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Abstract 

Recently, the rare earth nitrides have received a considerable attention from 

theorists and experimentalists due to their potential applications in spintronic, 

piezoelectric, and thermoelectric devices. In this work, erbium nitride (ErN) and scandium 

nitride (ScN) crystals were grown and characterized experimentally, and the growth 

process was modeled and simulated. 

 Erbium nitride (ErN) is a rare earth nitride notable for its magnetic and optical 

properties. Here we report on its growth on a non-native substrate, tungsten foil, via 

physical vapor transport, and its characterization. The source material was erbrium metal 

that was converted to ErN by heating in nitrogen. Subsequently, it was sublimed to form 

the ErN crystals. The operating conditions were 1620-1770 oC and 150-330 Torr in pure 

nitrogen. The growth rate increased exponentially with temperature with an activation 

energy of 508 kJ/mol, and inversely with pressure. X-ray diffraction revealed the ErN 

preferentially adopted a (100) orientation, the same as the dominant orientation of the 

tungsten sheet. The lattice constant was 4.853 Å. The crystal shapes and sizes were 

dependent on the temperature, as revealed by SEM and optical microscopy. The ErN 

crystals were highly faceted, bound by (100) and (111) crystal planes. The ErN compound 

deviated from stoichiometry: the Er:N atomic ratio ranged from 1:1.15 to 1:1.2 according 

to EDX and XPS elemental analysis. Raman spectra was in good agreement with 

theoretical predictions. 



Scandium nitride single crystals (14–90 µm thick) were grown on tungsten (100) 

single crystal substrate by physical vapor transport in the temperature range of 1850-

2000 oC and pressure of 15-35 Torr. Epitaxial growth was confirmed using in-plane ɸ scan 

and out-of-plane x-ray diffraction techniques which revealed that ScN exhibited cube-on-

cube growth with a plane relationship ScN (001) || W (001) and normal direction ScN 

[100] || W [110]. Atomic force microscopy revealed the surface roughness decreased 

from 83 nm to 18 nm as the growth temperature was increased. X-ray diffraction (XRD) 

rocking curves widths decreased indicating the crystal quality improved with increasing 

growth temperature. The  lowest XRC  FWHM was 821 arcsec, which is so far the lowest 

value reported for ScN. Scanning electron microscopy (SEM) exhibited the formation of 

macrosteps and cracks on the crystal surface with latter due to the mismatch of ScN’s and 

tungsten’s coefficients of thermal expansion . 

In general for crystal growth, material should deposit on the seed crystal and not on 

any adjacent supporting structures. This efficiently uses the source material and avoids 

the possibility of spurious polycrystals encroaching on, and interfering with the single 

crystal growth.  To achieve this goal, a new crucible design with a cooling fin in contact 

with the seed was simulated and experimentally demonstrated on the physical vapor 

transport (PVT) crystal growth of scandium nitride.   The heat transfer of the growth cavity 

for a conventional crucible and a modified crucible with the cooling fin were modeled 

theoretically via computational fluid dynamics (CFD) with FLUENT.  The CFD results 

showed that the seed in the modified crucible was approximately 10 °C cooler than the 

crucible lid, while in the conventional crucible the temperature of the seed and lid were 



uniform.  The experimental results showed that increasing the temperature gradient 

between the source and the seed by employing the cooling fin led to a dramatic increase 

in the growth rate of ScN on the seed and reduced growth on the lid. The relative growth 

rates were 80 % and 20 % on the seed and lid respectively, in the modified crucible, 

compared to 25% and 75% with the conventional crucible. Thus, the modified crucible 

improved the process by increasing the species transporting to the seed by sublimation.  
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Abstract 

Recently, the rare earth nitrides have received a considerable attention from 

theorists and experimentalists due to their potential applications in spintronic, 

piezoelectric, and thermoelectric devices. In this work, erbium nitride (ErN) and scandium 

nitride (ScN) crystals were grown and characterized experimentally, and the growth 

process was modeled and simulated. 

 Erbium nitride (ErN) is a rare earth nitride notable for its magnetic and optical 

properties. Here we report on its growth on a non-native substrate, tungsten foil, via 

physical vapor transport, and its characterization. The source material was erbrium metal 

that was converted to ErN by heating in nitrogen. Subsequently, it was sublimed to form 

the ErN crystals. The operating conditions were 1620-1770 oC and 150-330 Torr in pure 

nitrogen. The growth rate increased exponentially with temperature with an activation 

energy of 508 kJ/mol, and inversely with pressure. X-ray diffraction revealed the ErN 

preferentially adopted a (100) orientation, the same as the dominant orientation of the 

tungsten sheet. The lattice constant was 4.853 Å. The crystal shapes and sizes were 

dependent on the temperature, as revealed by SEM and optical microscopy. The ErN 

crystals were highly faceted, bound by (100) and (111) crystal planes. The ErN compound 

deviated from stoichiometry: the Er:N atomic ratio ranged from 1:1.15 to 1:1.2 according 

to EDX and XPS elemental analysis. Raman spectra was in good agreement with 

theoretical predictions. 



Scandium nitride single crystals (14–90 µm thick) were grown on tungsten (100) 

single crystal substrate by physical vapor transport in the temperature range of 1850-

2000 oC and pressure of 15-35 Torr. Epitaxial growth was confirmed using in-plane ɸ scan 

and out-of-plane x-ray diffraction techniques which revealed that ScN exhibited cube-on-

cube growth with a plane relationship ScN (001) || W (001) and normal direction ScN 

[100] || W [110]. Atomic force microscopy revealed the surface roughness decreased 

from 83 nm to 18 nm as the growth temperature was increased. X-ray diffraction (XRD) 

rocking curves widths decreased indicating the crystal quality improved with increasing 

growth temperature. The  lowest XRC  FWHM was 821 arcsec, which is so far the lowest 

value reported for ScN. Scanning electron microscopy (SEM) exhibited the formation of 

macrosteps and cracks on the crystal surface with latter due to the mismatch of ScN’s and 

tungsten’s coefficients of thermal expansion . 

In general for crystal growth, material should deposit on the seed crystal and not on 

any adjacent supporting structures. This efficiently uses the source material and avoids 

the possibility of spurious polycrystals encroaching on, and interfering with the single 

crystal growth.  To achieve this goal, a new crucible design with a cooling fin in contact 

with the seed was simulated and experimentally demonstrated on the physical vapor 

transport (PVT) crystal growth of scandium nitride.   The heat transfer of the growth cavity 

for a conventional crucible and a modified crucible with the cooling fin were modeled 

theoretically via computational fluid dynamics (CFD) with FLUENT.  The CFD results 

showed that the seed in the modified crucible was approximately 10 °C cooler than the 

crucible lid, while in the conventional crucible the temperature of the seed and lid were 



uniform.  The experimental results showed that increasing the temperature gradient 

between the source and the seed by employing the cooling fin led to a dramatic increase 

in the growth rate of ScN on the seed and reduced growth on the lid. The relative growth 

rates were 80 % and 20 % on the seed and lid respectively, in the modified crucible, 

compared to 25% and 75% with the conventional crucible. Thus, the modified crucible 

improved the process by increasing the species transporting to the seed by sublimation. 
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1.1 Introduction 

This research is a process development study on how best to prepare novel 

semiconductors, ScN and ErN. The technique employed to produce these materials, 

physical vapor transport, is novel and has not been widely used before for this purpose. 

This research involved determining how to grow these materials with high quality and a 

fundamental study of their most basic properties. 

Crystal growth using physical vapor transport process allows one to grow thick layers 

and bulk materials, and has been studied as a way of growing crystalline materials having 

use in semiconductor devices such as SiC and AlN. However, several challenges have been 

identified with this technique. First, it can be difficult to achieve single-crystal epitaxial 

growth on substrates that are not structurally identical to the sublimed material. Often, 

this is due to a large lattice constant mismatch. Second, the sublimed materials may react 

with the crucible and the substrate which is attributed to the poor chemical or thermal 

stability toward the sublimed material. Third, it can be difficult getting the sublimed 

materials to deposit on the desired location. For instance, the sublimed material may 

crystallize on portions of the growth cavity, the crucible, instead of the substrate. This 

results in reduced crystal growth rates on the substrate and longer sublimation processing 

times. In this study, these problems were addressed. Tungsten metal was employed as a 

substrate for ErN and ScN crystal growth, and it proved its thermal and chemical stability 

at the extreme growth temperature. In addition, single crystal tungsten was used as a 

seed to achieve single-crystal epitaxial growth of ScN. The grown single crystal was in 45o 
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rotation with the seed, so the lattice mismatch was reduced to 0.3%. Furthermore, a 

specially configured crucible comprised of a heat transfer fin in a heat-conductive 

relationship with the tungsten seed was configured to produce a temperature gradient 

between the growth zone (the substrate) and the surrounding parts of the crucible; thus 

creating conditions favorable for selectively growing crystal on the substrate as opposed 

to the adjacent portions of the crucible.  

The present work is also directed toward studying the fundamental properties of the 

produced crystals, their electrical, optical, thermal, structural, and mechanical properties. 

 

1.2 Motivation 

The transition elements represent the d and f blocks in the periodic table. f block elements 

are comprised of two series of inner transition elements which are the lanthanides or rare 

earths, atomic number from 57 (La) to 71 (Lu), and the actinides from 89 (AC) to 103 (Lr). 

Although Sc and Y fall in the d block, they are often considered in conjunction with rare 

earth elements because of their strong chemical similarities to the lanthanides.   

The rare-earth elements (REs) represent the solely stable elements with more than 

marginally filled f-shell electronic orbitals; consequently, they hold the largest spin and 

orbital moments.1 Due to their ionic charge of 3+, they combine with the group V 

elements to form rare-earth monopnictides, REX (X=N, P, As, Sb, Bi).1, 2 The heavier 

pnictides are antiferromagnetic, while the nitrides are almost all ferromagnetic.3-5   
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The rare-earth nitrides (RENs) have a wide range of properties.  They form the rock 

salt structure (Figure 1.1) with lattice constants ranging from 4.76 Å for LuN to 5.305 Å 

for LaN.1 The magnetic properties of RENs are especially of interest due to their unfilled 

and highly localized 4f orbitals.6 The electron transport properties and band structures 

vary from semimetallic to semiconducting.4 The uncertainty of transport properties is 

attributed to two issues that strongly affect their stoichiometry, a tendency to rapidly 

oxidize when exposed to air, and to form high concentrations of nitrogen vacancies (VN).1  

 

 

 

 

 

 

Figure 1.1: The common rock salt crystal structure of the RENs. The large spheres 
represent the RE cations while the small spheres are the N anions. 

One reason for the interest in REN’s is that the REN-based devices potentially can be 

amalgamated with group-III nitride semiconductors to develop new functionalities 

combining both families. Their optical absorption edges lie near 1 eV, and make the REN’s 

applicable to IR detectors. Consequently, the properties of the RENs are compatible and 
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complimentary with those of the wide band-gap group-III nitrides, and a heterojunction 

comprising the two semiconductors may possess very appealing properties for multi-

wavelength photonic devices.7, 8   

There have been many theoretical studies predicting the properties of RENs. Aerts et 

al.9 predicted half-metallic (PrN-GdN), insulating (TbN- HoN) and semimetallic (ErN-YbN) 

behaviors might arise in the REN series. According to Larson et al.,6 the LSDA+U approach, 

local spin density approximation plus Hubbard-like term, predicts that when only the Uf 

parameter is involved, the RENs have a small band overlap, thus they are semimetals.  

Most studies of REN thin film growth have employed ultra-high vacuum-based 

methods (UHV) such as molecular beam epitaxy (MBE),7, 8 pulsed-laser deposition (PLD),10, 

11 and dc/rf magnetron sputtering.12-14 These techniques are the most common used for 

growing RE-based materials because high-vacuum and inert-gas ambient facilitates the 

production of pure and high quality materials. Furthermore, they do not require chemical 

reactants; the thin films are grown from elemental metals.  

MBE has proven to be an excellent method to produce high quality of REN thin films 

such as GdN and EuN.7, 15, 16 The epitaxial growths of GdN7, 11 and SmN11, 17 as well as 

polycrystalline films of DyN, ErN, LuN18 were also produced by MBE. Commonly, solid 

sources are used for the RE elements, while several nitrogen sources are available. The 

simplest way is to rely on the catalytic breakdown effect of the RE atoms on the nitrogen 

molecules by the rare earth atoms.  
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The growth of EuN required the presence of radical nitrogen, such as using low 

energy nitrogen ions from a Kaufmann ion source or N2 plasma.19, 20 Other common 

nitrogen precursors are ammonia (NH3),15, 16 which is decomposed on the surface of the 

substrate by pyrolysis, and nitrogen plasma obtained by radio-frequency or electron 

cyclotron resonance.14, 21  

The lack of native substrates has been a major impediment to RENs epitaxial growth. 

Furthermore, the tendency of RE to react with silicon (in general the most common 

substrate for epitaxial and polycrystalline thin film studies) makes it unsuitable.  Because 

the RENs adopt a rock salt (NaCl) crystal structure, (100) oriented substrates have been 

selected by most researchers. MgO (100) has been employed for the epitaxial growth of 

many RENs including ScN, TiN, CeN,22 and GdN.23 However, the lattice constant mismatch 

is quite large, +19.2 % and +18.7 % for CeN and GdN respectively, which results in large 

strains and high defect concentrations, adversely affecting the properties of the films. 

Erbium nitride (ErN) and scandium nitride (ScN), belonging to the lanthanide nitrides, 

have interesting properties, so, potentially, they can be used for several applications. This 

project is to produce ErN and ScN crystals, study their crystal structure, crystal defects, 

crystal quality, and optical properties, and simulate the system behavior by CFD method. 

1.3 ErN Literature Review  

There have been very few studies of ErN. SciFinder scholar returns only 105 journal 

articles compared to more than 56,000 for GaN. The optical transition of electrons in the 
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4f electron orbital of erbium element is a key property of interest since it produces light 

at 1.54 µm, which corresponds to the absorption minimum in silica optical fiber.  Hence 

a goal of many studies involving erbium has been to induce this transition electronically, 

by for example, incorporating erbium into a semiconductor such as silicon or gallium 

nitride.24  This may also be possible in a novel, erbium nitride semiconductor, if it can be 

made with a high crystal quality and low residual impurity concentrations. In this case, 

the number of erbium atoms per volume would be much higher, since it is a major 

component of the binary semiconductor rather than just a dopant.  

The ErN properties have been studied more in theory than experiment. Brown and 

Clark25 studied experimentally the effect of N % composition of ErN powder and reported 

that the lattice constant decreased as the percent nitrogen content increased, from 4.848 

Å to 4.843 Å for 92 at% N to 98 at% N, respectively (Figure 1.2). Table 1.1 summarizes 

some known ErN properties.    

    

 

 

 

 

 

 

Figure 1.2: Lattice parameter vs. elemental nitrogen concentration.25 
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1.4 ScN Literature Review  

ScN is of interest due to its excellent physical properties of high hardness, mechanical 

strength, and outstanding electronic transport properties. The heat free energy (∆Gf
o = -

60.5 kcal/mol) and heat of formation (∆Hf
o = -71.2 kcal/mol) of ScN suggest its high 

thermal stability. Some of its interesting properties include: its melting point ( ≥ 2600 oC) 

making it suitable for high temperature Ohmic contact for the IIIA nitrides; it has a indirect 

bandgap 1.3 ± 0.3 eV, and a direct band gap of 2.4 ± 0.3;28 and it’s a good candidate as a 

substrate for growing a high quality gallium nitride (lattice constant is 4.54 Å) due to its 

low lattice constant mismatch (0.1 %).29 ScN is also being investigated for thermoelectric 

and piezoelectric applications.30 One of the most exciting aspects of ScN is that it can have 

both n-type and p-type conductivity.31 

Most calculations suggest that ScN is a semiconductor with a considerable ionic 

character. Consequently, its electrical properties are sensitive to impurities, and the 

reported values have varied dramatically. The electrical resistivity of unintentional doped 

Table 1.1: Properties of ErN crystal. 

Properties of ErN 

Crystal structure Rock Salt (NaCl) 

Lattice constant (Å) 4.84226 

Energy bandgap (eV) 1.2, 1.3, 2.44, 27 

4f shell Optical transition wavelength (µm) 1.5424 

Theoretical density based on lattice constant (gm/cm3) 5.3 
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ScN was reported as 25, 130, 308, and 461 µohm-cm by Samsonov et al.,32 Sclar,33 

Gschneidner,34 and Dismukes et al. (1970 and 1972)35, 36 respectively.  

 ScN is unreactive to water, dilute mineral acids, alkali solutions, and air up to 550-

600 oC. However, it is attacked by concentrated mineral acids and is readily oxidized at 

700 oC and higher. Table 1.2 summarizes some properties of ScN.37 

 

Table 1.2: Properties of ScN crystal.37  

Property  Value 

Crystal structure Rock salt (NaCl) 

Lattice constant (nm) 0.4503 ± 0.0002 

Bandgap, Eg (eV) 1.3 ± 0.3 indirect and 2.4 ± 0.3 direct 

Undoped conductivity type n-type 

Carrier concentration (cm-3) 1018-1021 

Electron mobility (cm2/V-s) 28-200 

Resistivity (Ωcm) 2 x 10-6 – 0.6 

Electron effective mass 0.1–0.2 mo 

Optical dielectric constant (Ɛ) 7 - 10.8 

Infrared refractive index (at 400–8000 cm-1 ) 2.56 

Young’s modulus (GPa) 270–356 

Hardness (GPa) 21.1 ± 1.1 

Poisson’s ratio (0.188 – 0.2) ± 0.04  

Thermal expansion coeff. (10-6/oC) 4 – 8.68 

Tmelt (oC) 2,550 ± 50 

Thermal conductivity (W/m K) 10 - 20 

Oxidation resistance Inert in air to temperatures of 600 oC 

Seebeck coefficient (µV/K) 39 – 86 
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1.4.1 Microstructure and Electrical Properties of ScN 

Burmistrova et al.38 studied the microstructure and the electrical properties of ScN thin 

films sputtered onto MgO(001) substrates. The electrical resistivity, electron mobility, and 

carrier concentration (Figure 1.3) were measured for different deposition pressures. All 

samples showed n-type semiconducting behavior. The ScN thin film deposited at the 

lowest pressure (2 mTorr) yielded the highest electron mobility, while the electrical 

resistivity exhibited a proportional relationship to increasing pressure. These two 

inseparable trends, increasing the electrical resistivity and decreasing the electron 

mobility, could be attributed to the defect scattering. The ScN film crystallinity degraded 

as the deposition pressure was raised. 

 

Figure 1.3: (a) Electrical resistivity (blue diamond) and electron mobility (red circle), and 
(b) electron concentration of the ScN thin films as a function of the deposition pressure.38 
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The carrier concentration was measured, and all of the ScN films grown at different 

pressures were in the degenerate range (> 1020 cm-3). The carrier concentration slightly 

dropped with increasing deposition pressure, due to increased oxygen contamination in 

the ScN thin film which acts as a donor.  Avoiding oxygen contamination is extremely 

difficult, so even if the base pressure is ultra-high vacuum, 1 % of oxygen can be 

associated with the film. Due to the high oxygen contamination, the Fermi energy shifted 

toward and into the conduction band (known as the Burstein–Moss shift39); thus leading 

to increasing the bandgap.  

For thermoelectric applications, oxygen incorporation at low concentrations, about 

1%, is an advantage, as it enhances the electrical conductivity while reducing the thermal 

conductivity of ScN thin films.40  

1.4.2 Thermoelectric Properties of ScN 

Based on cheap raw materials, ScN is a promising compound for thermoelectric devices,30 

which convert heat into electricity by generating a potential difference in response to a 

temperature gradients or vice versa. The efficiency of thermoelectric devices at a certain 

temperature is a function of the dimensionless figure of merit (ZT), where Z=S2/(κρ) and 

S, κ, and ρ are the Seebeck coefficient, the thermal conductivity, and the electrical 

resistivity, respectively. The maximum ZT occurs at the maximum of the parameter S2/ρ, 

the power factor.41 
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 ScN exhibits an anomalously high thermoelectric power factor.38, 41 Kerdsongpanya 

et al.41 reported a thermoelectric power factor of 2.5x10-3 W/mK2 at 800K for epitaxial 

ScN thin films due to a relatively high Seebeck coefficient of   ̴-86 µV/K with low electrical 

resistivity of   ̴2.94 µΩm. Thus, this high power factor for a transition-metal nitrides places 

ScN-based materials among the most promising candidates for high temperature 

thermoelectric applications. Burmistrova et al.40 in 2013 grew epitaxial ScN films at 650 

oC exhibiting a remarkable thermoelectric power factors of 3.3–3.5x10-3 W/mK2 in the 

temperature range of 600 K to 840 K. 

Later in 2015, Burmistrova et al.38 studied the effects of temperature and deposition 

pressure on the electrical conductivity, Seebeck coefficient, and power factor of ScN thin 

films shown in Figure 1.4. The electrical conductivity (Figure 1.4a) decreased with 

increasing either temperature or pressure.  

 

 

 

 

 

Figure 1.4: Temperature dependent (a) electrical conductivity, (b) Seebeck coefficient, 
and (c) power factor of ScN thin films deposited at 2, 5, 10, and 20 mTorr.38 
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The Seebeck coefficient (Figure 1.4b), however, was proportional to temperature, 

and the lowest Seebeck coefficient value was -180 µV/K at 800 K. The power factor also 

increased with increasing temperature (Figure 1.4c), it saturated after about 600 K, and 

the greatest value was 3.3 mW/mK2 at 2 mTorr and 800 K 

The thermal conductivity of ScN thin films, however, is in the range of 8–12 Wm-1K-1, 

38, 42 so the reduced thermal conductivity would be required to enable application of ScN 

as a thermoelectric material. Several strategies are adopted for reducing the thermal 

conductivity.30  

Alloy scattering is one of the standard strategies for thermoelectric materials for 

reduction of the lattice thermal conductivity.30 Inclusion of heavy transition metals in ScN 

enables the reduction the thermal conductivity by an increase of the phonon scattering.43 

The 3d orbitals in Sc are empty, and can be utilized by delocalizing the electrons to reduce 

the electrical conductivity and the thermal conductivity due to alloy scattering.30 Tureson 

et al.43 studied the reduction of the thermal conductivity of ScN by Nb alloying. The Nb 

inserted ScN thin films exhibited a thermal conductivity as low as 2.2 Wm-1K-1, thus the  

reduction in the thermal conductivity was by a factor   ̴5 due to the mass contrast in ScN 

increasing the phonon scattering in the material.  

Other approaches of reducing the thermal conductivity are superlattices, 

nanoinclusions, or grain boundaries.44-47 



 

14 
 

1.4.3 Piezoelectric Properties of ScN 

ScN is also a potential compound for piezoelectric devices,48 which is the ability of 

materials to generate an electric charge in response to applied mechanical 

pressure. Alloys of ScN, such as (Sc,Al)N, produces an extraordinarily high piezoelectric 

coupling coefficient.48, 49 In general, piezoelectric materials with a higher Curie 

temperature possess a lower piezoelectric coefficient,50, 51 that is the piezoelectric 

coefficient has an inverse relationship with the maximum use temperature. For instance, 

the piezoelectric coefficient of lead zirconium titanate (PZT), widely used in electronic 

devices, is 410 pCN-1 at Curie temperature of 250 oC.52 The piezoelectric coefficient of 

aluminum nitride (AlN), a typical high temperature piezoelectric material, is 5.5 pCN-1 at 

a maximum use temperature of 1150 oC.51 Akiyama et al.48  produced Sc0.43Al0.57N alloys 

exhibiting a high piezoelectric coefficient of 27.6 pNC-1, about 500% higher than AlN. This 

is the highest piezoelectric coefficient among the tetrahedrally bonded semiconductors. 

This piezoelectricity was not changed by annealing at 500 oC for 56 h under vacuum. This 

achievement opens a new route to design this high-temperature piezoelectric material. 

1.4.4 Optical Properties 

Oshima et al.53 studied the optical and electrical properties of ScN thin layer grow by 

(HVPE) method at 1050 oC.  The transmittance (T), the reflectance (R), and the absorption 

coefficient (α) of a ScN(110) film (3.7 µm thick) are shown in Figure 1.5a as a function of 

the photon energy (hv).  T and R are clearly oscillating due to the multiple reflections on 
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both sides. α, estimated from T and R according to Gall et al.54, increased steeply around 

2.1 eV. There was no threshold observed around 0.9–1.3 eV, where the existence of the 

indirect transition is predicted. They also stated that the apparent (α) saturation above 

2.1 eV was attributed to the decreasing of transmittance signal below the detection limit 

of the instrument for the relatively large film thickness. Consequently, the real (α) should 

have been higher. The band gap energy was determined to be 2.06 eV by plotting a linear 

fit to the absorption coefficient spectrum (hvα)2 vs hv (Figure 1.5b). The data for ScN(100) 

films showed no significant difference with the results of ScN(110) films.  

 

Figure 1.5:  (a) Transmittance and reflectance spectra of ScN (110), (b) Absorption 
coefficient in (hvα)2 vs hv plot.53 

 

Tables 1.3 and 1.4 summarize the recent studies of ScN and its measured structural, 

electrical, and thermal properties. 
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1.5 Crystal Growth Mechanism 

In the melt, solution, or vapor phase crystal growth, a seed crystal must be produced 

first. The seed formation process requires nucleation, which plays an important role in 

the process of crystal growth. In vapor deposition, the substrate serves as the seed 

crystal.60, 61  

Three essential steps occur in the formation of a crystal from an initially disordered 

phase:62 

1. Achievement of supersaturation or supercooling. 

2. Nucleation. 

3. Growth of the nuclei into single crystals of distinct phases. 

1.5.1 Driving force 

The conditions in any given system change according to the laws of thermodynamics in 

which the free energy of the whole system decreases. The growth of the crystal is 

promoted by the decrease in the free energy accompanying the crystallization process. 

The difference between the chemical potential of a melt, solution, or vapor phase and the 

chemical potential of the crystalline phase acts as a driving force towards crystal growth. 

In the nucleation stage, the atoms that are forming a surface or interface supply the 

energy needed for the next stage to grow crystals in distinct phase. After a nucleus forms 

and a crystal grows to a sufficient extent, the contribution of the interface energies 
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becomes negligible. Thus, the difference in the bulk free energy in each phase (the crystal 

phase and the growth medium liquid or vapor) becomes the difference in the chemical 

potential.  

In the vapor growth methods, crystal growth occurs when the species vapor pressure 

(P) is higher than the equilibrium or saturated vapor pressure (Pe). Then, the 

supersaturation level σ=(P – Pe)/Pe becomes the driving force. The difference in the 

chemical potential (Δµ) between the vapor phase and the crystal phase can be expressed 

as the following formula:63 

Δµ =  𝑘𝐵T log(
𝑝

𝑝𝑒
)  =  𝑘𝐵T log(1 + σ)                                                                               (1)  

Where:  

T is the temperature and kB is Boltzmann’s constant. 

1.5.2 Rate-determining process 

Generally, there are three sequential steps to grow crystals which are:63 

1. The volume diffusion process in which atoms and molecules in the growth 

medium are supplied to the growth interface or crystal surface. 

2. The interface or surface kinetic process in which atoms and molecules are 

introduced to the crystal phase through the interface between the crystals and 

the growth medium.  
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3. Removing the latent heat generated at the growth interface or crystal surface 

during the crystallization process. 

The growth rate is determined by the rate at which the crystals pass through each of 

these processes. The process that has the largest impact on the overall rate of growth is 

clearly the process in which the rate is the slowest. This particular process is therefore 

known as the rate-determining process. Exactly which of the processes becomes the rate-

determining process depends on the growth environment and the growth conditions. To 

accurately identify the rate determining process, the points described below must be 

considered. 

If the growth medium is vapor or solution, many of the crystals in it will grow as 

polyhedrons. In this case, the growth interface is flat on an atomic scale. Therefore, the 

rate-determining step is the interface kinetic process (step 2) because the crystal 

orientation time (surface diffusion) for this particular process is sufficiently long 

compared with both the atom-supply process (step 1) and the heat removal process (step 

3). Process (1) can be ignored if a crystal grows in vapor because the concentration in the 

growth medium is sufficiently low, and thus volume diffusion can take place easily.  

1.5.3 Vapor Growth 

In the PVT growth method, the material sublimes and transports from the source toward 

the substrate surface as vapor. Atoms leaving the vapor phase and attaching to the 

surfaces of crystals on the substrate provide the crystals with almost all of their energy in 
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the form of kinetic energy. Some atoms escape from the crystal surface to the vapor 

phase. To identify the atoms included within the crystal phase from those that are not, it 

is presumed that a sufficiently large number of atoms (N) incorporates to form a crystal. 

The decrease in potential energy (ΔE) resulting from interatomic binding can be calculated 

from the following equation:63 

∆𝐸

𝑁
=

1

2
∑ 𝑛𝑖∅𝑖 = ∅1/2                                                                                                              (2) 

Where: 

Øi is the binding energy of the nearest neighbor atoms with position i.   

ni is the number of the nearest neighbor atoms for the atom at position i. 

The factor 1/2 indicates that two atoms binding to each other share the energy gain 

generated by their interatomic bonds. When atoms enter the surface of the crystals, they 

can be included within the crystal if the energy gain is larger than Ø1/2. However, the 

atoms on the surfaces of crystals can escape to the vapor phase if they obtain energy 

larger than the adsorption energy from heat fluctuations.64, 65 

The surface energies fall into three types: terrace (γT), edge (γE), and kink (γK) surface 

energies.66 

On the actual surfaces of the crystals, the energy gain is  φ1/2 i when an atom enters 

the kink site (K). Figure 1.6 shows the (001) plane of a simple cubic lattice which is also 

known as Kossel model. Each cube represents an atom or a growth unit. The energy gain 
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principle (equation 2) can also apply to other different plane orientations or any plane in 

the other crystal lattices.64, 65   

If atoms enter lattice points H (surface vacancies), the energy gain would be greater 

than when they enter at a kink position (K). The point H disappears once an atom enters 

it. Consequently, the chance of atoms entering the surface vacancies to contribute to the  

 

 

 

 

 

 

Figure 1.6: Kossel model for the diffusion of an atom on the crystal surface. 

 

growth of the crystal is lost. Since the binding energy of atoms at the kink position is half 

of the internal atoms in the bulk crystal, the kink position is also called the half-crystal 

position.63  

 

ϒK 

ϒE 

ϒT 

Surface vacancies (H) Kink positions (K) An atom diffusing 

to a kink 
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1.6 Crystal Growth Methods 

Crystal growth is a chemical/physical process involving solid, liquid, or gas to produce high 

quality solid substances with a highly ordered, long range three-dimensional atomic 

arrangement. The crystal techniques can be broadly classified into three categories:  

1. Solid-Solid such strain annealing. 

2.  Liquid-Solid aka melt method such as Bridgman-Stockbager and Czochralski or 

solution growth. 

3. Gas-Solid such as chemical vapor deposition (CVD) and physical vapor transport 

(PVT). 

The vast majority of commercial bulk semiconductor crystals are grown via melt 

methods. In case of a high melting temperature, bulk crystal growth from the melt is only 

possible under high pressure. For instance, stoichiometric SiC is estimated to melt only at 

10,000 atm and 3500 oC. However, bulk crystal growth by physical vapor transport (PVT) 

is an alternative method when melt growth is difficult to conduct, such as when the 

melting point is too high, the material decomposes before it melts, or the melt reacts with 

the crucible.  

Other advantages of the PVT method are: 

1. It is near-thermodynamic equilibrium (producing high quality crystals). 

2. It’s capable of growing very thick films and bulk crystals.  
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3. Since sublimation itself is a purification process, it’s capable of growing very 

pure crystals. 

1.6.1 The Physical Vapor Transport (PVT) or Sublimation Method  

The seeded sublimation crystal growth technique (modified Lely method) has been widely 

used to produce wide bandgap semiconductor crystals such as silicon carbide and 

aluminum nitride,67 as well as titanium nitride,68 yttrium nitride,69 and erbium nitride.70 

Recently, we also demonstrated the single crystals growth of the semiconductor 

scandium nitride (ScN), a group IIIB transition metal nitride, on single crystal tungsten 

(100) seeds via this method.71  

Primarily, the sublimation method involves three stages: sublimation; transport; and 

deposition. The sublimation occurs by heating the solid source to high temperature (hot 

region) at a low pressure. The vapor species formed transport from the hot region 

(source) to the cold region (substrate) through a carrier gas, usually nitrogen or argon, 

and is driven by temperature and concentration differences. Finally, the deposition occurs 

on a substrate (cold region).  

Figure 1.7 elucidates a typical PVT crystal growth system for metal nitrides. This 

method can be conducted in a tungsten furnace for metal nitrides because tungsten does 

not form stable nitrides, and is unreactive with several compounds such as AlN, ScN, YN, 

ErN, and TiN. The metal nitride source is placed in a crucible bottom. The following 

reversible reaction takes place inside the growth cavity: 
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𝑅𝐸𝑁(𝑠)  ↔  𝑅𝐸(𝑔) +  
1

2
 𝑁2(𝑔)     

The solid REN sublimes dissociatively from the hotter zone in the crucible (REN 

source) via the forward reaction and deposits at the colder region (substrate) via the 

reverse reaction. 

 

 

 

 

  

 

 

Figure 1.7: Sublimation growth process. 

1.6.2 Modeling and Kinetic of Sublimation Growth 

The kinetics and physical transport phenomena of the sublimation process are 

complicated and influenced significantly by the process parameters, including 

temperature, pressure, temperature gradient, the distance between the source and the 

deposition regions (δ in Figure 1.7), and the geometry. This method includes several 

physical phenomena, such as conduction, convection and radiation heat transfer, 

sublimation and condensation, Stefan flow, buoyancy force, mass transport of vapor 
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(substrate)  Deposition of Single 

Crystal (AlN, ScN, ErN, 

YN, TiN …. ect)  
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species, and kinetics of dissociation and deposition.72, 73 Since crystal growth experiments 

are expensive, modeling and simulation have become a powerful tool for research and 

for optimizing the growth processes conditions. In addition, it can provide additional 

insights into experiments, especially when it becomes difficult or impossible to directly 

measure parameters inside the reactor.74 

Although crystal growth is frequently related to the materials chemistry and physics, 

the process fluid dynamics is also tremendously important. It controls the energy and 

mass transport, which in turn affect the crystal quality, strain, and impurity distribution. 

Enormous strides and advancements have been achieved with models for simulating the 

PVT process utilizing finite element-or finite volume-based software aided design. 

Therefore, modeling and simulation of the crystal growth processes have attained a point 

where they can reliably predict the fundamental physical phenomena of the process, and 

provide guidance for modifying the system design to improve the process.72  

Liu and Edgar75 studied the transport-only model for the aluminum nitride (AlN) 

system. In the transport-only model, Navier-Stokes equations were employed (equations 

3 through 7). The sticking coefficient of nitrogen atom on the AlN surface was not 

considered in the transport-only model, while in the global model it was regarded.  

𝜕

𝜕𝑟
(

1

𝑟

𝜕𝜑

𝜕𝑟
) + 𝐴𝑟

2
1

𝑟

𝜕2𝜑

𝜕𝑧2
= −𝜔                                                               𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦          (3) 
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𝜕𝐶
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1
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𝜕

𝜕𝑟
(𝑟𝑢𝑟𝐶) + 𝐴𝑟

2
𝜕

𝜕𝑧
(𝑢𝑧𝐶)

=
1

𝑆𝑐
[
1

𝑟

1

𝜕𝑟
(𝑟

𝜕𝐶

𝜕𝑟
) + 𝐴𝑟

2
𝜕2𝐶

𝜕𝑧2
]                   𝐶𝑜𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑠𝑠         (4) 

 

𝜕𝑇
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𝑟

𝜕

𝜕𝑟
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]                     𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 ℎ𝑒𝑎𝑡         (5) 

 

𝜕𝜔
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𝜕𝑟
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𝜕𝑧
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𝑟

𝜕

𝜕𝑟
(𝑟𝜔) + 𝐴𝑟
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𝜕2𝜔

𝜕𝑧2
] − 𝐺𝑟𝑇

𝜕𝑇

𝜕𝑟

+ 𝐺𝑟𝑠

𝜕𝐶

𝜕𝑟
                                                      𝑉𝑜𝑟𝑡𝑖𝑐𝑖𝑡𝑦 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡               (6) 

 

𝑉𝐺 = 𝑘
exp (𝐴 − 𝐵 𝑇⁄ )

𝑃1.5𝑇1.2

∆𝑇

𝐿
                                                                    𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒              (7) 

𝛼𝑁2
= 𝑘 𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
)                                                                  𝑆𝑡𝑖𝑐𝑘𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡          (8)  

𝐽𝑖 = 𝛼𝑖𝛽𝑖(𝑝𝑖 − 𝑝𝑖
∗)    𝑖 = 𝐴𝑙 𝑜𝑟 𝑁2                                                  𝐻𝑒𝑟𝑡𝑧 − 𝐾𝑛𝑢𝑑𝑠𝑒𝑛          (9) 
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𝑉𝐺 =
𝐽𝐴𝑙𝑀𝐴𝑙𝑁

𝜌𝐴𝑙𝑁
                                                                                                 𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒      (10) 

Where: 

φ is the stream function  

ω is the vorticity 

z is the dimensionless  height 

r is the dimensionless radius   

Ar is the dimensionless geometric ratio 

C is the dimensionless concentration of Al  

t is the dimensionless time 

ur is the dimensionless velocity in r-direction 

uz is the dimensionless velocity in z-direction 

Sc is Schmidt number 

T is the dimensionless temperature 

Gr is thermal Grashof number  

Pr is Prandtl number 

A and B are thermodynamic constants 

Ji is the mole flux of species i 
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MAlN is the molecular weight of AlN 

Ρ is the density of AlN 

E is the activation energy 

R is the universal gas constant 

P* is the equilibrium pressure of species i  and    𝛽𝑖 = 1 √2𝜋𝑀𝑖𝑅𝑇⁄   

Figure 1.8 compares the experimental and predicted results of the transport-only 

model of aluminum nitride crystal growth at a constant temperature of about 1840 oC 

and temperature gradient (ΔT/ΔL) of 3.53 oC/mm as a function of pressure. The model 

and experimental results agree well at the medium pressure and high pressure, but not 

at the lower pressure. That means the availability of aluminum is not the rate-control step 

of the growth. At the low system pressure, the pressure of N2 is no longer much greater 

than that of aluminum. Since the sticking coefficient of N2 is extremely low at the crystal 

surface76, the availability of nitrogen atoms at the growing surface becomes the rate 

determining step. Therefore, a surface kinetic model considering the 

adsorption/desorption of Al and N2 is necessary to simulate the growth rate precisely at 

low pressure. 

Lui and Edgar77 later in 2002 revised their transport-only model to be the global 

model (equation 8 through 10) by considering the sticking coefficient of N2 on AlN surface, 

and equations 8 through 10 describe the growth rate process.  
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Figure 1.8: Transport-only model. The growth rate as a function of the system pressure 
of AlN growth.75 

Figure 1.9 shows the effect of system pressure and the variation between the 

transport-only model and global model at 1800 oC. As is seen, there was a good 

agreement between the two models at pressures higher than 100 Torr, while at lower 

pressure the disagreement is evident. This disparity is attributed to the huge excess of N2 

at high pressure, thus causing the sticking coefficient of N2 to have no effect. On the other 

hand, at low pressure, the concentration of N2 becomes the determining growth step, 

then the N2 sticking coefficient plays an important role in the growth process. The global 

model was validated by, and was in agreement with, the experimental results (Figure 

1.10).  

Chen et al.78 modeled SiC crystal growth by the sublimation method. Figures 1.11a 

and b show how the rate has an Arrhenius-like dependence on the growth temperature 

at growth pressures ranging from 5-300 Torr. The growth rate deviates from Arrhenius-
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like behavior at high temperature, and this was attributed to the pressures at the seed 

and source being higher than the ambient pressure. In addition, comparing Figures 1.11a 

and b shows how the high temperature difference between the source and seed (∆T) 

causes the Arrhenius-like behavior to shift towards the low temperature region. 

Consequently, the low temperature growth requires high axial temperature gradients.  

Figure 1.9: Comparison of transport-only model and global model of AlN growth.77 

 

 

 

 

 

 Figure 1.10: Global model. The growth rate as a function of the system pressure.77 
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Figure 1.11: Theoretical predicted growth rate versus temperature: (a) ∆T=2K/cm and (b) 
∆T=20 K/cm.78 

Karpov et al.79 studied the AlN system and stated that when the summation of Al and 

N2 partial pressures is greater than the ambient pressure, the vapor would transport out 

of the crucible, and the growth fails (Figure 1.12). In other words, if the crucible is not 

properly sealed, the pressure inside the crucible will fluctuate because it will be higher 

than the ambient pressure. 
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Figure 1.12: Gas flow stream lines (right) and Al concentration (left) computed (a) for 0.2 
atm and (b) for 0.1 atm. The color gradation from white to black corresponds to the 

increase of concentration.79 

Mokhav et al.80 studied the effect of the temperature gradient (∆T), growth 

temperature, and N2 pressure on the sublimation seeded growth of AlN theoretically and 

experimentally. For large temperature gradients, the sublimation and growth rates 

increased exponentially with the growth temperature. On the other hand, at small ∆T the 

sublimation rate exhibited Arrhenius-like behavior, but the growth rate dropped (Figure 

1.13), due to the high pressure inside the crucible (Figure 1.12). 
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Figure 1.13: (a) Three crucibles positions and qualitative axial temperature distribution 
in the furnace, and (b) rate of the AlN powder source evaporation (dash lines, open 

circles) and crystal growth (solid lines and circles) vs. temperature.80 

 

1.6.3 The Crucible Design Effect on the Growth Rate 

Tsvetkov81 stated that slight changes in the crucible design produce differences in the 

crystal shapes and the densities of defects formed due to modifications of temperature 

and temperature gradients inside the crucible. This temperature variation can also change 

the growth rate over the seed.  

In chapter five of this thesis, the effect of the crucible design on the growth rate is 

reported. To improve the process efficiency, the goal was to get the sublimed material to 

deposit only at the desired location, the seed crystal. If the temperature is uniform, the 

sublimed material may crystallize on portions of the growth cavity (the crucible wall and 

lid) instead of the seed.  Not only does this reduce the process efficiency, but material not 

(a) (b) 
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deposited on the seed is polycrystalline, thus it can interfere with single crystal growth, if 

it overgrows the seed. 

A new crucible was designed to selectively grow ScN crystal on the seed by exploiting 

the heat transfer phenomenon inside the growth cavity. The specially configured crucible 

design was comprised of a heat transfer fin in a heat-conductive relationship with the 

seed. The cooling fin cools the seed surface and increases the temperature gradient 

between it and its surroundings thereby presenting more favorable conditions for crystal 

growth.  This leads to higher growth rate on the seed. This new design is applicable to all 

PVT seeded growth, including wide bandgap crystals such as silicon carbide and aluminum 

nitride.  

1.6.3.1 Fin Purpose  

The convective removal of heat from a surface is improved by extending the fins to 

increase its area.82 The fin geometries can be of a variety of shapes such as plain, wavy, 

or interrupted , and can be attached to the inside, outside, or both sides of circular, flat, 

or oval surfaces. Fins are primarily utilized to increase the surface area when the heat 

transfer coefficient on that fluid side is relatively low so that the total rate of heat transfer 

increases. In addition, enhanced fin geometries, such as triangular wavy fins, also increase 

the heat transfer coefficient compared to that for a plain fin. The fins can attached to the 

heat transfer surface by several ways such as brazing, soldering, welding, adhesive 
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bonding, or mechanical expansion (press fit) or extruded or integrally connected to the 

surface.83  
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2.1 System Description 

In this work, ErN and ScN were grown in a tungsten furnace reactor. Photos of the whole 

furnace system are shown in Figure 2.1. Tungsten metal had previously proved to be a 

good unreactive metal for the sublimation growth of AlN [1], TiN [2], and YN [3]. The 

maximum temperature of the furnace is 2400 oC. The furnace chamber is made of 

stainless steel. Tungsten wire mesh heating elements are configured to heat a tungsten 

crucible to a temperature sufficient to sublime the metal nitride source (ErN or ScN). Eight 

layers of tungsten plate surrounding the heating elements acted as thermal shields to 

contain the heat generated, so extreme temperatures could be reached.  Surrounding the 

heat shield was a cooling system, consisting of a shell and tube copper jacket heat 

exchanger. It is placed between the thermal shields and the stainless steel chamber walls 

and ensured the outside chamber wall temperature was at room temperature.  The metal 

nitride source (ErN or ScN) was placed in the tungsten crucible with a 25 mm i.d., 30 mm 

o.d., and 50 mm long.  

To provide an axial temperature difference, the driving force of the growth, between 

the metal source and the growth zone, the top of the crucible was not insulated by the 

tungsten thermal shields. Thus, it was colder than the crucible bottom. Figure 2.2 presents 

a detailed schematic of the furnace chamber. 



 

49 
 

Two thermocouples are positioned in the chamber. One is connected to a Honeywell 

UDC2000 controller which turns off the furnace automatically if the temperature exceeds 

the limit of the furnace. It is located between the heating shields. 
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Figure 2.1: Pictures of the tungsten furnace apparatus showing the front and back sides. 
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The other is connected to a Honeywell UDC3000 controller and is located close to the 

crucible inside the heating elements region. This thermocouple functions as a sensor to 

control the programmed temperature for heating or cooling the furnace. The growth 

temperature is measured via a pyrometer which is focused on the top of the crucible 

where the crystal growth takes place. The pyrometer and the thermocouple in the heating 

elements region are calibrated to facilitate setting the growth temperature.   

 

 

 

 

 

 

Figure 2.2: The growth chamber of the furnace 

Ultra-high-purity gases, nitrogen (99.999% N2) and forming gas (95% Ar and 5% H2), 

were used in the experiments. The nitrogen and forming gases were further purified with 

three inline purifiers: a moisture purifier, a high oxygen concentration purifier in ppm 

level, and low oxygen concentration purifier in ppb level before the gas (either nitrogen 

or forming gas) enters the furnace chamber.  
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The ScN source, the crucible, and the substrate were baked at 1000 oC for two hours 

in forming gas to reduce and to remove oxygen present as native oxides on their surfaces.  

Then, the furnace chamber was cooled down to the room temperature, and the gas line 

was switched to nitrogen and purged several times to remove any forming gas from the 

system before starting the growth experiments in the nitrogen environment. However, in 

the ErN experiments the baking process was not performed because ErN was reactive to 

the forming gas.  

Prior to growth, the metal sources were nitridized. The ScN source was synthesized 

by heating small chunks of pure Sc metal (99.9% Sc) in the forming gas. Then the 

nitridation process took place in the ultra-high-purity nitrogen at 1100 oC and 500 Torr 

for ten hours. The ErN source was synthesized by nitridizing small chunk of pure Er metal 

(99.9%) at 1460 °C and 400 Torr. For ErN crystal growth, polycrystalline tungsten foil was 

used as the substrate and resulted in a polycrystalline ErN deposit.   For ScN,  a tungsten 

(100) oriented single crystal substrate (tungsten seed) was used as the substrate and 

produced ScN single crystal growth.  

The tungsten seed was prepared by cutting a tungsten rod into slices that were then 

machined to a specific design to fit inside the tungsten crucible. The diameter of the seed 

side facing the ScN source was 8 mm, while the diameter of the other side was 9 mm.  A 

tungsten lid with a 25 mm i.d. and 30 mm o.d. was designed to hold the seed. A circular 

cooling fin with 30 mm diameter was set on the outer side of the seed. This configuration 

selectively cooled the seed and provided a higher driving force for crystal growth, and 
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consequently higher growth rate of ScN single crystal. Figure 2.3 shows the configuration 

of the crucible, seed, lid, and fin used in the experiments. The distance between the metal 

nitride source (ErN or ScN) and the growth area (the tungsten substrate) was kept 

constant at approximately 2.5 cm. The tungsten substrate (the foil or the seed) and the 

lid were weighed before and after the growth to calculate the growth rate.  

 

 

 

 

 

 

 

Figure 2.3: The configuration of the modified PVT crucible. 

 

2.2 Polishing the Tungsten Seed 

The tungsten seed requires a very smooth surface to produce large crystal grains. It was 

double side polished. The side of 9 mm diameter was roughly polished by 400 grit SiC sand 

paper just to remove some rust that remained after the tungsten rod was cut. On the 

crystal growth surface, nine stages of mechanical polishing using Techprep, Allied High 
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Tech, Inc. were performed to achieve an optical surface. The nine stages consisted of 

polishing with: 

1. SiC sand paper 400 grit size and water. The polishing time varied from 15 to 30 

minutes based on the roughness and shape of the surface since the cutting and 

machining process resulted in non-uniform surfaces among the different seed. 

2. SiC sand paper 600 grit size and water for about 15 to 20 minutes, based on the 

result of step one. 

3. Diamond slurry of 15 µm particle size with an Acetasilk cloth for 10 to 15 minutes 

depending on the result. 

4. Diamond slurry of 9 µm particle size with Acetasilk cloth for 10 minutes. 

5. Diamond slurry of 6 µm particle size with Synthetic Velvet cloth for 10 minutes. 

6. Diamond slurry of 3 µm particle size with Synthetic Velvet cloth for 10 minutes. 

7. Diamond slurry of 1 µm particle size with Synthetic Velvet cloth for 10 minutes. 

8. Diamond slurry of 0.25 µm particle size with MultiTex cloth for 10 minutes. 

9. Diamond slurry of 0.05 µm particle size with MultiTex cloth for 10 minutes. 

Each polishing cloth in the steps 3 to 9 gives different surface roughness. The 

Acetasilk cloth is suitable for rough to intermediate polishing, while the Synthetic Velvet 

cloth is better for intermediate to final polishing. The MultiTex cloth used in the last two 

steps is a superior fine polishing cloth capable of producing an optical quality finish. In 

each step, a new polishing cloth was used, and the seed was washed by distilled water to 

remove any residual slurry from the previous step. During the polishing process, any dust 
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contamination must be avoided because it causes scratches to the seed surface which 

consequently requires to repeat some polishing steps depending on the scratch size. The 

final polishing step was followed by sequentially cleaning in distilled water, acetone, 

methanol, and isopropanol in an ultrasonic cleaner. 

2.3 The Vacuum System 

The vacuum system consists of: two pumps, a mechanical pump and a diffusion pump; a 

rough valve; a foreline valve; and a high vacuum valve. The furnace chamber is equipped 

with three pressure gauges including two thermocouple pressure sensors with different 

pressure ranges, 0-1000 Torr and 0-1 Torr, and an ion gauge (0-10-4 Torr). The chamber 

was evacuated in two stages to remove all oxygen. In the first stage (rough vacuum 

mode), only the mechanical pump was used, to reach a pressure of about 4x10-2 Torr. 

Then, in the second stage (high vacuum mode) both the mechanical and diffusion pumps 

were run to reach a pressure of about 3x10-6 Torr at 22 oC. To obtain the base pressure 

(3x10-6 Torr), the chamber was left under high vacuum mode for 24 hours.  

2.4 The Operating Temperatures and Pressures 

The temperature and pressure conditions for sublimation were 1620-1770 oC and 150-

510 Torr for ErN, and 1850–2000 oC and pressure of 15-35 Torr for ScN.  Ultra-high-purity 

nitrogen gas continuously flowed through the system during growth. During start-up, the 

furnace was heated at a rate of 400 oC/hr up to the final growth temperature. The ErN 
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and ScN crystals were grown by maintaining that dwell temperature. The growth time 

varied from 15 to 100 hours for ErN, and from 100 to 350 hours for ScN.   

2.5 Characterization Methods 

The ErN and ScN crystals were characterized quantitatively and qualitatively by several 

methods including structure determination, vibrational properties, surface roughness, 

chemical composition, and the surface morphology.  

2.5.1 Crystal Structure, Orientation, and Quality: X-ray Diffraction 

X-rays are high-energy electromagnetic radiations with a wavelength between 10-3 to 101 

nm [4]. X-ray diffraction for crystal analysis was started by Laue, Friedrich, and Knipping 

in 1912. Since then, the method has been thoroughly developed so now it is a very 

powerful characterization technique in materials science and engineering. It’s a 

nondestructive tool, and can reveal various information on the materials such as crystal 

structure, phases present, phase transitions, crystalline quality, orientation, and internal 

stress. Wavelengths below 0.1-0.2 nm are called hard x-rays, while longer wavelength are 

called soft x-ray. In the materials science, hard x-rays are most often used because they 

can penetrate deeply in all substances [5].   

Figure 2.4 shows the difference between θ-2θ scan and Omega (ω) scan. In θ-2θ scan 

(see Figure 2.4a), both the sample holder and the x-ray detector rotate, and it gives x-ray 
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intensity as a function of 2θ. This scan is used to determine the crystal structure and 

orientation and lattice constant. 

The crystal quality can be determined by Omega (ω) scan or rocking curve. The 

rocking curve is obtained by changing ω angle and fixing 2θ as shown in Figure 2.4b. It 

gives a plot of ω vs. x-ray intensity. Rocking curve is used to study the crystal imperfection 

such as dislocation, curvature, misorientation, mosaic spread. Crystal defects create 

disruptions in the perfect parallelism of atomic plane, thus rocking curve broadens. The 

Full Width at Half Maximum (FWHM) of the rocking curve is usually calculated as an 

indication of the crystal quality where the lower FWHM, the better crystal is.  

In this work, the orientation and lattice constants of the ErN and ScN crystals were 

determined by θ-2θ x-ray diffraction. The patterns were taken with a Miniflex Rigaku 

diffractometer using a copper Kα source with a wavelength of 1.54 Å. To confirm the 

epitaxial growth of ScN, XRD ɸ scans were taken via Rigaku Smartlab diffractometer. The 

45° angle rotation relationship between the ScN film and W seed was confirmed with a 

Bruker D8 Discover diffractometer. The structural quality ScN layer was determined by ω 

scan in which the Full Width at Half Maximum (FWHM) was calculated. 
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Figure 2.4: The measurements of: (a) θ-2θ x-ray diffraction scan. (b) Omega (ω) scan or 
rocking curve. 

 

2.5.2 Vibrational Spectroscopy: Raman Spectroscopy 

Molecules and crystals can be described as systems of balls (atoms) connected by springs 

(chemical bonds). These systems can vibrate with frequencies determined by the mass of 

the balls (atomic weights) and by the stiffness of the springs (bond force constants).  

Raman spectroscopy is sensitive to the details of atomic arrangement and chemical 

bonding, thus making it a good structural characterization tool. The spectrum is more 

sensitive to the strengths, lengths, and arrangement of bonds in a material than the 

chemical composition, so in crystals it responds more to details of defects and disorder 

than to impurities [6].  
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In this study, the vibrational properties of ErN crystals were determined by Raman 

spectroscopy. 

2.5.3 Surface Roughness Measurement: Atomic Force Microscope (AFM) 

Atomic force microscopy (AFM), also called scanning force microscopy (SFM), is utilized 

to measure surface topography and roughness. It measures the force between a sample 

surface and a very sharp probe tip mounted on a cantilever beam which has a spring 

constant of about 0.1—1.0 N/m, which is lower than the typical spring constant between 

two atoms by more than an order of magnitude. The raster scanning motion is controlled 

by piezoelectric tubes. To obtain the surface topography, the force is determined as a 

function of the sample's position [7]. Detection is most made optically by interferometry 

or beam deflection. In the AFM measurement, the tip is held in contact with the sample. 

The resolution is a few nanometers for scans up to 130 µm, and can be at the atomic scale 

for smaller ranges. This measurement can be utilized for both conducting and insulating 

materials without sample preparation [6].  

The effect of the growth temperature on the surface topography and roughness of 

the ScN crystal and the step heights were investigated by atomic force microscopy (AFM) 

using an Innova AFM system in contact mode with MSCT cantilevers.  
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2.5.4 Electron Emission Spectroscopies: X-Ray Photoelectron Spectroscopy 

(XPS)   

X-Ray photoelectron spectroscopy (also known as electron spectroscopy for chemical 

analysis, ESCA) provides atomic or chemical state identification, or both. The x-rays 

involved in XPS are soft (usually 1486 eV from an Al anode) ejecting photoelectrons from 

the sample surface. It measures the energy distribution of electrons ejected from a 

material due to absorbing the incident x-rays by core electrons. XPS is a nondestructive 

surface sensitive technique in which electronic energy level excitations are involved. It’s 

sensitive to less than monolayer amounts of material, and the probing depths is not 

greater than about 50 Å without using sputter profiling.  

The electrons photo emitted from the core levels are used to identify the elements 

of the sample from their binding energies. Additional chemical state information can 

provided by the chemical shifts in the binding energies. The compositions of the different 

elements can be determined from relative peak intensities. All elements can be identified 

by XPS except hydrogen and helium. It is a very powerful tool due to good quantification, 

excellent chemical state determination capabilities, applicability to a wide variety of 

materials from biological materials to metals, and its generally nondestructive nature.  

The depth of the measured solid material range from the top 2 atomic layers to 20 

layers. The examined area can be as large as 1 cm x 1 cm or as small as 70 µm x 70 µm. 



 

61 
 

XPS has become the most broadly applicable surface analysis technique due to its 

capability of quantitative and chemical state analysis combined with the surface 

sensitivity [6]. 

In this work, XPS technique was used to find the surface composition of the grown 

crystals. 

2.5.5 Imaging Techniques (Microscopy) 

Two imaging techniques, optical light microscopy and scanning electron microscopy 

(SEM) were employed in this work to evaluate the morphology of the deposited ScN and 

ErN crystals and to measure the feature sizes.  

2.5.5.1 Light Microscopy 

The objective of the light microscope is to provide a magnified image of a specimen. Since 

the human eye uses visible wavelength light, the light microscope is the only technique 

which can do this directly. Reflected or transmitted light from the specimen passes 

through a magnification column. The light microscope can provide the topological 

contrast by shadowing in reflection. 

 A Nikon Eclipse LV100 optical microscope was utilized in this work to image and 

determine the surface morphologies of the produced crystals. 
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2.5.5.2 Scanning Electron Microscopy (SEM) 

The main advantage of SEM over the light microscope is the image resolution. The 

magnification range of the SEM is typically in the range of 10-500,000 times [4], and the 

resolution can approach a few nanometers [6]. In the light microscope, topological 

contrast can be provided by shadowing in reflection, while in SEM the measured signal 

intensity varies across the imaged sample due to variations in the local microstructure, 

orientation, and shape. Consequently, it alters the mechanisms of the formation and 

collection of the signal [4]. In addition to the surface imaging, the chemical composition 

of materials and the distribution can be obtained by carrying out the chemical imaging in 

SEM.  

The compositional analysis can be performed by energy dispersive spectroscopy 

(EDS). The incoming electron beam interacts with the specimen to produce detectable 

signals (visible light and x-rays for example) as a result of the ionization of an atom by 

high-energy radiation where an inner shell electron is removed. To return the ionized 

atom to the ground state, an electron from a higher energy outer shell fills the vacancy in 

the inner shell and releases an energy equal to the potential energy difference between 

the two shells. This energy is specific to the elements present. This technique is capable 

of detecting x-rays from all the elements in the periodic table [6].  
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EDS and high magnification images of the ErN and ScN crystals were taken with 

FEI Versa 3D Dual Beam Field Emission Scanning Electron Microscope (SEM) to determine 

the crystal surface morphology and image and measure defects such as steps and cracks.  

2.6 The Process Simulation  

The process simulation was performed with FLUENT, a CFD package from ANSYS Inc. to 

investigate the behavior of the new crucible design with the cooling fin, and the results 

were verified experimentally.  

Computational fluid dynamics (CFD) technique is one of the most advanced 

computational technologies evolved from academic research into widespread industrial 

application [8]. It has been widely used to predict the thermal performance of heating 

processes to ensure thermal uniformity in the crystal growth systems. The thermal 

modeling employed to simulate the crystal growth systems has been proven to be within 

an error of 2.5% of the experimentally measured temperature distributions in 

laboratories and industries [9]. 

A conventional crucible and a modified crucible with a cooling fin (extended surface) 

were simulated to investigate the effect of the fin on the local ScN growth rate on the 

seed. 

The growth temperature and temperature distribution in the growth chamber can 

significantly affect the local growth rate along the growth interface [10]. Knowing these 
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parameters can help to control on the local temperature distribution inside the crucible 

where the crystal growth occurs. Since the PVT process takes place in a black box [11, 12], 

and is difficult to be monitored, the simulated temperature field provides qualitative and 

quantitative information on the growth history as a function of the process parameters 

and geometry. The global heat transfer phenomena fundamentally comprise conduction, 

convection, radiation, induction heating, and the heat of sublimation and crystallization 

at the source-vapor interface and crystal vapor-vapor [13]. 

The simulation results are shown and demonstrated in chapter five.   
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3.1 Abstract 

Erbium nitride (ErN) is a rare earth nitride notable for its magnetic and optical properties. 

Here we report on its growth on a non-native substrate, tungsten foil, via physical vapor 

transport, and its characterization. The source material was erbrium metal that was 

converted to ErN by heating in nitrogen. Subsequently, it was sublimed to form the ErN 

crystals. The operating conditions were 1620-1770 oC and 150-330 Torr in pure nitrogen. 

The growth rate increased exponentially with temperature with an activation energy of 

508 kJ/mol, and inversely with pressure. X-ray diffraction revealed the ErN preferentially 

adopted a (100) orientation, the same as the dominant orientation of the tungsten sheet. 

The lattice constant was 4.853 Å. The crystal shapes and sizes were dependent on the 

temperature, as revealed by SEM and optical microscopy. The ErN crystals were highly 

faceted, bound by (100) and (111) crystal planes. The ErN compound deviated from 

stoichiometry: the Er:N atomic ratio ranged from 1:1.15 to 1:1.2 according to EDX and 

XPS elemental analysis. Raman spectra was in good agreement with theoretical 

predictions. 

Keywords: Crystal Growth, Sublimation Growth, Erbium Nitride  

3.2 Introduction 

 The rare-earth elements (REs), having atomic numbers from 57 (La) to 71 (Lu), are 

characterized by the filling of 4f electron orbitals. They represent the solely stable 



 

70 
 

elements with more than marginally filled f-shell electronic orbitals; consequently, they 

hold the largest spin and orbital moments.1 Due to their ionic charge of 3+, they can 

combine with other elements to result in rare-earth monopnictides, REX (X=N, P, As, Sb, 

Bi).1, 2 The heavier pnictides were reported to be antiferromagnetic, while the nitrides are 

almost all ferromagnetic.3-5   

The rare-earth nitrides (RENs) have a wide range of properties.  They form the rock 

salt structure with lattice constants ranging from 4.76 Å for LuN to 5.305 Å for LaN.1 The 

magnetic properties of RENs are especially of interest due to their unfilled and highly 

localized 4f orbitals6 making them interesting candidate for spintronic devices.7 The 

electron transport properties and band structures have only recently been determined;1 

they vary from metallic or semimetallic to semiconducting.4 The uncertainty of their 

charge transport properties is attributed to two issues that strongly affect their 

stoichiometry: a tendency to expeditiously oxidize when exposed to air, and to form 

nitrogen vacancies (VN).1 RENs can potentially be combined with group-III nitrides to 

develop new functional devices. RENs with narrow band gaps, of approximately 1 eV 

optical absorption and absolute gaps with the order of one half of the optical absorption, 

have promising properties for IR detectors. Consequently, the heterojunction of the wide 

band-gap group-III nitrides and RENs could result in interesting properties for multi-wave 

length photonic devices.8, 9   

ErN has not been extensively studied. There have been more theoretical than 

experimental studies of RENs. Aerts et al.10 predicted half-metallic (PrN-GdN), insulating 
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(TbN- HoN) and semimetallic (ErN-YbN) behaviors might arise in the REN series. According 

to Larson et al.,6 the LSDA+U approach predicts that when only the Uf parameter is 

involved, the RENs have a small band overlap, thus they are semimetals.  

In prior studies, REN thin films were grown by UHV-based methods such as pulsed-

laser deposition (PLD),11, 12 dc/rf magnetron sputtering,13-15 and molecular beam epitaxy 

(MBE).9, 16, 17 The lack of native substrates has been a major difficulty that has impeded 

the RENs epitaxial growth. Furthermore, the tendency of RE to react with silicon (in 

general the most common substrate for all epitaxial and polycrystalline thin film studies) 

makes it an unsuitable substrate. Because the RENs adopt a rock salt (NaCl) crystal 

structure, (100) oriented crystals have been the substrate of choice by most researchers. 

MgO (100) was employed in the epitaxial growth of both CeN by Lee et al.18 and GdN by 

Gerlach et al.19 However, the lattice constant mismatch is quite large, +19.2 % and +18.7 

% for CeN and GdN respectively, which results in large strains and high defect 

concentrations, adversely affecting the properties of the films. 

Brown and Clark20 studied the effect of N % composition and reported that the lattice 

constant decreased as the percent nitrogen content increased, from 4.848 Å to 4.843 Å 

for 92 at% N to 98 at% N, respectively. Table 3.1 summaries some known ErN properties.  

Granville et al.24 studied the vibration properties of ErN and reported one Raman 

shift peak at 550 cm-1. In their study, a thin film of ErN was grown by evaporating Er in the 

presence of 10-4 mbar of ultra-high pure nitrogen, and depositing on an ambient 

temperature substrate.   
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A key erbium property of interest is the optical transition of its electrons in the 4f 

orbital.  This produces light at 1.54 µm, which corresponds to the absorption minimum in 

silica optical fiber.23 Hence a goal of many studies involving erbium has been to induce 

this transition electronically, by for example, incorporating erbium into a semiconductor 

such as silicon or gallium nitride.  This may also be possible in a novel, erbium nitride 

semiconductor, if it can be made with a high crystal quality and low residual impurity 

concentrations. In this case, the number of erbium atoms per volume would be much 

higher, since it is a major component of the binary semiconductor rather than just a 

dopant.23 

The goal of this study was to demonstrate ErN crystal growth by the sublimation-

recondensation method and to characterize the crystal properties.  This method produces 

crystals at a much higher temperature (>1600 °C) than epitaxial growth techniques (<1100 

°C), enabling much better crystal quality since it operates closer to thermal equilibrium, 

has higher adatom diffusivities and because diatomic nitrogen is more reactive. This study 

Table 3.1: Properties of ErN crystals. 

 
Crystal structure Rock Salt 

Lattice Constant (Å) 4.84221 

Energy bandgap (eV) 1.2, 1.3, 2.44, 22 

4f shell Optical Transition wavelength (µm) 1.5423 
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examined the impact of process parameters on the crystal growth rates and the 

properties of the resulting crystals. 

3.3 Experimental Work 

The sublimation growth was conducted in a tungsten furnace that was previously 

described.25 The erbium nitride crystals were grown unseeded on polycrystalline tungsten 

foils with a predominately (100) textures. These foils were cleaned by the acetone, 

methanol, and iso-propyl alcohol respectively. Tungsten had previously proved to be a 

good, unreactive substrate for the sublimation of TiN26 and AlN.27 The distance between 

ErN source and the growth area was kept constant at approximately 2 cm.   

The sublimation was carried out over the temperature range of 1620 –1770 oC and in 

ultra-high-purity nitrogen at pressures of 150–510 Torr. During start-up, the temperature 

of the furnace was increased at a rate of 240 oC/hr up to the growth temperature. The 

ErN crystals were grown by maintaining that dwell temperature for 20 hr. Overall, each 

experiment needed 30 to 36 hr to complete, depending on the growth temperature.  

The ErN source was synthesized by heating small chunks of Er metal (99.9 % purity) 

in pure nitrogen at 1500 oC. The starting pressure at room temperature was 400 Torr, and 

it increased gradually to 427 Torr at the nitridizing temperature. After stopping the 

experiment, the pressure was 350 Torr which means 50 Torr of N2 was consumed. The 

resulting ErN source was blue-grey and brittle. 
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The morphology and size of the resulting deposits were characterized by optical and 

scanning electron microscopy.  X-ray diffraction patterns were taken to determine the 

structure, lattice constant, and orientation of the crystals.  A copper Kα x-ray source was 

employed with a wavelength of 0.15418 nm. Raman spectra was employed to 

characterize the ErN’s vibrational properties. The elemental analysis was estimated via X-

ray Photoelectron Spectroscopy (XPS) and Energy Dispersive x-ray Spectroscopy (EDS). 

3.4 Results and Discussion 

The following reversible reaction takes place in the tungsten furnace: 

𝐸𝑟𝑁(𝑠)  ↔  𝐸𝑟(𝑔) +  
1

2
 𝑁2(𝑔)                                                                                                        (1) 

The solid ErN sublimes dissociatively at the hotter point in the crucible (at the ErN 

source) via the forward reaction and condensates at the colder tungsten foil via the 

reverse reaction. 

Figure 3.1 shows the effect of growth temperature on the crystal growth rate. The 

growth rate increased exponentially with increasing temperature. This trend is attributed 

to increasing the sublimation rate, thus the tungsten substrate was saturated with Er-N2 

gases.  

The reaction of sublimation-recondensation was assumed to be zero order, thus the 

activation energy was estimated as 508 kJ/mol via Arrhenius equation (2): 
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Rate = A exp(-E/RT)                                                                                                                    (2) 

Where, A is the frequency factor, E is the activation energy, R is the universal gas 

constant (8.314 kJ/(mol·K)), and T is the growth temperature (K). 

 

 

 

 

 

 

 

 

Figure 3.1: The effect of temperature on the growth rate. Pressure = 150 Torr. 

Comparing to our previous studies, the activation energy of ErN (508 kJ/mol) is lower 

than that of AlN (681 kJ/mol)28 and close to that of YN (467 kJ/mol)29 and ScN (456 

kJ/mol).25 

Since sublimation has an inverse relationship to pressure, the growth rate was 

inversely proportional to pressure (Figure 3.2). 

Ln
(G

ro
w

th
 R

at
e

 (
m

ic
ro

gr
am

/h
r)

) 



 

76 
 

 

 

 

 

 

 

 

Figure 3.2: The effect of pressure on the growth rate. Growth temperature= 1750 oC. 

The SEM images elucidate how the crystal morphology was influenced by the growth 

temperature. Figures 3.3-3.5 show the SEM images for crystals grown at 1620, 1700, and 

1770 oC and 250 Torr. Grain boundaries defects appeared at 1620 oC; the facets of the 

crystals were rough. Clearly, specific crystal planes could be discerned, but their surfaces 

were rough, possibly due to low adatom mobility. However, at higher temperatures 

(>1620 oC), the crystal facets became smooth, suggesting higher surface adatom diffusion 

rates. In other words, the ErN source generated Er vapor in large amount at a far greater 

growth rate than the speed of enlargements of defects in the substrate. Consequently, 

smooth crystals were grown. Two facets are predominant, the (111) and (100) plane, in 

Figure 3.4. The (111) facet has the highest growth rate, while (100) facet has the lowest 
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growth rate. Facets with higher growth rate usually inclined to the ones having lower 

growth rate during the growth process. Figure 3.5 demonstrates the evolution of the 

(111) planes to the ones with lower growth rate like (311). However the (100) facet still 

has the lowest growth rate, remains unchangeable, and increases in size.  

Figure 3.6 shows how the ErN crystals nucleate preferentially at tungsten substrate 

grain boundaries. Defects, such as screw dislocations, are known to reduce or completely 

eliminate the activation energy barrier to nucleation. Furthermore, the crystal size was 

significantly affected by temperature.  

 

 

 

 

 

 

 

Figure 3.3: SEM image of ErN crystals grown at 1620 oC and 250 Torr for 20 hours. 
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Figure 3.4: SEM image of ErN crystals grown at 1700 oC and 250 Torr for 20 hours. 

 

 

 

 

 

 

 

Figure 3.5: SEM image of ErN crystals grown at 1770 oC and 250 Torr for 20 hours. 
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Figure 3.6: ErN crystals preferentially position the grain boundaries of the tungsten 
substrate. 

ErN degrades upon air exposure. To test whether this is due to water vapor or oxygen, 

two samples of ErN crystals were investigated. The first sample was exposed to ambient 

air which contains water vapor; micrograph images were taken every 30 minutes. The 

crystals almost all converted to Er2O3 after 11 hours. The second ErN crystal sample was 

successfully stored in a desiccator under atmospheric pressure air surrounding with silica 

gel pellets for more than a month, and it was still stable. This means ErN is mostly sensitive 

to moisture which reacts with ErN to form Er2O3.  

The structures and crystal orientations of tungsten foil (substrate), ErN source, and 

ErN crystals grown on the tungsten foil were characterized by XRD as shown in Figure 3.7. 

The tungsten foil was mainly dominated by the (200) orientation. The XRD pattern of the 
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ErN source included (111), (200), (220), (311), (222), and (400) reflections. ErN crystals 

grown on the tungsten foil were polycrystalline, but textured and exhibited fewer peaks: 

the (200), (220), (311), and (400) diffraction peaks. The (200) and (400) orientations of 

the ErN were more intense than is present in a randomly oriented powder. Thus ErN tends 

to adopt the (100) orientation because the tungsten substrate is also primarily (100) 

oriented. The average lattice constant calculated from the XRD pattern of grown ErN 

crystals was 4.853 Å which matches the reported value 4.842 Å21 taking into account the 

higher nitrogen content in the grown ErN crystals.  

XPS detected the electrons of 4d region for erbium metal (Er4d) and 1s region for 

nitrogen (N1s). The Er4d region exhibits complex multiple peaks. The energy dispersive x-

ray spectroscopy (EDS) was also employed to characterize ErN crystals. The surface 

elemental analysis calculated via XPS and the bulk elemental analysis via EDS revealed 

that the ErN crystals were nitrogen-rich. The stoichiometry (Er:N) was 1:1.2 and 1:1.1 

according to XPS and EDS. This trend is attributed to the high partial pressure of nitrogen, 

so the nitrogen atoms occupied interstitial sites with sublattices. The oxygen 

contamination was 0.1 - 0.2 atomic %.  

Raman spectra (Figure 3.8) showed diagnostic phonon modes that can be attributed 

to ErN. The transverse acoustic phonon mode activated at the Brillouin zone folded point 

L occurs at ca. 123 cm-1, the longitudinal acoustic phonon at the L point occurs at ca. 258 

cm-1, The transverse optical phonon at the Brillouin zone center occurs at ca. 330 cm-1, 

the longitudinal optical phonon at the L point occurs at ca. 574 cm-1, and the second order 
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phonon of this mode occurs at ca. 1184 cm-1. The broad feature from 600 to 1000 cm-1 is 

a photoluminescence band. Table 3.2 is a comparison among our Raman shift results and 

the theoretical and experimental results of Granville et al. (2009)24. They are in good 

agreement. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: XRD patterns of the tungsten substrate, ErN source, and ErN crystals grown 
at 1770 oC and 150 Torr. 
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Figure 3.8: Raman shift of ErN crystals grown at 1770 oC and 150 Torr. 

 

 

 

 

  

Table 3.2: Comparison of Raman shifts of ErN 
crystals. 

Mode Frozen Phonon 

Approach24 

Exp.24 

 

Our Exp. 

TA (L) 122 
 

123 

TA(X) 147 
  

LA(X) 207 
  

LA(L) 243 
 

258 

TO(Γ) 340 
 

330 

TO(X) 373 
  

TO(L) 426 
  

LO(X) 517 
  

LO(L) 592 550 574 

2LO (L) 
  

1184 
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3.5 Conclusion and Future Work Recommendations  

The growth temperature had a dramatic impact on the ErN crystal growth, both the rate 

and crystal morphology. The growth rate increased exponentially with increasing 

temperature. At 1620 oC, small crystals with rough surfaces were grown. As the 

temperature increased (>1620 oC), the crystal size increased, and the surface morphology 

changed from rough to smooth. On the other hand, the growth rate was inversely 

proportional to the growth pressure. The ErN crystals were sensitive to ambient air 

exposure, and they degraded to erbium oxide powder presumably from moisture in air. 

XRD pattern revealed that there was a strong preference for (200) orientation which is 

attributed to the dominant orientation of the tungsten substrate (200). XPS and EDX 

elemental analyses showed that the ErN crystals were nitrogen-rich. Raman shift spectra 

of ErN crystal were in a good agreement with the theoretical results of the Frozen Phonon 

Approach. 

For future work, it's recommended grow bigger crystals, using single crystal 

substrates such as 4H-SiC or AlN as seed crystals, and to characterize other ErN properties 

such as its magnetism, electron transport properties, and thermal transport properties. 
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4.1 Abstract 

Scandium nitride single crystals (14–90 µm thick) were grown on tungsten (100) single 

crystal substrate by physical vapor transport in the temperature range of 1850-2000 oC 

and pressure of 15-35 Torr. Epitaxial growth was confirmed using in-plane ɸ scan and out-

of-plane x-ray diffraction techniques which revealed that ScN exhibits cube-on-cube 

growth with a plane relationship ScN (001) || W (001) and normal direction ScN [100] || 

W [110]. Atomic force microscopy revealed the surface roughness decreased from 83 nm 
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to 18 nm as the growth temperature was increased. X-ray diffraction (XRD) rocking curves 

widths decreased indicating the crystal quality improved with increasing growth 

temperature. The  lowest XRD  FWHM was 821 arcsec, which is so far the lowest value 

reported for ScN. Scanning electron microscopy (SEM) exhibited the formation of 

macrosteps and cracks on the crystal surface with latter due to the mismatch of ScN’s and 

tungsten’s coefficients of thermal expansion . 

4.2.Introduction 

Recently, there has been a remarkable interest in the properties and applications of 

transition metal nitrides [1]. In particular, the crystal growth and characterization of the 

group IIIB transition metal nitride scandium nitride (ScN), a semiconductor, is of interest 

for both fundamental science and potential electronic device applications. It possesses 

excellent physical properties such as high hardness, mechanical strength, and outstanding 

electronic transport properties.  The heat, free energy, and entropy of formation of ScN 

suggest its high thermal stability. Its melting point is ≥ 2600 oC [2]. It has the rock salt 

crystal structure with a lattice constant of 4.503 ±0.002 Å [2-7]. It has a direct bandgap of 

2.0 eV and an indirect band gap of 0.9 eV [8] and typically has a high electron carrier 

concentration (>1020 cm-3) [4,9]. One of the most exciting aspects of ScN is that it can have 

either n-type or p-type conductivity (with magnesium doping) [10]. The electrical 

properties of ScN are sensitive to impurities [10]. The electrical resistivity of 

unintentionally doped ScN varies dramatically, with reported values of 25, 130, 308, and 
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461 µohm-cm by Samsonov et al. [11], Sclar [12], Gschneidner [13], and Dismukes et al. 

[3,4] respectively.  

Scandium nitride has several potential device applications. Moram et al. [14] and 

Lupina et al. [15] used ScN as a buffer layer Si substrates to support the subsequent 

growth of GaN.  Free-standing ScN crystals could serve as lattice-matched, electrically 

conductive substrates for other semiconductors such as zinc blende GaN (a = 4.52 Å) [16] 

and boron phosphide (a = 4.55 Å) [17]. ScN could also be utilized for high temperature 

ohmic contacts to IIIA nitrides [18]. Large piezoelectric coefficients can be achieved by 

alloying scandium nitride with aluminum nitride [19,20]. For all of these applications, 

control over the material’s structure and crystal quality is essential.  

It has proven to be difficult to produce high quality ScN layers and bulk crystals for 

several reasons.  First, the maximum temperature employed in epitaxial growth studies 

have been relatively low, 1100 °C for hydride vapor phase epitaxy (HVPE) [21], 1050 °C 

for molecular beam epitaxy [22], and 950 °C for reactive magnetron sputtering.  Such low 

temperatures result in thin films (<1 µm) with small grain sizes, i.e. high densities of grain 

boundaries. Second, defects and cracking are often caused by the mismatch of substrate 

and ScN layer properties (crystal structure, lattice constants, and coefficients of thermal 

expansion). 

ScN has been deposited on many different substrates. Gall et al. [23] produced 

ScN(001) single crystal on MgO(001) and TiN(001) buffer layer on MgO(001) by ultrahigh 
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vacuum reactive magnetron sputter deposition. Ohgaki et al. [24] also synthesized ScN 

films on MgO(110) and α-Al2O3(1010) substrates by (MBE), and XRD revealed ScN(220) 

for both substrates. Edgar et al. [21] used (HVPE) to deposit ScN on 6H-SiC(0001), and 

reported that ScN exhibited (111) orientation and a mixture of (100) and (111) 

orientations at substrate temperatures of 800-900 oC and 1000-1100 oC respectively. 

Moram et al. [25] grew epitaxial 100-oriented ScN films on 100-oriented Si, and mixed 

orientation of ScN(111) and (100) on Si(111) via (MBE) growth method. Inevitably, this 

heteroepitaxy results in high dislocation densities and cracking of the films.   

Here we demonstrate two advances: the use of physical vapor transport (PVT) for 

preparing epitaxial ScN layers and a single crystal tungsten (100) substrate. PVT technique 

is widely employed for the bulk crystal growth of silicon carbide [26] and aluminum nitride 

[27]. 

The present study builds on our previous work [2], in which polycrystalline ScN was 

grown on polycrystalline tungsten foil,  by employing (100) tungsten single crystal seeds 

to produce ScN single crystal. The lattice constant mismatch was minimized by this 

orientation preference between ScN crystal and the tungsten seed. The lattice constant 

of tungsten is 3.165 Å, and about ~4.49 - 4.51 Å for ScN. The directed cube-on-cube lattice 

mismatch is very large, 42.18 % (based on tungsten). However, rotating the unit cell by 

45o and considering the square that is formed by the nearest 4 tungsten atoms (Figure 

4.1) produce a new square. The diagonal of this new square is about 4.48 Å thus reducing 

the mismatch dramatically to 0.3 % (based on tungsten). Therefore, the ScN crystal 
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orients on tungsten to minimize the lattice mismatch. A 45o angle exists between the ScN 

and tungsten unit cells, and results in a plane relationship ScN (001) || W (001) with 

normal direction ScN [100] || W [110]. This orientational relationship also occurs with 

titanium nitride on tungsten [28]. 

 

 

 

 

 

 

Figure 4.1: A schematic representation of ScN (200) crystals grown on (200) tungsten. 
Dark gray spheres are tungsten, large purple spheres and small blue spheres are Sc and 

N respectively. 

 

4.3 Experimental Work 

The sublimation growth was conducted in a tungsten heating element furnace with a 

maximum temperature of 2400 oC. Tungsten previously proved to be a good unreactive 

metal for the sublimation growth of TiN [28] and ErN [29], so it was used as a substrate 

for the deposited ScN crystals, and to manufacture crucibles used in the experiments.  
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Ultra-high-purity gases, nitrogen (99.999% N2) and forming gas (95% Ar and 5% H2), 

were used in the experiments. The nitrogen and forming gases were further purified with 

inline moisture and oxygen purifiers to reduce the impurity concentrations from ppm 

level to ppb level. Baking in forming gas helped to reduce and to remove oxygen present 

as native oxides on the surface of the ScN source, the crucible, and the substrate (the 

tungsten seed). During the baking stage, the furnace was held at 1000 oC for two hours. 

The ScN source was synthesized by heating small chunks of pure Sc metal (99.9 % purity) 

in ultra-high-purity nitrogen at 1100 oC and 500 Torr for 10 hours. 

The ScN crystal was grown on a single crystal tungsten seed with a (100) orientation. 

The tungsten seed was mechanically polished to achieve an optical surface. Cleaning by 

distilled water, acetone, methanol, and isopropanol sequentially in an ultrasonic cleaner 

followed the polishing process. 

The sublimation was carried out at the temperature range 1850–2000 oC and 

pressure range of 15–35 Torr in the ultra-high-purity nitrogen gas. The growth time varied 

from 100 hours to 360 hours.  The grown ScN crystals were carefully detached from the 

tungsten seed with a razor blade. 

A Rigaku MiniFlex II diffractometer was employed to determine the orientation and 

lattice constants of the ScN layer by θ-2θ x-ray diffraction. To confirm the epitaxial 

growth, XRD ɸ scans were taken by Rigaku Smartlab diffractometer. To establish epitaxy, 

the dome reflections of film and substrate peaks were needed to assure that they are 

oriented as expected from their crystal symmetry. To do so, the x-ray detector was fixed 
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at 2θ = 39.9o, the location of the ScN (200) peak.  The post-growth seed (ScN crystal upon 

W seed) was rotated 360o. Then, the x-ray detector was fixed at 2θ = 40.2o which 

represents the diffraction of W (110) plane, and 360o the post-growth seed was rotated 

again. The 45° angle rotation relationship between the ScN film and W seed was 

confirmed with a Bruker D8 Discover diffractometer. In this measurement, the ScN crystal 

upon the W seed was rotated to 2θ =40.2o which represents W (110) orientation. Then, it 

was rotated to 2θ =57.7o which represents ScN (110) orientation. 

To determine the structural quality ScN, rocking curve scan was performed to 

calculate the Full Width at Half Maximum (FWHM) of the ScN (200) peak.  

High magnification images of the ScN layer were taken with a scanning electron 

microscope (SEM) to determine the crystal surface morphology and defects such as steps 

and cracks.   

The surface topography and roughness of the ScN crystal were investigated by atomic 

force microscopy (AFM). 
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4.4 Results and Discussions 

4.4.1 Out-of-Plane and In-Plane X-ray Diffraction to Confirm the Epitaxilal 

Growth of ScN Single Crystal 

For a ScN crystal removed from the tungsten substrate, only two peaks were evident, the 

(200) and (400) reflections, at 39.9o and 86.2o respectively in the XRD θ–2θ pattern (Figure 

4.2). This suggests that only ScN single crystal of the (100) family was produced.  

 

 

 

 

 

 

 

 

Figure 4.2: θ-2θ XRD pattern for ScN crystal grown at 1930 oC and 15 Torr. The insets are 
the FWHM’s of ScN (200) at different temperatures. 
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The FWHM’s of θ-2θ scans decrease as the growth temperature increases, showing 

that the crystallinity of ScN films improved at higher growth temperature (the insets in 

Figure 4.2). This was due to greater atom mobility at higher temperatures and the 

tendency of threading dislocation to recombine with increasing the layer thickness.  

 In the XRD φ scans (not shown) at 39.9o (ScN(200)) and 40.2o (W(110)) detector 

positions, peaks appeared at ɸ values of 17o, 107o, 197o, and 287o. For ScN(200), the peaks 

had different intensities, and this is related to the steps presenting on the crystal surface, 

which will be explained later. For W(110) the peaks were not intense because the ScN layer 

has steps, and is so thick and blocks the x-rays from reaching the tungsten substrate.   

4.4.2 X-ray Diffraction to Confirm 45o Rotation  

XRD analysis of the ScN layer and the tungsten single crystal revealed an orientational 

relationship of ScN (001) || W (001) with normal direction ScN [100] || W [110], a 45o 

rotation between the ScN and W lattices, as defined by their primary unit cell directions 

[100]. The ScN (200) planes are parallel to the substrate surface when the tungsten seed 

(100) is parallel to the growth surface. However, the tungsten substrate surface was 

unintentionally slightly tilted away from the (100) plane during cutting and machining the 

seed. This results in ScN surfaces with steps, but the ScN planes were still parallel with the 

tungsten (100) plane, and with the in-plane directions ScN [100] || W [110]. To confirm 

this, the in-plane XRD pattern of ScN (220) and W (110) was performed as shown in Figure 

4.3. When the post-growth ScN(100) on W(100) composite was tilted 45o, only two x-ray 
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diffraction peaks  were evident: one at 2θ = 57.7o from the ScN(220) plane (ScN (100) 

plane with 45o tilt) and a second at 2θ = 40.2o which is for W(110) plane (underlying 

W(100) plane with 45o tilt). This confirms the planes (100) of the ScN and W are parallel, 

with a 45o angle between the perpendicular ScN [200] and W [110] directions. 

4.4.3 Structural Quality of ScN Crystal by X-Ray Rocking Curves   

The crystal quality greatly improved with the ScN layer thickness, as evidenced by the 

decreasing FWHM of x-ray rocking curves (the inset in Figure 4.3). With the ScN layer 

thickness ranged from 14 to 90 µm, the FWHM decreased from 1438 to 821 arcsec. This 

improving crystal quality is attributable to a reduction in the dislocation density. The 

dislocations with opposite Burger’s vectors are attracted toward each other as the ScN 

layer becomes thicker, and ultimately combine and are annihilated. Although XRD ω-2θ 

pattern revealed a relatively wide FWHM compared to the conventional high quality 

semiconductors, the ScN grown in this work has the lowest value reported up to date. 

XRD ω-2θ pattern revealed a relatively wide FWHM for the tungsten seed, which 

consequently affected the quality of ScN crystal. Table (1) lists the previously reported 

FWHM’s for XRD peaks taken from ScN films. 
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Figure 4.3: XRD pattern for 45o (200) plane rotation. The inset is the effect of ScN layer 
thickness on the FWHM of x-ray rocking curve. 
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4.4.4 SEM Images 

The mismatch in the thermal expansions between the ScN layer and the tungsten seed 

generated stresses, resulting in cracks on the ScN crystal. Figure 4.4a shows how the 

cracks were oriented regularly generating square and rectangular shapes of the ScN 

crystal.  

No individual grain boundaries are apparent in the SEM image, but large macrosteps, 

several microns high, can be seen on the ScN surfaces, as a result of step bunching (Figure 

4.4b). In general, step bunching can be caused by the misorientation of the substrate 

surface from the (100) plane, substrate polishing damage, and extended defects running 

through the ScN layer.  Step bunching is caused by a difference between the distance of 

neighboring kinks and the surface diffusion distance. In the case of steps forming, the 

average distance between neighboring kinks is far smaller than the average surface 

diffusion distance of the adatoms [30]. In other words, the step velocity is higher than the 

diffusion speed of adatoms. When the kink density is adequately high, steps perform as 

holes through which adatoms can be drawn in a continuous flow.  

4.4.5 AFM 

The surface morphologies of the ScN layers grown at different temperatures are 

compared in Figure 4.5. The morphology of ScN crystal surface was uniform at different 

growth temperatures and well-ordered steps with step height of about 15 nm were 

observed when temperature was increased to 2000 oC . The surface roughness of the ScN  
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Figure 4.4: The SEM images of ScN. a shows the cracking of ScN crystal grown at 1950 oC 
and 35 Torr due to the difference in the thermal expansion coefficient. b is ScN grown at 

1900 oC and 15 Torr showing the steps formed on the crystal surface. 

 

films decreased from 83 nm to 18 nm as the growth temperature was increased from 

1870 oC to 2000 oC because the adatom mobility increases with temperature. The 

relationship between the log of the film roughness and inverse temperature was linear. 

This trend indicates that the inverse relationship is a consequence of the thermally 

activated process which is in accordance with the limited adatom mobility at lower 

temperature. AFM and SEM showed the ScN surface consisted of both nanometer steps 

(Figure 4.5d) and much larger micrometer scale steps (Figure 4.4). 
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Figure 4.5: AFM images of ScN grown at different temperature, and at 15 Torr. Plot e 
represents the effect of growth temperature on the surface roughness. 

 

 

4.5 Conclusion 

ScN (200) single crystals were grown on W (100) by physical vapor transport method in 

the temperature range of 1850-2000 oC. Out-of-plane θ-2θ and in-plane ɸ x-ray 

diffraction scans revealed the epitaxial growth of ScN with a cube-on-cube plane 

relationship ScN (200) || W (200) and with normal direction ScN [200] || W [110]. The 

crystal surface exhibited layer-by-layer fashion with steps, and cracks formed due to the 

difference in the thermal expansion between ScN and W. AFM showed that the growth 

c..2000 oC b..1900 oC a..1870 oC 

d..2000 oC 
 

e 
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temperature has a dramatic impact on the roughness of the crystal with an inverse 

relationship. X-ray rocking curve (XRC) showed that the crystal quality is excellent 

comparing to the previously reported qualities, and FWHM of ScN produced in this work 

is the lowest value reported to date.   
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5.1 Abstract 

In general for crystal growth, material should deposit on the seed crystal and not on any 

adjacent supporting structures. This efficiently uses the source material and avoids the 

possibility of spurious polycrystals encroaching on, and interfering with the single crystal 

growth.  In this paper a new crucible design with a cooling fin in contact with the seed 

was simulated and experimentally demonstrated on the physical vapor transport (PVT) 
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crystal growth of scandium nitride. The heat transfer of the growth cavity for a 

conventional crucible and a modified crucible with the cooling fin were modeled 

theoretically via computational fluid dynamics (CFD) with FLUENT. The CFD results 

showed that the seed in the modified crucible was approximately 10 °C cooler than the 

crucible lid, while in the conventional crucible the temperature of the seed and lid were 

uniform.  The experimental results showed that increasing the temperature gradient 

between the source and the seed by employing the cooling fin led to a dramatic increase 

in the growth rate of ScN on the seed and reduced growth on the lid. The relative growth 

rates were 80 % and 20 % on the seed and lid respectively, in the modified crucible, 

compared to 25% and 75% with the conventional crucible. Thus, the modified crucible 

improved the process by increasing the growth rate of single crystals grown by 

sublimation.   

Key words: Seeded Crystal Growth, Physical Vapor Transport, Crystal growth Simulation 

5.2 Introduction 

The seeded sublimation crystal growth technique (modified Lely method) has been widely 

used to produce wide bandgap semiconductor crystals such as silicon carbide and 

aluminum nitride [1], as well as titanium nitride [2], yttrium nitride [3], and erbium nitride 

[4]. Recently, we also demonstrated the single crystal growth of the semiconductor 

scandium nitride (ScN), a group IIIB transition metal nitride, on single crystal tungsten 
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(100) seeds via this method [5]. Since the growth rate in this process was relatively slow, 

less than 1.0 micron/h, it is important to make it as efficient as possible.   

To improve the process efficiency, our goal was to get the sublimed material to 

deposit only at the desired location, the seed crystal. If the temperature is uniform, the 

sublimed material may crystallize on other parts of the growth cavity (the crucible wall 

and lid) instead of the seed.  Not only does this reduce the process efficiency, but material 

not deposited on the seed is polycrystalline, thus it can interfere with single crystal 

growth, if it overgrows the seed. 

The present work was undertaken to design a new crucible that is capable of 

selectively growing ScN crystal on the seed by exploiting the heat transfer phenomenon 

inside the growth cavity. The specially configured crucible design incorporates a heat 

transfer fin that is in a heat-conductive relationship with the seed. The cooling fin 

increases the temperature gradient between the seed and the surrounding parts inside 

the crucible, slightly cooling the seed surface and creating a stronger driving force for 

crystal growth there as compared to other surfaces within the crucible; thus leading to 

higher growth rate on the seed. This new design can be applied to all PVT seeded growth 

including wide bandgap crystals such as silicon carbide and aluminum nitride. The 

behavior of the new crucible design was predicted theoretically by computation fluid 

dynamics (CFD) simulation and verified experimentally.  

The bulk growth of crystals via the physical vapor transport (PVT) method includes: 

the global heat transfer phenomena which is fundamentally comprised of conduction, 
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convection, radiation, induction heating, and the heat of sublimation and crystallization 

at the source-vapor and vapor-crystal interfaces [6]; mass transport by sublimation and 

condensation; Stefan flow; buoyancy force; and the kinetics of dissociation and 

deposition [7,8]. Modeling and simulation have become attractive alternatives to 

expensive and time consuming crystal growth experiments for optimizing the growth 

processes conditions.  In addition, it can provide additional insights into experiments, 

especially when it becomes difficult or impossible to directly measure parameters inside 

the reactor [9]. 

Although the crystal growth process is frequently related to the materials chemistry 

and physics, the fluid dynamics is also tremendously important. It controls the 

momentum, energy, and mass transport [7]. In the energy term, the growth temperature 

and temperature distribution in a growth chamber can significantly affect the local growth 

rate along the growth interface [8]. Knowing these parameters can help to control the 

local temperature distribution inside the crucible where the crystal growth occurs. Since 

the PVT process takes place in a black box [10,11] and is difficult to monitor, the simulated 

temperature field provides qualitative and quantitative information on the growth history 

as a function of the process parameters and geometry. Enormous strides and 

advancements have been achieved with models for simulating the PVT process utilizing 

finite element-or finite volume-based software aided design. Therefore modeling and 

simulation of the crystal growth processes have attained a point where they can reliably 
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predict the fundamental physical phenomena of the process, and provide guidance for 

modifying the system design to improve the process [7]. 

Tsvetkov [12] stated that slight changes in crucible design produces differences in the 

crystal shapes and the densities of defects formed due to modifications of the 

temperature and temperature gradients inside the crucible. This temperature variation 

can also change the growth rate over the seed.  

5.3 Simulation and Experimental Work 

The steady state process simulation was performed with FLUENT, a CFD package from 

ANSYS Inc. A conventional and a modified crucible with a cooling fin (extended surface) 

were simulated to investigate the effect of the fin on the ScN growth rate on the seed. 

Gravity was set to 9.81 m/sec2 in the negative z-direction. The gas inside and outside the 

crucible was modeled using the ideal gas law, while the viscosity and specific heat where 

modeled using kinetic theory. As for nitrogen outside the domain, a pressure inlet was 

implemented with a gauge pressure equal to zero and absolute pressure equal to 35 Torr. 

A linear temperature profile was set at the boundaries of the domain (solid W-wall, and 

N2 pressure inlet), in accordance with Müller et al. [13]. The profile varied in the z-

direction starting at 2000 oC at the lowest point and ending at 1850 oC at the highest point. 

For the top boundary condition, the top surface of the fin in the modified crucible or the 

external top surface of the lid in the conventional crucible, the temperature was fixed at 
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1850 oC whether the boundary was a pressure-inlet as the conventional case, or a solid 

tungsten wall as the modified case. 

Two different computational meshes were constructed for each case. The two 

meshes were constructed in a similar way. The solid regions were filled with hexahedral 

cells, while the fluid regions consist of a hybrid mesh with tetrahedral and hexahedral 

cells. Near the seed, the region was mostly filled with unstructured tetrahedral mesh cells. 

The mesh was refined towards the walls and solid structures in order to resolve the flow 

and physical phenomena near the wall in more detail. The total number of cells for the 

conventional case was 3,912,317 with 436,495 hexahedral cells, while the total number 

of cells for the modified case was 4,096,867 with 356,651 hexahedral cells. The largest 

cell size for both cases was 0.4mm. 

The experimental sublimation growth was conducted in a tungsten heating element 

furnace with a maximum temperature of 2400 oC. The furnace chamber is stainless steel. 

Tungsten had previously proved to be a good unreactive metal for the sublimation growth 

of AlN [1], TiN [2], and ErN [4], so it was used as a substrate for the deposited ScN crystals, 

and for the crucibles used in the experiments. The scandium nitride source was placed in 

the tungsten crucible with 25 mm i.d., 30 mm o.d., and 50 mm long. Two pairs of tungsten 

wire mesh elements heat the crucible. Tungsten thermal shields were employed to 

contain the heat on the crucible. Between the thermal shields and the chamber was a 

water cooling system comprised of a shell and tube copper jacket.   



 

118 
 

To provide an axial temperature difference between the ScN source and growth 

zones, which is the driving force of the growth, the top of the crucible was not insulated 

by the tungsten thermal shields. Thus, it was colder than the crucible bottom. 

Ultra-high-purity gases, nitrogen and forming gas (95% Ar and 5% H2), were used in 

the experiments. To purify the gases, three purifiers were installed on the gas line: a 

moisture purifier, a high oxygen concentration purifier in ppm level, and low oxygen 

concentration purifier in ppb level before the gas (either nitrogen or forming gas) enters 

the furnace chamber. Baking in forming gas helped to reduce and to remove oxygen 

present as native oxides on the surfaces of the ScN source, the crucible, and the substrate 

(the tungsten seed). During the baking stage, the furnace was held at 1000 oC for two 

hours. Then, the furnace chamber was cooled down to the room temperature, and the 

gas line was switched to nitrogen to start the growth experiments. The ScN source was 

synthesized by heating small chunks of pure Sc metal (99.9 % purity) in the ultra-high-

purity nitrogen at 1100 oC and 500 Torr for ten hours. 

The tungsten (100) substrate (the seed) was prepared by cutting slices that were then 

machined to a specific design to fit inside the tungsten crucible. The diameter of the seed 

side facing the ScN source was 8 mm, while the diameter of the other side was 9 mm.  The 

seed was polished and followed by cleaning with distilled water, acetone, methanol, and 

isopropanol sequentially using a sonicator. A tungsten lid with 25 mm i.d. and 30 mm o.d. 

was designed to hold the seed. A circular cooling fin with a 30 mm diameter was set on 

the other side of the seed to selectively cool the seed to provide a higher driving force for 
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crystal growth between the seed and the ScN source, and consequently higher growth 

rate on the seed. In other words, ScN would deposit on the seed (the colder spot) rather 

than the crucible lid. Figure 5.1 shows the configuration of the crucible, seed, lid, and fin 

used in the experiments. 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: The configuration of the modified PVT crucible. 

 

The distance between the ScN source and the growth area (the tungsten single crystal 

seed) was kept constant at approximately 2.5 cm. The sublimation was carried out over a 

temperature range of 1850–2000 oC (from the bottom of the crucible to the seed) and 

pressure of 35 Torr in the ultra-high-purity nitrogen gas. During start-up, the furnace 
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temperature was ramped up at 400 oC/hr to the growth temperature. The ScN crystals 

were grown by maintaining that dwell temperature. The growth time was 100 hours.   

The seed and the lid were weighed before and after the growth to calculate the 

growth rate. An optical microscope was used to image the resulting ScN crystals. 

5.4 Results and Discussion  

5.4.1 Axial temperature distribution and the difference between the 

crucibles  

The axial temperature distribution along the crucibles was simulated as shown in Figure 

5.2a for the conventional crucible without a fin, and a modified crucible with a fin (Figure 

5.2b). As can be seen, the region around the seed (the vapor region) in the case of the 

modified crucible was colder than the region in the case of the conventional crucible. This 

shows how the fin affected not only the solid phase (the tungsten seed and lid) but also 

the vapor phase.     

5.4.2 Radial temperature distribution along the crucible 

Figure 5.3 shows the radial temperature distribution. In the bottom of the crucible, the 

temperature is higher in the center, while in the top half of the crucible the radial 

temperature distribution starts to flip and is cooler in the center especially when the fin 

is present.  The thermal conductivity of tungsten (104 W/m·K) [14] is much higher than 
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that of N2 (0.11 W/m·K) [15] thus including the fin created a lower thermal resistance in 

the center of the crucible than other regions leading to an inflection in the radial 

temperature profile from convexity to concavity.   

 

 

 

 

 

 

 

 

Figure 5.2: The axial temperature distribution in (a) the conventional crucible and (b) the 
modified crucible. The solid lines inside the growth cavity are the boundaries of the solid 

phase, the crucible wall, the lid, ScN source, and the seed. 

5.4.3 The effect of the cooling fin on the ScN growth rate on the seed 

Figure 5.4 shows the radial temperature distribution on the seed and the internal lid 

surface (only the solid phase) for both cases, the no-fin case and fin case. In the no-fin 

case, the temperature is higher at the seed than that at the holder, and is equal to the 

holder temperature at some spots leading to an equal growth rate on the seed and the 

holder.  The growth rate on the holder could even be higher than on the seed. This 
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phenomena is attributed to the higher thermal resistance in the seed region than that of 

the lid. In other words, installing the seed on the internal surface of the lid increases the 

thickness of the solid in this region (seed thickness plus lid thickness) which consequently 

increases the resistance of heat transfer through the solid phase in the seed region. 

However, the trend was opposite after installing the fin: the seed became colder than the 

lid surface because the cooling fin draws the heat from the seed only to the outside of 

the crucible.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: The radial temperature distribution along the modified crucible. 



 

123 
 

Inserting the fin reduced the temperature from 1876 oC on the internal lid surface to 

1866 oC on the seed.  

The impact of the lower seed temperature was tested experimentally. The cooling fin 

drew the heat away from the seed, so the majority of the vapors of Sc and N2 were 

directed to the seed, where the single crystal growth reaction took place, rather than 

other surfaces within the growth cavity. Figure 5.5 shows the amount of deposited ScN 

using the conventional seeded growth crucible and the modified crucible. From the 

microphotographs (see Figure 5.5a), it is evident that the polycrystalline ScN grown on 

the lid is much less in the modified crucible than that in the conventional crucible. 

Figure 5.4: The radial temperature distribution on the seed and the lid (the solid phase 
only). 
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Figure 5.5: The effect of the cooling fin on the amount/mass of the ScN crystal. (a) 
photographs for ScN deposited on the lid. (b) the weights of ScN deposited on the lid and 

the seed. 

 

90

280270

70

0

50

100

150

200

250

300

0 1ScN growth in the 

conventional crucible. 

ScN growth in the 

modified crucible 

Th
e 

am
o

u
n

t 
o

f 
Sc

N
 [

µ
gm

] 

Th
e 

lid
 

Th
e 

se
ed

 

Th
e 

se
ed

 

Th
e 

lid
 

a) 

b) 

The conventional crucible case 

The modified crucible case 

5 mm 

5 mm 



 

125 
 

Consequently, there was a dramatic increase in the mass of the single crystal ScN grown 

in the modified crucible comparing to the conventional crucible as shown in Figure 5.5b. 

This improves the overall efficiency of the growth process of ScN single crystal, and 

reduces the possibility of crystal growth in other regions, thereby suppressing 

polycrystalline growth. 

5.4.4 The Fin Efficiency 

The fin efficiency is a measure of a potential reduction in temperature between the fin 

and the ambient fluid due to conductive heat transfer along the fin and convective heat 

transfer from the fin surface.  

The fin efficiency is defined by the following equation [16]: 

ƞ𝑓 =
𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑏𝑦 𝑎 𝑓𝑖𝑛

ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑒𝑑 𝑖𝑓 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑓𝑖𝑛 𝑤𝑒𝑟𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑎𝑠𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
                (1) 

Equation (1) is the ratio of the actual heat transfer rate through the fin base divided 

by the maximum possible heat transfer rate through the fin base. This could be obtained 

if the entire fin were at the base temperature. Most practical fins are thin, so they are 

considered as one-dimensional with standard idealizations used for the analysis [17]. The 

one-dimensional fin efficiency is a function of the fin geometry, fin material thermal 

conductivity, and convective heat transfer coefficient at the fin surface. It is not, however, 

a function of the fin base or fin tip temperature, or ambient temperature. 
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For the circular fin, the efficiency can be calculated from the following correlations: 

 

 ƞ𝑓 = {

𝑎(𝑚𝑙𝑒)−𝑏          𝑓𝑜𝑟 𝜑 > 0.6 + 2.257(𝑟∗)−0.445

 
tanh (𝜑)

𝜑
          𝑓𝑜𝑟 𝜑 ≤ 0.6 + 2.257(𝑟∗)−0.445 

                                                      (2) 

 

 𝑎 = (𝑟∗)−0.246     ;       𝜑 = 𝑚𝑙𝑒(𝑟∗)𝑛     ;      𝑛 = 𝑒0.13𝑚𝑙𝑒−1.3863                                        (3) 

 

 𝑏 = {
0.9107 + 0.0893𝑟∗               𝑓𝑜𝑟 𝑟∗ ≤ 2

 
0.9706 + 0.17125 ln 𝑟∗       𝑓𝑜𝑟 𝑟∗ > 2

                                                                        (4)  

 

 𝑚 = (
2ℎ

𝑘𝑓𝛿
)

1/2

   ;         𝑙𝑒 = 𝑙𝑓 +
𝛿

2
         ;           𝑟∗ =

𝑑𝑒

𝑑𝑜
                                                          (5) 

 

Where: 

kf and h are the thermal conductivity of the fin and the convective heat transfer 

coefficient respectively. The other variables (de, do, δ, and lf ) are defined in Figure 5.6. 

In this study, the fin efficiency was about 95%. This high efficiency is due to the low 

convective heat transfer coefficient (h) where it was 7.22 W/(m2·K). 
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Figure 5.6: The design of the fin used in this work. 

 

5.5 Conclusion 

The new crucible design with the cooling fin dramatically improved the growth rate of the 

ScN crystal on the seed via physical vapor transport method comparing to the 

conventional crucible design. The process simulation by CFD technique employing 

FLUENT package was performed and validated experimentally. In the modified crucible, 

the temperature of the seed was colder than the crucible lid in about 10 oC, while in the 

conventional crucible the seed was equal or higher than the lid temperature. Decreasing 

the seed temperature increased the temperature gradient, the driving force of the 

growth, between the seed and the ScN source. The experimental results showed that the 

de =30 mm 

do=9 mm 

δ= 1 mm 

lf  =11.5 mm 



 

128 
 

growth rate on the seed increased from 25% in the conventional crucible to 80% in the 

modified crucible. The calculated fin efficiency was 95% which demonstrates the low heat 

transfer coefficient (h =7.22 W/m2-K). The new crucible design with the cooling fin is 

generally applicable to all seeded crystal growth by physical vapor transport. 
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Chapter 6: Conclusions and Future Work 

  



 

133 
 

6.1 Conclusions 

The experimental results showed the effectiveness of physical vapor transport method of 

growing bulk crystals of ErN and ScN. Tungsten metal employed in this work proved its 

thermal and chemical stability for the sublimation of both compounds. Single crystals of 

ScN were grown on tungsten single crystal seed with a lattice mismatch of 0.3 %. A new 

crucible was designed by the CFD technique then validated experimentally by 

demonstrating a high growth rate of ScN.  

The growth temperature had a dramatic impact on the ErN crystal growth, both the 

rate and crystal morphology. The growth rate increased exponentially with increasing 

temperature. At 1620 oC, small crystals with rough surfaces were grown. As the 

temperature increased (>1620 oC), the crystal size increased, and the crystal surface 

morphology changed from rough to smooth. On the other hand, the growth rate was 

inversely proportional to the growth pressure, but did not influence the crystal 

morphology. The ErN crystals were sensitive to ambient air exposure, and they degraded 

to erbium oxide powder presumably from moisture in air. XRD pattern revealed that there 

was a strong preference for the (100) orientation, matching the dominant orientation of 

the tungsten substrate (100). XPS and EDX elemental analyses showed that the ErN 

crystals were nitrogen-rich. The Raman shift spectra of ErN crystal were in a good 

agreement with the theoretical predictions from the Frozen Phonon Approach. 
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ScN (100) single crystals were grown on single crystal W (100) in the temperature 

range of 1850-2000 oC. Out-of-plane θ-2θ and in-plane ɸ x-ray diffraction scans revealed 

the epitaxial growth of ScN with a cube-on-cube plane relationship ScN (200) || W (200) 

and with the normal direction ScN [200] || W [110]. The crystal surface exhibited layer-

by-layer fashion growth with steps. Cracks formed in the ScN due to the difference in the 

thermal expansion between ScN and W. AFM showed that the growth temperature has a 

dramatic impact on the roughness of the crystal with an inverse relationship. X-ray 

rocking curve (XRC) showed that the crystal quality is excellent comparing to the 

previously reported qualities, and FWHM of ScN produced in this work is the lowest value 

reported to date.   

The new crucible design with the cooling fin dramatically improved the growth rate 

of the ScN crystal grown on a tungsten seed comparing to the conventional crucible 

design. The process simulation by CFD technique employing FLUENT package was 

performed and validated experimentally. In the modified crucible, the temperature of the 

seed was colder than the crucible lid in about 10 oC, while in the conventional crucible the 

seed was equal or higher than the lid temperature. Decreasing the seed temperature 

increased the temperature gradient, the driving force of the growth, between the seed 

and the ScN source. The experimental results showed that the growth rate on the seed 

increased from 25% of the total growth rate in the conventional crucible to 80% of the 

total growth rate in the modified crucible. The calculated fin efficiency was 95% which 
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demonstrates the low heat transfer coefficient. The new crucible design with the cooling 

fin is generally applicable to all seeded crystal growth by physical vapor transport. 

6.2 Recommendations for Future Studies 

There is still a room for improving this work, and several aspects can covered in the future.  

It’s recommended to study and do more research on the following points: 

1. Studying the electrical, thermal, and plasmonic properties of free standing pieces 

of ScN single crystal grown on a tungsten seed. 

2. Doping ScN with manganese to improve the magnetic properties, but since the 

vapor pressure of manganese is high, gadolinium can also be examined due to its 

relatively low vapor pressure. 

3. Since gadolinium is a rare earth element, ErN can be doped with it to improve its 

magnetic properties. 

4. Growing ErN on different substrates such as SiC and sapphire to study its electrical 

properties. 

5. Growing yttrium nitride doped with holmium element to produce a magnetic 

semiconductor. 

6. Studying the effect of the fin size on the growth rate of the single crystal. 

7. Modeling and simulating the mass transfer phenomenon of the new crucible 

design with the cooling fin. 


