at 

200keV, 18.1 mrad convergence angle,110 mm camera length, and approximately 0.1 nA 

of current using a 50 µm condenser aperture. 

X.3. Results 

Precursors to (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstructures were prepared by 

depositing sequences of elemental layers to target a designed kinetic product following, 

procedures described previously.19 Pairs of elements (shown in the square brackets 

below) were calibrated to produce specific compositions. For the [Pb|Se] and [Sn|Se] 

elemental bilayers, a 1 to 1 ratio of the elements was targeted with a ~5% excess of Se 

originally designed to account for losses due to sublimation during annealing. For [Ti|Se] 

elemental bilayer, a 1 to 2 + y ratio of the elements was chosen and y was adjusted to 

maximize the intensity of the diffraction pattern after low temperature annealing. The 

ratios between the elemental layers were adjusted to obtain cation ratios that matched the 

expected lattice mismatches between SnSe, PbSe and TiSe2. The following sequence of 

elemental layers was deposited as a precursor to the (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 

superstructure: [Pb|Se][Ti|(2+y)Se)][Sn|Se][Ti|(2+y)Se]. A second precursor was 

prepared by depositing three Ti|Se elemental bilayers twice in the same sequence of 
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bilayers as a precursor for the (PbSe)1(TiSe2)3(SnSe2)1(TiSe2)3 superstructure. These 

precursors contain the correct amount of Sn to form an SnSe layer, but have an excess of 

Sn if a SnSe2 layer is formed, which must leave the superstructured region for a sharp 

diffraction pattern to develop. 

A sequence of diffraction patterns were collected as a function of time when the 

samples were annealed at different temperatures. Figure X.1 contains data collected while 

annealing the precursor for the (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 superstructure at 275°C. 

The sharpening of all peaks as well as an increase in intensity of the odd integer 

reflections in the 30 minute scan indicates that a super superstructure with the period of 

the precursor has self assembled. The scan after 2 hours already shows decreases in the 

odd integer reflections with increases in the even order reflection intensities, suggesting 

that the superstructure has already begun to transform into the (Pb0.5Sn0.5Se)1(TiSe2)1 

final product. This transformation continues with time, with the odd order reflections  

 
Figure X.1: The 00l diffraction data for a m = 1 n = 1 precursor annealed at 275°C. The 
structure is seen to form the 3 constituent structure first before converting to the alloyed 
PbxSn1-xSe constituent after extended annealing times, with a factor of 2 decrease in 
lattice parameter. The indices for each structure are given on the 30 minutes and 11 hour 
scans. 
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systematically decreasing in intensity until only the (001) reflection is barely visible after 

11 hours, while the even order reflections grow in intensity (for example the (006) 

reflection, which converts to the (003) reflection). Along with the changes in intensity, 

there is a slight shift of the reflections to higher angle as a function of time, suggesting a 

slight decrease in the unit cell size. After additional annealing, only the even order 

reflections remain, suggesting that the c-axis lattice parameter has been decreased by a 

factor of two, which is consistent with the formation of (Pb0.5Sn0.5Se)1(TiSe2)1. The 

relative intensities and the lattice parameter are consistent with that obtained for the 

compound (Pb0.5Sn0.5Se)1(TiSe2)1 prepared without forming the superstructure as a 

precursor. 

To support the interpretation of the specular diffraction patterns shown in Figure X.1, 

in-plane diffraction data as a function of annealing time was collected (Figure X.2). All 

the reflections in the in plane diffraction pattern of the superstructure can be indexed as 

reflections belonging to either SnSe2, PbSe or TiSe2. There is no evidence for SnSe, 

which shows a strong distortion in the a and b lattice parameters of the 2-D rocksalt 

structure.17 As a function of time, the reflections for SnSe2 lose intensity, as easily seen 

by the change in intensity of the (110) reflection at ~47°. The rock salt reflections gain in 

intensity, slightly shift their position and begin to broaden, suggesting a distortion of the 

in-plane structure is occurring. This is consistent with the formation of two layers each 

containing a PbxSn1-xSe alloy constituent structure.17 The evolving constituent structures 

support the sequence of events inferred from the 00l diffraction data, and indicate that the 

initial superstructure has the formula (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1. The suggested 

sequence of events requires the initial rearrangement of local structure to form the 

superstructure, including the extrusion of excess Sn. In the conversion of 

(PbSe)1(TiSe2)n(SnSe2)1(TiSe2)n into the final (Pb0.5Sn0.5Se)1(TiSe2)n compound, Se must 

diffuse out of the structure, Sn must diffuse in, and Pb and Sn must mix through the 

intervening TiSe2 layers. 
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Figure X.2: The hk0 patterns for the m = 1, n = 3 compound as a function of annealing 
time. The SnSe2 structure decays while the growth of the rocksalt structure occurs, and 
the distortion expected for the alloyed constituent structure begins to occur. 

HAADF STEM data was collected on a sample that had formed the three constituent 

structure with m = 1 and n = 3 after a quick, low temperature anneal (Figure X.3). The 

image contains a repeating sequence of a bright PbSe bilayer, three consecutive dark 

TiSe2 trilayers, an intermediate intensity SnSe2 trilayer, and a second band of three 

consecutive dark TiSe2 trilayers. The structure of the bright PbSe bilayers, suggested by 

the areas oriented down a zone axis, is consistent with a rock salt structure and with 

STEM images of other compounds containing a rock salt structured PbSe bilayer. The 

structure of the SnSe2 layer determined from the zone axis images is consistent with 

layers in the bulk CdI2 structure, with Sn octahedrally coordinated, centered between two 

Se layers. The structure of the TiSe2 layers is also consistent the layers in the CdI2 

structure with octahedral coordination of the Ti, with Se layers on either side of the Ti 

layer. The stacking of the TiSe2 layers is mostly consistent with the 1T polytype found 

for bulk TiSe2, but occasionally a layer in the 3-layer blocks has a different orientation 

than the other two. The STEM data is consistent with the observed specular and in-plane 

X-ray data, supporting the initial formation of (PbSe)1(TiSe2)3(SnSe2)1(TiSe2)3. 
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Figure X.3: HAADF-STEM image of the three constituent structure annealed at 275°C 
for 15 minutes. The crystal faces for the three expected phases are visible, and confirmed 
by the contrast in the image. 

The topotactic nature of the observed transformation, which preserves the 

crystallographic alignment, makes this system ideal for in-situ diffraction measurements 

to monitor the reactions that occur. Based on the data presented above, two different 

transformations occur during the annealing. At low temperatures or for short times at 

higher temperatures, the precursor self assembles into the ordered 

(PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure. At longer times at higher temperatures, 

the (PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure transforms into the compound 

(Pb0.5Sn0.5Se)m(TiSe2)n. To explore the self assembly of the precursor into the ordered 

superstructure, XRR data was collected as a function of time at temperatures at 200°C 

and below. Representative in-situ XRR measurements are shown in Figure X.4. The 

intensity changes seen in Figure X.4 as a function of time result from changing electron 

density in the repeating structure as it reorganizes to lower the free energy. The overall 

pattern changes very little, suggesting that there is little change in the overall 

superstructure. There is a slight shift in the position of the maxima of the first order 

reflection and subsidiary maxima to higher angles as a function of time, indicating that 

the size (thickness) of the diffracting entity is decreasing. The shift corresponds to less 

than a 1% decrease in thickness and the peak narrows, suggesting the sample is becoming 

more ordered. The second order Bragg reflection does not shift position, suggesting that 

it results from a different, more ordered aspect of the structure. The relative positions of 
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the first and second order Bragg reflections after annealing correspond more closely to 

that expected from Bragg's law (corrected for index of refraction changes). There also is a 

slight decrease in the intensity of the first order Bragg reflection while the intensity of the 

second order Bragg reflection remains constant. This indicates that the as deposited 

diffraction scan contains elements from regions containing the ordered superstructure and 

other regions that are more disordered or amorphous. Annealing causes the amorphous 

regions to self assemble into the ordered superstructure, which also causes the growth in 

intensity of the higher order odd Bragg reflections, as seen in Figure X.1. While the 

initial rate of decay of the (001) maxima increases as a function of temperature for 

temperatures 200°C and below, both the change in intensity and shift of position of the 

first order Bragg reflection with time trend towards the same intensity and thickness, as 

shown below in Figure X.5. This suggests that while the initial self assembly is faster at 

higher temperature, the same final structure, the (PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n 

superstructure (where m=1, n=1, or  m=1, n=3), self assembles during the low 

temperature annealing. 

 
Figure X.4: XRR data collected as a function of time while a sample is annealed at 
150°C. Each scan contains the first and second order Bragg reflections, and a sequence of 
subsidiary maxima (Kiessig fringes) resulting from the finite sample thickness and finite 
number of repeating sequences in the initial reactant. 
 

The changes in the intensities of the higher temperature XRR data as a function of 

time are much different, as shown in Figure X.5, with some of the low temperature 
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annealing data also included for contrast. At higher temperatures, the intensity of the 

(001) reflection continuously decays as a function of time. The rate of decay of the (001) 

reflection increases dramatically as a function of temperature for temperatures above 

200°C. Samples which were preannealed at temperatures below 250°C immediately have 

the intensity of the (001) reflection decrease when annealing at 250°C or above. Samples 

which have not been preannealed at lower temperatures have a different temperature 

dependence at short times, sometimes even increasing in intensity, reflecting the initial 

self assembly of the ordered superstructure. For longer times, not preannealed samples 

have the same decay rate of the (001) reflection, which is independent of the thickness of 

the TiSe2 layer for small n values. If a sample is initially annealed for a period of time at 

250°C or higher, and then annealed at lower temperatures, the (001) reflection does not 

change in intensity during the lower temperature anneals. This is consistent with the 

sample consisting of a metastable mixture of two products, the 

(PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure and (Pb0.5Sn0.5Se)m(TiSe2)n. 

 
Figure X.5: The decay of intensity for the (001) diffraction maxima in a m = n = 1 
precursor. At 250C a strong onset in the decay is observed, signaling significant reaction 
between constituents. The temperature step data represents a sample that was annealed at 
250C, then again at lower temperatures, where no further reaction occurs.  

The thickness of the films also changes during the transformations, as expected from 

the data presented in Figure X.1. Figure X.6 summarizes the changes in thickness as a 

function of annealing time and temperature for a representative set of samples. The 
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samples annealed at low temperatures all show a small decrease in thickness that trends 

to a common thickness change of less than 1%, which is consistent with the shift in the 

first order Bragg relection observed in Figure X.4. This change reflects the structural 

rearrangements that must occur during the self assembly of the ordered superstructure 

from the mostly amorphous precursor. The samples annealed at higher temperatures show 

a continuous and much larger decrease in thickness, reflecting the large changes that must 

occur for the ordered superstructure to decompose into the (Pb0.5Sn0.5Se)m(TiSe2)n 

compounds, and the loss of excess Se. The decrease in thickness is initially faster, with 

the slope in the decay equilibrating to approximately one tenth the initial slope. A sample 

annealed for ~20,000 seconds at 250°C was then annealed further at first 150°C and then 

200°C. There is no change in sample thickness at these lower temperatures, consistent 

with the sample consisting of a metastable mixture of two products, the 

(PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure and (Pb0.5Sn0.5Se)m(TiSe2)n without any 

reaction pathway accessible for the superstructure to convert to (Pb0.5Sn0.5Se)m(TiSe2)n at 

these lower temperatures. 

  
Figure X.6: Normalized film thickness as a function of time and temperature. The data 
correspnds to the observations in the decay of the (001) maxima. 

Considering the changes that must occur during the conversion of the 

(PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure into (Pb0.5Sn0.5Se)m(TiSe2)n, two likely 

rate limiting steps are the intermixing of Sn and Pb, which is being directly monitored by 



 130 

the previously discussed XRR data, or the reduction of Sn/loss of Se as the SnSe2 

converts into SnSe. To decouple these potential rate limiting steps, the annealing studies 

were done on two different precursors with different thicknesses for the TiSe2 layers 

separating the Sn and Pb containing layers, and the decay in intensity can be seen in 

Figure X.7. As a first order approximation, the reduction of Sn/loss of Se as the SnSe2 

converts into SnSe is expected to be independent of the thickness of the TiSe2 layers. The 

increase in the thickness of the TiSe2 layer increases the diffusion length for the mixing 

of Sn and Pb by a factor of 3, which, if Fick's laws for diffusion hold, should decrease the 

interdiffusion rate by a factor of 9. As seen in Figure X.7, we observe the same decay rate 

in intensity for the n = 1 and n = 3 compounds when annealed at 250°C. This indicates 

that the interdiffusion of the cations across the TiSe2 layers cannot be the rate limiting 

step in the reaction. 

 

 
Figure X.7: The decay of the (001) maxima for the n =1 and n = 3 compounds. The same 
slope is observed for the two compounds at 250°C, suggesting that diffusion is not the 
rate-limiting step. 

To obtain information of what happens at an atomic scale during the transformation 

of the (PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure into (Pb0.5Sn0.5Se)m(TiSe2)n, local 

EDS maps were obtained as shown in Figure X.8. The EDX maps confirm the  
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Figure X.8: HAADF-STEM and corresponding EDX spectra and maps for a m = n = 1 
compound. Regions of the three constituent structure are observed. There are other 
regions where the decomposition of SnSe2 has occurred, and subsequent layer mixing is 
occurring. 

superstructure contains 3 distinct regions, each containing Sn, Pb or Ti as the 

predominant cation. The Pb and Sn containing layers are separated by the TiSe2 

layers.Interestingly, there are several regions where the structure appears to be 

transforming from (PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n superstructure into 

(Pb0.5Sn0.5Se)m(TiSe2)n. The higher intensity of the Pb signal makes Pb atoms diffusing 

into the Sn rich layer easier to observe. The conversion appears to preferentially occur at 

the same point in sequential layers.  

X.4. Discussion 

The studies outlined below are consistent with the following mechanism for this 

reaction: 

{m[Pb|Se]}{n[Ti|(2+y)Se)]}{m[Sn|Se]}{n[Ti|(2+y)Se]}  
)*+	∆

	 (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n 

 

(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n   
∆

  (PbSe)m(TiSe2)n(SnSe)m(TiSe2)n   + Se 

 

(PbSe)m(TiSe2)n(SnSe)m(TiSe2)n   
-.//.

      2 (Pb0.5Sn0.5Se)m(TiSe2)n 
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Since changing the thickness of the TiSe2 layers does not change the rate of the reaction, 

the rate limiting step of the reaction is most likely the decomposition of SnSe2 to SnSe. 

This decomposition requires the migration of Se out of the structure and Sn enter the 

structure from the surface, to obtain the required composition and to complete the 

rocksalt structure layer respectively. The strong onset of the reaction at 250°C and the 

associated decrease in film thickness suggests that this is the temperature required to 

liberate Se from the SnSe2 layer. This creates vacancies in the structure through which Se 

and rock salt cations can diffuse, causing the diffusion fronts observed in the STEM data. 

X.5. Conclusions 

Here we present a topotactic reaction that occurs in a metastable layered system, with 

multiple steps and identifiable intermediates. The mostly amorphous precursor first 

assembles in the the three consistituent heterostructure (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n 

when annealed briefly, or at lower temperatures. At elevated temperatures and longer 

times, the structure rearranges to form (Pb0.5Sn0.5Se)m(TiSe2)n, which maintains the 

superstructure, but decreases the unit cell size by a factor of two. In-situ diffraction, and 

ability to decouple diffusion from the reaction rate by increasing the number of TiSe2 

layers (n) in the precursor, allowing us to rule out diffusion as the rate limiting step. The 

data suggest that the decomposition of SnSe2 to SnSe and Se, is rate determining step in 

the reaction pathway.  

X.6. Bridge 

The topotactic reaction observed here represents the first in-depth mechanistic study 

of the reaction of heterostructures materials, to our knowledge. It provides a foundation 

for thinking both about designing heterostructures, and also about how solid phases react 

with one another. The structural motif provides distinct advantages for studying solid 

state reactivity. In the following chapter, we expand upon this concept, using the 

structural motif to probe the stability of the alloy constituent structure. 
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CHAPTER XI 

NANOSCALE SURFACE SEGREGATION AND MISCIBILITY IN 

INTERGROWTH ALLOY COMPOUNDS 

This work is unpublished but was done in collaboration with Jeffrey Ditto and David 

C. Johnson. Jeffrey Ditto is responsible for electron microscopy data, David C. Johnson 

is my advisor and research group leader, and I am the primary author. 

XI.1. Introduction 

The solubility rules for solids and surface segregation described by William Hume-

Rothery in the 1930s1,2 provide a reasonable foundation for predicting solubility limits of 

binary alloys. Bulk models, however, do not necessarily predict segregation at surfaces, 

where the bonding arrangements differ from the bulk structure. Reductions in surface 

energy can provide a strong driving force for surface segregation in systems where 

favorable surface conditions differ from the bulk composition.3 Conversely, the free 

energy of the bulk can also drive surface segregation.4 The presence of segregation can 

have significant impact on material properties. Examples include changes in catalysis,5 

surface stability and reactivity,6 and mechanical and electrical properties.7 

Segregation becomes more pronounced in nanostructured materials, which have been 

shown to have solubility rules, structures and properties different from their bulk 

counterparts. Solubility in a nanomaterial system was recently shown to be more related 

to molar heat of vaporization than electronegativity.8 It is possible to prepare solid 

solutions of nanomaterials within the miscibility gaps of the bulk phase diagram with 

properties that are not observed in phase segregated mixtures.9 For example, the 

formation of nanoparticle alloys that are immiscible in bulk has been reported by Zlotea 

et al.10, who observed unique size dependent Ir-Pd solubility and improved catalytic 

performance relative to the pure materials. Solid solution formation of alloyed SnSe-PbSe 

bilayers laminated between TiSe2 films11 from designed amorphous precursors has also 

been reported for compositions where the bulk phase diagram says they should be 

immiscibile. These size dependent differences in composition are thought to result from 

changes in the ratio of surface to bulk environments and/or changes in surface energy as a 
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function of curvature.6,10 The ability to systematically investigate miscibility in 

nanomaterials has been hindered by the inability to prepare homogeneously sized 

constituents, and the analytical challenge of determining surface composition in three 

dimensional nanoparticles. 

A layered structural motif combined with the ability to systematically alter the 

thickness of individual layers within in the superstructure through precursor design 

provides a platform to probe size related phenomena using electron microscopy 

techniques while eliminating effects from particle shape and curvature. Here we use 

scanning electron microscopy and energy dispersive X-ray spectroscopy to characterize 

the local composition the [(PbxSn1-xSe)1+δ]mTiSe2 intergrowth alloy system. The data 

suggest that a homogeneous solid solution is formed, in agreement with the X-ray 

diffraction data.11 A defect region is observed, where a PbxSn1-xSe layer is substituted for 

TiSe2, resulting in 3 adjacent bilayers of the alloyed structure, and the energy dispersive 

X-ray spectroscopy maps suggests that phase segregation is occurring. We then 

synthesized 3 different starting precursors to show that Pb segregates to the surface of the 

PbxSn1-xSe layers when m = 3, and that the segregation is thermodynamically rather than 

kinetically driven. 

XI.2. Experimental 

Samples were prepared in a physical vapor deposition system capable of depositing 

Pb, Se, Sn, and Ti simultaneously, at pressures below 5 x 10-7 torr. Rates were maintained 

at 0.1-0.3 Å/s at the substrate and monitored by separate quartz crystal microbalances. A 

PC controlled pneumatic shutter system was used to create the modulated precursor by 

depositing calibrated thicknesses of elemental layers in a repeating pattern to a total 

thickness of 50 nm. All samples were annealed at 350°C in a N2 environment ([O2],[H2O] 

≤ 0.8 ppm). A more in-depth description of the synthesis approach for the alloy 

compounds is given elsewhere.11 The synthesis of the compounds was confirmed by X-

ray diffraction (XRD) and X-ray reflectivity (XRR) on a Bruker D8 Discover 

diffractometer (Cu Kα radiation). Electron probe microanalysis was used to report global 

composition of the films.12 
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Thin cross-sections of the films were prepared using a FEI Helios 600 dual-beam FIB 

for scanning transmission electron microscopy (STEM) using the in situ lift-out method 

and thinned to electron transparency using the wedge premilling method.13 High angle 

annular dark field STEM (HAADF-STEM) and energy-dispersive X-ray spectroscopy 

(EDX) measurements were conducted using an aberration corrected FEI Titan G2 80-200 

STEM equipped with ChemiSTEM technology. The STEM was operated at 200 keV, 

18.1 mrad convergence angle,110 mm camera length, and approximately 0.1 nA of 

current using a 50 µm condenser aperture. EDX spectrum images were acquired with a 

2.3 ms dwell time per pixel integrated over multiple drift-corrected frames. EDX signal 

intensity profiles were extracted for Sn, Pb, Ti, and Se at energy windows of 3.34−3.99, 

2.23−2.56, 4.37−4.67, and 1.30−1.57 keV, respectively. Quantification was completed 

using the Cliff-Lorimer ratio technique, where k-factors were calculated from the end 

member compounds, which were used as standards for the alloys. To quantify the data 

from individual layers in the image, the k-factors used for the large areas were applied to 

each individual atomic layer of the EDX data. Ratios of Sn and Pb within the rock salt 

layer were calculated using k-factors determined from binary compounds of SnSe and 

PbSe synthesized from modulated elemental reactants. 

XI.3. Results  

We used EDX maps to explore the variation of local composition in a series of alloys 

containing a bilayer of a rock salt structured alloy PbxSn1-xSe through compositions 

where the bulk alloy has a miscibility gap.14 Vegards law behavior of x-ray diffraction 

data suggests that a solid solution forms between SnSe and PbSe in the rock salt 

structured bilayers in [(PbxSn1-xSe)1+δ]1(TiSe2)1.11 Figure XI.1 contains an EDX map for 

the x = 0.48 compound, and the corresponding integrated intensity profile from the 

spectra. The films are very stable under the electron beam. Even after 30 minutes of 

collecting data in a single area, no changes were observed in the sample.This allows 

sufficient time to accumulate enough counts to have clearly identifiable and resolved 

atomic planes in the cross-plane direction with elemental specificity. The global 

composition of the films was determined from the integrated EDX signals in the map by 

using the Cliff-Lorimer quantification method.15 This composition (see Table XI.1) 
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closely matches both that inferred from the observed Vegard’s Law behavior and that 

measured with EPMA.11 

Table XI.1: Local (EDX) and global11 (EPMA) composition of the alloy compounds. 
The oxygen content in the EPMA measurement is due to slight surface oxidation and the 
native substrate oxide. 

 

 

Figure XI.1: Top: HAADF STEM image of a representative area of a  
[(PbxSn1-xSe)1+δ]1(TiSe2)1 sample. Middle: EDX map of a representative area. Bottom: 
Integrated intensity of the respective elemental signals showing the average distribution 
of elements corresponds to Se-Ti-Se trilayers separated by bilayers of PbxSn1-xSe. 
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In order to quantify the local homogeneity, we take a statistical approach where we 

examine the variation of the ratio of integrated counts for the different elements for areas 

of different sizes across the EDX map (Figure XI.2). It has been experimentally 

determined X-ray counts in the spectrum obey Gaussian statistics.16 The standard 

deviation (σ) in counts is equal to N1/2 where N equals the number of counts in the peak. 

The characteristic peak chosen for Pb exhibits the largest k value of the elements in this 

study, and therefore has the smallest σ. For maximum sensitivity we will therefore focus 

on compositional changes in Pb. Examining the compositions within each of the (PbxSn1-

xSe)1+δTiSe2 layers within the area mapped, we find an average Pb composition of 11% 

with σ =  0.9%. For the number of counts analyzed in each square, Gaussian statistics 

estimate that the standard deviation would be between 0.6% and 0.9%, which is quite  

 

Figure XI.2: Quantitative analysis of the Pb composition in different particians of a 
spectrum image are displayed as a histogram. Variance in the composition is distributed 
normally (Gaussian fit shown with grey dotted line). (left) Compositions of  12x11 
rectangluar regions, (middle) 6x11 regions, 1x11 regions  (exluding a layer with a defect, 
darkened). Given that the composition distributions are approximately normal and that 
the standard deviation is decreases consistantly with 1/N1/2 (where N=counts of signal) 
indicates that there is no evidence for phase separation within the layers and that a solid 
solution of SnSe and PbSe was formed within the layers.   
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close to the experimentally determined σ and is consistent with each of the layers having 

equivalent composition. Dividing each layer into 12 equal sized regions, resulting in 132 

boxes, and examining the integrated intensity in each area, we obtain the distribution 

shown in Figure XI.2. The statistical broadening of the widths as the counting statistics 

decrease in smaller areas is consistent with a homogeneous distribution of Pb and Sn 

throughout the bilayers, supporting the conclusion from XRD that a solid solution has 

been formed. 

While the bilayer alloys appear to be homogeneous, as the thickness of the Pb1-xSnxSe 

layer is increased from a bilayer the bulk phase diagram14 indicates that at some layer 

thickness the system should show a miscibility gap, at intermediate compostions. Figure 

XI.3 shows a defect region with 6 planes of rock salt structure. Qualitatively the 

compositions of the outer layers of the defect are enriched in lead. At this concentration, 

the bulk structures would be immiscible.14 The observed inhomogeneity within this 

 

Figure XI.3: top. HAADF STEM image of a defect area within the [(PbxSn1-

xSe)1+δ]1(TiSe2)1 sample. Middle: EDX map of this area indicating the non-uniform 
distribution of Pb and Sn in the 6 rock salt planes. Bottom: Integrated intensity of the 
respective elemental signals showing the average distribution of elements. 
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defect suggest that as the surface to volume ratio changes, so does the distribution of the 

cations within the rock salt layer. The segregation of Pb to the surface layer would 

decrease the entropy of the system which must be offset by an enthalpic stabilization. It is 

not clear if the segregation observed in the defect results from a variation in local 

precursor composition (kinetically stabilized), or enthalpic effects in the structure 

(thermodynamically stabilized).  

To determine if this segregation is a result of kinetic limitations or thermodynamic 

stability, three different [(Pb1/3 Sn2/3Se)1+δ]3(TiSe2)1 precursors were prepared using the 

MER technique and annealed to form the same compound, and schematics of these 

precursors are shown in Figure XI.4. The three different precursors distribute the Pb and 

Sn differently within the Pb⏐Sn⏐Se layer, with a homogenous distribution, and with lead 

concentrated on either the interior or exterior of the structure. If the distribution of Pb and 

Sn in the final product is a kinetic effect, we expect to see different distributions in the 

self-assembled products, with the ferecrystalline product reflecting the arrangement of 

the precursor. However, if the distribution is a thermodynamic phenomenon, then we 

expect to see similar distribution of Pb and Sn in the final product. 

 
Figure XI.4: Schematic structures of the three different repeating units of precursors to 
probe whether surface segregation is a thermodynamic or kinetic phenomenon. 

A representative HAADF STEM image for the three compounds is shown in Figure 

XI.5. All the annealed compounds display the same basic structure, with blocks of 

rocksalt six monolayers thick interleaved between single trilayers of TiSe2. The rocksalt 

[110] and [100] faces are clearly present in the figure. CdI2 type [110] and [100], 
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consistent with the structure reported for TiSe2, are also visible. The contrast suggests the 

higher Z Pb and Sn atoms are present in the rocksalt structure, and that the darker CdI2 

layer contains the low Z Ti atoms as expected from the previously reported alloys.11 The 

unit cell measured with XRD was found to be the same within error ranging between 

2.38(1)-2.39(1) nm. The samples display the characteristic rotational or turbostratic 

disorder between the layers, as expected for metastable compounds formed from 

amorphous precursors.17–19 Qualitatively EDX maps confirm the formation of distinct 

PbxSn1-xSe and TiSe2 phases, and further indicate enhanced Pb concentration at the 

interface layers for all of the precursors, with a representative map shown inset in Figure 

XI.5.  

 

Figure XI.5: Representative HAADF-STEM image and corresponding EDX map (inset) 
for the disperse precursor. Crystallographic alignment for the expected phases are 
observed. 

To quantify the local composition, a large area of data was integrated and analyzed 

using the approach described above. The overall composition in the 3 samples from EDX 

over a large area is consistent with the deposition parameters used in preparing the 

5n
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precursors and the targeted composition of the samples (Table XI.2). All samples are 

about 66%Sn leading to a measured stoichiometry of [(Pb0.34 Sn0.66Se)1.17]3(TiSe2)1 for 

the self assembled products which is consistent with the deposition parameters used to 

prepare them. Figure XI.6 contains the compositions of each atomic rock salt plane in the 

samples prepared with different precursors. The results show that all three precursors 

have similar enhanced Pb composition in the outer most layers, with the variation of 

these layers from the interior layers being statistically significant. The spectra suggest 

that the rock salt structure in homogenous in the in-plane direction. Atomic plane 

quantification results in a partially background subtracted quantification as true 

quantification has not yet been accomplished at atomic resolution due to signal 

overlapping caused by probe tails, surface amorphization, and a broadening interaction 

volume.  

Table XI.2: STEM-EDX quantitative results using k-factors calculated from SnSe and 
PbSe films prepared via MER, as well as the c-lattice parameter calculated from the XRD 
patterns. 

 

 
Figure XI.6: The histograms displaying the Pb content for each of the PbxSn1-xSe 
monolayers (left) and a representative integrated profile for the unit cell (right). 
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XI.4. Discussion 

The formation of similar self assembled product from three unique precursors 

suggests that the surface segregation observed is a thermodynamic effect, rather than 

kinetic. The precursor was deposited outside of the miscibility gap for the bulk 

compounds, which further suggests that the surface segregation is the result of a surface 

energy stabilization. The low temperature formation of SnSe2 in the superstructure 

reported in Chapter 9 suggests that the formation could also be a result of a more 

complex reaction mechanism. DFT calculations would be helpful to understand the 

relative stability of the structures and surfaces. Collaborators from the University of 

Florida have begun these calculations, with the goal of commenting on the stability of the 

structures, and the root of the observed surface segregation. 

XI.5. Conclusions 

Electron microscopy, and more specifically EDX measurements were used to 

characterize local composition in the [(PbxSe1-xSe)1+δ]1(TiSe2)1 intergrowth compounds 

using a statistical approach. The compounds were found to have a homogeneous 

composition, confirming the formation of a solid solution suggested from previous X-ray 

diffraction experiments. The observation of the a defect region suggests that surface 

segregation occurs in thicker blocks of the alloyed rock salt structure. Variation of the 

precursor films resulted in the formation of similar products and suggests the observed 

segregation is thermodynamically driven. 
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CHAPTER XII  

CONCLUSIONS AND SUMMARY 

The formation of several ternary metastable misfit layer compounds based on TiSe2 

are reported. These compounds were synthesized via modulated elemental reactants, 

which employs the use of a designed precursor to synthesize targeted heterostructures by 

controlling local composition and annealing in a diffusion-limited regime to allow the 

precursor to self assemble in the local free energy minima. Compounds with the basic 

formula [(MSe)1+δ]mTiSe2 were explored, where M = Sn and Bi. The m = n = 1 

compounds suggest that charge transfer between constituents is responsible for the n-type 

behavior observed, with the Bi compound donating more electrons to the conduction 

band than Sn, as expected based on their formal valencies. Unexpected structural 

behavior was observed in[(SnSe)1.21]mTiSe2, where there is evidence of long range order, 

and in-plane distortions to create a lattice match, suggesting the compounds is more 

apptly described as a misfit layer compound with considerable rotational defects. The 

transport properties observed in the [(SnSe)1+δ]mTiSe2 compounds (m ≤ 4) suggests more 

complicated constituent interaction in this system than previously observed.  

In order to optimize the materials, the ability to make site-specific substitutions was 

explored. First a series of (PbxSn1-xSe)1+δTiSe2 compounds were synthesized, which 

showed the formation of the targeted PbxSn1-xSe over the entire range of 0 ≤ x ≤ 1 even 

though a miscibility gap is expected from the bulk SnSe and PbSe phase diagram. The 

compounds showed increased mobility when compared to the end members. This 

approach was then used to demonstrate modulation doping in Heterostructures through 

the synthesis of the (BixSn1-xSe)1+δTiSe2 series of compounds. The superstructures were 

shown to form for the entirety of the range 0 ≤ x ≤ 1, with the intermediate x values 

showing evidence of two symmetry types in the BixSn1-xSe constituent, suggesting the 

two parent structures are present. The doping efficiency of the Bi atoms was observed to 

decrease as the concentration of Bi atoms increased, and the mobility of the compounds 

increased as the Bi content increased as well. This work combined suggests that targeted 

substitutions and subsequent modulation doping may be a way to optimize material 

properties in this class of compounds at a deeper level than previously demonstrated. 
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The synthesis of multi-constituent heterostructures is reported. The formation of a 3 

constituent phase is reported containing PbSe, SnSe2, and TiSe2, and is demonstrated for 

several different layering schemes. The formation of the compounds occurs at a far lower 

temperature than the compounds reported above. Interestingly, these precursors annealed 

at higher temperatures undergo a topotactic reaction, converting to the higher entropy 

(PbxSn1-xSe)1+δ(TiSe2)n structure. Through in-situ diffraction and designed precursor 

structures, diffusion is decoupled from the reaction rate, and the decomposition of the 

SnSe2 is suggested as the rate limiting step in the multistep reaction.  

Finally, the stability of the alloy constituent phase PbxSn1-xSe is explored. In thicker 

blocks of the structure, Pb is observed to segregate to the surface. Three precursors were 

designed to test whether this was a kinetic or thermodynamic effect, which all resulted in 

the same metastable structure. The synthesis of these precursors outside the miscibility 

gap suggests that the observed surface segregation is a thermodynamic effect likely 

driven by a surface energy gain. The work understanding the reactivity of metastable 

solids should serve as a starting place for more fundamental chemical studies, using 

layered compounds as a model system for the ease of characterization, and the ability to 

control structure to systematically study solid state reaction. 
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