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Abstract 
 

 

 

III-nitrides have received increasing attention for high electron mobility transistors (HEMTs), due to 

their structural and electrical properties. The AlGaN/GaN structure shows large band offset and can 

generate 2D physically-confined channel at its interface. However, the performance of these devices is 

still limited by defects and impurities present in the structure. The former act as electron-traps in the 

channel, while the latter generate unwanted background carriers.  

To overcome this problem, scandium- and iron-based GaN materials have been proposed. When Sc is 

introduced in GaN, the c/a ratio decreases, and the band gap increases, leading to a new set of lattice-

parameter/band-gap ratios. Such that, ScGaN/GaN may show large band offset with lower 

concentration of defects. Furthermore, the large piezoelectric constant of ScGaN should increase the 

carrier concentration in the channel. The background conductivity can be improved by introducing a 

(Fe,Ga)N layer at the GaN/sapphire interface. Fe introduces acceptor-like states in the band gap, leading 

to semi-insulating behaviour and improved channel-confinement.  

In this work the properties of GaN, ScGaN and (Fe,Ga)N grown using e-beam physical vapour 

deposition are investigated. The optimal Ga e-beam currents were found and epitaxial growth of GaN 

with relatively good quality achieved. ScGaN with increasing Sc concentration was also investigated. 

Large structural improvement was found for Sc 20%, possibly due to some relation between ScGaN 

and sapphire lattice parameters that reduces the stress in the thin film. In agreement with theoretical 

results, the band gap of Sc0.2Ga0.8N increases by 0.2 eV. 

Finally, the homogeneity and resistivity of (Fe,Ga)N were investigated. When Fe is 0.8% the structural 

quality is not affected while the resistivity increases to 108cm-2. For higher Fe concentration, Fe-rich 

nanocrystals become visible. However, no relation between inhomogeneity and electrical properties is 

observed and when Fe is 4.6% the resistivity further increases by 1 order of magnitude.  
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Chapter 1 
 

 

Introduction 
 

1.1 Overview and motivation 
Over the last 60 years, electronic devices, such as computers and smartphones, have become 

fundamental in every aspect of our daily life. However, because of the constant demand for smaller, 

faster and higher-performance devices, the silicon-based industry is now approaching its theoretical 

limits. Since the invention of the first transistor in 1954 [1], silicon has been used as main material in 

the electronics production, mainly due to its low cost and relatively simple fabrication procedures. 

However, despite these great economic advantages, silicon is not the ideal candidate for electronic and 

optical applications: although cheap, silicon is an indirect semiconductor with a band gap as narrow as 

1.1 eV, with low saturation velocity and low breakdown voltage [2]. These intrinsic properties limit the 

theoretically-achievable performance of the final transistor in terms of operating power, frequencies 

and temperatures.  

With the aim of addressing this problem, increasing attention has been recently devoted to the research 

of alternative materials that might be able to overcome these limits. Wide-bandgap materials, such as 

SiC, GaAs and GaN, are promising candidates to replace silicon in the electronics industry. As shown 

in Figure 1.1 and summarized in Table 1.1, these wide-bandgap materials show superior properties to 
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silicon, in terms of wider bandgaps, which allow higher operating temperatures, higher breakdown 

voltages, which permit working at higher voltages, and higher electron saturation velocities, which are 

necessary for high-frequency and high-power devices. However, although these superior electrical 

properties should theoretically lead to improved transistor performance, several experimental 

challenges must be overcome before silicon can be fully replaced by these wide-bandgap materials. 

 

 Si SiC GaAs GaN 

Bandgap (eV) 1.12 3.26 1.43 3.39 

Electric breakdown voltage (kV/cm) 300 2000 400 3300 

Electron saturation velocity (x107 cm2/V s) 1.0 2.0 2.0 2.25 

Thermal conductivity (x 102 W/m K) 1.5 4.5 0.5 1.3 

Dielectric permeability (r) 11.8 10 12.8 9 

Table 1. 1 Electrical properties of Si and other wide-bandgap materials [3]. Copyright (2006) The Japan Society of Applied 
Physics, DOI: https://doi.org/10.1143/JJAP.45.7565.  

 

 

Figure 1. 1 Electrical properties of Silicon and other wide-bandgap materials. (Data from Table 1.1). 

Among these alternative materials, SiC provides the most mature technology and, because of its 

remarkably high thermal conductivity, is widely used in high-power applications. However, currently 

at least, its high fabrication costs and small size substrates make it unsuitable for large-scale industry 

production. Since the invention of the first high electron mobility transistor (HEMT) in 1979 [4], GaAs 

has been widely used in high-frequency applications. In addition to good electronic properties, the main 

advantage of using GaAs in transistor fabrication is its ability to grow in complex heteroepitaxial 

structures that lead to the spatial confinement of the electron channel in a 2D electron gas (2DEG). This 

spatial confinement greatly increases the concentration and mobility of the electrons in the channel, 

resulting in remarkable performance of the transistor in high-frequency applications. However, 

https://doi.org/10.1143/JJAP.45.7565
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although GaAs-based transistor fabrication is now well established, the relatively narrow bandgap (1.43 

eV) and the low breakdown voltage (400 kV/cm) put a limit to the performance that GaAs-based HEMT 

can achieve, particularly in high-power and high-voltage applications. For this reason, GaN has recently 

received increasing attention as a promising substitute for GaAs in HEMT technology. GaN, as well as 

GaAs, is a III-V semiconductor and is able to grow in complex epitaxial structures necessary to obtain 

the 2DEG channel. Furthermore, GaN has a much wider bandgap (3.4 eV) and higher breakdown 

voltage (3 300 kV/cm) than GaAs, properties that make it a more suitable candidate for high-power, 

high-frequency and high-voltage HEMTs.  

To quantify the advantage of using GaN in high-power, high-frequency and high-voltage applications, 

several figures of merit can be used, and the most relevant ones are reported in Table 1.2. Johnson’s 

figure of merit (FoM) [5] is calculated as the product between the breakdown voltage (Ec) and the 

saturation velocity (vsat) and it can give an estimation of the power that a transistor can handle when 

used at high frequencies and low voltages. Keye’s FoM [6] is important for high-temperature 

applications, and it is based on the thermal conductivity (), saturation velocity (vsat) and dielectric 

constant () of the material. This FoM is used to estimate the thermal limit of a device in high-

temperature applications. Finally, Baliga’s FoM [7] and HFoM [8] are the indicators of transistor power 

loss at low and high frequencies, respectively. The Baliga’s FoM is given by the product between 

dielectric constant (), electron mobility () and breakdown voltage (Ec) and it is used to evaluate the 

power loss at low frequencies, when the main cause is the current dissipation in the on-resistance region. 

The HFoM, instead, is a more general form of Baliga’s FoM, in which the switching losses are also 

taken into account. Therefore, HFoM is a more suitable FoM to evaluate power losses if the device is 

used at higher frequencies. Comparing the figures of merit calculated for GaN and GaAs in Table 1.2, 

in which silicon performance are used as reference, it is evident that GaN is a more suitable candidate 

for high-power, high-frequency applications. The superior electrical properties of GaN have resulted in 

promising HEMT performance, and GaN-based HEMT devices with record cut-off frequency of 2.02 

THz, while maintaining breakdown voltage higher than 18 V, have been reported in literature [9]. 

Because of these promising results, GaN-based HEMTs are now studied for a wide range of 

applications, such as RF amplifier [10], wireless communication systems [11], radars and space 

microwave transmissions [12], among others. However, GaN technology has not reached its full 

potential yet and a number of issues still need to be fixed.  
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 Formula Si GaAs GaN 

Johnson’s FoM 
𝐸𝑐𝑣𝑠𝑎𝑡2𝜋  1 7.1 760 

Keyes FoM 𝜅 (𝑣𝑠𝑎𝑡𝜀 )1/2
 1 0.45 1.6 

Baliga’s FoM 𝜀𝜇𝐸𝑐3 1 15.6 650 

Baliga’s HFoM 𝜇𝐸𝑐2 1 10.8 77.8 

Table 1. 2 Figures of merit (FoM) relevant of high-power, high-frequency and high-voltage applications of GaN and GaAs 
materials [3]. (Ec: Electric breakdown voltage, vsat: saturation velocity,  thermal conductivity   dielectric constant  
electron mobility). The values are calculated using silicon performance as reference. Copyright (2006) The Japan Society of 
Applied Physics, DOI: https://doi.org/10.1143/JJAP.45.7565. 

One of the major issues of GaN-based HEMTs is the presence of electron-traps and scattering-centres 

in the 2DEG channel that reduce the mobility and concentration of electrons. As shown in Figure 1.2, 

the main structure of a GaN-based HEMT consists of a thick layer of GaN and a thinner layer of a wider 

bandgap material, such AlGaN. Because of the wider bandgap of AlGaN, a heterojunction is generated 

at the interface where the electrons are confined in a 2DEG [13]. However, when Al is introduced in 

the GaN system, the lattice parameters change along with the Al concentration. When AlGaN is grown 

on the top of GaN, then, this variation in lattice parameters results in a certain degree of stress and strain 

in the AlGaN layer, which usually relaxes through generation of defects or cracking at the interface. 

These defects at the interface are believed to act as electron traps that lower the concentration and 

mobility of electron in the 2DEG [14]. Therefore, it is of great importance to improve the quality of the 

AlGaN/GaN interface in order to further improve the performance of GaN-based HEMT devices. 

 

  

Figure 1. 2 Schematic representation of GaN-based HEMT basic structure. The 2DEG channel is obtained at the interface 
between GaN and AlGaN. 

Great effort has been made to reduce the concentration of defects at the interface between GaN and 

AlGaN, and different approaches have been proposed [15]–[18]. For instance, it has been found that 

the performance of AlGaN/GaN HEMT devices can be improved by adding very thin interlayers of 

AlN between GaN and AlGaN [15], [19]. The introduction of these thin layers, in fact, gives the double 

https://doi.org/10.1143/JJAP.45.7565
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advantage to increase the smoothness of the interface, reducing the electron scattering at the interface, 

and to increase the band offset at the AlN/GaN interface, deepening the quantum well where the 2DEG 

is generated. Another interesting approach includes the use of nanopatterned substrates to reduce the 

concentration of defects in GaN thin film [16], [20]. If GaN is grown on the top of a nanopatterned 

substrates, the concentration of defect in the thin film is drastically reduced, leading to improved quality 

of the AlGaN/GaN interface. However, despite the numerous adjustments that have been proposed to 

improve the quality of the AlGaN/GaN interface, at the moment none of them appear to fully solve this 

problem, leaving GaN-based HEMT performances still far from their theoretical limits.  

This lack of breakthrough discovery has encouraged the research into alternative materials that might 

be able to replace AlGaN in the HEMT structure and improve the performance of GaN-based devices. 

To successfully replace AlGaN in the HEMT structure, it is necessary that the candidate material has 

suitable electrical and structural properties: it must have large band gap, so that the band offset at the 

interface is large enough to obtain high concentrations of electrons in the 2DEG channel; suitable 

electronic properties, so that the electrons in the 2DEG are well confined and current leakage is avoided; 

suitable lattice parameters, so that the generation of defects at the interface is suppressed.  

An interesting candidate that might be able to meet these requirements and replace AlGaN in HEMT 

structures is ScGaN. ScGaN is a transition metal nitride (TMN) obtained by mixing cubic ScN and 

wurtzite GaN. Because of the instability between the wurtzite and the cubic phases, ScGaN shows 

unique properties, such as high piezoelectric constant, large band gap, and good lattice-match with GaN 

[21]. Hence, these properties make ScGaN a valid candidate for alternative HEMT structures. 

Another problem that affects GaN-based HEMTs, is the presence of parasitic background carrier 

concentrations arising from donor impurities present in the nitride structure. This background 

conductivity reduces the performance of HEMT devices, especially in high-power and high-frequency 

applications. Therefore, it is important to improve the insulation level of the device and suppress any 

leakage current present in the layers of the HEMT device. One method to achieve this insulation is by 

using semi-insulating materials, such as (Fe,Ga)N, that are able to compensate these background 

carriers present in GaN. To obtain this insulation, (Fe,Ga)N and related materials are usually grown at 

the GaN/sapphire interface so that the n-type conductivity in GaN is suppressed. However, the 

insulation of the channel might also be improved via co-doping of the active layer, possibly obtained 

using quaternary FeAlGaN or FeScGaN. 

To successfully employ these alternative materials in HEMT devices, however, it is first necessary to 

achieve deep knowledge of both their electrical and structural properties. Therefore, in this work a 

comprehensive characterisation of the transition metal nitrides ScGaN and FeGaN is carried out, with 

the aim to find possible alternative materials for enhanced HEMT devices. 
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1.2 Nitride materials 

1.2.1. GaN and other III-nitrides 

III-nitrides are a class of materials of great interest for both optical and electronic applications. The 

interest for these materials is mostly due to their direct, wide bandgap and their short bond lengths in 

the structure, resulting in highly stable materials even under extreme conditions [3]. In optical and 

electronic applications, the most popular materials of this class are certainly GaN, AlN, InN and their 

alloys AlGaN and InGaN. In this section, crystal structure, defects and optical and electrical properties 

of GaN and related III-nitrides are reported. 

GaN, AlN and InN can crystallize in wurtzite, zinc-blend or rock-salt cubic structures, however in 

standard conditions the wurtzite structure is the most stable with space group P63mc. As shown in Figure 

1.3, the wurtzite structure is obtained by stacking Ga (or Al or In) and N atoms along the [0001̅] 
direction following an …ABABA… sequence [22]. In each layer, Ga (or N) atoms are surrounded by 

4 N (or Ga) atoms in a tetrahedral geometry, giving either a Ga- or a N-polar surface [23]. The final 

polarity of the crystal can be selected by carefully choosing growth conditions, substrates and nucleation 

layers. Since different polarities lead to different mechanical and electronic properties, the final polarity 

of the crystal structure is particularly important for optical and electronic applications: Ga-polar thin 

films are usually preferred over N-polar thin films, mostly due to their higher resistance to etchant 

materials. 

Generally, a wurtzite structure can be fully described by using four parameters: a and c lattice 

parameters, their ratio c/a and the internal parameter u, which can be defined as the ratio between the 

bond length b and the lattice parameter along the c axis [24]. The values for GaN, AlN and InN wurtzite 

structures are reported in Table 1.3. As shown in this Table, the c/a ratios of these III-nitrides differ 

from the ratio of the ideal wurtzite structure. This deviation from the ideal value is mainly due to the 

size of ions in the structure and the length of the bond with nitrogen. Since the space group of these III-

nitride materials (P63mc) is non-centrosymmetric, this deviation from the ideal c/a ratio generates a 

certain degree of internal spontaneous polarization (PSP) in the structure [24]. As discussed later in this 

chapter, this spontaneous polarization has a major role in the generation of the 2D electron gas and, 

therefore, is of particular interest for optical and electronic devices. 
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Figure 1. 3 Schematic representation of wurtzite structure of GaN. Modified from Qin et al. [25] DOI: 
https://doi.org/10.3390/ma10121419. 

 

 Ideal wurtzite structure AlN GaN InN 
Lattice parameter a0 (Å)   -  3.110 3.190 3.540 
Lattice parameter c0 (Å)  - 4.980 5.189 5.706 
c0/a0 ratio 1.633 1.6013 1.6266 1.6120 
Internal parameter u - 0.382 0.377 0.380 

Table 1. 3 Lattice parameters c/a ratio and internal parameter values for ideal wurtzite structure and III-nitride materials 
GaN, AlN and InN at 300 K. Reproduced from Rinke et al. “Consistent set of band parameters for the group-III nitrides AlN, 
GaN, and In”, DOI: https://doi.org/10.1103/PhysRevB.77.075202, [26]. 

As mentioned earlier in this chapter, one of the properties that makes these III-nitride materials very 

interesting for optical and electronic applications is their wide bandgap. However, another unique 

feature of these materials is their ability to generate a continuous alloy system, in which the resultant 

ternary (or quaternary) alloys are stable in wurtzite structure and show a direct bandgap for any 

composition [27]. As shown in Figure 1.4, the lattice parameters and the value of the bandgap depend 

on the composition of the alloy. Therefore by carefully choosing the composition of this alloy the 

bandgap can be tuned from 0.7 eV (InN) to 6.2 eV (AlN) [28]. The ability to engineer the bandgap of 

these materials, so that the emission wavelength can change from 1800 nm (InN) to 200 nm (AlN), 

makes them the perfect candidates for optical devices emitting in the entire visible range, such as light 

emitting diodes (LED) and laser diodes (LDs) [29]–[31]. In addition, the direct nature of their bandgap 

enhances the rate of electron-hole recombination, improving the performance of these optical devices. 

 

https://doi.org/10.3390/ma10121419
https://doi.org/10.1103/PhysRevB.77.075202
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Figure 1. 4 Relationship between bandgap, lattice parameter a and composition in the continuous alloy system 
AlN/GaN/InN. Image reproduced and adapted from Zhang et al. [32], DOI: https://doi.org/10.1063/1.4824179. 

In addition, unintentionally doped GaN usually shows n-type conductivity with electron 

concentrations of the order of 1018
 cm-3. This n-type behaviour is probably a result of oxygen or other 

impurities unintentionally incorporated during the growth [33]–[35] or of the presence of N vacancies 

in the structure. To further increase the concentration of electrons up to 1019 cm-3, GaN is usually doped 

with silicon, which can be easily incorporated in the GaN structure without affecting the crystal quality 

[36]. Recently, increasing attention has also been devoted to the growth of p-type GaN. This p-type 

behaviour is usually obtained by doping GaN with elements stable in +2 oxidation state, such as Mg, 

Zn, C or Be; however, because of the intrinsic n-type behaviour of GaN, achieving p-type conductivity 

without effecting the carrier mobility had been very challenging for long time [37]–[40], limiting the 

performance of early GaN-based LED devices. In 1992 Nakamura and co-worker [41], [42] have 

suggested that the low p-type doping yield in GaN was caused by the presence of dopant-hydrogen 

complexes in GaN structure. During the growth in MOCVD, in fact, hydrogen is often used as carrier 

and can react with dopants, such as Mg, to generate complexes electrically inactive. In addition, 

Nakamura and collaborators have also shown that these hydrogen-based complexes can be dissociated 

by simply annealing or irradiating the sample, generating Mg-doped GaN with large p-type 

conductivity. Based on this method, p-type GaN is now routinely grown and largely used in LED, lasers 

and electronic devices. 

Although the properties of these III-nitride materials are promising and several GaN-based optical and 

electronic devices are already commercially available, numerous problems are still present. One of the 

major problems is the lack of a high-quality, inexpensive GaN substrate. The use of an intrinsic 

substrate, such as GaN, would be the ideal choice for high-quality, defect-free thin films. However, 

because of the high costs of production and the small wafer-sizes available, GaN thin films are usually 

https://doi.org/10.1063/1.4824179
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grown on the top of external substrates, such as silicon, SiC or sapphire. In Table 1.4, the structural 

properties and costs of GaN and other substrates are reported. SiC is clearly the most expensive choice, 

however it also has the smallest lattice mismatch with GaN (4 %) and the smallest thermal expansion 

coefficient (TEC) mismatch (3.25 %) [43]. Because of these small mismatches, the concentration of 

defects in GaN thin films grown on SiC is much lower (108 – 1010 cm-2) than in GaN grown on other 

substrates. However, this concentration is still high enough to affect the performance of the final 

electronic devices. On the other hand, silicon is the cheapest substrate and is available in wafers as large 

as 12 inches. However, the lattice and the TEC mismatches are as large as 17 % and 56 %, respectively. 

These large mismatches result in poor quality of the GaN thin films and great improvement is still 

necessary before GaN grown on Si can be competitive in optical and electronic applications [44]. 

Finally, sapphire (Al2O3) is another substrate commonly used to grow GaN. Compared to SiC and 

silicon substrates, sapphire has intermediate lattice (16 %) and TEC (39 %) mismatches and can be 

bought in wafer as large as 8 inches at moderate cost. The lattice mismatch leads to high concentration 

of defects up to 1010 cm-2, which lows the performance of the final device in terms of carrier mobility 

and minor carrier lifetime. However, because of the moderate cost and the relatively good quality of 

GaN thin films, sapphire is usually chosen as substrate for laboratory experiments and development 

research [45]. 

 

Material 
Lattice mismatch 

to GaN ( %) 
Thermal conductivity 

at 300K (W/mK) 
TEC mismatch 
to GaN ( %) 

Wafer sizes and cost 

GaN 0 130 0 
Up to 2’’ 

Very expensive 

SiC 4 490 3.2 
Up to 6’’ 

Very expensive 

Silicon 17 150 56 
Up to 12’’ 

Not expensive 

Sapphire 16 30 39 
Up to 8’’ 

Moderately expensive 
Table 1. 4 Properties of GaN and other substrates commonly used to grow GaN thin films. *TEC: thermal expansion 

coefficient [43]. Reproduced with IEEE permission, © (2012) IEEE, DOI: https://doi.org10.1109/SMElec.2012.6417246. 

As mentioned above, these defects present in GaN grown on external substrates can be of different 

types and generally arising from the lattice and TEC mismatches between GaN and the chosen substrate. 

The most common defects observed in GaN and other III-nitrides materials are linear defects, such as 

misfit and threading dislocations, and planar defects, such as stacking faults. Misfit dislocations are 

usually generated when the lattice mismatch between two films is larger than a maximum value and the 

strain is relaxed via generation of defects [46]. For instance, these dislocations are often visible at the 

interface between GaN and InGaN or AlGaN, due to the variation of lattice parameters with the alloy 

composition (Figure 1.4). However, when a very thin layer of InGaN (or AlGaN) is grown on the top 

of GaN, a pseudomorphic InGaN film is first observed, in which the lattice parameters match the GaN 

ones and the structure remains under stress. This pseudomorphic film remains stable up to a certain 

thickness, known as the critical thickness, which depends on the degree of lattice mismatch, the growth 

https://doi.org/10.1109/SMElec.2012.6417246
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conditions and the structure of the compounds. If the pseudomorphic film is thicker than the critical 

thickness, then it must relax by generation of misfit dislocations or cracking [46], [47]. Another type of 

dislocation usually observed in III-nitrides is the threading dislocation. In a GaN thin film grown on 

sapphire, the concentration of these threading dislocations is generally in the range of 108 – 1010 cm-2 

[48]. These threading dislocations usually appear at the very beginning of the growth and propagate 

throughout the film; however, the origin and generation mechanism of these dislocation is yet not clear. 

This type of dislocations is believed to be one of the major causes of device fault, although their role is 

still not completely understood [14], [49].  

Planar defects, such as stacking faults, are also very common in III-nitride thin films. These defects 

are generated when the wurtzite stacking sequence …ABABAB… is no longer respected and a layer of 

atoms is introduced or removed. Depending on how the stacking sequence is interrupted, the stacking 

fault can be of three different types: intrinsic I1, in which one basal plane is removed and the sequence 

becomes …ABABCBCB…, intrinsic I2, in which two basal planes are removed, or two cubic rows are 

introduced, and the stacking sequence is …ABABCACA…, or extrinsic E, in which a complete 

sequence of cubic structure is introduced in the wurtzite sequence, in this case the sequence becomes 

…ABABCABA… [50], [51]. In Figure 1.5 the representations of the three types of stacking fault are 

shown. 

 

Figure 1. 5 Schematic representation of stacking fault I1, I2, and E present in wurtzite structures along the <1120> direction. 
Upper and lower case refers to cations and anions, respectively. Reproduced and adapted from Potin et. al. [51], DOI: 
https://doi.org/10.1088/0953-8984/12/49/332, with © IOP Publishing permission. All rights reserved. 

1.2.2. Transition metal nitrides (TMNs) 

Transition metal nitrides (TMNs) are a wide class of material that has been recently studied for 

different applications that span from hard coating to thermoelectric barriers and spintronic devices. This 

https://doi.org/10.1088/0953-8984/12/49/332
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broad range of applications is due to their exceptional combination of properties, such as refractory 

behaviour, high electron conductivity and chemical inertness.  

Depending on the nature of the metal ion, these materials are usually stable in MX or M2X or M3X 

formulas, where M and X are the metal and non-metal ions, respectively. Early transition metals, such 

as Ti, W or Mo are usually found in MX or M2X formulas, while later transition metals, such as Mn, 

Co, Ni, are more stable in M3X compounds [52]. As shown in Figure 1.6, depending on the position of 

the metal in the periodic table, TMN materials can be stable in rock-salt fcc cubic (a), hexagonal close-

packed (b) or simple hexagonal (c) structures [52], [53]. In addition, it is possible to estimate which 

structure is the most stable for any TMN using Hägg’s rule: if the ratio rx/rm between the radius of the 

metal ion (rm) and of the non-metal ion (rx) is less than 0.59, then the material is stable in one of the 

simple structures illustrated in Figure 1.6. For instance, materials such as TiN, ScN, -MoN or -W2N 

respect this rule [53].  

 

 

Figure 1.6 Schematic representation of the most common crystal structure of transition metal nitrides (TMNs): rock-salt face-

centred cubic (a), hexagonal closed packed (b) and simple hexagonal (hex) structures. Reused and adapted from Zhong et al. 

[52], DOI: https://doi.org/10.1002/advs.201500286. 

As mentioned above, TMNs are widely studied because of their interesting structural, electrical and 

magnetic properties. These properties arise from the unique coexistence of covalent, ionic and metallic 

bonds in the structure. The covalent contribution comes from the bond between the metal M and the 

non-metal X ions and the ionic bond is due to the charge-transfer between M and X, while the metallic 

contribution comes from the interaction between metal M ions [54]. Because of the coexistence of 

different types of bonds, TMN materials show the unique combination of ionic properties, such as high 

melting point, covalent properties, such as high brittleness and mechanical resistance, and transition 

metal material properties, such as high electron conductivity, magnetic susceptibility and catalytic 

behaviour [54].  

However, depending on the nature of the M metal, the electronic properties of TMNs can vary. For 

example, early transition-metal TMNs based on group 4 and 5, such as TiN or VN, show metallic 

conductivity with resistivities ranging between 10 and 30 cm [55], [56]. In these TMNs, the metallic 

behaviour is related to the presence of electrons in the d-shell that are not involved in any bonds and, 

https://doi.org/10.1002/advs.201500286
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therefore, are located in the antibonding states. These partially occupied antibonding states push the 

Fermi level into the conduction band, resulting in the metallic behaviour of the material. TMN materials 

based on group 3 or 6 metals, on the other hand, show semiconducting behaviour. In the first case, the 

3 electrons in the d-shell are all involved in the bond with 2p valence electrons of N and the Fermi level 

drops into the band gap [56]. One example of 3-group TMNs is ScN that will be described in detail in 

the following section. In group 6 TMNs, instead, the semiconducting behaviour is due to the half-filled 

antibonding band 3d t2g. Electrons in these antibonding states cause the splitting of the band and, 

consequently, the drop of the Fermi level into the band gap [56]. Finally, regarding the electronic 

properties of later transition-metal TMNs, they all show metallic behaviour, with the exception of Cu3N 

and Zn3N2, which are known to be semiconductors [55].  

 

1.2.2.1. ScGaN and ScAlN  

Transition metal nitrides (TMNs) with formula ScxM1-xN, where M is a 13-group elements Ga or Al, 

have also attracted increasing research attention for optoelectronic and energy harvesting applications, 

due to their optical, electrical and piezoelectric properties. The properties of TMN ScN and ternary 

ScGaN and ScAlN are summarised in this section. 

 

Binary ScN 

Binary ScN is a unique transition metal nitride that shows intermediate behaviour between metallic 

transition metal nitrides and semiconducting III-nitrides. At room temperature ScN is stable in rock-salt 

cubic structure, as most of binary TMNs, with space group Fm3m and lattice parameter a equal to 

4.5057 ± 0.0005 Å [57]. In addition, similarly to GaN and AlN, ScN shows semiconducting behaviour 

with an indirect band gap of 0.9 eV ( → X) and a direct band gap of 2.1 eV (X → X) [58], [59]. This 

semiconducting behaviour arises from the electronic configuration of Sc: the shell structure of Sc is 

1s22s22p63s23p63d14s2 and, since the outmost 3d and 4s electrons are all involved in the Sc – N bond, 

no free d electrons are present in the structure. Hence, the Fermi level is pushed into the band gap 

leading to the semiconducting behaviour [21], [60].  

As mentioned before, at room temperature ScN is stable in rock-salt cubic structure, however 

Takeuchi et al. [61] calculated the stability of other possible phases at room temperature, and found that 

the metastable wurtzite phase of ScN (wz-ScN) is less stable than the rock-salt phase (rs-ScN) of only 

0.34 eV/formula unit. They also calculated that this wz-ScN structure would have a band gap ranging 

between 4 and 5 eV and lattice parameters a and c equal to 3.49 Å and 5.58 Å, respectively. Since these 

calculated lattice parameters are close to those of GaN and AlN (Table 1.3), they also suggested that 

alloying these III-nitrides with Sc in appropriate concentrations could stabilise the metastable wurtzite 

phase wz-ScN. Farrer and Bellaiche [62], on the other hand, calculated that wz-ScN is unstable, and 

suggested a distorted hexagonal structure only 0.316 eV/formula unit more unstable than rs-ScN. In 
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this work, Farrer and Bellaiche have suggested that this metastable structure (Bk-ScN) consists of a 

distort wurtzite structure with lattice parameters a 3.66 Å and c 4.42 Å and internal parameter u as large 

as 0.5, as shown in Figure 1.7. This large internal parameter can be explained as a flattening of the 

wurtzite unit cell, in which Sc is nearly bonded to five N ions in a trigonal bipyramidal geometry. Such 

that, Sc and N ions lie in the same basal plane and the point space becomes 6/mmm, resulting in a non-

polar structure. 

 

 

Figure 1. 7 Schematic representation of hexagonal wurtzite-like structure of ScN calculated. Reprinted Figure with permission 
from N. Farrer, L. Bellaiche Phys. Rev. B, 66 pp. 201203-201206 (2002) Copyright 2002 by the American Physical Society 
[62], DOI: https://doi.org/10.1103/PhysRevB.66.201203. 

 

Ternary ScGaN and ScAlN  

Although the metastable Bk – ScN structure has not been observed yet, Ferrer and Bellaiche predicted 

that it might be stabilised in alloy systems such as ScxGa1-xN and ScxAl1-xN [62], [63]. As described 

above, when Sc is introduced in GaN structure, all electrons in the Sc outmost shell are involved in the 

Sc – N bond. Therefore, no d electrons are present in the conduction band and the sp3 hybridisation is 

maintained using minimal energetic stabilisation. This retention of the sp3 hybridisation results in much 

higher solubility of Sc in both ScGaN and ScAlN, compared to other transition metals [21]. From 

theoretical results, in fact, Sc was found soluble in both GaN and AlN system for every composition 

and three different structures are predicted, depending on the final concentration of Sc in the system. 

As shown in Figure 1.8, the hexagonal wurtzite structure is expected to remain stable up to 66 % and 

56 % of Sc in GaN and AlN systems, respectively; while for higher Sc concentrations, the rock-salt 

structure is the most stable structure [32]. In addition, when the concentration of Sc is increased from 0 

to 66 % in GaN (or to 56 % in AlN), the wurtzite structure distorts with a gradual flattening of the 

wurtzite unit cell. Since the Sc – N bond is calculated to be slightly longer than Ga – N bond, an 

increment of both a and c parameters for higher concentration of Sc is expected. However, a increases 

https://doi.org/10.1103/PhysRevB.66.201203
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much faster than c with an overall reduction of c/a ratio from 1.6 to 1.2, which causes the flattening of 

the unit cell. When the c/a ratio becomes as low as 1.2 the transition from distorted wurtzite structure 

(B4-ScGaN) to a non-polar, layered wurtzite-like structure (Bk-ScGaN) is observed [32].  

 

 

Figure 1. 8 Mixing enthalpy diagrams of ScGaN (green) and ScAlN (blue) for Sc concentration moving from 0 to 100 %. 
Reproduced from S. Zhang at al. [32] with AIP Publishing permission, DOI: https://doi.org/10.1063/1.4824179. 

Although theoretical calculations have predicted that wz-ScGaN remains stable up to 66 % of Sc, 

experimentally spinodal decompositions in Sc-poor wurtzite and Sc-rich rock salts phases have been 

observed for much lower concentrations of Sc. Spinodal decomposition of unstrained ScGaN and 

ScAlN grown at 825 °C has been predicted at concentrations of Sc equal to 6 % and 11 %, respectively 

[32]. However, if compressive in-plane strain is taken into account, the wurtzite phase of ScGaN and 

ScAlN remains stable up to 27 % and 40 % of Sc, respectively [32].  

The structural properties of ScGaN with different concentration of Sc have also been experimentally 

studied using HR-TEM analysis by Constantin and co-workers (Figure 1.9) [64]. From their 

experimental studies, they found that when the concentration of Sc is very low (up to 5 %) the ScGaN 

structure does not show any significant difference from GaN (Figure 1.9b). While, for higher 

concentrations of Sc (up to 17 %), high density of stacking faults is evident, and both …ABAB… and 

…ABCABC… stacking periodicities are observed (Figure 1.9c). A possible explanation of this high 

density of stacking faults might be that Sc tends to be stable in a 5-fold coordination of N atoms, while 

Ga is stable in a 4-fold coordination. Therefore, the formation of Sc – N bond results more likely than 

the formation of Ga – N bond, leading to structural defects.  

https://doi.org/10.1063/1.4824179
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Figure 1. 9 HR TEM images of GaN (a) and ScGaN with Sc concentration of 5 % (b) and 37 % (c). The increment of Sc 
concentration leads to generation of defects lowering the quality of the interface. Reprinted from Constantin et al. [64] with 
AIP Publishing permission, DOI: https://doi.org/10.1063/1.2140889. 

The electrical properties of ScGaN and ScAlN have also been found to be strictly dependent on both 

the concentration of Sc and the experimental growth conditions. The calculated band gaps of ScGaN 

and ScAlN for different concentrations of Sc are shown in Figure 1.10: while in ScAlN the band gap 

decreases for higher concentrations of Sc, in ScGaN it is expected to increase up to 50 % of Sc 

concentration [21], [32].  

 

 

Figure 1. 10 Expanded plot of variation of band gap and lattice parameter a with composition in ternary III-nitride materials. 
When Sc is introduced in AlN system the band gap decreases, while the lattice parameter a increases. When Sc in introduced 
in GaN both the lattice parameter a and the band gap increase. The calculated lattice parameter and band gap of wurtzite 
ScN (wz-ScN) is also shown. Reproduced from Zhang et al. [32] with AIP Publishing permission, DOI: 
https://doi.org/10.1063/1.4824179.  

This different behaviour between ScGaN and ScAlN can be explained by studying the band structure 

of these materials. In Figure 1.11 the band structures of ScN, GaN, AlN and ScGaN and ScAlN, with 

Sc concentration equal to 12.5 and 25 %, are reported [32]. From this Figure it can be seen that in ScAlN 

the Sc states in the conduction band lie below the Al states. Therefore, when the scandium concentration 

https://doi.org/10.1063/1.2140889
https://doi.org/10.1063/1.4824179
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increases, the band gap decreases and remains direct up to 12.5 % of Sc. For higher concentrations, 

however, the valence band maximum (VBM) moves from Γ to M producing an indirect band gap M → 

 In the case of ScGaN, instead, the Sc states in the conduction band lie above the Ga ones. Therefore, 

when Sc is introduced in GaN system, both the effective mass and the high mobility of electrons remain 

nearly unchanged. In addition, it has been predicted that when Sc concentration changes from 0 to 50 

%, the band gap increases from 3.4 eV (GaN) to 4.36 eV (Sc0.5Ga0.5N) and remains direct ( → ) in 

the entire range of concentrations. Then, if the Sc concentration is pushed higher than 50 %, the band 

gap decreases down to the typical values of rs-ScN [32]. In addition, when Sc is introduced in both AlN 

and GaN systems, a large increase of number of states and flattening of the structure are visible in both 

the conduction and valence bands. Both these variations are believed to be related to the presence of 

Sc-states in III-nitride systems: the first is due to the localised nature of Sc-3d states, while the latter is 

attributable to the band splitting caused by the presence of Sc [32]. 

 

 

Figure 1. 11 Band structure calculated for binary AlN, ScAlN and ScN (a) and GaN, ScGaN and ScN (b) with Sc concentration 
of 12.5 % and 25 %. The red arrows highlight the minimum conduction bands and the maximum valence bands of the materials. 
Reproduced from Zhang et al. [32] with AIP Publishing permission, DOI: https://doi.org/10.1063/1.4824179. 

https://doi.org/10.1063/1.4824179
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In addition, according to the values of the valence band maximums (VBM) and conduction band 

minimums (CBM), a large band offset is expected at both AlN/ScAlN and GaN/ScGaN interfaces. 

Moving from binary AlN to ScAlN, in fact, the VMB increases of slightly less than 1 eV, whereas CBM 

remains almost the same. In ScGaN case, the variation of VBM and CBM between GaN and ScGaN is 

few tens of eV and 1 eV, respectively. In addition, Tsui et al. [65] have found that when ScGaN is 

grown on the top of GaN, a type II heterojunction is obtained, in which only the VBM or the CBM of 

one material lies beyond the interface and within the other material. Because of this spatial separation, 

the recombination of carrier is slower than in type I heterojunction, this separation favourites the 

generation of carriers in the 2DEG channel of the ScGaN-based HEMT [65]. Therefore, the width and 

nature of these band offsets make Sc-based alloys very interesting materials for application based on 

heterostructures such as LED and HEMT devices. However, experimental results do not always agree 

with these predictions. From experimental studies, it has been found that the band gap of ScGaN strictly 

depends on the quality of the thin films, and the presence of oxygen impurities and defects in the 

structure can cause a reduction of the band gap [66]–[68]. Therefore, high-quality ScGaN thin films are 

necessary to obtain the predicted larger band gap.  

Finally, the elastic properties of ScGaN and ScAlN have been studied. Generally, hexagonal structures 

are described using five coefficients: C11, C12, C13, C44 and C66. In both ScGaN and ScAlN, it has been 

observed that when Sc concentration increases the elastic constants C11, C44 and C66 decrease while C12 

and C13 increase [46] and this variation is probably related to the different ionicity of Ga – N and Sc – 

N bonds. When N interacts with Sc instead of Ga, in fact, the electron density around N increases, 

leading to more ionic, longer and more distorted Sc – N bonds. Because of these distortions, in ScGaN 

and ScAlN the shear moduli reduce, and the overall structure becomes softer and more elastic [21], 

[46]. 

In addition, it has been proven that when Sc is introduced in GaN and AlN systems, the piezoelectric 

constant also increases hugely. Generally, the piezoelectric behaviour of wurtzite structures is described 

using the piezoelectric coefficient e33. This coefficient e33 is obtained by two contributions: the clamped 

ion one, which indicates the tendency of an atom to maintain its coordinates, and the intrinsic one, 

which indicates the displacement of an atom from its original ideal position [69]. In Sc-III-nitride 

materials, the main component of e33 is the intrinsic one and N is the element that mostly contributes to 

it. For ScAlN, Tasnádi and collaborators [70] have reported an increase of e33 as large as 400 % when 

the Sc concentration is equal to 50 %. They claim that this huge increment is the result of two factors: 

first, the ionic potential around Sc ions is wider and less deep than Ga ions, resulting in an internal 

parameter u greatly sensitive to any applied electric potential or strain. Second, when Sc is introduced 

in AlN (or GaN) system, a distortion of the wurtzite structure is expected. Depending on the 

concentration of Sc, in fact, ScAlN (or ScGaN) can be stable in either polar distorted wurtzite structure 

(B4-ScGaN) or non-polar wurtzite-like structure (Bk-ScGaN). This instability of ScGaN between a polar 
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and non-polar structure appears to have great influence on the electrical and piezoelectric properties of 

the material, resulting in a very large e33 constant in Sc-III-nitrides [70].  

Regarding the piezoelectric properties of ScGaN under stress, Alsaad and co-workers [71] have 

calculated the piezoelectric constants of ordered ScGaN under both compressive and tensile stress, 

when Sc concentration changes from 0 to 75 %. They found that for Sc concentrations up to 50 %, the 

polar distorted wurtzite structure (B4-ScGaN) is the favoured structure, and when compressive strain is 

applied to this structure, a large e33 constant is calculated, much larger than the value calculated as 

weighted average for the corresponding Sc composition. In addition, when Sc concentrations are larger 

than 50 %, ScGaN undergoes a transition phase from polar wurtzite structure to non-polar wurtzite-like 

structure (Bk-ScGaN) and the e33 constant becomes negligible, due to the non-polar nature of this 

structure. In addition, the behaviour of the ordered structure at Sc concentration equal to 50 % was 

studied, and a large increase of the piezoelectric constant e33 is observed, much larger than the one of 

Sc0.25Ga0.75N. This anomalous behaviour of Sc0.5Ga0.5N is believed to be related to the transition between 

polar and non-polar structures that takes place at this Sc composition. In this work, Alsaad and 

collaborators calculated that when 2 % of compressive strain is applied, the piezoelectric coefficient e33 

of Sc0.5Ga0.5N is equal to 8.3 C/m-2, whereas when the strain is tensile and equal to 6.25 % e33 is 6.2 

C/m-2 [71].  

According to these calculations, Sc-III-nitride materials can have piezoelectric constants close to the 

values of ferroelectric perovskites. These impressive piezoelectric properties make these materials 

interesting not only for energy harvesting applications, but also for HEMT devices. As explained later 

in detail, in fact, in GaN-based HEMTs the carrier concentration in the 2DEG depends on the 

spontaneous and piezoelectric polarization of the active layer. Therefore, employing materials with 

piezoelectric constant as large as Sc-III-nitride materials might improve the carrier concertation of the 

2DEG channel and, in turn, the performance of the device. 

 

1.2.2.2. (Fe,Ga)N  

As mentioned above, over the last few years special attention has been paid to ternary TMN materials 

with formula MxM’1-xN, where M is a transition metal and M’ is a group-13 element (i.e. Al or Ga). In 

particular, TMN (Fe,Ga)N and (Mn,Ga)N, known as dilute magnetic semiconductors (DMSs), have 

been recently investigated for their ability to combine magnetic properties, such as high-temperature 

ferromagnetism, with the electric and structural properties of III-nitride semiconductors. An increasing 

number of studies [72]–[76], in fact, have suggested the possibility to use these materials in electronic 

devices in which the spins of electrons are used as additional degrees of freedom. In these type of 

devices, known as spintronic devices, the possibility to manipulate the spin of electrons would introduce 

new functionality and increase the amount of processable information [73].  
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In DMS materials, such as (Fe,Ga)N, the magnetic transition metal ions (Fe) replace a small fraction 

of the cations of the matrix (Ga), inducing magnetic and ferromagnetic properties in the structure [77]. 

Generally, the wurtzite structure of binary GaN is built on the tetrahedral bond between Ga and N with 

hybridization sp3. Therefore, when the transition metal ions replace Ga in their sites, they have to 

contribute to this bond with three valence electrons. In the case of (Fe,Ga)N, Fe shell structure is 

1s22s22p63s23p63d64s2, and it can contribute to the tetrahedral bonding with its d electrons, forming Fe3+ 

ions. However, since in GaN the Fermi level is very close to the conduction band, it is also possible that 

the third electron comes from a donor state and Fe contributes to the bond only with two electrons, in 

Fe2+ charge state. Both cases are possible and can coexist in (Fe,Ga)N [77], [78].  

Regardless of the oxidation state, Fe d orbitals interact with N-p bands forming a tetrahedral bond 

with p-d hybridization. The presence of this p-d hybridization makes possible the spin interaction 

between the localized electrons of the magnetic transition metal and the free carriers in the GaN matrix, 

giving rising to ferromagnetic properties [77], [79]. The mechanism explaining the interaction between 

the electrons of the magnetic element and the free carriers is still under discussion and three potential 

mechanisms that can explain this interaction have been proposed, namely direct and indirect 

superexchange and double exchange [78]. In the first case the electrons in d orbitals of two neighbouring 

magnetic ions directly interact with each other, leading to an antiferromagnetic configuration. In the 

second case, the interaction between the d electrons of two magnetic ions is mediated by the free carriers 

of the matrix, usually leading to a ferromagnetic configuration. Finally, if the double exchange takes 

place, two magnetic ions stable in different charge states (i.e. Fe2+ and Fe3+) can interact with each other 

via the hopping of one extra charge from one ion to the other. This latter mechanism is possible when 

the two neighbouring ions have same magnetic moments and the ferromagnetic configuration is 

favourite in this case [77]. 

(Fe,Ga)N and other DMS materials are predicted to show very high Curie temperature (TC) and to 

retain their ferromagnetic behaviour near and above room temperature [72]. Although the TC values and 

their relation to the transition metal concentration is still unclear and controversial for many DMSs, 

these materials are already of great interest for magnetic applications, such as spintronics. 

In addition to these interesting magnetic properties, (Fe,Ga)N has also received great attention due to 

its electrical properties and semi-insulating behaviour [80]–[84]. In 1979 Monemar and Lagerstedt [85] 

studied the properties of GaN accidentally doped with small amount of iron and found that the presence 

of the transition metal impurities leads to insulating behaviour. Due to the possible application of these 

materials as substrate for GaN-based electronic devices, several studies have then been dedicated to the 

understanding of the role of iron in GaN-doped thin films [80], [83]. It is now clear that the iron 

impurities in (Fe,Ga)N introduce localized states right below the bottom of the conduction band which 

act as acceptor-like states. When iron is introduced in GaN matrix, it is usually stable in Fe3+ oxidation 

state with configuration d5. As shown in Figure 1.12a, when Fe3+ is in a tetrahedral crystal field of a 

wurtzite structure, its ground (6S) and excited (4G) states are transformed in 6A1 and 4T1, 4T2, 4E, 4A1 



37 
 

respectively [78]. Using photoluminescence excitation (PL) experiments, Heitz and co-workers [86] 

characterized the luminescence transitions related to the iron impurities and they determined the 

position of the localized iron states within the band gap. In the PL spectra of all (Fe,Ga)N samples, a 

sharp peak, called zero-phonon line (ZPL), is observed at 1.299 eV, caused by the [4T1(G) – 6A1(S)] 

luminescence transition [78], [86]. This transition can be explained using the follow mechanism (Figure 

1.12b): when (Fe,Ga)N is irradiated using photons with energy h, a free photoelectron is generated in 

the semiconductor; FeGa
3+ (6A1) impurity then captures this photoelectron and generate the FeGa

2+ state 

and a hole in the valence band (1), according to Equation 1.1 [82], [86].  

𝐹𝑒3+( 𝐴1 6 ) + ℎ𝜈 → 𝐹𝑒2+ + ℎ𝑉𝐵 (1.1) 

Then the hole and the Fe2+ recombines in a non-radiative manner leading to the excited state Fe3+(4T1) 

(2). Finally, Fe3+ returns to the ground state (Fe3+(6A1)) via d-d internal transition (3) that gives rise to 

the sharp ZPL line observed in PL [82]. From these PL experiments, Heitz and collaborators have been 

able to calculate the position of localized Fe3+ states at 3.17 eV above the top of the valence band and, 

therefore, only 0.34 eV below the bottom of the conduction band. Because of the close location of these 

states to the conduction band, these states act as acceptor-like states and are able to compensate the free 

carriers present in GaN, leading to semi-insulating behaviour [86]. Such that, typical resistivity of 

(Fe,Ga)N in the range of 109 – 1010 /cm is measured at room temperature [83].  

 

 

Figure 1. 12  a) Qualitative representation of Fe3+ states in the tetrahedral crystal field of wurtzite structure (reproduced and 
adapted from Malguth et al. [78], with John Wiley and Sons permission, DOI: https://doi.org/10.1002/pssb.200743315); b) 
schematic representation of the mechanism of [4T1(G) – 6A1(S)] luminescence transition (reproduced and adapted from Figure 
2 in Dumcenco et al. [82], DOI: https://doi.org/10.1063/1.3592343). 

https://doi.org/10.1002/pssb.200743315
https://doi.org/10.1063/1.3592343
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These results are of great interest for optimization of GaN-based HEMT devices. When 

unintentionally doped GaN is grown in MOCVD or MBE systems, donor impurities, such as Si and O, 

are often incorporated in the thin films, lowering the performance of the device. This impurity often 

come from dirt or leakages present in the growth system, [87] therefore fine control of vacuum levels 

and evaporating temperature must be achieved to grow high-quality thin films. Introducing a semi-

insulating layer, such as (Fe,Ga)N, between the substrate and the GaN layer should improve the 

insulation level of the device and, in turn, its final performance. However, the growth of high-quality 

(Fe,Ga)N is still very challenging, due to the low solubility of this transition metal in GaN structure. 

The solubility of first-row transition metals in GaN, in fact, usually varies between few percentages for 

(Fe,Ga)N [88] and about 7 % for (Mn,Ga)N [79] and depends on the conditions in which the film is 

grown. This low solubility of Fe and other transition metals in GaN is probably related to size mismatch 

between the transition metal and Ga and to electronic effects related to d electrons. At high 

concentrations, in fact, d electrons tend to occupy anti-bonding states, moving the Fermi level in the 

conduction band. The presence of the Fermi level in the conduction band results in metallic behaviour 

and consequent destabilization of the homogenous phase [21], [89]. Such that, while for concentrations 

of transition metal below the solubility limit the GaN structure remains unchanged [88], for 

concentrations above this limit, the generation of secondary phases and inclusions has been observed 

[88], [90].  

The concentration of this secondary phase is generally very low and not-detectable using HR-XRD; 

hence, the study of these structures using transmission electron microscopy (TEM) imaging and energy 

dispersive X-ray spectroscopy (EDX) is now becoming mandatory to characterize accurately the 

properties of these materials [72]. Many studies have reported that (Fe,Ga)N thin films with 

concentrations of iron above the solubility limits show nanocrystal aggregations embedded in the GaN 

matrix, as illustrated in Figure 1.13a [88]. Using EDX analysis, it has been found that these aggregations 

are Fe-rich nanocrystals (Figure 1.13b) obtained from the precipitation of different phases, such as FexN 

or (Ga,Fe)xN [79], [88]. Similar results have been also observed for different TMNs such as (Mn,Ga)N 

[91] or MnGaAs [92], suggesting a general trend for this class of nitrides. The suggested mechanism 

for the generation of these nanocrystals is spinodal decomposition: when the concentration of Fe is 

higher than the solubility limit, the Fe ions in the GaN matrix tend to attract each other through attractive 

electromagnetic forces, leading to regions with high-concentration and low-concentration of transition 

metal within the GaN matrix [79]. 
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Figure 1. 13 HR-TEM image of (Ga,Fe)N nanocrystals embedded in GaN matrix (Reproduced Figure from Bonanni et al 
Phys. Rev. B, vol. 75, p. 125210 (2007) [79]. Copyright 2007 by the American Physical Society, DOI: 
https://doi.org/10.1103/PhysRevB.75.125210). b) EDS spectra of (Ga,Fe)N thin films taken around the nanocrystal (Spectrum 
3) and in the GaN matrix (Spectrum 4) (Reproduced Figure from Bonanni et al Phys. Rev. B, vol. 75, p. 125210 (2007) [79]. 
Copyright 2007 by the American Physical Society, DOI: https://doi.org/10.1103/PhysRevB.75.125210). 

The presence of these nanocrystals in the GaN matrix influences both the magnetic and electrical 

properties of the TMNs. An increasing number of studies, in fact, attribute the room-temperature 

ferromagnetism of these materials to the presence of these highly-concentrated nanocrystals embedded 

in the GaN matrix [79], [90]. The high concentration of the magnetic transition metal within the 

nanocrystal may give rise to superparamagnetism in the material with high blocking temperature. This 

type of magnetism generally appears in small ferromagnetic particles, such as these nanocrystals, in 

which the spin fluctuation is strictly dependent on the temperature. For temperatures lower than the 

blocking temperature, the spins within the nanocrystal are blocked, leading to ferromagnetic properties, 

while for temperatures higher than the blocking temperature, the spins fluctuate randomly so that the 

average magnetization is zero [93]. Therefore, it is possible that the high-temperature ferromagnetic 

properties observed in (Fe,Ga)N and related materials are due to the high blocking temperature of the 

spins in the superparamagnetic nanocrystals, which largely increases the overall TC of the material. 

In addition, it has been suggested that these nanocrystals play a crucial role in the electrical properties 

of these materials. Bonanni and co-workers [88] observed that when iron is introduced in GaN in 

concentrations lower than the solubility limit, the carrier concentration drops of about one order of 

magnitude (to 1015 cm-3), leading to the expected semi-insulating behaviour. However, when the 

concentration of iron is higher than the solubility limit, and the nanocrystals are observed, the 

concentration of carriers increases up to 1018 cm-3. While the first result is attributed to the well-known 

Fe3+ – Fe2+ trapping mechanism, the latter result is still not completely clear. It is possible that is related 

to the inhomogeneous system caused by the presence of Fe-rich nanocrystals embedded in the GaN 

matrix, or that is somehow related to the electron hopping between highly-dense Fe ions. Other possible 

https://doi.org/10.1103/PhysRevB.75.125210
https://doi.org/10.1103/PhysRevB.75.125210
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explanations involve the presence of Fe ions in interstitial sites acting as double donors or the simple 

increase of oxygen impurities related to the faster ferrocene flux rates [88].  

Therefore, to control the properties of the final material successfully and achieve the semi-insulating 

behaviour of (Fe,Ga)N, it is important to carefully monitor the concentration of iron during the growth. 

Because of the low solubility of transition metals in GaN, non-equilibrium growth techniques have 

become very popular for the growth of TMN-doped GaN materials [79]. The properties of (Fe,Ga)N 

grown using molecular beam epitaxy (MBE) [90], metalorganic chemical vapour deposition (MOCVD) 

[83] or Fe-ion implantation [94] have been reported, showing that magnetic and structural properties 

widely depend on the growth technique and conditions. An additional method used to increase the 

solubility of iron in GaN matrix and suppress the nanocrystal generation involves the use of co-dopants 

such as Si or Mg [95]. As explained earlier in this chapter, transition metal ions in the Ga substitutional 

sites act as traps for free electron carriers, leading to semi-insulating behaviour. However, the trapped 

electrons change the electronic state of the ions, giving rise to Columbian repulsions between transition 

metal ions. If Si or Mg are present in the system as co-dopants, they introduce shallow levels within the 

band gap that can compensate this Columbian repulsion and increase the maximum solubility of the 

transition metal in the homogenous phase [79].  

 

1.3 Growth techniques 
Since GaN and related nitrides have been proposed as promising materials for optical and electronic 

applications, great effort has been made to optimize the growth conditions of these thin films and 

improve their crystal quality. Currently, the most popular techniques used to grow III-nitrides and 

related materials are metalorganic chemical vapour deposition (MOCVD) and molecular beam epitaxy 

(MBE). In addition to the growth of GaN, these techniques have been also used to grow transition metal 

nitrides (TMNs) with promising results. In this work, however, a different technique, known as electron-

beam physical vapour deposition (e-beam PVD), has been chosen to grow the GaN and TMN thin films 

studied in this work. The working principles of these techniques, together with their advantages and 

disadvantages for the growth of TMNs, are described in the following sections. 

 

1.3.1. Metalorganic chemical vapour deposition (MOCVD) 

Since the mid-90s, metalorganic chemical vapour deposition (MOCVD) has been the leading growth 

technique for III-nitride materials. This technique, known also as metalorganic vapour phase epitaxy 

(MOVPE), has become popular because of its fine growth conditions monitoring, material flexibility, 

high growth rate (up to 5 m/hour), high growth homogeneity (variations of the thickness less than 1 

%) and potential large-scale upgrade. In MOCVD, the properties of the growing thin films are finely 

controlled by adjusting the substrate temperatures (typically between 1000 and 1100 °C) and the III/V 
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materials ratios (typically between 104 and 105), and high-quality GaN thin films with dislocation 

density as low as 10-5 cm2 have now been reported [96]. 

As the name suggests, in MOCVD the growth of GaN and other nitrides is obtained using 

metalorganic precursors as metallic source, such as trimetil-GaN (TMGaN) or trietil-GaN (TEGaN), 

while nitrogen is provided from an ammonia flow [97]. In the case of GaN growth, TMGa reacts with 

NH3 in the growth chamber and the overall reaction is believed to be the following: 

𝑇𝑀𝐺𝑎𝑁 + 𝑁𝐻3 → 𝐺𝑎𝑁(𝑠) + 3𝐶𝐻4 

The mechanism of this reaction is yet not clear; however, a simplified representation is illustrated in 

Figure 1.14a. First the metalorganic precursors and NH3 are introduced in the chamber (1). The 

metalorganic precursors are liquid at room temperature and are therefore introduced in the chamber 

using a carrier gas, typically nitrogen or hydrogen. Then the precursors can react in gas phase near the 

surface of the substrate (2). The intermediates obtained from these reactions then adsorb and diffuse on 

the surface (3). Finally, the intermediates can react and nucleate the final product (GaN) (4), while the 

volatile by-products are desorbed and pumped out of the system (5). This mechanism is common to 

other classes of chemical vapour depositions, however the precise steps of GaN mechanism are still 

under discussion [97]–[99].  

Different types of MOCVD reactors are now available, however all of them share the same basic 

components. In Figure 1.14b a schematic representation of a Thomas Swan CCS reactor is shown as 

example [100]. In this system the metalorganic precursors and nitrogen are introduced using several 

closely-spaced tubes. The tubes give the advantage of reducing possible reactions between precursors 

before reaching the surface of the substrate and improving the quality of the thin film in terms of 

homogeneity and thickness-control. In addition, in this system the substrate is loaded on a susceptor 

that is heated at about 1000 °C and rotated to improve the thickness homogeneity of the thin film. Since 

in these systems high temperatures are required to obtain high quality thin films, the entire reactor is 

usually contained in water-cooled chambers that maintain the temperature of the chamber under control. 

Finally, two exhaust tubes are used to remove volatile by-products. 
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Figure 1. 14 a) Simplified representation of Growth mechanism of GaN thin film in a MOCVD system. In this representation 
the precursors (TMGaN and NH3) are introduced as gas flow using inert gas carriers (1). Once in the growth chamber they 
may first react in gas phase (2). The intermediate species then adsorb on the surface of the substrate (3) and react leading to 
the nucleation of GaN (4). Finally, volatile by-products are removed using exhaust tubes (5). b) schematic representation of 
a Thomas Swan CCS MOCVD reactor (reproduced from E.J. Thhrush [100]). 

In addition to the growth of GaN, this technique has also been recently used to grow transition metal 

nitrides such as (Fe,Ga)N and (Mn,Ga)N, however, one of the biggest challenges of using MOCVD to 

grow complex and alternative materials is finding suitable metalorganic precursors. In the case of 

(Fe,Ga)N and (Mn,Ga)N TMNs, the precursors usually used are Ferrocene (Cp2Fe) and Manganocene 

(Cp2Mn). As described in the previous section, when the concentration of the transition metal is above 

the maximum solubility limit, high concentrations of cluster were observed. Bonanni et al. [79] 

compared the properties of these materials grown both using MOCVD and plasma-assisted MBE and 

found that the MOCVD-TMNs show improved ferromagnetic properties when compared to similar 

MBE-TMNs. This improvement is believed to be related to lower concentration of defects and higher-

crystal quality when MOCVD was used. 
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In the case of ScGaN, however, MOCVD is not suitable. Although growing ScGaN in MOCVD would 

make easier the integration with GaN and other nitride materials, no metalorganic precursor is currently 

available. Therefore, other growth techniques, such as MBE must be used to obtain ScGaN thin films. 

 

1.3.2. Molecular beam epitaxy (MBE) 

Molecular beam epitaxy (MBE) is a more recent growth technique mostly used to grow nitride thin 

films in research laboratories. However, over the past few years much effort has been devoted to make 

this technique industrially-relevant to produce GaN-based optoelectronic devices. Although the MBE 

technology is not yet as mature as MOCVD, using MBE to grow nitride thin films offers a number of 

advantages: lower growth temperature (600-800 °C), lower growth rates (up to 1 m/hour), which 

improve the control of thin film thickness, rapid on/off switching of element sources, which improves 

the quality of complex heteroepitaxial structures, and in-situ monitoring of the crystal quality of the thin 

film using reflection high-energy electron diffractometer (RHEED) loaded in the chamber [101], [102].  

In Figure 1.15 a schematic representation of an MBE system is illustrated. As in the MOCVD system, 

on one side of the chamber the substrate is loaded on a stage that can be heated and rotated during the 

growth. On the other side of the chamber, two or more guns are loaded with the precursors, which are 

thermally heated to obtain evaporation of the material. Each gun is also equipped with a shutter, so that 

the evaporation of the material can be rapidly interrupted and sharp interfaces obtained. In addition, in 

the middle of the chamber the RHEED system and a main shutter are also present.  

The overall chamber is maintained in ultra-high vacuum (UHV) with pressures not above 10-9 torr 

[103]. Because of this low pressure, the main path free of the evaporated molecules is longer than the 

distance between the gun and the substrate, so that the evaporated molecule can reach the surface of the 

substrate unscattered. This unscattered path from the gun to the surface of the substrate makes possible 

the generation of a “molecular beam”.  

Different types of MBE systems have been also proposed, depending on how the reactive nitrogen is 

introduced in the chamber. The most common systems are now the reactive-MBE [104] and the plasma 

assisted-MBE (PA-MBE). In the first case the nitrogen is provided by fluxing ammonia in the system, 

while in the second case the nitrogen is obtained using a radio-frequency (RF) [105] or electron 

cyclotron resonance (ECR) [106] plasma. Both these approaches have advantages and disadvantages: 

for instance, ammonia reacts more easily than molecular nitrogen (N2), and thin films can be then grown 

at lower temperatures in reactive-MBE. On the other hand, it is very difficult to remove residual 

ammonia in the chamber after a growth, thus in reactive-MBE only nitrogen-rich conditions can be 

used. Furthermore, when ammonia is used, the oxygen incorporation is less likely than in PA-MBE, 

due to the reducing environment related to high concentration of ammonia; however, NH3 is generally 

fluxed in the system using H2 as carrier gas, which increases the hydrogen-incorporation in the final 

thin film [101]. 
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Figure 1. 15 Schematic representation of a molecular beam epitaxy (MBE) system. Reprinted from P. Ruterana et al., “Nitride 
Semiconductors: Handbook on Materials and Devices”, chapter 3, (2006), with the permission of John Wiley and Sons 
Publishing [101], DOI: https://doi.org/10.1002/3527607641.  

The final properties of the thin films are strictly dependent on growth conditions such as III/V ratio in 

the chamber and the temperature of the substrate. Depending on the III/V ratio, the growth can take 

place in nitrogen-rich or metal-rich regimes and this regime influences not only the final composition 

of the thin film, but also its morphology and structural properties. In MBE systems, the III/V ratio can 

be modulated by changing the evaporation rate of the precursors and the partial nitrogen pressure (pN2). 

In addition, the III/V ratio depends on the sticking coefficients of the precursors and the properties of 

the surface where the growth takes place. In Figure 1.16 the growth regimes of GaN growth are reported 

as an example. In this case for very high III/V ratio, the nitrogen concentration is not sufficient to 

convert all Ga in GaN, and droplets of metallic Ga are observed. For intermediate III/V ratios the Ga-

rich regime is achieved, while for very low III/V ratio the N-rich regime is obtained. In the case of GaN, 

the highest-quality of thin film is obtained using III/V ratios lying at the transition point between Ga- 

and N-rich regimes [107].  

The set temperature of the substrate also has a great influence on the properties of the thin films. High 

temperatures are necessary to achieve rapid diffusion of the precursors adsorbed on the surface of the 

substrate, as well as to facilitate their decomposition and reaction. However, too high temperatures lead 

to rough surfaces, decomposition of the deposited thin film and desorption of precursors. Therefore, an 

optimal intermediate temperature must be found to obtain high-quality thin films. In the case of GaN 

and related materials this temperature usually varies between 600 °C and 800 °C [104]. 

https://doi.org/10.1002/3527607641
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MBE has also been widely used for the growth of transition metal nitrides. It has been found that when 

TMNs such as (Fe,Ga)N or (Mn,Ga)N are grown using MBE, the structural and magnetic properties, 

as well as the solubility limits of the transition metals, strictly depend on the III/V ratio used during the 

growth. For high III/V ratios, the growth rate of (Mn,Ga)N increases, while the maximum levels of Mn 

incorporations decrease [79]. In addition, a maximum solubility of Mn in GaN with Mn concentration 

as high as 6.3 % has been recently achieved using MBE [108].  

Regarding ScGaN, MBE is currently the most popular technique to grow this transition metal nitride. 

This popularity is mainly because of the lack of metalorganic Sc precursor, that makes MOCVD 

unsuitable for the growth of this material. In addition, the structural properties of MBE-grown ScGaN 

have been found strictly dependent on the III/V ratio used during the growth. Knoll et al. [109] grew 

ScGaN using reactive-MBE and found that in N-rich conditions the nucleation of Sc inclusions is 

maintained under control. However, they also noticed that hot Sc may react with ammonia leading to 

the generation of unwanted, non-volatile by-products. These results suggested that the growth of ScGaN 

using PA-MBE might be advantageous over reactive-MBE.  

 

Figure 1. 16 Different growth regimes of GaN gron in PA-MBE obtained by using different III/V ratios and growth 
temperatures. Reprinted from H. Morkoç, “Handbook of Nitride Semiconductors and Devices: Materials Properties, Physics 
and Growth, Volume 1”, Chapter 3, (2009), with the permission of John Wiley and Sons Publishing [107], DOI: 
https://doi.org/10.1002/9783527628438.  

1.3.3. Electron-beam physical vapour deposition (e-beam PVD) 

In addition to these two well-established growth techniques, in this work a third growth technique has 

been proposed to the growth of the transition metal nitrides under study. This third technique is electron-

beam physical vapour deposition (e-beam PVD) and it has been used to grow all the materials reported 

in this thesis.  

https://doi.org/10.1002/9783527628438
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E-beam PVD has been widely used for the deposition of protective coatings, however very few studies 

have used this technique to grow nitride materials. Nevertheless, growing nitride materials using e-

beam PVD may have a number of advantages, such as relatively high growth rate, large material 

flexibility and improved purity level of the thin films.  

In Figure 1.17 three photos showing the main parts of the system used in this thesis are illustrated. As 

shown from the pictures, the e-beam PVD machine is made of a main chamber, where the growth takes 

place, three different e-beam guns, so that binary, ternary and quaternary nitrides can be easily grown 

and an RF plasma, which provides nitrogen. In addition, two loading chambers are attached, in which 

the substrate is annealed in vacuum before introducing it in the main chamber. This pre-treatment of 

the substrate is used to improve both the purity and vacuum levels of the system. Moreover, the RHEED 

detector or the Raman spectrometer can be used to carry out in situ characterisation of the growing thin 

film. Finally, a MANTIS software is used to choose the growth conditions and monitor the system, 

while windows can be used to visually control the growth and centre the e-beam on the surface of the 

target. 

  

 
Figure 1. 17 Photographs of the e-beam PVD system in Imperial College London used for the thin film growth in this work. 

In Figure 1.18a a schematic representation of the inside of the main chamber is also reported. As 

shown in this picture, after the substrate is thermally cleaned in the loading chambers, it is loaded to the 

substrate manipulator where it is heated and rotated during the growth. In addition, a pyrometer is used 

to monitor the surface temperature of the substrate. A mass spectrometer is also attached to monitor the 

nature and concentration of the reactants present near the surface of the substrate. Finally, shutters are 

mounted on the top of all e-beam guns and near the substrate manipulator, so that the deposition of the 

material in the gun can be rapidly interrupted and sharp interfaces obtained. 

In Figure 1.18b the working principle of the e-beam PVD technique is also illustrated. The main 

components of this system are the tungsten filament (1), the deviating magnet (2), the sample crucible 

(3) and the substrate loader (4), as shown in Figure 1.17. The working principle of e-beam PVD can be 

explained as follows: an electron beam is thermionically generated by heating a filament of tungsten 

(1) and then deviated by a magnet (2) to hit the centre of the target in the crucible (3). The sublimated 

target material then diffuses in the main chamber reaching the heated substrate (4), which rotates at 

constant rate so that both the reaction rate and the homogeneity of the final film are enhanced. Since 
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the main chamber is maintained in ultra-high vacuum (UHV) (10-9 – 10-11 torr), the particles impact 

directly on the heated substrate, so that any unwanted scattering event is avoided and the deposition rate 

ranges between 0.1 and 100 µm/min [110], [111]. 

 

 

Figure 1. 18 Schematic representation of the main chamber (a) and the working principle (b) of the electron-beam physical 
vapour deposition (e-beam PVD). The electron beam is generated by heating a tungsten of filament (1), then it is focused (2) 
to impact on the centre of the crucible (3). This impact causes the evaporation of particles of the target material that eventually 
reach the heated substrate (5) where they react. 

One of the main advantages of this technique is the focused nature of the e-beam that interacts with 

the target. Since only a very small area of the target is heated, the temperatures achieved in that point 

are exceptionally high, while the rest of the crucible remains cold. This focused nature of the beam has 

a double advantage: first the crucible is cold during the growth, so that impurities and unwanted 

reactions are minimized; second, the local temperature on the heated spot can reach very high values, 

so that even thin films made of materials with high evaporation-temperature can be grown using e-beam 

PVD. Such that, after proper optimisation, e-beam PVD might be more convenient than both MOCVD 

and MBE for the growth of nitride materials. Compared to the MOCVD, e-beam PVD provides a much 

more flexible choice of target, since metallic precursor are used; while compared to MBE the area 

heated at high temperature is much more localised so that the impurity incorporation is maintained 

under control more easily.  

If the e-beam PVD system is used to grow nitride materials, nitrogen is usually provided by using an 

RF plasma attached to the system. In the inductively coupled plasma high concentrations of nitrogen 

gas are dissociated in electrostatically-neutral nitrogen radicals; these reactive radicals are then 

introduced in the main chamber and react with other gas species and the substrate. The use of the RF 

plasma is particularly appropriate for epitaxial growth, since the radical will be highly reactive but not 

kinetically accelerated, and the damage to the grown film is minimized. 

The properties of GaN, ScGaN and (Fe,Ga)N grown using e-beam PVD will be discussed in the 

following chapters.  
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1.4 High electron mobility transistor (HEMT) 

1.4.1. HEMT working principle and 2D electron gas (2DEG) 

As mentioned in the first section of this chapter, high electron mobility transistors (HEMTs) are a 

class of transistor in which the channel is generated at the interface of two semiconductor materials with 

different band gaps. As shown in Figure 1.19a, in nitride-based HEMTs a thin layer of AlGaN, known 

as active layer, is usually grown on the top of a thick layer of GaN, the buffer layer. Since AlGaN and 

GaN have different band gaps, at the interface a heterojunction is generated. The generation of this 

heterojunction can be understood by studying the bending of the band structure when AlGaN and GaN 

are put in contact (Figure 1.19b). As illustrated in Figure 1.4, AlN has larger band gap than GaN, 

therefore AlGaN has wider band gap than GaN and it increases when the Al content is increased. 

Because of the different band gaps, when the two materials are put into contact, a discontinuity at the 

interface arises and a triangular quantum well is obtained. As shown in Figure 1.19b, in fact, in 

AlGaN/GaN heterojunctions, the bottom of this quantum well lies under the Fermi level and a 2D 

electron gas (2DEG) is formed [9], [23]. 

In HEMT devices based on other III-V semiconductors, such as GaAs, the high concentration of 

electrons is generally obtained by heavily doping the active layer, usually AlGaAs, with donor 

impurities, such as silicon. When doped-AlGaAs and GaAs are put in contact, the free electrons of the 

donor impurities are attracted in the quantum well and spatially confined in the 2DEG [112]. This spatial 

confinement improves the mobility of the electrons, hence the name high electron mobility transistors. 

However, the high concentrations of dopants in the active layer usually lead also to unwanted scattering 

and trapping events that lower the concentration and mobility of electrons in the channel. In contrast to 

GaAs-based transistors, the GaN-based ones do not need any doping of the active layer to achieve high 

concentration of electrons in the 2DEG channel. In the GaN case, in fact, the properties of the carriers 

in the channel of the transistors, such as velocity, concentration and mobility, mostly depend on the 

different polarizations of the active (AlGaN) and the buffer (GaN) layers [23].  
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Figure 1. 19 a) simplified representation of a GaN-based HEMT device. b) representation of the bending of band structure at 
the AlGaN/GaN interface. The 2DEG lies below the Fermi level in these structures. Reprinted from A survey of gallium nitride 
HEMT for RF and high power applications, Superlattice. Microst., 109 (2017), pp. 519-537, A.S. Fletcher et al. Copyright 
(2017), with permission from Elsevier [9], DOI: https://doi.org/10.1016/j.spmi.2017.05.042.  

As already described earlier in this chapter, GaN, AlN and their alloy AlGaN are all stable in the polar 

wurtzite structure; however, all of them show some level of distortions along the c direction from the 

ideal structure, with c/a ratios lower than the ideal value 1.633 (Table 1.3). This distortion generates a 

certain level of spontaneous polarisation (PSP) that is intrinsic of the material and is present without any 

external field. For III-nitride materials, the spontaneous polarisation increases when the distortion 

increases (PGaN < PAlGaN < PAlN) [113]. In addition, due to the polar nature of the wurtzite structure, a 

large piezoelectric polarisation (PPE) also arises in these materials when maintained under strain [23]. 

In the case of AlGaN/GaN HEMT heterostructure, the piezoelectric polarisation in GaN is negligible, 

since GaN is usually a few micrometres thick and therefore fully relaxed. On the other hand, AlGaN is 

only 20-30 nm thick in HEMT structure; therefore, in the AlGaN active layer the strained structure is 

favoured and a large piezoelectric polarisation arises. The magnitude of the piezoelectric polarisation 

in AlGaN depends on the level of strain in the layer and, consequently, on the lattice mismatch between 

AlGaN and GaN. In addition, since the spontaneous polarisation in AlGaN is always tensile, if AlGaN 

is grown on the top of GaN, it is under tensile strain and the piezoelectric and spontaneous polarisations 

can be added together. Consequently, in AlGaN the overall polarisation is much larger than in GaN, 

and this difference generates a net sheet carrier density σ at the interface, as shown in Figure 1.20. The 

sign of this sheet carrier density depends on the polarity of the crystal and can be positive or negative 

if the crystal is Ga- or N- facing, respectively. To compensate this net sheet carrier density, free 

electrons in AlGaN are attracted at the interface, lowering the bottom of the quantum well at the 

heterojunction well below the Fermi level [23]. Consequently, the 2DEG generated in this structure 

becomes highly populated. Finally, a negative sheet carrier density (– σ) is present at the AlGaN surface 

to maintain the neutrality [114]. 

Therefore, it is evident that engineering the piezoelectric polarisation in AlGaN layer is crucial to 

obtain high-performance HEMT devices. This polarisation depends on the composition of the layer: for 

higher concentrations of Al the lattice mismatch increases and, in turn, the level of strain increases. 

https://doi.org/10.1016/j.spmi.2017.05.042


50 
 

However, for Al concentrations higher than 40 % the lattice mismatch between GaN and AlGaN 

becomes too large. This large mismatch leads to generation of defects and roughening of the interface, 

which lower both mobility and concentrations of carrier in the 2DEG channel [23]. In addition, the 

value of the piezoelectric polarisation can be manipulated by changing the thickness of the active layer: 

using thicker AlGaN layers usually leads to increased piezoelectric polarisations; however too thick 

layers tend to relax by generation of defects, making the piezoelectric polarisation negligible [114]. 

 

 

Figure 1. 20 Schematic representation of spontaneous and piezoelectric polarisations present in AlGaN and GaN in HEMT 
structures. Modified from S. Helkman et al. [23] with AIP permission, DOI: https://doi.org/10.1063/1.1577222. 

 

1.4.2. Device operation and figure of merit 

GaN-based HEMT devices are now used in different applications, such as high-frequency, high-power 

or switching applications. Depending on the final applications in which the device will be used, different 

figures of merit are considered to quantify the performance and the quality of the device. Nevertheless, 

regardless of the final application, all HEMT devices are characterized by the same basic structure, 

illustrated in Figure 1.2. In these devices, three contacts are always applied, namely source (S), drain 

(D) and gate (G). While the first two are usually Ohmic contacts, the last one has generally Schottky 

behaviour. In HEMT devices, the Ohmic contacts are generally obtained by growing a stack of titanium, 

aluminium, nickel and gold, followed by annealing to minimize the resistance at the interface with 

AlGaN [115]. The Schottky contact, on the other hand, is made of a double layer of nickel and gold 

[116].  

As described in the previous section, the 2DEG at the AlGaN/GaN interface is generated due to the 

different polarisations of the two layers and, therefore, is present even when no external field is applied. 

Thus, if a voltage is applied between the source and the drain (VDS), a certain current of electrons flows 

in the 2DEG channel, even if no voltage is applied at the gate contact. This class of devices is known 

as depletion-mode devices, and a negative gate voltage is required to pinch off the current in the channel 

[9]. Such that, if a positive voltage is applied at the drain contact, electrons start flowing in the channel 

https://doi.org/10.1063/1.1577222
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and the intensity of this current can be manipulate by changing the voltage applied at the gate contact 

(VG). Depending on the applied voltage at the drain (VDS) and at the gate (VG), two different regions of 

operations can be identified. Figure 1.21 shows the current-voltage (IV) curves of a HEMT device when 

different gate voltages VG are applied. For low VDS, the current flowing in the channel increases linearly 

when the applied voltage increases, up to a point when the current in the channel is saturated and 

remains constant regardless of the VDS applied. The voltage at which the current is saturated is known 

as VKNEE and is strictly dependent on the gate voltage applied (VG) and the concentration and mobility 

of electrons in the 2DEG channel. If the drain voltage is increased even further, the current abruptly 

increases and this voltage is known as breakdown voltage (VBR). 

Depending on the final application of the HEMT device, different contact geometries are used. For 

instance, in low-noise low-current applications, the intensity of the current in the 2DEG channel is 

greatly important and proportional to the gate width (WG). Therefore, when HEMTs are used for this 

application, the width of the gate is much shorter than in power applications, where high concentrations 

of electrons flowing in the channel are necessary [117]. In high-frequency applications, on the other 

hand, the most crucial geometrical variable is the length of the gate (LG) that must be as short as possible 

to enhance the maximum frequency of work (fmax).  

 

 

Figure 1. 21 Measured current (I) vs Applied voltage (V) of a generic HEMT transistor for different applied gate voltages. 

Typical figures of merit used to define the quality of a HEMT device are the saturated current (ID), 

the transconductance (gm), power and power density, and the cut-off (fT) and maximal oscillation (fmax) 

frequencies. In large-current, low-on-resistance applications, HEMT devices, loading a T-shaped gate 

60 nm long, have shown drain current (ID) as large as 2 A and transconductance (gm) of 608 mS [118]. 

In addition, these devices have shown impressive output-power of 24.3 dbm at 3.2 GHz. In high-
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frequency applications, GaN-based devices using a self-aligned gate 20 nm long have reported 

extremely high cut-off and maximal oscillation frequencies of 454 and 444 GHz, respectively [119]. In 

addition, it was found that when AlGaN is substituted with AlN, as active layer, the cut-off frequency 

can increase up to 2.2 THz, with a low breakdown voltage [119]. Further data about the current 

performance and record figures of merit of GaN-based HEMT can be found both in the GaN 2018 

roadmap [120] and in Fletcher’s survey [9]. 

However, despite these astonishing results in a wide range of applications, the performance of GaN-

based HEMT devices is still far from achieving their full potential and further investigations of device 

geometry and material properties are still necessary. 

 

1.4.3. HEMT limitations 

HEMT devices have already shown impressive results in different applications, however limitations 

in terms of material quality and device design still lower their performance. One of the biggest problems 

that limit the performance of these devices is the quality of the AlGaN/GaN interface where the 2DEG 

channel is generated. As described in the previous section, because of the different polarisations 

between GaN and AlGaN, high concentrations of electrons are accumulated and spatially confined at 

the interface, and accelerated in the 2DEG channel when drain voltage is applied [23]. However, the 

final concentration and the mobility of these carriers strictly depends on the crystal quality of the 

AlGaN/GaN interface. To obtain high piezoelectric polarisation in AlGaN thin film, and in turn high 

concentration of electrons in the channel, in fact, it is necessary that the AlGaN layer is under high 

degree of strain [23]. However, this strain often leads to the generation of unwanted defects, such as 

dislocations, or cracking of the thin film. If high concentrations of defects or cracking are present in 

AlGaN, these are believed to act as non-radiative recombination traps that lower the carrier 

concentration of the channel and, in turn, the performance of the device [27], [121].  

Therefore, it might be of interest investigating alternative materials that could replace AlGaN as active 

layer in HEMT structure. The use of an alternative material would in fact introduce a completely new 

set of piezoelectric polarisation/lattice parameter ratios that may lead to a high-quality interface and 

highly-dense 2DEG channel at the same time. In this sense, ScGaN might be an interesting candidate, 

due to its large band gap and its large piezoelectric constant. If the HEMT device is based on a 

ScGaN/GaN interface, the strain of ScGaN necessary to obtain high piezoelectric polarisation would be 

relatively low, due to its large piezoelectric constant. This lower degree of strain of the active layer 

may, in turn, reduce the density of defects at the interface and improve the performance of the device. 

However, ScGaN is still a relatively new material and many of its properties are yet under study. For 

this reason, one of the aim of this work is to investigate its structural, optical and electrical properties 

that might be of interest for future ScGaN-based HEMT devices [21]. 
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In addition to the quality of AlGaN/GaN interface, another drawback that limits this class of device is 

the use of external substrates, such as Si or sapphire, on which to grow these materials. High-quality 

GaN substrates are still too expensive to be routinely used for the growth of GaN-based devices, 

therefore other cheaper substrates are usually employed. However, because of the lattice mismatch 

between these substrates and GaN, a certain density of threading dislocations and stacking fault are 

usually observed in GaN layer. Generally, this problem is solved by growing very thick GaN layer of 

the order of few m. 

Furthermore, donor impurities, such as Si or O, are usually introduced in the GaN buffer layer, 

generating a net background carrier concentration. This net background carrier concentration lowers 

the performance of the device, especially when they are used in high-power high-frequency applications 

[80], [83], [87]. It is expected, in fact, that the presence of a background current can lead to current 

collapse and lower the maximum frequencies at which the device can work [84]. One method to 

overcome this problem is by introducing an additional layer with semi-insulating properties between 

GaN and the substrate; semi-insulating materials such as Fe-, C- or Zn-doped GaN have already been 

proposed to overcome this problem. Among these materials, Fe-doped GaN appears to be the most 

promising, due to the acceptor-like states located right below the conduction band, which can 

compensate this net background current [84]. Lee and co-workers [87] have already studied the 

electrical properties of HEMT devices when an additional (Fe,Ga)N layer is introduced between GaN 

and the substrate. They noticed that when (Fe,Ga)N is used, the concentration of background carriers 

near the substrate is minimised, while the concentration of confined electron in the 2DEG is increased 

of about one order of magnitude.  

However, the growth of this material is still very challenging, due to the low solubility of Fe in GaN 

thin film, and the crystal quality of (Fe,Ga)N used in HEMT devices is often not clear in published 

work. Therefore, one of the aims of this work is to study the properties of (Fe,Ga)N grown in different 

conditions and try to understand the relation between Fe concentration, structural properties and the 

semi-insulating and electrical properties of (Fe,Ga)N thin film. 
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Chapter 2 
 

 

Experimental techniques 

 

2.1 Introduction 
The following chapter will outline the theoretical principles of the techniques used to grow and 

characterize the thin films studied in this work. The comprehensive study of these materials can be 

classified in four different categories: study of influence of growth conditions on thin film properties 

and the characterisation of the structural, optical and electrical properties of the thin films under study. 

 

2.2 Epitaxial Growth  
Since the production of high quality, thick GaN substrates is still a very expensive process, GaN and 

related materials are usually grown on external substrates, such as sapphire, Si or SiC. However, 

because of the lattice mismatch between these substrates and GaN, certain degrees of strain are present 

in the nitride thin film. The strained film eventually relaxes by generating defects, such as misfit 

dislocations and stacking faults. To minimize the concentration of these defects, both the growth 

technique and the conditions in which the GaN growth is preformed must be carefully chosen. 
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In this study all the thin films are grown using electron-beam physical vapour deposition (e-beam 

PVD) technique. The reasons of choosing this novel technique over the more popular MOCVD or MBE 

and the details of the e-beam PVD technique and system are described in Chapter 1. 

All the thin films reported in this work are grown using a MANTIS plasma-assisted electron-beam 

physical vapour deposition (e-beam PVD) system. The thin films shown in this work were grown in 

similar conditions unless otherwise specified. Gallium 99.999 % pure, scandium 99.995 % pure and 

iron 99.99 %, purchased from Kurt J. Lesker and ILT Vacuum companies, were used as target; while 

nitrogen was provided using and RF plasma powered at 350W; finally, 0001-oriented sapphire was used 

as substrate. Before the growth, all the substrates were loaded in a first and second loading chambers, 

where the surfaces were cleaned by thermal treatment in vacuum. Then, the substrate is introduced in 

the main chamber where it is heated at temperature ranging between 750 and 850 °C depending on the 

specific growth. A pyrometer is used to finely measure the temperature on the surface of the substrate. 

Different e-beam currents were applied to the target, depending on the evaporating material and the 

final composition of the thin film. The specific values are reported in the following chapters. Similarly, 

the deposition time varied accordingly to the growth rate and the final thickness of the thin film. Full 

details of the growth conditions used in each Chapter are reported in Appendix A. 

 

2.3 Structural and morphological characterisation 
Structural and morphological properties, such as crystal-quality, defects or roughness, must be 

thoroughly investigated to fully characterize a thin film and understand the relation between the growth 

conditions and the crystal structure. In this work a range of microscopy techniques, such as atomic force 

microscopy (AFM), transmission electron microscopy (TEM) and X-Ray diffraction (XRD) are used 

to investigate different properties of the thin films.  

 

2.3.1 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a non-destructive technique widely-used to study surface 

properties of thin films. As illustrated in Figure 2.1, AFM is based on the interaction between the surface 

of the sample under study and a sharp silicon nitride tip, loaded at the edge of a flexible cantilever. 

When the tip is close to the surface, long-range forces, such as Van der Waals force, take place 

deflecting the cantilever. This deflection is detected using a laser beam pointed on the back of the 

cantilever and reflected to a photodetector, which converts the information into the final AFM image 

[122]. AFMs can work in three different modes, namely contact, non-contact and tapping modes. 

However, contact or non-contact mode are rarely used in semiconductor analysis, since in the first case 

both the tip and the surface can be likely damaged during the analysis, while in the second case the 
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resolution is generally too poor. AFMs working in tapping mode, on the other hand, can achieve high 

resolutions without risking damaging of the sample. In tapping mode, the cantilever oscillates at a 

chosen frequency close to the resonant frequency, and the AFM image is obtained by gently tapping 

the tip on the surface. 

 

 

Figure 2. 1 Schematic rapresentation of an AFM system used in tapping mode [123]. 

Because of the long-range interaction between the tip and the surface, if the surface morphology 

changes, both the amplitude and the frequency of the cantilever oscillation change accordingly. To 

correct this variation in frequency, a feedback circuit connected to the piezoelectric sample holder is 

used to maintain constant the distance between the tip and the sample by changing the sample height. 

This system is used to maintain the oscillation frequency of the cantilever close to the resonant 

frequency, according to Equation 2.1, and generate AFM images close to ideal conditions. 

𝜔 = 𝜔0 (1 − 1𝑘(𝑑𝐹 𝑑𝑧)⁄ )1/2  (2.1) 

Where  and 0 are the resonant frequency of the cantilever when the tip is close and far from the 

cantilever, respectively, k is the elastic constant of the cantilever and 𝑑𝐹𝑑𝑧 is the force gradient of 

interaction between tip and surface dependent on the distance [122]. 

Using AFM analysis, three types of image can be obtained, namely height, amplitude and phase 

images. The height image shows the morphology of the surface, and different contrast means different 

height on the surface; the phase image shows the homogeneity of the surface, and different contrast 

means different mechanical properties of the material on the surface; finally, amplitude image can show 

features on the surface and is usually used during the optimisation of the image acquisition. 

Since its invention in 1986 [124], AFM microscopy has been a popular tool to study the properties of 

surface of thin films, as well as bio-materials and liquids. Its popularity is mainly due to the absence, 

or very little, sample preparation, its non-destructive nature, and to the high resolution that can be 
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achieved. Although the lateral resolution strictly depends on the radius of curvature of the tip and 

generally ranges between 10 and 40 nm, the vertical resolution can reach the sub-atomic level and 

mostly depends on the vibrational isolation of the instrument and the speed of response of the feedback 

circuit. 

In this work, all the AFM images were acquired using a Bruker Innova AFM working in tapping 

mode. All images were obtained at room temperature at 1 Hz with 512 lines and processed using 

Gwyddion software [125]. 

 

2.3.2 X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) is another non-destructive technique used to study the crystallographic 

properties of powders and thin films. To obtain an XRD diffractogram, an incident monochromatic X-

ray beam is focused on the sample, where is elastically diffracted, and finally collected at the detector. 

The position and the width of the peaks in the diffractogram depend on the crystallographic properties 

of the sample and can be used to determinate the structure, the phase and the quality of the sample under 

study. 

In order to interpret correctly the information in a XRD diffractogram, it is necessary to understand 

the concepts of direct and reciprocal spaces. The reciprocal space is a useful mathematical tool related 

to the Bravais reticules. The reciprocal space is described by the fundamental vector t*, calculated as 

the Fourier transform of the fundamental vector t of the direct space. Therefore, the fundamental 

reciprocal direction a* is perpendicular to the vector product of the other two fundamental directions of 

the direct space b and c [126]. In addition, three fundamental equations (Equations 2.2-2.4), known as 

Laue’s equations, can be used to describe the interaction of the incident beam with a crystalline sample 

and the difference of the beam path generated by this interaction. 𝒂 ⋅ 𝑲 = ℎ (2.2) 

𝒃 ⋅ 𝑲 = 𝑘 (2.3) 

𝒄 ⋅ 𝑲 = 𝑙 (2.4) 

 

The scattering of the wave can also be either elastic or inelastic, depending on whether the magnitude 

of the reflected wave (|k|) is equal to the magnitude of the incident beam (|k0|) or not.  

In addition, Bragg’s Law describe the specific case in which the reflected beam undergoes 

constructive interference generating a diffraction point. The constructive interference is obtained when 

the path difference between the incident and reflected beam is equal to 2dhklsin, so that the Bragg’s 
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Law is satisfied. As shown in Figure 2.2, dhkl is the distance between the crystal planes, while  is the 

incident and reflected angle.  

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃ℎ𝑘𝑙 (2.5) 

 

 

Figure 2. 2 Scheme of the conditions necessary to satisfy Bragg’s law for a set of planes. Reprinted from Moram et al. [127], 
DOI: https://doi.org/10.1088/0034-4885/72/3/036502, © IOP Publishing. With permission. All rights reserved. 

The indices hkl are known as Miller indices and are commonly used in crystallography to classify 

families of crystal planes and crystal directions. These indices can be defined as the intercepts of the 

crystal plane they describe with the fundamental directions a*, b*, c* of the reciprocal lattice. 

Furthermore, a set of parallel crystal planes can be described using multiple Miller indices, i.e. (100), 

(200) etc.; however, since these planes are equivalent for transitional symmetry, they can be all 

described using the primitive ternary {100}. In addition, the Miller indices must be a triplet of integers, 

and they are calculated as the inverse of the intercept of the plane with the fundamental direct directions 

a, b, c; therefore, if the intercept is a fractional number, they must be multiplied by a common factor. 

Once both the Miller indices and the interplanar spacing dhkl are known, the lattice parameters of both 

reciprocal and direct spaces can be calculated using the general Equation 2.6. However, if the symmetry 

constrains of the hexagonal crystal structure are applied, Equation 2.6 can be simplified in Equation 

2.7. In this Equation both a and c are unknown, therefore two diffraction points, one symmetric and one 

asymmetric, are necessary to calculate the lattice parameters of hexagonal structure [127]. 1𝑑2 = ℎ2𝑎∗2 + 𝑘2𝑏∗2 + 𝑙2𝑐∗2 + 2𝑘𝑙 𝑏∗𝑐∗𝑐𝑜𝑠𝛼∗ + 2ℎ𝑙 𝑎∗𝑐∗𝑐𝑜𝑠𝛽∗ + 2ℎ𝑘 𝑎∗𝑏∗𝑐𝑜𝑠𝛾∗ (2.6) 

1𝑑2 = 43 (ℎ2 + 𝑘2 + ℎ𝑘)𝑎2 + 𝑙2𝑐2  (2.7) 

 

Components of the diffractometer 

Since nitride semiconductors usually show high crystal quality, a high-resolution diffractometer 

(Figure 2.3) is generally used to study the crystal structure of these thin films. In a diffractometer, an 

https://doi.org/10.1088/0034-4885/72/3/036502


59 
 

X-ray source is necessary, since the wavelength  of the incident beam must be of the order of 1 Å to 

be able to resolve lattice distances. 

 

Figure 2. 3 Schematic illustration of an HR-XRD diffractometer used for thin film characterisation. 

In a diffractometer the X-Ray source is a sealed X-ray tube. In the X-ray tube a copper target and a 

tungsten filament are used as anode and cathode, respectively. An electron beam is generated via 

thermionic effect by heating the filament and then accelerated onto the anode using a potential of several 

thousands of volts. When an accelerated electron strikes a copper atom, two effects are observed and 

shown in Figure 2.4 [127]. First most of the electrons are decelerated by the interaction with the nuclear 

core of copper atoms and generate a broad peak, known as Bremsstrahlung radiation. Second, electrons 

that are sufficiently energetic, hit the inner K shell of copper atoms and excite electrons within this 

shell, leaving a hole behind. This hole is then filled by a different electron falling from the nearest higher 

L shell. When falling at lower energy, this electron generates a photon with characteristic wavelength, 

which is equal to the energy difference of the two levels. Therefore, the wavelength emitted by the X-

ray tube is strictly dependent on the anode material.  

 

  

Figure 2. 4 X-ray spectrum showing the energy of electrons accelerated onto the copper anode. The sharp peaks are K and 
K which are obtained by the falling of an electron from the L to the K shell of the copper atom. The underlying broad peak 
is the Bremsstrahlung radiation, due to the decelaration of electrons. 
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The most intense emission is K, however other emissions are also present, and a monochromator is 

usually necessary to remove any unwanted wavelength. To achieve the high resolution, a single crystal 

monochromator is usually used. This monochromator is generally an asymmetric 4-bounce Ge crystal, 

which is able to remove any unwanted wavelengths, such as K and K1 and to reduce the beam 

divergence  as low as 0.003° [128]. The monochromatic beam then hits on the crystalline sample. As 

shown in Figure 2.3, the sample is usually loaded on an Eulerian goniometer that can translate along 

the directions x, y, z and tilt about    and   

 

Types of scan 

The XRD analysis can be performed in different geometries depending on the type of information 

needed. The most common configuration is the 2− one: in this case, the sample is aligned so that the 

optimum  angle is found, then the diffraction peaks are obtained by rotating the detector along the 

2 axis and the goniometer along the  axis. Such that, while the detector rotate along 2, the Bragg 

law is satisfied only at specific 2 angles and a peak is obtain at angles that strictly depend on the 

properties of the sample under study. This configuration is widely used to determine phase, preferential 

growth direction as well as the lattice parameters of thin films. The position of the 2 peaks obtained 

using this configuration, in fact, depends on the nature of the material, their level of strain and lattice 

mismatch with the substrate underneath it.  

In addition, the XRD analysis can be carried out also using , or rocking curve, configuration. This 

type of configuration is generally used to obtain information about the crystal quality and defect density 

of the thin film under study. In this configuration, the angle between the incident beam and the detector 

(2) is fixed at an angle that satisfies the Bragg Law for that film; then the sample rotates around the  

axis. To find the position of this  angle for the thin film under study, a rapid − scan must first be 

performed. Then, finer alignment is necessary to refine the 2 angle at which the scan is carried out. 

Once the optimal relative position of the detector and the sample holder is found, the sample is “rocked” 

around the set  angle and a  scan is registered. Such that, if the quality of the thin film is very high 

and virtually no misorientations are present, the Bragg law is satisfied only for a specific  angle and 

the  peak is very sharp. If misorientations and defects are present in the thin film, then the Bragg law 

is relaxed and partially satisfied for different angles near the set  angle. This relaxation of Bragg law 

leads to a broadening of the  peak, and the value of full-width-half-maximum of  peak can be used 

as useful tool to estimate the crystal quality of thin films. 

In this work, all samples have been analysed using a PANalytical MRD high-resolution 

diffractometer with a Cu Kα source equal to 1.5406 Å. 
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2.3.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a powerful technique used to analyse the structural, 

chemical and electrical properties of a thin film with extremely high resolution. Depending on the type 

of information needed, the TEM can be used in two different modes, namely diffraction and imaging 

modes. These different modes, their advantages and limitations are discussed in detail in this section. 

 

Basic principles of Transmission electron microscopy (TEM) 

In transmission electron microscopy the specimen is illuminated using a coherent parallel beam made 

of high-energy electrons accelerated from 100 to 400 kV. The use of electrons in TEM is necessary to 

be able to resolve crystal structure at the atomic level: according to the Rayleigh criterion the smallest 

distance that can be resolved using a microscope is proportional to the wavelength of the radiation used. 

So that, an optical microscope with a wavelength of about 550 nm cannot resolve object smaller than 

300 nm. On the other hand, electrons with energy around 100 keV have a wavelength of the order of 

0.005nm and it decreases for higher electron energies. The high resolution achievable is one of the 

feature that makes TEM one of the most powerful technique for semiconductor characterisation [129].  

When the coherent electron beam interacts with the sample, the electrons interact with the atoms of 

the specimen and different phenomena can happen, as shown in Figure 2.5. After travelling through the 

specimen, the electrons can be transmitted (direct beam) or scattered, either elastically or inelastically, 

and either coherently or incoherently [129]. 

 

 

Figure 2. 5 Representation of the scattering events that can happen in the TEM when the electron beam interacts with the 
specimen. Reprinted by permission from Springer: Springer Nature, “Transmission Electron Microscopy, A Textbook for 
Materials Science – Chapter 3 Scattering and diffraction” by D.B. Williams, C.B. Carter, (2009) Copyright. With permission 
of Springer Publishing. DOI: https://link.springer.com/book/10.1007/978-0-387-76501-3 [129] . 

https://link.springer.com/book/10.1007/978-0-387-76501-3
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As a result, the emerging electrons have a nonuniform distribution of energy and angle and in this 

non-uniformity lies the information about the specimen under study. In TEM, the angular distribution 

of the emerging electrons can be used to obtain the diffraction pattern, while the spatial distribution of 

the emerging electrons can be viewed as contrast in direct images of the specimen, as described later.  

 

Components of the Transmission electron microscope (TEM) 

Similarly to the optical microscope, the TEM can be divided in 4 main parts: the source, the 

illumination system, the stage and the projection system. In Figure 2.6 a scheme of the TEM is shown. 

The electron beam is generated using an electron gun as source (1). The electron guns commonly used 

in TEM are either thermionic guns or field emission guns (FEG). In the first case the electrons are 

obtained via thermionic effect by heating a sharp tip of LaB6 or a filament of tungsten. In the second 

case a high electric field is applied to a tip of tungsten and the electrons are emitted via tunnelling 

phenomenon. The latter has recently become very popular, since it generates electron beams far 

brighter, more coherent and with smaller probe size than the thermionic sources [129]. The electron 

beam is then manipulated by the condenser lenses and apertures in the illumination system (2). First a 

condenser aperture is used to choose which fraction of beam interacts with the specimen: the smaller 

the condenser aperture the higher is the final resolution, however it will be at the cost of illumination 

intensity. Then, the electron beam is focused using a set of condenser lenses. After interacting with the 

specimen (3), the emerging electrons interact with the objective aperture and lenses (4). This set of 

lenses generates the first intermediate image of the specimen in the image-plane and a diffraction pattern 

in the back-focal plane. Finally, either the diffraction pattern or the image is magnified and projected 

on the phosphor screen (7) by the intermediate (5) and projector (6) lenses [129]. 
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Figure 2. 6 Schematic representation of the component of a TEM used in imaging (a) and diffraction (b) modes. 

In a TEM, the electron beam is focused using electromagnetic lenses: these lenses are made of a 

copper coil through which strong currents pass generating electromagnetic fields. Because of the 

interaction with these electromagnetic fields, the electrons in the beam move in a spiral path along the 

optical axis. When the current intensity is changed, the electron trajectories are deviated, and the 

electron beam is more or less strongly focused onto the specimen. However, due to the non-perfect 

cylindric symmetry of the coils and the defects in the microstructure of the copper, these 

electromagnetic fields are not perfectly uniform, causing deviation of electrons from the ideal spiral 

path. This deviation generates distortions in the final TEM images, such as astigmatism. These 

distortions are usually corrected using stigmators-correctors, which are able to generate electromagnetic 

fields that compensate the non-uniformity of the lenses [129]. 

 

Diffraction mode in TEM 

 As shown in Figure 2.6b, depending on the intermediate lens, the TEM can be used either in 

diffraction or imaging mode. When the TEM is used in diffraction mode, the emerging electrons will 

generate a diffraction pattern from which several bits of information can be obtained, such as phase, 

homogeneity and lattice parameters of the specimen. Since the specimen must be thin enough to be 

electron-transparent, the reciprocal lattice points often appear as elongated rod, known as relrods [129]. 

As shown in Figure 2.7, due to the elongated shape of these lattice points, more lattice points can 
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intercept the Ewald sphere and more diffraction spots are formed. However, the Bragg’s Law is 

completely satisfied only by the lattice points that intercept the Ewald sphere in the middle, while the 

rest of the points satisfy the Bragg’s Law only partially. The distance from the ideal Bragg’s conditions 

determines the intensity of the diffraction spots and can be quantified using the excitation error s defined 

in Equation 2.8 [129]. 

𝑲 = 𝒈 + 𝒔 (2.8) 

 

 

Figure 2. 7 Section of the reciprocal space in which part of the Ewald sphere and two rows of lattice relrods are shown. Only 
the relrods that intercept the Ewald sphere give rise to diffraction spots with different intensities. 

However, compared to XRD, in TEM experiments electrons often undergo double or multiple 

diffraction, so that the intensities of the diffraction spots are not reliable for either quantitative and 

qualitative analysis. In addition, since the radius of the Ewald sphere is equal to 1/ by construction, in 

TEM the Ewald sphere is much larger than in X-ray diffraction. Therefore, in electron diffraction a 

larger number of reciprocal lattice points intercepts the sphere and a diffraction pattern can be obtained 

without rotating the sample.  

A complete diffraction pattern can be used to calculate the lattice parameters a and c and their ratio 

c/a, by measuring the distance between two diffraction spots. However, the precision of the calculated 

lattice parameters is much lower than that obtained using XRD. This reduced precision is due to the 

short wavelength of the electrons that leads to low scattering angles. 

 

Imaging mode in TEM 

If used in imaging mode, TEM can be used to directly “see” the crystal structure of the sample at 

magnifications ranging between 1 and 5 million times, depending on the quality of the microscope and 
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the alignment. As shown in Figure 2.6a, the imaging mode is obtained by introducing a small objective 

aperture and modulate the strength of the intermediate lenses.  

Depending on the kind of information required, different type of images can be acquired, such as 

bright-field (BF), dark-field (DF) or high-resolution (HR). Bright and dark field images are 

complementary images obtained by selecting only the direct or one diffracted beam, respectively, while 

all the other beams are blanked. In fact, if no beam is selected, the final TEM image is generated by 

multiple diffracted beams and it will be very difficult to interpret. In BF and DF images, instead, the 

selection of one specific beam enhances the contrast of defects, such as dislocations or stacking fault, 

so that they can be more easily observed and studied [129]. In Figure 2.8 BF and DF images of GaN 

thin films are shown. 

 

 

Figure 2. 8 Cross-sectional TEM bright-field (a) and dark-field (b) images close to the [112̅0] zone axis of GaN thin film. 
Reused from Wong et al. [130] with AIP permission, DOI: https://doi.org/10.1063/1.3009669. 

In HR imaging, instead, larger objective apertures, usually 50 cm large, are used to select the direct 

beam and few other beams diffracted in known directions. These selected beams interfere between each 

other generating the phase-contrast in the HR-TEM images. If the interference between only the direct 

and one diffracted beam is considered, the simplified Equation 2.9 can be used to calculate the intensity 

of the HR image: 

𝐼 = 𝐴2 + 𝐵2 − 2𝐴𝐵 sin(2𝜋(𝑔 + 𝑠)𝑥 − 𝜋𝑠𝑡) (2.9) 

Where A and B are constants, s is the excitation error and t is the thickness of the specimen. According 

to Equation 2.9, in HR images the intensity is obtained as a sum of a smooth intensity (A2 + B2) and the 

interference of a sinusoidal periodic function with period 
1(𝑔+𝑠). If s is equal to 0, then the Bragg 

conditions are satisfied and the periodicity of the intensity of the lattice fringes coincides with 
1𝑔. So 

https://doi.org/10.1063/1.3009669
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that, when the Bragg conditions are satisfied, this periodicity can be used to obtain the value of the 

lattice plane spacing dhkl using the relation: 

𝑑ℎ𝑘𝑙 = 1𝑔ℎ𝑘𝑙 (2.10) 

When an objective aperture is inserted, the selected diffracted spots generate lattice fringes from which 

HR images are obtained (Figure 2.9). Thus, in the HR image the bright spots are not actual atoms, but 

maxima intensity generated by the crossing of these lattice fringes. However, even if the image is not a 

direct picture of the atomic structure, it can still be used to obtain lattice information. Due to the direct 

relation between fringes and selected diffracted spot, in fact, the distance between bright spots can be 

used to obtain dhkl, as shown in Figure 2.9. 

 

 

Figure 2. 9 Cross-section high resolution TEM images of GaN close to the [112̅0] zone axis of GaN thin film. 

 

Contrast in TEM: mass-thickness, diffraction and phase contrast 

In TEM imaging, a 3D specimen is represented using a 2D image obtained in transmission, whose 

contrast is dependent on the interaction between the direct beam and the specimen. The contrast in TEM 

images can provide useful information about the structure, the composition or the phase of the specimen. 

Therefore, it is important to fully understand it in order to avoid any misinterpretation. Quantitatively, 

the contrast in TEM images can be defined as the difference in intensity between two areas of the 

specimen, according to equation 2.11: 

𝐶 = 𝐼1 − 𝐼2𝐼1 (2.11) 
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In TEM there are two different types of contrast, namely amplitude and phase contrasts; in addition, 

amplitude contrast is divided in mass-thickness and diffraction contrasts. Although all of them are 

always present in some percentage, the microscope is usually set so that one type of contrast largely 

prevails on the others. 

Mass-thickness contrast arises when there are some areas of the specimen with different thickness t or 

with elemental inhomogeneity. This type of contrast is a direct result of incoherent elastic scattering, 

such as Rutherford scattering, that is strictly dependent on the atomic number Z and the specimen 

thickness t. Since the main free path of electrons in the beam is constant, electrons crossing thicker 

specimens or regions made of heavier atoms are more incoherently scattered off the optic axis. 

Consequently, due to the small objective aperture, these areas appear darker in the BF images. This type 

of contrast is particularly important for amorphous, polymeric and biological samples.  

Diffraction contrast is fundamental in crystalline specimens and gives information regarding the 

presence and concentration of defects in the crystal structure. The diffraction contrast arises when the 

Bragg conditions are satisfied and depends on the coherent elastic scattering of electrons interacting 

with the specimen. In additions, the diffraction contrast can be enhanced when the two-beam condition 

is achieved. The two-beam condition can be achieved by tilting the sample, so that only the direct beam 

and one diffracted beam are strong. Therefore, if there are some defects or misorientations in the 

specimen for which the Bragg condition is not met, they appear darker in the DF images. Finally, the 

phase contrast arises from the interference of multiple diffracted beam selected using a larger objective 

aperture. This contrast is used to obtain HR images and is directly dependent on the specimen thickness 

t and the excitation error s as shown in the previous section.  

In HR images three different types of phase contrasts can be observed: the phase contrast can be 

visible as lattice fringes, as already described, as Moiré patterns and Fresnel contrast. The Moiré 

patterns occur when two different crystal structures superimpose, while Fresnel fringes are visible on 

the edge of out-of-focus objects [129]. 

 

Scanning transmission electron microscopy (STEM)  

Scanning transmission electron microscopy (STEM) is a TEM mode in which the conventional 

parallel beam is converged to a focused small probe using condenser lenses C1 and C2 as shown in 

Figure 2.10. 
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Figure 2. 10 Schematic rapresentation of a TEM used in STEM mode: using a focused C2 lens the electron beam is converged 
and only a small area of the sample is illuminated. Reprinted by permission from Springer: Springer Nature, “Transmission 
Electron Microscopy, A Textbook for Materials Science – Chapter 9 The instrument” by D.B. Williams, C.B. Carter, (2009) 
Copyright https://link.springer.com/book/10.1007/978-0-387-76501-3 [129]. 

In STEM mode, the convergent probe is used to raster the specimen, and the scattered electrons are 

collected at the back-focal plane using a high-angle annular dark-field detector (HAADF). Since the 

collected electrons are scattered at very high angles, usually about 50 mrad, they do not have a well-

defined phase-relationship and Rutherford scattering becomes the main scattering event. Therefore, at 

these high angles the scattering intensity depends only on the square of the atomic number Z2, according 

to Equation 2.12: 

𝜎𝑅𝑢𝑡 = 1.62 × 10−24 𝑍2𝐸02 𝑐𝑜𝑡2 𝜃2 (2.12) 

Where σRut is the scattering cross-section, Z is the atomic number, E0 is the energy of incident electrons 

and θ is the deviation angle. Moreover, because of the large area of the detector, a high number of 

diffraction spots is selected and the interference between them is averaged, causing the suppression of 

the coherent phase information. Since the contrast of the image is only generated by the incoherently- 

elastically-scattered electrons, STEM images can be straightforwardly interpreted without using post-

https://link.springer.com/book/10.1007/978-0-387-76501-3
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image simulations. In addition, in STEM mode the projection lenses are not used to generate the image, 

therefore STEM resolution is not limited by lens aberration but only by the size of the convergent probe. 

To obtain atomic resolution in STEM mode, it is then necessary that the probe is smaller than the 

distance between atoms. This is usually obtained by employing highly-bright sources, such as Schottky 

FEG sources, in which high probe currents and small probe diameters are obtained. However spherical 

aberration of condenser lenses generally causes a broadening of the probe and a lowering of the 

microscope resolution. In high-resolution STEMs, this broadening is usually fixed by employing an 

aberration corrector, which reduces the spherical aberration so that distances as short as 1 Å can be 

resolved [129]. 

 

Energy dispersive X-ray spectroscopy (EDX) 

TEM can also be used to obtain elemental information about the specimen using energy dispersive X-

ray (EDX) spectra. Since the electrons in the beam are very energetic, when they interact with the 

electrons of the specimen, excitation of electrons in the inner shell of the specimen atoms may occur. 

As shown in Figure 2.11, a beam electron excites an inner-shell electron generating a hole in the shell. 

Electrons form outer levels, then, tend to fill this hole by realising a photon whose energy is equal to 

the difference between the inner and outer levels in the shell. Since these electrons are in the inner-

levels of the atom, the energy of the photon is usually in the range of X-ray and is strictly dependent on 

the nature of the atoms of the specimen. Such that, by collecting the generated X-ray photons, useful 

information about the atoms present in the specimen can be obtained. An EDX spectrum is usually 

collected by adding an EDX detector to the TEM and the intensity and position of the EDX peaks can 

be used to evaluate the composition and phase of the specimen.  

In addition to the nature of the atoms, the position of the EDX peak also depends on the original level 

of the electron from which it dropped. For instance, if the electrons go from the second inner-level L to 

the first inner-level K, a K photon is generated; if the original level of the electron was the third inner 

level M, then the photon is K. These additional peaks generated by these secondary photons are often 

used to study the spectra when the K peaks overlap. However, their lower intensities might make the 

quantitative analysis difficult.  

EDX can also be used to obtain elemental maps to study the distribution and homogeneity of some 

elements in the specimen. These maps can be obtained by scanning areas of TEM images taken in 

STEM mode. 
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Figure 2. 11 Mechanism of generation of characteristic X-ray photons used to obtain EDX spectra. 

In this work, STEM and TEM images and EDX maps were taken using a FEI Philips Tecnai20 with 

a HAADF detector at 200 kV, while HR-STEM images were obtained using a Titan 80-300 at 300 kV 

with a probe convergence semi-angle of 15 mrad and spherical aberrations corrector up to the third 

order. The details about TEM sample preparation are also reported in Appendix B. 

 

2.4 Secondary ion beam mass spectroscopy (SIMS) 
Secondary ion beam mass spectroscopy (SIMS) is a high-resolution characterisation technique widely 

used to analyse composition, impurity levels and depth profile of organic, biological and semiconductor 

materials. Some of the advantages of these technique are the high surface specificity, high sensitivity 

and the ability to detect every element in the periodic table, isotopy and molecular species included. 

SIMS instruments are usually classified according to the analyser used to detect spattered ions. Time-

of-flight (ToF) SIMS is commonly used to characterize the chemical properties of studied materials. A 

schematic illustration of a TOF-SIMS instrumentation is illustrated in Figure 2.12.  
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Figure 2. 12 Schematic rapresentation of a ToF-SIMS system. Reused from Fearn et al. [131] with author permission, DOI: 
https://doi.org/10.1088/978-1-6817-4088-1. 

In this type of SIMS system, the sample is first introduced in a high-vacuum chamber (~10-8-10-10 

mbar), then it is bombarded using a primary ion beam at high energy (0.1-20 keV). Because of this 

bombardment, several species, such as monoatomic and polyatomic particles, electrons, photons and 

primary ions are sputtered away from the surface of the sample and collected in a mass spectrometer. 

The primary ion beam is generally a liquid metal ion gun (LMIG) using small Bi3
+ clusters as ion source. 

This Bi3
+ ion beam is highly focused, so that high lateral resolution is achieved. Once the Bi3

+ ions 

interacted with the sample surface, several species with different charge are sputtered and only the 

desired ones are collected at the analyser separated according to their mass-to-charge ratio (m/z). In 

TOF-SIMs the collected species are introduced in a time-to-flight analyser where a fixed voltage, 

usually 2-8 keV, is applied, and then accelerated in a tube of known length L. Once in the analyser, all 

the species have same kinetic energy and their velocity is strictly dependent on their mass. Therefore, 

the m/z ratio of each species can be calculated using Equation 2.13 and mass spectra can be obtained 

[131]. 

𝑚𝑧 = 2𝑉𝑡2𝐿2 (2.13) 

Where V is the applied potential and t is the time necessary to the specie to reach the detector. 

In addition to qualitative component analysis, TOF-SIMS can be also used to quantify the 

concentration of one or more species in the sample. According to the fundamental SIMS equation 

https://doi.org/10.1088/978-1-6817-4088-1
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(2.14), indeed, the ion current of secondary ions x (Is
x) is directly proportional to the concentration of 

that specie x (Cx).  𝐼𝑠𝑥 = 𝐼𝑝𝐶𝑥𝑆𝛾𝐹 (2.14) 

Is
x is also dependent on experimental variables, such as the primary ion beam current (Ip), the sputter 

ion yield (S), the ionisation efficiency () and the transmission of the analysis system (F). Therefore, in 

order to quantify the concentration of species x, a calibration of the system using standard materials is 

necessary [131]. 

Depending on the desired analysis output, TOF-SIMS can be used in three different modes, namely 

high-resolution mass spectroscopy, chemical ion map and depth profile. 

In high-resolution mass spectroscopy, the sample is irradiated by the primary ion beam for a very 

short time (nanosec), then the sputtered species are collected at the analyser and a mass spectrum is 

generated. After that, the primary beam can be moved to another spot until the entire predefined area is 

analysed. In this mode the intensity of the primary ion beam is finely controlled, so that only the most-

outcoming layer of atoms are sputtered while the rest of the sample remains preserved. Therefore, if 

used in this mode, TOF-SIMS is effectively a non-destructive technique. Chemical ion maps can be 

obtain in the same manner; once the mass spectra is recorded it can be coupled with one specific specie, 

so that the distribution of the specie can be studied as a function of x,y surface coordinates. Finally, 

depth profile mode can be used to study the composition of a sample as a function of depth. In this case 

a second ion beam is necessary, this secondary ion beam is known as sputter ion beam and usually loads 

Cs+ or o O2
+ as ion sources. If TOF-SIMS is used in depth profile mode, first the sputter beam rasters 

the surface of the sample in a predefined area; the high current (~100mAs) applied to the sputter beam 

leads to a controlled and constant removal of material during the analysis generating a crater in the 

sample. Once a layer of material is removed, a smaller area within this crater is irradiated with the 

primary ion beam and sputtered species are collected at the analyser. The choice of analysing only a 

small portion of the rostered surface is made to reduce the “edge effect” [131].  

It is also worth to stress that when the sputter beam strikes to the sample surface other interactions, in 

addition to sputter, can happen, such as implantation or chemistry modifications; therefore, it is 

fundamental to carefully choose the nature of the sputter ions to avoid artefacts and misinterpretations. 

In this work SIMS analysis was performed using ION-TOF ToF-SIMS V instrumentations. The 

primary ion beam was a Bi3
+ cluster beam accelerated at 25 keV, while the sputter ion beam was using 

either Cs+ (1 keV) or O2
+ (0.5 keV) depending on the purpose of the analysis. 
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2.5 Optical characterisation 
Optical characterisation of thin films is particularly important for those materials that are studied to 

be employed in optical and optoelectronic applications. For this reason, several techniques, such as UV-

visible Transmittance and Reflectance, Photoluminescence and Raman spectroscopies have been used 

in this work to fully characterize the optical and optoelectronic properties of the materials under study. 

2.5.1 Ultraviolet-visible Transmittance and Reflectance 

spectrophotometry 

Ultraviolet-visible (UV-visible) spectrophotometry is a straightforward, non-destructive technique 

useful to characterize the absorption and reflectance properties of liquids and thin films as well as to 

evaluate their band gap and refractive index. 

Among different techniques that exploit the light-matter interaction to investigate the properties of 

semiconductor materials, UV-visible spectrophotometry is probably the simplest as well as the most 

common. A UV-visible spectrophotometer generally consists of a double beam source, which shows a 

spectral range that spans from near-IR (  1200 nm) to near-UV ( ~ 200 nm), a diffraction grating 

monochromator, to select one wavelength with high resolution, a sample chamber and a detector to 

measure the transmitted or reflected light. In addition to this standard equipment, several accessorises 

can be added to improve the performance of the instrument or to perform analysis in different modes 

[132]. 

When the light reaches the sample, it can be absorbed, transmitted or reflected, depending on the 

wavelength of the light and the properties of the semiconductor. Therefore, the absorption (A), 

transmittance (T) and reflectance (R) can be easily obtained using the relation 2.15: 𝐴 = 1 − 𝑇 − 𝑅 (2.15) 

Transmittance spectrophotometry is the simplest UV-visible analysis and it is based on the relation 

between the incident light power P0 and the light power that goes through the sample PT, as reported in 

Equation 2.16. 

𝑇 % = 𝑃𝑇𝑃0 × 100 (2.16) 

To obtain diffuse reflectance spectra, on the other hand, an integrating sphere and dedicated mirrors 

are required. In this case, the light scattering from the surface of the sample in all directions is measured 

and compared with the reflectance of a standard sample with known values. 
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In order to study the optical properties of semiconductor thin films, generally the transmittance, 

absorption and reflectance are plotted against the wavelength or the energy, calculated according to 

Equation 2.17 and expressed in eV [133].  

𝐸 = ℎ𝑐𝜆 (2.17) 

Since the band gap is defined as the forbidden energy levels between the valence and conduction 

bands, in all these spectra the absorption drops at the energy (or wavelength) of the band gap. Therefore, 

both the UV-visible transmittance and reflectance spectra can be used to calculate the band gap of the 

semiconductor thin film, and different formula needs to be used depending on whether the transmittance 

or reflectance spectra is considered. 

If the transmittance spectrum is used, the band gap can be extrapolated from the Tauc plot. In this case 

first the absorption coefficient is calculated as function of the transmittance T and the thickness t of the 

thin film (Equation 2.18). Then, the Tauc plot is obtained according to the relation between the 

absorption coefficient and the band gap Eg, as reported in Equation 2.19. Here n can be ½ or 2 for direct 

or indirect permitted transitions, respectively. In this Tauc plot, the band gap is equal to the intercept 

on the x axis of the linear extrapolation of the curve (Figure 2.13a) [134]. 

𝛼 = − ln(𝑇 100⁄ )𝑡 (2.18) 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)𝑛 (2.19) 

 

 

Figure 2. 13 Band gap extrapolation using the Tauc plot (a) and the Kubelka-Munk function (b). The former is obtained from 
Transmittance data and the thickness of the sample, while the latter is calculated using Reflectance data. In both cases, the 
band gap is obtained from the linear extrapolation of the curve and is equal to the energy value for y equal to 0. 
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If, instead, the reflectance spectrum is used, the band gap is obtained by extrapolation of the curve 

reported in Figure 2.13b. In this case the curve is obtained by calculating the Kubelka-Munk function, 

which is equal to the ratio between the absorption (k) and scattering (s) coefficients as shown in 

Equation 2.20. The plot can be obtained by using Equation 2.21 and again the exponent n is equal to ½ 

or 2 for direct and indirect permitted transitions, respectively. 

𝐹(𝑅) = 𝑘𝑠 = (1 − 𝑅)22𝑅 (2.20) 

𝐹(𝑅)ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)𝑛 (2.21) 

It is then evident that if the Kubelka-Munk function is used, the band gap value is independent on the 

thickness of the thin film [135], [136]. 

In this work, all the UV-visible spectra are obtained using an Agilent Technologies Cary 5000 UV-

Vis-NIR spectrophotometer. The analysis was carried out at room temperature and with wavelength 

range spanning from 200 to 800 nm. For the transmittance analysis the baseline was calculated by 

considering the transmittance of bare sapphire as 100 % transmittance, and by blocking the beam with 

a black plate as 0 % transmittance. 

 

2.5.2 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a non-destructive, non-contact technique used to investigate 

the optical and electronic properties of semiconductor thin films.  

In general, the luminescence is defined as the spontaneous emission of light by a physical system; 

photoluminescence is the specific case in which the emission is achieved by the absorption of light from 

an external source. If a semiconductor material is irradiated by a light with wavelength hv, electrons in 

the valence band are promoted in the excited state E1 in the conduction band, generating electron-hole 

pairs in the system. Then, the excited electrons return to the ground state E0, recombining with holes, 

through different possible mechanisms, shown in Figure 2.14. According to Stokes’ law, if a 

semiconductor material is irradiated by a light with wavelength hv, the emitted light must have 

wavelength equal to or longer than the absorbed light; in the former case (Figure 2.14a) the electron-

hole pair recombines using a radiative mechanism, the emitted photon has energy E = hv and the 

excitation is called resonant excitation. In the latter case (Figure 2.14b), the emitted photon has energy 

E < hv and part of the excitation energy is dissipated through non-radiative mechanisms, such as 

thermal vibrations [137], [138].  
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Figure 2. 14 Schematic representation of possible photoluminescence processes. 

Since the energy of photons E realised from the recombination of electron-hole pairs is directly 

related to the band-gap energy between the valence and the conduction band of a semiconductor 

material, PL spectroscopy can be used to investigate the electronic structure, the band gap and the 

emission intensity of the material under study. In addition, PL spectroscopy can be a powerful tool to 

investigate the defect density of semiconductor thin films. Localized defects, such as vacancies, and 

impurities usually generate localized states within the band gaps, in which excited electrons or holes 

can be trapped (Figure 2.14b). When the semiconductor thin film is irradiated with light, these trapped 

electrons and holes can recombine as well, generating luminescence at lower energy than the band gap.  

In general, a PL spectrum is obtained by plotting the measured PL emission against the wavelength 

or hv (Figure 2.15). In case of semiconductor thin films, generally two structures are visible in the 

spectrum: a sharp peak at higher energy and a broad peak at lower energies. The former is related to the 

radiative recombination of electron-hole pairs and lies at the energy of the band gap; while the latter is 

related to the presence of defects and impurities, which introduce localized states within the band gap, 

and gives an estimation of the crystal quality of the thin film. 

 



77 
 

 

 

Figure 2. 15 Photoluminescence spectra of GaN at room temperature. The sharp peak is related to the band gap transition, 
while the broader band gap at larger wavelength is caused by the presence of defects or impurities in the structure. 

In addition, low-temperature PL analysis can also be performed to better understand the optoelectronic 

properties of thin films. If the temperature drops to 77 K (the boiling point of liquid nitrogen), the 

electron-hole pairs have less thermal energy, therefore unwanted non-radiative processes are frozen, 

and intensity of PL signals is strongly increased. Low-temperature PL analysis, therefore, can be used 

to study different energy states that may not be visible at room temperature [138]. 

In this work PL analysis was performed using an Accent RPM 2000 spectrometer at room temperature. 

The laser source was operating at wavelength 266 nm and power 1-3 mW, while the diffraction grating 

was 600 g/mm giving a final wavelength resolution of 0.50 nm. In addition, neutral density filters were 

inserted to decrease laser power and allow the collection of data at different excitation power. 

 

2.6 Raman spectroscopy 
Raman spectroscopy is another non-destructive, non-contact technique used to investigate stress, 

strain and crystal quality of semiconductor thin films. 

When a molecule or a crystal structure interacts with light, this can be either transmitted, absorbed or 

scattered. While technique such as UV-visible or photoluminescence spectroscopies are based on the 

first two effects, Raman spectroscopy is based on the scattering of light by the atoms of molecules or 

crystals. Generally, scattering events can be classified as elastic (or Rayleigh) scattering in which the 

energy of the incident is equal to the energy of the scattered photon, or inelastic (or Raman) scattering, 

in which part of the energy of the incident photon is transferred to the atoms. In the latter case, the 

scattered photon has different energy from the incident photon and this difference is known as Raman 

shift. Generally, in vibrational spectroscopy this Raman shift is expressed in term of wave number 𝜈, 
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which is directly proportional to the difference of energies between the incident and the scattered 

photons, as expressed in Equation 2.22.  ΔΕ = ℎ𝜈 = ℎ𝑐𝜈 (2.22) 

As shown in Figure 2.16, depending on the energy of the incident photon, the electronic transition 

from the ground state E0 to an excited state can have magnitude E ranging between 10-4
 and 1010 cm-

1; however, the vibrational interactions, which are relevant for Raman spectroscopy, are usually between 

102 and 104 cm-1. 

 

 

Figure 2. 16 Energy spectrum of electromagnetic wave expressed as wavenumber, wavelength and frequency.. The different 
spectroscopies used to analyse different portion of the wave are reported in the table. Reprinted from Introductory Raman 
Spectroscopy – Chapter 1, Elsevier book., J. R. Ferraro,Kazuo Nakamoto,Chris W. Brown Copyright (2003), with permission 
from Elsevier [139], DOI: https://doi.org/10.1016/B978-0-12-254105-6.X5000-8. 

In a Raman experiment the sample is generally illuminated using a UV-vis laser with frequency v0 

and the scattered light is detected in the perpendicular direction. In this case, the UV-vis photons interact 

with the electronic cloud of atoms or molecules and are either elastic or inelastic scattered. Therefore, 

the detected photons can have same (v0), higher (v0 + vm) or lower (v0 - vm) frequency than the incident 

photon; where vm is the vibrational frequency of the atoms (or molecules). The lines arising from these 

scatterings are called Rayleigh, Stokes and anti-Stokes line. The Rayleigh lines do not contain any 

information about the properties of the material, while Stokes and anti-Stokes give the same type of the 

information; however, the anti-Stokes line are usually few orders of magnitude less intense than the 

Stokes lines, therefore the Raman spectra usually refer to Stokes scattering. In addition, the Raman 

spectra is collected in the UV-vis region and the vibrational frequencies vm of the materials are obtained 

as shift from the incident frequency v0 [139]. 

The Raman scattering can be explained using classical physics: if the case of a diatomic molecule is 

considered, when the molecule interacts with the electromagnetic wave, an electric dipole moment P is 

induced and can be calculated using Equation 2.23: 

𝑃 = 𝛼𝐸 = 𝛼𝐸0 cos(2𝜋𝑣0𝑡) (2.23) 

https://doi.org/10.1016/B978-0-12-254105-6.X5000-8
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Where α is polarizability constant, E0 is the vibrational amplitude and v0 the incident beam frequency.  

If a molecule vibrates at frequency vm, the nuclear displacement q can be defined as  

𝑞 = 𝑞0 cos(2𝜋𝑣𝑚𝑡) (2.24) 

In addition, if only very small amplitudes of vibration are considered, the polarizability  changes 

linearly with the displacement q as in Equation 2.25: 

𝛼 = 𝛼0 + (𝜕𝛼𝜕𝑞)0 𝑞0 + ⋯ (2.25) 

Where 0 is the polarizability at the equilibrium position and (𝜕𝛼 𝜕𝑞⁄ )0 is the rate of  variation in 

function of the displacement q. Therefore, combining the Equations 2.23 – 25 the polarizability can be 

rewritten as: 𝑃 = 𝛼𝐸0 cos(2𝜋𝑣0𝑡) = 𝛼0𝐸0 cos(2𝜋𝑣0𝑡) + (𝜕𝛼𝜕𝑞)0 𝑞𝐸0 cos(2𝜋𝑣0𝑡) (2.26) 

Which can be rearranged as: 

𝑃 = 𝛼𝐸0 cos(2𝜋𝑣0𝑡) + (𝜕𝛼𝜕𝑞)0 𝑞0𝐸0 cos(2𝜋𝑣0𝑡) cos(2𝜋𝑣𝑚𝑡) = 𝛼𝐸0 cos(2𝜋𝑣0𝑡) + 12 (𝜕𝛼𝜕𝑞)0 𝑞0𝐸0 [cos(2𝜋(𝑣0 + 𝑣𝑚)𝑡) +cos(2𝜋𝑣0 − 𝑣𝑚𝑡) (2.27) 

Where the three terms represent the Rayleigh, the Stokes and the anti-Stokes scattering, respectively. 

It is then evident that a vibration can be Raman-active if the (𝜕𝛼 𝜕𝑞⁄ )0 term is non-zero, therefore to 

see a peak in the Raman spectra, it is necessary that the polarizability value is altered during the 

vibration. 

However, both the electric field E and the electric dipole mode P are vector with component in the 

three directions x, y and z, therefore Equation 2.23 has to be rewritten as: 

[𝑃𝑥𝑃𝑦𝑃𝑧] = [𝑎𝑥𝑥 𝑎𝑥𝑦 𝑎𝑥𝑧𝑎𝑦𝑥 𝑎𝑦𝑦 𝑎𝑦𝑧𝑎𝑧𝑥 𝑎𝑥𝑦 𝑎𝑧𝑧] [𝐸𝑥𝐸𝑦𝐸𝑧 ] (2.28) 

 Here, the second matrix is called the polarizability tensor and is symmetric in normal Raman. 

Therefore, according to Equation 2.27 a vibration is Raman-active if one of the component of the 

polarizability tensor varies during the vibration [139]. 

While the above theory is viable for a system of single molecules, in the case of crystals the observed 

vibrations are the result of collective oscillations occurring in the entire lattice of the crystal. Since these 

oscillations are quantized, they are usually called phonons. Although, a crystal could show very 

complex vibrations, all of them can be classified as linear combination of four fundamental modes. 
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These fundamental modes are characterized as a function of direction, which are longitudinal (L) and 

transversal (T), and frequency, optical (O) and acoustic (A), giving the four modes LO, LA, TO and 

TA. In addition, in order for a vibration to be propagate throughout the crystal structure, it is necessary 

that the atoms in the structure vibrate in phase; therefore, the lattice vibrations visible in Raman spectra 

are strictly related to the symmetry of the crystal structure under study. Generally, the vibrations in a 

crystal can be classified in 4 different classes, namely A, B, E and T; where A and B represent 

degenerate vibrations along the c-axis, E refers to doubly degenerate vibrations normal to the c-axis and 

T represents triply degenerate vibrations. In Figure 2.17 the phonon modes visible in wurtzite GaN 

structure are reported [140]. 

 

 

Figure 2. 17 Possible phonon modes present in a GaN wurtzite structure. Reprinted from Hiroshi Harima 2002 J. Phys.: 
Condens. Matter, 14, R967, © IOP Publishing. All rights reserved [141], DOI: https://doi.org/10.1088/0953-8984/14/38/201. 

In this work an InVia Raman spectrometer is used to measure the Raman spectra of the thin films 

under study. In this spectrometer the sample is loaded in a closed chamber, then an optical microscope 

can be used to choose the area to illuminate. Then the surface of the sample is illuminated using a UV-

visible laser with wavelength of 532 nm and spot size of 1 m. After interaction with the sample, the 

scattered photons pass through the diffraction grating (1800 g/mm) and finally reach the detector. In 

Figure 2.18 a schematic representation of a Raman spectrometer is reported. The resolution of the 

Raman spectra depends on the laser wavelength, the focal length, which is the distance between the 

grating and the detector, and the density of the diffraction grating.  

 

https://doi.org/10.1088/0953-8984/14/38/201
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Figure 2. 18 Schematic representation of the Raman spectrometer structure. 

 

2.7 Electrical characterisation 
Electronic devices based on semiconductor materials have now achieved outstanding performances in 

terms of efficiencies, reliability and lifetime. However, due to the constant need to further improve these 

performances, new materials need to be proposed in order to meet the high-demanding requirements. 

For these reasons, the electronic properties of the materials investigated in this work are characterized 

using Hall effect measurement technique. 

2.7.1 Hall effect measurements 

In 1879 Dr Edwin Hall discovered the phenomenon [142] that now bears his name. While he was 

studying the effect of electrical current applied to a thin rectangle of gold placed in a magnetic field, he 

noted that when a magnetic field is applied a small net voltage is measured perpendicular to the 

magnetic field.  

An example of this effect is shown in Figure 2.19: a very thin, p-type semiconductor material, in 

which the electrons are constrained to move only along the x and y directions, is introduced in a 

magnetic field B oriented along the z direction [143]. If a constant current I flows in the semiconductor 

along the x direction, a Lorentz force FL arises according to Equation 2.29 𝑭𝐿 = 𝑞(𝒗 × 𝑩) = −𝑞𝑣𝑥𝐵𝑧 (2.29) 
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Where vx is the velocity of carrier in x direction, and for p-type semiconductors it is defined as in 

Equation 2.30 𝑣𝑥 = 𝐼𝑞𝑡𝑊𝑝 (2.30) 

 

 

Figure 2. 19 Schematic rapresentation of the Hall effect in a p-type semiconductor. Reprinted by permission from Springer: 
Springer Nature, “Electrical characterization of semiconductor materials and devices—review” – Deen, M.J. & Pascal, F. J 
Mater Sci: Mater Electron (2006) 17: 549, (2006) Copyright. [143], DOI: https://doi.org/10.1007/s10854-006-0001-8. 

Due to the presence of this Lorentz force, an excess of surface electrical charges arises on one side of 

the sample, generating an electric field Ey along the y direction, perpendicular to both the applied 

magnetic field and the flowing current. (Figure 2.19). In addition, when the steady state is achieved, the 

two active forces in the system, namely the Lorentz force FL and the electric force FEL, balance, and the 

Hall voltage VH can be calculated (Equations 2.31 and 2.32). 

 𝐹 = 𝐹𝐿 + 𝐹𝐸𝐿 = −𝑞𝑣𝑥𝐵𝑧 + 𝑞𝐸𝑦 = 0 (2.31) 

 𝐸𝑦 = 𝐵𝐼𝑞𝑡𝑊𝑝   𝑎𝑛𝑑  𝑉𝐻 = 𝐸𝑦𝑊 = 𝐵𝐼𝑞𝑡𝑝 (2.32) 

 

Where t and W are the thickness and the width of the sample, respectively. 

 Therefore, by measuring the Hall effect of a thin film, fundamental electrical parameters, such as 

sheet carrier density, sheet carrier mobility and resistivity can be directly determined. Since both the 

magnetic field Bz and the flowing current I are known, the sheet carrier concentration can be calculated 

as function of the Hall voltage VH (Equation 2.33) [143]. 

 𝑝𝑠 = 𝐵𝐼𝑞𝑉𝐻 (2.33) 

 

https://doi.org/10.1007/s10854-006-0001-8
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In addition, if the thickness of the thin film t is known, both the Hall coefficient RH (Equation 2.34) 

and the bulk carrier density p (Equation 2.35) can be calculated. 

 𝑅𝐻 = 𝑡𝑉𝐻𝐵𝐼 (2.34) 

 𝑝 = 1𝑞𝑅𝐻 (2.35) 

 

Similar calculations can be performed for n-type semiconductors; however, it must be noticed that in 

this case both the Hall coefficient RH and the bulk carrier concentration n have negative signs. 

Finally, if the resistivity  is known, the carrier mobility can be calculated as shown in Equation 2.36. 

 𝜇 = |𝑅𝐻|𝜌 (2.36) 

 

Since all the critical electrical parameters can be evaluated in only one measurement, Hall 

measurements has now become the most widely used technique to evaluate the electronic properties of 

semiconductor materials [143]. 

The Hall effect is generally measured using two different geometries. The first one is the Hall bar 

geometry, in which the sample is shaped in a long bar and at least six different contacts must be applied; 

different geometries of possible Hall bars are shown in Figure 2.20. 

 

 

Figure 2. 20 Schematic rapresentation of Hall bar geometries for Hall measurement [144]. 

In presence of a magnetic field B, the Hall voltage VH is measured by applying the current flowing 

from contact 5 to contact 6 and measuring the voltage across contacts 1 and 2 or 3 and 4. Then the bulk 
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resistivity of the sample can be calculated using Equation 2.37, where the voltage drop between contacts 

1 and 3 is calculated in absence of any magnetic field. 

 𝜌 = 𝑉1,3𝑤𝑡𝐼5,6𝑏 (2.37) 

 

Where w and t are the width and thickness of the sample, while b is the distance between contacts 1 

and 3 [143]. 

Although Hall bar geometries are still commonly used to measure the Hall effect, there are some 

disadvantages such as the need of at least six contacts to perform the measurement and the requirement 

to measure the exact distance between contacts, which could be challenging. 

Therefore, a second geometry, called Van der Pauw geometry, is now becoming much more popular 

for performing Hall measurements. As shown in Figure 2.21, in this geometry only four contacts are 

necessary, as long as they are sufficiently small, near the edge of the sample and the thickness of the 

sample is sufficiently uniform. In theory any shape of the sample could be used to perform the analysis, 

however a symmetrical shape is usually preferred. 

 

 

Figure 2. 21 Different Van der Pauw geometries for Hall measurment [144]. 

In this case the current is flowing across two adjacent contact (I1,2) and the potential drop is measured 

between the two other contact (V3,4), in presence of a magnetic field B. In addition, the resistivity is 

calculated by measuring resistances RA and RB in absence of magnetic field, as shown in Equations 

2.38, 39 and 40. 

 𝜌 = 𝜋𝑡𝑙𝑛2 × (𝑅𝐴 + 𝑅𝐵)2 × 𝑓 (2.38) 

 𝑅𝐴 = 𝑉3 − 𝑉4𝐼1,2 (2.39) 
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𝑅𝐵 = 𝑉4 − 𝑉1𝐼2,3 (2.40) 

 

Where f is the correction factor. Finally, concentrations and mobility of the carriers can be calculated 

using the same formulas used for Hall bar geometry [143].  

Compared to Hall bar geometry, Van der Pauw method is easier to use, as only four contacts are 

necessary; however, the measurements usually take longer time and are highly sensitive to the contact 

size and the contact distances. 

In this work, Hall measurements were performed using Van der Pauw geometry, as shown in Figure 

2.21a. Four indium contacts are applied on the sample, using a high temperature pen heated at 160°. 

Then the sample is loaded on a solder pad sample card and connected to the circuit using four copper 

wires. The solder card is then loaded in a Model 8404 AC/DC Hall Effect Measurement System to 

perform the measurement at room temperature. 

First the ohmic nature of the indium contacts was checked by applying 20 A of current. Then both 

the resistivity and the Hall voltage were measured in absence and presence of a magnetic field of 1.6 T. 

The final results were then elaborated using Lake Shore software. 
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Chapter 3 

 

 

Characterisation of GaN 
 

3.1 Introduction 
GaN has become very popular over the last few decades for both optoelectronic and electrical devices 

due to its wide, direct band gap (3.4 eV), high saturation velocity (2.25 107 cm/s [3]) and high electron 

mobility (900 cm2/Vs [3]). However, the performance of these devices largely depends on the crystal 

quality of GaN thin films and great effort has been made to reduce the density of defects present in the 

GaN structure [14], [48], [96]. In this chapter GaN thin films grown using e-beam physical vapour 

deposition (e-beam PVD) are studied. Since e-beam PVD is not commonly used to grow binary III-

nitride materials, the properties of binary GaN grown using this technique were first investigated before 

moving to more complex systems such as ternary ScGaN or FeGaN. In addition, the performance of 

devices based on stack of different epilayers, such as LEDs or HEMTs, generally improves when the 

epilayers are grown consecutively without taking the thin films out of the system and exposing GaN to 

air. Therefore, it is of technological interest not only studying the properties of ternary transition metal 

nitrides but also of binary GaN on which these materials will be grown in the final device. For this 

reason, in this chapter the properties of GaN thin films grown using e-beam PVD in different growth 

conditions are first investigated, before moving on transition metal-based GaN thin films. 
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3.2 Growth rate 
In devices such as HEMTs and LEDs the thickness of each layer influences the properties of the entire 

device; therefore, it is crucial to achieve fine control of the thickness of the thin film and of the growth 

rate at which it is grown. The growth rate is usually expressed in nm/h and it is obtained by measuring 

the thickness of the thin film using ex situ techniques such as TEM or SEM. This parameter is strictly 

dependent on the chosen growth conditions such as the temperature at which the substrate is heated 

(Tsub) or the ratio between reactants in the chamber (III/V ratio). Generally, when GaN is grown, the 

substrate temperature is chosen to be between 600 and 800 °C [104]: for lower temperatures the mobility 

of the adatoms is too low, leading to highly-defective thin films, while for higher temperatures the 

desorption and decomposition of precursors become very fast, leading to low growth rates and rough 

surfaces, as shown in Chapter 4. For this reason, the GaN thin films studied in this chapter have been 

grown using a substrate temperature equal to 800 °C. 

The III/V ratio is also a crucial parameter that influences both the growth rate and the properties of 

the final thin film. Depending on the value of this ratio the growth can take place either in Ga- or in N-

rich conditions. When Ga-rich conditions are chosen, the growth rate is limited by the concentration of 

nitrogen near the surface of the substrate, where the deposition takes place. Because of that, in these 

conditions the growth rate is independent of the Ga evaporation rate and, in turn, on the Ga e-beam 

current used. In addition, since the availability of nitrogen is limited, when Ga adatoms reaches the 

surface they tend to diffuse before reacting with nitrogen, leading to very smooth surfaces [145]. On 

the other hand, when the growth occurs in N-rich conditions, the growth rate is limited by the 

concentration of Ga near the surface of the substrate. As a result, small variations of Ga evaporation 

rates result in large variations of GaN growth rates. Moreover, because of the high concentration of 

nitrogen, when Ga adatoms reach the surface of the substrate they quickly react before diffusing on the 

surface. Such that, when the growth takes place in N-rich conditions rougher surfaces made of rounded 

nanocrystallites are usually obtained [105].  

With the aim of studying the influence of Ga evaporation rate on the growth rate of GaN when e-beam 

PVD is used, GaN thin films were grown on sapphire using different Ga e-beam currents while all the 

other variables remained unchanged. The growth rates of GaN grown using Ga e-beam currents ranging 

between 73 and 85 mA are illustrated in Figure 3.1. TEM cross-section imaging was used to measure 

the thin film thicknesses, which are listed in Table 3.1. When the lowest Ga e-beam current was used 

(Sample A), the growth rate is as low as 10.6 nm/h, and after 90 minutes of growth the thin film is 16 

nm thick. Such a low growth rate suggests that when the Ga e-beam current is only 73 mA, the 

evaporation of Ga is very slow and the concentration of Ga near the surface of the substrate is not high 

enough to efficiently react with nitrogen and deposit GaN. However, when the Ga e-beam current is 

increased of few milliamperes, the growth rate increases of about 1 order of magnitude from 10.6 nm/h 

for 73 mA to 106.7 nm/h for 76 mA (Sample B). This large increase of growth rate suggests that 76 mA 
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is the minimum current intensity necessary to trigger the evaporation of Ga, so that the concentration 

of Ga near the substrate surface is high enough to deposit good-quality GaN thin film. When the e-beam 

current is further increased from 76 mA to 79 mA (Sample C) and 82 mA (Sample D) the growth rate 

increases up to 122.7 nm/h and 120 nm/h, respectively. In Figure 3.1 the dependence of the growth rate 

on the Ga e-beam current can be observed clearly, suggesting that these thin films are grown in N-rich 

growth conditions. However, no references regarding GaN-growth properties using e-beam PVD are 

currently available and ex-situ characterisation techniques, such as AFM, are necessary to confirm the 

N-rich growth regime. 

 

 

Figure 3. 1 Growth rate plot of GaN grown using different Ga e-beam currents. The dependence of the growth rate on the e-
beam current used suggests that the growth takes place in N-rich conditions. 

 

Name Ga e-beam current (mA) Thickness (nm) Growth rate (nm/h) 
A 73 16 10.6 
B 76 160 106.7 
C 79 184 122.7 
D 82 180 120 
E 85 36 24 

Table 3. 1 Ga e-beam currents, thicknesses and growth rate of all GaN samples under study. The thickness was calculated 
using cross-section TEM imaging. 

It is also interesting to notice that when the e-beam current is further increased from 82 to 85 mA 

(Sample E), the growth rate suddenly drops down to 24 nm/h. A possible explanation for this drop could 

be that for this e-beam current the evaporation of Ga becomes very fast, so that high concentration of 

Ga adatoms accumulate on the surface of the substrate lowering the rate of GaN deposition. A similar 

growth rate trend was reported when GaN was grown using MBE and MEE (migration-enhanced 

epitaxy). Kawaharazuka and collaborators [146] observed that when the flux of Ga exceeded a certain 

limit value the growth rate dropped; they related this drop to the accumulation of Ga monolayers and 

Ga droplets on the surface of deposited GaN. Since the diffusion of nitrogen in metallic Ga is slow, the 
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presence of these accumulations lowers the overall growth rate of the deposition of GaN [146]. 

However, if such a high III/V ratio is present during the growth of Sample E, the surface of the sample 

would be expected to show typical Ga-rich or Ga-droplet morphology [145]. However, as shown in 

Section 3.2, GaN grown using the highest e-beam current does not show a smooth surface as expected. 

Furthermore, the growth rate of this thin film is comparable to that of GaN grown using an e-beam 

current equal to 73 mA (Sample A). This similarity might suggest that the lower growth rate of GaN 

grown using the highest e-beam current might be due to some experimental failure of the system that 

was not detected during the experiment. 

 

3.3 Surface morphology 
 The studies of morphological properties of semiconductor thin films is of interest for many 

applications, such as optoelectronics or device processing. In addition, surface characterisation 

techniques can be used to investigate the mechanism and growth conditions of these thin films. In this 

work the surface properties of GaN grown using different Ga e-beam currents are investigated using 

AFM and plan-view TEM imaging.  

The 1 x 1 m2 AFM images of the GaN thin films under study are shown in Figure 3.2. All GaN thin 

films show surfaces made of rounded 3D nanocrystallites of different sizes. This morphology suggests 

that the growth of GaN thin films takes place in N-rich conditions for all samples. In N-rich conditions, 

the growth is limited by the availability of Ga adatoms near the surface of the substrate, and when Ga 

adatoms reach the substrate they react with nitrogen before diffusing. The fast reaction with nitrogen 

results in a 3D growth mechanism and surfaces made of 3D nanocrystallites [105], [145]. Tarsa and 

collaborators [105] have proposed a qualitative model to explain the surface properties of GaN grown 

in N-rich conditions. They suggested that in sufficiently N-rich conditions the outmost layer of GaN is 

expected to be made of N atoms that are bonded only with one Ga atom of the layer beneath them, while 

the other remaining three bonds are “dangling”. Therefore, when a Ga atom reaches the N-rich surface 

it easily forms a Ga – N bond, and an energy barrier must be overcome in order for the Ga atom to break 

this bond and diffuse to another site [105]. 
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Figure 3. 2 1x1 m AFM images of GaN grown using Ga e-beam current equal to 73 (a), 76 (b), 79 (c), 82 (d) and 85 mA (e). 
All AFM the images are processed using parabolic flattening.  

These AFM results are in agreement with the growth rates discussed in the previous section, which 

suggested that the growths take place in N-rich regime. According to the growth rate results, however, 

a different surface morphology was expected when the e-beam current was further increased to 85 mA 

(Sample E). As discussed in the previous section, when the e-beam current is increased from 82 to 85 

mA, the growth rate drops, suggesting that high concentration of unreacted Ga might limit the 

deposition rate of GaN. However, the surface morphology of this sample remains comparable to the 

ones of the rest of the set, suggesting that even at this e-beam current the growth still takes place in N-

rich conditions. These contradictory results for Sample E are yet unclear and further investigation 

appears to be necessary to understand the real conditions in which this growth was carried out. 

In Figure 3.3a the size of nanocrystallites of GaN thin films grown using increasing e-beam currents 

are shown. A clear relationship between nanocrystallite size and Ga e-beam current can be observed: 

when the e-beam current increases from 73 mA to 82 mA the nanocrystallite size increases from 16 nm 

to 61 nm. This increase of size can be related to an improvement of crystal quality of GaN thin films, 

as confirmed by XRD and TEM results shown in the following section. When the Ga e-beam current is 

further increased from 82 to 85 mA, the nanocrystallites become smaller and comparable to the thin 

film obtained using e-beam current equal to 76 mA. This drop in crystal size suggests that when the e-

beam current exceeds 82 mA the crystal quality of the thin film decreases. It is possible that this decrease 

in crystal quality is related to the excessively fast evaporation of Ga at this e-beam current; however, a 

failure of the system that was not detected by the software is also a possibility. Nonetheless, the results 

shown in Figure 3.3a suggest that for the growth of GaN using e-beam PVD in these conditions, the 
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optimal range of Ga e-beam current lies about 82 mA. This result is in good agreement with XRD and 

TEM results discussed in this chapter. 

 

 

Figure 3. 3 Nanocrystallite size (a) and root-mean-square roughness (b) of GaN grown using increasing Ga e-beam current 
measured from AFM images illustrate in Figure 3.2. 

The root-mean-square (RMS) roughness values of these thin films are plotted in Figure 3.3b. All thin 

films show a relatively smooth surface, with RMS values ranging between 0.9 and 5.3 nm. These low 

RMS values suggest that smooth GaN with relatively good surface quality can be obtained by using e-

beam PVD in these growth conditions.  

Finally, plan-view TEM imaging was used to investigate further the properties of GaN surfaces. In 

Figure 3.4 a and b bright-field (BF) and dark-field (DF) TEM images of GaN grown using 82 mA as e-

beam current are illustrated. As expected from AFM results, rounded nanocrystallites are clearly visible 

in BF images, suggesting that in these conditions GaN thin films grow via an island growth mechanism 

rather than a layer growth one [147]. Moreover, in both TEM images misoriented nanocrystallites are 

also visible: these results are in good agreement with the island growth mechanism and are confirmed 

by the width of the rocking curves shown in the following section. Similar plan-view TEM results were 

also observed for the other GaN thin films studied in this chapter (not shown). 

 

 

Figure 3. 4 Bright-field (BF) (a) and centred-dark-field (CDF) (b) plan-view TEM images of GaN grown using Ga e-beam 
current equal to 82 mA. 
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3.4 Structural and microstructural characterisation 
The properties of the crystal structure of GaN thin films grown using different Ga e-beam currents are 

discussed in this section. HR-XRD in 2− geometry was used to confirm the epitaxial growth of the 

thin films, evaluate the crystal structure and calculate the c lattice parameter. The XRD patterns of the 

thin films are illustrated in Figure 3.5a-e. In all patterns only the peaks at 34.6 ° and 72.9 ° can be related 

to GaN, and specifically to the (002) and (004) planes of hexagonal GaN. The absence of other peaks 

attributable to GaN confirms that all GaN thin films have been successfully grown along the preferential 

[0001] direction on the top of sapphire substrates. Moreover, the (002) and (004) peaks of GaN structure 

indicate that these GaN thin films are stable in the wurtzite structure without extended cubic inclusions. 

The calculated c lattice parameters are listed in Table 3.2. The a parameter, on the other hand, could 

not be calculated using HR-XRD since it was not possible to carry out the experiment using asymmetric 

geometries. As shown in Table 3.2, the c lattice parameters of the GaN thin films under study are all 

larger than the theoretical value reported in literature at 300 °C (5.1851 Å [148]). The larger lattice 

parameter suggests that all the thin films are under different degrees of tensile strain (Table 3.2). This 

strain might arise from the need to accommodate the lattice mismatch with the underlying sapphire 

substrate. The strain present in these thin films was also studied using c/a ratios calculated from 

diffraction patterns and will be further discussed later in this section. 

 

Sample Ga e-beam current (mA) (002) peak position (°) c lattice parameter (Å) Strain (𝑐𝑒𝑥𝑝−𝑐𝑖𝑑𝑒𝑎𝑙𝑐𝑖𝑑𝑒𝑎𝑙 ) 

A 73 34.53966 5.1894 ± 0.0006 + 0.000829 
B 76 34.54902 5.1882 ± 0.0003 + 0.000598 
C 79 34.54349 5.1889 ± 0.0005 + 0.000733 
D 82 34.535 5.1901 ± 0.0007 + 0.000964 
E 85 34.5495 5.18704 ± 0.00004 + 0.000374 

Table 3. 2 Position of (002) peaks measured form 2− scans of GaN grown using increasing Ga e-beam current. The 
calculated c parameters and strain in the thin films are also reported. 

It is also interesting to notice that the intensity of the (002) peaks shown in Figure 3.5 largely changes 

when the Ga e-beam current changes. One possibility is that this variation in intensity might be related 

to a variation of crystal quality of the thin film structure. However, since both sample A and E are much 

thinner than the rest of the samples, it is also possible that the less intense peaks are merely due to a 

difference in thicknesses.  
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Figure 3. 5 − scans of GaN grown using e--beam current equal to 73 (a), 76 (b), 79 (c), 82 (d) and 85 mA (e).  

Therefore, to more accurately study the crystal quality of GaN thin films grown using different e-

beam currents, HR-XRD  scans (rocking curve) were obtained. The rocking curves obtained are shown 

in Figure 3.6 and the full-width-half-maximum (FWHM) values reported in Table 3.3. Although the 

XRD results obtained using  scan are generally considered mostly independent from thickness offsets, 

it is worth noticing that even in this case the thinner samples (A and E) show less intense peaks. 

However, the FWHM values obtained from these rocking curves (Table 3.3) are in perfect agreement 

with the AFM nanocrystallite sizes reported in Section 3.3. While the GaN obtained using the lowest 
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(73 mA) and highest (85 mA) e-beam current give rise to larger peaks with width close to 2 °, the thin 

films grown using intermediate e-beam currents show an improved crystal quality, as expected from 

AFM results.  

Therefore, these rocking curve results confirm that the optimal Ga e-beam current GaN grown using 

e-beam PVD in these conditions lies in the range between 79 and 82 mA. If higher currents are used 

the crystal quality quickly drops, possibly due to the excessively fast evaporation of Ga; if lower 

currents are used the crystal quality decreases as well, although the reduction is much slower. Although 

from these results 82 mA appears to be the optimal e-beam current, further optimization of the growth 

conditions is still necessary. All rocking curves reported in Figure 3.6, in fact, have FWHM higher than 

1°, suggesting that misorientations are present in all thin films, even in the optimum one (Sample D). 

The presence of misorientations was also confirmed by the plan-view TEM images illustrated in the 

previous section and are typical of 3D island nucleation mechanism. Therefore, the optimization of 

other growth parameters, such as substrate temperature (Tsub) or nitrogen pressure (pN2) could be useful 

to improve the crystal quality of GaN thin film grown using e-beam PVD.  

  

 

Figure 3. 6  scans of GaN grown using e--beam current equal to 73 (a), 76 (b), 79 (c), 82 (d) and 85 mA (e).  

 

Sample Ga e-beam current (mA) (002) FWHM peak from 2− pattern (002) FWHM from  pattern 
A 73 0.51 ± 0.01 1.95 ± 0.01 
B 76 0.1612 ± 0.0009 1.86 ± 0.01 
C 79 0.1479 ± 0.0009 1.60 ± 0.01 
D 82 0.1438 ± 0.0009 1.51 ± 0.01 
E 85 0.275 ± 0.003 1.97 ±0.01 

Table 3. 3 Full-width-half-maximum values of GaN obtained from the fitting of (002) peak in 2− and  scans 
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Finally, it is interesting to notice the difference between the FWHM values of these thin films obtained 

using HR-XRD in 2− and  geometries (Table 3.3). Although in both cases when the e-beam current 

increases up to 82 mA an improvement of crystal quality is observed, a clear offset between the two 

trends is evident. Since the rocking curves are obtained by rotating the sample at different  angles, 

while the detector is fixed, the FWHM values obtained using this geometry are considered more 

accurate and more reliable than the one obtained using 2− scan [127]. Therefore, from the values 

reported in Table 3.3 it can be concluded that the FWHM values obtained from the 2− scans are 

consistently underestimated. These results confirm the necessity to carefully choose the geometry in 

which the XRD experiment should be carried out in order to avoid misleading results or overestimation 

of thin film quality.  

To further investigate the structural and microstructural properties of GaN thin films grown using e-

beam PVD, cross-sectional TEM imaging was carried out. In Figure 3.7 BF TEM images took along 

the [11̅00] and [112̅0] zone axes of all GaN thin films under study are shown. As expected, the thin 

film obtained using the lowest e-beam current (Figure 3.7 a-b) is made of small misoriented 

nanocrystallites alternated by small voids. These structural properties are in agreement with the AFM 

results discussed earlier in this chapter and with a rocking peak as large as 1.97 ± 0.01 °. As expected 

from growth rate results, when the e-beam current is increased the thin films become much thicker with 

thicknesses ranging between 160 and 184 nm. As shown in Figure 3.7 c-h, similar microstructures are 

observed in GaN thin films grown using e-beam currents ranging between 76 and 82 mA. All these thin 

films show columnar crystal structure normal to the surface of the substrate. In addition, triangular pits 

are visible between columns, as highlighted by the black arrows. These pits correspond to the holes 

observed in the AFM images and have already been observed in GaN thin films grown using N-rich 

conditions [145]. These pits have hexagonal pyramids shape and are usually generated by threading 

dislocations that terminate a few nanometres below the surface of the thin film (Figure 3.7 c-h, black 

arrows). The formation of these pits is believed to be related to the low mobility of Ga adatoms in N-

rich conditions; while in Ga-rich conditions the adatoms diffuse to the most suitable site following 2D 

growth mechanism, which leads to smoother surfaces [145]. It is interesting to notice that when the 

highest Ga e-beam current, and therefore the highest III/V ratio, is used both these pits and the columnar 

structure are no longer visible (Figure 3.7 i-l). This different structure may indicate that when the e-

beam current is as high as 85 mA the III/V ratio is high enough to promote the diffusion of Ga adatoms 

before they bond with nitrogen. These results would suggest that the GaN thin film obtained using the 

highest e-beam current is grown in Ga-rich conditions, in agreement with the lower growth rate reported 

in section 3.2. However, the AFM morphology of this GaN thin film did not suggest this type of regime 

and further investigation is necessary to clarify the conditions in which this sample was grown. 
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Figure 3. 7 Bright field TEM images obtained along the [11̅00] and [112̅0] zone axes, respectively, of GaN grown using e--
beam current equal to 73 (a-b), 76 (c-d), 79 (e-f), 82 (g-h) and 85 mA (i-l). Black arrows were used to highlight the triangular 
pits present on the surfaces of GaN grown using intermediate e-beam currents (c-h). 



97 
 

High-resolution (HR) TEM imaging was also used to investigate the structural properties of the GaN 

thin films under study. In Figure 3.8 the low-magnification TEM images of the GaN samples taken 

along the [112̅0] zone axis are shown; in addition, high-magnification images and diffraction patterns 

of the GaN/sapphire interfaces and the near-surface areas are shown in insets 1 and 2, respectively. As 

expected, the GaN grown using the lowest e-beam current (Figure 3.8 a) is highly defective, with high 

concentration of stacking faults and dislocations throughout the film. This high concentration of defects 

is probably due to the inefficient evaporation of Ga at this e-beam current and the resulting very slow 

growth rate (16 nm/h). When higher e-beam currents are used (Figure 3.8 b-d), relatively high 

concentrations of stacking faults parallel to the GaN/sapphire interface are still visible, as shown by the 

HR-TEM images and the elongated spots in the respective diffraction patterns. It is interesting to notice 

that while the long-range order is lost in multiple areas near the GaN/sapphire interface, lower 

concentrations of defects are visible in the near-surface area (Figure 3.8 insets 2), indicating an 

improvement of crystal quality during the growth. In addition, cubic inclusions are visible in some areas 

of GaN grown using intermediate e-beam currents. However, the concentration of this cubic phase is 

not high enough to be detected using HR-XRD, since no cubic-phase related peaks are visible in the 

2− patterns (Figure 3.5 a-e). In addition, a relation between e-beam current and extension of cubic 

inclusions can be noted: when the e-beam current is 76 mA (Figure 3.8 b), the wurtzite structure is lost 

in large areas of the structure, however when the e-beam current is increased (Figure 3.8 c-d) the 

extension of the cubic inclusions progressively reduces. This reduction is in agreement with the rocking 

curve results reported in Figure 3.6, in which the FWHM gradually reduces when the e-beam current is 

increased from 76 to 82 mA, suggesting an improvement of crystal quality. Finally, when the e-beam 

current is as high as 85 mA (Figure 3.8 e) the columnar structure is no longer present, however high 

concentrations of stacking faults and dislocations are visible throughout the film. In all thin films under 

study these defects are visible along the [112̅0] zone axis only and invisible along the [11̅00] and the [0002] zone axes (not shown); therefore the stacking fault observed in the GaN structures are believed 

to be I2 stacking faults with displacement vector equal to 1 3⁄  〈101̅0〉, according to the invisibility criteria 

[105]. Further quantification of these structural defects in the structure, however, is beyond the scope 

of this work. 
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Figure 3. 8 High resolution TEM images taken along the [112̅0] zone axis of GaN grown using e--beam current equal to 73 
(a), 76 (b), 79 (c), 82 (d) and 85 mA (e). The red (1) and yellow (2) insets highlight the regions of the structure near the 
GaN/sapphire interfaces and the near-surface areas respectively. 
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Finally, the diffraction patterns obtained from the cross-section TEM images were used to calculate 

the c and a parameters of the GaN thin films. Since the absolute values of the lattice parameters obtained 

from the diffractions patterns suffer from a large calibration error, the c and a parameters obtained using 

this technique are generally considered unreliable. However, the c/a ratio is only affected by the 

experimental error arising from the correct aligning of the zone axis and not by calibration errors. 

Therefore, the calculation of the c/a ratio of a thin film can be used to evaluate the distortion and stress 

present in the structure. The c/a ratios of GaN thin films obtained using increasing e-beam current are 

plotted in Figure 3.9. All thin films under study have a c/a ratio much higher than the theoretical values 

of wurtzite GaN (1.6266 [148]), indicating that in all cases the wurtzite structure is highly distorted. 

Since GaN obtained using the lowest and highest e-beam current are only few tens of nanometres thick, 

the large c/a ratio might be due to some residual stress due to lattice mismatch with the underlying 

sapphire. The GaN thin films obtained using intermediate e-beam current, on the other hand, are largely 

thicker than the critical thickness and they are expected to be fully relaxed. Therefore, the larger c/a 

ratio of this thin film is believed to be related to relaxation strain necessary to accommodate the lattice 

mismatch between GaN and sapphire lattice parameters.  

 

 

Figure 3. 9 c/a ratios obtained for TEM diffraction patterns of GaN grown using increasing Ga e-beam currents. 

Since a comparison of structure distortions can only be made among thin films with similar 

thicknesses, only a comparison of c/a ratios among GaN obtained using intermediate e-beam currents 

can be carried out. The thin films obtained using lowest and highest e-beam current, in fact, are much 

thinner and therefore subjected to different degrees of strain; such that, a comparison with the rest of 

the dataset would not be reliable. From Figure 3.9 it is evident that when the e-beam current is tuned 

from 76 to 82 mA, an increment of c/a ratio is obtained. According to the c lattice parameters calculated 
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using HR-XRD, this increase of c/a ratio appears to be related to the elongation of the c lattice when 

the e-beam is increased. However, the reduction of the ratio could be also due to a decrease of the a 

parameter or a combination of longer c and shorter a parameters. Therefore, the direct measurement of 

a lattice parameter would be useful to better understand the trend of the c/a ratio for the thin films 

observed in Figure 3.9. This increment of the c/a ratio when the e-beam current is increased to 82 mA 

might be related to the density of defect present in the structure. From XRD and TEM results, in fact, 

it is evident that GaN grown using e-beam current equal to 82 mA shows much higher crystal quality 

than the rest of the samples. It is therefore possible that, while the structures of the other samples 

partially relax via generation of defects, the structure of GaN grown using 82 mA as Ga e-beam current 

remains strained, so that lower concentration of defects and more distorted wurtzite structure are 

obtained. Such that, the higher c/a ratio of Sample D is in agreement with an improvement of crystal 

quality consistently observed during this work.  

 

3.5 Optical characterisation and band gap 
The optical properties of GaN grown using e-beam PVD and their dependence on the used Ga e-beam 

currents are discussed in this section. In addition, the band gaps of these thin films are calculated using 

both the Tauc plot and photoluminescence spectra. The accurate determination of the band gap is of 

particular interest for GaN, since it determines the optical and electrical properties of the GaN-based 

final devices, such as LEDs or HEMTs.  

 

3.5.1 Transmittance spectroscopy 

Transmittance spectroscopy is a simple technique widely used to study the optical properties of thin 

films as well as liquids. The transmittance spectroscope is equipped with different lamps that can emit 

in a wide range of wavelength, usually between 200 and 800 nm or above. The photons emitted by these 

lamps interact with the sample and, depending on their energy and the properties of the material, they 

can be transmitted, adsorbed or reflected. Depending on the information needed, both transmittance and 

reflectance can be easily measured by changing the alignment of the instrument, while the absorbance 

is calculated using the formula 𝐴 = 1 − (𝑇 + 𝑅). In transmittance spectra the transmittance is usually 

high at large wavelengths, where the photons are less energetic, and drops at wavelengths close to the 

band gap of the material. This drop can then be used to extrapolate the band gap of the thin film under 

study, as described in detail in Chapter 2. In Figure 3.10 the transmittance spectra of GaN thin films 

grown using e-beam PVD are shown. GaN thin films grown using the lowest (Sample A) and highest 

(Sample E) e-beam currents have a smaller drop at shorter wavelength than the rest of the dataset. These 

results are probably due to the very thin thicknesses of these thin films: since both thin films are only 

few tens nanometres thick, the amount of GaN able to absorb light at these wavelengths is very small, 
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therefore the drop of transmittance is much smaller than that of the other thin films. GaN thin films 

grown using intermediate e-beam currents (Samples B-D), on the other hand, show an abrupt drop of 

transmitted light at wavelength about 390 nm, suggesting that the band gaps of these samples lie around 

3.18 eV.  

 

 

Figure 3. 10 Transmittance spectra of GaN grown using e--beam current equal to 73 (A), 76 (B), 79 (C), 82 (D) and 85 mA 
(E). 

In addition, at larger wavelengths typical interference fringes are visible for Samples B – D. These 

interference fringes are generated by the internal reflections of light at the air/sample and 

sample/substrate interfaces and by their interference. The amplitude of the fringe is inversely related to 

the thickness of the thin film, and they are usually visible in thin films thicker than 100 nm with 

homogenous surfaces [149]. Interference fringes are visible only for GaN grown using intermediate e-

beam currents (Samples B – D), while a straight line is observed when the lowest and highest e-beam 

currents are used. These fringes are often used to calculate several optical constants, such as absorption 

coefficient (), both real and imaginary component of refractive index (refractive index n and extinction 

coefficient k), as well as the thickness of the thin film [150]. Different methods can be used to calculate 

these optical constants, such as iterative calculations [151], [152] or Swanepoel’s method [149]. The 

maximum and minimum visible for all GaN grown using intermediate Ga e-beam current were used to 

calculate the refractive index according to Swanepoel’s method [149]. In this case the refractive index 

s of the substrate must first be calculated by collecting the transmittance spectra of the substrate only. 

Then the transmittance of the maximum and the minimum of the fringe is used to calculate the refractive 

index according to the following equations: 
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𝑁1 = 2𝑠 𝑇𝑀 − 𝑇𝑚𝑇𝑀𝑇𝑚 + 𝑠2 + 12 (3.1) 

𝑛 = [𝑁1 + (𝑁12 − 𝑠2)12]12 (3.2) 

Where TM and Tm are the transmittance of the maximum and the minimum of the fringe, respectively. 

The refractive index calculated for Sample B, C, and D are 2.08 ± 0.02, 2.25 ± 0.02 and 2.22 ± 0.02, 

respectively. These values are in good agreement with those reported in the literature [153], suggesting 

that GaN grown using e-beam PVD in N-rich conditions show relatively good optical quality.  

Using the transmittance spectra shown in Figure 3.10, the Tauc plots of the GaN thin films were 

calculated and shown in Figure 3.11a. The Tauc plot is commonly used to extrapolate the band gap of 

thin films by plotting the product of the absorption coefficient  with the energy against the energy h. 

In addition, the exponent of the product (h) in the Tauc plot is determined by the nature of the band 

gap of the material. More detail about the calculation of the Tauc plot are reported in Chapter 2. In 

Figure 3.11a only the Tauc plot of GaN obtained using intermediate e-beam currents are shown, since 

Samples A and E were too thin to produce a reliable Tauc plot. In Figure 3.11b the extrapolated band 

gaps with the relative errors are plotted. Small change of band gaps is observed when the e-beam current 

is changed, however the variation of band gap is smaller than the error. This variation could be simply 

arising from experimental errors, such as measurement of the thickness using TEM or extrapolation of 

the linear portion of the Tauc curve. Such that, it can be concluded that no evident variation of band 

gap is observed in GaN thin films when the e-beam current is tuned from 76 to 82 mA.  

 

 

Figure 3. 11 Calculated Tauc plots (a) of GaN grown using e--beam current equal to 76 (B), 79 (C), 82 (D) and extrapolated 
band gaps (b). 

The value of the band gaps obtained from the Tauc plot is estimated to be between 3.15 ± 0.02 and 

3.19 ± 0.02 eV, which are much lower than the 3.4 eV reported in literature for GaN. It is possible that 

this narrower band gap is due to the thin thickness of the thin films, much smaller than that of bulk GaN 
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films usually a few micrometres thick. In addition, the presence of defects in the crystal structure could 

introduce localised states, resulting in band gaps much narrower than those reported for high-quality 

GaN grown using MOCVD. Further investigation of the band gap of these thin films was carried out 

using photoluminescence technique, as discussed in the following section. 

 

3.5.2 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is another technique used to study the optical properties of thin 

films. Because of its advantages to be fast, non-destructive and contactless, this technique has recently 

become very popular for the evaluation of structural quality and defect concentrations in thin films. 

Photoluminescence is usually carried out either at room temperature (RT) or at low temperature (LT), 

where liquid helium is used.  

The RT photoluminescence spectra of GaN thin films obtained using intermediate e-beam currents 

are shown in Figure 3.12a. All samples show similar PL spectra with a broad peak around 2 eV and a 

second peak centred about 3.10 eV. Convolution analysis was carried out to study number, position and 

relative intensity of the underlying peaks; the calculated peaks are shown in Figure 3.12a as bright green 

lines. The common yellow luminescence (YL) peak is present in all samples at 2 eV. This peak is 

usually related to the presence of structural defects that generate localised states in the band gap. These 

localised states reduce the energy transition of photons, giving rise to photoluminescence at low energy 

(1.5-2.5 eV) [154]. It is interesting to notice that the intensity of this broad peak decreases when the e-

beam current increase. This reduced intensity is in agreement with a reduction of defect density in the 

structure and an improvement of crystal structure when the e-beam current is tuned from 76 to 82 mA. 

 

 

Figure 3. 12 Photoluminescence spectra (a) of GaN grown using e--beam current equal to 76 (B), 79 (C), 82 (D) and 
extrapolated band gaps (b). 
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Moving to higher energy, a peak at about 3.1 eV and a shoulder at 2.9 eV are observed in all samples. 

The more intense peak at 3.11 eV might be generated by the near-band edge excitation however it lies 

at energy much lower than the ones usually observed for GaN. This shift at lower energy is possibly 

due to the presence defects in the structure that introduce localised states in the band gap. The position 

of this peak was also used to evaluate the band gap of the thin films under study (Figure 3.12b). As 

expected from transmittance spectroscopy results, the values obtained of the GaN band gaps are lower 

than that usually reported in the literature. This red-shift of band gap to lower energy is possibly caused 

by structural defects in the structures that generated localised states in the band gap. In addition, the 

variation of band gap when the e-beam current increases is smaller than the experimental error. 

Therefore, it can be concluded that the band gap does not appear to change when the e-beam current is 

tuned from 76 to 82 mA, in agreement with transmittance results, and remains constant between 3.09 ± 

0.02 and 3.11 ± 0.02 eV. 

Finally, in all PL spectra a third peak can be observed at energy around 2.98 eV. The origin of this 

peak is not as clear as the others and can be generated by different type of interactions. It is possible 

that this peak is related to shallow donor bound excitations (DBE) generated by shallow donor states 

that lies just below that bottom of the conduction band [155]. Another explanation is that this peak is 

related to the recombination of excitations generated by either basal-plane or prismatic staking faults 

present in the crystal structure [156]. In both cases, however, the generation of this peak can be 

attributed to the presence of structural defects in the structure. High concentrations of stacking faults 

are typically observed GaN thin films grown in N-rich conditions [105] and were confirmed by HR-

TEM images discussed in Section 3.4. 

 

3.6 Conclusions 
In this chapter the structural and optical properties of GaN thin films grown in e-beam PVD system 

using increasing Ga e-beam current are presented. First the regime in which the growths take place was 

confirmed by both growth rate trend and AFM results. The dependence of growth rate on the Ga e-

beam current used and the observed 3D morphology suggest that when the Ga e-beam current varies 

between 73 and 82 mA, GaN grows in N-rich conditions. The 3D morphology and the island nucleation 

mechanism were also confirmed using plan-view TEM imaging, in which misoriented, rounded 

nanocrystallites were observed. In addition, a strict relation between Ga e-beam current and crystal 

quality of GaN structure was observed. When the e-beam current is increased up to 82 mA, the size of 

the nanocrystallites increases, suggesting an improvement of crystal structure. This improvement was 

also confirmed using HR-XRD, in both 2− and  scans, and cross-section TEM imaging. All results 

reported in this chapter, in fact, consistently suggest that when the Ga e-beam current is equal to 82 mA 

the optimum thin film is obtained. This sample, in fact, showed the largest nanocrystallites, the 

narrowest rocking curve and the lowest concentration of defects in HR-TEM images. If lower or higher 
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e-beam currents were used, a net drop of crystal quality was observed. Nevertheless, further 

optimization of the growth conditions is still necessary, since even the optimum thin films 

misorientations were still observed and the FWHM of the rocking curve was still of the order of 1 °. In 

addition, the band gaps of these thin films were calculated using both Tauc plots and photoluminescence 

spectra. A band gap as narrow as 3.1 ± 0.2 eV was calculated for all thin films grown using 

intermediated e-beam currents and no sensitive variation was observed when the e-beam current was 

increased. Compared with the band gaps reported in literature, GaN grown using e-beam PVD show 

narrower band gaps. It is possible that this result is due to the thinner thickness of these thin films, 

compared with m-thick GaN substrates. In addition, the narrower band gap might be caused by the 

presence of defects in the structure that generates localised states within the band gap. This 

interpretation was also confirmed by the photoluminescence spectra registered for these thin films. In 

photoluminescence spectra a relatively intense yellow-luminescence peak was observed in all sample. 

In addition, it was noticed that the intensity of this band decreases when the e-beam current increases, 

suggesting an improvement of crystal quality.  

From these results it can be concluded that epitaxial GaN thin films can be grown using e-beam PVD 

and 82 mA appears to be the optimal e-beam current when the growth takes place in N-rich conditions. 

However, further optimisation is necessary to obtain thin films with crystal quality comparable to more-

established growth techniques such as MOCVD. According to the results showed later in this thesis, in 

fact, GaN thin films showing much improved quality can be obtained after further optimisation of the 

e-beam PVD system. The uncertain conditions in which sample E (Ga e-beam current 85 mA) has been 

grown, for instance, is a clear evidence that the system was, at this point, not completely stable yet. 

However, as shown in Chapter 5, within this thesis work, the growth conditions and system have been 

much optimised and GaN thin film with largely improved properties has been obtained. Such that, the 

structural, optical and electrical properties of optimised GaN thin films grown using e-beam PVD are 

discussed further in Chapter 5. 
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Chapter 4 

 

 

Characterisation of ScGaN 
 

4.1 Introduction 
In this chapter the structural and optical properties of ScGaN thin films grown using electron-beam 

physical vapour deposition (e-beam PVD) are investigated. Since the binary compounds GaN and ScN 

are stable in two different structures, wurtzite and rock-salt respectively, the structural properties of 

ScGaN thin films strictly depend on the concentration of scandium. From theoretical calculations, 

Constantin et al. [68] predicted that ScGaN remains stable in the wurtzite structure when the scandium 

concentration is lower than 27 %. Moreover, Tsui et al. [157] found that ScGaN grown using molecular 

beam epitaxy (MBE) remains stable in the wurtzite structure for scandium contents up to 26 %, while 

for higher concentrations, rock-salt inclusions were observed. In addition, Zhang et al. [32] calculated 

that the band gaps of ScGaN changes when the scandium content changes and increases for increasing 

scandium concentration up to 50 %. Therefore, in this chapter the structural and optical properties of 

ScGaN grown using e-beam PVD are investigated using a range of characterisation techniques: AFM, 

XRD, TEM and UV-visible spectroscopy. In addition, the dependencies of these properties on the 

concentration of scandium are also studied and discussed in the following chapter. 
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4.2 Growth rate 
The growth rate is a crucial parameter for the deposition of thin films, and its fine control is necessary 

to obtain high-quality thin films with reproducible properties and thicknesses. Generally, the growth 

rate of nitride thin films depends on several conditions, such as substrate temperature (Tsub), nitrogen 

partial pressure (pN2) and III/V ratio in the chamber. For example, it was found that for InGaN the 

growth rate is largely dependent on the substrate temperature and decreases when the substrate 

temperature increases [158]. In addition, the growth rate changes when the ratio between the III and V 

materials in the chamber changes. In binary GaN growth, when the III/V ratio is very high the growth 

takes place in Ga-rich regimes. In this case the growth rate is limited by the availability of nitrogen 

nearby the substrate surface and it remains constant even when the Ga e-beam current is increased. On 

the other hand, when III/V ratios are very low, the growth rate is limited by the concentration of Ga 

adatoms on the surface of the substrates, therefore small changes of Ga e-beam currents lead to large 

variations of the growth rate. Different III/V ratios result in different morphological and structural 

properties, and a careful monitoring of this ratio is necessary to obtain the desired properties.  

However, for ScGaN thin films the dependence of growth rate on the III/V ratios is much more 

complex and the growth rate of ScGaN thin films with different concentration of Sc are reported in 

Figure 4.1 and Table 4.1. In addition to the presence of a third Sc-rich regime, it was found that the 

growth rate largely changes when the Sc e-beam current increases, while all the other conditions remain 

constant. As reported in Table 4.1, in these growth conditions when Sc is not evaporated and binary 

GaN is grown, the growth rate is exceptionally slow and even after 5 hours of growth the GaN thin film 

is only 40 nm thick. The slow growth rate of GaN is probably a consequence of the high temperature 

of the substrate during the growth (850 °C). Heying et al. [145] reported that when the surface of the 

substrate is heated at temperature higher than 800 °C the growth rate of GaN tends to decrease. This 

decrease is probably due to the desorption of reactive species from the substrate, as well as the 

decomposition of precursors [145]. However, when scandium is introduced in the system, the growth 

rate increases substantially, regardless of the high substrate temperature. As shown in Figure 4.1, the 

growth rate increases from 8 (Sample A) to 40 nm/h (Sample B) when the Sc/Ga e-beam current ratio 

increases from 0 to 0.25, and it is as high as 334 nm/h for the highest Sc/Ga ratios, equal to 0.375 

(Sample E). 
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Figure 4. 1 Plot of growth rate vs of Sc/Ga e-Beam current ratio. The substrates were all heated at 850 °C and the pN2 is 
maintained at 1 x10-4 tor. 

 

Sample  Sc/Ga e-Beam ratio Estimated Sc content Growth time (min) Thickness (nm) Growth rate (nm/h) 

A 0 0 300 40 8 
B 0.25 0.02 30 20 40 
C 0.267 0.05 30 35 70 
D 0.35 0.15 60 95 95 
E 0.375 0.20 30 167 334 

Table 4. 1 In the table the Sc/Ga e-Beam ratio, the estimated scandium content and the growth rate for all samples are reported. 

This increase in the growth rate when the Sc/Ga ratios increase, while all the other growth conditions 

remain constant, is probably related to the interaction of Sc with molecular nitrogen present in the 

chamber. It is known that when Sc is present in the growth chamber it tends to catalytically decompose 

molecular N2 in reactive nitrogen [159]; therefore, when Sc is present near the surface of the substrate, 

a higher concentration of nitrogen is available for the growth of ScGaN thin films. As a consequence, 

the growth rate quickly increases when the Sc e-beam current is increased, leading to a ScGaN thin film 

167 nm thick after only 30 minutes of growth when the highest concentration of Sc is used (Sample E). 

Increases in the growth rate when the Sc concentration was increased have also been observed in ScGaN 

grown using plasma-enhanced MBE [157], in agreement with the results reported in this thesis. This 

catalytic reaction between Sc and molecular N2, however, alters the III/V ratio during the growth of 

ScGaN thin films, therefore it is difficult to predict a priori if the growth takes place in Ga- Sc- or 

nitrogen-rich conditions. Hence, the determination of the growth regime in which the ScGaN thin films 

have been grown must be done by comparing ScGaN results with GaN and ScGaN properties reported 

in literature, using different characterisation techniques, as discussed in the following sections.  
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4.3 Determination of Sc concentration 
The determination of composition of ternary thin films is fundamental to understand the properties of 

the material and to study how they change when the relative concentrations of elements change. In the 

case of ScGaN, for instance, the structural properties strictly depend on the concentration of Sc: since 

ScN and GaN are stable in different structures, ScGaN is expected to be stable in wurtzite, wurtzite-

like or rock-salt structures depending on the relative concentration of Sc and Ga. In addition, it has been 

predicted that the band gap increases when the Sc concentration increases. Therefore, it is important to 

relate the optical properties to the Sc content accurately, in order to fine-tune the properties of the final 

ScGaN thin film. 

For the thin films grown using e-beam PVD, the ratio between the e-beam currents of two metals is a 

useful tool to estimate a priori the content of the thin film. The e-beam current ratios used in this work 

and the estimated concentrations of Sc are reported in Table 4.1. However, it is still necessary to confirm 

the exact concentration of scandium and its homogeneity throughout the film, using ex situ techniques. 

However, the ex-situ determination of Sc in ScGaN is not trivial, since the techniques commonly used 

to determinate the composition of thin films are not suitable in this case. Generally, the composition of 

thin films is calculated using TEM- or SEM-EDX (energy dispersive X-rays): using this technique the 

relative concentrations of elements is calculated using the relative intensity of the characteristic X-ray 

emission peaks. However, the L1 peak of scandium and the K1 peak of nitrogen lie respectively at 

0.395 keV and 0.392 keV [160], overlapping. Sc peaks at higher energy may be used; however, the very 

low intensities of these peaks increase the detection limit and make the composition determination not 

accurate for these thin films [109]. X-ray photoelectron spectroscopy (XPS) is another surface-sensitive 

technique widely used to determine the composition of thin films. In this case the composition of thin 

films is obtained by analysing the relative areas of binding energy peaks of different elements. However, 

in the case of ScGaN the binding energy of Sc2p, N1s and the Ga Auger peaks lie very close to each 

other within a range of only 10 eV [161]. The overlapping of these peaks makes the quantification of 

Sc challenging and underestimations of the real Sc concentration were observed when XPS was used 

[162].  

For these reasons, the compositions of ScGaN thin films studied in this work were obtained using 

secondary ion mass spectroscopy (SIMS). This technique is useful not only for the composition 

determination, but also for the evaluation of composition homogeneity and impurity levels throughout 

the thin film with a detection limit of ppm. Typical positive and negative depth profiles of GaN grown 

using metalorganic chemical vapour deposition (MOCVD) are illustrated in Figure 4.2a and b, 

respectively. In order to enhance the sensitivity and improve the detection limits of the analysis, oxygen 

(O2
+) primary sputtering gun was used. However, even when the energy of the gun was as low as 500 

eV, the counts of Ga+ were too high and above the saturation limits. Therefore, a 1000 eV caesium (Cs+) 

gun was used as primary sputtering gun for all samples.  
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Figure 4. 2 SIMS depth profile with positive (a) and negative (b) polarity of GaN thin film grown using MOCVD.  

The depth profiles of GaN and ScGaN samples obtained using positive polarity are illustrated in 

Figure 4.3. Using GaN grown in MOCVD system as reference, the levels of common impurities such 

as silicon, carbon and oxygen can be studied for both GaN and ScGaN grown using e-beam PVD. 

While the carbon levels are below the SIMS detection limit for all the thin films studied, both silicon 

and oxygen levels in PVD-GaN are between 1 and 10 counts/s. This larger inclusion of silicon and 

oxygen in PVD-GaN might be due to several factors. First, since the growth of GaN takes place at high 

temperature (850 °C), the growth rate of this thin film is exceptionally slow and equal to 4 nm/h. Slow 

growths usually favours the inclusions of impurities such as silicon or oxygen and this might explain 

the SIMS results in Figure 4.3b. In addition, PVD-GaN is thinner than the other thin films under study 

and shows a very rough surface (see Section 4.4). Since PVD-GaN has a rough surface, larger amounts 

of dangling bonds are exposed to oxidation, generating the native oxide Ga2O3 on the surface [163]. 
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Figure 4. 3 SIMS depth profile with positive polarity of GaN grown using MOCVD (a) and e-beam PVD (b) and ScGaN grown 
using e-beam PVD (c). The spike levels of Ga+ and Sc+ registered at the first few seconds of the analysis are an artefact of 
the technique and visible in both e-beam PVD thin films, as well as the MOCVD GaN reference. 
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In addition, because of the rough surface, in this case a larger amount of SIMS data come from the 

surface of the thin film, as schematically shown in Figure 4.4, which further increases the level of 

oxygen impurities. The further increase of oxygen for sputtering time higher than 90 sec comes from 

the sapphire used as a substrate. Regarding the impurities levels of PVD-ScGaN, those appear to be 

comparable to MOCVD-GaN, suggesting that no detectable impurity incorporation takes place during 

the growth of these thin films in the PVD system. It is also interesting to notice that the N+ levels for 

all e-beam PVD samples are comparable to the MOCVD GaN, suggesting that the nitrogen partial 

pressures used to grow these materials lead to stochiometric nitride thin films. 

  

Figure 4. 4 Simplified representation of the relation between amount of exposed surface and SIMS depth profile of surface 
impurities, such as oxygen or silicon. 

As shown in Figure 4.3, the depth profiles obtained using SIMS are generally expressed in absolute 

quantities, such as sputtering times and counts. Since the analysis can be influenced by matrix effects 

as well as experimental variables, high-quality standards are usually used to convert absolute counts in 

concentration or percentages of the elements in the thin films. Since ScGaN standards are not yet 

available, high quality GaN grown using MOCVD is used as standard to calculate the content of the 

thin films following the method reported in ref. [164]. In addition, the sputter time is converted in 

sputtering depth using a Dektak profilometer. In Figure 4.5 and Table 4.2, the Ga and Sc concentrations 

of ScGaN (Sample D and E) grown using e-beam PVD are reported. The determination of Sc was 

unfortunately not possible for Samples B and C: high levels of interference from aluminium and oxygen 

coming from the sapphire substrates made not possible the quantification of elements in these thin films. 

These interferences are possibly due to the very low thickness and roughness of these thin films.  

It is interesting to notice that the SIMS results reported in Figure 4.5 and Table 4.2 are in good 

agreement with the a priori estimations based on the e-beam current ratios. The concentration of 

scandium remains homogeneous throughout the film in both samples and no scandium accumulation 

layer on the surface (Figure 4.5) or nucleation layer near the sapphire surface (not shown) are observed. 
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These results suggest that a homogenous growth with good control of the evaporation of materials can 

be achieved when e-beam PVD is used as growth technique.  

 

 

Figure 4. 5 Depth profiles of ScGaN thin films of Sample D (a) and E (b) expressed as a function of Ga and Sc percentages vs 
sputtering depth. The spike levels of Ga+ and Sc+ registered at the first few seconds of the analysis are an artefact of the 
technique and visible in both e-beam PVD thin films, as well as the MOCVD GaN reference. 

 

Sample Sc content from Sc/Ga e-Beam ratio Sc content form SIMS 
D 0.15 0.12 ± 0.02 
E 0.20 0.20 ± 0.02 

Table 4. 2 Concentrations of Sc in ScGaN samples as estimated from the Sc/Ga e-beam ratio and from the SIMS depth 
profiles. 

Low-resolution scanning transmission electron microscopy (LR-STEM) was used to investigate 

further the homogeneity of scandium within the thin films. In Figure 4.6 the STEM images of Samples 

D and E are shown. In both cases no evident contrast that can be related to Sc accumulation layers and 

no compositional segregation can be observed. Therefore, ScGaN thin films grown using e-beam PVD 

in these growth conditions show uniform composition along the whole thickness without evident cubic 

inclusions or accumulation layers.  

The contrast observed in the Figures 4.6 a and b is more likely to be related to strain present in the 

thin films; however, due to the large enhancement of the growth rate when the scandium concentration 

increases, it is difficult to relate the strain present in the thin films with its scandium content. This 

relation will be further discussed later in this chapter. 
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Figure 4. 6 STEM-HAADF images taken at the 112̅0 zone axis of ScxGa1-xN with x equal to 0.012 (a), 0.20 (b), showing no 
evident composition segregation. 

 

4.4 Surface morphology 
Atomic force microscopy (AFM) has been used to study the morphology of ScGaN thin films grown 

using e-beam PVD. In Figure 4.7 the 2D AFM images of GaN and ScGaN with different Sc 

concentration are shown. All films show a compact rough surface made of rounded nanocrystallites 

nucleated following a 3D growth mechanism. The 3D rounded-nanocrystallite morphology has already 

been observed for MnGaN [165] and ScGaN [109] grown using MBE technique, and it usually suggests 

that the growth takes place either in N-rich or Ga-poor Metal-rich conditions. If, in fact, the 

concentration of nitrogen near the surface of the growing thin film is very high, the reaction of Ga and 

Sc adatoms to deposit ScGaN is much faster than the diffusion to proper sites [105]. Therefore, the 

deposition of GaN and ScGaN nanocrystallites is faster than the adatom diffusion and a 3D island 

growth is obtained. While the rounded-nanocrystallite morphology is evident for all scandium contents, 

a trend in roughness and nanocrystallite size is observed (Figure 4.8a and b). For intermediate scandium 

content, the nanocrystallites start to coalesce generating more compact well-rounded nanocrystallites 

(sample C), which finally fuse in flatter nanoclusters when the scandium content further increases 

(sample E). A similar trend was observed in MnGaN growth, and might suggest that when the Sc 

concentration increases, the growth regime shifts from N-rich to Ga-poor Metal-rich conditions [165]. 

When the Sc/N ratio increases near the surface of the growing film, Sc atoms might adsorb on the 

surface so that the accumulation of N atoms is prevented. The presence of higher concentration of Sc 

on the surface facilitates the diffusion of adatoms before reacting, so that smoother surfaces and bigger 

nanocrystallites can be obtained, as shown in Figure 4.8a and b. 
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Figure 4. 7 2x2 m2 and 1x1 m2 AFM height images of GaN (a-b) and ScxGa1-xN with x equal to 0.02 (c-d), 0.12 (e-f) and 
0.20 (g-h). All the images are processed using parabolic flattening.  
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Figure 4. 8 Root-mean-square (RMS) (a) and nanocrystal size (b) values for GaN and ScGaN thin films extrapolated from 
AFM data. 

It is also possible that the increment in nanocrystallite size is related to an improvement of crystal 

quality when the concentration of Sc is increased. This improvement of crystallinity in ScGaN with 

higher concentration of Sc might be due to different factors. First, it is possible that the improved 

crystallinity is related to the high substrate temperatures used during the growth. Moram et al. [159] 

suggested 850 °C as optimal growth temperature for binary ScN, while GaN is usually grown at 

temperatures between 600 and 800 °C. Therefore, it is expected that ScGaN shows improved crystal 

quality at these temperatures compared to binary GaN. Another possible explanation is that the higher 

thicknesses or the faster growth rates of these samples (D and E) lead to improved crystal quality; 

however, the improvement of crystal quality might be directly related to the higher concentration of Sc 

in the structure. This relation will be further studied in Section 4.5. 

 

4.5 Structural and microstructural characterisation  
The large band gap and exceptionally high piezoelectric constant of ScGaN have attracted increasing 

attention for possible application of this scandium-based material in high electron mobility transistors 

(HEMTs). In this class of device, the channel is generated at the interface between GaN (buffer layer) 

and AlGaN (active layer) grown above it. The band offset of AlGaN/GaN structure generates a deep 

quantum well in which electrons are physically confined and show very high mobility. However, 

mobility and concentration of these electrons strictly depend on the crystal quality of AlGaN layer, 

since defects in the layer are believed to act as traps that lower the performance of the device. Therefore, 

to successfully use ScGaN as alternative active layer, a comprehensive study of its structural properties 

and their dependence on Sc concentration must first be carried out.  

In this work, the structural and microstructural properties, as well as the nature of defects, in ScGaN 

thin films are fully characterized using HR-XRD, TEM and HR-STEM techniques.  
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Since these ScGaN thin films are grown directly on sapphire without employing any buffer layer, HR-

XRD in 2− and  modes can be used to calculate the c parameter of the wurtzite structures and to 

evaluate the quality of the crystal structure. The 2- HR-XRD patterns of GaN and ScGaN thin films 

with increasing scandium content are shown in Figures 4.9, while the positions of (002) peak of ScGaN 

and the calculated c parameters are summarized in Table 4.3.  

 

 

Figure 4. 9 − scan of GaN (sample A) (a) and ScGaN thin films with different Sc concentrations (samples C-E) (b-d). 

Since the HR-XRD analysis is carried out in symmetric geometry, only the (00x) peaks are visible and 

only the c parameter can be calculated. As shown from the HR-XRD overall patterns (Figure 4.9), both 

the (002) and (004) peaks are evident for all films. The presence of only these peaks confirms that the 

epitaxial growth along the [001] preferential direction is achieved for all samples grown using e-Beam 

PVD technique, while no secondary phases are evident in any of the samples. From theoretical results 

an increase of lattice parameter was expected when Sc concentration is increased in ScGaN samples. 

However, from the values reported in Table 4.3, the lattice parameter c first decreases when the 

scandium content increases from 0 to 5 % and 12 % and then increases again and become slightly larger 

than GaN for the highest concentration of Sc. The reduction of lattice c suggests that in ScGaN with 

intermediate concentration of Sc tensile out-of-plane stress might be reduced and similar trend was 
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observed in Raman results discussed later in this chapter. However, the strict dependence of growth 

rate, and in turn thickness of the thin film, to the Sc concentration makes difficult to directly compare 

the stress levels in these thin films. Future investigation of the lattice parameters of these thin films 

grown with similar thicknesses will be helpful to better understand the stress present in these thin films. 

 

Sample Sc content 2−002 c lattice parameter Out of plane strain (𝑐𝑒𝑥𝑝−𝑐𝑖𝑑𝑒𝑎𝑙𝑐𝑖𝑑𝑒𝑎𝑙 ) 

A 0  34.5272 5.1913 ± 0.0002 + 0.0012 
C 0.05 ± 0.03 34.5631 5.18602 ± 0.00004 + 0.0002 
D 0.12 ± 0.02 34.5709 5.1849 ± 0.0001 - 0.00004 
E 0.20 ± 0.02 34.5263 5.1914 ± 0.0002 + 0.0012 

Table 4. 3 (002) peak positions and calculated c lattice parameters and calculated strain level are reported for ScGaN with 
increasing concentration of scandium. 

In addition to the peak position, in Figure 4.9 it can be noticed that the intensities of the (002) peak 

largely change when the scandium content is changed, and it is substantially higher for sample E. This 

increase in intensity could be due to a thickness effect, since sample E is also the thickest sample in the 

set; however, it is also possible that higher content of scandium can somehow lead to higher-quality 

crystal structures. 

To investigate further this relation between peak intensity and scandium content,  pattern, or rocking 

curves, are performed and shown in Figure 4.10 together with the respective full width at half maximum 

values (FWHM). In agreement with the intensity trend in 2- scan, both GaN and ScGaN with lower 

concentration of Sc have a FWHM higher than 1°, which suggests that in both case high concentrations 

of in-plane rotations are present and the film is not single crystal. ScGaN with higher concentration of 

Sc (Sample E), on the other hand, shows a much sharper and more intense peak with a FWHM as low 

as 0.435 °, which indicates a high-quality single crystal structure. Although the great non-linear 

influence of scandium concentration on the growth rate of ScGaN might introduce some thickness off-

set, these results should be still relevant for the evaluation of the crystal quality of ScGaN thin films 

when the scandium content is increased. In rocking curve scans, in fact, the detector is fixed at a specific 

Bragg reflection while the sample is tilted around the same reflection, so that the FWHM obtained is 

mainly dependent on the distribution of nanocrystallite misorientations and it is mostly independent of 

the thickness of the thin film. In addition, although in this set the thickness increases almost linearly 

with the scandium content, there is no clear trend either in intensity or width of the peaks that might 

suggest a relevant off-set. Therefore, these rocking curve results suggest that, for the specific 

concentration of scandium present in sample E, the crystal quality greatly increases and the FWHM 

drops down to 0.435 °.  

If compared with ScGaN and GaN grown using different techniques [162], [166],[166], [167][164], 

[165] FWHM value of sample E is quite remarkable, especially if one considers that this thin film is 

only 167 nm thick and grown directly on sapphire without using any buffer layer. This marked increase 

in crystal quality for this specific scandium content could be due to several factors. One possible 
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explanation is that in sample E there is an unexpected relation between ScGaN and sapphire lattice 

parameters that leads to a relaxation of the structure and a reduction of point and planar defect 

concentrations within the film or at the interface with the substrate. This improved crystal quality in the 

ScGaN thin film with highest concentration of Sc (Sample E) suggested by both AFM and HR-XRD 

results, is also confirmed by the microstructural characterisation.  

 

 

Figure 4. 10  scan of GaN (sample A) (a) and ScGaN with 12 % (b) and 20 % (c) of Sc. 

The influence of the Sc concentration on the microstructural properties of ScGaN thin films was 

studied using TEM, HR-TEM and HR-STEM. In Figure 4.11 the bright field (BF) TEM images taken 

along the [112̅0] zone axis using an objective aperture 20 cm large are shown. GaN (Figure 4.11a) and 

ScGaN with lower concentration of Sc (Figure 4.11b) are made of small nanocrystallites, highly 

misoriented; in addition, in both cases a very rough surface is observed. These results are in agreement 

with both the AFM and HR-XRD results of these thin films and might be related to the very slow growth 

rate of these samples. When the scandium concentration is increased (Figure 4.11c) columnar structure 

and stacking faults are observed. However, when the Sc concentration is further increased (Figure 

4.11d) the structure of the thin film drastically changes: neither the columnar structure nor the stacking 

faults are observed, suggesting an improvement of the crystal quality. These results are in agreement 

with AFM images, in which to an increment of Sc concentration correspond an increment of diffusion 

length of the adatoms. 
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Figure 4. 11 Bright field TEM images of GaN (a) and ScxGa1-xN with x equal to 0.05 (b), 0.12 (c) and 0.20 (d). The images 
are taken at the 112̅0 zone axis using a 20-cm objective aperture. 

HR-TEM images of GaN and ScGaN thin films were also obtained and shown in Figure 4.12. It is 

worth remarking on the quality of crystal structure of GaN (Figure 4.2a) at this magnification: although 

at a long distance the thin film is made of small, misoriented nanocrystallites, within the nanocrystallite 

the crystal quality is surprisingly high. This high crystal quality can be even observed at the interface 

with sapphire, where no disordered or amorphous nucleation layer is observed. The high quality of the 

thin film is confirmed by both the HR-TEM image (Figure 4.12a) and the respective diffraction pattern 

(Figure 4.12a inset 1 and 2). When a low content of Sc is introduced (Sample C), high concentrations 

of stacking faults are observed (Figure 4.12b). The presence of these defects is also confirmed by the 

elongate shapes of the diffraction spots (Figure 4.12b inset). When the Sc concentration is further 

increased (Sample D), stacking faults and dislocation along the c direction are observed in both bright 

field (Figure 4.11c) and HR-TEM (Figure 4.12c) images and confirmed by the elongated diffraction 

spots (Figure 4.12c inset). Previous studies of ScGaN grown in N-rich conditions already suggested a 

relation between the Sc content and the stacking fault concentrations [64]. However, in this case it is 

difficult to relate the defect density to the thin film composition due to the different thicknesses of the 

thin films under study. Particularly interesting is the fact that when the Sc concentration is further 

increased (Sample E), the defect concentrations drop with an overall improvement of the crystal quality 

of the thin film. This improvement is confirmed by both HR-TEM images (Figure 4.12d) and the 

relative diffraction pattern (Figure 4.12d inset). This result is in agreement with the rocking curve 

results, suggesting that the specific concentration of Sc in Sample E leads to an abrupt improvement of 

the ScGaN crystal structure.  
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Figure 4. 12 High-resolution TEM images of GaN (a) and ScxGa1-xN with x equal to 0.05 (b), 0.12 (c) and 0.20 (d). The images 
are taken at the 112̅0 zone axis using a 50-cm objective aperture 

 

Since binary ScN is stable in a rock-salt cubic structure, it would be expected that for increasing 

concentrations of scandium the wurtzite structure of ScGaN distorts towards a wurtzite-like structure 

leading to higher concentrations of defects. However, in the thin films shown in this work when the 

concentration of scandium increases the crystal quality improves, while the defect concentration drops. 

With the help of Dr Giorgio Divitini, HR-STEM was used to further investigate the crystal structure of 

sample E and the defects present in its structure. The HR-STEM images of ScGaN with highest 

concentration of Sc are shown in Figure 4.13a and b. First, it is noticed that no contrast related to 

possible secondary phases is evident, which is consistent with the LR-STEM results (Figure 4.3). This 

lack of secondary phases suggests that ScGaN grown in e-beam PVD in these conditions is stable in 

wurtzite structure without undergoing any spinodal decomposition. These conclusions are also 

consistent with Raman results shown in the following section.  
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Figure 4. 13 Aberration-corrected HR-STEM images of the interface between sapphire and ScGaN thin film in Sample E. 

In addition, even at these magnifications no evidence of stacking faults or dislocations are observed 

along this zone axis, confirming that for this specific concentration of scandium the crystal-quality level 

is particularly high. This drastic change in crystal structure is probably a combined result of higher 

growth rate and good relation between the lattice parameters of ScGaN thin films and the underlying 

sapphire substrate. It is known that exceptionally slow growth rates favour the adsorption-desorption 

mechanism of adatoms and the GaN precursor, so that the probabilities to have high concentrations of 

nanocrystallite misorientations and impurity incorporations increase. Therefore, the higher growth rate 

of sample E (320 nm/h) may lower the rate of impurity incorporation and the level of misorientations 

in the structure. In addition, it is possible that for this specific scandium content ScGaN lattice parameter 

aScGaN shows a suitable periodicity with asapphire (i.e. 3 unit cells of sapphire and 4 unit cells of ScGaN 

have the same length), so that the whole thin film relaxes and the strain in the structure lowers without 

introducing treading defects. 
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4.6 Raman spectroscopy 
Raman spectroscopy is used to study the stress level in GaN and ScGaN thin films grown using e-

beam PVD. Since only polar structures, such as wurtzite structure, are Raman-active, Raman 

spectroscopy can be also a useful tool to investigate the crystal quality of the thin films and detect 

possible non-polar cubic inclusions. Since the rock-salt cubic structure is not polar, in fact, when it is 

present in the ScGaN thin films it gives rise to broad peaks at 400 and 670 cm-1 [157]; therefore, Raman 

can be used to assess the homogeneity of the wurtzite structure in the ScGaN thin films when the Sc 

concentration is increased.  

Raman spectra of GaN and ScGaN with different Sc concentration are shown in Figure 4.14a and b. 

While the peaks at 378, 418, 432, 578 and 751 cm-1 are related to sapphire, the peak at 568 cm-1 is due 

to the E2
H mode of GaN and ScGaN thin films. Since the incident laser in the Raman spectrometer is 

parallel to the c direction, in configuration z(x,x)z, the E2
L and A1(LO) modes should also be present. 

However, due to the low thickness of these thin films, it is possible that the intensity of these modes is 

not strong enough to be detected. As shown in Figure 4.15, when the concentration of Sc increased the 

peak related to the E2
H mode shifts at shorter frequencies from 568 cm-1 for GaN to 564 cm-1 for ScGaN 

with higher concentration of Sc. The value of GaN thin film is very close to the one reported in literature 

(568 cm-1 [168]) while a red-shift is observed when Sc is introduced in the film. This redshift at shorter 

frequencies is in agreement with the Raman results of ScGaN grown using MBE [157] and suggests 

that when the Sc concertation increases the in-plane tensile stress in the thin films increases as well. 

However, the different thicknesses of these thin films make difficult a comparison of stress levels in 

these ScGaN structures. In addition, since no fully-relaxed ScGaN thin film is available as reference, it 

is also possible that this Raman shift is simply due to compositional changes in the ScGaN thin films.  

 

 

Figure 4. 14 Raman spectra of GaN and ScGaN thin films (a) and zoom-in on GaN-related E2 peak at 568 cm-1 (b). Sapphire 
peaks are highlighted by the star. 
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Figure 4. 15 E2
H positions of GaN and ScGaN calculated from the Raman spectra shown in Figure 4.14. 

Finally, in all Raman spectra no broad peaks, usually related to cubic inclusions, are evident. The 

absence of these broad peaks is in agreement with HR-XRD and TEM results shown in previous 

sections and conclusively confirms the absence of secondary phases in the ScGaN thin films grown 

using e-beam PVD. 

 

4.7 Optical characterisation and band gap  
The studies of optical properties of III-nitrides and transition metal nitrides (TMNs) are of particular 

interest for optoelectronic applications such as LED. However, the accurate calculation of the band gap 

of these materials is also crucial for electrical applications such as high electron mobility transistors 

(HEMTs). The width of the band gap of the active layer, directly influence the dept of the quantum well 

generated at the ScGaN/GaN interface and, in turn, the properties of the transistor channel. Therefore, 

the band gap of GaN and ScGaN thin films grown using e-beam PVD are calculated using both 

transmittance and reflectance spectra. Moreover, room temperature photoluminescence is also carried 

out on these thin films. 

 

4.7.1. Transmittance spectroscopy 

Transmittance spectroscopy is a powerful non-destructive tool that can be used to assess not only the 

optical properties of thin films, but also to calculate their band gaps. In this case the sample is 

illuminated using light with wavelength ranging from 200 to 800 nm or with energy ranging between 

1.5 and 6 eV. While the photons with very low energy are transmitted, the photons with equal or larger 

energy than the band gap of the materials are adsorbed, resulting in a drop of the transmittance curve. 

Form the position of this drop the band gap of the thin film can be calculated using the Tauc plot [134]. 

The details of this calculation are discussed in in detail in Chapter 2. 
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The transmittance spectra of ScGaN thin films under study are shown in Figure 4.16, while calculated 

Tauc plots are shown in Figure 4.17a. The band gaps of GaN and ScGaN thin films extrapolated from 

the linear portion of the Tauc curve are plotted in Figure 14.17b.  

 

Figure 4. 16 Transmittance spectra of GaN and ScGaN with Sc concentration of 12 and 20 %. 

 

 

Figure 4. 17 Tauc plot (a) and extrapolated band gap values (b) of samples A, D and E.  

From the Tauc plot it is evident that when the Sc concentration in the thin film increases the band gap 

increases as well and is equal to 3.36 eV for the ScGaN with highest concentration of Sc (Sample E). 
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This increment in the band gap is consistent with both theoretical calculation and previous ScGaN 

experimental studies [21], [66]. It has been observed that the band gap of these thin films is strictly 

dependent on both defect and impurity concentrations, which are believed to lead to narrower band gaps 

[64], [67]. For ScGaN thin films grown using e-beam PVD, the increment of the band gap for higher 

concentration of Sc is consistent with both a reduction of structural defects and the lack of oxygen 

impurities, as proven by the TEM and SIMS results respectively. 

 

4.7.2. Reflectance spectroscopy 

Reflectance spectroscopy can also be used to calculate the band gap of thin films. In this case an 

integrating sphere is loaded in the instrument in order to measure the overall and diffuse reflectance. 

Different methods can be used to calculate the band gap from the diffuse reflectance spectra and most 

of them are discussed and compared in Ref [135]. However, among them the Kubelka-Munk equations 

is believed to be the most accurate and reliable method, therefore it has been chosen to calculate the 

band gaps of the thin films studied in this work. In this case the ratio between the absorption (k) and the 

scattering (s) indexes is plotted against the energy expressed in eV, and the band gap is obtained by the 

linear extrapolation of the linear portion of the curve [135]. 

The reflectance spectra and the curves calculated from the Kubelka-Munk function for GaN and 

ScGaN thin films are reported in Figure 4.18 and Figure 4.19a respectively. In addition, the calculated 

band gaps for different Sc concentrations are plotted in Figure 4.19b.  

 

 

Figure 4. 18 Reflectance spectra of GaN and ScGaN with 12 and 20 % of Sc. 
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Figure 4. 19 Kubelka-Munk plot (a) and extrapolated band gap values (b) of samples A, D and E.  

Once again, a clear trend is evident when the Sc concentration increases in ScGaN thin films up to 

3.39 eV for the highest concentration of Sc. Although this trend is consistent with the results obtained 

using the Tauc plot (Section 4.7.1), it is interesting to notice that the absolute values of the calculated 

band gaps change when the extrapolation method changes. The band gap values obtained using the two 

different methods are compared in Table 4.4. This variation in absolute values is possibly related to 

different accuracy of the extrapolation method: while the Tauc plot takes into consideration the 

thickness of the thin films, in the Kubelka-Munk function the thin films are assumed to be thick enough 

so that the sample holder and the thickness of the sample have no influence on the analysis [136]. On 

the other hand, when transmittance spectroscopy is used, it is assumed that all the not transmitted light 

is absorbed, while some portion of it might be reflected. In addition, the band gap values obtained using 

the reflectance spectra are closed to the ones reported in literature, therefore it appears that the band gap 

values obtained using Kubelka-Munk function might be the more reliable ones.  

 

Sample Sc content Tauc plot (eV) K-M (eV) 

A 0  3.10 ± 0.02 3.10 ± 0.02 

D 0.12 ± 0.02 3.21 ± 0.02 3.34 ± 0.02 

E 0.20 ± 0.02 3.36 ± 0.02 3.39 ± 0.02 

Table 4. 4 Band gap values of Samples A, D and E obtained using Absorption spectra, Tauc Plot and Kubelka-Munk function. 

 

4.8 Photoluminescence spectroscopy 

To characterize further the optical properties of these thin films, room-temperature photoluminescence 

(PL) analysis was performed. PL spectra of semiconductor thin films, such as GaN, generally show a 

sharp, intense peak at about 365 nm and a broad peak at lower energies. The intensities of these peaks 
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are generally used, not only to study the optical properties of the thin film under study, but also to 

directly measure the band gap and evaluate the crystal quality of the structure. In PL spectra of thin 

films, such as GaN a sharp narrow peak, the near-band-edge (NBE) peak, lies at about 3.4 eV and 

corresponds to the energy of the band gap of the thin film. In addition, a broad peak at lower energy is 

usually observed, called yellow luminescence (YL). This second peak is believed to be related to the 

defects of the film, such as structural defects and vacancies; therefore, from its intensity a qualitative 

estimation of the structural quality of the thin film can be done. 

PL spectra of GaN and ScGaN thin films under study are shown in Figure 4.20. The expected peak at 

360 nm is not evident in any of the ScGaN thin films, while a weak shoulder is present in GaN curve 

(sample A). In addition, a broad peak around 450 nm is observed in all samples. This broad peak could 

be due to the presence of defects, such as staking faults, or impurities within the film, however no trend 

is evident when the scandium content is increased. Such that, it is likely that the low growth rates have 

a major role in the photoluminescence properties, rather than the increasing content of the scandium. 

 

Figure 4. 20 Room temperature photoluminescence spectra for GaN (a) and ScGaN thin films with Sc of 5 % (b), 12 % (c) and 
20 % (d). 

 

4.9 Conclusions 
Epitaxial ScGaN thin films with different concentrations of Sc have been successfully grown directly 

on sapphire using e-beam PVD. The growth rate was found to be strictly dependent on the concentration 

of Sc present in chamber and quickly increases for higher Sc concentrations. This increase is probably 
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related to the catalytic reaction between Sc and molecular N2, which leads to higher concentrations of 

reactive nitrogen during the growth. This increase of nitrogen makes difficult to predict if the growth 

takes place in metal- or N-rich conditions; AFM analysis and results reported in literature suggest that 

these ScGaN thin films are grown in N-rich or Ga-poor Metal-rich conditions. However, the exact 

regime is difficult to estimate. In addition, a relation between nanocrystallite size and Sc concentration 

is also observed, which might suggest that higher concentration of Sc results in higher crystal quality 

of the structure. This relation is also confirmed by the HR-XRD and TEM results, which show an abrupt 

improvement of the crystal structure for the thin film with highest concentration of Sc. This 

improvement is believed to be related to a favourable relation between the lattice parameter of ScGaN 

with that specific concentration of Sc and the underlying sapphire substrate. This relation might lead to 

a reduction of the stress in the thin film which results in a much lower concentration of stress- and 

relaxation-defects in the structure. This reduction of defects for this ScGaN thin film was also confirmed 

using HR-STEM analysis. Moreover, no cubic inclusions were found in any of the ScGaN thin films, 

as confirmed by both STEM and Raman results.  

The optical properties of these thin films have been studied and the band gaps calculated using both 

transmittance and reflectance spectra. When the Sc concentration increases, an increase of the band gap 

is observed in both cases. This increase is consistent with the low concentration of defects in the ScGaN 

structure and with the absence of impurities, such as oxygen, as observed in SIMS results. 
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Chapter 5 

 

 

Characterisation of (Fe,Ga)N 
 

5.1 Introduction 
In this chapter the study of GaN thin films doped with increasing concentration of iron and grown 

using e-beam PVD is carried out. It is known that when small concentrations of Fe substitute Ga in the 

wurtzite structure, Fe introduces acceptor-like states within the band gap that compensate the GaN 

conductivity and lead to semi-insulating behaviour [87]. Because of this semi-insulating behaviour, Fe-

doped GaN has recently attracted great interest for electrical devices such as HEMTs [80], [81], [87]: 

if a Fe-doped GaN layer is introduced between GaN buffer-layer and sapphire in the HEMT structure, 

the unwanted background current affecting the buffer-layer is partially compensated and the insulation 

of the final HEMT improved. However, the solubility of transition metals such as Fe and Mn in GaN is 

extremely low and ranges around 1 and 6 % for (Fe,Ga)N and MnGaN, respectively [79]. Therefore, 

the growth of homogenous FeGaN (or MnGaN) without any transition metal-rich precipitates is still 

relatively challenging. When the concentration of the transition metal is higher than the solubility limit, 

in fact, spherical transition-metal-rich nanocrystals have been observed [72], [79]. Moreover, Bonanni 

and collaborators [88] reported that when these nanocrystals are present in the structure, an increment 
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of carrier concentration was observed with a consequent reduction of the semi-insulating behaviour of 

the thin film [88].  

The structural and electrical properties of Fe-based GaN thin films grown directly on sapphire using 

e-beam physical vapour deposition (PVD) are discussed in this chapter. In addition, the dependence of 

these properties on the concentration of iron and on the homogeneity of the crystal structure is also 

investigated.  

 

5.2 Determination of Fe concentration and 

structure homogeneity 
The solubility of iron and other transition metals (TMs) in wurtzite GaN is known to be very low and 

around 1 – 6 %, depending on the transition metal used. This low solubility is generally related to the 

presence of unpaired electrons in the d-orbitals of the transition metal that destabilise the electronic 

structure of the TM-based material. In the case of FeGaN, the maximum solubility of Fe is believed to 

lie between 0.4 and 1 %, depending on the growth conditions and, for Fe concentration higher than 

these values, spinodal decomposition and Fe-rich nanocrystals are observed [72]. The presence of these 

Fe-rich nanocrystals not only lowers the crystal quality of the Fe-doped GaN structure, but also 

influences the electrical and magnetic properties of the material [88]. Further details regarding these 

Fe-rich nanocrystals are reported in Chapter 1. 

Because of the low solubility of iron in GaN matrix and the influence of the Fe-rich nanocrystals on 

the structural properties of (Fe,Ga)N, the concentration of Fe and homogeneity of the structure must be 

accurately assessed using appropriate techniques. Initially the quality of the (Fe,Ga)N structure was 

assessed using HR-XRD technique, and the lack of Fe-related peaks was considered sufficient proof of 

the absence of any Fe-rich accumulations or inhomogeneity of the structure. However, this technique 

was found to be not reliable, leading to an overestimation of Fe solubility in GaN structure [79]. 

Microstructure characterisation techniques, such as energy dispersive X-ray spectroscopy (EDX) and 

scanning-TEM (STEM), are now considered essential tools to assess the homogeneity of Fe-doped GaN 

structure and calculate the concentration of Fe in the thin film. Therefore, in this work the iron 

concentration and homogeneous distribution in (Fe,Ga)N thin films grown using e-beam PVD were 

investigated using TEM-EDX and STEM.  

In Figure 5.1 the STEM images, the EDX maps and the EDX spectra observed for (Fe,Ga)N, grown 

using increasing Fe e-beam current, are reported. From these STEM images it can be seen that the 

(Fe,Ga)N thin film grown using Fe e-beam as low as 20 mA (Sample B) has homogenous structure 

throughout the film, while (Fe,Ga)N grown using 56 mA as Fe e-beam current (Sample C) shows darker 

regions near the surface (Figure 5.1e). These darker regions can be due to the presence of Fe-rich 

accumulations or simply to the presence of holes in the near-surface area of the thin film. Therefore, 
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EDX maps were used to investigate the origin of these darker regions and to calculate the concentration 

of iron in the thin films under study. From the EDX results of Sample B, the concentration of Fe present 

in the structure is calculated to be 0.8 ± 0.1 % while Ga is 99.2 ± 0.01 % (Figure 5.1d). This 

concentration of Fe is lower than the solubility limit (0.4 – 1 %) and therefore, homogenous crystal 

structure is expected in this thin film. As expected, the EDX map of Sample B (Figure 5.1 c) shows 

homogenous distribution of iron in the structure without any visible accumulation or nanocrystal. The 

concentration of Fe in Sample C, on the other hand, is calculated to be 4.6 ± 0.2 % (Figure 5.1h), which 

is well above the solubility limit of Fe in GaN material. In agreement with the Fe solubility reported in 

literature, Fe-rich regions can be observed in EDX maps collected for this sample (Figure 5.1f and g). 

 

 

Figure 5. 1 STEM images and EDX maps of Fe-doped GaN grwon using Fe e-beam current 20 (a-c) and 56 mA (d-g). The 
relative mass spectra and Ga and Fe concentration are reported for both Fe-doped GaN grwon using lower (d) and higher 
(h) Fe e-beam current.  

 In addition, some correspondence between Fe-rich and Ga-poor areas can be observed in Figure 5.1f 

and g; however, this observation is not reliable enough and further investigation was carried out using 

EDX maps at high magnifications, illustrated in Figure 5.2. Since the region scanned is very small, the 
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intensities of the peaks are much lower than those observed in Figure 5.1; nevertheless, a clear Fe-rich 

– Ga-poor correspondence can be observed in Figure 5.2c and d. These nanocrystals have already been 

observed in Fe-doped GaN with Fe concentration higher than the solubility limit [72], [88], [90]. 

Bonanni and co-workers [169] have suggested that when the concentration of Fe in GaN matrix is higher 

than the limit, a spinodal decomposition takes place driven by the magnetic attraction of the transition 

metal ions dispersed in the matrix [169]. This decomposition then leads to Fe-rich and Fe-poor regions 

in the crystal structure, in agreement with the EDX maps shown in Figure 5.2. Similar results have been 

observed not only in (Fe,Ga)N grown using different growth techniques, but also in other transition 

metal-doped GaN such as MnGaN and MnGaAs, suggesting a general trend for GaN doped with d-

transition metals.  

 

 

Figure 5. 2 High-resolution STEM images (a-b) and EDX maps (c-d) of a nanocrystal observed in Sample C. The relative 
EDX spectrum is shown in e. 

The presence of these regions is believed to influence the magnetic and electrical properties of the 

thin films; therefore, further investigation of the nature and structure of these nanocrystals has been 

carried out and will be discussed later in this chapter. 

 

5.3 Surface morphology 
The morphology of unintentionally doped (UID) GaN and Fe-doped GaN with increasing 

concentration of iron has been investigated using atomic force microscopy (AFM) techniques. In Figure 

5.3 the 5 x 5 and 2 x 2 m2 topography images of the thin films under study are shown. From Figure 

5.3 a and b it is evident that the surface of undoped GaN (Sample A) is covered of droplets of unreacted 

Ga, while the surface beneath them appears to be very smooth. This morphology is typical of GaN 

grown under Ga-droplet regime in which the III/V ratio is very high [145]. If the concentration of Ga 

is much higher than the concentration of N, in fact, Ga adatoms tend to form Ga-rich liquid bilayers in 
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which Ga adatoms can diffuse until a suitable site is reached. The presence of this bilayer improves the 

morphological quality of GaN thin films leading to a step-flow 2D growth mechanism [105]. If the 

AFM images of Sample A are compared with the AFM results of GaN grown under N-rich conditions 

shown in Chapter 3, in fact, a clear improvement can be observed when GaN is grown under Ga-rich 

conditions, as expected from literature [145]. 

 

 

Figure 5. 3 5x5 m2 and 2x2 m2 AFM height images of UID GaN (a-b) and Fe-doped GaN with Fe concentration equal to 
0.008 (c-d) and 0.046 (e-f). All the images are processed using parabolic flattening.  
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When Fe is introduced in the system, the morphology on the thin films completely changes (Figure 

5.3 c-f). Both Fe-doped GaN thin films under study (Sample B and C) show a rough compact surface 

made of small rounded grains. Since all the other growth conditions remain constant, this change of 

morphology is expected to be caused by the presence of iron near the surface of the substrate during the 

growth. Similar morphology variation has also been observed in other transition metal (TM) doped GaN 

grown using different techniques [83], [170]. Haider and collaborators [165] suggested that the growth 

conditions of TM-doped GaN can be divided in three different regimes, namely N-rich, Ga-poor but 

Metal-rich and Ga-rich regimes. When the Ga concentration is much higher than the concentrations of 

the other reactants, Ga adatoms tend to generate a multilayer in which the surface diffusion of the TM 

adatoms is much easier than the bulk diffusion. Therefore, under these conditions the transition metal 

is segregated on the surface and the morphology of TM-doped GaN is comparable to that of binary GaN 

grown under Ga-rich conditions. When the TM/Ga ratio is increased, the growth takes place in Ga-poor 

Metal-rich regime. Under these conditions the concentration of TM adatoms is too high to generate a 

Ga liquid bilayer and the TM tend to adsorb of the surface of the growing thin film. Because of the 

presence of TM on the surface, the diffusion length of Ga adatoms before reacting is largely reduced, 

leading to rougher surfaces. However, the roughness of thin films grown in this intermediate regime is 

found to be lower than in thin films grown in N-rich conditions. This observation suggests that, although 

the presence of TM reduces the diffusion length of Ga adatoms, it also prevents the accumulation of 

nitrogen adatoms on the surface leading to intermediate roughness levels [165]. According to this model 

the Fe-doped GaN thin films under study are grown in Ga-poor Metal-rich conditions.  

It is also interesting to notice that when the Fe concentration is increased from 0.8 % (Sample B) to 

4.6 % (Sample C), in addition to the rounded nanograins, agglomerates are also visible (Figure 5.3 e-f) 

and the roughness RMS increases from 5 nm to 17.6 nm. A possible explanation is that in Sample C the 

concentration of Fe is much higher than the maximum concentration that can be included in GaN 

structure, therefore Fe adatoms tend to diffuse on the surface without penetrating in the bulk. This 2D 

diffusion favours the generation of Fe – Fe bonds and the precipitation of secondary phases [171]. The 

presence of this secondary phase is also suggested by the dots visible in Figure 5.3e and further 

confirmed by TEM results discussed in the following section.  

 

5.4 Structural and microstructural characterisation 
The semi-insulating properties of Fe-doped GaN thin films have attracted increasing interest for III-

nitride-based electrical devices, such as high electron mobility transistors (HEMTs). Because of the 

presence of donor impurities, usually Si or O, unintentionally doped (UID) GaN always shows n-type 

conductivity that limits the performance of the HEMT device, particularly in high-power, high-

frequency applications. To limit this problem and compensate this net conductivity, semi-insulating 

interlayers, such as Fe- or C-doped GaN, have been proposed [81]. However, since the Fe-doped layer 
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is grown at the base of the entire device, it is crucial that the introduction of iron in the GaN system 

does not affect the crystal quality of the final device. For this reason, the structural properties of UID 

and Fe-doped GaN grown using e-beam PVD have been comprehensively studied using different 

techniques, such as HR-XRD, HR-TEM and Raman spectroscopy. 

In Figure 5.4 the XRD patterns of UID and Fe-doped GaN obtained using  −  scans are illustrated; 

in this case the intensity is shown in logarithmic scale to highlight possible small peaks related to 

secondary phases. From the peaks at 34 ° and 73 ° it is evident that in all thin films the wurtzite structure 

is present and the growth of epitaxial GaN using e-beam PVD is achieved. It is interesting to notice that 

when a low concentration of iron is introduced in the GaN structure (Sample B) no additional peaks are 

visible, suggesting that for this iron concentration the structure is not significantly altered and remains 

homogeneous. This result is in agreement with the EDX maps reported in Section 5.2, in which the iron 

distribution appears homogeneous throughout the film. However further investigation of the 

microstructural properties using HR-TEM is still necessary to confirm the absence of any secondary 

phase or precipitate in the structure.  

 

 

Figure 5. 4 HR-XRD − scans of UID GaN (a) and Fe-doped GaN with 0.8 % (b) and 4.6 % (c). The peaks related to the 
secondary phases present in Fe-doped GaN with higher concentration of Fe (c) are highlighted with black arrows. 

As expected from EDX results, when the iron concentration is increased to 4.6 %, small additional 

peaks are observed at 36.2 ° and 44.3 °. These peaks can be attributed respectively to FexN and -Fe 

nanocrystals dispersed in the GaN matrix [172], [173]. To confirm that no other peaks are present in 
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the patterns, slower scans with improved signal-to-noise ratio were performed between 40 ° and 60 ° 

on the Fe-doped thin films (Figure 5.5). In this range of 2 angles no additional peak are observed for 

GaN doped with lower concentration of Fe (Figure 5.5a); while, a resolved peak at 44.2 ° is observed 

for higher concentration of Fe (Sample C). This additional peak can be attributed to -Fe precipitated 

in the structure. No other peaks attributable to different Fe, FexN or intermetallic Fe3Ga phases are 

visible [172], [174]. However, because of the low sensitivity of XRD, the presence of other phases 

cannot be excluded yet, and further characterisation has been carried out using HR-TEM and diffraction 

patterns, as discussed later in this section. 

 

 

Figure 5. 5 Slower HR-XRD 2− with increased signal-to-noise ratio between 40 and 60 ° of Fe-doped GaN with Fe 
concentration equal to 0.8 % (a) and 4.6 % (b). 

Using the position of the (002) and (004) peaks of GaN at 34 and 73 °, respectively, the c lattice 

parameter and the relative strain  were calculated and reported in Table 5.1. From the calculated c 

lattice parameter, it is evident that the structure of UID GaN (Sample A) is under relatively large out-

of-plane strain. However, when Fe is introduced in the structure (Sample B and C), the c lattice 

parameter decreases and becomes very close to the ideal value of 5.1851 Å [148]. A possible 

explanation for this reduction of strain is that, when Fe is introduced, the strain in GaN lattice becomes 

too high, leading to a relaxation of the structure, possibly via generation of structural defects. This 

relaxation of Fe-doped structures is also observed in Raman spectra and will be further discussed in the 

following section.  
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Name Fe concentration ( %) (002) GaN position (2 °) c lattice parameter (Å) Out of plane strain (𝑐𝑒𝑥𝑝−𝑐𝑖𝑑𝑒𝑎𝑙𝑐𝑖𝑑𝑒𝑎𝑙 ) 

A 0 34.5445 5.1887 ± 0.0001 + 6.9E-04 

B 0.8 ± 0.1 34.5740 5.1844 ± 0.0001 - 1.4E-04 

C 4.6 ± 0.2 34.5580 5.186767 ± 0.000004 + 3.2E-04 

Table 5. 1 (002) peak position measured using 2− scans, calculated c lattice parameter and out of plane strain of UID 
and Fe-doped GaN thin films. 

To further investigate the crystal quality of the thin films and its dependence on the iron concentration, 

 XRD scans (rocking curve) about the (002) peak were performed and reported in Figure 5.6.  

 

 

Figure 5. 6 rocking curves obtained from HR-XRD  scans of UID GaN (a) and Fe-doped GaN with 0.8 % (b) and 4.6 % (c). 
The full-width-half-maximum (FWHM) values of these curves are also reported. 

In agreement with previous results, the full-width-half-maximum (FWHM) values of the curves 

linearly increase with a factor of about 3 ° when the Fe concentration is increased from 0 to 4.6 %, 

suggesting that the increasing Fe concentration increasingly reduces the crystal quality. It is also worth 

noticing that both UID GaN (Sample A) and Fe-doped GaN with lower concentration of Fe (Sample B) 

show a FWHM narrower than the GaN thin films grown in N-rich conditions discussed in Chapter 3. 

Although this improvement of crystal quality of UID GaN grown in Ga-rich conditions was expected 

and largely reported in literature [145], a FWHM as low as 0.67 ° of Sample B was not expected. This 

result suggests that even if small concentration of Fe introduces defects in the structure, as observed 
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from TEM results, the crystal quality is still comparable to the one of UID GaN grown in both N- and 

Ga-rich conditions. As mentioned earlier, this result is of particular interest for HEMT applications in 

which the introduction of an additional semi-insulating layer cannot lower the quality of the layers 

above it.  

 The microstructural properties of these thin films were also studied using bright-field (BF) and high-

resolution (HR) TEM and their relative diffraction patterns (DPs). The BF-TEM images of all samples 

taken along the [011̅0] zone axis are illustrated in Figure 5.7. In agreement with AFM results, when 

GaN is doped with iron, columnar structures alternated by deep pyramidal pits become visible (Figure 

5.7b and c, black arrow). This change of structure is due to the variation of growth regime from Ga-rich 

in UID GaN (Figure 5.7a) to Ga-poor Metal-rich regime (Figure 5.7b and c), in which the diffusion 

length of Ga adatoms is drastically reduced by the presence of Fe atoms on the surface of the growing 

thin film [165]. In addition, when the Fe concentration is as high as 4.6 %, darker rounded areas, due to 

the precipitation of Fe-rich second phases, are visible. Moreover, on the top of the columns of this 

sample a light grey region can be seen: it is possible that this light grey region is related to the presence 

of unreacted Fe adsorbed on the surface of the thin films, in agreement with AFM images reported in 

Section 5.3. 

 

 

Figure 5. 7 Bright field TEM images of UID GaN (a) and Fe-doped GaN with Fe concentration equal to 0.8 % (b) and 4.6 % 
(c). The images are taken at the 11̅00 zone axis using a 20-cm objective aperture. 

HR-TEM and DPs were also used to further investigate the microstructure of undoped and Fe-doped 

GaN. The HR-TEM images and their relative diffraction patterns of the near-surface, within-the-film 

and near-interface areas are shown in Figure 5.8. In agreement with rocking curve results, large areas 

of UID GaN show ordered wurtzite structure with relatively low concentration of defects (Figure 5.8a); 

however, closer to the interface with sapphire higher concentration of stacking faults (Figure 5.8b) and 

cubic inclusions (Figure 5.8c) are observed. The presence of these defects near the interface with the 

substrate can be related to the high strain that the UID GaN undergoes due to the large lattice mismatch 

with sapphire. When small concentrations of iron are introduced (Sample B), stacking faults normal to 

the growth direction (Figure 5.8d) and threading dislocations at the column boundaries (Figure 5.8e and 
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f) appear in the structure. This lower crystal quality for GaN doped with small concentration of Fe is in 

agreement with AFM and rocking curve results. It is however interesting to notice that for this Fe 

concentration the structure remains homogenous and few Fe-rich nanocrystals were observed only in 

one small region of the sample (not shown). Since the presence of these nanocrystals is in contrast with 

both XRD and EDX results, multiple TEM samples were prepared to assess if this region was 

representative of the sample. However, no other nanocrystals were observed in the rest of TEM samples 

of Fe-doped GaN with lower concentration of Fe. Such that, the inhomogeneity of this particular region 

was attributed to the fluctuation of the local Fe concentration during the growth. The nominal Fe 

concentration of Sample B (0.8 %), in fact, is very close to the solubility limit reported in literature (~ 

1 %); therefore, small local variations of Fe concentration during the growth may lead to local Fe 

concentrations higher than the average one and, therefore, higher than the solubility limit.  

 

 

Figure 5. 8 High-resolution TEM images taken at the near-surface, within-the-film and near-interface areas of UID GaN (a-
c) and Fe-doped GaN with Fe concentration equal to 0.8 % (d-f) and 4.6 % (g-i). The images are taken at the 112̅0 zone axis 
using a 40-cm objective aperture. 



141 
 

 

If the Fe concentration is further increased up to 4.6 % (Sample C), the structure becomes largely 

inhomogeneous and rounded Fe-rich nanocrystals are present near the surface (Figure 5.8g) and within 

the thin film (Figure 5.8h). The presence of these nanocrystals is in agreement with the EDX and XRD 

results, as well as the solubility limit reported in literature, which is as low as 1 % [79]. However, it is 

interesting to notice that no nanocrystals are visible near the interface with the substrate, as shown in 

Figure 5.7c and 5.8i. This inhomogeneous distribution of nanocrystals along the thin film might be 

related to the faster diffusion of Fe along the surface rather than down in the bulk. Such that, higher 

concentrations of Fe are present near the surface while in the lower half of the thin film the local Fe 

concentration can be below the solubility limit. This surface segregation of Fe during the growth was 

already observed by Bonanni and co-workers in Fe-doped GaN grown using MOCVD [88], and could 

justify the large increase of surface roughness observed in AFM when the Fe concentration is increased. 

However, it is interesting to notice that, even though the Fe adatoms remain segregated on the surface, 

the crystal quality near the interface of Sample C is largely lower than the crystal quality of the other 

thin films. As shown in the DP in Figure 5.8i, large misorientation and different growth directions 

(green and yellow circles) are present in the thin film. These misorientations suggest that the large 

concentration of Fe adatoms somehow influences the crystal quality of the thin films during the growth, 

however the mechanism of this interaction is yet not clear. 

The nature of the Fe-rich nanocrystals present in Sample C was also identified using selected DPs and 

HR-TEM images. As observed in EDX results, within the nanocrystal the concentration of Fe is much 

higher than the rest of the sample, suggesting than these nanocrystals can be a secondary Fe or FexN 

phase [175] or an intermetallic phase Fe3Ga [174]. Therefore, the d spacing measured from the 

diffraction patters (Figure 5.9) and the XRD additional peak positions (Figure 5.5) were used to identify 

the nature of these secondary phases. The d spacing of the nanocrystal shown in Figure 5.9a and b is 

equal to 0.202 nm, which is in agreement with the spacing d110 of -Fe phase [175]. The nanocrystals 

in Figure 5.9 c and d have a d spacing equal to 0.212 nm, which matches the d spacing d121 of -Fe2N 

[175]. These results are in good agreement with the additional peaks observed in the 2− scans of this 

sample (Figures 5.4c and 5.5b). 
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Figure 5. 9 High-resolution TEM images nanocrystals observed in Fe-doped GaN with Fe concentration equal 4.6 %. 
According to d spacing in this Fe-doped GaN -Fe (a-b) and -Fe2N (c-d) are present in the GaN matrix. The images are 
taken at the 11̅00 zone axis using a 40-cm objective aperture. 

Finally, from the diffraction patterns of the thin films under study, the c/a ratios were calculated and 

listed in Table 5.2. From this Table it is evident that UID GaN (Sample A) is under high degree of in-

plane compressive stress. The c/a ratio of Sample A, in fact, is much higher than the ideal one (1.6266 

Å [148]), due to a reduction of the a parameter, an elongation of the c parameter or a combination of 

both. As expected from the calculated c lattice parameters, when iron is introduced in the GaN structure 

the c/a ratio decreases down to 1.856 for Sample C. This relaxation is expected to be related to the 

higher concentration of defects observed in the Fe-doped samples that reduces the strain in the lattice. 

Similar results were observed in Raman spectra, as discussed in the following section. 

 

Name Fe concentration ( %) c/a ratio from DP 
A 0 1.8887 ± 0.0002 

B 0.8 ± 0.1 1.8715 ± 0.0002 
C 4.6 ± 0.2 1.8564 ± 0.0002 

Table 5. 2 c/a ratios of UID and Fe-doped GaN thin films calculated from the TEM diffraction patterns. 
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5.5 Raman spectroscopy 
Raman spectroscopy is a non-destructive, contactless technique that can be used to evaluate the crystal 

quality of the thin film as well as the stress level present in its structure. In this chapter this technique 

has been used to evaluate the nature and the stress present in UID GaN and the influence of Fe doping 

on this stress. In Figure 5.10 the Raman spectra of UID GaN (Sample A) and GaN doped with lower 

(Sample B) and higher (Sample C) concentration of Fe are shown. The peaks visible in these spectra 

were fitted using Lorenz function and their positions are listed in Table 5.3. As expected from a Raman 

spectrum obtained using z(x,x)z configuration, the most intense peak related to GaN is the one at 568 

cm-1
 due to the E2(high) mode; in addition, a second relatively intense peak at about 730 cm-1, due to 

the A1(LO) mode, is also visible. The absence of any additional peak in both UID GaN (Figure 5.10a) 

and GaN doped with lower concentration of Fe (Figure 5.10b) suggests that the crystal quality of the 

thin films is relatively high and that these low levels of Fe doping do not largely affect the quality of 

the crystal structure. This result is in agreement with the structural and microstructural results discussed 

in the previous section and suggests that a level of Fe doping of 0.8 % can be used to obtain semi-

insulating GaN layers without lowering too much the quality of the thin film structure. 

 

 

Figure 5. 10 Raman spectra of UID GaN (a) and Fe-doped GaN with Fe concentration 0.8 % (b) and 4.6 % (c). 
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Name Sample A Sample B Sample C 
Fe concentration ( %)  0   0. 8 ± 0.1 4.6 ± 0.2 
Eg – sapphire 381, 435.1, 451.5, 750 3801.2, 431.7, 451, 578.5, 750.1 380.2, 432.3, 451.6, 750.4 
A1g – sapphire 419.4 419.5 419.7 

E1(TO) – GaN -- -- 551.5 
E2(high) – GaN 568.4 568.2 568 

Defect band – Fe related -- -- 670.9 
A1(LO) - GaN 738 737 724.9 

Table 5. 3 Positions of Raman peaks of UID GaN and Fe-doped GaN with Fe concentration equal to 0.8 % and 4.6 % 
extrapolated from Raman spectra illustrated in Figure 5.10. 

If the Fe concentration in doped-GaN is further increased (Sample C), additional peaks at 549.7 and 

670.9 cm-1 are observed. The first peak is due to the typical E1 (TO) mode of GaN; however, this mode 

is usually not visible in Raman spectra obtained in this configuration. The presence of this peak in 

Sample C spectrum, and its absence in the spectra of the other thin films, suggests that in this sample 

the Raman selection rules become more relaxed so that other peaks can be visible in this configuration. 

The relaxation of the selection rules generally indicates lowering in the crystal quality and high 

concentration of defects, introduced by the high concentration of Fe in the GaN matrix [172]. The peak 

at 670.9 cm-1 is also related to high concentration of defects and has already been observed in highly 

Fe- and Mn-doped GaN grown using metalorganic chemical vapour deposition (MOCVD) [176]. The 

Raman results of Sample C are also in agreement with the structural and microstructural results 

discussed earlier, suggesting that, at this high concentration of Fe, disorder and defect concentrations 

are much higher than in the other thin films under study. 

In addition to the structural characterisation, the position of the E2
H peak in the UID and Fe-doped 

GaN is used to evaluate the nature and level of stress in the structure. The positions of the E2
H peak as 

a function of the Fe doping level are reported in Figure 5.11. From this plot it is evident that all E2
H 

peaks are at much higher frequency than the frequency of fully relaxed GaN (568 cm-1 [168]). This 

blue-shift at higher frequency suggests that all thin films are subject to in-plane compressive stress, 

which is in agreement with c/a lattice parameters obtained from TEM diffraction patterns. In addition, 

when Fe is introduced in the GaN system the compressive strain is partially relaxed and this relaxation 

increases when the Fe concentration increases. For Fe-doped GaN with higher concentration of Fe, in 

fact, the value is very close, to the fully relaxed GaN, suggesting that in this case virtually all strain is 

released. This red-shift due to the increasing concentration of Fe suggests that the presence of Fe in the 

structure induces a partial relaxation of the structure. This result is also in agreement with the TEM and 

XRD results discussed earlier. 
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Figure 5. 11 E2
H peak trend as a function of Fe concentration in UID and Fe-doped GaN thin films extrapolated from 

Raman spectra. 

 

5.6 Optical characterisation 
The optical properties of UID GaN grown in Ga-rich conditions and of Fe-doped GaN have been 

studied using Transmittance and Photoluminescence (PL) spectroscopy. Although Fe-doped GaN thin 

films are not usually used directly for their optical properties, these techniques can be used to calculate 

the band gap of these thin films and study how the presence of Fe in the structure can influence it. The 

introduction of Fe in GaN system, in fact, is expected to introduce acceptor-like states in the band gap 

that lie near the bottom of the conduction band. The presence of these localised states generates the 

semi-insulating properties that are of interest for electrical devices applications, such as high electron 

mobility transistors (HEMTs) [86]. Therefore, in this chapter the optical properties and the band gaps 

of UID and Fe-doped GaN are studied. In addition, a strict dependence of the band gaps to the 

concentration of Fe in the GaN structure is also found and discussed.  

 

5.6.1. Transmittance spectroscopy 

Transmittance spectroscopy is a powerful, fast technique that can be easily used to obtain the 

transmittance and absorbance spectra of a thin film in a non-destructive manner. From these spectra, 

then, information can be extrapolated, such as band gap, refractive index (n) or absorption coefficient 

(). Further detail of the instrument and the Transmittance technique are illustrated in Chapter 2. The 

transmittance spectra of the sample under study have been obtained using an UV-vis-IR 

spectrophotometer, loading a support for solid sample and an integral sphere to improve the accuracy 

of the experiment.  



146 
 

 

 

Figure 5. 12 Transmittance spectra of UID GaN and Fe-doped GaN thin films in the range between 200 and 800 nm. 

From Figure 5.12, it can be seen that the transmittance curve of UID GaN (Sample A) drops at about 

365 nm, which is in good agreement with the value reported in literature. When high concentrations of 

Fe are introduced in the system (Sample C), the transmitted curve drops at much larger wavelength. 

This drop at larger wavelength suggests that the band gap of Sample C is much narrower than the one 

of UID GaN (Sample A). The curve of Sample B appears to be relatively different than the other two, 

with a smaller drop shifted at shorter wavelength. This different shape is expected to be related to the 

smaller thickness of Sample B (Appendix A) and not to the concentration of Fe in the structure. 

In addition, at longer wavelengths interference fringes are visible for all samples; however, the 

minimum and maximum of the fringes are well defined only for UID GaN, while in Fe-doped the 

interference structure is nearly destroyed. It is known that these interference fringes are dependent on 

both the thickness of the thin film and the smoothness of its surface [149]. Therefore, the absence of 

well-resolved fringes in Sample B might be due to the smaller thickness, and larger wavelength window 

would be necessary to investigate properly the optical properties of this sample. On the other hand, 

Sample C has similar thickness to Sample A and the destruction of the interference structure should be 

mostly related to the lower surface quality of this thin film, as observed in AFM images in Section 5.3. 

Nonetheless the interference fringes of UID GaN (Sample A) and Fe-doped GaN with higher 
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concentration of Fe (Sample C) has been used to calculate the optical properties of these thin films. 

From the transmittance spectra, in fact, the refractive index n and the high-frequency dielectric constant 

∞ can be calculated using the Swanepoel’s method [149]. According to Swanepoel’s method the 

refractive index n can be obtained by measuring the refractive index of the substrate s and the 

transmittance of the maximum (TM) and minimum (Tm) of the interference fringes and using the 

following equations. 

𝑁1 = 2𝑠 𝑇𝑀 − 𝑇𝑚𝑇𝑀𝑇𝑚 + 𝑠2 + 12 (5.1) 

𝑛 = [𝑁1 + (𝑁12 − 𝑠2)12]12 (5.2) 

While the high-frequency dielectric constant ∞ is defined as 

𝜀∞ = 𝑛2 (5.3) 

The refractive index and high-frequency dielectric constant of Sample A and C are listed in Table 5.4.  

 

Name Fe concentration ( %) Refractive index (n) High-frequency dielectric constant (∞) 
Sample A 0 2.16 ± 0.02 4.67 ± 0.08 

Sample C 4.6 ± 0.2 2.7 ± 0.1 7.6 ± 0.5 

Table 5. 4 Optical properties of UID and Fe-doped GaN calculated from the interference fringes. 

The values calculated for UID GaN are in good agreement with those reported in the literature [153], 

[177], confirming that UID GaN grown in Ga-rich conditions using e-beam PVD shows relatively high 

crystal and optical quality. When Fe is introduced in the system the optical constants appear to increase, 

which seems to be in agreement with the trend reported by Fang and co-worker [178]. Similar increases 

have also been observed in ScAlN [179] and are expected to be related to a variation of the electronic 

polarisation due to the presence of the transition metal. However, it must be stated that the uncertainty 

is directly related to the difference between the maximum and minimum of the fringes and the error on 

the optical constants of Sample C is relatively high; therefore, the value calculated might not be reliable. 

The transmittance spectra illustrated in Figure 5.12 have also been used to calculate the band gap of 

the thin films under study. As mentioned above, a shift of the band gap to longer wavelength can be 

clearly observed from the transmittance spectra when the Fe concentration increases from 0 to 4.6 %. 

However, the band gaps calculated directly from the transmittance spectra are affected by a large error 

and manipulation of data is necessary to calculate accurately the band gap of the material. A common 

method used to calculate the band gap of semiconductors from transmittance data is the Tauc plot, in 

which the absorption coefficient  is multiplied by the energy h and plotted against h. In addition, 

the exponent of (h) is dependent on the nature of the band gap, as explained in detail in Chapter 2. 

The Tauc plots of UID and Fe-doped GaN and the trend of the band gap as a function of Fe concentration 
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are illustrated in Figure 5.13a and b, respectively. As expected, a clear trend is evident when the Fe 

concentration is increased from 0 to 4.6 % with a large reduction of the band gap. This reduction is well 

documented in the literature and is expected to be related to the introduction of localised states right 

below the bottom of the GaN conduction band [86]. These localised states introduced by the Fe atoms 

act as acceptor-like states and reduce the width of GaN band gap. This reduction of band gap is 

agreement with the shift of the near-band-edge peak in PL spectra and the semi-insulating properties of 

Fe-doped GaN samples discussed in the following sections.  

 

 

Figure 5. 13 Tauc plot of UID GaN and Fe-doped GaN (a) calculated from the transmittance spectra illustrated in Figure 
5.12 and the extrapolated band gap values (b). 

It is interesting to notice that the band gap of UID GaN lies at 3.32 eV, which is lower than the value 

reported in literature (3.4 eV) but much larger than the one observed for UID GaN grown under N-rich 

conditions discussed in Chapter 3. This larger band gap suggests a reduction of defects and an 

improvement of structural and optical quality of GaN when grown under Ga-rich conditions, in 

agreement with structural and AFM results. 

 

5.6.2. Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is another non-destructive technique that can be used to 

characterise the optical properties of semiconductor thin films. Semiconductor thin films such as GaN 

generally show an intense peak at the energy of their band gap, called near-band edge (NBE) peak, and 

a broad band at lower energies, the yellow (YL) luminescence, generated by the structural defects and 

vacancies present in the structure [180]. Therefore, PL spectra can give information not only about the 

optical properties but also the electrical and structural properties of thin films. Although PL 

spectroscopy is widely carried out at room temperature, low-temperature PL experiments are also very 

useful to study more in detail the band structure of the thin film. If the experiment is carried out at few 

Kelvins, the thermal noise is reduced, and the luminescence peaks better resolved; such that, in low-
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temperature PL experiments additional peaks related to sub-band transitions can usually be observed 

[86]. Further details about PL technique are reported in Chapter 2.  

In this work, room-temperature PL experiments were carried out on UID and Fe-doped GaN thin films 

grown using e-beam PVD and the resulting spectra are reported in Figure 5.14.  

 

 

Figure 5. 14 Photoluminescence spectra of UID GaN (a) and Fe-doped GaN with Fe concentration equal to 4.6 % (b). 

UID GaN shows a relatively intense peak at 3.37 eV and a broad band at about 2.33 eV. These peaks 

are typical of GaN thin films and can be identified as near-band-edge (NBE) and yellow luminescence 

(YL), respectively [180]. As mentioned above, the first gives information about the band gap of the thin 

film and is in good agreement with the value widely reported in literature (3.4 eV). It is interesting to 

notice that the band gap value obtained from PL is slightly larger than the one calculated using the Tauc 

plot (3.32 eV). Since manipulation of transmittance data and extrapolation of the linear portion of the 

Tauc plot are necessary to calculate the band gap using Transmittance technique, the PL band gap can 

be considered more reliable, since no manipulation is necessary to obtain the NBE peak. In addition, it 

is interesting to notice that the YL at 2.33 eV is very intense and even more intense that the NBE. The 

origin of this peak is still under discussion, however there is a consensus that the intensity of this peak 

is related to the concentration of defects, such as stacking faults and Ga vacancies [154], [180]. The 

presence of a relatively high concentration of defects can be understood considering that this thin film 

is only 400 nm thick and directly grown on a sapphire substrate. Accordingly, the crystal quality of the 
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thin film is expected to be easily improved, with a consequent reduction of the YL intensity, by 

employing GaN templates grown using more optimised techniques such as MOCVD.  

As shown in Figure 5.14b, when Fe is introduced in the GaN structure the overall PL spectra becomes 

less intense and noisier. Similar reductions of luminescence have already been observed in Fe-doped 

GaN grown using hydride vapour phase epitaxy (HVPE) [84] and might be related to the lower carrier 

concentration present in Fe-doped GaN [181]. Despite the lower intensity, the NBE peak is still visible 

in the Fe-doped spectrum and shifted at 3.33 eV. This reduction of band gap is in agreement with both 

literature results and the value calculated using Transmittance spectroscopy (3.27 eV), and is caused by 

the introduction of Fe-related acceptor-like states lying below the bottom of the conduction band. 

Because of these acceptor-like states, Fe-doped GaN is expected to show semi-insulating behaviour, as 

discussed in the following section. It is also interesting to notice that the band gap value of this sample 

obtained from PL is also larger than the one calculated using Tauc plot. Because of this underestimation 

of band gap when Tauc plots are used, it might be advisable to use this technique only to obtain the 

variation of the band gap when the Fe concentration is changed, rather than the absolute values. 

In addition to the NBE peak, only another broad peak centred at about 2.5 eV is visible in the PL 

spectra of Fe-doped GaN (Figure 5.14b), generated by the YL. It is interesting to notice that, compared 

to UID GaN spectra, the intensity of the YL in Fe-doped GaN is much lower. This suppression might 

be related to a partial compensation by Fe-doping of donor-like states possibly introduced by Ga 

vacancies or donor impurities such as Si [84], [181]. Another possibility is that the reduction of the YL 

is due to an improvement of crystal structure; however, TEM results shown in Section 5.4 clearly show 

that the concentration of defects in Fe-doped GaN is greatly higher than the one of UID GaN (Sample 

A). Therefore, it is unlikely that the suppression of the YL is related to an increase of crystal quality. 

 

5.7 Electrical characterisation 
GaN thin films doped with small concentrations of transition metals (TMs) have recently attracted 

increasing attention in spintronic and electronic applications due to their unique electrical and magnetic 

properties. When a transition metal, such as Fe or Mn, is introduced in GaN structure, part of their d 

electrons is employed in sd3 bonds and part remains unpaired, modifying the electromagnetic properties 

of the materials [79]. Further details about the influence of these TMs on the electrical structure of GaN 

are discussed in Chapter 1. Of particular interest for HEMT applications is the ability of the Fe 

impurities to compensate the unintentional n-type conductivity of GaN, generated by donor impurities, 

and to lead to semi-insulating behaviour. If a semi-insulating material is grown between the substrate 

and the GaN buffer layer, the insulation, and in turn the performance, of the devices improves, 

especially in high-power, high-frequency applications [87]. A common method used to improve the 

insulation level of HEMT device involves the introduction at the substrate interface of a highly-

defective layer, in which threading dislocations are used as acceptors to compensate the background 
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conductivity. However, the growth of dislocation-based semi-insulating GaN is still empirical and can 

affect the structural and morphological properties of the buffer GaN layer grown above it [83]. 

Therefore, the use of TM-doping appears to be advantageous, since very low concentrations of TM 

atoms are expected to influence the electrical properties of GaN without lowering the structural quality 

[84]. Fe-doped GaN pseudo-substrates grown using MOCVD have already been experimented resulting 

in net improvement of mobility and carrier density of the final HEMT device [87]. However, Bonanni 

and collaborators [88] found an unexpected relation between the electrical properties and the secondary 

Fe-rich phases present in highly-doped GaN. Their results suggested that when the Fe concentration is 

higher than the solubility limit, the Fe-rich nanocrystals might influence the concentration of carrier in 

the thin film and reduce its resistivity [88]. Therefore, the investigation of the electrical properties of 

UID and Fe-doped GaN thin films under study, and the relation between these properties and the 

secondary phases observed in Sample C, were investigated and discussed in this section.  

In this work electrical properties such as sheet carrier concentration (ns) and sheet mobility (s) were 

obtained using room-temperature Hall measurements. During this measurement the sample was loaded 

on a 4-probes card and the contacts are obtained by soldering the copper wires on In contacts. During 

the soldering In in fact reacts with GaN producing a thin InN layer that improves the ohmic contact. In 

Figure 5.15 the values of sheet carrier concentration (ns) and sheet mobility (s) of the thin films under 

study are plotted as a function of Fe concentration. Firstly, it is worth noticing that the electrical 

properties of UID GaN are surprisingly high, considering that the thin film is grown directly on sapphire 

without using any template that might improve the quality of the thin film. The Hall mobility and the 

carrier concentration of UID GaN, in fact, are measured to be 75 cm2/Vs and 3.5 x 1014 cm-2, 

respectively. From these results it appears that GaN grown in Ga-rich conditions using e-beam PVD 

shows very promising properties for the growth of binary GaN and more complex GaN-based systems. 

Therefore, further optimisation might make e-beam PVD technique a valid alternative to grow III-

nitride with relatively high quality.  

In addition, from Figure 5.15a and b it is evident that the introduction of Fe in GaN structure reduces 

the conductivity of GaN. When the Fe concentration is increased from 0 to 4.6 %, in fact, the carrier 

concentration decreases of about 4 orders of magnitude from 3.5 x 1014 to 3 x 1010 cm-2, while the 

resistivity increases from 1090 to 9.5 x 108 cm-2. 
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Figure 5. 15 Sheet resistivity (a) and sheet carrier resisistivity (b) plots of UID and Fe-doped GaN obtained from Hall 
measurements. 

The high resistivity of Fe-doped GaN is related to the presence of acceptor-like states, introduced by 

Fe atoms. These acceptor-like states are able to compensate the free carriers generated by donor-

impurities such as Si or oxygen and reduce the sheet carrier density of about 4 order of magnitude. In 

agreement with these results, the sheet resistivity also linearly increases up to 1010 cm-2 when the Fe 

concentration increases. It is interesting to notice that when the Fe concentration is as high as 4.6 %, 

the resistivity of the sample is comparable and even higher to that reported in the literature [84], despite 

the presence of secondary phases observed in TEM images. This discrepancy with Bonanni’s results, 

might have two possible explanations. Bonanni and co-worker suggested that the increase of carrier 

concentration for high Fe contents could be related to the increase of oxygen impurities when the flow 

rate of ferrocene (Cp2Fe) is increased [88]. Since in e-beam PVD the reactive Fe is obtained using a 

different source, it is possible that the oxygen impurities in the e-beam PVD thin films are maintained 

under control and are not dependent on the concentration of iron used. Another possible explanation is 

that the concentration of Fe in Sample C is not high enough to trigger the different electrical behaviour, 

and a reduction of resistivity might be observed if the Fe concentration in PVD samples is further 

increased. However, the inhomogeneity of the structure of this sample observed in TEM images and 

the linear correlation between resistivity and Fe concentration make this explanation unlikely. Further 

investigation of more heavily Fe-doped GaN and of the dependence of these electrical properties on the 

temperature might be useful to better understand the influence of the Fe-rich nanocrystals on the semi-

insulating properties of these thin films. 

 

5.8 Conclusions 
In this chapter the structural, optical and electrical properties of unintentionally doped (UID) and Fe-

doped GaN grown using e-beam PVD have been presented and discussed. First, STEM imaging and 

EDX maps were used to calculate the concentration of Fe in the doped samples and evaluate the 
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homogeneity in their structure. The sample grown using lower Fe e-beam current has a Fe concentration 

of 0.8 %, lower than the solubility limit, and its structure appears to be homogeneous (STEM images) 

with random distribution of Fe atoms (EDX maps). However, when the Fe e-beam current increases 

from 20 to 53 mA, the concentration of Fe is as high as 4.6 % and darker spherical regions becomes 

evident in the STEM image. Using low- and high-magnification EDX mapping it was concluded that 

the darker region were Fe-rich nanocrystals dispersed in the GaN matrix. Further investigation of these 

nanocrystals was carried out using HR-XRD, HR-TEM and diffraction patterns. From these 

characterisations, it was found that the nanocrystals are indeed Fe-rich and stable in -Fe and FexN 

secondary phases. The generation of these secondary phases is caused by the concentration of Fe atoms 

well above the solubility limit, so that the structure undergoes spinodal decomposition driven by the 

magnetic attraction of excessive Fe atoms dispersed in the matrix [72].  

Morphological characterisation was also used to investigate the regime in which the growth took 

place. The surface of UID GaN was found relatively smooth with Ga droplets deposited on it, suggesting 

that the growth of this sample took place in Ga-droplet regime. However, when Fe is introduced the 

regime moved from Ga-rich to Ga-poor Metal-rich, as suggested by the small grains visible in AFM 

images. In this case, in fact, Fe atoms adsorb on the growing surface, destroying the Ga liquid bilayer, 

typical of Ga-rich conditions and reducing the mobility of Ga adatoms. Such that, the surface of Fe-

doped GaN shows rougher morphology and small dots of unreacted Fe adsorbed on it.  

In addition, the influence of Fe concentration on the crystal quality and the stress level in the thin 

films are fully investigated. In agreement with STEM and HR-TEM results, the rocking curves of the 

thin films become broader when the Fe concentration increases, suggesting that the introduction of Fe 

in the GaN matrix reduces the crystal quality of the thin films. Moreover, all thin films are found to be 

under in-plane compressive stress, and when the Fe concentration increases the stress level decreases, 

as suggested by the c/a ratios and Raman spectroscopy. This reduction of stress is believed to be related 

to a partial relaxation of strain via generation of defects, in agreement with TEM and HR-XRD results.  

Finally, the optical and electrical properties of these thin films were investigated. The band gap is 

found to decrease from 3.37 to 3.33 eV when the Fe concentration increases from 0 to 4.6 %. This 

reduction is related to introduction of Fe-related acceptor-like states localised just below the bottom of 

the conduction band. These states are able to compensate the background carrier conductivity present 

in UID GaN leading to semi-insulating behaviour. This semi-insulating behaviour was confirmed by 

Hall results. When the Fe concentration is increased from 0 to 4.6 %, in fact, the carrier concentration 

reduces from 3.5 x 1014 to 3 x 1010 cm-2 and the resistivity increases from 1090 to 9.5 x 108 cm-2. 

Moreover, no relation between electrical properties and secondary phases was observed and an increase 

of the resistivity of one order of magnitude was observed when the Fe levels was increased from 0.8 % 

(homogeneous structure) to 4.6 % (inhomogeneous structure). 
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These results are very promising for future employment of UID and Fe-doped GaN grown using e-

beam PVD in HEMT fabrication process. The structural quality and the electrical properties, in fact, are 

found to be comparable to the ones reported in literature obtained using more optimised techniques. In 

particular it was found that introducing concentration of Fe as small as 0.8 % leads to resistivity as high 

as 2 x 108 cm-2 without largely affecting the structural properties. Further optimisation of this thin 

films might give an alternative path to produce good-quality, highly-resistive substrate for GaN-based 

HEMT devices. 
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Chapter 6 

 

 

Conclusions and future work 
 

6.1 Conclusions 
In this thesis e-beam physical vapour deposition (e-beam PVD) is proposed as alternative technique 

for the growth of III-nitride thin films and the characterisation of binary, scandium- and iron-based GaN 

is presented for the first time. These materials are of great interest for high electron mobility transistors 

(HEMTs) and the structural, optical and electrical properties relevant for HEMT devices were 

extensively studied using several different techniques. 

Since e-beam PVD is not commonly used to grow GaN and other III-nitride materials, the properties 

of binary GaN, about 200 nm thick and grown directly on sapphire, are first investigated, and the results 

reported in Chapter 3. In order to find the optimal III/V ratio in the chosen growth conditions, GaN thin 

films were grown using increasing Ga e-beam current. A strict relation between Ga e-beam current used 

and growth rate measured is observed, suggesting that the growths take place in N-rich conditions. 

These N-rich conditions are also confirmed by the surface morphology observed in AFM images [165]. 

On the surface of all thin films under study, in fact, typical rounded nanocrystallites are observed, whose 

dimension depends on the Ga e-beam current used. This variation of nanocrystallite size suggests that 

when the Ga e-beam current increases, the crystal quality also increases, in agreement with HR-XRD 
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and TEM results. All results obtained from these thin films indicate a constant increasing of crystal 

quality when the Ga e-beam current increases from 76 mA to 82 mA, while for even higher e-beam 

currents the crystal quality drops again. The optical properties of these thin films, on the other hand, are 

found to be consistent throughout the dataset, and no strict relation with the used Ga e-beam current is 

observed. The band gap of these thin films was calculated using transmittance and photoluminescence 

spectra. In both cases the calculated band gap is much lower than the value reported in literature (3.4 

eV) and equal to about 3.10 – 3.15 eV. This lower value is expected to be related to the high 

concentration of defects present in the structure, which makes the luminescence defect-dominant and 

reduces the band gap of the thin film. 

According to these results, the optimal Ga e-beam current in these conditions is equal to 82 mA, since 

the resulting GaN thin film has the narrowest rocking curve (1.51 °), the biggest nanocrystallites (60 

nm) and qualitatively the lowest defect density. However, the densities of columnar misorientations and 

structural defects are still relatively high and, compared to more optimised techniques such as MOCVD, 

the quality of these thin films is still relatively low. Therefore, further optimisation of other growth 

conditions is necessary to make e-beam PVD a competitive growth technique. However, considering 

that these preliminary thin films were grown directly on sapphire and are only 200 nm thick, the 

properties observed in this work are very promising for future applications of e-beam PVD in GaN-

based device growth, after proper optimisation. Moreover, if these thin films are compared with GaN 

results showed in Chapter 5, a large improvement of the system conditions is already evident within 

this thesis work. Therefore, further optimisation of the system might lead to GaN thin films showing 

competitive quality if compared with thin films grown using established systems such as MOCVD. 

After the growth of binary GaN thin films, more complex systems were grown in the e-beam PVD 

system using a second e-beam gun loading scandium or iron. In the first case, ScGaN thin films with 

increasing concentration of Sc are obtained. This relatively new transition metal (TM) based material 

is of particular interest for HEMT devices due to the large increase of piezoelectric polarisation and of 

the band gap when Sc is introduced in GaN structure [182]. The growth of homogenous, high-quality 

ScGaN is however challenging, since binary GaN and ScN are stable in wurtzite and rock-salt 

structures, respectively. Therefore, if the Sc concentration is close to the solubility limit (~ 27 %) cubic 

inclusions are usually observed in the ScGaN thin films [157].  

In Chapter 4 ScGaN thin films with increasing concentration of scandium grown on sapphire using e-

beam PVD are investigated. The structural properties were comprehensively characterised using AFM, 

XRD, TEM and Raman spectroscopy; while the optical characterisation was carried out using 

Transmittance, Reflectance and Photoluminescence spectroscopies. The homogeneity of the structure 

and the concertation of Sc in the thin films were studied using SIMS. From SIMS and STEM results, 

no Sc-rich accumulation layers on the surface or at the substrate-interface, nor cubic inclusions were 

observed in ScGaN thin films grown using e-beam PVD, even for the highest concentration of Sc (20 

%). In addition, the absence of cubic inclusions was also confirmed using Raman spectroscopy. As 
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already observed in ScGaN grown using MBE [157], the growth rate was found strictly dependent on 

the Sc e-beam current used, and when Sc concentration is increased from 0 to 20 % the growth rate 

increases from 8 to 334 nm/h. This dependence is probably related to the catalytic reaction between 

molecular N2 and Sc, which increases the concertation of reactive nitrogen and, in turn, the deposition 

rate of ScGaN [159]. This dependence, however, makes difficult to predict the regime in which the 

growth takes place, as well as the thickness of the resulting thin film. From AFM images it is evident 

that binary GaN is grown in N-rich conditions following a typical 3D nucleation mechanism. When Sc 

is introduced in the system, 3D nanocrystallites are still visible, suggesting that the growth of ternary 

ScGaN takes place in either N-rich or Ga-poor Metal rich-conditions [165]. However, due to the 

catalytic reaction taking place, it is difficult to predict the real concentration of nitrogen and confirm in 

which regime the thin films are grown. In addition, in AFM images a clear increase of nanocrystallite 

size from 40 to 80 nm is evident when the Sc concentration is increased from 0 to 20 %. This increase 

might be due to the higher concentration of Sc on the surface, which favours the diffusion of adatoms 

and prevents the accumulation of nitrogen on the surface of the growing thin film [165]. Another 

explanation for this increasing nanocrystallite size is that higher Sc concentrations lead to higher crystal 

quality. This possibility is also suggested by HR-XRD scans and TEM images. The FWHM of rocking 

curves decreases from 1.5 to 0.43 °, suggesting a large improvement of crystal quality when the Sc 

concertation is 20 %. In agreement with these results, both bright-field and high-resolution TEM images 

show that the defect density for this thin film is much lower than that of the other ScGaN thin films. To 

further investigate the structural properties of this thin film, HR-STEM images of ScGaN with the 

highest concentration of Sc were obtained, confirming the reduction of defect concentration for this 

sample. This large improvement of crystal quality might be related to the higher growth rate or to an 

unexpected relation between the lattice parameters a of sapphire and ScGaN with 20 % of Sc. If for 

instance the length of 4 unit cells of ScGaN is equal to the length of 3 sapphire unit cells, then the stress 

in the overall structure is partially released, and the generation of defects largely reduced. Unfortunately, 

in this work it was not possible to directly measure the lattice parameter a of ScGaN and a quantitative 

investigation of this relation could be performed in the future.  

The band gap of these ScGaN thin films was calculated using Transmittance and Reflectance 

spectroscopy. In both cases, a clear increase of the band gap of about 0.3 eV is observed when the Sc 

concentration is increased from 0 to 20 %. This increase is in agreement with theoretical results [68] 

and previous investigations of high-quality ScGaN grown using MBE [66]. This enlargement of band 

gap is of particular interest for HEMT devices, in which the confinement of the channel is directly 

related to the band offset between GaN and ScGaN (or AlGaN). Finally, photoluminescence spectra 

were obtained for ScGaN and a large broad band at about 450 nm is observed in all samples. Since no 

variation is visible when the Sc concentration is increased from 0 to 20 %, the high intensity of this 

band and the quenching of the near-band-edge peak are believed to be caused by the relatively high 

concentration of defects in the structure. This defect concentration is probably related to the growth of 
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GaN and ScGaN directly on sapphire, without using any GaN-based template. Therefore, the growth of 

ScGaN on GaN thick template is expected to largely improve both the structural and optical properties 

of ScGaN thin films grown using e-beam PVD.  

Compared to other techniques, e-beam PVD appears to be very promising for the growth of high-

quality Sc-based GaN. The thin films reported in this work, in fact, are directly grown on sapphire and 

no template was used to improve their quality. Since the results of these thin films appear to be relatively 

comparable to those of ScGaN grown using MBE on GaN or AlN templates [66], it might be possible 

to obtain even better-quality ScGaN when these templates are employed in e-beam PVD growth. 

However, further optimisation of the growth conditions is first required. 

Finally, the properties of iron-based GaN thin films grown using e-beam PVD are studied in this work. 

Fe-doped GaN has attracted increasing interest in HEMT device fabrication because of its semi-

insulating properties. The addition of a Fe-doped GaN layer between the substrate and the buffer layer 

reduces the background carrier concentration and improves the insulation of the transistor channel [87]. 

In Chapter 5 the structural, optical and electrical properties of Fe-doped GaN are fully investigated. 

First the homogeneity and the concentration of Fe were evaluated using STEM and TEM-EDX 

techniques. The thin film with lower concentration of Fe (0.8 ± 0.1 %) shows homogenous structure, 

while the sample with higher concentration of Fe (4.6 ± 0.2 %) has high concentration of nanocrystals 

dispersed in GaN matrix. From EDX maps it was found that the concentration of Fe in the nanocrystal 

is much higher than in the rest of the structure and a strict relation between Fe-rich and Ga-poor regions 

is also visible. These observations suggest that when the iron concentration is lower than the solubility 

limit Fe can substitute Ga and be homogenously dispersed in GaN matrix; when its concentration is 

higher than the limit, then spinodal decomposition occurs, generating Fe-rich and Fe-poor regions in 

the structure. This behaviour was already observed in Fe-doped GaN grown using MOCVD and other 

TM-based GaN [72]. Further investigation of the nature of the nanocrystal was carried out using XRD 

and HR-TEM images. From the 2− scans and the d spacing measured in TEM images, it was found 

that the excess of Fe in GaN matrix precipitates as -Fe and -Fe2N [175]. The lower crystal quality of 

Fe-doped GaN with higher concentration of Fe was also confirmed by Raman spectra. Additional peaks 

due to defects and relaxation of Raman selection-rules, in fact, were visible in the Raman spectrum of 

GaN thin film doped with 4.6 % of Fe.  

The growth regime of these thin films was also investigated using AFM: while the morphology of 

binary GaN suggests that this thin film is grown in Ga-droplet regime, the Fe-doped thin films appears 

to be grown in Ga-poor metal-rich regime, according to Haider’s model [165]. Further structural 

characterisation of undoped and Fe-doped GaN grown in these conditions was carried out using XRD 

rocking curves. It was found that both binary GaN and Fe-doped GaN with lower concentration of Fe 

show relatively high-crystal quality with rocking curve as narrow as 0.38 and 0.67 °, respectively. These 
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results are very promising for the growth of high-quality GaN and GaN-based systems in metal-rich 

conditions using e-beam PVD as alternative growth technique.  

The band gap of these thin films was also calculated using Transmittance and Photoluminescence 

techniques. In both cases the band gap decreases when the Fe concentration increases, due to the 

introduction of Fe-related acceptor-like states below the bottom of the conduction band. These acceptor-

like states are able to compensate the net background carrier concentration introduced in GaN structure 

by donor impurities, such as silicon and oxygen, leading to semi-insulating behaviour of doped GaN 

thin films. This semi-insulating behaviour was investigated using Hall measurements, and a reduction 

of carrier concentration of 4 order of magnitude was observed when Fe concentration is increased from 

0 to 4.6 %, while the resistivity increases up to 9.5 x 108 cm-2. In addition, no relation between Fe-

rich nanocrystals and electrical properties was observed, in contrast with Fe-doped GaN grown using 

MOCVD. In that case, in fact, when Fe concentration was higher than the solubility limit, an increment 

of carrier concentration was observed [88]. The structural and electrical properties observed for Fe-

doped GaN grown using e-beam PVD are promising for a possible future use of e-beam PVD as 

alternative technique for the growth of high-quality highly-resistive Fe-doped GaN pseudo-substrates 

for HEMT devices.  

 

6.2 Future work 
The results reported in this thesis may pave the way for future work on both the investigation of 

material properties grown using e-beam PVD and on the application in HEMT device fabrication of the 

scandium- and iron-based GaN thin films studied in this work. 

Regarding the employment of e-beam PVD as alternative technique for the growth of III-nitrides, 

further optimisation of e-beam PVD growth variables, such as substrate temperature (TS) or nitrogen 

partial pressure (pN2), might lead to binary GaN with improved crystal quality, especially if grown in 

Ga-rich conditions, as shown in Chapter 5.  

ScGaN grown using e-beam PVD showed surprisingly good crystal quality, no cubic inclusions 

dispersed in the structure and larger band gap than binary GaN. Future investigation of the lattice 

parameter of ScGaN with 20 % of Sc might give more quantitative insights about the relation between 

ScGaN and sapphire lattice parameters and about the strain level present in this structure. In addition, 

future growths of these thin films on high-quality GaN templates might lead to large improvement of 

ScGaN crystal structure. If these templates are used, the concentration of defects might reduce leading 

to improved optical properties and even larger band gaps when the concentration of Sc is increased.  

These properties are very interesting for the fabrication of alternative HEMT devices, in which the 

active layer AlGaN is substituted by ScGaN. The 2D channel of the transistor, in fact, rises at the 

interface between GaN and ScGaN (or AlGaN), and concentration and mobility of the carriers in the 

channel strictly depend on the band offset and the polarisation level of the active layer. Therefore, future 
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studies of spontaneous and piezoelectric polarisation in ScGaN and ScGaN/GaN interfaces might give 

useful information for the growth of alternative ScGaN-based HEMT devices. In addition, the polarity 

of both the buffer (GaN) and the active (ScGaN) layer deeply influences the properties of the final 

HEMT device [9], [23]. Therefore, polarity of ScGaN grown using e-beam PVD should be investigated 

in the future. In scandium-based system, however, this investigation might be challenging: the polarity 

is in fact generally investigated using KOH/NaOH etching, in which Sc and Ga react very differently, 

generating misleading results [183], [184]. For this purpose, electron backscattering and convergent 

electron beam diffraction might be employed as alternative techniques [185], [186].  

Moreover, the ScGaN thin films studied in this work have all Sc concentration not higher than 20 %. 

However, theoretical calculations suggest that the wurtzite structure should be stable for Sc 

concentrations up to 27 % [68]. Therefore, future investigation of the properties of ScGaN with Sc 

concentration between 20 and 27 % might give interesting information about the structural and electrical 

properties of ScGaN with Sc content closer to the transition point. In addition, in this work the content 

of Sc was calculated using SIMS and MOCVD GaN as standard. However, calculation of models of 

the relative intensities of Sc- and Ga-EDX peaks might give a reliable tool to calculate the content of 

Sc directly from STEM images. In addition, the use of standard techniques such as RBS (Rutherford 

backscattering spectrometry) would give an indication of the accuracy of the Sc content calculated using 

both SIMS and EDX [162].  

Finally, Fe-doped GaN thin films were grown using e-beam PVD and characterised in this work. 

However, the study of intermediate concentrations between 0.8 and 4.6 % would give more accurate 

value of the highest Fe concentration that can be homogenously dispersed in GaN without generation 

of Fe-rich nanocrystals. Further investigation of electrical properties of these thin films and their 

dependence on the temperature might also give useful information to understand the influence of Fe-

rich nanocrystal on the electrical properties of these thin film. In addition, the study of GaN doped with 

Fe concentrations below 0.8 % will be useful to find the optimal thin film showing resistivity of the 

order of 108 cm-2 with rocking curves narrower than 0.67 °. These results are of particular interest for 

HEMT device used in high-power high-frequency applications. Possible leakage and dirt present in the 

MOCVD or MBE growth systems are believed to introduce donor impurities, such as oxygen or Si, that 

generate an unwanted n-type conductivity that deteriorate the performance of the device. The 

introduction of an additional insulating thin film on the top of the substrate would be able to compensate 

this conductivity and improve the performance of the final device [81]. However, the introduction of 

this additional layer cannot lower the structural quality of the device. Therefore, structural 

characterisation of GaN and (Fe,Ga)N/GaN structure grown in similar conditions should be carried out 

to confirm that the introduction of the semi-insulating layer does not reduce the quality of the entire 

structure.  

Similar unwanted background conductivity was also observed in ScGaN, due to the presence of 

impurities incorporated during the growth. Therefore, to further improve the performance of alternative 
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ScGaN-based HEMT devices, quaternary FeScGaN might be investigated as alternative active layer. 

The careful co-doping of Sc and Fe may lead to a quaternary material that shows intermediate behaviour 

between ternary ScGaN and ternary (Fe,Ga)N. If fine control of the growth conditions is achieved, it 

might be possible to grow a transition metal nitride showing the piezoelectric properties of ScGaN and 

the semi-insulating properties of (Fe,Ga)N, while retaining the large band offset with GaN. If these 

intermediate properties were achieved, FeScGaN could be of great interest for electronic applications, 

such as HEMTs. The use of FeScGaN/GaN interface in a HEMT device, in fact, could improve the 

concentration and mobility of the carriers in the 2DEG channel as well as the confinement of the carriers 

in the channel. However, no theoretical or experimental results are currently available to confirm this 

hypothesis and future work is necessary to investigate this possibility.  

Finally, from the results obtained in this work of binary GaN and scandium- and iron-based GaN, it 

appears to be worth investigating different III-nitrides, such as AlN, InN or more complex ternary and 

quaternary systems grown using e-beam PVD as alternative growth technique. 
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Appendix A 

Growth conditions 
The sample investigated in this work were grown using a Mantis e-beam PVD system in London 

Centre for Nanotechnologies (LCN) by Dr. Robert J. Davies and Dr. Bin Zou at Imperial College 

London. The details of the growth conditions used to obtain the thin films discussed in Chapter 3, 4 and 

5 are listed in Table A.1, A.2 and A.3, respectively.  

 

Sample name Ga e-beam current Growth time Substrate temperature (C) RF-plasma Nitrogen partial pressure 

Sample A 73 mA 90 min 800 °C 400 W 1 E-4 torr 

Sample B 76 mA 90 min 800 °C 400 W 1 E-4 torr 

Sample C 79 mA 90 min 800 °C 400 W 1 E-4 torr 

Sample D 82 mA 90 min 800 °C 400 W 1 E-4 torr 

Sample E 85 mA 90 min 800 °C 400 W 1 E-4 torr 

Table A. 1 e-beam PVD growth conditions used to grow GaN using increasing Ga e-beam current (Chapter 3) 

 

Sample name Sc  
Ga e-beam 
current 

Sc e-beam 
current 

Growth time 
Substrate 
temperature 
(C) 

RF-plasma Nitrogen partial pressure 

Sample A 0 % 65 mA -- 300 min 850 °C 350 W 1 E-4 torr 

Sample B 2 % 52 mA 13 mA 30 min 850 °C 350 W 1 E-4 torr 

Sample C 5 % 60 mA 16 mA 30 min 850 °C 350 W 1 E-4 torr 

Sample D 15 % 65 mA 23 mA 60 min 850 °C 350 W 1 E-4 torr 

Sample E 20 % 64 mA 24 mA 30 min 850 °C 350 W 1 E-4 torr 

Table A. 2 e-beam PVD growth conditions used to grow ScGaN using increasing Sc e-beam current (Chapter 4) 

 

Sample name Fe  
Ga e-beam 
current 

Fe e-beam 
current 

Growth time 
Substrate 
temperature 
(C) 

RF-plasma Nitrogen partial pressure 

Sample A -- 55 mA -- 120 min 800 °C 400 W 4.6 E-5 torr 

Sample B 1 % 66 mA 20 mA 180 min 800°C 400 W 5E-5 torr 

Sample C 4.9 % 40 mA 56 mA 120 min 800°C 400 W 4.7 E-5 torr 

Table A. 3 e-beam PVD growth conditions used to grow ScGaN using increasing Fe e-beam current (Chapter 5) 
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Appendix B 

TEM sample preparation 
The TEM samples studied in this work were manually prepared in the Cambridge Centre for GaN 

laboratory in the Material department of University of Cambridge. 

Semiconductor thin films can be studied using TEM microscope when they are thin enough to be 

electron-transparent. The ideal thickness of a TEM sample is usually between 500 and 50 nm, depending 

on the magnification. A TEM sample can be prepared in cross-section or plan-view geometry, 

depending on the type of information required. 

Cross-sectional TEM samples studied in this work are obtained along the [011̅0] and [112̅0] zone 

axes. Firstly, two bars of about 2.5 x 5 m were cut so that the short edge of one bars is parallel to the [011̅0] and the other to the [112̅0] direction. These two bars are then cleaned in acetone and inspected 

for any scratches on the surface. After that, one film is covered with Araldite epoxy resin and glued 

together with the second bar so that the two films face each other. The two bars are then put under 

pressure to avoid any bubble in the glue line and heated at 130 ° for 1 hour. After heating a smaller bar 

of about 1.5 x 2.5 m was cut using a circular blade. 

The sides of the small bars were then mechanically polished using diamond disks with decreasing 

particle sizes to obtain a flat and shiny surface, which was checked using optical microscope. Once one 

side was shiny enough, a molybdenum O-ring was glued on the shiny side using two small drops of 

epoxy glue and the sample was cured at 130 ° for 1 hour. After the heating treatment, the structure was 

turned upside-down and mechanically polished until it was about 30 m thick. The thinning of the 

sample was obtained by polishing the sample down to 200 m using a 30 m diamond disc, then down 

to 100 m using a 15 m disc, and finally down to 30 m with a 9 m disc. The thickness of the sample 

was measured at every step by calculating the difference in high between the surface of the sample and 

the O-ring beneath it using the optical microscope. Once the sample was about 30 m thick, the final 

polishing was carried out using a Gatan Precision Ion Polishing System (PIPS). The sample was gently 

polished at 5 keV at an angle of 7 ° from the top and the bottom of the sample using Argon guns. The 

PIPS was configured in double-modulation mode, so that the milling of the O-ring was prevented. Once 

a hole was formed in the middle of the TEM sample, final cleaning of the surface was carried out by 

milling first at 3 keV for 10 minutes, then 1 keV for 10 minutes and finally at 0.1 keV for another 10 

minutes.  
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A similar procedure was used to prepare plan view TEM samples. In this case the sample was first cut 

in 2 x 2 m square sample; then the face with the nitride film was glued on the molybdenum O-ring 

using epoxy resin. The sample was then cured at 130 ° for 1 hour. The sapphire-face of the sample was 

then mechanically polished using diamond discs with particle size of 30, 15 and 9 m until it was about 

30 m thick. The sample was then glued on a PIPS holder so that the film faced the holder and remained 

protected from any milling. As in cross sectional preparation, the final milling was performed using the 

PIPS at 5 keV and Argon guns at + 7 °. No modulation was necessary in this case to prevent the 

destruction of the film. As from the previous case, final cleaning of the surface was carried out by 

milling at 3 keV for 10 minutes, 1 keV for 10 minutes and then at 0.1 keV for another 10 minutes. 
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Permission to reproduce third 
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