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Abstract 
 
 This thesis presents basic studies, including structural, optical and transport 

measurements, on novel chalcogenide powders and single crystals.  BiCuOSe crystals 

have been synthesized for the first time. The crystal structure of BiCuOSe has been 

refined and the optical band gap has been measured to be 0.83eV. Crystal structure 

refinements of new crystals Sn1.78Zr 0.22S3 and SnZrSe3 are also reported.  BiCuOTe 

powder has been synthesized by a novel precursor method.  Using this synthesis route, 

the solid solutions BiCuOS0.5Se0.5 and BiCuOSe0.5Te0.5 were made.  Lattice 

parameters were measured for the BiCuO(S,Se) and BiCuO(Se,Te) solid solution 

range; Vegard’s law is obeyed.  Optical gap measurements were possible for 

BiCuO(S,Se) which showed a near linear relationship.  Studies of SnMCh3 (M = Zr 

and Hf; Ch = S and Se) show the incorporation of many dopants on the M site 

including In, Sb, Bi, Y and Nb. Seebeck measurements of the powders show that 

SnZrS3 and SnZrSe3 are intrinsically p-type materials.  These materials become n-type 

semiconductors with the addition of Sb and Bi.  A solid solution forms between 

SnZrS3 and SnZrSe3.  Both lattice parameters and optical band gaps vary smoothly 

between the end members.  Density functional theory was used to determine that these 



materials are indirect semiconductors and to predict the optical band gaps.  The 

calculated band gaps vary from 0.5eV for Sn2S3 and SnZrSe3 to 1eV for SnHfS3.  

Measured optical band gaps range from 0.83eV for SnZrSe3 to 1.4eV for SnHfS3. The 

material Cu3TaSe4 will accept Zr and P into its structure without deformation at 5 at. 

%, but not W.   
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Single Crystal Growth, Powder Synthesis and Characterization of Layered 
Chalcogenide Semiconductors 
 
Chapter 1: Introduction 
 The inorganic crystal structure database (ICDD) has approximately 

136,000 entries [1].  With so many well-characterized compounds, and the number 

increasing, science has the opportunity to conduct its research in a smarter way.  

Instead of adopting a trial and error approach, we science can look specifically at 

the desired end result and engineer a material to fit.  One desired result is to 

synthesis and study semiconductors that exhibit ambipolarity, i.e. can be doped 

both n- and p- type.   

 

1.1 Photovoltaic (PV) Fundamentals  

 Photovoltaics present an opportunity to learn why materials prefer to be n- 

type or p- type as well as a technological challenge to explore new materials.    

The core of the solar cell is the p-n junction, shown in Fig. 1.1, commonly found 

in diodes.  For Si PVs, Si is the single host material used as the basis for the 

device.  Different dopants produce either n- type (electron are the majority current 

carrier) or p- type (holes are the majority current carrier) conductivity as required.  

At the interface of any p-n junction, free holes diffuse into the n – type material 

while free electrons diffuse into the p- type material.  The result is a depletion 

barrier of width W, indicated in Fig. 1.1 by the regions of + and - signs.   

 

 The bottom image in Fig. 1.1 shows the associated electronic band bending 

that occurs when a reverse bias is applied to the junction.   Band bending occurs 

when a p - and an n - type material are in contact with each other, just not to such 

an extreme as shown in Fig. 1.1.  In solar applications, sunlight at higher energies 

than the band gap of the p- type material, Eg, will promote electrons from the p- 

type material to its respective conduction band, EC. As a result of the band 

bending, due to the depletion layer, electrons will diffuse through the depletion 

barrier into the n- region where they become attracted to the top contact.  Holes in 
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the n- type material diffuse through the depletion barrier into the p-type material to 

re-combine with electrons at the metal back contact. 

  

  
Fig. 1.1.  P – n junction showing depletion barrier.  Image taken from Ref. [2] 

 

1.2. The photovoltaic cell 

Photovoltaic cells, instead of passively absorbing solar energy, absorb the sunlight 

energy so that photons can separate electron – hole pairs from the depletion layer 

to provide electrons to an attached circuit.  A typical Si PV cell, shown in Fig. 1.2, 

consists of a cover glass for environmental protection, an anti-reflection coat to 

minimize reflection of the incident sunlight, a front contact for electrons to enter, 

the p-n homopolar junction as the source of electrons and holes, a back contact to 

complete the circuit and a substrate for mounting. [3] 
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Fig. 1.2.  Schematic of polycrystalline Si PV cell with the necessary components 
identified.  Image taken from Ref. [4]. 
 

 

1.3 Absorption  in photovoltaics  

 The goal during PV activity is to maximize the power conversion 

efficiency in the PV cell while it is illuminated.  The two important players are the 

incident energy of the sun and the material choice of the absorber (p- type 

material) in the cell.   

 From basic science, we know that the absorption of solar heat by the 

atmosphere is wavelength and location dependent.  Also, the shape and intensity of 

the solar spectrum on earth varies from that at the sun.  The solar constant, with a 

value of 1.37 kWm-2, is a measure of the power density associated with solar 

radiation, on a plane perpendicular to the direction of the sun at the mean earth-sun 

distance, outside the earth’s atmosphere.  This is referred to as air mass zero 

(AM0). [5]  One air mass is the thickness of Earth’s atmosphere and is denoted 

AM1.   AM1.5 is the spectrum of standard sunlight recommended by the 

Commission of the European Committees and adopted by ASTM for PV testing.  

It corresponds to an angle of 48.2° between the solar radiation and the zenith.  It 

has a power density of 1 kWm-2. [6]  The location with respect to Earth of where 

AM0, AM1 and AM1.5 are measured is shown in Fig. 1.3a.  Fig. 1.3b shows the 

measured energy distribution with respect to wavelength.   
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                                 a.                                                           b. 

Fig. 1.3. a. Schematic of how the standard solar spectrum shown in b. is measured.  
Fig. a taken from Ref [6].  Fig. b taken from Ref. [7]. 
 

  

Solar cells are compared by measuring their power conversion efficiency,  

in

SCOC

P
FFIV

=η
 

where VOC is the open circuit voltage, ISC is the short circuit current and Pin is the 

total powder of incident light.  FF, the fill factor, is a normalized parameter that 

gives an indication of the ideality of the device and can be expressed in terms of 

VOC and ISC.  For single host PVs the most important material parameter is the 

band gap.  VOC is determined by the absorption and light generation processes and 

the efficiency with which charge carriers reach the depletion region.  ISC is 

measured when there is no applied voltage.  Hence VOC and ISC are inversely 

proportional to each other.  Assigning favorable values to mobilities and lifetimes, 

one can calculate the efficiency as a function of the band gap energy.  Calculations 

for the three AM sun spectra, including the location of the band gaps for common 

absorber (p- type) materials, are shown in Fig. 1. 4.  From Fig. 1.4, optimum band 

gaps occur between 1.4 and 1.6eV. [3] 

(Eq. 1.1) 
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Fig. 1.4 Ideal solar cell efficiency as a function of the band gap energy for the 
spectral distribution AM0 and AM1.5. Image taken from Ref. [3]. 
  

VOC, defined above, depends upon absorption, light generation processes 

and the efficiency with which charge carriers reach the depletion region.   

Absorption properties of photovoltaic materials are dependent mainly upon two 

factors, namely  fundamental and free carrier absorption,  

    α = αf + αfc.  (Eq. 1.2) 

Fundamental absorption, αf, is the absorption necessary to create free electrons and 

holes.  Free carrier absorption results in the increase of the energy of the free 

carrier.  Absorption coefficients of various PV materials at 300K are plotted in Fig. 

1.5. 

 Light generation can occur only if the energy of the incident photon is 

larger than the band gap energy of the absorber layer. The number of generated 

electron/hole pairs depends on the number of incident photons S0(ν)(per unit area, 

per unit time and per unit energy) calculated from the spectral distribution of the 

sunlight. The absorption and the number of incident photons can be used to 

calculate the number of generated electron-hole pairs.   
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Fig. 1.5 Absorption coefficients of common solar cell absorber layers as a function 
of wavelength. Image taken from Ref. [5]. 
1.4 Material Options 

 Commercial solar cells utilize Si, CdTe or CuIn1-xGaxSe2 (CIGS) as the p-

type material in the cell.   This layer is referred to as the absorber layer.  Si is a 

useful absorber material because it has been technologically well developed.  

There is a vast amount of knowledge on how to dope it both n- and p- type.  A 

second reason is its relative abundance.  Si, however, is an indirect semiconductor.  

This means that optical transitions between the states close to the band gap edges 

require a change in momentum of the electron, p = ħk, which are only possible 

with the participation of phonons. [3]  This corresponds to a required thickness of 

~20μm to absorb most of the photons with energy greater than the band gap. [8] 

 CdTe is a direct transition semiconductor with a band gap of 1.4 eV, which 

is optimum for high efficiency cells.  CdTe PV cells are usually heterojunction 

cells utilizing CdS as the n- type material to complete the p-n junction.  

Efficiencies as high as 10.6% in a commercial cell have been reported. [9]  Since 

CdTe is a direct transition semiconductor, no extra momentum is need for band 
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gap transitions.  Hence in direct semiconductors, photons are absorbed within a 

few microns of the surface.  [8] 

 Fig. 1.4 shows that effective absorber layers need to have a band gap 

between 1.4 and 1.6 eV.  Hersh [10] reported two novel materials, SnZrS3 and 

SnHfS3 as possible absorber materials.  These materials were proposed because 

they can be viewed as a hybrid structure of SnS and MCh2 (M = Zr or Hf).   SnS is 

a p-type semiconductor with a band gap between 1.0 to 1.3eV.  [11]  ZrS2 and 

HfS2 are n- type semiconductors with measured band gaps of 1.4eV [12] and 

2.0eV[13] respectively.  Chapter 2 of this thesis reports for the first time the 

growth of single crystals of Sn1.78Zr0.22S3 and SnZrSe3.  The crystals are whisker-

like.  Chapter 4 is an in depth structural investigation into the synthesis of not only 

SnZrS3 and SnHfS3, but also the related new compound SnZrSe3.  The synthesis of 

analogous compounds SnHfSe3 and SnZrTe3 is presented, but no compounds were 

formed.  Synthesis of Sn2S3 is pursued for comparison purposes.  Investigations 

into the solid solution formation between SnZrS3 and Sn2S3 are presented as well 

as evidence for the solid solution formation between SnZrS3 and SnZrSe3.  Chapter 

5 continues to probe the SnMCh3 (M = Sn, Zr and Hf; Ch = S and Se) systems 

using density functional theory calculations to determine what the dispersion 

relations for these materials are for the first time.  SnMCh3 compounds are indirect 

semiconductors with onsets of absorption near 1eV.  The measured onset of optical 

absorption for these materials is shown to range from 0.8eV – 1.4eV.   Electrical 

resistivity measurements of these materials reveal these materials to be highly 

insulating, ρ ~1MΩcm.  Seebeck measurements show intrinsic p- type behavior of 

SnZrS3 and SnZrSe3.  N-type majority carriers can be achieved by doping SnZrSe3 

powders with Bi or Sb.  
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1.5 Optical band bending 

 Commercial IR detectors used to probe the IR spectrum are made from an 

InAs solid solution doped with Ga.  Fig. 1.6 shows the modulation of the InAs 

band gap as a function of Ga concentration.  The most common commercial solid 

solution composition is In0.53Ga0.47As, band gap of 0.73eV [14], rated to probe the 

800 – 1800nm mid-IR spectrum.  The IR detector of the fiber optic system in the 

Tate lab is equipped with such a detector.  One should note that the band gap 

modulation is not linear.  

 

 
Fig. 1.6 InAs band gap as a function of Ga concentration. Data taken from [15]. 
 
 The fact that the measured band gaps of alloyed materials show quadratic 

non-linearity has been known for more than 30 years. [16]  Several attempts have 

been made to model this behavior both phenomenologically using Bragg’s 

conservation of tetrahedral bonds theory (CTB) and computationally using the 

virtual crystal approximation (VCA). [17]  The main causes of the observed 

bowing are volume effects, charge transfer and relaxation effects. [18] 

 Chapter 6, the last materials development chapter, is about the 

characterization of BiCuOQ (Q = S and Se) and Cu3Ta1-xMxQ4 (Q = S and Se) 

powders.  Hersh [10] deposited thin films of BiCuOSe as a possible window layer 

in heterojuction solar cells.  Optical and lattice parameter measurements are used 

to compare BiCuOQ powders prepared by a novel precursor method.  Optical 
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measurements are reported for BiCuOS, BiCuOS0.5Se0.5 and BiCuOSe.  Optical 

bowing is believed to be occurring in the measured band gaps of  BiCuOQQ’ (Q = 

S and Se).  New solid solution materials BiCuOS0.5Se0.5 and BiCuOSe0.5Te0.5 are 

reported.    Chapter 2 reports the first ever crystal growth of BiCuOSe.  

Comparisons between the powder and the crystal of the measured band gaps are 

made.  

 The Cu3TaSe4 system is investigated as a continuation of the Cu3TaS4 

system looked upon by Hersh [10] and the Cu3TaSe4 and Cu3TaTe4 systems 

explored by Platt. [19]  Doping studies are undertaken with Cu3TaSe4 to explore 

the possibility of ambipolarity and the electrical resistivity is measured for 

comparison.    
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Chapter 2:  Crystal growth 

 

…the task of crystal growers of today is to gain basic knowledge about the 

correlation of the crystal properties and the growth conditions defined by special 

parameters. 

--G. Müller [1]  

 

2. 1  Introduction 

A crystal grown is a result of two events, crystal nucleation and growth.  

When a liquid is cooled beneath its melting temperature, small solid particles will 

form within the melt due to solid-liquid equilibria.  These small solid aggregates 

are the beginning of nucleation.  Nucleation is complete after the nucleus, the 

aggregation of particles, attains a certain critical size. There are two types of 

nucleation.  Heterogeneous is the most relevant for the experimental crystal 

grower because most crystals grow on surfaces, impurity sites and on solid 

particles.  The energy barrier for super saturation is reduced by utilization of 

another surface.  Homogenous nucleation is the super saturation at which the 

minimum critical nucleus size is exceeded for which crystal growth can take place 

[2]. 

After nucleation, crystal growth begins.  Crystal growth occurs when more 

material from the melt adheres to the nucleus than is dissolved in the solution.  

Crystal growth progresses through either step-wise or non-step-wise growth.  Step 

-wise growth seems to be the most appropriate mechanism for flux and chemical 

vapor transport growth as both these methods create faceted crystals.  In step-wise 

growth higher density planes grow faster than less packed crystal faces [2]. 

 

2.1. i.  Flux Crystal Growth Method 

 Flux growth is accomplished by dissolving components of the material in 

the single crystal in a “flux” or solvent, usually by heating.  The flux acts as a 
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medium to get the desired components into a liquid form.  As the components are 

cooled, either the flux can evaporate leaving the desired crystal, or the flux and 

crystals are cooled together and the flux should be chosen with care such that the 

flux is easily removed from the crystals.  The advantages of this growth technique 

include the simplicity of the materials needed, namely a crucible and a furnace; the 

minimal amount of skill needed to get started and the wide range of materials that 

can be grown.  Additional perks are that the finished crystals have very little strain 

and that they have many facets so that further polishing for measurements is not 

needed.   

One starting point when using this method is to consult a phase diagram of 

the material under question and the flux you are using if one is available.  

Otherwise a pseudo binary phase diagram, as shown in Fig. 2.1 can be constructed 

as the growth procedure continues.  In Fig. 2.1, compounds A and B are the two 

ends of the diagram.  Compound A is the material you are interested in and B is 

the flux material.  The desired crystal is the β-phase of solid A.  Looking at Fig. 

2.1, the crystal grower learns that they need to slowly cool their crystal growth 

experiment between temperatures Tx and Te in order to precipitate out the β-phase 

[3].    

 

 

 

 

 

 

 

 

 

Fig. 2.1.  Idealized phase diagram showing the liquidus (dashed arrow) over which 
the low temperature phase (β) can be grown.  Image taken from Ref. [3]. 
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In addition to checking out possible phase diagrams, it is highly suggested 

to look in the literature reports about crystals of the same phase already having 

been made.  Good references to check out are papers by B. Wanklyn.  A few 

references to get started with are Ref.[4-6].  One practical aspect to think about 

before growing a crystal is what flux to use.  Fluxes modify the liquidus 

temperature, viscosity, growth range and crystal yield.  The liquidus temperature 

in Fig. 1 is any temperature above Tx between the composition line XE.   The 

growth range, in Fig. 1, is between Tx and Te between the composition line XE.  

The melt viscosity is important in that higher viscosity melts impede crystal 

formation.  Hence crystal yield will be low.   Historically, PbO, PbO - PbF2 and 

PbO - B2O3 are fluxes which have been used, repeatedly, with much success in 

flux oxide crystal growth.  The toxicity of Pb should be addressed before use.    

Other issues to think about are cooling rates, crucible use and environment.  

Cooling rates are a kinematic process.  If the system is cooled superfast, a glassy 

amorphous phase will form, whereas at a really slow rate, a crystal will form.  

Most references on crystal growth will recommend crucibles that are inert; this 

means ceramics such as Al2O3, BN or ZrO2 or non-reactive metal crucibles such as 

Pt, Nb, or Ta.  Alumina crucibles are readily available.  Finally, flux crystal 

growth occurs in all types of atmospheres.  When growing a crystal, usually the 

powder has been already made.  It is highly recommended that the powder is first 

made to get an understanding of the requisite environment needed for crystal 

growth.   It may be possible to extend the region of crystal growth over a larger 

temperature range, i.e. longer growth period and hence grow a larger crystal, by 

changing the atmosphere in which the crystal is grown.  One place to confirm such 

a possibility is in phase diagrams made at different partial pressures of oxygen [7]. 

 

2. 1. ii. Chemical Vapor Transport 

 Nitsche and Schäfer have pioneered chemical vapor transport (CVT) as a 

single crystals growth technique [8-10]. The basic schematic of a closed tube 
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crystal growth system and the accompanying temperature profile is shown in Fig. 

2.2.  CVT can proceed in either a closed or open tube.  This description will focus 

on the closed system.  More information on the open system can be found in Ref. 

[11,12].   

The CVT process is dependent upon a reversible heterogeneous reaction.  

Although complex, the system can be treated as gaseous diffusion between spaces 

in which thermodynamic equilibrium has been established between solid and 

gaseous phases [9].  In simpler terms, a powder with a transport agent is sealed 

inside an evacuated sealed tube.  This tube is placed into a temperature gradient.  

The transport agent due to the high temperature becomes volatile, but also 

dissolves some of the powder, in the gaseous state.  The temperature gradient 

causes a chemical gradient, area of high concentration to area of low 

concentration.  Therefore the volatile transport agent diffuses from the source, Ts, 

towards the end of the tube, an area of lower concentration, Te.  At Te, the 

dissolved compounds become removed from the transport agent forming a crystal.  

The transport agent migrates back to the original side of the tube as that side has 

become a region of lower chemical concentration.  This cycle continues until 

equilibrium between the solid and gas phases of both the source and end are in 

equilibrium on both sides of the tube as well as between tube ends.   

The CVT experiment is written, 

iA(s) + kB (g) → jC (g) + lD (g)                           (Eq. 2.1); 

where A, B, C and D are species and i, j, k and l are their molar coefficients. 

Temperature gradients range from ~50°C to 300°C.  The furnace side with 

the higher temperature is termed the hot end; while the cooler end of the furnace is 

termed the cold end.  Transport is known to occur in either direction depending 

upon the sign of ΔH.  For exothermic reactions, growth proceeds from the lower 

temperature to the area of higher temperature.  For endothermic reactions, crystal 

growth proceeds from the higher temperature to the lower temperature.  Crystal 

growth of chalcogenide materials is always endothermic [8].   Transport 
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experiments are frequently carried out with fused quartz tubes of 1 - 3 cm diameter 

and a length of 10 – 20 cm.  Transport agents are usually added in quantities of 1 - 

5 mg per ml of sealed tube volume.   Care needs to be taken when adding the 

transport agent.  During the transport experiment, if too much pressure builds up, 

the sealed tubes have a tendency to burst.  Sometimes crystals still form. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 2.2.  Schematic diagram of chemical vapor transport of a closed tube system 
with the temperature profile underneath.  Image taken from Ref. [13]. 
 

Since the CVT process is a complex diffusion problem, the solution has 

been to model the crystal system.  Approximate calculations of the diffusion 

problem started in 1972.  Other tacks include to map out the resulting crystals with 

different halogen transport agents [14].  Computer programs to model crystal 

behavior include the SOLGASMIX [15], EPCBN, and CVTRANS [12].   

Despite the complexity of understanding the diffusion equation, CVT is a 

versatile method for crystal growth.   Crystals of oxide, oxyhalides, arsenides, 

chalcogenides and phosphides to name a few crystals have been grown [11,12].  



16 
 

 

Similar to the flux method, there is minimal equipment necessary to get started.  

Also crystals can be made beneath their melting point.   

 

2. 1. iii.  Czochralski Crystal Synthesis 

 The Czochralski method has technological importance in that large defect-

free crystals, of many orientations, can be grown in a relatively short amount of 

time.  The Czochralski method was originated by polish chemist Jan Czochralski 

as a means to study the crystallization rates of metals.  The basic apparatus for this 

crystal growth method are a crucible and a rod pulling mechanism that can spin.  

The process is illustrated in Fig. 2.3a.  The general process, for the growth of 

silicon for use as wafers, is described below.  High purity silicon metal is melted in 

a quartz crucible.  Should an extrinsic semiconductor be desired, any dopants such 

as B or P are added.  A seed crystal of Si that has the desired orientation is 

attached to a rod.  The rod is lowered into the molten Si and rotation of the rod 

begins.  The rod is then slowly pulled up bringing oriented Si of various diameters.  

As stated, this is the general procedure; control of the spin rate as well as the pull 

rate will affect the final ingot product.  Fig. 2.3b is an 8in (200mm) standard Si 

ingot.  Industry is moving towards an 18” (450mm) wafer by 2012 in efforts to 

increase productivity gains [16].  Si ingot final processing includes cutting and 

washing in weak acid to remove surface particles.  Further texturing and etching 

may be necessary depending upon whether the wafer will be used in the solar 

industry or in the computer industry.    

The technological significance is that Czochralski method is one of two crystal 

growth methods supplying wafers for the $6.7 billion USD Si wafer industry.  

This number is for 2009, down from the $11.4 billion USD recorded in 2008 [17].  

Other crystals made from this technique include, but are not limited to:  LiNbO3, 

YAlO3, and Bi12SiO20.   
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                           (a)                                                    (b) 

Fig. 2.3 (a) Schematic of single crystal Si ingot fabrication and (b) 8in Si ingot 
ready to be cut into wafers.  Fig. 3 a taken from Ref. [18] and Fig. 3 b taken 
from Ref. [19]. 
 

 

2.1. iv.  Bridgeman (Bridgeman - Stockbarger or Zone Melting) method 

The second method used to make Si wafers is the Bridgeman method.  This 

technique is also known as the Bridgeman-Stockbarger (BS) or as zone melting 

or as the float zone method.  In all cases, a polycrystalline material is heated 

above its melting temperature in what is referred to as boat.   A seed crystal 

can be, but isn’t necessary, placed at one end of the boat.  In the Bridgeman 

process, the furnace is cooled in such a way that two zones are created, a cool 

and a hot end.  In the Stockbarger process, the boat is pulled through the 

furnace creating the temperature difference [20] for spontaneous 

crystallization.  The BS process can be done either horizontally or vertically.  

A schematic of the operation is apparatus is shown in Fig. 2.4a.   
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 The advantage of this process is the high purity of the final crystal as all the 

impurities tend to concentrate at one end that can be cut off and discarded.  

The BS method is used as an alternative to the Czochralski method.  One 

example of a crystal that more readily forms with the BS method is GaAs.  An 

ingot of GaAs is shown in Fig. 2.4b.    

 

 

 

 

 

  

 

 

 

                         (a)                                                         (b)                                
Fig. 2.4 (a) Schematic of Bridgeman-Stockbarger process and Fig. 3b the resulting 
GaAs ingot at the end of the process on the right.  Fig. 4a taken from Ref. [21] and 
Fig. 4b taken from Ref. [22]. 
 
 

 

 

2. 1. v.  Solvothermal Crystal Synthesis 

Solvothermal crystal growth is a method in which a crystal is grown in a 

solution using both temperature and pressure.  Originally, crystal growth with this 

technique was limited to water solutions, hence the name hydrothermal.  However, 

there has within the ten years been an increase of crystal growth using ammonia 

changing the name to amono-thermal synthesis.  Amono-thermal crystals grown 

include GaAs and GaN as well as some sulfides: CaS, SrS, CaY2S4, CaCu2S2 and 

BaCu2S2 to name a few [23].  The vessel for this type of crystal growth is either an 

acid digestion bomb or an autoclave.  In general, the “nutrient”, which consists of 
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feedstock material is added to a “mineralizer”, is placed in the bottom of the 

autoclave with some solvent.  Mineralizers are any component added to the 

water/amono solution without which crystallization would either not occur or 

would be extremely slow.  The mineralizer acts to increase the solubility of the 

solute by the formation of species complexed with the mineralizer [24].  Fig.2.5a 

shows the basic experimental setup.   

The autoclave is hermetically sealed and is heated up in order to create two 

temperature zones.  Using the temperature difference method, the autoclave is 

slowly cooled down, and convective currents circulate the material.  Cooler and 

denser material descends while hotter material rises.  This motion creates super 

saturation.  Seed crystals mounted in the cooler region provide nucleation sites for 

crystal growth.  This two zone growth technique is the most utilized technique.   

 The main advantage of this technique is the ability to grow materials at 

significantly lower temperatures than their regular melting point.  Secondly, large 

crystals of high quality can be grown.    The main disadvantage of the process is 

not being able to look at the crystal growth while it is happening.  This is changing 

through the study of kinetic reactions and modeling of the hydrothermal process 

[25].  An example of a hydrothermally grown emerald is shown in Fig. 2.5b. The 

image did not include a size bar, but it is included to demonstrate the size of 

crystal that can be grown and to demonstrate the range of industrial application for 

hydrothermal crystal growth.   
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                              (a)                                              (b) 

Fig. 2.5.  (a) Experimental setup of solvothermal crystal growth experiment, taken 
from Ref. [26].  Fig. 5b is an emerald crystal grown using the hydrothermal 
synthesis method.  Image taken from Ref. [27]. 
 

2.2  Crystal Synthesis 

2. 2. i.  BiCuOQ (Q=S, Se and Te) 

BiCuOSe 

BiCuOSe crystals were made from Bi2O2Se and Cu2Se (Cerac, 99.5% 

purity) precursor powders were mixed with a KCl + NaCl (KCl - Mallinckrodt, 

99.6% purity, NaCl - Fluke Chemical, 99.5% purity) (molar ratio of 1:1) flux in a 

molar ratio of 1:10.  Synthesis of the Bi2O2Se precursor is given in the powder 

section.  The flux and starting materials were loaded into an alumina crucible 

inside a fused quartz tube; which was then sealed under vacuum, P ~1mtorr.  The 

evacuated tube was heated in a furnace at a rate of 200°C/hr to 900°C, held for 

24h, cooled to 575°C at a rate of 5°C/h, and then cooled at 200°C/h to room 

temperature.  The crystals were removed from the crucible by immersing the 

crucible in boiling distilled water to remove excess KCl and/or NaCl.   BiCuOSe 

crystals received an additional washing in 1M HCl for three days to remove 

bismuth and selenium containing compounds.   
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The resulting crystals are shown in Fig. 2.6.  They are a shiny black in 

color with a plate like structure.  Their average size is approximately 1mm in the 

lateral direction and approximately 12µm thick.  

 

 

 

 

 

 

 

 

 

 

Fig.2.6. Optical microscope image of BiCuOSe crystals on mm graph paper. 

 

Solid solution crystals of BiCuOS0.5Se0.5 and BiCuOSe0.5Te0.5 were also 

attempted using the method described above.  Crystals made from powder 

assumed to have the stoichiometry of BiCuOSe0.5Te0.5, made crystals with 

tetragonal lattice parameters a = b = 3.889Å, c = 12.156Å; α = β = γ = 90°.  

Reported lattice parameters of BiCuOSe and BiCuOTe are a = 3.9287Å, c = 

8.9291Å and a = 4.0411Å and c = 9.5237Å respectively [28].  As the c lattice 

parameter of the BiCuOSe0.5Te0.5 crystals didn’t fall within the reported values, it 

was assumed that the resulting crystals were not of the correct stoichiometry. 

However, further investigation of these crystals to determine the final composition 

would be of value.  Crystals grown using the powder BiCuOS0.5Se0.5 were 

measured to have a primitive tetragonal unit cell.   

 

 

 

 

1 mm 
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Electron microprobe analysis (EPMA) 

EPMA using a Cameca SX-100 microprobe analyzer was used to analyze 

the composition of the BiCuOSe crystals.  A few crystals were mounted on carbon 

tape and then coated with ~5nm of gold.  EPMA determined the atomic ratio of 

Bi:Cu:O:Se in the crystals to be 1.00:1.021:1.124:1.021.   

 

Crystal structure refinement  

Crystal structure refinement analysis was a two step process.  The first step 

involved determining the lattice parameter of the newly made crystals.  If the 

lattice parameter was close to the expected value, then a full structure refinement 

was performed on the crystal.  A single crystal of BiCuOSe was mounted on a 

nylon cryoloop for x-ray structure analysis.   Diffraction data were collected at 

173K on a Bruker SMART Apex CCD diffractometer using MoKα radiation 

(0.71073 Å). Integration was performed by SAINT Plus [29] with an applied 

SADABS absorption correction [30].  The crystal structure was determined by the 

direct methods program SHELXS and refined with a full-matrix least-squares 

program SHELXTL reference [29].  All atoms were refined with anisotropic 

thermal parameters and the final refinement converged to R1 = 0.0282 and wR2 = 

0.0733.  All calculations were performed by Bruker SHELXTL package [29].  

Crystallographic data and details data collection and refinement are listed in Table 

1.  Final atomic positions and displacement parameters are listed in Table 2 .  

 

Optical Measurement 

 Optical measurements of cleaned BiCuOCh crystals required mounting of 

the crystals onto a glass slide.  Transmission measurements of BiCuOCh (Ch=S 

and Se) were measured in the range of 850 – 2650 nm using an Ocean Optics NIR 

256-2.5 spectrometer with an InGaAs detector.  The light beam was incident along 

the c-axis and had a spot size of about 1.5mm.  
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BiCuOS 

Crystals of BiCuOS were attempted by mixing BiCuOS powders with 

various salt fluxes.  The synthesis of BiCuOS powder is discussed in the powder 

section.  Unsuccessful crystal growth was attempted with KI as a salt flux at ratios 

of 1:5 and 3:2.  Mixed powders were placed in an alumina crucible and sealed 

inside a fused quartz ampoule.  In both trials, the ampoule was heated to 750°C in 

12h and held at temperature for 24h.  The sample was then cooled to 300°C at a 

rate of 3K/h, then brought to room temperature within 2 h.  A NaCl:KCl salt flux 

in the ratio of 1:10 was also tried.  Again the mixed powders were placed in an 

alumina crucible and sealed inside a fused quartz ampoule.  The ampoule was 

heated at a rate of 200°C/h to 900°C, held for 24h, cooled to 575°C at a rate of 

5°C/h, and then cooled at 200°C/h to room temperature. The crystals were 

removed from the crucible by immersing the crucible in boiling distilled water to 

remove excess KCl and/or NaCl.   The resulting crystals grown were orthorhombic 

with the lattice parameters: a = 6.687Å, b = 7.724Å, c = 10.270Å; α = β = γ = 90°.   

 

BiCuOTe 

Several attempts were made to grow crystals of BiCuOTe with no success.  

The first trial used the same method as described for BiCuOSe.  The second 

attempt at BiCuOTe used KI (KI – Mallinckrodt Chemicals, 99.7% ) (in a 1:1 

molar ratio, a 1:2 molar ratio and 3:2 ratio) as the flux and the starting compounds 

to make BiCuOTe, Bi (Strem Chemical, 99.999%, CuO (Cerac, 99.8%) and Te 

(Alfa Aesar, 99.999%) as given by [28]. The subsequent trials began with 

BiCuOTe powder and various salt fluxes.  Powder synthesis of BiCuOTe is 

described in the powder section.  The flux salts used were CsCl (Life 

Technologies, Inc. , 99.999%) (1:30 mole ratio), KCl:NaCl in a 1:1mole ratio 

(1:10 mole ratio).  Mixed powders were placed in an alumina crucible and sealed 

inside a fused quartz ampoule evacuated to ~1 mtorr.  With all the trials, the 

ampoule was heated to 750°C in 12h and held at temperature for 48h.  The sample 
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was then cooled to 300°C at a rate of 2.5K/h, and then brought to room 

temperature within 4 h.   The crystals formed using BiCuOTe:KI in a 1:2 molar 

ratio had cubic lattice parameters a = b = c = 10.084Å; α = β = γ = 90°.   

 

SnZrCh3 

Crystals of SnZrCh3 (Ch = S and Se) were formed by mixing synthesized 

powder with a KCl:NaCl salt flux (KCl - Mallinckrodt Ar, 99.6%, NaCl - Fluka 

Chemical, 99.5%) (molar ratio of 1:1) at a molar ratio of 1:30.  Details of SnZrCh3 

(Ch = S and Se) powder synthesis are in the powder section.  The mixed powder 

was placed in an alumina crucible, which was sealed in an evacuated fused quartz 

tube.  The evacuated tube was heated in a furnace at a rate of 200°C/hr to 900°C 

and held at that temperature for 24h.  The furnace as then cooled to 575°C at a rate 

of 5°C/h.  Below 575°C, the furnace cooling rate was increased to 200°C/hr to 

room temperature.  The crystals were removed from the crucible by immersing the 

crucible in boiling distilled water to remove excess KCl and/or NaCl.    

Crystals of SnMCh3 (M = Hf and Zr; Ch = S and Se) are whisker-like in 

nature.  This is visible in the optical images shown in Fig. 2.7.  All crystals are 

black in color.  Their approximate dimensions are 2 mm in length and 60 μm in 

width. 
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1mm

SnZrSe3

1mm

Sn1.78Zr0.22S3  
Fig. 2.7. Optical microscope image of Sn1.78Zr0.22S3 and SnZrSe3 on mm graph 
paper. 
 

Crystal structure determination 

X-ray diffraction data were collected at 173K on a Bruker SMART Apex 

CCD diffractometer using MoKα radiation (0.71073 Å).  A single crystal was 

mounted on a nylon cryoloop. Integration was performed by SAINT Plus [29]. 

Absorption corrections were applied by SADABS [30].  The crystal structure was 

determined by the direct methods and refined by a full-matrix least-squares 

technique based on F2. All atoms were refined with anisotropic thermal parameters 

and the final refinement converged to R1 = 0.0282 and wR2 = 0.0733.  All 

calculations were performed by Bruker SHELXTL package [29].  Crystallographic 

data and details data collection and refinement are listed in Table 2.4.  Final 

atomic positions and displacement parameters are listed in Table 2.5.  

 
CuMO2 (M = Al and Cr) 

CuAlO2 

Crystals of CuAlO2 were grown by a method similar to that described by 

Ishiguro et al. [31].  CuAlO2 powder was made according to the equation, 

 

 y CuO + ½(1-y) Cu2O + ½ Al2O3 → CuAlO2 + (y/4)O2 
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The powders, CuO (Cerac, 99.8% pure, 225 mesh), Cu2O (Cerac, 99.8%) and 

Al2O3 (Sigma Aldrich, 99.6%), were heated to 1100°C for 5 days in air.  The 

resulting powder was a mixture of CuAlO2 and CuO.  Approximately 5 grams of 

this powder was subsequently added to CuO powder, approximately 40gms, to fill 

a ~30mL alumina crucible.  Soft refractory brick was used as a cover.  The brick 

and crucible were placed inside an electrical furnace and heated to 1200°C.  

Temperature was held constant for 5 h and cooled at a rate of 5°C/h to 1050°C.  

The furnace cooled down at a rate of 300°C/h.  CuAlO2 crystals were separated 

from the matrix by leaching in hot 1M HNO3 for 3 days.  A third washing in 1M 

sulfamic acid for 2h completed the cleaning process.   The crystals were plate like 

and a dark blue color.  Smaller crystals were crushed to identify the compound 

using x-ray diffraction on a Rigaku Miniflex diffractometer with Cu Kα radiation.  

The unit cell parameters of a single crystal were examined by a single-crystal 

Bruker Apex CCD x-ray diffractometer with Mo Kα radiation (0.71073 Å).  

 Examples of the CuAlO2 crystals made are shown in Fig. 2.8.  The crystals 

were a dark blue in color and plate like in shape.  Their size was approximately 2 

mm in length and width and ~100 μm in thickness.   

 
Fig. 2.8.  CuAlO2 crystals grown in Al2O3 crucibles with CuO flux. 
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Optical measurements 

Cleaned CuAlO2 crystals were thinned to ~4 μm for transmission 

measurements.   Crystals were mounted onto Al stock using Crystalbond.  The 

attached crystal was hand ground on a lapping pad using alumina slurry.   The 

slurry was made by mixing 3μm size alumina powder and distilled water till a 

thick paste formed.  After grinding, the crystals were washed with DI water to 

remove excess slurry.   Transmission measurements were measured in the range of 

850 – 2650 nm using an Ocean Optics NIR 256-2.5 spectrometer with an InGaAs 

detector.  The light beam was incident along the c-axis and had a spot size of about 

1.5mm.    

 

CuCrO2 

Crystals of CuCrO2 were grown by a method similar to that described by 

Schmid et al. [32]  Stoichiometric amounts of potassium dichromate, K2Cr2O7 

(Mallinkrodt, reagent grade) and CuO (Cerac, 99.8% purity) were mixed in an 

80:20 weight percent.  The powder was put into Cu crucibles of various sizes and 

an alumina crucible instead of the platinum crucible described in Ref. [32].  The 

Cu crucibles were approximately 1” in diameter and 1” in depth copper end caps 

found at the local hardware store in the plumbing section.   A B2O3 addition of 1, 2 

and 3 weight % were tried using the 1” Cu crucibles.  B2O3 is commonly included 

as an “additive” in fluxed melts, the growth of simple oxides and complex oxides 

[7].  It is not known exactly what the B2O3 does, but it has been known to increase 

crystal size.  It was found that 2% addition was optimal in growing the crystals.  

Cu foil was pressed into a snug fitting cover to enclose the crucibles during firing. 

A large 3” diameter Cu plumbing fixture was also tried, in efforts to grow 

larger crystals, but the resulting crystals were of similar size to the crystals grown 

in the 1” Cu crucibles.    The one advantage of the Cu crucibles is that resulting 

crystals are plate like.  The flat a-b axis is advantageous for easy contacting for 

electrical measurements and for distinguishing physical differences in the 2 
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directions.  A 50 ml high Al2O3 crucible with matching cover was also used to 

grow CuCrO2 crystals.  The results were nugget crystal formation.   

The Cu crucibles were placed inside a hollowed out soft kiln brick.  The 

brick was placed inside a muffle furnace and heated to 860°C at a rate of 100°C/h 

for 16h.  The furnace temperature was increased to 875°C at a rate of 100°C/h and 

held for 2h.  The furnace was returned to room temperature at a rate of 100°C/h.  

CuCrO2 crystals were washed in boiling water to remove excess potassium 

dichromate.  These crystals were plate-like and dark green in color.  Various sizes 

of copper crucibles were used.  The largest crystals were made using the 50ml 

alumina crucible.  These crystals were further washed for 6 h in 1M room 

temperature sulfamic acid to separate crystal clumps.  These crystals were dark 

green, but looked like small bipyramids.  Crystals from the alumina crucible were 

crushed to form a powder for phase identification using a Rigaku Miniflex x-ray 

diffractometer with Cu Kα (1.5418Å) radiation. 

 Fig. 2.9. shows that CuCrO2 can be grown as both platelets (Fig. 2.9a) and 

as nuggets (Fig 2.9b).  The crystals in Fig. 2.9a were grown in a Cu crucible with 

2% B2O3 addition, while the crystals in Fig. 2.9b were grown in an Al2O3 crucible.  

The crystals sizes, Fig. 2.9a, are approximately 500 μm in width and ~100 μm in 

thickness.  This is indicated on the crystals in the figure.  The crystal color is a 

dark green in contrast to the blue of the CuAlO2 crystals above.  The CuCrO2 

crystals in Fig. 2.9b are approximately 1x1x1 mm3 nuggets.   
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~375μm ~375μm

 
                                                          (a) 

 
                                                                  (b) 

Fig. 2.9. (a) CuCrO2 crystals with 2% B2O3 addition grown in Cu crucibles and (b) 
CuCrO2 crystals grown in an alumina crucible without B2O3 addition.   
 

Cu3TaSe4 

Crystals of Cu3TaSe4 were grown by chemical vapor transport of the 

powder by the method described by Nitsche and Wild using iodine as the transport 

agent. [33,34]  Crystals were also grown from pre-made Cu3TaSe4 powder.  Pre-

made powders yielded the best results.  The ampoule length was 180mm with an 

inner diameter of 13mm.  A two zone furnace was used.  The hot zone was at 

850°C, while the cold zone was maintained at 800°C.  Iodine was added at a 

concentration of 5mg/ml.  The ampoule was heated from RT to 850°C at 5°C, 

dwelled for 90 hrs and cooled to room temperature at 5°C/h.  Orange cubic 

crystals formed on the colder end.  Unit cell parameters were examined by a 

single-crystal Bruker Apex CCD x-ray diffractometer with Mo Ka radiation 

(0.71073Å). 

 

1mm 



30 
 

 

 Orange crystals of Cu3TaSe4 are shown in Fig. 2.10.  The crystals are 

~1mm in with length and thickness and ~ 500μm in thickness.  Lattice parameters 

corresponding to Cu3TaSe4 (a = b = c = 5.6537Å, α = β = γ = 90°) and the P-43m 

S.G. were confirmed. 

 

 
Fig. 2.10.  Crystals of Cu3TaSe4 on mm paper to indicate crystal size.  Crystals on 
average are about 1mm x 0.5mm x 0.5mm in dimension.  
 

2.3 Results and Discussion 

2.3.i BiCuOSe 

Detailed structural analysis of the crystals is found in the refinement data 

listed in Table 2.1.  Tables 2.1 and 2.2 were used to generate the image of 

BiCuOSe shown in Fig. 2.11a.  The BiCuOSe has fluorite-like layers of (Bi2O2)2+ 

normal to the c-axis. The bismuth ion is octahedrally coordinated, Fig. 2.11b. 

Alternate layers of (Cu2Se2)2- separate the (Bi2O2)2+ layers. The (Cu2Se2)2- layers 

form distorted CuSe4 tetrahedra with copper as the metal cation, see Fig. 2.11c.  

The measured bond distance for Cu-Se is 2.5108Å for BiCuOSe.  This value 

1mm 
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matches well with the 2.51Å Cu-Se bond length reported for powder data and the 

2.518Å bond length reported for single crystal EuCuOSe [35].  The two Se-Cu-Se 

angles measured are 102.61(10) and 113.01(5) for BiCuOSe.  A complete 

comparison of the bond distances and angles is given in Table 2.3.  
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Table 2.1.  Crystal data and structure refinement results for BiCuOSe 
Empirical formula BiCuOSe 
Formula weight 367.48 
Temperature (K) 173(2) 
Wavelength 0.71073 
Crystal System Tetragonal 
Space group P4/nmm 
Unit Cell dimensions a=b=3.9193(4), c=8.91512(2) 
α=β=γ 90 
Volume (Ǻ3) 136.95(4) 
Z 2 
Density (calculated) 8.912 
Absorption coefficient(mm-1) 84.884 
F(000) 308 
Crystal size 0.04x0.02x0.01 
Theta range for collection 2.28 to 26.93∞ 
Index ranges -5≤h≤4, -4≤k≤5, -11≤l≤11 
Reflections collected 1412 
Independent reflections 115[R(int)=0.0261)] 
Completeness to theta=26.93° 100.00% 
Absorption correction Semi-empirical from equivalents 
Max and min transmission 0.4840 and 0.1324 
Refinement method Full-matrix least-squares on F2 

Data/restrains/parameters 115/0/12 
Goodness-of-fit on F2 1.323 

Final R incidies[I>2sigma(l)] R1=0.0282, wR2=0.0733 
R indicies (all data) R1=0.0290, wR2=0.0735 
Extinction coefficient 0.001(2) 
Largest diff. peak and hole 2.313 and -2.480e≈-3 
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Table 2.2.  Atomic coordinates ( x 104), U(eq), and anisotropic displacement (Å2x 
103)parameters for BiCuOCh. U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.  
 
Atom x y z U(eq)
Bi (1) 2500 2500 1404(1) 7(1)
Cu(1) -2500 2500 5000 12(1)
Se(1) -2500 -2500 3239(3) 7(1)
O(1) -2500 2500 0 8(4)

U11 U22 U33 U23 U13 U12

Bi (1) 6(1) 6(1) 10(1) 0 0 0
Cu(1) 12(1) 12(1) 12(1) 0 0 0
Se(1) 6(1) 6(1) 10(1) 0 0 0
O(1) 6(1) 6(1) 10(1) 0 0 0  
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Table 2.3. Comparisons of bond lengths and angles for single crystal BiCuOSe to 
the isostructural  single crystal data of EuCuOSe [35]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BiCuOSe EuCuOSe [28] BiCuOSe EuCuOSe [28]
Bi - O 2.3250 (6) 2.283 (1) Se - Cu 2.5108(18) 2.518(1)
Bi - Bi 3.619(1) Se -Bi 3.2186(16) 3.227(1)
Bi - Se 3.2186 (16) 3.227(1)

O - Bi 2.3250(6) 2.283(1)
Cu - Se 2.5108 (18) 2.518(1)
Cu-Cu 2.77.14 (3) 2.784(1)
Cu- Bi 3.759(1)

Bond lengths (Å)

Bond angles (°)
O(1)#1-Bi(1)-O(1) 73.17(2) Cu(1)#7-Cu(1)-Cu(1)#8 180
O(1)#1-Bi(1)-O(1)#2 114.88(4) Cu(1)#7-Cu(1)-Cu(1)#6 90
O(1)#1-Bi(1)-Se(1)#4 141.891(12) Cu(1)#6-Se(1)-Cu(1) 66.99(5)
O(1)#2-Bi(1)-Se(1)#4 76.14(4) Cu(1)#6-Se(1)-Cu(1)#7 102.61(10)
Se(1)#4-Bi(1)-Se(1) 118.87(9) Cu(1)#6-Se(1)-Bi(1)#11 142.478(19)
Se(1)#4-Bi(1)-Se(1)#3 75.01(4) Cu(1)#7-Se(1)-Bi(1)#11 80.950(17)
Se(1)-Cu(1)-Se(1)#6 113.01(5) Bi(1)#11-Se(1)-Bi(1)#10 75.01(4)
Se(1)-Cu(1)-Se(1)#5 102.61(10) Bi(1)#10-Se(1)-Bi(1)#12 118.87(9)
Se(1)-Cu(1)-Cu(1)#7 56.50(3) Bi(1)#1-O(1)-Bi(1) 106.83(2)
Se(1)#6-Cu(1)-Cu(1)#7 123.50(3)
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                            (b)                                                              (c) 
 
 
Fig. 2.11. a. prototypical image of BiCuOSe compound and coordination spheres 
of the Bi (b) and Cu (c) atoms in BiCuOSe.   
 

In Fig. 2.12, the optical transmission spectrum of the BiCuOSe single 

crystal (dots) is superimposed on diffuse reflection BiCuOSe data.  Multiple 

crystals were measured to verify the reproducibility of the measurement.  For the 
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case of the crystal, the band gap was measured to be ~0.83eV and the powder was 

measured with a band gap of ~0.85eV. The approximate thicknesses of the thinned 

crystals were ~4 µm.   

 

 

Fig. 2.12.  IR measurement of energy absorption of BiCuOSe powder (line) and 
polished single crystal BiCuOSe (dots) mounted on a glass slide.  
 

2.3.ii SnZrCh3 (Q = S and Se) 

Atomic coordinates and anisotropic displacement parameters for SnZrSe3 

from Tables 2.4 and 2.5 were used to generate the Pnma structure shown in Fig. 

2.13. This structure is characterized by columns double edge-sharing MCh6 

octahedra linked by Sn bonded to Ch anions at different lengths.  Fig. 2.13 is 

oriented along the [001] direction to show the columnar structure that is evident in 

the grown crystals, Fig. 2.7.  Fig. 2.14 shows the edge sharing MCh6 polyhedra for 

both Sn1.78Zr0.22S3 and SnZrSe3.  The Zr – S bond lengths, shown in Table 6, range 

from 2.5507 (7) to 2.5967 (7) Å for Sn1.78Zr0.22S3 and 2.650 (3) to 2.706(2) Å for 

SnZrSe3.  The slightly longer bond lengths are to be expected as the anion changes 

from S to Se.  Fig. 2.14 has been oriented along the [111] direction to look at the 

tilt angle of the two compounds.  It can be seen that the SnZrSe3 compound is 

more tilted.  Looking at the short Ch – Zr – Ch bond angles, the bond distances are 
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close to 90°.  A complete list of the bond distances and angles is given in Table 

2.5.   

As stated earlier, Sn plays a bridging role in the SnZrCh3 compounds.  If 

the long Ch bonds are included, a distorted square pyramidal coordination 

polyhedron can be imposed on the linking atoms, which is shown in Fig. 2.15.  De 

Boer et al. [36] reported similar coordination polyhedron for SnHfS3 and were able 

to link such coordination to the lone pair of 5s electrons of Sn2+ in SnS.  We have 

reported DFT calculations that confirm a similar electronic structure, especially at 

the valence bond minimum of SnMCh3 (M = Zr and Hf, Ch = S and Se) 

compounds. [37]   

Fig. 2.5 imposes a square pyramidal coordination polyhedra oriented along 

the [100] direction for comparison purposes.  It appears that the Sn1.78Zr0.22S3 

polyhedra has more of a distortion than the SnZrSe3 polyhedra.  This may be the 

result of the shorter bond distances found in the S compound.  The distortion 

might also be a result of the radii difference between the Zr4+ and the Sn4+ in the 

structure.  It is interesting to note that the starting powder composition of 

Sn1.78Zr0.22S3 was SnZrS3 with 5% additional S.   
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Table 2.4 Crystal data and structure refinement results for Sn1.78Zr0.22S3 and 
SnZrSe3 
Empirical formula Sn1.78Zr0.22S3 SnZrSe3 

Formula weight 327.65 446.79 
Temperature (K) 173(2) 173(2) 
Wavelength 0.71073 1.71073 
Crystal System Orthorhombic Orthorhombic 
Space group Pnma Pnma 
Unit Cell dimensions (Å),                    
α = β = γ = 90° 

a = 8.95221(16)  a = 9.588(10)  

 b= 3.7392(7) b = 3.8504 
 c=13.930(2) c=14.355(15) 

Volume (Ǻ3) 466.31(14) 529.9(9) 
Z 4 4 
Density, Mg/m3, 
(calculated) 

4.667 5.601 

Absorption 
coefficient(mm-1) 

11.18 27.109 

F(000) 583 768 
Crystal size, mm3 0.28 x 0.02 x 0.02 0.28 x 0.02 x 0.03 
Theta range for collection 2.70 to 28.23° 2.55 to 27.00° 
Index ranges (-11 ≤ h ≤ 11), (-4 ≤ k ≤ 4), 

(-18 ≤ l ≤ 18) 
(-12 ≤ h ≤ 12), (-4 ≤ k ≤ 4), 

(-18 ≤ l ≤ 18) 
Reflections collected 4771 3319 
Independent reflections 647[R(int)=0.0188)] 660[R(int)=0.0734)] 
Completeness to 
theta=26.93° 

98.50% 99.70% 

Absorption correction Semi-empirical from 
equivalents 

Semi-empirical from 
equivalents 

Max and min transmission 0.8073 and 0.1459 0.6132and 0.0491 
Refinement method Full-matrix least-squares 

on F2 
Full-matrix least-squares 

on F2 

Data/restrains/parameters 647 / 1 / 33 660 / 0 / 32 
Goodness-of-fit on F2 1.142 0.997 
Final R 
incidies[I>2sigma(l)] 

R1=0.0152, wR2=0.0370 R1=0.0471, wR2=0.1058 

R indicies (all data) R1=0.0290, wR2=0.372 R1=0.0662, wR2=0.1152 
Extinction coefficient 0.0000(2) 0.0004(4) 
Largest diff. peak and hole 0.749 and -0.602eÅ-3 2.408and -2.196eÅ-3 
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Table 2.5.  Atomic coordinates ( x 104), U(eq), and anisotropic displacement (Å2x 
103)parameters for Sn1.78Zr0.22S3 and SnZrSe3. U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor.  
_______________________________________________________________________________ 

 x y z U(eq) 

_______________________________________________________________________________ 

Sn1.78Zr0.22S3 

Sn(1) 9785(1) 7500 3301(1) 15(1) 

Sn(2) 6643(1) 12500 4483(1) 10(1) 

Zr(2) 6643(1) 12500 4483(1) 10(1) 

S(1) 5178(1) 12500 6068(1) 9(1) 

S(2) 8365(1) 7500 5055(1) 10(1) 

S(3) 7828(1) 12500 2860(1) 12(1) 

 

SnZrSe3 

Sn(1) 5446(1) 2500 8338(1) 18(1) 

Zr(2) 1609(1) 2500 496(1) 12(1) 

Se(1) 2696(2) 2500 2194(1) 14(1) 

Se(2) 1681(2) 2500 4874(1) 12(1) 

Se(3) 152(2) 2500 8893(1) 11(1) 

_______________________________________________________________________________ 
 
 

______________________________________________________________________________ 

 U11 U22 U33 U23 U13 U12 

______________________________________________________________________________ 

Sn1.78Zr0.22S3 

Sn(1) 15(1)  11(1) 19(1)  0 3(1)  0 

Sn(2) 12(1)  9(1) 10(1)  0 1(1)  0 

Zr(2) 12(1)  9(1) 10(1)  0 1(1)  0 

S(1) 11(1)  9(1) 8(1)  0 0(1)  0 

S(2) 11(1)  10(1) 11(1)  0 -1(1)  0 

S(3) 15(1)  10(1) 10(1)  0 2(1)  0 
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SnZrSe3 

Sn(1) 10(1)  12(1) 30(1)  0 -3(1)  0 

Zr(2) 7(1)  9(1) 19(1)  0 -1(1)  0 

Se(1) 13(1)  11(1) 19(1)  0 -3(1)  0 

Se(2) 8(1)  9(1) 20(1)  0 0(1)  0 

Se(3) 9(1)  8(1) 17(1)  0 1(1)  0 
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Table 2.6.  Comparisons of bond lengths and angles for Sn1.78Zr0.22S3 and SnZrSe3.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sn1.78Zr0.22S3 SnZrSe3

Sn(1) - S(3) (x3) 2.6349 (8) Sn(1) - Se(1) (x3) 2.731 (2)
Sn(1) - S(2) 2.7541 (10) Sn(1) - Se(2)#2 (x2) 2.826 (3)
Sn(2) - S(3) 2.4971 (10) Zr(2)  - Se (1) 2.650 (3)
Sn(2)/Zr(2) - S(2) (x4) 2.5507 (7) Zr(2) - Se(2) (x4) 2.682 (2
Sn(2)/Zr(2) - S(1) (x6) 2.5967 (7) Zr(2) - Se(2) (x2) 2.692 (2)

Zr(2) - Se(2) 2.706 (2)

Bond lengths (Å)

Bond angles (°) Bond angles (°)
S(3)-Sn(2)-S(2) (x2) 91.51(3) Se(1)-Zr(1)-Se(3) 171.89 (7)
S(2)-Sn(2)-S(2) 94.27 (3) Se(1)-Zr(1)-Se(2) (x2) 93.76 (7)
S(3)-Sn(2)-S(1) 174.41(3) Se(2)-Zr(1)-Se(3) (x2) 91.88 (7)
S(2)-Zr(1)-S(1) (x2) 92.29 (3) Se(2)-Zr(1)-Se(2) (x2) 91.74 (10)
S(3)-Zr(1)-S(1) 89.94(3) Se(1)-Zr(1)-Se(3) (x2) 87.00(7)
S(2)-Sn(2)-S(1) (x2) 178.17 (3) Se(3)-Zr(1)-Se(3) (x2) 87.31 (7)
S(2)-Sn(2)-S(1) (x2) 86.79 (2) Se(2)-Zr(1)-Se(3) (x2) 88.78 (8)
S(1)-Sn(2)-S(1) (x2) 86.18 (3) Se(2)-Zr(1)-Se(3) 179.05 (7)
S(3)-Sn(2)-S(1) 89.94 (3) Se(3)-Zr(1)-Se(3) (x2) 90.69 (10)
S(1)-Sn(2)/Zr(1)-S(1) (x5) 92.11 (3) Zr(1)-Se(3)-Zr(1)  (x2) 92.69 (7)
Sn(2)-S(1)-Zr(1)/Sn(2) (x2) 93.82 (3)
Zr(1)/Sn(2)-S(1)-Sn(2)/Zr(1) (x3) 0.000(8)
Zr(1)/Sn(2)-S(2)-Sn(2)/Zr(1) (x2) 94.27 (3)
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Fig. 2.13.  SnZrSe3 oriented along the [001] direction to show the edge sharing 
ZrCh6 octahedra and the columnar Pnma structure.  Unlabeled balls are Zr. 
 

 

 

 

 

 

 

 

 

 

 

Fig 2.14.  MCh6 octahedra oriented along the [111] direction to indicate bond 
angle tilting. 
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Fig. 2.15. Sn linking atoms oriented along the [100] to show a distorted square 
pyramidal structure more apparent on the Sn1.78Zr0.22S3 compound (left) as 
compared to SnZrSe3 (right).  
 

 

2.3.iii CuAlO2 

A schematic of the delafossite structure is shown in Fig. 2.16 using 

CuAlO2 as the example, M = Al, Cr, Sc, Y and In.  The delafossite structure is 

comprised of alternating layers of slightly distorted edge-shared MO6 octahedra 

and two dimensional closed-packed Cu - cation planes forming linear O – Cu – O 

“dumbbells”.  Furthermore, the oxygen atoms are coordinated by four cations (one 

Cu1+ and three M3+).  Depending upon the stacking of the layers, two polytypes are 

possible.  The “2H” polytype consists of an alternate stacking sequence 

(AaBbAaBb…).  The resulting space group is P63/mmc.  The “3R” polytype 

consists of (AaBbCcAaBbCc...) stacking along the c – axis and has rhombohedral 

symmetry, space group R-3m. [38]    

 

 

 

 

 

 

 

 

Sn1.78Zr0.22S3 SnZrSe3Sn1.78Zr0.22S3 SnZrSe3
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Fig. 2.16.  Two polytypes of the delafossite, CuMO2, crystal structure. 

 

Crystal structure refinements confirmed that the c-axis was perpendicular 

to the plate surface and that the composition of the crystals was CuAlO2.  Fig. 2.17 

indicates the crystal orientation through the measured diffraction pattern, XRD.  

The plate-like crystals were mounted on a glass slide using Crystalbond®.  The 

resulting XRD powder pattern shows oriented crystals of only the 00l peaks.  

These peaks correspond to the 3R phase of CuAlO2 indicating that it is the major 

phase formed.  One interesting feature of Fig. 2.17 is that on the low 2θ side of the 

006 peak near 30°, the bremstrahlung spectrum of the x-ray source is imaged.   

Multiple crystals were thinned to ~20 μm in thickness for optical and 

electrical transport measurements.  Fig. 2.18 shows the room temperature optical 

band gap of CuAlO2 single crystal incident on the c – axis. Absorption is 

calculated from the transmission with correction for surface reflection.   The 

delafossite family of materials has a symmetry forbidden direct band gap and 

indirect band gap. [39]  Plotting (αE)n vs photon energy E, with n = 1/2 for an 

MO6 octahedra

Cu plane

2H polytype 3R polytype

MO6 octahedra

Cu plane

2H polytype 3R polytype
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indirect gap and n = 2 for a direct gap and extrapolating the linear portion to the 

energy intercept on the α  = 0 axis, yields gap values of Eg,d = 3.47 eV and Eg,I = 

2.97 eV, in good agreement with other experimental results on single crystals 

Small absorption peaks at 1.8 and 0.8 eV are similar to those observed at 

1.8 and 0.9 eV reported in single crystal optical absorption measurements on 

CuAlO2 crystals by Pellicer-Porres et al. [39]  They interpret the absorption in 

terms of transitions between Cu2+ d levels whose degeneracy is removed by the 

crystal field. 

Further details on the transport properties can be found in Ref. [40].   
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Fig. 2.17.  CuAlO2 plate like crystals oriented on glass slide.  Reference pattern, 
taken from Ref. [41], is of the 3R CuAlO2 indicating that the 3R polytype is the 
major phase formed.  
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Fig. 2.18.  Room temperature optical absorption at room temperature of a 
20 μm-thick CuAlO2 single crystal.  Light is incident along the c 
axis. Two defect absorptions at 0.85 and 1.75 eV are evident. At 
higher energies band-to-band absorption occurs, with an indirect 
gap at 2.97 eV and a direct gap at 3.47 eV. The absorption values 
are systematically high because reflection from the faces of the 
crystal is not accounted for.  Image taken from Ref. [42]. 
 

 

2.3.iv. CuCrO2  

Confirmation of the crystal composition came by crushing the crystals and 

making a powder diffraction measurement, Fig. 2.19.  The majority crystal phase 

is the 3R phase.  The 2H phase is obtained by heating the sample to 1100°C and 

quenching fast [32].  I believe that to yield larger crystals one should use the 

alumina crucible or a platinum crucible.  The ~1mm nuggets came from a crucible 

of 50 ml capacity.   If the volume was doubled or tripled, then the resulting 

crystals might be larger and the crystal nuggets could be cut down to size for 

electrical measurements.  This theory was tested using the Cu crucibles without 

proving this concept.  However, I believe that the CuO interacted with the Cu 

crucible instead of going into crystal growth.  Crucibles are known to affect crystal 

growth.  Köhler and Jansen show that the crucible will affect the resulting size 

delafossite crystal grown. [41]  I believe that alumina crucibles  will have less 
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interaction with the CuO as compared to the Cu crucibles.  However, for complete 

inertness a platinum crucible would be best.  Platinum crucibles were used to grow 

a 7 x 5 x 1 mm3 CuCrO2 crystal. [32]  The effects of crucible size can be seen in 

the growth of CuI in which a 340ml crucible was used to grow a 15mm x 10mm x 

1mm size crystal. [43]   
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Fig. 2.19.  Made CuCrO2 crystal crushed with reference pattern by Ref. [32] for 
comparison. 
 

2.3.v. Cu3TaSe4 

Looking at wide band gap materials, materials of the Cu3TaCh4 type are of 

interest because they crystallize in a cubic sulvanite structure, SG P-43m.   The 

advantage of cubic systems is the isotropic nature of its electronic properties.  In 

anisotropic systems, optimum electronic characteristics occur along specific axes.    

This requirement increases costs as specifically oriented substrates must be used. 

Thin films are necessary to make devices. Cubic systems makes device fabrication 

less difficult to manufacture and more advantageous in device integration [44].   

The Cu3TaCh4, sulvanite, crystal structure is shown in Fig. 2.20.  In this 

cubic system, distorted edge-sharing TaSe4 and CuSe4 tetrahedra form a layered 

structure.     A full structural refinement of the crystals grown was not completed.  

These crystals were not large enough for our optical absorption equipment. 
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Fig. 2.20.  Schematic diagram of cubic Cu3TaSe4 structure, SG P-43m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

 

References: 
[1]  G. Müller, Crystal Growth from the Melt, Springer-Verlag, Berlin, 1988. 
[2]  R.A. Lefever, ed., Aspects of Crystal Growth, M. Dekker, New York, 

 1971. 
[3]  J.B. Bedson, R.W. Lawrence, P.J. Picone, Techniques for the Flux Growth 

 of Optical Materials (Growth of Beta- Barium Borate), 1993. 
[4]  B.M. Wanklyn, J Cryst. Growth 37 (1977) 334-342. 
[5]  B.M. Wanklyn, J Mater. Sci. 7 (1972) 813-821. 
[6]  B. Wanklyn, J Cryst. Growth 5 (1969) 323-328. 
[7]  B. Wanklyn, in: B. Pamplin (Ed.), Crystal Growth, Pergamon, New York, 

 1975. 
[8]  R. Nitsche, J Phy. Chem. Solids 21 (1961) 199-205. 
[9]  H. Schäfer, Angew. Chem. Int. Ed. Engl. 10 (1971) 43-50. 
[10]  F. Emmenegger, A. Petermann, J Cryst. Growth 2 (1968) 33-39. 
[11]  M. Lenz, R. Gruehn, Chem. Rev. 97 (1997) 2967-2994. 
[12]  Gruehn, Glaum, Angew. Chem. Int. Ed. Engl 39 (2000) 692-716. 
[13]  C. Raeder, Y. Rao, J. Mater. Synth. Process. 3 (1995) 49-68. 
[14]   P. Peshev, G. Bliznakov, G. Gyurov, M. Ivanova, Mater. Res. Bull. 8 

 (1973) 1011-1020. 
 
[15]  C. Bale, P. Chartrand, S. Degterov, G. Eriksson, K. Hack, B.B. Mahfoud, J. 

 Melancon, A. Pelton, S. Petersen, Calphad 26 (2002) 189-228. 
[16]  M. LaPedus, EE Times Beta (2008), http://www.eetimes.com/electronics-

 news/4079657/Industry-agrees-on-first-450-mm-wafer-standard, accessed 
 08.08.2010. 

[17]  J. Dorsch, Bizmology (2010), 
 http://www.bizmology.com/2010/02/26/silicon-wafer-shipments-down-in-
 2009-ic-equipment-sales-up-in-2010-so-far, accessed 08.08.2010. 

[18]  H. Foell, http://www.tf.uni-
 kiel.de/matwis/amat/elmat_en/kap_6/backbone/r6_1_2.html, accessed 
 08.10.2010  

[19]   Stahlkocher, 
 http://en.wikipedia.org/wiki/File:Monokristalines_Silizium_f%C3%BCr_di
 e_Waferherstellung.jpg, accessed 08.10.2010 

[20]   Discovery Media, http://www.servinghistory.com/topics/Bridgman-
 Stockbarger_technique, accessed 08.17.2010 . 

[21]  Kottan Labs, http://kottan-
 labs.bgsu.edu/teaching/workshop2001/chapter5.htm, accessed 08.17.2010. 

[22]   P-N Designs, Inc., 
 http://www.microwaves101.com/encyclopedia/boules.cfm, accessed 
 08.10.2010. 

[23]   A.P. Purdy, Chem. Mater. 10 (1998) 692-694. 
[24]  B. Wang, M.J. Callahan, Cryst. Growth Des. 6 (2006) 1227-1246. 
[25]  K. Byrappa, M. Yoshimura, Handbook of Hydrothermal Technology: A 

http://www.eetimes.com/electronics-news/4079657/Industry-agrees-on-first-450-mm-wafer-standard�
http://www.eetimes.com/electronics-news/4079657/Industry-agrees-on-first-450-mm-wafer-standard�
http://www.bizmology.com/2010/02/26/silicon-wafer-shipments-down-in-2009-ic-equipment-sales-up-in-2010-so-far�
http://www.bizmology.com/2010/02/26/silicon-wafer-shipments-down-in-2009-ic-equipment-sales-up-in-2010-so-far�
http://en.wikipedia.org/wiki/File:Monokristalines_Silizium_f%C3%BCr_die_Waferherstellung.jpg�
http://en.wikipedia.org/wiki/File:Monokristalines_Silizium_f%C3%BCr_die_Waferherstellung.jpg�
http://www.servinghistory.com/topics/Bridgman-Stockbarger_technique�
http://www.servinghistory.com/topics/Bridgman-Stockbarger_technique�
http://www.microwaves101.com/encyclopedia/boules.cfm�


50 
 

 

 Technology for Crystal Growth and Materials Processing, William 
 Andrew, 2001. 

[26]  Multicolour Gems Ltd, 
 http://www.alexandrite.net/chapters/chapter7/synthetic-gemstone-growth-
 techniques.html, accessed 08.10.2010. 

[27]   Geolite, http://www.geolite.com/emerald.htm, accessed 08.10.2010 
[28]   H. Hiramasu, Toshio Kamiya, H. Yanagi, Kazushige Ueda, Hideo Hosono, 

 Chem. Mater. 20 (2007) 326 - 334 
 
[29]  G.M. Sheldrick, Acta Cryst. A 64 (2007) 112-122. 
[30]  R.H. Blessing, Acta Cryst. A 51 (1995) 33-38. 
[31]  T. Ishiguro, A. Kitazawa, N. Mizutani, M. Kato, J Solid State Chem. 40  
  (1981) 170 - 174. 
[32]  O. Crottaz, J Solid State Chem.122 (1996) 247-250. 
[33]  R. Nitsche, P. Wild, J. Appl. Phys. 38 (1967) 5413-5414. 
[34]  R. Nitsche, P. Wild, J Cryst. Growth (1970) 153-158. 
[35]  J. Llanos, R. Cortés, V. Sánchez, Mater. Res. Bull. 43 (2008) 320-325. 
[36]  G.A. Wiegers, A. Meetsma, R.J. Haange, J.L. de Boer, Acta Cryst. C 45 

 (1989) 847-849. 
 
[37]  A.P. Richard, J. Russell, D. Harada, A. Zakatayev, R. Kykyneshi, J. Tate, 

 G. Schneider, to be submitted  
[38]  B.J. Ingram, G.B. Gonzalez, T.O. Mason, D.Y. Shahriari, A. Barnabe, D. 

 Ko, K.R. Poeppelmeier, Chem. Mater. 16 (2004) 5616 - 5622. 
[39]  X. Nie, S. Wei, S.B. Zhang, Phys. Rev. Lett. 88 (2002) 066405. 
[40]   J. Tate, M.K. Jayaraj, A.D. Draeseke, T. Ulbrich, A.W. Sleight, K.A. 

 Vanaja, R. Nagarajan, J.F. Wager, R.L. Hoffman, Thin Solid Films 411 
 (2002) 119-124. 

[41]  B.U. Köhler, M. Jansen, Z. anorg. allg. Chemie 543 (1986) 73-80. 
[42]  J. Tate, H.L. Ju, J.C. Moon, A. Zakutayev, A.P. Richard, J. Russell, D.H. 

 McIntyre, Phys. Rev. B 80 (2009) 165206. 
[43]   D. Chen, Y. Wang, Z. Lin, J. Huang, X. Chen, D. Pan, F. Huang, Cryst. 

 Growth Des. 10 (2010) 2057-2060. 
[44]  P. Hersh, Wide Band Gap Semiconductors and Insulators: Synthesis, 

 Processing and Characterization, Doctoral Thesis, Oregon State University, 
 2007. 

 
 

 
 
 
 
 

http://www.alexandrite.net/chapters/chapter7/synthetic-gemstone-growth-techniques.html�
http://www.alexandrite.net/chapters/chapter7/synthetic-gemstone-growth-techniques.html�
http://www.geolite.com/emerald.htm�


51 
 

 

Chapter 3. Introduction to powder processing and powder methodology 

 This chapter details the production of many chalcogenide and 

oxychchalcogenide powders by solid state synthesis and sintering. The generic 

statement, “…made via solid state synthesis…” usually means mixing and direct 

heating of the elements or binary compounds in a furnace.  This introductory 

section provides an overview of the techniques used to create the powders 

characterized in Chapters 4 – 6.  Much effort went into powder preparation in 

order to achieve the purest powders possible. In many cases, long sinter times, 2 - 

4 weeks, were necessary to achieve the purest, possible powders. Some of the 

Cu3Ta1-xMxCh3 powders were put through a secondary HIP process to produce 

denser material.  The “new tricks” section presents some new techniques that a 

solid state scientist should be aware of that may provide alternative synthesis 

routes to the chalcogenide powders. 

 

 3.1 “Shake and Bake” 

 The slang term for solid state synthesis is “shake and bake.”  This term 

arises because usually powders are measured out and shaken together.  The term to 

shake may be taken in its most literal sense in that some powders are mixed by 

vibratory milling processes.  These “mixed powders” are then put into a furnace 

where they are “baked” at a certain temperature for a set amount of time.  The 

objective of this introduction is to present a more in-depth examination of how 

powder synthesis occurs.  This introduction is separated into two parts: powder 

preparation and sintering.  Powder preparation will start at the laboratory stage.  

Sintering will start from the traditional direct synthesis and conclude with a brief 

look at a few “novel” heating techniques that might be worth adding to the 

traditional sintering process. 
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3.1.i.  Shake - Powder preparation 

 Small particles are advantageous for achieving an efficiently sintered 

powder because of the high exposed surface area.  The driving force for sintering 

is the decrease in surface area and the lowering of the surface free energy by the 

elimination of solid-vapor interfaces.  Because of the differences in surface 

curvature, material will transfer from one particle to another [1].  For sintering to 

occur, it becomes advantageous to maximize the exposed surface area of the 

particles, i.e. small particles.  For comparison, white flour has a narrow particle 

size distribution of 150μm [2], while the particle size distribution of Sn, Zr and S 

is 200, 325 and 325μm respectively.  Usually, there is some type of mixing in an 

agate mortar and pestle or in a laboratory mill before firing.   

 The most common mill found in the laboratory is the ball mill.  Grinding 

media, Fig. 3.1b, is fed into a container, Fig. 3.1a, with the powder.  The closed 

container is placed on rollers and put into constant motion.  The balls impact 

against each other with the powder to be milled trapped between the media [3].  

Powders are usually milled with some type of organic liquid such as alcohol in 

order to efficiently produce a higher surface area [4].   After milling for a set time, 

the powder is flushed out.   

 

 

  

 

 

 

 

 

Fig. 3.1.  (a.) Laboratory size ball mill, (b.) milling media and (c.) laboratory 
vibratory mill used for communition of powders.  Images are taken from Ref. [5], 
[6] and [7] respectively. 
  

b  c.  a.  b  b  c.  c.  a.  a.  
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Fig. 3.2 is included to show the different types of mills available and to indicate 

the size of the resulting powders.  Fig. 3.2 also indicates that as the particle size of 

the  powder is further reduced additional energy is required.  The vibratory mill 

shown in Fig. 1c, which has the same communition concept as the ball mill, but 

applies more energy in the form of vibrational energy is an effective laboratory 

mill because of the large particle reduction possible due to the dual nature of the 

mill.  

 
 

Fig. 3.2.  Average energy required for size-reduction equipment, ○ is typical 
product size, ● is typical feed size.  Graph taken from Ref. [3]. 
  

 As particles become smaller, particles are harder to break.  Hence there is a 

finite limit to grinding.  An alternative to grinding is to dissolve the solid into the 

liquid phase to cause mixing to occur on the atomic scale.   Generally straight 

forward, solution synthesis requires careful consideration of the solubility of the 

cations, anions and the careful removal of the solvent.  Techniques that encompass 

solution synthesis are: direct evaporation, spray drying [8,9], fluid bed drying and 

sol-gel [10,11] to name only a few solution processes.    

 

3.1.ii.  Bake – the reaction and sinter process 

 Direct reaction of the elements or single binary compounds is the most 

widely used method for preparation of compounds.  The rate of diffusion and 
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reactivity can be increased by raising the temperature.  In general, complete 

reaction can be achieved if the reaction temperature reaches 2/3 of the melting 

temperature of one of the solid reactants.  Most reactions are metathetical or 

exchange reactions [12].   

 

 

3.1.i.a.  Furnaces 

 Fig. 3.3 shows standard furnaces found in the laboratory.  Fig. 3a, a “clam 

shell” type, and b, monolithic, are different types of tube furnaces.  Typical size is 

50 to 100cm in length and 25 to 100cm in width [13].  The hinge, in Fig. 3a, 

allows for easy tube removal and easy access for multi-zoning the furnace.  Multi-

zoning is the ability to independently control furnace elements at different sections 

of the furnace.  A pushrod is used to insert the sample.  Not all clam shell furnaces 

are multi-zoned furnaces.  Monolithic furnaces, Fig. 3b, usually have the capability 

to be rotated into a vertical position.  In the vertical position, suspended samples 

can be moved during an experiment for either slow cooling or crystal growth 

experiments.   

 Fig. 3c is a typical muffle/box furnace found in the laboratory.  The 

furnaces are shaped like a box.  They can have dimensions up to 50cm per side.  

There advantages are easy access and size which allows for multiple samples to be 

fired concurrently.   

 Heating elements in furnaces depend on the maximum allowable 

temperature of the furnace.  Furnaces rated to 1100°C usually have nickel-

chromium alloy elements; while furnaces rated to 1300°C are usually iron-

chromium alloys [14].  Laboratory furnaces are usually on a proportional–integral–

derivative (PID) controlled thermocouple feedback loop.  None the less, box 

furnaces are more prone to convective currents with their larger heating area than 

tube furnaces.  Tube furnaces are able to maintain a constant heat across a small 

area, closest to the thermocouple – usually located in the center of the tube-, before 
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the temperature drops significantly as one moves away from the center of the 

furnace. [13]    

 

 

 
 

Fig. 3.3.  Standard furnaces found in a solid state chemistry laboratory: (a.)hinged 
“clam-shell” tube furnace, (b.)  monolithic tube furnace and (c.) box furnace. 
 

3.1. ii. b. New tricks 

 Direct heating of stiochiometric elements or binary compounds has and 

continues to be the most used sintering technique. Other sintering techniques have 

been and are being developed for industrial application to decrease sintering time, 

to improve final product density and to better control microstructure.  The most 

logical extension of conventional firing is hot pressing.   Hot pressing and isostatic 

pressing despite higher associated costs has found wide industrial acceptance.  

While still laboratory practices, solvothermal synthesis, spark plasma sintering, 

and microwave sintering, are gaining much attention.   
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3.1.ii.c.  Hot Pressing 

 The main objective of this procedure is to improve the final density [15].  

As shown in the schematic in Fig. 3.4, uniaxial pressure is applied to graphite dies 

filled with loose powder while cold.  This application is called cold pressing.  Here 

at OSU, there is a Carver press in both the Keszler lab and two in the Subramanian 

lab that can apply up to 11 metric tons of force.  There are dies that range from ¼” 

to 2” made from both stainless steel and graphite.  Using on average 7 metric tons 

on ½” dies, I was able to achieve 78-83% theoretical after the powders had been 

sintered in fused quartz tubes. 

    Laboratory pressures of hot presses can reach up to 15MPa industrially.  

External resistance heating elements enhance sintering while pressure is applied.  

The main disadvantages to this process are the basic shapes one is limited to as 

well as the high cost of the pressing dies.  There is a metallurgist in the HP/OSU 

workspace that has a hot press.  I was unable to use it because they did not want 

any chalcogenides in their press as S poisons iron. 

 

 
Fig. 3.4. Schematic diagram of hot pressing a powder compact.  Image taken from 
Ref. [16]. 
 

 

3.1.ii.d.  Hot Isostatic Pressing (HIP) 

 Hot isostatic pressing (HIP) occurs by applying uniaxial hot pressing in all 

three directions.  HIPping a powder compact can be done by encapsulating the pre-

sintered product in either a metal can or in glass.  The shaped object can also be 
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HIPped without encapsulation.  This allows for complex shapes to be densified.  

Another option is to sinter-HIP in which the instrument first sinters the pressed 

powders to close porosity and then goes through a HIP cycle for further 

densification.   

 In 2007, the Keszler group purchased and installed an American Isostatic 

Press HP630.  Powders of Cu3TaSe4 and SnQS3 (Q = Zr and Hf) were HIPped in a 

sinter-HIP cycle.  SnQS3 pellets were heated to 800 with 22,000 psi of Ar applied 

to encapsulated pressed pellets while the Cu3TaSe4 pellets were heated to 975°C 

and 20000 psi of Ar was applied without encapsulation.  I was able to densify the 

pressed pellet of SnZrS3, but the pellet was severely deformed making further 

measurement impossible.  Additionally, I do not have the glass blowing skills to 

make the borosilicate encapsulation possible.  Cheap metals have melting 

temperatures too low.  HIP experience with Cu3TaSe4 pellets indicated that the 

chalcogenide anion would exchange with the O2 in the industrial Ar tanks if left 

exposed.  Finally, the achieved densities were at best in the mid 80% of theoretical 

which was achievable by a cold isostatic press. 

 The main advantage of the HIP process is to achieve densities closer to 

theoretical values.  Disadvantages include open surface porosity on the final 

product.  This can be removed by machining.  Densification may not be uniform 

throughout the sample due to thermal gradients in the process as well as geometry 

of the object.  Encapsulation may introduce additional costs for chemical removal 

of the glass/metal encapsulant [15].   

  

3.1.ii.e  Solvothermal synthesis 

 Solvothermal synthesis has been explained in Section 2.1.v.  Solvothermal 

synthesis of sulfide powders is possible [17-19].   

 A hydrothermal synthesis BiCuOS was attempted using sodium hydroxide 

and water in an acid digestion bomb.  The resulting powder was a mixture of 

Cu3BiS3, BiCuOS and Bi2O3.  Ref. 14 – 16 suggest better sulfide synthesis through 
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the use of amine groups.   It might be of value to try either acetonitrile or simple 

ammonia as the solvent.   

 

 

3.1.ii.f.  Spark Plasma Synthesis (SPS) 

Spark plasma sintering (SPS) is similar to hot pressing in that uniaxial pressure is 

applied to powders [20].  Instead of an external heat source, a pulsed DC current 

directly passes through a graphite die containing the powder compact as shown in 

Fig. 3.6.  For conductive samples, current passes through.  While for non-

conductive samples, Joule heating of the sample occurs [21].  This facilitates a 

very high heating or cooling rate (up to 1000 K/min); hence the sintering process 

generally is very fast (within a few minutes). The main advantage of this process is 

its  speed.  Nanosized powders can be densified while avoiding grain growth.   

 
Fig. 3.6.  Apparatus setup for spark plasma sintering.  Image taken from Ref. [22]. 

 

3.1.ii.g.  Microwave sintering 

 Microwave sintering uses microwaves, typically 2.45 GHz or 915MHz, to 

generate 1 - 6kW of power to sinter ceramics.  Fig. 3.7 shows all the possible 

attachments to the furnace including an inert sintering atmosphere.  Maximum 

temperature attainable is 1600°C. [23]  The advantages of microwave sintering are 

short reaction time due to rapid resistive heating, products have small particle sizes 
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due to high heating rate (up to 100°C/sec), products have a narrow particle size 

distribution and are of high purity. [24,25]    

 
Fig. 3.7. Schematic diagram of microwave assisted sintering.  Image taken from 
Ref. [23]. 
 

3.2.  Powder methodology 

 This section presents the synthesis of a number of binary and ternary 

chalocgenides and oxychalcogenides.  Characterization techniques used are 

presented for each family of materials, and are described in detail the first time 

they are mentioned. 

 

3.2.i.  SnCh; (Ch = S, Se and Te), MCh2 (M = Sn, Zr and Hf), and In2Se3 

Powder samples of SnCh (Ch = S, Se, and Te), MCh2 (M = Sn, Zr and Hf), 

and In2Se3 were prepared by heating stoichiometric amounts of the metal powders 

with the applicable chalcogenide element; reagents were: Sn (Cerac 99.8%, ~200 

mesh), Zr (Cerac 99.7%,~325 mesh), Hf (Alfa Aesar,  99.6%, nominal 2 -3.5 % 

Zr, ~325 mesh), In (Alpha Aesar, 99.9%, ~100 mesh), S (Alpha Aesar, 99.5%, 

~325 mesh), Se (Cerac 99.6%, ~ 200 mesh), and Te (Alpha Aesar, 99.999%, 60 

mesh).  Mixtures were heated in evacuated silica tubes to 800°C for 12 h, 

including the telluride powders.   
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X-ray diffraction 

Phase purity was verified by x-ray diffraction using Cu Kα radiation on a 

Rigaku Miniflex diffractometer with monochromater.  Samples were scanned for 

phase identification from 5° 2θ to 65° 2θ at a step size of 0.02° and a scan rate of 

5°/min.  Scans used for lattice parameter determination were from 5° 2θ to 90° 2θ 

at step size of 0.02° with a scan rate of 2°/min. 

 

Electrical resistivity 

 Pellets of ½” diameter were uniaxially cold pressed to high final density, 

>80% of theoretical density.  Electrical resistivity measurements were carried out 

at room temperature on the pellets of select powders using the 4-point collinear 

method on a Lakeshore 7405 Hall effect system.  A 4-point collinear method was 

used with Au contacts.  Resistivity was measured using the formula:   

                                                                 (Eq. 3.1) ;                             

 where s is the spacing and F is a product of three independent correction factors.  

For non-conducting samples F is: 

                                 [ ])2/sinh(/)/sinh(ln2
)/(

stst
stF =   (Eq. 3.2); 

where t is the sample thickness and s is the spacing between contacts. 

The calculated resistivity was then multiplied by a porosity factor, e-bf, 

using the Rice model [26]; where f is the porosity fraction and b = 3 assuming 

spherical pores.   

 Gold contacts were thermally evaporated onto the surface.  The thickness of 

the gold was not measured but it was deposited approximately 2” above the W 

boat for a short duration, no longer than 1 min from when a glow from the gold 

was observable.  A schematic of the setup is shown in Fig. 3.8. 

 

 

 

 

ρ = 2πsV
I

F
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Fig. 3.8.  Schematic setup of thermal Au evaporation onto SnZrCh3 pellets.  Image 
taken from Ref. [27]. 

 

3.2.ii. SnMCh3 (M = Sn, Zr and Hf; Ch = S, Se and Te) 

Polycrystalline samples of SnMCh3 (M = Zr and Hf; Ch = S, Se, and Te) 

were synthesized via solid state reaction of the elements, Sn (Cerac 99.8% pure, 

~200 mesh), Zr (Cerac 99.7%, ~325 mesh ), Hf (Alfa Aesar,  99.6%, nominal 2 -

3.5 % Zr, ~325 mesh), S (Alpha Aesar 99.8%, ~325 mesh), Se (Cerac, 99.6%, 

~200 mesh) and Te (Alfa Aesar, 99.999, ~60 mesh).  Powders of SnMS3 were 

sealed in evacuated silica tubes at a pressure of 10-3 torr; SnMSe3 and SnZrTe3 

were sealed in evacuated silica tubes at a pressure of 10-6 torr. SnHfS3 powders 

were heated to 800°C for 12h in muffle furnaces.  SnZrS3 powders were heated at 

both 800° and 750°C in muffle furnaces.  SnZrSe3 powders were heated to 615°C 

for varying times ranging from 3 - 15 h.  The most successful powders were heated 

in a tube furnace surrounded by an alumina sleeve.   Powders of SnZrTe3 were 

heated for 12 h between 200 - 700°C.   

Solid solutions of SnZrS3-ySey (y = 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0 and 

2.5) were made to explore the region of solid solution and to determine any band 

gap modulation.  Powders were made by heating stoichiometric amounts of the 

metal cations with the applicable chalcogenide anion in evacuated (P~10torr) 
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sealed fused quartz ampoules.  Heating times were 6 h at temperatures of  715°C, 

700°C, 660°C, 625°C, and 600°C for x = 0.5, 1.0, 1.5, 2.0 and 2.5 respectively in a 

tube furnace surrounded by an alumina sleeve.   

Lattice parameters of the SnZr(S,Se)3 system were made using the least 

squares method of Wincell, Version 1.1 (by Fazil A. Rajaballee) on conventional 

XRD data.   

 Doping studies of SnZrSe3 were performed to investigate any p- and n-

type doping of the host NH4CdCl3 structure.  Dopants assumed to exhibit n-type 

behavior were Sb (Cerac, 99.995%, ~200 mesh) and Bi (Strem Chemicals, 

99.999%, ~200 mesh).  Expected p-type dopants used were Y (Cerac, 99.9%, ~325 

mesh), In (Alfa Aesar, 99.9%, ~100 mesh), and Nb (Alfa Aesar, 99.8%, ~325 

mesh).  Dopants were substituted into SnZrSe3 on the Zr site at the 1, 2, 3, and 5 

at. % levels.   Bi was also substituted on the Sn site at 2 and 5 at. % levels. 

SnHfSe3 powder and Sn-Zr-Te powders were made via solid state reaction 

to identify the temperature stability region of the hafnium selenide analog and the 

zirconium telluride analogue.   

Phase purity of all products was confirmed by x-ray diffraction on a 

Rigaku Miniflex diffractometer using Cu Kα radiation.  The stoichiometry of 

some SnMCh3 powders was further confirmed by electron probe microanalysis 

(EPMA) on a Cameca SX100 microprobe analyzer with beam energy of 20kV.    

 

Diffuse Reflectance 

Band gap measurements of the powdered materials were carried out by 

measuring the diffuse reflectance relative to BaSO4 at room temperature in the 

range from 300nm – 1.3μm.  Two diffuse reflectance spectrometers were used 

throughout the course of the experiments.  The first spectrometer was attached to 

an integrating sphere spectrometer with an Oriel 300 W Xe arc lamp, a Cary model 

15-prism monochromator and a Si diode.   
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The second utilized a fiber optic cable to measure the absorption spectra of 

SnZrSe3 powder samples in both the UV-Vis (200-1100 nm) and near infra-red 

(NIR) (800-2600nm) range. The powder samples were placed approximately 3 mm 

below a bare double fiber optic which delivered broad-band light and collected the 

diffusely reflected light. In the ultra-violet to visible region (uv-vis, 200-1100 nm), 

an Ocean Optics Mikropack DH -2000 - BAL Deuterium Tungsten Halogen light 

source and an Ocean Optics HR 4000 spectrometer were used, with light delivery 

by a ZFQ-9803 bifurcated optical fiber with a diameter of 455 μm.  In the near 

infra-red range (NIR, 800-2600nm), an Ocean Optics Mikropack HL-2000 

Tungsten Halogen Light Source and an Ocean Optics NIR256-2.5 spectrometer 

were used, along with a 400-μm-diameter QBIF400-VIS/NIR Bifurcated Optical 

Fiber.  The reflectance spectra obtained using this method had the same features as 

those obtained using a grating monochomator and an integrating sphere and a Si 

diode detector. 

The observed diffuse reflectance data were converted to absorption data, 

α/S, using the Kubelka-Munk equation [28,29], where α and S denote an 

absorption coefficient and a scattering factor, respectively.  Regression lines were 

fitted to regions in the plotted absorption data where changes in slope occurred. 

Band gaps were estimated by determining where the lines intersected. 

 

Density Functional Theory Calculations (DFT)  

 DFT calculations were performed with the Vienna Ab-initio Simulation 

Package (VASP) [30-32], FLAIR [33] and Wien2K [34] codes.  Energy 

minimizations using VASP were performed using the exchange and correlation 

energy within the GGA approximation using the parameterization of Perdew et al.  

with the crystal wave functions expanded in terms of a plane wave basis set using 

periodic boundary conditions. The forces on the atoms were calculated using the 

Hellmann-Feynman theorem, which were used to perform a quasi-Newton 

relaxation until they had converged to less than 1e-05 eV/Å. The projector 
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augmented wave method (PAW) was used to accurately represent valence-core 

(Sn: [Kr], Zr: [Kr], Hf: [Xe], S: [Ne], Se: [Ar]) interactions.  The plane wave 

cutoff energy of 500 eV was used for SnMCh3 compounds and k-point density of 

500 was obtained using the Monkhorst-Pack [35] method.  

Band structure diagrams were produced using the FLAIR code, an 

implementation of the full-potential linearized augmented plane-wave method.  

Exchange and correlation were treated within the local density functional 

formalism using the general gradient approximation parameterization of Perdew, 

Burke, and Ernzerhof [36] . The potential and charge density were expanded up to 

l = 8 and Gmax = 12 a.u.  Inside the muffin tin spheres r = 2.8 bohr for Sn, r = 3.0 

bohr for Hf and Zr, and r = 1.6 bohr for S or Se. The wave functions were 

expanded up to l = 8 and a plane-wave cutoff kmax of 3.25/min (rMT) was used, 

where (rMT) denotes the radius of the smallest muffin-tin sphere in the cell. A k-

mesh of 1000 points was used in the irreducible wedge of the Brillouin zone for 

band diagrams. 

 Partial and total density of states, PDOS and TDOS, were calculated using 

the Wien2K code [34].  Flair is a nice code to use to make band diagrams because 

it places the Fermi energy in the middle.  This is ideal as it conforms to the 

definition of the Fermi energy.  FLAIR is non-ideal for making PDOS plots as the 

program smears the tails of the energy state delta functions.  The solution to this 

“smearing problem” is to use a different program like Wien2K [34].  Wien2K 

calculates the PDOS on a tetrahagonal mesh that creates a separation that is 

equivalent to the bandgap.  Wien2K places the Fermi energy just below the 

valence band maximum.   

 

Seebeck Coefficient 

 The carrier type of the powders was determined by room-temperature 

Seebeck measurements on a system of in-house design [37].  Cold-pressed 

powders of ½" diameter and >80% of theoretical density were measured. 
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 Seebeck coefficients are determined by measuring the magnitude of the 

voltage produced by a temperature gradient across a material.  The Seebeck 

coefficient is defined as: 

          
T
VS

∆
∆

= ;        (Eq. 3.3) 

In semiconductors, the sign of the Seebeck coefficient is used to define the 

majority carrier type of the material.  P-type materials are indicated by a positive 

sign and n-type materials are indicated by a negative number.  The applied 

temperature gradient to the pellets was approximately 5°C.  The applied 

temperature gradient for a few pellets was increased to 25°C.  Their was no 

difference in the measured Seebeck coefficient of the pellets heated to a 5°C 

temperature gradient compared to the Seebeck coefficients of pellets heated to a 

25°C temperature gradient. 

 

Electrical resistivity     

 Room temperature electrical resistivity measurements of cold pressed pellets 

were made using the process described in section 3.2.i.   

  

3.2.iii.  BiCuOCh (Ch = S, Se and Te) 

3.2.iii.a. BiCuOS 

 BiCuOCh (Ch = Se or Te) powders were synthesized to measure the 

optical band gap and as source material for crystal growth.  The most direct route 

to BiCuOS synthesis is using Eq. 3.4, 

Bi2O3 + Cu3BiS3 → 3BiCuOS    (Eq. 3.4) 

The Cu3BiS3 precursor was prepared from the elements similar to the 

method described by Nakayam et al. [38]  Stoichiometric amounts of powdered Bi 

(Strem, 99.999%, ~200 mesh), Cu (Cerac, 99.5%, ~325 mesh) and S (Alfa Aesar, 

99.8%, ~325 mesh) were placed in a fused quartz tube.  The tube was evacuated to 

10-6 torr before sealing.  The tube was heated to 440°C at 2.5°C/min and held for 

24h, then raised to 600°C at 2.5°C/min and held for at least 11h.  The tube was 
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quenched in water.  The power was ground in acetone and resealed in a second 

fused quartz tube which was evacuated to 1mtorr.  The powder was fired a second 

time to 600°C at 7°C/min, held for 24h, cooled to 525°C in 43h (2°C/h), held for 

5h and finally cooled to room temperature.   

The resulting Cu3BiS3 powder was mixed with Bi2O3 (Alpha Aesar, 

99.99%, ~200 mesh) according to Eq. 3.4, placed in a Grafoil packet and sealed 

in an evacuated fused quartz tube (P ~1mtorr). The tube was heated to 300°C at 

7°C/min where it was held for 6h, heated to 500°C at 7°C/min, held for 2h and 

then cooled to room temperature.  The resulting BiCuOS powder had small 

impurity peaks of Bi.  Powders not placed in the Grafoil® packets had remnant 

peaks of Bi2O3.   

Three other attempts at phase pure BiCuOS powder were pursued before 

the successful procedure described above. The first explored hydrothermal 

synthesis according to the method described by Poppelmeier et al. [39].  Ground 

Na2S flake was used as the Na2S source and heated in a vacuum furnace for 24 h at 

120°C.  The resulting powder was equal parts BiCuOS, Bi2O3 and Cu3BiS3.   

A second attempt started from the elements using the solid state method 

described by Kusainova et al. [40] in which they fire a sample to 400°C for 48 h 

and then anneal the sample at 720°C for 600 h (24 days).  The sample made to 

mimic the Kusainova et al trial heated  elemental powders and Bi2O3 at 720°C for 

5 days.  BiCuOS was present in the resulting XRD pattern, but secondary phases 

of Bi2O3 and CuS were also detected in the diffraction (XRD) pattern.  Van de 

Marel et. al. [41] has used this method to make BiCuOS.  Their synthesis time is 

not given, but the authors mention several 50 h processing cycles. 

A third attempt to make BiCuOS powder was made using the precursor 

Bi2O2S according to Eq. 3.5.  

 Bi2O2Q + Cu2Q → 2BiCuOQ  (Eq. 3.5) 

 In Eq. 5, Q is any chalcogenide S, Se or Te.  Eq. 3.5 is written generically because 

this synthesis route will be used later repeatedly.  An attempt was made to make 
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the Bi2O2S precursor via the single solid state route described by Aljihmani et al. 

[42], shown in  Eq. 3.6 using Bi2S3,  

2Bi2O3 + Bi2Q3 → 3Bi2O2Q    (Eq. 3.6) 

The author mentions that the “trick” to success is that the quartz tube be coated 

with carbon.  Bi2S3 was made by heating stoichiometric amounts of Bi metal 

(Strem, 99.999%, ~200 mesh) with S (Alfa Aesar, 99.8%, ~325 mesh) in an 

evacuated fused quartz ampoule at 800°C for 12h.  The ingot was crushed and the 

stoichiometry confirmed via x-ray diffraction (XRD) for purity.  Bi2S3 powder was 

mixed in with Bi2O3 (Alpha Aesar, 99.99%, ~325 mesh) according to Eq. 6, placed 

in a Grafoil® packet and sealed in an evacuated fused quartz ampoule.   The 

ampoule was heated to 300°C at 5°C/min, held at 300°C for 1 h, then heated to 

500°C at 5°C/min, held again for 1 h, then heated to 650°C at 5°C/min and held 

again for 1 h.  The furnace was turned off to allow for cooling.  XRD analysis of 

the powder could not distinguish a Bi2O2S phase.   

I believe that Eq. 3.5 is a valid method to attain BiCuOS provided that 

Bi2O2S can be synthesized.  The only reliable and reproducible method to make 

Bi2O2S is through a hydrothermal method that involves high pressure, high 

temperatures and a graphite or stainless steel acid digestion bomb. [43,44]  

 

3.2.iii.b BiCuOSe and BiCuOTe 

 BiCuOQ (Q = Se and Te) powders were made via the Bi2O2Q precursor 

route described in Eq. 3.5 using Bi2O3 (Alpha Aesar, 99.99%).  The precursors 

Bi2O2Q (Q = Se and Te) were made according to Eq. 3.6.  Bi2Se3 was made in 

house by heating Bi (Strem, 99.999%, ~200 mesh) metal and Se powder (Cerac, 

99.8%, ~200 mesh) in stoichiometric ratios; while Bi2Te3 (Cerac, 99.99%, ~325 

mesh) powder, for making Bi2O2Te, was found in the lab.  Grafoil® packets 

should not be used.  Residual Bi2O3 remains in the Bi2O2Te that stubbornly resists 

further reaction when later mixed with Cu2Te or reacted with additional Bi2O3.   
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 Bi2O2Se was heated to 500°C for 12 h.  Bi2O2Te was heated to 500°C for 4 

weeks. [45]  Four weeks for Bi2O2Te is really needed.  Powders were examined by 

x-ray diffraction for phase purity after the first two weeks and each week 

thereafter.  There were small peaks in the XRD pattern that corresponded to Bi2O3 

and Bi2Te3 that took 4 weeks to diminish. 

Bi2O2Q (Q = Se and Te) can also be made according to Eq. 3.7, 

2Bi + QO2 → Bi2O2Q             (Eq. 3.7). 

Bi2O2Se, made using Eq. 3.6, readily forms when heated to 500°C for 24 h.  

Bi2O2Te, also made using Eq. 3.7, has a tendency to go off stoichiometry to form a 

Bi2O3: Bi2Te3 ratio of 60:40 instead of the ideal 66.67:33.34 ratio (Bi2O2Te).   

A second method for making BiCuOQ (Ch = Se and Te) powders via solid-

state from the binary Bi2O3 and the elements, shown in Eq. 3.8:  

Bi2O3 + Bi + 3Cu+ 3Q → 3BiCuOQ            (Eq. 3.8). 

Stoichiometric amounts of Bi metal (Strem Chemicals 99.9%, ~200 mesh), Bi2O3 

(Alpha Aesar, 99.99%, ~325 mesh), Cu (Cerac Specialty Inorgnaics, 99.5%, ~325 

mesh), Se (Cerac Specialty Inorganic Chemicals, 99.8%, ~200 mesh) and Te (Alfa 

Aesar, 99.999%, ~60 mesh) were sealed in an evacuated fused quartz tube.  

BiCuOSe was heated at 500°C for 24 h; BiCuOTe was heated at 500°C for five 

days according to the method described by Hosono. [46]  BiCuOSe powders were 

phase pure from their XRD patterns.  BiCuOTe showed multiple phases present.  

  

3.2.iii.c BiCuOS0.5Se0.5 and BiCuOSe0.5Te0.5 

 BiCuOQ’Q” solid solution powders were also made according to Eq. 3.5.  

All powders were sealed in evacuated (P ≈ 1mtorr) fused quartz tubes.  Powders 

made include BiCuOS0.5Se0.5 heated to 600°C for 3 days and BiCuOSe0.5Te0.5 

which was heated at 500°C for 5 days.  Cu2Q” powders used were Cu2S (Alfa 

Aesar, 99.5%, 2mm pieces and smaller), Cu2Se (Cerac, 99.5% 3 mm pieces and 

smaller) or Cu2Te (Cerac, 99.5%, 2 mm pieces and smaller).   
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Diffuse Reflectance 

Optical absorption of BiCuOQ powders were also measured using a 

Thermo Scientific Antaris II FT-NIR spectrometer (Thermo Fisher) using the 

integrating sphere configuration at room temperature.  Optical absorption of 

BiCuOTe was measured using a Nicholet Nexus 470 FT-IR spectometer with a 

Nexus Smart Collector accessory.  Optical band gaps were extracted according 

to the description given in Section 3.2.ii.    

 

3.2.iv.  Cu3Ta 1-xMxCh4 (x = 0.05, M = P, Zr and W; Ch = S and Se) 

 Powders of the formula Cu3Ta1-xMxCh4 (x = 0.05, M = P, Zr and W; Ch = 

S and Se) were synthesized via solid state reaction from the elements, Cu (Cerac, 

99.8% pure, ~325 mesh), Ta (Cerac, 99.7% pure, ~325 mesh), S (Alfa Aesar, 

99.8% purity, ~325 mesh) and Se (Cerac 99.6% pure, ~325 mesh).  Dopants of P 

(Alfa Aesar, ~100 mesh, ~325 mesh), Zr (Cerac, 99.7% pure, ~325 mesh), W 

(Cerac, 99% pure, ~325 mesh), and Se (Cerac 99.6% pure, ~200 mesh) were added 

at the 5 at. % level on the Ta5+ site to characterize the electrical properties of 

powder samples.  Powders were heated in evacuated silica tubes at 800°C for 48 h.  

Products were characterized by x-ray diffraction on a Rigaku Miniflex 

diffractometer using Cu Kα radiation or on a Bruker AXS-08 using Cu Kα 

radiation.   

 A solid solution of Cu3TaS4 and Cu3TaSe4 has been reported in the 

literature. [47,48]  A more recent exploration of the solid solution can be found in 

Ref. [49].   

 Pellets of ½” diameter were uniaxially cold pressed.  Pellets were re-

processed in an AIP6-30H hot isostatic press at 750 - 800°C under 20000 PSI of 

argon to improve final density.  The density before the HIP process was not 

measured.  Electrical resistivity measurements were carried according to the 

description given in Section 3.2.i.  Gold colloidal paste was painted onto the 

pellets to make electrical contact.   
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Chapter 4: Structural and compositional characterization of SnMCh3 

compounds by x-ray diffraction (XRD) and electron microprobe analysis 

(EPMA) 

4.1 SnMCh3 (M = Zr and Hf; Ch = S, Se and Te) 

4.1.i Binary chalcogenides 

 Binary chalcogenide powders were made to identify secondary phases in 

the ternary patterns and to make targets for pulsed laser deposition (PLD) film 

growth.  In general, the synthesis described in Chapter 3.2.i, resulted in gray 

powders.  MCh2 (M = Sn, Zr and Hf) fired powders were hard shiny slate gray 

globules that stuck to the wall of the fused quartz ampoules.  They had to be 

scraped from the wall of the test tube and pounded upon to initiate powder 

formation.  The powders smeared along the walls of the mortar and bottom surface 

of the pestle, consistent with their use as lubricants [1].  SnCh (Ch = S, Se and Te) 

materials form dark ash gray powder that formed along the walls of the fused 

quartz ampoule.  Inverting the tube and a slight scrape was enough to remove the 

powder.   Crushing these powders required little additional effort.   

Fig. 4.1 shows patterns of SnCh (Ch = S, Se and Te) powders.   The bottom 

pattern are reference patterns taken from CIF files, SnS ICSD # 41739 [2], SnSe 

ICSD #50546 [3] and SnTe ICSD # 52489 [4].  SnS and SnSe crystallize in a 

layered orthorhombic structure, S.G. Pnma (the mineral SnS is called 

Herzenbergite). SnTe, a semiconductor, crystallizes at room temperature in the 

rock salt crystal structure. [5]  The higher symmetry of SnTe is evident in the 

patterns shown below.  SnS and SnSe are known to exhibit p-type semiconductive 

behavior.  SnS has a measured carrier concentration of 1-3 x 1018 cm-3 [6] while 

that of SnSe is 3 x 1015 to 2 x 1018 cm-3 [7] .     
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 Fig. 4.2 shows the patterns of MCh2 (M = Zr and Hf; Ch = Se and Te) 

binary compounds. The bottom patterns are reference patterns taken from CIF 

files, ZrSe2 ICSD # 56013 [8], HfSe2 and HfTe1.94 ICSD # 53046 [9]. The HfTe2 

reference pattern and ZrSe2 reference pattern were modified by exchanging the Hf 

atom with Zr and Zr with Hf in the NIST Visualizer program to create the ZrTe2 

and HfSe2 reference patterns.  All the MCh2 materials crystallize in the hexagonal 

CdI2 layer structure.  In this structure, M atoms occupy ½ of the alternating 

octahedral positions as the Ch atoms order themselves in an hcp array [10].  ZrSe2 

and HfSe2 are known to exhibit n-type semiconductive behavior.  Their measured 

carrier concentrations are 1.6 x 1018cm-3 and 5 x 1018cm-3, respectively [11].  

ZrTe2 and HfTe2 are considered to be metals [12].   

 
 
 
 
 

10 15 20 25 30 35 40 45 50 55 60
2θ  (deg)

In
te

ns
ity

 (a
.u

.)

SnS

Reference

10 15 20 25 30 35 40 45 50 55 60
2θ (deg)

In
te

ns
ity

 (a
.u

.)

Reference

SnSe

10 15 20 25 30 35 40 45 50 55 60
2θ (deg)

In
te

ns
ity

 (a
.u

.)
Reference

SnTe

10 15 20 25 30 35 40 45 50 55 60
2θ  (deg)

In
te

ns
ity

 (a
.u

.)

SnS

Reference

10 15 20 25 30 35 40 45 50 55 60
2θ (deg)

In
te

ns
ity

 (a
.u

.)

Reference

SnSe

10 15 20 25 30 35 40 45 50 55 60
2θ (deg)

In
te

ns
ity

 (a
.u

.)
Reference

SnTe

Fig. 4.1.  XRD patterns of SnCh (Ch = S, Se and Te) powders.   
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Extended research into the binary compounds brought forth the question of 

whether or not In could be doped onto a SnZrSe3 thin film by incorporating binary 

In2Se3 in the PLD target and whether or not binary SnSe2 thin film could be 

deposited via PLD.  Hence the binary powders were made, Fig. 4.3.  In both cases, 
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Fig. 4.2.  XRD patterns of MCh2 (M = Zr and Hf; Ch = Se and Te) powders.   
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Fig. 4.3.  XRD patterns of SnSe2 and In2Se3 powders 
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the powder pattern and the reference patterns show less agreement.  In2Se3 and 

SnSe2 were identified using the Jade software package, card 00-034-1279 for 

In2Se3 and 00-038-1055 for SnSe2.  The made SnSe2 powder may be oriented as 

the metal mass removed from the fused quartz tube flaked and smeared in the 

mortar and pestle instead of forming powder particles.  Fig. 4.3 suggests such a 

possibility.  Reference patterns included in Fig. 4.3 are, ICSD #17007 [13] for 

In2Se3 and ICSD # 43857 [14] for SnSe2.   

Room temperature structures of In2Se3 include an alpha and beta phase.  

The as made In2Se3 powder color is a matte black.  Other known phases of In2Se3 

include γ, δ and κ [15].  The alpha phase behaves as a metal, although the optical 

band gap is greater than 1eV due to shallow donors.  Beta In2Se3 is an n-type 

semiconductor with carrier concentrations ranging from 3.1 x 1011cm-3 to 1.6 x 

1017cm-3 for thin films, 3 x 1016cm-3 to 2 x 1019cm-3 for annealed samples and 2 x 

1018cm-3 to 8 x 1018cm-3 for single crystals [16].     

SnSe2, similar to ZrSe2 compounds, crystallizes in the CdI2 layer structure.  

SnSe2 is an n-type semiconductor with measured carrier concentrations in the 

range of 1017 to 1018 cm-3.  It has also been known to show p-type semiconductive 

behavior [17].   

 

4.1.ii Ternary chalcogenides 
SnZrCh3 (Ch = S and Se) 

Fig. 4.4 shows the existence of both SnZrS3 and SnZrSe3.  SnZrS3 was 

identified using reference pattern, ICSD #73711 [18].  The indexed SnZrSe3 XRD 

pattern was identified using the CIF file generated from the single the single 

crystal diffraction measurement described in Chapter 2.3.ii.[19].   
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Sn – Zr – Te compound 

Fig. 4.5 shows the XRD patterns of powders intended to be the telluride 

analog, SnZrTe3.  Powders were synthesized at various temperatures between 200 

to 700°C.  In Fig. 4.5b it can be seen that the powders synthesized between 400 

and 700°C are mixtures of the binary compounds SnTe and ZrTe2.  Fig. 4.5a 

illustrates that at synthesis temperatures between 250 and 300°C, yields powder of 

the binary  powders plus additional peaks that correspond to elemental Zr and Te 

as indicated by the plus and asterisk marks.  The simulation XRD pattern of 

SnZrTe3 is included for comparison.  It was generated using the NIST Visualize 

1.01.2 software as no CIF file was available.   

The inability to produce SnZrTe3 suggests that the compound is unstable.  

This may be the result of the highly disparate melting temperatures of the 

constituent elements.  The melting points of Sn, Zr and Te are 231.9°C, 1852°C 

and 449°C respectively [20-22] as compared to the 217°C melting point of Se [23].  

Another reason may be that SnTe is the more thermodynamically favorable 

compound.  There is evidence in the XRD patterns that SnTe has formed at 

temperatures as low as 200°C.  SnSe does not form in the synthesis of the SnZrSe3 

analog.   A structural argument suggesting that SnZrTe3 might not form is 

Fig. 4.4. XRD patterns of SnZrS3 reference, SnZrS3 and SnZrSe3 (indexed)  
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observable if one looks at the binary compounds.  Although ZrTe2 has the same 

CdI2 layer structure as ZrSe2, SnTe forms in the non-layered rock salt structure 

rather than the layer structure of SnS and SnSe, discussed in the binary section 

above.  The layered symmetry of SnS2, ZrS2, ZrSe2, and ZrTe2 suggest the bonding 

type to be covalent [24].  The bonding type of SnS and SnSe is covalent.  The rock 

salt structure of SnTe suggests some ionicity to the Sn-Te bond, at least 33% [25].  

The non-formation of SnZrTe3 may be the results of Te unable to create both an 

ionic and covalent environment for bonding.   

 

 

 

 

 

 

 

                       

Fig. 4.5.  XRD patterns of SnZrTe3 powders fired between (a) 200 to 300°C and 
(b) 300 to 700°C.   
 

The Sn(Sn, Zr)S3 system 

The Sn(SnZr)S3 system was studied in an attempt to generate solid 

solutions Sn2-xZrxS3 between the two end compounds, Sn2S3 and SnZrS3.  Fig. 4.6a 

shows the XRD patterns Sn2-xZrxS3, where x = 0, 0.2, 0.4, and 0.5, while Fig. 4.6b 

shows x = 0.5, 0.6, 0.8 and 1.  Fig. 4.6a shows the propensity of Sn2S3 to separate 

into binary compounds SnS and SnS2 at lower sintering times.  It was later 

determined that sintering times of 2 weeks were necessary for phase pure Sn2S3 

formation.  Excess Zr could not be found in the solid solution XRD patterns 

suggesting that the Zr is incorporated into Sn2S3 up to 0.4 at. %.  At higher Zr 

concentrations, x > 0.6 and shown in Fig. 4.6b,  the compound SnZrS3 becomes 
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the dominant phase with binary SnS being the only secondary phase present to 

ultimately SnZrS3 forming at x = 1.  Si has been added to the SnZrS3 XRD pattern 

to aid in peak location.     

Fig. 4.7 a and b are excerpts of Fig. 4.6 which show the XRD patterns of x 

= 0.2, 0.4, 0.6, 0.8 and 1 from 23 – 24.5° 2θ and 41 – 43° 2θ respectively.  These 

ranges were chosen because there is no overlap between Sn2S3, marked by an 

asterisk, and SnZrS3, labeled with a plus sign, and SnS which is the most abundant 

contaminate in the powders.  The 23 – 24.5° 2θ spans the range for the 202 peak of 

both SnZrS3 (~23.25°2θ) and Sn2S3 (~23.65° 2θ); while the 41 – 43° 2θ range 

highlights the 402 peak.  Something to note is that the y-axis for the 41 – 43° 2θ 

range is a log scale because the 402 peaks are of smaller intensity.    From Fig. 4.7 

a and b, the presence of SnZrS3 is not detectible at 10 cation % (Sn1.8Zr0.2S3).   As 

the composition of Zr increases to 30 cation %, both SnZrS3 and Sn2S3 are present 

until x = 0.8.  At x = 0.8, only SnZrS3 with additional SnS is apparent in the 

measured XRD patterns.  The additional formation of SnS suggests that the doping 

limit of additional Sn in this system is less than 10 at. %.   This information might 

be beneficial to know if doping studies, using additional Sn, are pursued.  As no 

visible shift in lattice parameters was apparent, I do not believe the Sn(Sn, Zr)S3 

system forms a solid solution. 
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Fig. 4.6.  XRD patterns of (a) Sn2-xZrxS3 from x = 0, 0.2, 0.4, 0.5 and (b) (a) Sn2-

xZrxS3 from x = 0.5, 0.6, 0.8 and 1.  Si was added to x = 1 for comparison. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7.  XRD patterns of Sn2-xZrxS3, x = 1.4 and x = 1.5 from (a.) 23 – 24.5° 2θ 
and (b) 41 – 43° 2θto indicate non-mixing behavior of SnZrS3 and Sn2S3. 
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The SnZr(S, Se)3 system 

The structural investigation into the solid solution between SnZrS3 and 

SnZrSe3, SnZrS3-ySey (y = 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0), is presented in Fig. 4.8, 

in which it was found that the compounds do form a solid solution over the entire 

range 0< y < 3.  Si was added to the samples to align the patterns.  There is some 

SnCh and ZrCh3 (Ch = S or Se) present in some of the XRD patterns as indicated 

by the plus and asterisk.  Fig. 4.9 is a closer look at the strongest peaks, 25 - 35° 

2θ, of the two compounds.  A general shift to lower 2θ values is observed as the 

Se content is increased.  There is some minor binary compound phase formation.  

This may be avoided through quenching of the sample, utilizing a different 

synthesis route or more careful sample placement in the furnace. 

Lattice parameters of SnZrS3-ySey, derived from the patterns are plotted in 

Fig. 4.10.  The variation of the lattice parameter is linear, with some scatter, as a 

function of Se content, following Vegard’s law [26].  This finding is not 

unexpected.  Many mixed chalcogenide compounds form solid solutions across the 

entire range, for example BaCu(S, Se)F and BaCu(Se, Te)F [27]. 
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Fig. 4.8. XRD pattern of SnZrS3-ySey solid solutions, from bottom to top:  y = 0, 
0.5, 1.0, 1.5, 2.0, 2.5 and 3.0.  Asterisks mark the position of ZrCh2 (Ch = S or Se).  
Si added to the samples is indicated by the open circle (◦). 
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Fig. 4.9. XRD pattern of SnZrS3-ySey solid solutions, from bottom to top:  y = 0, 
0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 , from 25 – 35° 2θ aligned to the silicon (111) peak at 
28.44°.   
 

 
Fig. 4.10. Lattice parameters of the SnZrS3-ySey solid solution increase linearly as  
a function of heavy chalcogen.   
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SnZr1.95Y0.05S3 and SnZr1.95Nb0.05S3 

In order to investigate the possibility of bipolar doping, powders were 

doped with Nb (expected to show n-type behavior) and Y (expected to show p-

type behavior) at 5 at % on the Zr4+ site in SnZrS3.  Fig. 4.11 shows the resulting 

XRD patterns of the doped powders.  From Fig. 4.11, it appears that both Nb and 

Y were easily incorporated into the SnZrS3 structure.  Experimentally, yttrium 

doping consistently yielded powders without detectible ZrS2 regardless of position 

in furnace or furnace type.  Nb doping required much more care and many 

powders had ZrS2 impurities. Nb-doped powders free of ZrS2 could be made in 

muffle furnaces if place inside alumina tubes and a furnace similar to the box 

furnace shown in Fig. 3.3 was used.  This was surprising because Y3+ with an ionic 

radius of 104 pm [28] is much larger than 6-fold coordinated Zr4+ with an ionic 

radius of 86 pm [29].  This is in comparison to the 78 pm [30] ionic radius of Nb.  

These results are consistent with those previously reported [31].   
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Fig. 4.11.  SnZrS3 doped with 5% Nb and Y.   
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SnZr(1-x)MxSe3 (M = Bi, Sb, In and Nb) and Sn(1-x) BixZrSe3 

The XRD patterns of doped SnZrSe3 powders are shown in Fig. 4.12.  

Dopant levels ranged from 1-5 at. %.   Doping was expected to occur on the Zr4+ 

site.  Bi was additionally substituted on the Sn2+, while Sb, In and Nb were 

substituted on the Zr4+ site.  It appears that all of the dopants used were 

incorporated into SnZrSe3.  The XRD patterns of Bi doped powders, at 2 and 5 at. 

% levels, on the Sn2+ site were the same as those shown in Fig. 4.12.  Secondary 

phases such as ZrSe2 and selenium alloys of Bi, Sb, In or Nb were not observed.  

 

 

 

 

 

 

 

 

Fig. 4.12. SnZrSe3 powder XRD patterns doped at 0, 1, 3 and 5 at.% with (a) Bi, 
(b) In and (c) Nb. Secondary phases such as ZrSe2 or selenium alloys of Bi, In or 
Nb were not observable. 
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4.1.iii SnHfS3 and Sn-Hf-Se 

Fig. 4.13 shows the XRD pattern of pure SnHfS3 and SnHfS3 powders 

doped with Nb and Y at 5 at. % on the Hf4+ site.  SnHfS3 was identified using 

reference pattern ICSD #65677 [32].  The occurrence of the HfS2 alloy appearing 

in the XRD pattern was much higher than in the SnZrCh3 analogs.  The XRD 

patterns of the doped powders show no secondary phases, so it appears that both Y 

and Nb are easily incorporated into the structure.   
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Fig. 4.13. SnHfS3 reference pattern, XRD SnHfS3 powder pattern, XRD patterns of 
SnHfS3 doped with 5% Nb and Y.   
 

Fig. 4.14 illustrates the attempts to make SnHfSe3, analog to SnZrSe3.  

Temperatures for powder synthesis ranged from 475 to 700°C.  The reference 

pattern of SnHfSe3 is a modification of the SnZrSe3 CIF file [19] with Hf 

exchanged for Zr using the NIST Visualize 1.01.2 software.  No SnHfSe3 was 

evident.  At temperatures between 475 and 600°C, Fig. 4.14a, it can be seen SnSe, 

HfSe2 and Hf0.92Se compounds form and unreacted Sn, Hf, Se remain.  Above 

600°C, Fig. 4.14b, the binary SnSe separates out from the powder and is no longer 

visible in the resulting diffraction pattern.  This separation is observable when the 
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powders are removed from the oven.  On the fused quartz tubes, a shiny gray 

compound is deposited on the wall separate from the matte dark gray powder.    

The inability to produce SnHfSe3 is rather puzzling as the chemistries of Zr 

and Hf are quite similar.  Solutions to the problem of phase separation might be 

quenching of the sample.  No attempt was made to create the telluride analog, 

SnHfTe3, due the negative results from the selenide trials and from SnZrTe3.    

 

 

  

 

 

 

 

 

 

 

Fig. 4.14.  XRD patterns of SnHfSe3 powders fired between (a) 475 to 575°C and 
(b) 600 to 700°C.  
  

4.1. iv.      Conclusion from the structural characterization 

 Solid state synthesis was used to make compounds of the form SnIIMIVCh3 

(M = Sn, Zr and Hf; Ch = S, Se and Te), to investigate any structural changes with 

the incorporation of dopants: Nb, Y, Bi, Sb and In; and to explore the solid 

solutions between Sn2S3, SnZrS3 and SnZrSe3.  Binary compounds of metal mono-

selenides and tellurides as well as diselenides and tellurides were made to provide 

source material for PLD targets.  More importantly, these materials were used to 

identify the binary materials in the ternary XRD patterns due to the controversy in 

the literature about the phases present at room temperature and/or the poor quality 
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PDF cards in the database.   SnZrS3 and SnHfS3, in agreement with the literature, 

were found to exist.  A new compound, SnZrSe3, was found.  The compounds 

SnHfSe3 and SnZrTe3 appear to be thermodynamically unstable.  The Sn(Sn, Zr)S3 

system does not form a solid solution indicated by a peak shift.  Instead, Zr is 

incorporated into Sn2S3 until approximately 10 cation %.  Above x = 0.4 SnZrS3 

and Sn2S3 form.  At x = 0.8, SnZrS3 and SnS were the only compounds present in 

the measured XRD pattern.  SnZrS3 and SnZrSe3 will form a SnZrS3-ySey (y = 0, 

0.5, 1.0, 1.5, 2.0, 2.5 and 3.0) solid solution.  Dopants at 5 at. % levels produced 

no spurious peaks in the diffraction patterns.   

 

4.2.  Electron Microprobe Analysis (EPMA) 

4.2.i.  Binary Chalcogenides 

 Electron microprobe analysis (EPMA) is a characterization technique used 

for chemical analysis.  It is more sensitive than XRD and is used in our lab mainly 

on thin films.  This analysis was undertaken as a quality control mechanism.  Thin 

films of SnZrS3 had been attempted, but the films were found to be sulfur deficient 

and the cation ratio was not 1:1.  The standard protocol in the lab was to synthesize 

the powder in evacuated tubes and further process the powder in air and continue 

through to a hot isostatic press (HIP) step. After much powder had been generated 

and several discussions about what was happening at the surface during the PLD 

process, the surface composition of both binary and ternary chalcogenide powders 

was investigated. 

 Fig. 4.15 shows the EPMA results for binary powders SnSe, ZrSe2 and 

HfSe2.  It is important to note that these powders were not put through a hot 

isostatic process (HIP) cycle.  The powders were uni-axially pressed after sintering 

and stored in air.  On the left of Fig. 4.15 is a pie chart giving a graphical idea of 

how the detected elements, Sn, Hf, Zr, S, Se and Nb contribute to the total atomic 

composition.  The pie charts include data for all of the detected elements.  On the 

right side of Fig. 4.15 is a scatter plot with error bars of only the significantly, 
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>1%, contributing elements.  The scatter plots are to provide a more quantitative 

analysis of the elements.   

Ideally, SnSe should be at a 1 : 1 cation : anion ratio while the ZrSe2 and 

HfSe2 should have a cation to anion ratio of 1:2.  What is obvious is there is a non-

ideal cation: anion ratio and a significant O2 absorption at the surface that accounts 

for almost 30% of the total for all binary powders.  This absorbed oxygen is not 

observable in the diffraction patterns even with the passage of time.  In the ZrSe2 

charts, Hf is the element to search for as Zr and Hf are found together in the 

mineral zircon in a Zr:Hf ratio of 50:1 [33].  In the case of Zr-based compounds, 

Hf is not present in significant amounts.  In the HfSe2 EPMA charts, Zr content is 

observable.  This Zr-presence may explain the higher frequency of what was 

assumed to be HfS2 formation in the SnHfS3 XRD patterns, described in section 

4.1.iii.  In reality the HfS2 might be ZrS2.  Close examination of the binary MCh2 

XRD patterns, Fig. 4.2, demonstrates the difficulty of distinguishing between 

HfCh2 and ZrCh2.  It is not known if Zr presence is important to the electronic 

properties, but the Zr presence is a reflection on the purity of the starting reagents 

and the abundance of Zr in the mining process. 
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Fig. 4.15.  Atomic composition of binary chalcogenide powders determined by 
EPMA. 
 

 

 

4.2.ii. Ternary EPMA results 

 Fig. 4.16 shows the EPMA results for SnHfS3.  Fig. 4.16a is from a PLD 

target that had not yet been used, but had gone through the HIP process.  Zr is 

present in the target at a level that corresponds to 2-3 at. % recorded on the Hf 

source bottle.  O2 is present in the target at a small amount, ~10 at. %.   The 

amount of O2 should be compared to Fig. 4.18, which shows data for SnZrS3, both 

as a pre-HIP pellet and as a used PLD target.  The amounts of O2 present before 

and after the HIP process are approximately the same.  This result is important 

because in the HIP process, welding grade Ar is used as the pressure gas.  The 

amount of O2 in the Ar is not known.  In the case of Cu3TaSe3, placing pellets 

directly into the HIP with no cover powder yielded pellets with Ta2O5 in them 
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when no oxide in the powders was present before the HIP process.  Fig. 4.16 also 

shows that ~2% Zr is present.   

Fig. 4.16b is a pressed pellet of SnHfS3 that was supposed to have been 

doped at 5 at% Nb, intended to introduce n-type carriers.  The EPMA results show 

that there is Nb present in the sample, compare Fig. 4.16a to 4.16b, but only at the 

level of ~2%.  This suggests that in order to achieve the full 5%, possibly 10% Nb 

should be used in batching.    Also of interest is the amount of O2 present in the 

sample.  The powder used to press the pellet had been stored in air for over a year.  

From the pie chart, it seems as if the O2 is replacing the Sn as the Hf content is 

close to 30%, while the Sn is closer to 20%.  This result is a bit unexpected as Zr is 

a known O2 getter material.  As Hf and Zr have similar chemistries, it should 

follow that the O2 would prefer the Hf.   

 

 

 

 

 
Fig. 4.16.  EPMA data of SnHfS3 (a) unused PLD target and (b) pressed powder 
stored 1 year in air. 
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Fig. 4.17 is a face-on diagram of a pulsed laser deposited target, PLD, after 

use.   The theory and use of PLD can be found elsewhere [34].  Powders have to 

be prepared to make a target for the process.  Circular targets of either 1” or 2” 

diameter require approximately 6 grams and ~12 grams of material respectively.  It 

is ideal that targets be stiochiometric.  Powders are compacted, either through uni-

axially pressing and/or with a HIP process.  Fig. 4.17 is provided to give a 

reference to what a target looks like and to define the terms “button”, “track” and 

“edge” that will be used to describe Figs. 4.18b-d.   

 

 

 

 

 

 

Fig. 4.17.  Schematic diagram of a PLD target surface. 

 

 

Figs. 4.18a – d show the EPMA–determined composition of SnZrS3 

powders before and after the PLD process.  Fig. 16a shows a pre-HIP SnZrS3 uni-

axially pressed pellet, which has good stoichiometry.  The Zr:Sn ratio is close to 

1:1 and the cation: S ratio is slightly cation rich compared to the expected 2:3 

because there is ~8% of oxygen on the surface.  Figs. 4.18 b-d are included to give 

an idea of what is happening to the stoichiometry of the PLD target through use.   

Most important is that the track, from where material is being taken to deposit the 

film is maintaining the stoichiometry of the original pellet, Fig. 4.18b.  At the 

button and at the outer edge, S is being depleted as shown in Figs. 4.18c and 4.18d 

respectively.  S loss is occurring at a higher rate in the button region as compared 

to the edge.  S is being replaced by O2.  The preferential S loss may be a result of 

the PLD thermal process.  At the edge, heat can more readily be dissipated as 

a= button
b= track
c= outer track, “edge”a b c

a= button
b= track
c= outer track, “edge”a b ca b ca b c
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compared to the button.  Complete accountability for O2 uptake is not possible as 

the target was removed from the chamber and stored in atmosphere.  If the target 

was hot when it was removed, it might still be absorbing O2 from the atmosphere, 

further altering the composition to what was measured via EPMA.  To correct this, 

an electron gun would need to be attached to the system with a detector to perform 

reflection high energy electron diffraction (RHEED) to determine what is 

happening on the surface.  An alternative would be to add an attachment hooking 

the PLD system to a secondary ion mass spectrometer.  This technique could be 

used to determine which materials are coming off the plume.   Otherwise some 

protocol would need to be developed to maintain vacuum of the target so it would 

not be exposed to atmosphere before EPMA analysis. 

Additionally, it is important to look at the cation ratio as a function of 

target position.  At the button, the Sn:Zr ratio is still relatively the same.  In the 

track, the ratio is slightly Zr rich compared to the button.  At the edge, the target 

has become Zr deficient.  There are a few possible mechanisms that can be 

occurring.  One possibility is that Zr is migrating towards the track during ablation.  

A second possibility is that Zr is preferentially exiting the target during the PLD 

ablation process in the plasma plume.  Both of these processes may be occurring.  

The take-home message from this data is that the cation ratio in the track, where 

ablation is occurring, is nearly 1:1.  This however does not account for what is 

being deposited on the substrate.   
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Fig. 4.18. EPMA-determined composition of SnZrS3: (a) pre- HIP powder,  (b) 
button, (c) PLD target track and (d) PLD target-outer track. 
 

Fig. 4.19 is the EPMA-determined composition of SnZrSe3 powder.  The 

stoichiometry indicates that Sn: Zr ratio is 2:3, which should be 1:1.  There is some 

error in this data.  This data was collected on powder that was spread unevenly 

onto graphite tape.  This is non-ideal for EPMA in that the surface should be as flat 

as possible.  This means for powders a pellet should be pressed.  It is believed that 

the high O2 content, 25 at. % may be measuring some residual O2 on the graphite 

tape.  The other samples were pressed pellets or PLD targets.   
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Fig. 4.19. EPMA-determined composition of SnZrSe3 powder. 

 

4.2. iv.     Conclusion from the compositional analysis 

 EPMA characterization of binary and ternary chalcogenide powders has 

given insights into how the HIP and the PLD processes affect sintered powders.  

The first important result from the EPMA-determined compositions of binary and 

ternary chalcogenide powders is that these powders absorb ambient oxygen.  A 

solution to this absorption was to use a glove box, but many glove boxes have 

reversible CuO based scrubber systems that would become “poisoned” at the 

introduction of sulfur.  Therefore a glove bag was adopted as a more practical 

solution.  Additionally, our processing procedure changed to include vacuum 

sealing powders for long term storage.  The second result is that the HIP process 

does not appear to cause chalgoenide loss or cause O2 uptake.  This was a concern 

as welding grade Ar, with an unquantifiable O2 content, was used in the HIP 

process.  Third, PLD ablation occurs at a stiochiometric part of the target.  Finally, 

the composition of the PLD target changes dramatically with PLD use and 

emphasizes the need to polish the target after each use.  The use of smaller targets 

that can be switched out after a few depositions of SnZrCh3 thin films might also 

be a useful strategy.  Although the ablation takes place from a stiochiometric part 

of the target, the composition of the resulting thin film does not match the 

stoichiometry of the target.  This suggests that the non-stiochiometry is introduced 

after ablation, perhaps by different scattering of species in the plume, or different 

sticking coefficients.   
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Chapter 5: Density Functional Theory Calculations, Optical and Transport 

Properties of SnMCh3 (Ch = Sn, Hf and Zr; M = S and Se) 

5.1 Optical data 

The absorption data of SnMCh3 are presented in Fig. 5.1, shows that the 

band gaps of the SnMCh3 compounds lie in the overlap between the NIR spectrum 

and UV-Vis spectrum.  The estimated band gaps from Fig. 5.1 are summarized in 

Table 5.1.  Band gaps were determined by superimposing intersecting lines 

between the flat reflection region and the onset of absorption, dashed lines in Fig. 

5.1.  At the point of intersection a perpendicular line was drawn indicating the gap.  

This method was used in contrast to the usual line extension of the absorption turn 

on because of the slow increase of the absorption below the onset.   

Several SnMCh3 powders were measured to determine their band gap, six 

samples for SnZrS3, four powder samples for SnHfS3 and Sn2S3, and three samples 

for SnZrSe3.    Sample-to-sample variation in the band gaps was higher in the 

sulfides than in the selenides which probably reflects the higher volatility of S and 

the resulting stoichiometric variations in the compounds.  Standard deviations for 

individual measurements were on the order of 0.01 eV.  

Sn2S3 is the only material in which a band gap comparison to literature 

reports was possible.  A report on polycrystalline material has not been found.  

The first literature report is by Gmelin et al. who reported a single crystal band gap 

of 0.95eV for Sn2S3.  They report that their data is consistent with a forbidden 

transition across a direct band gap [1].    There are 5 reported band gap 

measurements on Sn2S3 thin films. Three reports deposit films using spray 

pyrolysis, one report deposit thin films via plasma enhanced chemical vapor 

(PECVD) and another report utilizes an electroless chemical precipitation with a 

CVD condensation reaction.  The largest band gaps which range between 1.9 - 

2.2eV come from films deposited by spray pyrolysis [2,3].  Although the numbers 

are in agreement, Rezig et. al.’s analysis of their film’s absorption suggests the 

material to be an indirect semiconductor, while Desfeux et. al. determine their film 
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absorptions to be that of a direct allowed transition semiconductor.   The reported 

band gap energy for the films deposited by the electroless chemical precipitation 

ranged between 1.6 to 1.9eV [4].  Ortiz et. al. report a value of 1.16 eV band gap 

for Sn2S3 films deposited by spray pyrolysis [5] and a measured band gap of 

1.05eV for films deposited by PECVD [6].    

Our average Sn2S3 polycrystalline absorption value was 1.16 eV, which is 

on the lower side of the thin film absorption data.  From Fig. 4.8, the presences of 

SnS and SnS2 have been detected in the material.   Density functional theory 

calculations will be presented to show Sn2S3 is an indirect semiconductor.   

 
Fig. 5.1.  Room temperature absorption spectra in the NIR and UV-Vis region for 
SnMCh3 (M = Sn, Hf and Zr; Ch = S and Se).  Diffuse reflection from SnMCh3 
powders was converted to absorption data using the Kubelka-Munk equation.   
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Table 5.1.  Average observed band gaps of polycrystalline SnMCh3 compounds   

 

 

 

 

 

The optical absorption of SnZrS3-ySey solid solutions is shown in Fig. 5.2 

which can be broken into two regions: the non-linear region up to y ~ 0.7, then the 

linear section as y > 0.7.  The non-linear nature of Fig. 5.2 suggests possible 

optical bowing as seen in many solid solutions such as ZnS, ZnSe and ZnTe and 

their alloys [7].  However, optical bowing may not fully account for the two 

regions delineated above.  The measured absorption onset energy as a function of 

energy for the two end members, SnZrS3 and SnZrSe3, is provided in the inset.   

The non-linear region of Fig. 5.2, y < 0.7 may be a result of free volume 

movement.  From Fig. 2.13, it can be seen that the SnZrS3 structure is not a highly 

packed structure.  Fig. 2.14 is the Zr coordination sphere of SnZrSe3 oriented 

along the [111] direction.    From the lattice parameter data, Fig. 4.10, it is known 

that there is a lattice expansion and hence an elongation along the axes of the 

coordination spheres.  The non-linearity of the measured spectrum may be the 

result of Se exchanging for the S in a random manner such that the edge sharing Zr 

octahedra become severely distorted.  At y > 0.7, enough Se has been substituted 

into the structure that the coordination spheres of both Sn and Zr become more 

regular.  

 

 

Ave Band Gap Standard Deviation N
(eV) (eV)

Sn2S3 1.16 0.02 4
SnZrS3 1.18 0.07 6
SnHfS3 1.36 0.07 4
SnZrSe3 0.86 0.03 3
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Fig. 5.2.  Measured room temperature onset of optical absorption for SnZrS3-ySey 
solid solution.  Inset is of the SnZrS3 and SnZrSe3 absorption spectrum. 
 

From the absorption data of Fig. 5.1 and the lattice parameters of Sn2S3 and 

SnZrS3, the two compounds appear to be so similar that first estimation might 

suggest these materials would form a solid solution.  From Section 4.1.ii, such a 

solid solution does not exist.  One reason for the non-solubility may be kinetic in 

origin.  Phase pure Sn2S3 requires long heating times, minimum of 2 weeks.   

SnZrS3 forms in as little as 3 h.  Solubility may be hindered because the SnZrS3 

forms so readily while Sn2S3 is still forming.  The experiment may have been  

stopped too soon.   

 

Conclusion of optical data 

 Optical absorption data of SnZrS3, SnHfS3, and SnZrSe3 have been 

measured for the first time.  Measured absorptions range from 0.85 - 1.4 eV.  

Optical absorption data of powder Sn2S3 is similar to thin film data at 1.1eV, but 

larger than the 0.95 eV quoted for single crystal Sn2S3.   The SnZrS3-ySey solid 

solution absorption data is consistent with the end members.   
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5.2 Density Functional Theory Calculations 

 The dispersion relations for SnZrS3, SnHfS3, SnZrSe3 and Sn2S3 calculated 

from density functional theory (DFT) calculations are shown in Fig 5.3.   

Assuming the minimum band gap occurs at a k-point along one of the major axes 

of the Brillion zone plotted in Fig. 5.3, the band gap is indirect.  The conduction 

band minimum (CBM) for the SnZrCh3 compounds is located at the gamma point, 

G, while the valence band maximum (VBM) is along the X - G line.   For Sn2S3, 

the CBM is at k-point T, while the VBM is also along the G - X line.  Something 

to note is that the G point for Sn2S3 is a saddle point unlike the SnZrS3 analogue.   

Evidence for bonding anisotropy is apparent in the dispersion relations 

shown in Fig. 5.4.  Similar to the TlTaS3 system [8], the bands along the Z – T and 

Y – G directions show pronounced dispersion, indicating a relatively small 

effective mass.  These directions correspond to the (ZrS6)2 double octahedra and 

the dispersion reflects the Zr - S interactions.  Weak overlap, corresponding to Sn - 

S bonds, occurs along the G – X direction. The bands are flatter, indicative of a 

larger effective mass.  The electronic properties are therefore quite anisotropic.   

The effect of replacing the 4+ p-block Sn with transition metals Zr or Hf is 

readily seen in the calculation of the optical band gap, summarized in Table 5.2, 

including calculations using three different software programs.  Wien2K 

calculations are consistently lower compared to FLAIR and VASP.  However, all 

of the values are within  
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Fig. 5.3.  The dispersion relation E (k) of SnZrS3, SnHfS3, SnZrSe3 and Sn2S3 
calculated using the WIEN [9] code.   
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0.1 eV of each other.  All of the calculated band gaps are smaller than those 

observed in the (α/S) spectra (Fig. 5.1), which is to be expected given that DFT 

consistently underestimates the gap.     

 DFT-determined trends, tabulated in Table 5.2, should be reliable within a 

family of materials and we see that the difference between the measured band gaps 

of SnZrS3 and SnZrSe3 and between SnZrS3 and SnHfS3 are consistent with the 

differences computed by DFT (although DFT computes zero-temperature band 

gaps, and we have no information about thermal expansion in the SnMCh3 

materials).  The nature of the band structure of Sn2S3 is different from SnZrS3 and 

SnHfS3.  It also does not conform to any particular trend.  The relatively narrow 

band gap of these materials suggests that they may be amenable for bipolar 

doping, which is commonly realized in low band gap materials, i.e. silicon (Eg = 

1.1eV).   

 

 

Table 5.2.  Calculated band gaps for materials of the form SnMCh3 (M = Sn, Zr 
and Hf; Ch = S and Se) 
 

 

 

 

 

 

It is instructive to compare the electronic environments of the SnMCh3 

materials to the constituent binary compounds.  The more similar the electronic 

environment is to the constituent binary compounds, the more likely it is that 

doping of these materials will follow similar behavior to that described for the 

binary compounds.  

Sn2S3 SnZrS3 SnHfS3 SnZrSe3

(eV) (eV) (eV) (eV)
Flair 0.51 0.99 1.01 0.64

VASP 0.55 0.93 1.09 0.65
Wien2K 0.50 0.80 0.95 0.55
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The VBM of herzenbergite, SnCh, Sn in the 2+ state, is characterized by 

the occupation of Sn 5s states and Ch p states.  The CBM is made up of Sn p states 

and Ch p states [10].  DOS calculations of SnS2, SnSe2 and ZrS2 show that the 

VBM, in all cases, is composed of p states of the Ch anion.  The CBM is 

comprised of the 5s and 5p state of Sn for SnCh2 and by Zr 4d states in the case of 

ZrS2 [11].  Although no literature reports on HfS2 were found, due to the chemical 

similarity of Hf to Zr, it is assumed that HfS2 will have the same electronic 

behavior as ZrS2.  

The total and partial densities of states (PDOS) for SnZrS3 and Sn2S3, 

calculated using the Wien2K code, are presented in Fig. 5.4.  The electronic 

structure of SnZrS3 is similar to its constituent binary compounds.  Sn (II) 5s states 

and S 3p states comprise the valence band, similar to SnS.  Unique to SnZrS3 are 

the Sn 5p states that also occupy the top of the valence band (VBM).  The Zr 4d 

states comprise the conduction band (CBM), similar to ZrS2, with a small S 3p 

contribution.   

The DOS of Sn2S3 is also presented in Fig. 5.4.  The Sn (II) contribution to 

the valence band is minimal except for Sn (II) 4d states at lower energy in the 

valence band, while Sn (II) 5s states contribute to the top of the conduction band.  

This is in contrast to the valence and conduction band described for SnIIS.  Sn (IV) 

contributes 5s and 5p states to the top of valence band with smaller contributions 

to the conduction band; while S 3p states contribute to both the conduction and the 

valence band in contrast to the band structure described for SnS2. 
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Fig. 5.4.  Calculated total density of states curve (DOS) together with the partial    
DOS curves for SnZrS3 and Sn2S3.   
 

The PDOS of SnHfS3 and SnZrSe3 shown in Fig. 5.5 are slightly different 

from SnZrS3. In the case of SnHfS3, the S 3p states are slightly below the Hf 5d 

states at the bottom of the CBM, whereas in SnZrS3, the S 3p states and the Zr 5d 

states share the bottom of the CB.  The separation of the band gap is also slightly 

larger than that of the Zr analog.  The PDOS of SnZrSe3 is nearly identical to that 

of SnZrS3.  The calculated band gap is smaller than that of SnZrS3, namely 0.55eV 

compared to 0.80eV because the atomic orbital of Se should lie above the atomic 
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orbital of S.  Therefore the resulting band gap from the mixed molecular orbitals 

will be smaller. 

 

 
Fig. 5.5.  Calculated total density of states curve (DOS) together with the partial    
DOS curves SnHfS3 and SnZrSe3.   
 

Summary of density functional theory calculations 

 Density functional calculations were made on the specific SnMCh3 (M = 

Sn, Zr and Hf; Ch = S and Se) materials using three different codes.  The 

dispersion relations of SnZrS3, SnHfS3 and SnZrSe3 are similar, while significant 

differences in band structure are apparent in the Sn2S3 dispersion relation.  All of 
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these materials are indirect band gap semiconductors with calculated band gaps 

ranging between 0.5eV and 1.0eV.  Partial density of state calculations determine 

that the conduction band minima of the transition metal SnMCh3 are populated by 

Zr and Hf d-states, while chalcogenide p-states with contributions from Sn s-states 

occupy the valence band maximums.    The Sn2S3 valence band is populated by 

Sn(IV) s-state and S p-states, while the Sn (II) s-states populate the conduction 

band minima.   These are the first reported DFT calculations of these materials. 

 

5.3 Transport Measurements 

5.3.i. Electrical Resistivity 

All the SnMCh3 compounds measured were highly resistive.  The electrical 

resistivity of pressed SnZrS3 pellets is 13 MΩcm, the electrical resistivity of 

SnZrSe3 is ~500kΩcm; while the resistivity of Sn2S3 pressed pellets is 

approximately 216 kΩcm [12], compared to a resistivity of 33kΩcm [1] for single 

crystal Sn2S3.  The difference in resistivity may be attributed to grain boundaries.  

Also, the addition of refractive Zr seems to increase the insulative nature of this 

material.  Similar increases are suggested in the room temperature electrical 

resistivity value of isostructural SrBaS3, which has been measured to be 1 MΩcm. 

[13]  

Fig. 5.6 shows the electrical resistivity values of both doped and undoped 

SnZrSe3 powders.  Although there is no definitive method to determine that the 

dopant went specifically on the Zr site, powders were prepared with reduced Zr 

content to compensate for the cation dopant, assuming that dopants would then go 

on the Zr site.  Sb doping shows an increase in electrical resistivity as the dopant 

level of Sb increases from 0 to 5 at. %.  Bi doping shows no appreciable change in 

the measured electrical resistivity.  The exception is one 3% Bi pellet with an 

electrical resistivity above 1000 kΩcm.  However, the electrical resistivity of this 

pellet was measured 3 months after it was pressed.  Although this pellet was stored 

in what was believed to be an air-tight bag, it was found that this type of vacuum 
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seal storage didn’t work.  A different vacuum sealing process was used for the 

remainder of samples.   

Nb doping increases the electrical resistivity to a high value of 

approximately 3.5 MΩcm at 2 at. % doping level.  Further doping additions cause 

a decrease in electrical resistivity as the doping level increases to 5 at. %.  There is 

no further correlation of electrical properties with the Seebeck coefficient.  In 

doping shows the most interesting electrical behavior.  The resistivity is 

significantly decreased with as little as 1 at. % dopant addition.  This decrease 

however is not reflected in the Seebeck measurement.  This may be the result of 

metallic indium particles distributed within the system.  No measurements were 

made on pellets of higher doping concentration.    

 

Fig. 5.6.  Room temperature electrical resistivity of SnZrSe3 powders that were 
doped on the M(IV) site.   
 

5.3.ii. Seebeck Measurement 

The Seebeck coefficient of SnZrSe3 undoped and doped powders at 

different levels is shown in Fig. 5.7.  The measured room temperature Seebeck 

coefficient of SnZrS3 is approximately +700 μV/K and the Seebeck coefficient of 

SnZrSe3 is near +825 μV/K.  The positive sign on the Seebeck coefficient 
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indicates that both SnZrS3 and SnZrSe3 are both p-type conductors.  P-type 

conductivity observed in SnS is the result of Sn vacancies [14].  Similar Sn 

deficiencies seen in SnZrS3 may also create conductivity carriers.  The inherent p-

type conductivity of SnZrS3 and SnZrSe3 is in contrast to the n-type conductivity 

determined for Sn2S3 [6,1]. 

Doping SnZrSe3 powders with Bi consistently yielded an n-type material.  

This is an interesting result as the doping was planned to occur on Zr, ionic radius 

of 86 pm [15].  This would necessitate that Bi5+, ionic radius of 90 pm [16] in 

octahedral coordination, be present.  My assumption was that Bi3+, 117 pm [17] in 

octahedral coordination, would form because the Bi+5  ion in oxides is more 

readily reduced to +3 [18].  However, the  Bi+5 ion is known to exist.  Assuming 

that only the Bi+3 ion was present, an n-type semiconductor would occur by 

substitution onto the Sn2+ site or into Sn vacancies.  would have to occur.   

Sb was an immediate choice to create an n-type semiconductor.  Of the 

fourteen doped pellets made, two had a measured positive Seebeck coefficient, 

shown in Fig. 5.8.  The data shows that Sb is an effective n-type material.   The 

Seebeck coefficient is approximately -500 µV/K and remains at this value as the 

atomic % of Sb increases from 1 to 5%, similar to the data shown for Bi.   

Nb doping was initially identified as an n-type dopant for SnZrS3 [19].  

However, closer evaluation of the data showed that ZrS2, a known n-type material, 

was present in the sample.  Evaluation of Nb as an n-type dopant for SnZrSe3 is 

shown in Fig. 5.8.  Increased Nb in the pure powder shows a decrease in the 

positive Seebeck coefficient, but even the maximum 5 at. % addition is not enough 

to change the sign of the Seebeck coefficient.  One might suggest further 

investigation into the total amount of Nb that can be incorporated into the sample, 

but the data appears to show a plateau at the highest concentrations.  In-doping had 

little affect on the inherent p-type nature of the SnZrSe3 material contrary to the 

results shown in Fig. 5.6.  One data point, a 5 at. % In pellet indicating a possible 

negative Seebeck coefficient is NOT shown in Fig. 5.8 to show the data spread in 
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the In doped samples.  This pellet is a singularity because it was stored in air for 

one week before measurement.  

 

 
Fig. 5.7.  Room temperature Seebeck coefficient measurement of SnZrSe3 powders 
that were doped on the M (IV) site. 
 

5.3.iii Summary of transport measurements 

 Electrical resistivity measurements of undoped SnZrS3 and SnZrSe3 

showed these materials to be highly insulative, ρ = ~500 kOhm cm.  Doped 

SnZrSe3 powders showed little to slightly increased resistivity with the addition of 

Sb, Bi and Nb.  Indium doping decreased the measured electrical resistivity by a 

factor of 10.  Seebeck measurements showed these materials to be inherently p-

type materials.  Additions of Bi and Sb dopants caused the Seebeck coefficient to 

change from p-type to n-type.  Nb doping did not cause the conduction carrier type 

to change from p to n. 
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Chapter 6: BiCuOQ (Q = S, Se and Te) and Cu3TaQ4 (Q = S and Se) 

6.1 BiCuOQ (Q = S, Se and Te) 

The evolution of anion substitution in BiCuOQ (Q = S, Se and Te) from 

sulfur to tellurium is shown in the powder X-ray diffractogram (XRD) exhibited in 

Fig. 6.1.  The XRDs of BiCuOS and BiCuOSe were matched to JCPDS files 46-

0436 (BiCuOS) [1]  and 45-0296 (BiCuOSe) [2] using the Jade software suite [3].  

There are small impurity peaks from Bi in the BiCuOS indicated by the asterisks, 

as well as a small peak from Bi2O3, indicated by a cross.  There is a shift in the 

diffraction peaks to smaller 2θ, as the chalcogenide anion is changed from S to Se 

to Te.  This is expected because of the overall anion sizes of 170pm [4], 184pm [5] 

and 207pm [6] for S, Se and Te respectively.   Features of the lattice shift are the 

decrease of the large peak near 25° 2θ that decreases with increasing Q-anion to 

nearly non-existent for BiCuOTe and the peak close to 40 2θ that also decreases 

with increasing Q-anion, but splits into a doublet beginning at BiCuOSe0.5Te0.5.   

 

 

 

 

 

 

 

 

 

 

Fig. 6.1.  XRD patterns, bottom to top, of BiCuOS, BiCuOS0.5Se0.5, BiCuOSe, 
BiCuOSe00.5Te0.5 and BiCuOTe.   
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Lattice parameters of the made powders were measured to verify the 

compounds made, Figure 6.2.  Lattice parameters were extracted using a least 

squares method of Wincell, Version 1.1 (by Fazil A. Rajaballee) on conventional 

XRD data.  The a lattice parameter expands only 4% while the c lattice parameter 

expands close to 12% in order to accommodate the larger Te anion.  The c/a ratio 

expansion is only 7% with different chalcogenide anion. 

   

  

 

 

 

 

 

 

 

 

 

 

Fig. 6.2. Unit cell dimensions a and c (bottom) and the c/a ratio for the BiCuOQ 
solid solution (top). 
 

 Fig. 6.3 is a closer examination of the BiCuOTe diffraction compared to 

the known Hosono reference [7].  Fig. 6.1 shows a nice peak shift to lower 2θ 

values as would be expected of the BiCuOCh series, but does not allow for 

detailed comparison of BiCuOTe powders.  Fig. 6.3 shows that the major phase 

present is BiCuOTe confirming that the precursor process is a successful synthesis 

route for the production of BiCuOTe.  However there is additional unreacted 

Bi2Te3, a remnant from the precursor Bi2O2Te.  Clearly, a higher quality precursor 

is needed.  One possible way to improve the precursor powder is to grind the 

Bi2Te3 more frequently during the 4 - week sintering time.  In the present 
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synthesis, samples were ground every week after the first two weeks of sintering.  

Alternatively, a better route to Bi2O2Te other than solid state sintering could yield 

a higher purity product.      

 

 

 

 

 

 

 

 

 

Fig. 6.3 XRD pattern of BiCuOTe powder and reference pattern. 

 

Fig. 6.4. shows the measured optical absorption of BiCuOS, 

BiCuOS0.5Se0.5 and BiCuOSe.  The onsets of absorption were measured to be 1.1, 

0.93, 0.83 eV respectively.  These gaps show a near linear decrease with 

decreasing Q-anion, Fig. 6.5. Several attempts were made to measure the band gap 

of BiCuOSe0.5Te0.5 and BiCuOTe using diffuse reflection infra red Fourier 

transform spectroscopy (DRIFTS).    These measurements showed no evidence of 

a visible onset of absorption down to energies as low as 0.05eV (400 cm-1).  
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Fig. 6.4.  IR measurement of energy absorption of BiCuOQ powders (lines) and 
polished single crystal BiCuOSe (dots) mounted on a glass slide.  
  

 

 

 

 

 

 

Fig. 6.5.  Near-linear relationship of the measured optical band gap between 
BiCuOS and BiCuOSe. 
 

Conclusions from powder characterization of BiCuOQ (Q = S, Se and Te) 

 Powders of BiCuOQ were made using a novel solid state synthesis 

utilizing a precursor step.  Intermediate compounds BiCuOS0.5Se0.5 and 

BiCuOSe0.5Te 0.5 were made for the first time.  Evidence for the formation of the  

solid solution came from lattice parameter measurements that indicate Regard’s 

law is adhered to.  Optical measurements further suggest the formation of solid 

solution with the gradual decrease from sulfide to selenide oxychalcogenide.  

Single crystal optical data is in good agreement with powder data.  BiCuOTe 

powder was successfully made.    
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6.2 Cu3Ta(1-x )Ch4 (M = Zr, P and W; Ch = S and Se) 

 Fig. 6.6 shows the XRD patterns of undoped and Zr 5 at. % doped Cu3TaS4 

powders.  The undoped powder was synthesized to show proof of concept; while 

the 5% Zr powder was made to determine dopant solubility limits.  It can be seen 

that Zr is accepted into the structure without the formation of additional peaks.     
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Fig. 6.6. XRD pattern of reference, undoped Cu3TaS4 and 5 at. % Zr doped 
Cu3TaS4 powder. 
 

 Fig. 6.7 shows the diffraction pattern of doped and undoped Cu3TaSe4 

powders.  The XRD patterns of Zr and P indicate that their substitution at the 5% 

level causes no additional peak formation.  The addition of W at the 5 at. % level 

does form small peaks of WO3, indicated by the asterisks.  Photolumiescent 

measurements of W doped Cu3TaSe4 suggest a solubility limit between 1 and 3 at. 

% [8].  Something to note is that the XRD patterns shown in Fig. 6.7 are the best 

XRD patterns recorded.   

 During synthesis some of XRD patterns had small peaks corresponding to 

Ta2O5, which I believe are the result of dirty glassware.  All of the fused quartz 

tubes used for synthesis are put through a cleaning protocol using cleanser and a 

wire brush with subsequent brush cleaning without cleanser using DI water.  The 

tubing is then placed horizontally in a drying furnace.  I do not think that this 
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protocol is thorough enough because water stains become visible when the tubes 

are flame cut into test tubes.  Additionally, written on the cleanser is an instruction 

not to clean glass with it.  A different protocol heating the tubes to 50°C and using 

the ultra sonicator for 60 min has been developed.  The detergent used in the 

ultrasonicator, Micron-90®, does have an instruction on it to use it as a glass 

cleaner [9].  Placing the tubes in a heated ultrasonicating bath may be in excess.  

Instead of the sonication process, the tubes need to be dried vertically to remove 

the water stains.  Unfortunately, it has taken me such a long time to realize the 

dishware problem.    
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Fig. 6.7. XRD pattern of Cu3TaSe4 and Cu3Ta0.95M 0.5Se4 (M = Zr, W and P) 

 

 As an aside, many Cu3Ta1-xMxSe4 powders were made to create PLD 

targets.  When the pressed pellets were removed from the secondary HIP process, 

XRD measurements on the powder indicated the presence of Ta2O5.  I think that 

O2 in the welding grade Ar tanks in the HIP caused Ta2O5 to form.  The Keszler 

group solution to this problem is to cover the HIP sample in Al2O3 dishes while 

being HIPped.  This solution makes the HIP process a secondary heating step in an 

inert atmosphere.  Densities reported are only in the 70% range [8].  



118 
 

 

 Table 6.1 is given below to show the measured electrical resistivity of 

doped Cu3TaSe4 (CTSe) powders with and without gold contacts. Electrical 

resistivity values with Au contacts show lower values indicating better electrical 

contact.  A table, Table 6.1, of the data is given because there are many 

inconsistent points, two P samples and the Zr values, that are significantly above 

zero.  I believe these pellets are contaminated with Ta2O5 such that they impede 

accurate measurement.  Such inaccuracies suggest that it is not worth while to 

graph the data.   

 Omitting the points above, the trend for reduced electrical resistivity as the 

anion changes from S to Se holds true for this system.  No pellets of Cu3TaS4 were 

measured, but the measured resistivity of Cu3TaSe4 is less than the 5 Ωcm reported 

by Newhouse et al. [10] on thin films of Cu3TaS4.  This result is in contrast to the 

results reported by Hersh [11] who reports an increase in electrical resistivity as 

the S anion is exchanged for Se.  P dopants appear to increase the electrical 

resistivity.  Pellets with W additions, even with the possibility of WO3 

contamination discussed above, show no significant change to the electrical 

resistivity.   
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Table 6.1.  Measured electrical resistivity of doped Cu3TaSe4 pellets. 

 
 

 

Conclusions from Cu3Ta(1-x )Ch4 (M = Zr, P and W; Ch = S and Se) investigations 

 Powders of the form Cu3TaCh4 (Ch = S and Se) were made directly from 

the elements via solid state synthesis.  Doping of the selenide powders showed that 

Zr, and P at the 5 at. % levels are readily accepted into the structure, W at the 5 at. 

% level is not.  The need for better glassware cleaning procedures is shown.   

Electrical resistivity measurements of the powders reveal Cu3TaSe4 to have an 

electrical resistivity less than 1 Ω cm.   

 

 

 

 

 

 

ρ0 = 2πs (V/I)F; F = (t/s)/2ln[sinh (t/s)/sinh (t/2s)]
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Chapter 7: Conclusions and further work 
 
 In summary, the synthesis and characterization of several chalcogenide 

crystals and powders has been presented throughout this thesis.   Chapter 2 

discussed the growth and characterization of several chalcogenide and 

oxychalcogenide crystals.  Additional progress on the already made crystals should 

focus on optical and transport characterization.  Further experiments include 

transport measurements on some of the BiCuOSe crystals in addition to the optical 

measurements already made.  Optical and transport measurements on mixed 

BiCuOQQ’ crystals should also be carried out.  I believe that BiCuOS crystals 

could and should be synthesized, using the method of BiCuOSe crystals, if Bi2O2S 

powder could be attained.  Similar measurements should occur on the SnZrSe3, 

Sn1.78Ze0.22S3 crystals and Cu3TaSe4 crystals.  Crystals of SnHfS3 should also be 

grown to compare values.   

 In Chapter 3 an introduction to solid state synthesis theory was given.  

Alternative densification methods including their advantages over conventional 

solid state methods were also presented.  These alternative methods need to be 

implemented here at OSU as solid state heating of chalcogenide materials is time 

inefficient and produces an inferior product.    My preferred alternative would be 

microwave assisted sintering (MAS) because of its similarity to conventional solid 

state synthesis.  MAS should not require dedicated rooms, additional power 

requirements, special equipment, or organic solvents.    

 Chapter 4 reported the structural characterization of several SnMCh3 

powders.  The new compound SnZrSe3 was reported.  The solid solution of 

SnZrS1-ySey was shown to exist.  Doping studies performed on SnZrS3, SnHfS3 

and SnZrSe3 indicate that several cations can be incorporated into the 

orthorhombic structure.  One solid solution not explored was the Sn(Zr, Hf)S3 

system.  This system has merit because of the 0.2 eV band gap difference between 

SnZrS3 and SnHfS3 shown in Chapter 5.  This exchange would probably work 

because of the similarities between Zr and Hf.  A more interesting solid solution 
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system is the Sn(Zr, Hf)Se3 system in order to identify at what Hf concentration 

the solid solution ceases to exist.  This solid solution would begin to explain why 

SnHfSe3 does not form.  Side projects of other structural investigations should 

include determining the heats of formation and thermal expansion of SnZrS3, 

SnHfS3 and SnZrSe3.  Heats of formation would provide some insight into why 

SnZrTe3 and SnHfSe3 would not form.  Heat of formation information would also 

give a basis for a phase diagram.  Information about the thermal expansion would 

be interesting because after sintering the elemental powders the resulting powder 

mass always nearly doubled in size.   

 Density functional theory (DFT) band dispersion and optical absorption 

calculations were compared to experimental values in Chapter 5.  All of the 

SnMCh3 compounds were determined to be indirect semiconductors.  Average 

calculated band gaps were 0.51 eV, 0.61 eV, 0.91 eV and 1.01eV for SnZrSe3, 

Sn2S3, SnZrS3 and SnHfS3 respectively.   Experimentally measured optical 

absorptions were 0.85 eV, 1.11 eV, 1.18 eV for and 1.38 eV for SnZrSe3, Sn2S3, 

SnZrS3 and SnHfS3 respectively.  Trends within families were found.  The 

electrical resistivity of SnZrS3 and SnZrSe3 were measured to be 213MΩcm, 

1MΩcm respectively.  SnZrSe3 powders doped with In were the only powders 

shown to significantly reduce the resistivity from 1 MΩcm to 33 kΩcm.  Seebeck 

measurements indicate that undoped powders exhibit p-type conductivity possibly 

due to Sn2+ vacancies.    

 Future work in the SnMCh3 system should include thermal conductivity 

measurements.  Experiments might also be undertaken to further explore doping 

SnZrSe3 powders on the Sn site while continuing to put In on the Zr site.  Outside 

of the lab, additional DFT calculations of the solid solution could explain why the 

shape of the measured optical absorption data is observed.  Defect calculations 

could verify the hypothesis of Sn vacancies causing a  p-type semiconductive 

behavior. 
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 Chapter 6 presented the results of a novel synthesis process for BiCuOQ (Q 

= S, Se and Te).  The solid solution materials BiCuOS0.5Se0.5 and BiCuOSe0.5Te0.5 

were reported for the first time.  Lattice parameter measurements of all BiCuOQ 

powders including solid solutions were shown to follow Vegard’s law.  Band gap 

measurements between the end members BiCuOS  and BiCuOSe indicate the 

powders reproduce literature values.  Also presented in Chapter 6 were structural 

and electrical resistivity measurements of Cu3Ta1-xMxQ (M = W, P and Zr; Q = S 

and Se).  P and Zr are incorporated into the sulvanite structure at 5 at. %.  It was 

shown that the formation of Ta2O5 increased the measured electrical resistivity and 

was the result of dirty lab ware.  Preliminary results of Cu3TaSe4 electrical 

resistivity measurements indicate a material with an electrical resistivity of 6.0E-

02 Ωcm.   

 There is a lot of additional information about both of theses systems left to 

investigate.  For the BiCuOQ system, the synthesis of the Bi2O2Te precursor needs 

to be perfected to reduce the synthesis time and to reduce the number of 

impurities.    Microwave sintering should be able to decrease the 4-week sinter 

time required for Bi2O2Te.  Band gap measurements of BiCuOSe0.5Te0.5 and 

BiCuOTe may be possible by measuring the slope of temperature dependent 

electrical resistivity measurements on pellets.  Determination of the band gap for 

these materials would clarify whether these materials are semiconductors or 

metals.   

 I think there is a lot of promise in the Cu3TaQ4 system.  Clean lab ware is 

not a trivial issue, but now that it has been recognized and its effect quantized 

better powder can be made.  Microwave sintering again might make it possible to 

reduce the 48h sintering time by half if not more.  In addition to the sulfide and 

selenide, the electrical properties of telluride should be quantified and the Seebeck 

coefficient measured.    
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