
 

 

ABSTRACT 
 

RAWDANOWICZ, THOMAS ADOLPH. Laser Molecular Beam Epitaxial 
Growth and Properties of III-Nitride Thin Film Heterostructures on Silicon. 
(Under the direction of Jagdish Narayan) 

 

The principal goal of this research was the investigation and process 

development of epitaxial growth mechanisms for the direct depositions of 

heteroepitaxial GaN thin films directly on Si(111) and Si(100) substrates 

without the incorporation or the formation of an interlayer at the GaN/Si 

interface.  The research involved the design, development and implementation 

of a physical vapor deposition system based on a laser ablation process in an 

ultra high vacuum environment.  Consideration is given to the role and control 

of substrate temperature as a function of elapsed deposition process time and 

its influence on lowering interfacial energies and limiting silicon nitride 

interlayer formation. 

The research results show that crack-free growth of 2 µm thick 

heteroepitaxial AlN and GaN thin films on Si(111) substrates can be achieved 

without the use of interlayer films.  These thin film depositions resulted in 

atomically clean and chemically abrupt interfaces, while restricting the 

formation of silicon nitride at the interface. 

The resulting AlN and GaN epitaxial relationship on Si(111) is 

confirmed as [0002]║Si[111], [21̄1̄0]║Si[1̄10], and [011̄0]║Si[2̄11]. The III-

Nitride thin film on Si(111) is established by domain matching epitaxy (DME) 



exhibiting a ratio of (21̄1̄0):( 1̄10) interplanar distances of 6:5 for GaN:Si and 

5:4 ratio for AlN:Si with clean interfaces along silicon nitride free terraces of 

the Si(111) surface. Moreover, variations in the domain matching epitaxy 

were observed to result in the further reduction of residual interfacial strain 

with the incorporation of domain matching ratios of 5:4 for GaN/Si(111) and 

6:5 for AlN/Si(111) occurring with a calculated frequency of nine 5:4 ratios 

for each 6:5 plane matching ratio for GaN/Si(111) and two 6:5 ratios for each 

5:4 plane matching ratio for AlN/Si(111). 

For the case where silicon nitride (SiNx) is allowed to form at the 

interface, elemental analysis using electron energy loss spectroscopy provided 

evidence that the formation of SiNx occurs as a result of subsequent nitrogen 

diffusion to the GaN/Si interface after the GaN epitaxy is established. 
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INTRODUCTION 

 

For the past fifteen years or so wide bandgap semiconductors based on III-Nitride 

materials have generated tremendous worldwide interest due to their direct bandgaps in the 

visible through ultraviolet spectrum as emitters and detectors (Pearton et al., 1999; Kung and 

Razeghi, 2000).  Aluminum nitrides (AlN), gallium nitrides (GaN), indium nitrides (InN) 

along with their alloys are commonly known as “III-Nitride” materials. 

Hiroshi Amano and fellow researchers’ demonstration of a p-type doped gallium 

nitride layer in 1989 (Amano et al., 1989) established the landmark realization of III-Nitride 

optoelectronic devices emitting in the short-wavelength spectral range. Soon thereafter in 

1995, Shuji Nakamura constructed a current injected blue laser diode (LD) that was needed 

for increasing the density of optical information storage devices (Nakamura, 1997; Perlin et 

al., 2004). 

Semiconductors fabricated from III-Nitride material systems yield hetero-junction 

devices, with transport properties that have high saturation carrier velocities and with a high 

breakdown electric field that can produce respectable power levels. Devices based on III-

Nitrides exhibit good chemical and physical stability at elevated temperatures and high 

thermal conductivity. 

Moreover, III-Nitrides along with their ternary and quaternary alloys form a solid 

solution that permits a continuous range of room temperature energy bandgaps extending 

from 1.89 to 6.2 eV (1.89 eV for InN to 3.44 eV for GaN and to 6.2 eV for AlN). Thus 

making devices suitable for light generation ranging from potentially red to ultraviolet (UV) 

wavelengths, e.g., UV and visible light emitting diodes (LEDs) (Nakamura et al., 1994; 

Morkoç and Mohammad, 1995), and laser diodes (LDs) (Nakamura et al., 1997) for digital 

read/write applications or for applications in the biochemical and medical fields.  LED 

applications based on III-Nitride semiconductors include displays, lighting, indicator lights, 

advertisement, and traffic signs/signals.  The nitride semiconductor-based LDs are crucial as 

coherent light sources for high-density optical read and write applications. LDs with 
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wavelengths down in the UV region are attractive because the optical storage density 

quadruples with the half reduction in the wavelength of the laser probe. 

In addition, III-Nitrides are suitable for applications such as surface acoustic wave 

devices (Duffy et al., 1973), UV detectors (Razeghi and Rogalski, 1996; Xu, 1997), Bragg 

reflectors and waveguides (Fritz and Drummond, 1995).  Optoelectronic device applications 

as emitters and detectors, as well as high power/high temperature electronic devices, have 

been reviewed at length (Morkoç, 1999; Mohammad and Morkoç, 1996; Strite and Morkoç, 

1992). 

 

1.1 Substrate Challenge 

First synthesized in 1932 (Johnson et al., 1932), GaN was available only as a 

polycrystalline material due to the difficulties in growing large size bulk GaN of sufficient 

structural perfection for semiconductor devices.  Major breakthroughs in the 1980’s with the 

development of buffer layers ushered in heteroepitaxial thin film growth of single crystalline 

GaN on substrates of single crystalline materials other than GaN.  Thus, the emergence of 

III-Nitride based semiconductor devices was made possible due to the ability to grow 

heteroepitaxial III-nitride thin films on lattice-mismatched substrates. 

In contrast to the well established semiconductor materials systems such as Si/Ge or 

GaAs/AlGaAs, present commercial GaN–based devices are exclusively prepared by 

heteroepitaxy deposition on foreign substrate materials.  Hence, a very challenging aspect of 

GaN-based thin film technology is born out of the fact that the common substrate materials 

of sapphire, SiC and Si have very different material properties than the nitride-based device 

layer itself (Miskys et al., 2003). 

The selection of a suitable substrate for III-Nitride films is driven by (i) device 

requirements such as electrical and thermal conductivity and chemical stability, (ii) structural 

properties relating to crystal structure type, composition, symmetry, lattice constants, (iii) 

interface properties relating to chemical-free energy, nucleation and adhesion (Zamir et al., 

2000), chemical reactivity, surface termination relating to crystal and macroscopic polarity 

and (iv) for commercial device production, the substrate has to meet additional criteria such 

as minimum size (2”), atomically flat surfaces, and availability in large quantities at a 

competitive price (Miskys et al., 2003). 
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The lattice constant mismatch is viewed as the most important criterion for 

determining the suitability of a material as a substrate for GaN growth.  Essentially, the 

substrate determines the crystal orientation, polarity, surface morphology, strain, and the 

defect type and concentration of the heteroepitaxial III-Nitride films (Miskys et al., 2003). 

Researchers have deposited III-Nitrides on many different substrate materials 

including metals, oxides, nitrides, and semiconductors.  Subsequently, given the discussed 

design criteria and the lack of commercially viable single-crystal GaN substrates, most III-

Nitride-based devices are commercially grown heteroepitaxially on the currently available 

substrates of silicon carbide (SiC), sapphire (Al2O3) and silicon (Si). 

Heteroepitaxial GaN on SiC substrates which are high in cost and limited in size 

result in a lattice misfit of ~3.5%, whereas sapphire and Si substrates result in large lattice 

misfits of ~15% and ~17%, respectively.  Even with the advent and use of buffer layers and 

substrate nitridation, the resulting threading dislocation densities are 107 to 109 cm–2 in the 

GaN films compared to the dislocation densities in GaAs or silicon homoepitaxy that are as 

low as 102 to 104 cm–2 (Miskys et al., 2003; Ponce, 1998). 

High threading dislocation density degrades the performance as well as accelerates 

the degradation of GaN-based LEDs and LDs, especially for those devices with wavelengths 

less than 400 nm and/or high power densities. The fabrication of high-efficiency UV LEDs 

with wavelength below 360 nm remains challenging because of the difficulty in obtaining 

efficient UV emission from AlGaN-based quantum wells (QWs) grown on buffer layers with 

a high dislocation density. In addition, reducing the threading dislocation density is very 

important in order to suppress non-radiative recombination and leakage currents, especially 

for AlGaN-based UV emitters (Hirayama et al., 2004). Device fabrication using AlGaN 

buffer layers has been crucial to achieving low threading dislocation densities, in order to 

achieve high-efficiency UV LEDs (Nishida et al., 2001) or LDs (Nagahama et al., 2001). 

Moreover, the high temperature fabrication processes of metal organic vapor phase 

epitaxy (MOVPE) and metal organic chemical vapor deposition (MOCVD) subjects the GaN 

thin films to excess strain due to the difference of lattice constants and thermal expansion 

coefficients between the III-Nitride layers and hetero-substrates during post-growth cooling.  

The excess strain in GaN films (not GaN islands) grown on sapphire leads to cracking at 

thicknesses of usually 8–10 µm, while the larger lattice mismatch between GaN and silicon 
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substrates subject GaN films to cracking at thicknesses of about 1–2 µm (Hsu et al., 2004). In 

addition to crack formation, excess strain in wurtzite GaN thin films leads to strong built-in 

electrostatic fields (Ghosh et al., 2002).  Researchers have increased the crack-free GaN thin 

film thickness by using a selective area growth method with MOVPE (Honda et al., 2001; 

Zamir et al., 2001). 

Sapphire is the most commonly used substrate for the commercial deployment of 

GaN devices. However, sapphire substrates exhibit insulating properties which normally 

require LEDs devices to be fabricated laterally, i.e., both n- and p-type electrodes are 

positioned adjacent to the epitaxial structure. This requires the use of a semitransparent 

contact to cover the entire p-GaN electrode.  The resulting mismatch between the 

semitransparent contact and n-GaN layer may lead to severe current crowding at high 

currents (Kim, Park et al., 2002; Guo and Schubert, 2001).  Additionally, sapphire has a 

rather poor thermal conductivity, thus limiting heat dissipation which in turn sets the 

maximum current density. 

In contrast to sapphire, the conducting properties of SiC substrates allow the 

fabrication of vertically structured LEDs and thus alleviate the current crowding limitations.  

However, LEDs fabricated on SiC substrates typically exhibit a high series resistance due in 

part to the resistive buffer layers which are necessary to achieve epitaxial growth of GaN 

(Edmond and Lagaly, 1997).  Moreover, doped SiC is typically opaque resulting in the 

absorption of the downward light and thus decreasing LED efficiency (Cao and Arthur, 

2004). 

Because of the cost and size advantages for sapphire substrates over that of SiC 

substrates, much effort has gone into improving the crystal quality of the heteroepitaxial 

layers (Miskys et al., 2003).  Successful approaches, in addition to appropriate surface 

preparation of the substrate such as nitridation and deposition of low-temperature (LT) AlN 

or GaN buffer layers, multiple LT buffer layers (Amano et al., 1998), also include epitaxial 

lateral overgrowth (ELOG) (Beaumont et al., 2001), PENDEO-epitaxy (Zheleva et al., 1999), 

and other techniques (Lareche et al., 1999; Ashby et al., 2000; Detchprophm et al., 2001)). 

These efforts have resulted in heteroepitaxial GaN layers with dislocation densities below 107 

cm-2.  Recent overgrowth techniques have been reported to reduce defect levels to the mid 

10-6 cm-2 regime (Watanabe et al., 2004; Nam et al., 2003). However, it is not evident that the 
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additional process complexity associated with these techniques is practical for a competitive 

production process for GaN-based device manufacturing (Hanser et al., 2004). 

Therefore, the afore-described limitations associated with commonly used hetero-

substrates of sapphire, SiC and Si currently limit GaN devices to high brightness LEDs, LDs 

of limited power densities (Nakamura, 1999) and military electronics or special applications 

that are less sensitive to per unit-area wafer cost until a high-yield large wafer-format and a 

cost-effective growth technology become available.  In order for LEDs to effectively 

compete with fluorescent and other high-efficiency lighting sources, a substantial decrease in 

cost and increase in luminous power must be achieved. In order to meet these current cost 

and performance targets, it is essential to fabricate LEDs on compatible and cost-effective 

large area substrates, which permit the LEDs to be efficiently driven at much higher current 

densities without sacrificing operating lifetime (Steranka et al., 2002). 

 

1.1.1 Homo-Substrate Challenge 

Surprisingly, the dislocation densities associated with heteoepitaxy in the range of 106 

to 108 cm-2 did not prevent the commercial success of III-nitrides for light-emitting devices in 

the visible to ultraviolet spectral range. The obvious solution to the aforementioned 

drawbacks with heteroepitaxial GaN can be overcome by growing the devices 

homoepitaxially on a bulk GaN substrate. Thus additional process steps are no longer 

needed, such as surface nitridation and low-temperature buffer layers which have been found 

to be essential for heteroepitaxial growth (Cao et al., 2004). It has been reported by some 

researchers that the ultimate possible performance of GaN-based devices can only be reached 

by the use of homoepitaxy onto bulk GaN or AlN substrates. Bulk GaN crystals demonstrate 

dislocation densities at levels down to 102 cm–2 (Grzegory and Porowski, 2000; 

Skierbiszewski et al., 2004), which have been demonstrated to greatly improve the electrical 

characteristics of GaN devices (Cao and Arthur, 2004).  Moreover, pure GaN crystal has five 

times the thermal conductivity of sapphire and is essentially optical transparent at visible and 

near-UV wavelengths for improved optical efficiency. Electrically conductive GaN 

substrates would allow fabrication of vertical geometry LEDs capable of much higher power 

densities, while facilitating device processing, cleavage and packaging (Cao et al., 2004; Cao 

and Arthur, 2004). 
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Unfortunately, despite many years of intense research, the high equilibrium pressures 

and melting temperatures of the III-nitrides so far have rendered the growth of bulk 

substrates for GaN homoepitaxy that would yield cost competitive production grade sizes and 

quality very difficult to realize (Miskys et al., 2003; Perlin et al., 2004; Hsu et al., 2004). 

 

1.1.2 Silicon Hetero-Substrate Challenge 

There is considerable interest in the growth of AlN, GaN and Ga1-xAlxN based thin 

film heterostructures on silicon substrates from considerations of the advantages of low cost, 

large size, good electrical and thermal conductivity, and the potential for co-integration of 

wide bandgap optoelectronic and RF devices with silicon based microelectronics.  

However, the epitaxial growth of GaN directly on Si of crystalline quality comparable 

to that of GaN layers grown on sapphire or on SiC substrates is especially difficult and 

challenging.  Although the Si(111) substrate surface presents a hexagonal symmetry, the fact 

remains that these two materials are not in the same crystal system. In addition, the polar 

epilayer in combination with a non-polar substrate present difficulties in growing gallium 

nitride-based polar layers on the nonpolar substrates with the formation of antiphase disorder 

with different sublattice pairing for the cations and anions with the silicon (Bairamov et al., 

1999). 

Moreover, the growth of device quality GaN on Si is challenged by a large lattice 

mismatch. The P63mc wurtzite structures of AlN(0001) (a = 3.111 Å, c = 4.979 Å) and GaN 

(0001) (a = 3.189 Å; c = 5.185 Å) have a large planar misfit of ~19% and ~17%, respectively 

with the Fd3m diamond structure of Si(111) (a = 5.43 Å) along the <110> directions at the 

interface (Strite and Morkoç, 1992).  In addition, the difference in thermal expansion 

coefficients of GaN and Si of ~3x10-6/K results in tensile stress and the subsequent crack 

formation in the GaN epilayer upon post-growth cooling (Zamir et al., 2000). Furthermore, 

poor wetting due to chemical and surface diffusivity differences between Ga and N, and high 

interfacial energy on Si, leads to three-dimensional nucleation (Zamir et al., 2000; Liaw et 

al., 2000). This impediment to direct nucleation frequently results in poor quality and poor 

morphology of the GaN thin film (Watanabe et al., 1993; Liaw et al., 2000; Ohtani et al., 

1994; Stevens et al., 1994; Calleja et al., 1999). 
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More than three decades ago, attempts at heteroepitaxial growth of wurtzite GaN on 

(0001) oriented sapphire substrates by vapor phase epitaxy (VPE) (Maruska and Tietjen, 

1969) and on Si(111) substrates (Chu, 1971) were reported.  The film quality for directly 

deposited GaN on Si, without the use of intentional interlayers, was reported as either 

amorphous or polycrystalline for both (001) and (111) oriented silicon substrates (Butter et 

al., 1979; Gaskill, 1986; Ho et al., 1991). Mixed zincblende and wurtzite phases were 

reported for either (001) and (111) oriented silicon substrates (Yodo et al., 2002; Hiroyama 

and Tamura, 1998) with the exception of Morimoto et al. (1973) claim of epitaxial GaN on 

Si(111). The formation of an amorphous silicon nitride interlayer at the interface was 

reported by Hiroyama and Tamura (1998). 

Jeon et al. (1995) reported a granular epitaxy growth of wurtzite GaN on Si(111) 

using a nitrogen ion-beam-assisted evaporation (IBAE) process at temperatures as low as 500 

°C. However, even for the IBAE process, the formation of a 3 nm amorphous region at the 

interface was reported for this work (Jeon et al., 1995; Jeon et al., 1999).  

Ploog et al. (1998) using plasma-assisted MBE (PAMBE) deposited GaN on Si(100), 

resulting in mixed cubic and hexagonal GaN. The cubic phase was found to occur at abrupt 

Si(100) surfaces as opposed to the hexagonal phase occurring at the amorphous SiNx covered 

Si(100). Further growth led to largely columnar hexagonal GaN which rapidly overgrows the 

initial cubic GaN. 

Sánchez-García et al. (1998) deposited GaN directly on Si(111) without a buffer layer 

by PAMBE while systematically varying the III/V ratio.  GaN layers grown under N-rich 

conditions resulted in highly columnar material and Ga-rich growth conditions resulted in 

polycrystalline material with grain boundaries (Sánchez-García et al., 1998).  Even with a 

highly energetic deposition process such as pulsed laser deposition (PLD), only highly 

oriented wurtzite GaN films could be attained when grown directly on Si(100) by reactive 

crossed-beam pulsed laser deposition (PLD) using liquid Ga and N2 (Willmott and Antoni, 

1998) and by MOCVD (Boo et al., 1999). 

 

1.1.3 Buffer Layers and Silicon Hetero-Substrates 

To circumvent the reactions at the GaN-Si interface and improve thin film quality, a 

two-step deposition method of subjecting the thin film material to two different growth 
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conditions was used to attain single crystalline GaN thin film quality on Si substrates. In 

addition to the two-step deposition method, an intermediate layer, also termed buffer layer or 

interlayer, has undergone extensive research with the expected outcome of 1) eliminating 

nitridation at the silicon surface, 2) inhibiting the propagation of threading dislocations and 

3) minimizing biaxial strain. 

Two-step growth methods typically involve depositing a low temperature GaN (LT-

GaN) layer of polycrystalline film. The reported results have been cubic GaN grown on Si 

(100) substrates (Lei et al., 1991; Lei et al., 1992), while both cubic and wurtzite GaN 

structures were found to coexist on Si(111) (Lei et al., 1993). The cubic GaN structures were 

determined to be due to large concentrations of stacking faults (Moustakas et al., 1993).  

Rössner et al. (1995) found that either cubic or wurtzite GaN could be obtained on Si(100) 

depending on the substrate preparation method. Ishikawa et al. (1999) reported that Ga was 

generated between the LT-GaN interlayer and the Si substrate during the increase in 

temperature needed for the GaN overlayer growth by MOCVD.  Melt-back etching of the Si 

substrate was observed to be due to Ga, resulting in a polycrystalline GaN overlayer 

(Ishikawa et al., 1999). 

The difficulties associated with interfacial reactions of Ga and Si and Si and N are 

alleviated by the use of a high-thermal-stability intermediate layer prepared first on the 

surface of Si. From this viewpoint AlN is suitable for high-thermal-stability materials since 

the equilibrium pressure of nitrogen in AlN is much higher than that of GaN (Ishikawa et al., 

1999). In addition, the thermal mismatch between AlN and GaN is much smaller than that 

between Si and GaN, e.g. the large difference (~37%) in the thermal expansion coefficients 

of GaN and Si(111) (Kim, Bang et al., 2001; Nikishin, Faleev et al., 1999). The AlN-to-GaN 

lattice mismatch is as small as 2.5%, much smaller than that between GaN and Si at ~17% 

(Watanabe et al., 1993). Also, AlN exhibits good wetting properties on Si with a rapid 

transition to the two-dimensional growth mode of AlN (Nikishin, Antipov et al., 2000). 

Thin AlN buffer layers have been grown on Si (111) substrate prior to the wurtzite 

GaN epitaxy (Watanabe et al., 1993; Meng and Perry, 1994; Ohtani et al., 1994; Kung et al., 

1995; Godlewski et al., 1996; Calleja et al., 1999; Follstaedt et al., 1999; Nikishin, Faleev et 

al., 1999; Ohta et al., 2001b; Chen et al., 2001) and likewise grown on Si (100) (Kung et al., 

1995; Wan et al., 2001). However, it has been shown that the use of an AlN buffer layer 
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alone for GaN/AlN/Si(111) can introduce biaxial strain fields that significantly affect the 

optical and electrical properties (Bairamov et al., 1999). In addition to Si(100) and Si(111), 

Chen et al. (2002) demonstrated single wurtzite GaN grown on Si(211) by MOVPE with an 

AlN buffer layer. 

Kim, Do et al. (2001) used the ternary compound of AlxGa1-xN and step graded the 

interlayer for improved growth of wurtzite GaN on Si(111). Jang et al. (2003b) reported 

improved characteristics for wurtzite GaN on Si(111) using an AlxGa1-xN/AlN composite 

buffer layer as well as Al0.3Ga0.7N/GaN superlattices (Jang and Lee, 2003a). 

Workers applying a thin buffer layer of 3C-SiC have reported epitaxial wurtzite GaN 

films on Si(111) (Takeuchi et al., 1991; Godlewski et al., 1997; Boo, Ustin et al., 1998; 

Wang, Hiroyam et al., 2000; Cervantes-Contreras et al. 2001) and zincblende GaN films on 

Si(100) (Paisley et al., 1989; Liu et al, 1993; Kim, Frenkel et al., 1994; Barski et al., 1996; 

Hiroyama and Tamura, 1998; Yamada et al., 1998; As et al., 2000).  Cho et al. (1997) 

reported zincblende GaN on clean 3C-SiC buffer layers and wurtzite GaN on nitrided 3C-SiC 

buffer layers on Si(100). Highly oriented wurtzite GaN on Si(100) (Dinescu et al., 1998) and 

on Si(111) (Kim, Kang et al., 2003) was achieved using a ZnO buffer layer. 

Several researchers have implemented the use of binary arsenide compounds as 

buffer layers to achieve epitaxial growth of GaN on Si.  Ploog et al. (1998) inhibited the 

formation of SiNx by first depositing a GaAs buffer layer on Si(001), which resulted in cubic 

GaN epilayers. Strittmatter et al. (2000) demonstrated epitaxial wurtzite GaN on Si(111) 

using a nitridated AlAs converted to AlN.  T.S. Huang et al. (2002) used an AlAs buffer 

layer to grow hexagonal GaN on Si(111).  Kobayashi et al. (1997) demonstrated that single 

crystalline hexagonal GaN can be grown on Si(111) using an oxidized AlAs (AlOx) buffer 

layer. 

Wang and researchers deposited epitaxial wurtzite GaN films on Si(100) substrates 

using γ-Al2O3 as an intermediate layer by metalorganic chemical vapor deposition 

(MOCVD) (Wang, Liu et al. 1998a), as well as metalorganic vapor pressure epitaxy 

(MOVPE) (Wang, Liu et al., 1998b). On the otherhand, Wakahara et al. (2002) deposited 

epitaxial wurtzite GaN on Si using γ-Al2O3 by MOVPE resulting in (0001) GaN on Si(111) 

and (112̄0) GaN on (1̄10) Si. 
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In addition to AlN and GaN buffer layers, other binary nitride compounds have been 

used as buffer layers in attempts to achieve improved epitaxial GaN epilayers.  Highly 

textured GaN films were deposited on Si(111) with a TiN buffer layer by liquid Ga laser 

ablation (Rouleau et al., 1999).  Boo, Rohr et al. (1998) obtained polycrystalline wurtzite 

GaN on Si(100) using a highly oriented polycrystalline hexagonal BN buffer layer. Armitage 

et al. (2002) obtained wurtzite GaN on both Si(111) and Si(100) using a HfN buffer layer. 

Matoussi et al. (2001) using porous silicon as an intermediate buffer layer achieved 

oriented polycrystalline growth of wurtzite GaN on Si(100). Ghosh et al. (2003) reported 

high quality GaN epilayer grown on Si(111) using a porous GaN interlayer converted from a 

GaAs layer. Nishimura and Terashima (2001) used BP as a buffer layer to achieve 

zincblende GaN on Si(100).  Song et al. (2005) used a nonpolar MnS(100) plane buffer to 

grow nonpolar a-plane GaN thin films on Si(100) with an abrupt atomic interface. 

The intentional deposition of silicon nitride buffer layers or nitridation on Si(111) 

surfaces have led to the growth of heteroepitaxial wurtzite GaN (Nakada et al., 1998; Liu et 

al., 2000; Tamura et al., 2001; Huang et al., 2002). However, Nakada et al. (1998) reported 

the silicon nitride interlayer as amorphous-like. By contrast, Yodo et al. (2001) reported that 

nitridation of Si(001) does not suppress the inclusion of zincblende GaN and degrades the 

crystalline quality of wurtzite GaN. 

Combinations of the discussed buffer layers and two-step growth process have been 

studied to further improve the epitaxial quality of GaN thin films on silicon.  For instance 

Calleja et al. (1999) used a two step GaN growth process in combination with an AlN buffer 

layer by PAMBE to further improve GaN thin film quality. Also, a combination AlGaN/AlN 

intermediate layer led to the successful growth of GaN on Si(111) (Ishikawa et al., 1999). A 

combination of AlN and 3C-SiC buffer layers has resulted in improved crack-free GaN on 

Si(111) (Liaw et al., 2000). Strittmatter et al. have demonstrated epitaxial GaN on Si(111) 

using an AlAs buffer in combination with a low-temperature GaN layer (Strittmatter et al., 

1999a) and an AlAs buffer layer in combination with an AlN buffer layer (Strittmatter et al., 

1999b). Hageman et al. (2001) used a combination of an AlN buffer layer, low temperature 

GaN layer and SiNx intermediate layer to improve the epitaxial growth of wurtzite GaN on 

Si(111). Similarly, Wu et al. (2003) used a double buffer structure of AlN/β-Si3N4(0001) to 

grow eptaxial wurtzite GaN on Si(111). Inserting AlN/GaN superlattices decreased the strain 
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in GaN epitaxial layers which decreased crack formation for thick GaN epilayers on Si(111) 

(Feltin et al., 2001) and in combination with a 3C-SiC buffer layer improved structural and 

optical qualities (Park et al., 2001). Jang et al. (2002) used Al0.1Ga0.9N composite nucleation 

layers in combination with an AlN buffer layer on Si(111) for the epitaxy of wurtzite GaN. 

Dikme et al. (2003) mixed GaN and AlN buffer layers at various growth temperatures to 

optimize the growth of epitaxial wurtzite GaN on Si(111). 

An alternative to the use of buffer layers and two-step methods alone has been the 

partial masking of the Si(111) substrate and buffer layer(s) using a 100 nm silicon nitride 

overlayer. Exposed stripped 3C-SiC would act as seed growth regions of GaN from which 

wurtzite GaN would grow vertically and laterally. Davis et al. (2001) observed a dramatic 

reduction in the density of threading dislocation using this method, termed pendo-epitaxy 

which is similar to epitaxial lateral overgrowth (ELO) (Feltin et al., 2003). Honda et al. 

(2001) employed an SiO2 mask on patterned Si(100) and Si(111) substrates in combination 

with an AlxGa1-xN intermediate layer, termed selective area growth. Another type of selective 

area growth of (1101) GaN on a 7-degree off-oriented Si(100) substrate by MOVPE was 

used to obtain wurtzite GaN (Honda et al., 2002). Dadgar et al. (2003) partially masked the 

AlN layer on Si(111) with SiNx to grow a wurtzite GaN epilayer. 

 

1.2 Research Goals 

The large difference in lattice parameters, the poor nucleation and the high strength of 

the Si-N bond makes the direct deposition of high quality epitaxy of GaN on Si, without the 

use of intermediate layers, very difficult due to unintentional SiNx formation.  Nitridation of 

the Si surface results in an amorphous SiNx layer at the interface, which forms when GaN is 

directly deposited on Si, even at physical vapor deposition growth temperatures of 650 to 700 

°C.  The SiNx interlayer has been reported as a serious impediment to the heteroepitaxial 

growth of GaN directly on Si, (Chen et al., 2001; Schenk et al., 1999), while in contrast it has 

been suggested by other researchers as necessary for the successful growth of epitaxial GaN 

(Nakada et al., 1999; Yodo et al., 2001; Huang et al., 2002). 

For this research it is demonstrated that these inherent disadvantages can be overcome 

by: (1) using non-equilibrium processing and dynamic control of thin film growth to inhibit 

unintentional SiNx formation and increase adatom surface diffusivities, thus improving 
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surface wetting, which then allows (2) large lattice mismatch accommodation by domain 

matching epitaxy (DME) for GaN epitaxial thin film growth.  Single-crystal thin films can be 

grown with a large mismatch by DME on Si by the matching of the integral multiples of 

lattice planes across the film-substrate interface (Narayan and Larson, 2003; Rawdanowicz et 

al., 2003). 

Since the critical thickness for such a large misfit is close to a monolayer, the misfit 

dislocations can be set from the beginning so that the rest of the film can grow completely 

relaxed (strain-free). The critical thickness is defined as the film thickness at which it 

becomes energetically favorable for the film to contain dislocations in a heterostructure. For 

large mismatch epitaxy these dislocations can be confined to the interface region and thus 

stay away from the active regions of the devices. This can be accomplished more effectively 

by a two-dimensional growth during initial stages so that dislocations can exit to the edge of 

the wafers (Narayan and Larson, 2003; Narayan, 2005). 

Subsequently, this research demonstrates that the formation of a silicon nitride 

interlayer is not necessary for heteroepitaxial growth of wurtzite GaN on silicon substrates. 

By restricting the nitriding of the silicon surface to less than one monolayer, and thereby 

reducing the interfacial energy, the GaN(0001) can grow epitaxially on Si(111) directly via 

domain matching epitaxy where integral multiples of six lattice planes of GaN match with 

five silicon planes (Rawdanowicz and Narayan, 2004). 
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MATERIALS, STRUCTURES AND PROPERTIES 

 

This chapter discusses the structure and properties of the materials used in this 

research: AlN, GaN and Si. In addition, the surface structure and properties of the silicon 

substrates, as well as the elemental interaction of Al, Ga and N with silicon, are reviewed. 

Those material properties pertinent to the research are presented herein and discussed with 

regard to their characteristic influence on the epitaxial growth of III-Nitrides on silicon 

substrates.   

 

2.1 III-Nitrides 

At ambient temperature and pressure, the stable structures for AlN and GaN in 

equilibrium are hexagonal closed-packed (hcp) wurtzite 2H polytype and under certain 

metastable conditions, they can exist as a zincblende 3C polytype structure (Meng, 1994; 

Akasaki and Amano, 1994). Moreover, the rocksalt or NaCl structure can be induced in AlN 

and GaN at very high pressures. The wurtzite nitrides are most widely grown, studied and 

reported on.  

The fundamental properties of the GaN and AlN polytypes are listed in Table 2.1 for 

wurtzite and Table 2.2 for zincblende.  The latter cubic bulk form is difficult to obtain and 

thus will be not be discussed at length. A comparison of the properties of the elements that 

make up the GaN and AlN compounds used in this study are listed in Table 2.3. 

 

2.1.1 III-Nitride Structures 

For a wurtzite structure, there are two interpenetrating hcp lattices, each displaced 

from the other ideally by 0.375c0. The wurtzite lattice is characterized by three parameters: 

the edge length of the basal hexagon (a0), the height of the hexagonal lattice cell (c0), and the 

cation-anion bond length ratio (u0) along the [0001] axis in units of c0, where subscript “0” 

indicates the value is of the equilibrium lattice. For ideal wurtzite, the c0/a0 ratio is 1.633 and 

u0 is 0.375. The bond lengths and the resultant c/a ratio of AlN and GaN are different due to 

the different Al and Ga metal cations. Specifically, the c/a = 1.6009 and u = 0.382  
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Table 2.1  Basic parameters of wurtzite GaN and AlN. 

Wurtzite Structure Units GaN Ref. AlN Ref. 

 symmetry group  P63mc (C4
6V)  P63mc (C4

6V)  

 lattice constant, a Å 3.189 (a) 3.112 (i) 

 lattice constant, c Å 5.185 (a) 4.982 (i) 

 c/a, (ideal – 1.6330)  1.6259  1.6009  

 u (ideal – 0.375)  0.377  0.382  

 thermal expansion, Δa/a K-1 5.59×10-6 (b) 4.15×10-6 (b) 

 thermal expansion, Δc/c K-1 3.17×10-6 (b) 5.27×10-6 (b) 

 thermal conductivity, k W/cmK 1.3 (c) 2.85 (j) 

 Debye temperature, θD K 820 (n) 980 (o) 

 atoms per cm3  8.9×1022  9.58×1022  

 density g/cm3 6.15  3.23  

 bandgap energy, 300K, Eg eV 3.39 (d) 6.23 (p) 

 electron affinity, 300K eV 4.1 (e) 0.6 (i) 

 dielectric constant, 300K,static  e0 8.9 (e) 8.5 (i) 

 dielectric constant, e33,  e0 10.4 (f) 10.7 (l) 

 dielectric constant, e11,  e0 9.5 (f) 9.0 (l) 

 elastic constant, c13,  GPa 106 (g) 99 (m) 

 elastic constant, c33,  GPa 398 (g) 389 (m) 

 piezoelectric constant, e31 C/m2 -0.49 (h) -0.60 (h) 

 piezoelectric constant, e33 C/m2 0.73 (h) 1.46 (h) 

 spontaneous polarization, PSP C/m2 -0.029 (h) -0.081 (h) 

 melting point (p<7.5x10-7 Torr) K 2791 (q) 3487 (q) 

 decomposition temperature, TE °C 850 (r) 1040 (r) 

(a) (Leszczynski et al., 1996) 
(b) (Qian et al., 1996) 
(c) (Krukowski et al., 1999) 
(d) (Chow and Ghezzo, 1996) 
(e) (Bougrov et al, 2001) 
(f) (Barker and IIegems, 1973) 
(g) (Polian et al., 1996) 
(h) (Bernardini et al., 1997) 
(i) (Goldberg, 2001) 

(j) (Slack et al. 1987) 
(k) (Yamashita, 1979) 
(l) (Tsubouchi and Mikoshiba, 1985) 
(m) (Wright, 1997) 
(n) (Nipko et al., 1998) 
(o) (Pankove and Shade, 1974) 
(p) (Vurgaftman, 2001) 
(q) (Edgar, 1994) 
(r) (Ambacher et al., 1996) 
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Table 2.2  Basic parameters of zincblende GaN and AlN. 

Zincblende Structure Units GaN Ref. AlN Ref. 

 symmetry Group  F43m (T2
d)  F43m (T2

d)  

 lattice Constant, a Å 4.52 (a) 4.38 (Theory)  

 atoms per cm3  8.9×1022  9.58×1022  

 density gm/cm3 6.15  3.23  

 bandgap Energy, 300K eV 3.3 (b) 5.11 (Theory)  

 electron Affinity, 300K eV 3.4 (c)   

 dielectric Constant, 300K e0 9.7 (static) (b)   

(a) (Lei et al., 1992) 
(b) (Vurgaftman, 2001) 
(c) (Korotkov et al., 2002) 
(d) (Bougrov et al, 2001) 

 

 

Table 2.3 Comparison of element parameters for Al, Ga, Si and N. 

Parameter Units Aluminum Gallium Nitrogen Silicon 

 Crystal Structure  cubic, fcc cubic, simple hexagonal diamond 

 Radius, Covalent Å 1.18 1.26 0.75 1.11 

 Radius, Atomic (a) Å 1.43 1.41 0.92 1.32 

 Radius, Ionic (b) Å 0.50 (+3) 1.13 (+1) 
0.62 (+3) 

1.71 (-3)  
0.11 (+5) 

2.71 (-1)  
0.41 (+4) 

 Density g/ml 2.70 5.91 0.81 2.33 

 Electronegativity(c)  1.5 1.6 3.0 1.8 

 Melting Point  ºC 660 29.8 -210 1410 

 Atomic Number  13 31 7 14 

 Atomic Weight (d)  26.9815 69.72 14.00067 28.086 

 Electron Structure  1s22s22p63s2 

3p1 
1s22s22p63s2 

3p63d104s14p1 
1s22s22p3 1s22s22p63s2 

3p2 

(a) Metallic radii for coordination number of 12. 
(b) Ionic (crystal) radii for coordination number 6. 
(c) Pauling’s Electronegativity 
(d) Based on carbon-12 
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parameters of the AlN wurtzite-type structure deviates significantly from the c0/a0 = 1.633 

for the ideal wurtzite structure.  Consequently, the interatomic distances are not equivalent in 

every direction, resulting in two kinds of Al-N bonds (Malengreau et al., 1997). As listed in 

Table 2.1, GaN is closer to the ideal structure than AlN. The degree of deviation from the 

ideal c0/a0 ratio is a factor in determining the strength of polarization in III-nitrides.  

At ambient conditions, AlN and GaN crystallize in an equilibrium hcp structure with 

lattice constants: aAlN = 3.112 Å, cAlN = 4.982 Å and aGaN = 3.189 Å, cGaN = 5.185 Å, 

respectively.  A metastable phase of zincblende GaN has a lattice constant of 4.52 Å. Density 

functional calculations show that a bulk zincblende 3C AlN would have a lattice constant:    

a = 4.38 Å (Pandey et al., 1997). 

The hexagonal unit cell of these wurtzite structures contains six group III metal atoms 

and six group V nitrogen atoms. The space group for the wurtzite structure is P63mc (C4
6V). 

The zincblende structure has a cubic unit cell containing four group III metal atoms and four 

group V nitrogen atoms.  The position of the atoms within the cubic unit cell is identical to 

the diamond crystal structure in that both structures consist of two interpenetrating face-

centered cubic sublattices offset by one quarter of the distance along the body diagonal. Each 

atom in the structure may be viewed as situated at the center of a tetrahedron with its four 

nearest neighbors defining the four corners of the tetrahedron. 

In both cases, each group-III metal atom is coordinated with four nitrogen atoms. 

Conversely, each nitrogen atom is coordinated with four group-III metal atoms. The unit in 

the zincblende structure has Td symmetry which is a higher symmetry structure than that of 

the wurtzite.  

Another difference between these two structures is the layer stacking shown in Figure 

2.1. For the wurtzite structure, the stacking sequence of (0001) planes is ABABAB in the 

[0001] direction known as a 2H structure. For the zincblende structure, the stacking sequence 

of (111) planes is ABCABC in the [111] direction known as a 3C structure. The stacking 

order ABAB of the wurtzite along the [0001] c-direction indicates a mirror image and no in-

plane rotation in the bond angles. In the zincblende structure along the [111] direction there 

is a 60° rotation causing a stacking order of ABCABC. 

Figure 2.2 illustrates the point regarding in-plane rotation. The zincblende structure of 

the three atoms bonded at one end are not aligned with the three atoms at the opposite end in  
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Wurtzite Zincblende 

C3v Td 

 
Figure 2.1 Stacking sequence of closest packed diatomic planes for wurtzite 

(0001) and zincblende (111) viewed from the [112̄0] and [11̄0] 
directions, respectively. (after Mizoguchi, 2003) 

 

 

<0001>

<111>

(a) 

(b) 

Nitrogen

Aluminum 

 
Figure 2.2 The wurtzite (hexagonal) structure (a): the third nearest neighbor are 

aligned with each other, while the zincblende (cubic) structure (b): 
the third nearest neighbors are opposite to each other. 
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a staggered configuration and for the wurtzite structure, the three atoms bonded on each end 

are aligned in an eclipsed configuration. The difference between these forms can also be seen 

by viewing along a chemical bond in the [111] direction for the cubic structure in Figure 

2.4(d), or equivalently along the [0001] direction for the wurtzite structure in Figure 2.3(b).  

Both wurtzite and zincblende structures have polar axes, i.e., lack of inversion 

symmetry. Therefore, the lattice along the [0001] direction has the same atoms on the same 

plane at each side of a bond. This is also true for the zincblende structure along the [111] 

direction. Thus, a GaN crystal has two distinct faces, the Ga-face and the N-face. Observe in 

Figure 2.1 for the Ga-face, the N-atom is stacked directly over the Ga-atom and vice-versa 

for the N-face. By convention, the [0001] direction is given by a vector pointing from a Ga 

atom to a nearest-neighbor N atom (Ambacher, 1998). 

Researchers have reported that epitaxial GaN films deposited by MOCVD on c-plane 

sapphire grow in the [0001] direction with Ga-faced surfaces, while MBE growth commonly 

occurs in the [0001̄] direction for an N-faced film (Ponce et al., 1996; Smith et al., 1997; 

Kazimirov et al., 1998). Ponce et al. (1996) found that the smooth side of bulk single crystal 

platelets corresponds to the Ga-face (0001) whereas the N-face (0001̄) is rougher. Bulk and 

surface properties are influenced by whether the surface is faced by nitrogen or metal atoms 

(Sun et al., 1994: Susaki and Zembutzu, 1987). 

In addition, the polarity impacts dopant incorporation in that N-face GaN allows for 

improved incorporation (Suyima et al., 2000). Ga-polar GaN has also been reported to be 

more resistant to chemical etches (Rouviere et al., 1998). GaN grown with N-polarity on 

sapphire substrates is considered lower quality with respect to structural, optical and 

electrical properties. Although N-polarity GaN has a slightly lower dislocation density as 

compared to Ga-polarity, it tends to exhibit higher concentration of inversion domains 

(Morkoç, 2001). Morkoç (2001) proposed that a mixture of polarity across the interface can 

lead to increased carrier scattering due to flipping polarization field.  

 

2.1.2 III-Nitride Polarization  

The influence of spontaneous and piezoelectric polarization on the physical properties 

of AlN and GaN are briefly reviewed due to the fact that the electric fields influence the 

shape of the band edges and the carrier distribution in nitride-based heterostructures. 
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Figure 2.3 III-Nitride (a) wurtzite structure viewed from: (b) [0001], (c) [112̄0] 

and (d) [011̄0] directions. 
 

 

Therefore, spontaneous and piezoelectric polarization can influence the radiative 

recombination in light-emitting devices, as well as the electrical properties of the transistor 

structures (Ambacher, 1998).  

Nitrogen, the smallest and the most electronegative of the group-V elements, 

significantly affects the properties of III-nitrides. The electrons in the metal-nitrogen covalent 

bond are strongly attracted by the coulomb potential of the nitrogen atomic nucleus due to 

the 1s22s22p3 electron configuration for the nitrogen atom, i.e., there are insufficient electrons 

to occupy the outer electron orbitals. Thus the metal-nitrogen covalent bond is largely ionic 

compared to other III-V covalent bonds. 
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Figure 2.4 III-Nitride (a) zincblende structure viewed from: (b) [100], (c) [110] 

and (d) [111] directions. 
 

 

Inversion symmetry is not incorporated in the overall crystal structure (non-centro-

symmetric), thus local polarization due to the ionicity of the metal-nitrogen bond along the 

[0001] direction will result in macroscopic polarization. The total macroscopic polarization P 
of the crystal is the sum of a spontaneous polarization component PSP in the equilibrium 

lattice at zero strain and the strain-induced piezoelectric polarization component PPE, 

(Bernardini et al., 1997) since the piezoelectric tensor of wurtzite has three independent 

nonvanishing components (Nye, 1985). 

Apart from the ionicity of the III-V covalent bond, the degree of non-ideality 

(structural dependence) of the crystal lattice also affects the strength of spontaneous 

polarization. As the c/a ratio decreases, these three covalent bond angles in the basal plane 
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increase with respect to the c-axis and their resultant compensation polarization will 

decrease, giving rise to a stronger macroscopic spontaneous polarization (Bernardini et al., 

1997). Table 2.1 lists the c/a ratio and the spontaneous polarization for GaN and AlN. As the 

lattice non-ideality increases (c/a ratio decreases away from 1.6330), the value of 

spontaneous polarization (PSP) increases from GaN to AlN.  

For thin film biaxial compressive stress, the in-plane lattice constant a decreases 

while the vertical lattice constant c increases so that the c/a ratio increases towards the ideal 

ratio value of c0/a0  = 1.6330.  The piezoelectric polarization and the spontaneous 

polarization are now in opposite directions and thus the crystal polarization strength 

decreases. On the other hand, if the nitride thin film crystal is under biaxial tensile stress, the 

in-plane lattice constant a increases and the vertical lattice constant c decreases so that the 

c/a ratio decreases away from the ideal ratio value of c0/a0 = 1.6330.  The piezoelectric and 

the spontaneous polarizations are now in the same direction and thus the overall polarization 

strength increases.  

Group III-Nitrides exhibit unusual properties with respect to polarization. The 

absolute values of the piezoelectric constants are up to ten times larger than in conventional 

III–V and II–VI compounds (Dal Corso et al., 1994), the largest known so far among the 

tetrahedrally bonded semiconductors. The spontaneous polarization at zero strain is also very 

large in the nitrides, with AlN at only three to five times smaller than in ferroelectric 

perovskites (Zhong, W. et al., 1994). For these reasons, the spontaneous and piezoelectric 

polarization of wurtzitic Group III-Nitrides can have a much larger influence on the electrical 

and optical properties of devices than in other III–V compounds (Ambacher, 1998). 

 

2.1.3 III-Nitride Chemical Properties 

The chemical stability of GaN and AlN is attested to by the inertness to many wet 

etches, AlN more so than GaN.  Johnson et al. (1932) first synthesized GaN in 1932; all work 

since then has consistently shown GaN to be a very stable compound.  However, phase 

diagrams for GaN and AlN have been limited and contradictory due to the high melting 

temperatures (TM) and high nitrogen dissociation pressures (PN2
dis) (Popovici et al., 1998; 

Porowski and Grzegory, 1994). Dissociation pressure is defined as nitrogen pressure at the 

thermal equilibrium of the reaction: MN(s) =M(l) + (1/2)N2(g), where M is the metal Al or 
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Ga. Reported values for PN2
dis for GaN show large discrepancies (Sasaki and Matsuoka, 

1995). The nitrogen dissociation pressure equals 1 atm. at approximately 850 °C, and 10 atm. 

at 930 °C (Madar et al., 1975).  At 1210 °C the GaN decomposed even under pressure of 

1500 bar of N2 (Karpiński et al., 1984). The equilibrium vapor pressure of N2 over solid GaN 

was measured at 100 bar at 1095 °C and 10,000 bar at 1530 °C (Karpiński and Porowski, 

1984). In the pressure range greater than about 1000 bar, the P(1/T) curve in Figure 2.5 

strongly deviates from the linear dependence proposed by Thurmond and Logan (1972).  

However, there is good agreement in the Gibbs free enthalpy with ΔG0 = (32.43T − 

3:77×104) cal/mol for GaN synthesis and the value of enthalpy ΔH0 of −37.7 kcal/mol 

(Madar et al., 1975). 

The melting point for AlN has been reported with contradictory results ranging from 

2200 °C to 3214 °C (Landolt and Bornstein, 1984; Massalski, 1990; Van Vechten, 1973; 

Porowski and Grzegory, 1994) compared to TM of GaN >1700 °C at a pressure of 2000 bar, 

Thus, the nitrogen dissociation pressure of AlN is orders of magnitude smaller than that of 

GaN allowing for easier GaN synthesis (Popevici et al., 1998). This difference is well 

illustrated in Figure 2.5. The temperatures at which equilibrium N2 pressure over AlN 

reaches 1, 10 and l00 atmospheres are calculated at 2836 K, 3088 K and 3390 K, 

respectively, which are plotted in Figure 2.5 (Slack and McNelly, 1976).  

Researchers have reported on the stability of GaN suggesting that significant weight 

losses can occur at temperatures as low as 750°C, while others suggested that no significant 

weight loss should occur at temperatures up to 1000°C (Popevici et al., 1998). Gordienko et 

al. (1964) observed that (GaN)2 dimers are the primary components of decomposition, while 

Groh et al. (1974) observed only N2
+ and Ga+ as the primary components in the vapor over 

GaN. Munir and Searcy (1965) calculated the heat of sublimation of GaN to be 72.4 ±0.5 

kcal/mol. The cohesive energy per bond is 2.88 eV (63.5 kcal/mol) and 2.2 eV (48.5 

kcal/mol) for AlN and GaN, respectively. The chemical bonds of these compound 

semiconductors are not purely covalent with valence electrons spending different fractions of 

time on Al (Ga) and N.  According to Philips (1973) where 0 corresponds to a purely 

covalent bond and 1 corresponds to a purely ionic bond, AlN and GaN have ionicities of 

0.449 and 0.500, respectively. 
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Figure 2.5 Equilibrium N2 pressure over the MN(s) + M(l) system (M = Al or 

Ga) from pressure experiments and theoretical calculations.  
 

 

2.1.4 III-Nitride Thermal Properties 

To obtain single crystal heteroepitaxial layers, GaN and AlN must be grown at high 

temperatures. Unfortunately, the difference in coefficients of thermal expansion between the 

substrate and the III-Nitride thin film introduces residual stress upon post-growth cooling. 

The induced stresses cause additional structural defects and piezoelectric fields and thus 

influence the optical and electrical properties of films and devices. The coefficient of thermal 

expansion is not only related to thermal conductivity and specific heat, but also to defect 

concentration, free carriers, and strains. The mean coefficient of thermal expansion of c-

plane GaN measured over the temperature range of 300 - 900 K is ∆a/a = 5.59×10-6 K-1.  For 

temperature ranges of 300 - 700 K and 700 - 900 K, the mean coefficient of thermal 

expansion in the c direction is ∆c/c = 3.17×10-6 K-1 and 7.75×10-6 K-1, respectively 
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(Mohammad and Morkoç, 1996). The room temperature value of the thermal conductivity, κ 

= 1.3 W/cmK, is less than the theoretical value of 1.7 W/cmK (Sichel and Pankove, 1977). 

Nipko et al. (1998) calculated the Debye temperature (θD) of GaN at 0 K at θD ≈ 820 K.   

The mean coefficient of thermal expansion of AlN have measured values of ∆a/a = 

4.2×10-6 K-1 and ∆c/c = 5.3×10-6 K-1 (Yim and Paff, 1974). Thermal conductivity of AlN at 

room temperature has been predicted at κ ≈ 3.2 W/cmK (Slack, 1973) compared to measured 

values of κ = 2.5 (Slack and McNeilly, 1977) and 2.85 W/cmK (Slack, 1973). Pankove and 

Schade (1974) found the Debye temperature (θD) of GaN at 0 K to be θD ≈ 820 K.  

Additional details of the thermodynamic properties of AlN can be found in Porowski and 

Grzegory (1994).  

Ambacher (1998) reported the decomposition rate equals the desorption of one 

monolayer every second (where nitrogen evolution is Φ(N) = 1-5×1015 cm−2 s−1) at 970 and 

1050 °C, and the activation energy EMN of the thermally induced decomposition in vacuum is 

4.3 eV (414 kJ/mol) and 3.9 eV (379 kJ/mol) for AlN and GaN, respectively. Thus 

establishing the upper thermal limits for high-temperature and high-power devices. 

Thermally activated nitrogen diffusion is a fundamental transport process in Group 

III-nitrides. However, self-diffusion processes in wide-bandgap semiconductors or insulators 

are generally more complex than in metals (Peterson, 1978). This is due to various native 

defects, different charge states of the defects that can occur, and especially those defects at 

the Fermi level (Frank et al., 1984). Diffusion measurements are difficult to perform because 

of the high partial vapor pressure of nitrogen and the dependence of native defect species and 

concentrations on stoichiometry (Ambacher, 1998).  

Ambacher et al. (1998) studied nitrogen self-diffusion using Ga14N/Ga15N/Ga14N 

(500/500/500 nm) isotopic heterostructures grown on c-plane sapphire. The activation 

enthalpy and entropy of nitrogen self-diffusion were obtained by analyzing the diffusion 

length measured for annealing temperatures between 770 and 970 °C. The self-diffusion 

coefficient D (if dominated by a single thermally activated process) of nitrogen in hexagonal 

GaN was found to be D = 1600 cm-2 s−1 exp(−4.1 ±0.4 eV/kBT ). By analyzing the 

dependence of the self-diffusion coefficient on temperature and the measured gradients in 

concentrations of 14N and 15N, the nitrogen flux ΦSD(N) through the interfaces of the 

Ga14N/Ga15N/Ga14N heterostructures was calculated to be ΦSD(N) = 3:8×1030 cm−2 s−1 
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exp(−4.1 eV/kBT )close to the interface.  In the temperature range between 850 and 1100 °C, 

the nitrogen flux through a GaN isotope interface is a factor of 14 ±2 lower than the nitrogen 

flux from a free GaN surface into vacuum (Ambacher et al., 1998).  

Within the accuracy of the measurements, the nitrogen diffusion process has the same 

activation energy as the decomposition process of GaN. During decomposition of GaN, no 

Ga layer or droplets were observed by Ambacher et al. (1998) indicating that the Ga flux 

from the surface must be close to the nitrogen flux. The significance of this is that the 

observed diffusion processes, thermal stability and the nitrogen loss from the surface of GaN 

strongly influences the growth mechanism of the epitaxial films. 

 

2.2 Silicon 

Crystalline silicon, a group IV semiconductor, crystallizes in the diamond structure, 

with the lattice constant a = 5.43 Å corresponding to a density of 5.0×1022 atoms/cm3. Each 

Si atom has four neighbors tetrahedrally coordinated.  The space group for the diamond 

structure is Fd3̄m (O7
h).  The basic bulk properties pertinent to this research are listed in 

Table 2.4.  

Silicon surface structures are of paramount importance in establishing the hetero-

epilayer properties. Discussion in this section begins with an ideal surface structure, where 

the unrelaxed Si surface atoms have the same position relative to the bulk lattice atoms, and 

concludes with discussions on the real and relaxed Si(100) and Si(111) surfaces.  

 

2.2.1 Ideal Silicon Surfaces 

Because of its technological and commercial importance, silicon surfaces have been 

the subject of innumerable studies.  Ideal truncated bulk surface (1×1) of a ball stick model 

of the perfect crystal surface is shown in Figure 2.6 and Figure 2.7 for Si truncated along the 

{100} and {111} crystallographic planes, respectively. A bulk-terminated Si(100)- (1×1) 

surface has an atom in the first layer bonded with two atoms in the second layer with two 

dangling bonds left directed towards vacuum.  For the ideal Si(111)-(1×1) surface, each atom 

is back-bonded to three subsurface atoms with its fourth sp3 orbital pointing towards the 

vacuum and half occupied. 
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Table 2.4 Basic parameters of Silicon at 300K. 

Diamond Structure Units Value Ref. 

 Symmetry Group  Fd3̄m (O7
h)  

 Lattice Constant, a Å 5.431 (a) 

 Radius, Covalent (Tetrahedral) Å 1.11  

 Atoms per cm3  5.0×1022  

 Debye Temperature K 640  

 Density gm/cm3 2.329  

 Electron Affinity eV 4.05  

 Bandgap Energy, 300K eV 1.1 (b) 

 Dielectric Constant, 300K e0 11.7   

 Melting Point, Bulk C 1414 (c) 

 Melting Point, Surface C ~1300 (c) 

 Thermal Expansion, Δa/a K-1 2.616×10-6 (d) 

 Thermal Conductivity, k W/cmK 1.56 (e) 

(a) (Basile et al., 1994) 
(b) (Chelikowsky and Cohen, 1974) 
(c) (Stokbro et al, 1996) 
(d) (Okada and Tokumaru, 1984) 
(e) (Glassbrenner and Slack, 1964) 

 

 

A comparison of the broken bonds and estimated surface energies are shown in Table 

2.5. The energy to break a Si-Si bond is estimated from the cohesive energy of silicon, Ec = 

4.63 eV (Kittel, 1976; Kong et al., 1990).  Cohesive energy in this context is understood as 

the energy gained when assembling a perfect elemental crystal from free atoms.  Each Si 

atom has 4 bonds with 2 atoms contributing to each bond.  Therefore, the energy, E, released 

in forming a single bond is calculated at ~ 2.3 eV, which is assumed equal to the energy to 

break the Si-Si bond (Dabrowsik and Müssig, 2000).  The formation energy can be estimated 

by multiplying the bond energy E by the density of broken bonds.  The density of broken 

bonds is the number of broken bonds per two unit surface areas that are created.  Therefore, 

the energy to create an ideal Si(111) surface is almost half of that for Si(100), e.g. {111} is 

the best cleavage plane for silicon. 



 27

Table 2.5 Ideal silicon crystal surface bonds and energy comparisons. (after Dabrowski 
and Müssig, 2000) 

Surface Broken bonds 
(atoms) per cell 

Cell area, 
Å2 

Atoms/area 
×1014 cm-2 

Broken 
bonds/area Å2 

Energy/ 
area, eV/ Å2 

Si(111) 1 (2 atoms) 12.5 16.0 0.080 0.09 

Si(100) 2 (1 atom) 14.4 6.9 0.139 0.15 

 

 

The most stable surfaces have high surface atom density and surface atoms with high 

coordination number, e.g., Si(111) > Si(100). The Terrace-Ledge-Kink, or TLK model, is 

often used to describe ideal surfaces. Terraces are flat, one-atom thick planes of atoms, 

ledges are the edges of these terraces and kinks are defects in the plane-like structure of the 

terraces, usually denoting a missing or displaced extra atom, or line of atoms, along the 

ledge.  The vicinal surface is made up of flat terraces of constant width separated by a height 

of one or two atoms depending on the angle of the vicinal miscut.  The formation energy will 

increase due to the increased number of broken bonds at the steps as compared to the 

terraces. The scanning tunneling microscopy (STM) images in Figure 2.8 illustrate the very 

different surface structures of Si(111) and Si(100) substrates. 

 

2.2.2 Real Silicon Surfaces 

Ideal semiconductor surfaces characteristically have a high density of dangling bonds 

and thus possess significant excess energy.  The minimization of surface energy due to the 

reduction in the density of surface dangling bonds is the key factor driving surface 

reconstruction, step morphology and all surface reactions. Therefore, understanding the 

nature of dangling bonds and their mutual interaction is essential to the physics and 

chemistry of semiconductor surfaces, which will influence the choice of the substrate 

preparation method and the subsequent thin film deposition process. 

Surface structure relaxation occurs when the unshared electrons of the dangling bonds 

of the free surface atoms overlap their shells with neighboring atoms to minimize the surface 

free energy by rearrangement, i.e., decrease the number of dangling bonds.  This lateral 

rearrangement of surface atoms is much larger than the rearrangement of the relaxation of the 

atomic layer spacing perpendicular to the surface. 
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Figure 2.6 Atomically stepped surface of unreconstructed Si(001). The top most 

layer is the upper left quadrant and stepping down one atom layer for 
each quadrant in the clockwise direction. 

 

 

Unlike relaxation for metals, semiconductor surfaces exhibit larger atomic scale 

displacements parallel to the surface that involve change in the laterial surface periodicity 

and/or reduction in symmetries of the surface structure due to the covalent bonds at different 

crystal orientations. This surface phase transition involves relatively small coordinated 

movement of the atoms in the surface layer(s) to reduce the unsatisfied co-ordination among 

neighboring atoms and the number of broken bonds. 

The formation of this surface atomic structure is called a superstructure or a surface 

reconstruction. Wood’s notation is the common method of specifying reconstructed surface 
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Figure 2.7 Atomically stepped surface of unreconstructed Si(111) beginning 

with top most in the upper half and stepping down to next the layer 
for the bottom half.  

 

 

structures.  This classification of ordered surface structures involves describing the upper 

layer structure of the surface atoms in terms of the underlying structure of the substrate.  

The type and stability of reconstructed surfaces is very sensitive to the substrate 

preparation process. Moreover, the reconstruction of the Si surface can have significant affect 

on properties such as the surface morphology, sticking coefficients of adsorbates, surface 

diffusion, defects, and the surface electronic structure (Dabrowski and Müssig, 2000).  

An important factor of local electronic structure is the difference in electronegativity 

between the reacting species and the availability of electrons for the charge transfer caused 

by this difference.  Electronegativity is a measure of the tendency to attract electrons where 

the electron charge transfer is driven by the electronegativity and opposed by the ability of 

the orbital to let the charge in or out, i.e., chemical hardness (Flippetti et al., 1995). 

Moreover, extensive reconstruction and transformation from one ordered surface 

structure to another can often take place as the temperature is increased in preparation for the 
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(a) (b) 
 

Figure 2.8 STM images of clean stepped surfaces for (a) Si(111)-(7×7) and (b) 
Si(001)-(1×2)-(2×1) illustrating the strong differences in 
reconstruction patterns. [(a) Kraus et al., 1998; (b) Mo et al., 1990] 

 

 

thin film growth process. The surface then may undergo a structural transformation during 

the formation of the epitaxial overlayer as strain sets in at the newly formed interface. 

Surface defects also cause the silicon crystal surface to deviate from the ideal. Single surface 

TLK crystals typically exhibit kinetically stable surface point defects. Also, another 

kinetically stable defect is dislocations, which are line defects arising from mismatches in the 

bulk lattice of the surface atoms. Line defects form closed loops or networks terminating at 

the surface and can occur as edge dislocations and/or screw dislocations.  

 

2.2.2.1 Real Si(100) Surfaces 

As discussed for a bulk-terminated Si(100)-(1×1) surface, an atom in the first layer 

has two dangling bonds directed towards vacuum. The surface energy associated with these 

dangling bonds is lowered by creating bonds between neighboring atoms in the first layer, 

called dimerization. Under UHV conditions, surface Si dimers reduce the dangling bonds per 

Si atom by 50% along parallel lines along the [110] directions leading to a doubling of the 

unit cell dimensions parallel to the dimer axis (Bustarret et al., 2003), reconstructing to the 
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(2×1) superstructure (Schlier and Farnsworth, 1959). The lattice distortion caused by this 

dimerization extends several layers deep (Appelbaum and Hamann, 1979). The symmetric 

(2×1) superstructure is dominant at room temperature, and the asymmetric dimer structures 

p(2×2), c(4×2), etc. are formed near defects and depend on the conditions of heating and 

cooling (Kim, Kim et al., 1996). 

Above 200 K, a partly disordered (2×1) pattern was observed (Tabata et al., 1987; 

Tromp et al., 1985), which in the 500 to 700 °C range anneals after a few hours into the 

c(4×4) reconstruction (Nörenberg and Briggs, 1999a), in some cases going through a series 

of intermediate (2×n) surface structures (Lin and Yu, 1998). Both the c(4×4) and the (2×n) 

reconstructions are reported to be  favored by certain strain conditions that may be due to 

local impurities (Nörenberg and Briggs, 1999a).  

The surface made of symmetric dimers is metallic, but in actuality the dimers buckle 

to lower surface energy resulting in a semiconducting surface. In addition, buckling of the 

dimers affects step-step interactions through its influence on stress anisotropy and adsorption 

of molecules through geometry constraints and inter-dimer charge transfer (Dabrowski and 

Müssig, 2000).  

Additional lattice strain due to the buckling of the dimers causes adjacent dimers to 

buckle in opposite directions, creating two possible orderings of these buckled rows. If a 

neighboring dimer buckles in the same direction, a local (2×2) structure is created while if 

buckled in the opposite direction, a local (4×2) is created. These buckling structures have 

been observed by low energy electron diffraction (LEED) and STM to be stable and 

calculations have shown that buckling lowers the overall surface tension and energy 

(Waltenburg and Yates, 1995).  

Atoms and molecules preferentially diffuse along the surface dimer rows. Thus 

making dimerization an important factor in the dynamics and the chemical activity of Si(100) 

surface (Dabrowski and Müssig, 2000). 

Small angle vicinal surfaces of Si(100) that have two adjacent terraces with a step 

height of 1/4 lattice constant result in dimerization domains of (2×1) and (1×2) at right angles 

as shown in Figure 2.6 and Figure 2.8(b). The surface atoms dimerize along the [110] and 

[11̄0] directions forming rows perpendicular to the dimers themselves to reduce the density 

of dangling bonds. Double-height (biatomic) steps support one specific domain type 
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depending on the degree of misorientation of the surface. For example, surfaces with a 4°-

miscut Si(100) vicinals are characterized by a single domain (2×1) reconstruction. 

 

2.2.2.2 Real Si(111) Surfaces 

Cleaving Si(111) produces a metastable 2x1 reconstruction (Lander et al., 1963; 

Pandey, 1981). However, the most stable reconstruction of the Si(111) surface is the (7×7) 

structure, which can be obtained by annealing the cleaved (111) surface above 500 °C 

(Mönch, 1979).  If carefully annealed, the surface structure transforms to a (5×5) metastable 

structure at about 300 °C (Schlier and Farnsworth, 1959; Uhrberg et al., 1989).  Si(111)-

(7×7) will revert to bulk-like (1×1) surface structure at temperatures usually above 850 °C 

(Mönch, 1979). The temperature of reversible phase transition for the Si(111)-(7×7) surface 

reconstruction will vary from 900 °C for vacuums in 10-9 Torr regime to 800 °C for vacuums 

in 10-11 Torr regime (Groger and Barczewski, 2001), thus demonstrating a sensitivity to 

residual gas contamination. These transformation temperatures will also slightly vary 

depending on the dopant and its concentrations. During the phase transition from (1×1) to 

(7×7) surface defects such as point defects and domain boundaries that are formed strongly 

influence the physical and chemical properties of the reconstructed Si(111)-(7×7) surface. 

These domain boundaries can influence nucleation and epitaxial growth (Kohler et al., 1989). 

The (7×7) reconstruction of the Si(111) surface is the most complex and well-studied 

structure. It is generally accepted that the geometry of this reconstruction is described by the 

dimer-adatom-stacking-fault (DAS) model proposed by Takayanagi et al. (1985). One unit 

cell (UC) (dashed line) of the (7×7) reconstructed surface layer is shown in Figure 2.9 and 

consists of two triangular half-unit cells (HUCs). The silicon layers in one HUC are stacked 

with the normal sequence (right HUC), while those in the other (left HUC) are stacked with a 

faulted sequence. The stacking fault is located between the second and third layer atoms in 

the half-unit cell due to the interlayer bonding rotated 60°. The faulted half-unit cell (FHUC) 

is more reactive than the unfaulted half (UFHUC).  

There are a total of 102 Si atoms in the top three layers of the (7×7) unit cell. These 

are: 12 atoms in the adatom layer, 42 atoms in the restatom layer, and 48 atoms in the layer 

containing the stacking fault. Of all these 102 atoms, only 19 (the 12 adatoms, six rest atoms 

and the atom at the bottom of the corner-hole) possess dangling bonds in one (7×7) unit cell; 
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Figure 2.9 DAS model of Si(111)-(7×7) reconstructed surface consisting of nine 

Dimers, twelve Adatoms (large striped circles) of two types and a 
subsurface Stacking fault layer in each surface cell. (after Takayanagi 
et al., 1985) 

 

 

this is a significant reduction from 49 dangling bonds on the (1×1) reconstructed surface. The 

reduction in dangling bonds is responsible for the stability of the (7×7) reconstruction. 

The surface energy of the (7×7) reconstructed surface is 0.403 eV per (1×1) cell 

lower than that of an ideal and unreconstructed Si(111) surface and 0.36 eV lower than the 

energy of the (2×1) reconstructed Si(111) surface (Qian and Chadi, 1987). Surface adatoms 

are thermodynamically stable surface defects like those of kinks and vacancies as opposed to 

kinetically stable line defects and dislocations.  The energy to create these defects is 

compensated by the entropy gain, e.g., the equilibrium concentrations of vacancies, nv/N = 

exp(ΔG/kT).  The relative binding energies of the surface atoms are: bulk>surface>ledge 

>kink>ledge adatom>adatom>free atom. The binding energy for surface atoms is about 2/3 

of the binding energy of the bulk. Therefore, the energy of the surface is higher than that of 

an atom inside the bulk. 
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For constant pressure, temperature and atom concentration, surface free energy may 

be expressed by dG = γdA, , where the surface tension γ is the sum of the energies associated 

with nearest neighbor bonds that are broken in the process of creating the surface by splitting 

the crystal along the desired crystallographic plane.  

When selecting a Si(111) substrate, consideration needs to be given to the orientation 

of the step edges for Si(111)-(7×7), such as interaction of the faulted and unfaulted HCs with 

the step edge, especially for high edge densities, i.e., narrow terraces.  Moreover, the onset of 

the (7×7) reconstruction decreases monotonically with surface misorientation. Misorientation 

towards the <11̄0> directions results in a low symmetry step edge and toward the 

inequivalent <2̄11> or <21̄1̄> directions results in a close-packed step-edge geometry, which 

is also parallel to the edges of the (7×7) unit cell (Phaneuf et al., 1988). 

Vicinal surfaces are stable above the transition (7×7) → (1×1) temperature. Williams 

and Bartelt (1989) reported the Si(111) surface contains a periodic array of step heights equal 

to one (111) interplanar spacing.  However, upon cooling through the (1×1) → (7×7) 

temperature with the onset of reconstruction, changes in the step structure occur depending 

on the direction of misorientation (Williams et al., 1993). 

 

2.3 Group III Metal Behavior in Silicon 

Hairdoss et al. (1980) reported the solid solubility limit of Ga in Si at 7.32×1018 

atoms-cm-3 for 850 ºC. Extrapolating the data set of their experimental results for the 

temperature range 700-1100 ºC projected a solid solubility limit of ~1×1018 atoms-cm-3 at 

600 ºC.  The temperature dependent diffusion coefficient (D) reported by Hairdoss et al. 

(1980)  is D = (0.005 ±0.001)exp[-2.70(eV) ±0.02/kT] cm2-sec-1, which yields D ≈ 5×10-17 

cm2-sec-1at 700 ºC.  The activation energy was found to be 2.70 eV for the intrinsic diffusion 

coefficient (Hairdoss et al., 1980).  Fahey et al. (1989) observed that the diffusion mechanism 

for Ga in Si at 1050 ºC is dominated by a substitution-interstitial interchange mechanism. 

 

2.4 Nitrogen Behavior in Silicon 

Gaseous N atoms combine into N2 molecules that are characterized by a strong triple 

bond rendering nitrogen inert. Nitrogen behaves very different in bulk silicon than other 

Group-V species. Instead of occupying simple substitutional tetrahedral sites, substitutional 
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nitrogen Ns, a deep level impurity, trigonally distorts to form a defect with C3v symmetry 

(Schulz and Nelson, 2001). The solubility of nitrogen in Si is very low, with less than 5% of 

implanted nitrogen incorporated in substitutional centers (Brower, 1980).  

The dominant state of the nitrogen in single crystalline silicon has been identified as a 

nitrogen pair (Jones et al., 1994) exhibiting static stability (Gali et al., 1996; Sawada and 

Kawakami, 2000). Sawada and Kawakami (2000) showed that it requires a large amount of 

energy to decompose the nitrogen pair into the interstitial nitrogen. The nitrogen pair is more 

stable than the single nitrogen at an interstitial site by 4.3 eV, which indicates that the 

nitrogen pair exists even near the melting temperature of silicon (Sawada and Kawakami, 

2000). 

Adams et al. (2000) studied the nitrogen diffusion in a nitrogen ion implanted sample 

and noted that the diffusivity of the interstitial nitrogen is high, but time limited due to the 

creating of mobile interstitial nitrogen from immobile substitutional nitrogen. Once the 

nitrogen goes mobile, it diffuses very rapidly and can be trapped at the surface. Theoretical 

study by Sawada and Kawakami (2000) showed substitutional nitrogen more stable than the 

interstitial nitrogen, and that the activation energy is very low in the diffusion of the 

interstitial nitrogen, consistent with experimental observations. The nitrogen diffusion is 

realized by breaking and reforming the bonds between the nitrogen atom and the surrounding 

silicon atoms, i.e., migration via a bond path rather than through lattice interstices (Sawada et 

al., 2002).  Thus, N migrates through the crystal without any atom ever leaving the lattice to 

become unbonded.   

Nitrogen never has fewer than two bonds to silicon atoms and forms a planar 

arrangement with its three nearest silicon neighbors, very similar to the arrangement in 

crystalline Si3N4.  The Si atom shares the lattice site with N weakly coordinating with a 

second Si nearest neighbor to form a four member ring (Schultz and Nelson, 2001).  

Substitutional nitrogen has a computed binding energy of 3.5 eV with a self-

interstitial compared to the formation energy of the isolated Si self-interstitial of 3.6 eV.  

Therefore, the formation energy of the nitrogen interstitial with respect to the Si crystal is 

less than 0.1 eV. The isolated substitutional nitrogen is marginally thermodynamically stable 

in the lattice (Schultz and Nelson, 2001), providing an explanation for the low solubility of 

Ns in crystalline silicon.  Schulze and Nelson (2001) reported activation energy for interstitial 
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mediated nitrogen diffusion of the lattice at 0.5 eV.  Therefore, in an environment where Si 

self-interstitials are mobile, nitrogen will capture a passing interstitial becoming immobile, 

and diffuse very rapidly at a trapping site.  The high binding energy of the complex reduces 

the activation energy and ensures that the nitrogen interstitialcy never dissociates into silicon 

self-interstitial and an immobile nitrogen substitutional defect (Schultz and Nelson, 2001).  
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THIN FILM NUCLEATION AND GROWTH 

 

The III-nitride thin films grown for this research were deposited using a physical 

vapor deposition (PVD) technique as opposed to a chemical vapor deposition (CVD) or a 

liquid phase epitaxy (LPE) technique.  There are various PVD techniques which basically 

differ in the method of generating the deposition flux, controlling the arrival rate and energy 

of the adatom film species, as well as controlling the temperature and over-pressure at the 

film surface.  The discussion will begin with an introduction to the physical vapor deposition 

of thin films, followed by an overview of the conventional pulsed laser deposition (PLD) 

technique and then the implemented laser-molecular-beam-epitaxy (Laser-MBE) used for 

this research. 

In addition to physcial vapor deposition, the thermodynamics and kinetics of thin film 

nucleation and growth, silicon surface diffusion, Ga, Al and N adatom surface adsorption, 

and silicon surface nitridation will be discussed. 

 

3.1 Physical Vapor Deposition of Thin Films 

Physical vapor deposition generally includes both evaporation and sputtering.  Milton 

Ohring (1992) lists some distinguishing factors of PVD: 1) reliance on solid or molten 

sources, 2) physical mechanisms by which source atoms enter the gas phase, and 3) reduced 

pressure environment through which the gaseous species are transported.  These three main 

factors may be viewed in the context of three main stages of the thin film growth process: 

decomposition of the source material, transport of the film species, and nucleation and 

growth mechanisms (Suzui et al., 1998).  

Most physical vapor deposition methods involve delivering the deposition flux at 

thermal energies of about 0.1 eV or less, e.g., conventional molecular beam epitaxy (MBE) 

where elements are heated in Knudsen effusion cells and directed beams of atoms or 

molecules are condensed onto a heated single crystal substrate where they react.  It is 

recognized that higher energy atomic fluxes, on the order of 5 eV to 15 eV, can improve film 

properties or achieve meta-phases not possible with near equilibrium deposition systems.  
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PVD techniques such as pulsed laser deposition and sputtering using highly energetic flux 

significantly influence the mode of film growth kinetics, film density, adhesion, stress, 

crystal structure and orientation (Hubler, 1994).   

The kinetic increase in surface atom motion can result in reduced film stress, change 

in crystal structure, as well as crystal orientation.  By adding energy to the deposition flux 

many thin films can be deposited at lower substrate temperature.  The fundamental growth 

parameters of temperature and kinetic energy control the quality of film growth with the 

energy of the deposition flux operating inversely to the substrate temperature (Hubler, 1994). 

In addition to substrate temperature and deposition flux energy of the arriving 

species, the rate of arrival at the film surface significantly influences the thin film growth.  

The lower limit of the deposition rate is determined by the vacuum conditions, i.e., mean free 

path length of the impinging species and gaseous impurities between the source and 

substrate.  The upper limit is determined by the kinetics of surface atoms, such that there is 

sufficient time for deposited adatoms to migrate on the surface to thermodynamically stable 

sites before being covered by the next layer of atoms.  The kinetics is determined by the 

substrate temperature and the energy supplied to the surface in the form of energetic atoms 

(Hubler, 1994).  

In addition to the substrate temperature Ts, and secondary to the deposition flux 

energy and the deposition rate, another deposition parameter that significantly influences the 

growth mechanism is the supersaturation m = kTsln(R/Re), where k is the Boltzmann constant, 

R is the actual deposition rate, and Re is its equilibrium value at temperature Ts. At high 

deposition rates, plasma flux supersaturation is many orders of magnitude higher for highly 

non-equilibrium pulsed laser deposition processes as compared to conventional near-

equilibrium deposition processes (Metev, 1994).   

 

3.1.1 MBE Deposition of GaN Thin Films 

Conventional MBE growth for III-Nitrides is usually performed at relatively low 

temperatures of 650-800 °C (Popevici et al., 1998) using a solid source of gallium and gas 

source for nitrogen. Even so for traditional MBE, substrate temperatures of 800 °C and above 

are considered high, while 650-750 °C is considered mid-range temperature (Morkoç, 2001). 

These MBE mid-range temperatures are higher than that for the re-evaporation of Ga from 
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the surface. The higher temperature regimes require extremely high Ga fluxes to maintain 

smooth surfaces. Nitrogen rich growths are characterized by rough surfaces and Ga rich 

results in smooth surfaces. Films grown in the N-stable regime are Ga deficient and the 

growth rate is limited by the available Ga flux. The boundary at which Ga-droplet formation 

occurs during growth has an Arrhenius dependence with an activation energy of 2.8 eV 

corresponding to the activation energy for Ga desorption from liquid Ga (Heying et al., 2000; 

Hacke et al., 1996).   

Molecular nitrogen is inert and does not chemisorb on a GaN surface below 950 °C 

due to the strong N-N bond of the nitrogen molecule of 9.8 eV.  Therefore, a very large 

amount of energy is required to dissociate the two N atoms with its triple bond, which is not 

practical to perform thermally. Thus for conventional MBE, alternative means of N delivery 

are required, e.g., NH3 gas or activated N species.  For example, a plasma environment at 

reduced pressure is used to create atomic nitrogen, which is sufficiently reactive down to the 

room temperature regime for bonding with most metals, e.g., plasma assisted MBE 

(PAMBE). Thus, the MBE growth of nitrides is primarily kinetic in nature. 

For conventional MBE, the heteroepitaxial GaN growth rate is typically reported at 

about 0.3-1.0 µm-h-1. This is approximately 1 monolayer per second (ML-s-1), which has 

been found to be slow enough to allow adequate surface migration of the impinging adatom 

species (Morkoç, 2001). One monolayer constitutes a bi-layer for growth along the [111]- 

and [0001]-directions for zincblende and wurtzite systems, respectively (Morkoç, 2001; 

Widmann et al., 1999).   

 

3.1.2 Pulsed Laser Deposition of Thin Films 

Pulsed laser deposition (PLD), one of the simplest thin film growth techniques, 

focuses a high power pulsed laser beam onto a target of the material to be deposited.  As a 

result of this interaction, a plume of vaporized material is emitted and then collected on to a 

substrate for film growth (Chrisey and Hubler, 1994).  PLD has been applied to growing 

films of superconductors (Schubert et al., 2000; Kim, Song et al., 2000), magneto-resistant 

materials (Venimadhav et al., 2001; Liu et al., 2001), semiconductor materials (Ohta et al., 

2001b; Cazzanelli, 1999; Rouleau and Lowndes, 1998), ferroelectrics (Hur et al., 2001; Goux 

et al., 2001) and many other materials. 
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Laser light, a concentrated “pure” energy source with high-energy beam density and 

directionality, time-controlled delivery, and non-thermal excitation are the main attributes 

that allow the modification of solid materials that are not achievable with conventional heat 

sources. The interaction mechanisms between laser light and matter depend on the laser beam 

parameters, as well as the physical and chemical properties of the material.  Laser parameters 

such as wavelength, intensity, spatial and temporal coherence, polarization, angle of 

incidence, and dwell time are important factors. 

Once the laser beam passes through the optical elements, it enters the deposition 

chamber schematically shown in Figure 3.1.  The deposition vacuum chamber has, as a 

minimum, ports for: pumping, pressure gauging, viewing, laser-transparent window, target 

manipulation, substrate loading and manipulation. A high energy laser on the order of 108 

W/cm2 or more is directed on the target material. Between the laser output port and the 

deposition chamber laser window port, optical elements (lenses, apertures, mirrors, laser 

windows, etc.) are placed in order to steer and focus the beam on the target material surface 

to achieve the energy density needed for target material ablation. The vaporized material 

forms a plume that is directed towards a substrate at a distance of about 5 cm.  The laser 

beam scans the target surface via target rotation.   

By definition, PLD works with pulsed laser sources, which produce the pulsed 

heating and evaporation.  The useful range of laser wavelengths for thin-film growth by PLD 

lies between 200 nm and 400 nm (Green et al., 1994).  Pulsed laser radiation vaporizes the 

surface of the target material by photon absorption (Belouet, 1996). Most materials used for 

deposition exhibit strong absorption in this spectral region.  Absorption coefficients tend to 

increase with shorter wavelengths of this range, and correspondingly, the target penetration 

depth decreases.   

The laser parameter requirements are easily met by an excimer laser based on a 

mixture of rare gas (Xe, Kr), halogen (HCl or F2), and buffer gas (Ne). This gas laser 

configuration emits radiation directly in the UV with energy at the laser output port ranging 

between 300 mJ and 1 J per pulse.  A homogeneous uniform laser output is required for 

good-quality deposition of thin films.  Depending on the material, hot spots and non-

uniformity can result in nonstoichiometric films and contribute to droplet formation.   
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Figure 3.1 A schematic representation of a pulsed laser deposition apparatus.  
 

 

The laser-target interaction is a very complex multi-step process involving more than 

one mechanism of both equilibrium and non-equilibrium processes (Cheung, 1994).  The 

primary mechanisms include well-known evaporation, ablation, collision, thermal, electronic 

excitation, exfoliation, hydrodynamic plasma formation (emission of droplets) and 

condensation processes.  Laser radiation is absorbed by the target material surface where the 

laser electromagnetic energy invokes electron excitation.  The electron excitation and de-

excitation (relaxation) results in thermal, chemical and mechanical energies.  Photons emitted 

by electron de-excitation are absorbed by the surface, forming a molten layer. The evaporants 

form a plume of energetic species that include atoms, molecules, electrons, ions, particulates 

and even globules of molten target material (Cheung, 1994).  When the laser intensity is 

increased above plasma ignition threshold, fully thermally ionized vapor plasma can be 

identified. The vaporization takes place in a very short time with a large amount of mass 

transport exerting a strong recoil pressure on the molten liquid layer which then expels 

molten droplets.  The pulsed plume rapidly forms and expands into the vacuum toward the 

substrate due to the short collision mean free species path, creating a nozzle jet with 

hydrodynamic flow characteristics (Cheung, 1994).   

These primary laser-target interaction mechanisms are associated with the incident 

laser pulses which are distinguished from secondary mechanisms associated with laser-
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plasma interaction mechanisms of pulsed photon bombardments or with other incident 

particles such as background gases.  The secondary process occurs within the plume with a 

high-order interaction between the plume and the laser radiation affecting the evaporant 

characteristics.  The elevated plasma temperature increases the evaporant energy resulting in 

greater adatom surface mobility for the thin film process (Cheung, 1994).  The secondary 

mechanisms include various types of pulsed flow processes that depend on release processes 

involved at the target and the reflection and/or absorption of particles back scattered toward 

the surface (Kelly and Miotello, 1994).   

In the case of laser-target interaction for semiconductors, the thermally affected 

thickness during the laser pulse duration is small compared to the inverse of the absorption 

coefficient. Therefore, the target medium presents a certain transparency to the incident 

radiation and the thermal diffusivity is relatively low as compared to metals, i.e., the 

vaporized material thickness depends on the absorption coefficient and the ablated depth per 

laser pulse.  However, for higher laser power density, the creation of free carriers by 

interband transitions, followed by avalanche phenomena within the material tends to 

transform this type of interaction into that which is similar with metal targets where the heat 

diffuses classically within the material (Catherinot et al., 1996). 

A fundamental difference between metals and non-metals exists in their heat transport 

mechanisms.  In non-metals energy is transported by phonons, but in metals heat is mainly 

transferred by electrons which are about three orders of magnitude faster than phonons.  This 

is important for high heating rates because the heat transport velocity is limited.  Thus, a 

limiting value of the ablation rate is reached with increasing power density since phonons, 

which transport energy, are comparatively slow (Korner and Bergmann, 1996).   

There are a few major drawbacks associated with the PLD process: production of 

droplets, pulse-to-pulse fluctuations in the laser intensity, and inhomogeneities of deposition 

rates resulting from the cosnθ profile of the ablation plume (2≤n≤6) that can result in thin 

film nonuniformity for large surface areas.  The droplets may be reduced using a variety of 

mechanical filtering schemes or a second laser beam synchronized with the ablation laser to 

further break up droplets and particles in the plume.  Thin film nonuniformity may be 

resolved by raster scanning the laser, or substrate rotation and translation.   
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Splashing of particulates is much more difficult to resolve. This can cause defect 

formation which affects the quality and morphology of semiconductor and optical films.  

Splashing can be any one or a combination of subsurface boiling, expulsion or exfoliation.  

Subsurface boiling, sometimes referred as “true splashing,” occurs if the time required to 

transfer laser energy into heat is shorter than that needed to evaporate the surface layer 

(Cheung, 1994).  However, the power densities needed for AlN and GaN ablation are low 

enough that subsurface boiling is not likely to occur.   

Unlike subsurface boiling originating inside the bulk, the expulsion of randomly 

shaped micron-sized condensed globules caused by the shock wave of the plume (recoil 

pressure) comes from above the liquid layer.  Its magnitude can be reduced by lowering the 

laser power density at the expense of decreasing the deposition rate (Cheung, 1994).   

A significant feature of laser ablation of prepared solid sources is the stoichiometric 

thin film deposition of the target material, e.g., alloys or compounds.  The ability to 

completely preserve stoichiometry is one of the major advantages of PLD compared to many 

other physical vapor deposition techniques (Cheung and Sankur, 1988). In addition to 

preserved stoichiometry, the source material transfer process limits the amount of heated 

material to only that which is ablated from the target. The pulsed nature of the process allows 

high controllability of the thin film thickness.  The emission of highly energetic ions during 

the laser-target-vapor interaction enables the growth of epitaxial thin films at lower substrate 

temperatures.   

 

3.1.3 Laser-MBE of Thin Films 

The chamber pressure during deposition for conventional PLD is typically in the high 

vacuum (HV) regime from 10-4 to 10-6 Torr.  However, in order to deposit on chemically 

clean substrate surfaces, maintain low impurity levels, and monitor the surface morphology 

and structure, including surface phase transitions of the substrate and growing film, the PLD 

process is required to operate in the UHV regime of 10-8 to 10-10 Torr. The UHV regime 

permits sufficient electron mean free path length for in situ surface analysis using reflection 

high energy electron diffraction (RHEED).  In addition, UHV is essential for substrate 

surface and film purity by maintaining sufficiently low background pressures of residual 

gases such as H2O, CO2, CO, O2 and N2 (Ohring, 1992).  The reduction in background 
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pressure is directly proportional to the reduction in the residual gas impingement flux given 

by Φ = 3.513 × 1022(P/(MT)1/2) molecules/cm2-sec, where P is in Torr, M is the atomic 

number of the gas molecules and T is absolute temperature (Ohring, 1992; S. Dushman, 

1962). This gas impingement equation assumes the sticking coefficient of the adsorbed flux 

is equal to one where there is only condensation and no evaporation from the surface and 

there is no surface diffusion, i.e., atom level kinetic activity is not included.  The inverse of 

the impingement flux, Φ, is equal to the time to cover the surface τc with one layer of 

molecules, e.g., one monolayer of ~1015 molecules. At room temperature and atmospheric 

pressure τc = 4 × 10-9 seconds and in a vacuum of 10-10 Torr τc = 7.3 hours.  

Therefore, the combining of PLD with UHV meets the following characteristic 

features of MBE (Ploog, 1981): 1) slow growth rate of 0.1-2.0 µm/hr for monolayer 

resolution control of film thickness, 2) reduced growth temperature to attain abrupt 

compositional or doping profiles due to negligible bulk diffusion, 3) the ability to abruptly 

cease or initiate molecular beams to produce hyper-abrupt material interfaces and dopant 

profiles; and 4) the facility for in situ analysis to assure the desired surface and reaction 

conditions are obtained prior to growth and maintained during growth. 

A key feature and fundamental component of MBE is the atom level control coupled 

with characterization of the thin film growth process. The incorporation of molecular beam 

and surface analytical components in a single UHV chamber was responsible for much of the 

rapid progress made in defining and understanding the general growth mechanism of MBE 

(Ploog, 1981). 

The term “Laser-MBE” is understood to be first coined by J. T. Cheung and 

researchers circa early 1980’s (J. T. Cheung et al., 1986).  These early applications included 

the growth of HgTe-CdTe superlattices (J. T. Cheung et al., 1986) and later Laser-MBE 

applications of heteroepitaxial growth of transition metal oxides such as cuprates, 

manganites, titanates or ruthenates (Gross et al., 2000; Yoshimoto et al., 1996) and III-

Nitrides such as AlN (Ohta et al., 2000; 2001a).   

Compared to the inherent feature of the stoichiometric material transport process of 

Laser-MBE, traditional molecular beam epitaxy growth is characterized by a steady-state 

temporal profile and a narrow adatom energy distribution with a mean of a few tenths of an 

eV.  By contrast Laser-MBE, as well as PLD, growth is characterized by a pulsed laser 
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deposition profile and a broad adatom energy distribution with a mean of several eV (Taylor 

and Atwater, 1998).  Laser-MBE enables the control of the molecular layer-by-layer epitaxial 

growth of thin films on the atomic scale by taking the advantages of both PLD and MBE.   

 

3.2 Preparation of Silicon Surfaces 

Prior to thin film growth, passivation of the silicon surface via wet chemical treatment 

(chemisorption of hydrogen) provides intermediate protection against oxidation and 

adsorption of impurities (Takahagi et al., 1988).  Hydrogen (H) termination can also be 

employed to change the growth mode of metal adsorption through saturating the dangling 

bonds on the clean Si surface. (Sumitomo et al., 1991; Yasue and Koshikawa, 1997)  

An early LEED analysis of Si(111) by Ibach and Rowe (1974) demonstrated that 

upon H-adsorption the Si(100)-(2x1) surface reconstruction reverts to the primitive (1×1) 

structure. The Si(111)-(1×1)–H surface, in which all of the silicon dangling bonds are 

saturated by a single monolayer of hydrogen atoms, becomes bulk-like with the exception of 

relaxation of the layer spacing (Waltenburg and Yates, 1995; Cargnoni et al., 2000). 

Other studies of the Si(111) surface demonstrated that treatment with concentrated 

aqueous HF results in a well-ordered, but also microscopically rough, termination that 

includes monohydride, dihydride, and trihydride species (Burrows et al., 1988). On the 

otherhand, using HF solutions that are high pH buffered with NH4F showed that mainly 

monohydride Si(111) surfaces can be produced with chemically stable and atomically flat 

domains (Higashi et al., 1990; 1991; Jakob et al., 1991).  

The Si(100) surface dimers introduce significant subsurface angular strains which 

impact subsurface reconstruction extending five atomic layers into the crystal. Since the 

deformation associated with reconstruction is elastic, it readily disappears once the dimers 

are broken down chemically by the hydrogen. Hence, the subsurface strain is relieved and the 

entire surface reverts to a nearly ideal (1×1) structure (Appelbaum and Hamann, 1978).   

However, the production of an atomically flat Si(100) surface has remained elusive 

(Hersam et al., 2001). Wet-chemical treatment of Si(100) with buffered HF solutions leads to 

a surface with dihydride termination (Dumas et al., 1992). The relative instability of 

dihydride compared to monohydride species implies that buffered HF etching of Si(100) can 

easily lead to the formation of pits with (111) facets (Chabal et al., 1989; Yau et al., 1995).  
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For clean Si surface, the annealing temperature of 850 ºC is more than sufficient to 

obtain the equilibrium structures: (7×7) and (2×1) for the (111) and (100) surfaces, 

respectively. Vinh et al. (1994) found that the Si(111) surface is dominated by a (7×7) 

periodicity as soon as the hydrogen is desorbed at 550 ºC.  Fukotome et al. (1998) observed 

hydrogen desorption by annealing Si(100) at 700 ºC in vacuum and the surface exhibiting a 

c(4×4) RHEED pattern. 

 

3.3 Thin Film Growth and Thermodynamics 

In order to attain thin film growth, the thermodynamic process has to move away 

from equilibrium.  The degree to which growth proceeds away from equilibrium decides the 

extent to which the thin film morphology will be determined by thermodynamic quantities, 

such as surface and interface free energies, or by the growth kinetics (Brune, 1998).  High 

temperatures and low deposition fluxes move the system towards equilibrium where growth 

is governed by energy considerations. Low deposition temperatures and high deposition 

fluxes move the system far from the equilibrium where kinetics play a major role in film 

growth.  In order to control surface morphologies, e.g., to suppress or enhance island 

formation, it is important to understand the balance between thermodynamics and various 

kinetic processes. The equilibrium surface morphologies are controlled by the binding or 

configuration free energies—thermodynamics, while the rates at which these dynamic 

binding and/or unbinding events occur on the surface are controlled by the activation 

barriers—kinetics (Swartzentruber, 1996).  

Based on thermodynamics, thin film nucleation and growth is typically classed into 

three modes.  Layer-by-layer growth, also known as two-dimensional (2D) or Frank-van der 

Merwe (FM) step-flow growth, is expected if the sum of the surface free energy of the 

epitaxial film (f γ) and the free energy of the film-substrate interface (I γ) is less than the 

surface free energy of the substrate S γ, e.g., ( f γ + I γ < S γ).  Nucleation and growth of the 

subsequent layer starts after completion of the preceding layer. This kind of growth is 

typically realized for lattice matched combinations with high interfacial bond energies 

(Howe, 1997). It also works in slightly mismatched systems where the film grows in registry 

with the substrate until some critical thickness when the accumulated elastic strain energy 

produces the dislocations and partial relaxation of the film occurs.  
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The opposite case (f γ + I γ > S γ) results in the formation of three-dimensional (3D) 

islands also known as Volmer-Weber (VW) growth. This growth mode is typical for highly 

mismatched systems and dissimilar materials (Howe, 1997).  

A third and intermediate mode, Stranski-Krastanov (SK) growth, occurs when the 

binding energy decreases with each successive layer and then eventually is energetically 

dominated by other factors such as strain energy due to lattice mismatch, resulting in 

favorable conditions for the formation of islands (Hubler, 1994).  The relaxation of the misfit 

strain is more efficient in small 3D islands than in a flat 2D layer. From a thermodynamic 

perspective, the island formation is energetically favorable because the energy gained from a 

partial strain relaxation by elastic deformation of the islands and the substrate is greater than 

the increase of the surface energy due to the increase of surface area (Tersoff and LeGoues, 

1994). 

Table 3.1 lists the tendencies for the afore-described growth modes as summarized by 

Markov and Stoyanov (1987). For instance, from a kinetic perspective, for sufficiently high 

deposition rates to attain supersaturation at the growth surface, Frank-van der Merwe-like 

growth occurs because the time between consecutive localized arrivals of atoms is 

insufficient to reach positions needed for shape equilibrium. Thus, the atoms stay within one 

atomic distance of their arrival sites. 

 

3.4 Thin Film Growth and Kinetics 

Thermodynamic principles allow us to predict or at least understand the afore-

described evolutionary trends in the growth of thin films. However, epitaxial growth is a non-

equilibrium process where the growth fundamentals are strongly influenced by 

heteroepitaxial growth kinetics.  The most critical stage in the film growth process is the 

initial film growth up to the moment the substrate is covered with a continuous layer.  For 

heteroepitaxy, this picture is modified in consideration of the strain energy due to lattice 

mismatch during film growth (Brune, 1998).   

 

3.4.1 Surface Diffusion 

Once supersaturation is attained, the atoms/molecules condense onto the substrate 

surface. The gas impingement flux equation in Section 3.1.3 also applies to the rate of 
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Table 3.1 Comparison of epitaxial growth mechanism for 3-D and 2-D growth modes. 
(after Markov and Stoyanov, 1987) 

3-D Island Formation 2-D Layer-by-Layer 

 Interfacial bonding < Adatom bonding  Interfacial bonding > Adatom bonding 

 Higher Substrate Temperatures  Lower Substrate Temperatures 

 Lower Deposition Rates  Higher Deposition Rates 

 Larger Lattice Mismatch  Smaller Lattice Mismatch (< 0.01%) 

 Less Densely-Packed Surface, e.g. (100)  More Densely Packed Surface, e.g. (111) 

 

 

deposition R, related to the pressure P by the expression R = P/(2πmkT)1/2 (Venables et al., 

1984).  An atom adsorbed on the surface takes on a positive energy Ea relative to its vapor 

energy state. This adsorption energy is also called the desorption energy. The desorption rate 

of an adatom is approximated by the relation vaexp-(Ea/kT), where va is the characteristic 

vibration frequency of the adatom, which varies linearly with the temperature T (Venables et 

al., 1984). Thus, desorption energy is directly related to lattice vibration (Brune, 1998). The 

adatom lifetime before an desorption event is expressed as the inverse of the desorption rate, 

i.e., τa = va
-1exp(Ea/kT) (Kreutz and Gottman, 1998). 

The barrier for a diffusion jump of an atom adsorbed on a substrate is determined by 

the interaction of this atom with a surface. The adatom diffuses on the surface with an energy 

Ed, i.e. migration barrier energy, with a diffusion jump frequency vd in the regime of 1014 s-1.  

For successful thin film growth to occur, Ea >> Ed, i.e., the probability for surface diffusion 

to occur must be much greater than that of desorption. However, the adatom must face 

barriers and will make vd attempts per unit time to pass over the energy barriers with a 

probability of exp-(Ed/kT) of clearing the barrier on each attempt.  The adatom diffusion 

coefficient D for jumping a distance l is approximated by D = vd l2 exp-(Ed/kT). 

Subsequently, D can be viewed as the number of unit cells visited by the adatom per unit 

time, such that the characteristic length within which the adatom moves is L = (Dτa)1/2. 

The described adatom diffusion behavior may actually occur for strictly two-

dimensional growth under half a monolayer (ML) on a (1×1) surface (non-vicinal) 

construction.  However, for heteroepitaxy, the diffusing adatom must also contend with 

islands. The density of 2D islands on the surface after submonolayer deposition greatly 
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influences nucleation and growth. The island density is directly related to the interaction of 

the diffusing atoms, i.e., activation energy for diffusion, bonding between atoms on the 

substrate and with the substrate. Adsorbed atoms diffuse over the surface a finite distance, 

and then either incorporate into a step edge or an existing island, or bond to other diffusing 

atoms to nucleate a new island. The average distance, which an atom travels before it is 

stopped by one of these events, is known as the “effective” diffusion length. In the regime of 

the 2D island growth mode this effective diffusion length is proportional to the average 

distance between 2D islands following sub-monolayer deposition. Thus, the island density 

directly relates to the effective diffusion length.  

Discussing the island formation events in further detail, assume the substrate surface 

temperature is sufficiently low so that only monomers diffuse and dimers (atom-pairs) 

remain immobile.  As deposition proceeds, dimers increase until their concentration is 

comparable to the density of monomers.  At this point, the probability for a diffusing adatom 

monomer to encounter another monomer or a dimer becomes comparable, such that cluster 

growth is competing with the formation of stable dimers. Further deposition leads to island 

growth. As the island density further saturates, the mean free path of the diffusing adatoms 

becomes equal to the mean island separation with the probability of adatoms attaching to an 

existing island much higher than creating new ones.  Preferably at about half a monolayer, 

the islands coalesce (Stepanyuk et al., 2001).   

The temperature dependence of the mean free path for monomer diffusion relates to 

saturation island density. If dimers are immobile and there is no desorption, then using rate 

equations for the density of monomers and stable islands, it can be shown that the 

approximation D/F ≈ L6/ln(L2), where F is the deposition flux MLs-1 and the characteristic 

length, L, can either be identified with the mean island distance or with the mean free path of 

diffusion adatom prior to nucleation or captured by an existing island (Brune, 1998).  The 

denominator may be omitted to yield L ≈ (D/F)1/6.  Therefore, the ratio of the deposition rate 

to the adatom diffusion coefficient now determines the mean free diffusion path and the 

mean island distance at saturation (Stepanyuk et al., 2001). 

The larger the activation energy is for diffusion, the less mobile the adatoms. Slow 

adatom diffusion means that adatoms travel distance is short. Therefore, larger island density 

is expected for larger value of activation energy. However, the effective diffusion length 
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depends also on the lateral bonding of atoms in a nucleus of a 2D island. The probability for 

decay or survival depends on the lateral bonding of dimers and clusters. If bonding is weak, 

then the dimer or cluster will decay; however, if bonding is strong enough the cluster will 

grow into a stable 2D island. Stronger lateral bonding between the atoms means fewer atoms 

are necessary to form the stable cluster. Therefore, for atoms with strong lateral bonding the 

island density will be higher than for weakly bonded atoms (Brune, 1998).  

However, even the afore-described hit-and-stick model is often inappropriate, since in 

actual growth an adatom reaching an island will then attempt to relax locally in order to find 

an energetically more favorable site configuration. This local diffusion process occurring 

along island edges for island formation is especially the case where there is lattice mismatch 

between the film and substrate leading to strain in the islands. Strain-induced shape transition 

in islands is determined by the energy balance of the atomic bond within the islands and the 

strain energy due to the lattice mismatch (Stepanyuk et al., 2001).  

The thin film nucleation and growth process becomes even more complex for 

substrates with vicinal surfaces. The adatom lands on a terrace with higher probability than 

hitting a step. Once adsorbed on the terrace it will then diffuse until it finds a step or another 

adsorbed atom, or evaporate.  Once on the step the adsorbate can migrate along the step edge 

to kink sites on the step (Dabrowski and Müssig, 2000).  The nucleation and growth of the 

epitaxial thin film proceeding by this mechansim without forming islands is known as a step-

flow growth. When the distance between the islands approaches the terrace width then a 

transition to step flow growth mode occurs. Smaller islands are more effectively relaxed and, 

therefore, it is more favorable for an adatom to incorporate into a smaller island rather than 

into a larger one (Barabási, 1997).  

 

3.4.1.1 Silicon Surface Diffusion 

The thermodynamic and kinetic behavior of foreign atoms on surfaces is important 

from both fundamental and practical standpoints because the adsorbate behavior strongly 

influences the thin film growth on substrates. The diffusion of a single atom at a surface 

strongly depends on details of the atomic arrangement of the surface, i.e. surface structure. 

For example, the diffusion of Si on Si(001) surface has a strong anisotropy caused by (2×1) 

surface reconstruction. So activation energies for Si diffusion parallel to the dimer rows and 
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perpendicular to the rows is different, the values of the barriers are 0.6 eV and 1.0 eV 

respectively (Brocks et al., 1991).  

As discussed in the previous section, the nucleation and growth of thin films ideally 

occurs through the incorporation of the newly arrived diffusing atoms into the kink sites or 

by nucleation of new islands, e.g., 2D step flow. The substrate surface reconstruction will 

alter the mechanisms of the attachment and nucleation. Therefore, surface reconstruction 

such as DAS (7×7) needs to be converted to a bulk like hcp structure in order to grow a 

crystal by extending the edge of an island or a terrace step or by nucleation of a new island. 

The thermally very stable structure of the Si(111)-(7×7) requires high temperatures of about 

850°C for thermal destruction. Therefore, at typical growth temperatures it is difficult or 

even impossible for a single adatom to incorporate directly into the lattice of the crystal 

(Tochihara and Shimada, 1993; Shimada and Tochihara, 1994). Researchers have reported 

that the Si(111)-(7×7) surface can maintain this reconstruction up to ~880 ºC (Olshanetsky 

and Mashanov, 1981; Mönch, 1979), which varies several ten’s ºC depending on doping, 

defects, surface contaminants and background pressure. Above this temperature Si(111) 

undergoes a reversible surface reconstruction to a (1×1) structure. Since the deposition of 

GaN and AlN on Si was performed below 850 ºC, the adsorbate surface diffusion on Si(111)-

(7×7) should be of importance.  

Moreover, due to structural faulted and unfaulted HUCs, the barriers for the jump 

from the faulted half to unfaulted half and the reverse can be different.   First principle 

calculations based on the density functional theory using ultra soft pseudo-potentials 

performed by Chang and Wei (2003) provided a detailed picture of hopping of an adsorbed 

Si atom on the (7×7) reconstructed Si(111) surface. They calculated the surface potential 

energy for an adsorbed atom in the (7×7) UC and established energy barriers for diffusion 

pathway within one half-unit cell and between faulted and unfaulted halves that ranged from 

0.3 to 0.7 eV and from 0.96 to 1.21 eV, respectively. These values were found to be 

consistent with experimental (Sato et al., 2000) and theoretical (Cho and Kaxiras, 1997) 

research.  It is important to note that these energy barrier numbers are for Si adatoms and not 

Ga and Al adatoms which will differ given the propensity of adatom cluster formation for 

initially Group III rich deposition.  
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3.4.1.2 Surface Diffusion and Strain 

Both tensile and compressive stresses significantly influence thin film nucleation and 

growth and the resulting material properties of the end product (Halicioglua and Barnett, 

1999). Strain alters the energetics of interstitials and vacancies and modifies their diffusion 

characteristics. In the bulk material, the formation energy of the self-interstitial increases 

with an increase of compressive strain and decreases with an increase of tensile strain, 

whereas the formation energy of the vacancy decreases with increase of compressive strain 

and is almost independent of tensile strain. Thus, in a compressively strained film, the 

diffusion increases exponentially with strain due to smaller energy of vacancy formation 

while the interstitial mechanism of diffusion is suppressed.  

For surface diffusion, the situation is more complicated because the surface itself is a 

source of a strain and this strain changes with surface reconstruction (Qian and Chadi, 1986), 

thus affecting the adatom dynamics. For example, the applied external force or inner film 

strain can alter the rate of adatom random walk on the surface, either by surface atom 

deviation from the relaxed positions affecting the diffusion barrier, or by modifying the entire 

surface structure.  

Researchers (Swartzentruber et al., 1990; Webb et al., 1990; Packard et al., 1990) 

have observed a change in distribution of the (2×1) and (1×2) domains on the Si(100) surface 

under externally applied uniaxial stress. The domains orient along the dimer bond direction 

for compressive strain, while the orthogonal domain is preferred for tensile strain.  

For Si(111), Wei et al. (1995) investigated the influence of strain on the Si(111) 

reconstruction in the presence of an external isotropic tensile strain and found the surface 

lowers the strain by movement of the [110] dislocation due to slip of {111} planes in the bulk 

and with no reconstruction transition.  Emoto et al. (2001) measured the strain normal to the 

surface to be compressive for both Si(111)-(7×7) and Si(111)-(√3 ×√3)-Al and extending 10-

30 nm under the surface, with the strain for Si(111)-(√3×√3)-Al less than that for Si(111)-

(7×7). Hanada and Daimon (1995) observed that the Si(111) substrate relaxation was the 

same for both Ga and Al adatom at the T4 sites on the (√3 ×√3) surface. 

The influence of strain on adatom surface diffusion directly affects the film 

morphology. For the Si(100) surface, computer simulations (Roland and Gilmer, 1992; Spjut 

and Faux, 1994) showed that the tensile strain lowers the adatom diffusion barrier along the 
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dimer rows. First principle calculations (Shu et al., 2001) reveal a decrease in the diffusion 

barrier along the dimer rows under either compressive or tensile external strain. However, an 

experimental study by Zoethout et al. (2001) explored the hopping rate of Si dimers along the 

substrate dimer rows is relatively insensitive to tensile strain, whereas the hopping across the 

dimer rows is significantly enhanced. First principle calculations (Hoshino et al., 2001) of the 

activation energy for Si adatoms on a Si(111)-(1×1) surface demonstrated the increase of the 

diffusion barrier when the surface is under compressive strain and the decrease under tensile 

strain. The activation energy of surface diffusion on Si(111)-(1×1) unstrained surface is 

found to be 0.8eV. Under the applied strain of just ±1%, the diffusion energy varies within a 

range of 0.1eV.  

 

3.5 Group III Adatom Adsorption on Silicon 

There are over 300 documented types of adsorbate-induced surface superstructures on 

silicon and over 30 metal-induced superstructures on Si(111). An overview can be found in 

Lifshits et al. (1994). The most common are (1×1), (7×7) and (√3 ×√3)R30º, which are 

formed by nearly all metals on Si(111) (Gröger and Barczewski 2001). Adsorbate induced 

structures of (√3 ×√3)R30º often occur on a trigonal or hexagonal symmetry substrates such 

as Si(111)-(1×1). 

Sub-monolayer Group-III depositions result in quasi-periodic two-dimensional arrays 

of identical metal clusters of nanometer size with a specific number of atoms exhibiting 

remarkable stability due to their electronic and/or atomic closed-shell structures (Li et al., 

2002). These domain structures can occur as incommensurate or discommensurate structures 

(Zegenhagen et al., 1997; Lai and Wang, 2000). The latter term ‘discommensurate’ means 

that it is neither commensurate nor incommensurate. 

This topic is discussed because it is found that excess Ga is necessary for successful 

two-dimensional step flow growth mode (Skierbiszewski et al., 2004) of GaN for PVD 

processes, as well as the suppression of silicon nitride formation. Northrup showed that 

bilayer Ga coverage of a grown layer increases dramatically the lateral mobility of the atoms 

in this layer and helps low mobile N atoms to find a proper place in the GaN crystal 

(Northrup et al., 2000). The amount of excess Ga required was found to depend strongly on 
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the growth temperature with activation energy Ea around 2.8 eV, close to the activation 

energy of desorption of Ga atoms from liquid gallium (Skierbiszewski et al., 2004).  

The nomenclature (U×V)RØ used herein is based on how the structure adsorbs atoms. 

It follows the pattern (U×V)RØ where RØ refers to the structure rotated Ø°. If a and b are 

lattice parameters in two dimensions for the substrate, then spacing of the adsorbate atoms 

are U × a and V × b (multiplied). For example, (2×1) means the rows of adsorbate atoms are 

between substrate atoms, where the distance between the rows is twice the distance between 

the substrate atoms. The notation (√3 ×√3)R30° means the surface atoms are √3 times as far 

apart as the substrate atoms and the entire network is rotated by 30°. 

 

3.5.1 Group-III Adatom Adsorption on Si(111)-(7×7) 

Due to its periodic substrate structure of unit cells, Si(111)-(7×7) makes an ideal 

template for site-specific nucleation of two dimensional arrays, i.e., clusters. At low growth 

temperatures for the thermal energies insufficient to disrupt the (7×7) structure, the adsorbate 

initially covers the reconstructed HUCs, thus forming a 2D array of small clusters on the 

surface. The deposition of sub-monolayer group-III metals, depending on temperature and 

deposition flux, results in the formation of self-organized ordered arrays of nano-clusters 

(also known as “magic clusters”) on the Si(111)-(7×7) surface (Lai and Wang, 1998; Li et al., 

2002; Gangopadhyay et al., 2004).  The nano-cluster is a conglomeration of atoms present in 

a reconstruction HUC that are bonded to each other to form a relatively stable structure. The 

adatom concentrations are controlled by the periodic or quasi-periodic potential barriers that 

exist on a Si(111)-(7×7) surface thus setting the upper limit for the number of adatoms per 

unit cell without changing the substrate super-structure. With increasing coverage these 

potential barriers on the surface will force the number of atoms per cluster into a narrow 

range (Wang and Lai, 2001).  

The size of the (7×7) unit cell formed by two equilateral triangles with 27 Å sides is 

relatively large and is comparable to the Fermi wavelength of electrons in most metals. The 

dimers form the sides of the triangles as a barrier for an atom trying to escape from a half 

cell. Therefore, the HUC triangles act as traps for the adatoms where by diffusion or direct 

adsorption they can cluster. The stability of the cluster is defined by the substrate temperature 
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and chemical nature of the adsorbate, the cluster structure and the bonding of the cluster with 

the Si surface.  

The formation of arrays of small clusters at sub-monolayer (less than ~0.3 ML) 

growth on clean Si(111)-(7×7) has been observed at the initial stages of adsorption for 

Group-III metals: Al (Kotlyar, Zotov et al., 2002), Ga (Lai and Wang, 2001) and In (Li et al., 

2002). Al, Ga and In clusters can sustain temperatures of about ~550, ~300, and ~200 °C 

respectively. The higher stability of Al clusters is due to the tighter bonding between Al and 

Si atoms. The energy difference is such that the fabrication of the ordered Al nano-cluster 

array is less successful (Jia, Liu et al., 2002). Depositions above these temperatures usually 

result in (√3 ×√3) or other reconstructions, but without the formation of the nano-clusters.  

Jia et al. reported the optimized growth conditions for nano-clusters are 0.05 ML/min (the 

deposition rate) and 100– 200 °C (the substrate temperature) for In 0.02 ML/min and 150–

250 °C for Ga, and 0.01 ML/min and 250–350 °C for Al, respectively (Jia, Liu et al., 2002).  

Thus, there is a narrow window within which the deposition parameters have to be 

balanced in order to achieve these discrete value nano-clusters, which is well below the 

substrate temperature used in this research as listed in Chapter 5. At the early stages of 

adsorption for these substrate temperatures, Al, Ga and In form the same ordered arrays of 

(√3 ×√3) structure on Si(111)-(7×7) (Nicholls et al., 1987; Zegenhagen et al., 1989), which 

are self-organized two-dimensional lattice of very stable nano-clusters (Lai and Wang 1998; 

Lai and Wang, 1999).  However, at higher temperatures the increased atom energy leads to 

forming a strong bond to a Si atom or coalescence to large islands and, with increasing 

temperature, even the large islands collapse and phase transition eventually occurs to an 

overall (√3 ×√3) array (Jia, Liu et al., 2002).  

Tochihara and Shimada (1993) have proposed that as the density of nano-clusters 

increases, some will transform into 2D islands. The nano-clusters located in the faulted 

HUCs do not change the structure of the surface, whereas the 2D islands change the structure 

of the underlying surface from the DAS to a bulk like structure. Therefore, transition of the 

nano-cluster into a 2D island requires rearrangement of atoms in the underlying layer, which 

is a thermally activated process. The mechanism of 2D island nucleation is the attachment of 

additional atoms to the nano-cluster and rearrangement of the underlying faulted HUC to the 

normal stacking. As 2D islands nucleate, they act as a sinks for adatoms. Unlike the small 
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clusters, 2D islands do not have a size limit and can continue to grow by attachment of atoms 

to the island edges.   

 

3.5.1.1 Al-Adatom Adsorption on Si(111)-(7×7) 

Relative to group III metals, Al is the most reactive and exhibits a very strong 

interaction with Si, thus hindering the formation of ordered clusters on the Si(111)-(7×7) 

surface (Jia, Wang et al., 2002). Depending on growth temperature and Al coverage, four 

surface phases have been reported, but so far only the (√3 ×√3) phase is the one for which the 

atomic structure is well established.  The (√3 ×√3)-Al structure consists of Al adatoms 

occupying the T4 sites on the almost bulk-like terminated Si(111) surface as shown in Figure 

3.2 (Groger and Barczewski, 2001; Kotlyar et al., 2005).  The (√3 ×√3)-Al phase 

successfully forms in the temperature range from 600 to 750 ºC at less than 1/3 ML of 

adsorbate adatoms. Ideally, each adatom is bonded to the three top Si atoms; hence all silicon 

dangling bonds are completely terminated.  However, the actual Si(111)-(√3 ×√3)-Al surface 

principally contains vacancies and substitutional defects (Al adatoms substituted for Si 

atoms). Kotlyar et al. (2005) reported that the most homogeneous (√3 ×√3)-Al surface is 

formed by depositing ~0.25 ML onto the Si(111)-(7×7) surface at ~750 ºC, which is at the 

substrate temperature used in this research of depositing AlN on Si(111). 

Upon annealing Al in UHV to temperatures above 600 °C, the array of nano-clusters 

becomes thermally unstable and the surface eventually evolves to the (√3 ×√3)-Al 

reconstruction with some inclusions of the (√7 ×√7)-Al reconstruction. Additionally, the 

stacking faults associated with the original Si(111)-(7×7) construction disappear resulting in 

the clusters having a single orientation. The spacing between these clusters is unrelated to the 

original (7×7) periodicity, indicating they are newly formed rather than those left from the 

original ordered array of (√3 ×√3)-Al nano-clusters (Kotlyar, Zotov et al., 2002). 

 

3.5.1.2 Ga-Adatom Adsorption on Si(111)-(7×7) 

Regarding Ga adsorption on Si(111)-(7×7) surfaces, (√3 ×√3)R30º, (6:3×6:3), 

(11×11) and (6:3√3 ×6:3√3)R30º superstructures were reported depending on the Ga 

coverage (Otsuka and Ichikawa, 1985; Kawazu and Sakama, 1988). According to STM 

studies by Nogami et al. (1988) and by Zegenhagen et al. (1989), the (√3 ×√3)R30º structure 
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Figure 3.2 Atom arrangement of the √3 ×√3-Al phase on Si(111).  Al atoms are 
the largest spheres on the Si surface of first layer atoms (lighter 
spheres). The second layer Si atoms are the smallest dark spheres.  

 

 

is composed of a periodic arrangement of Ga atoms adsorbed at T4 sites of the bulk 

extrapolated (111) surface and the Ga coverage is 0.33 ML, where 1ML of Ga coverage is 

defined as 7:8×1014 Ga atoms-cm-2 and equals the number of Si atoms in the bulk 

extrapolated (111) surface. The (6:3×6:3) incommensurate structure appears on Si(111) 

surfaces with Ga coverage of more than 0.33 ML (Chen et al., 1988; Ichikawa et al., 2002). 

Coverage as low as ~1/6 ML of Ga is sufficient to induce the (√3×√3)R30º reconstructed 

Ga/Si(111) surface exhibiting a mosaic pattern with a mixture of Ga and Si atoms occupying 

the T4 sites (Wang and Lai, 2001).  

Depositing 0.24 ML Ga on the Si(111)-(7×7) surface (nominal saturation coverage) at 

350 °C, results in triangle nano-clusters (Lai and Wang, 2001). These triangular nano-

clusters have n (2, 3, 4 or 5) atoms on their sides with the most abundant occurring for n = 4 

clusters, which make up ~50% of the clusters. Wang and Lai (2001) observed these Ga 

decamers embedded within the surface layer of a Ga/Si(111)-(√3 ×√3)-reconstructed surface. 

Although the DAS (7×7) structure has been altered, the domain boundaries are still 

 _ 
[211] 

    _ 
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identifiable due to the fact that the nano-clusters remain referenced to the (7×7) unit cell 

(Gangopadhyay et al., 2004).  

At about 400 ºC the nano-clusters begin to decay and hexagonally close-packed 

aggregates with a (6.3×6.3)-Ga incommensurate structure with lateral dimensions of 2.4 nm 

(Otsuka and Ichikawa, 1985; Chen et al., 1988) are found near the domain boundaries (Wang 

and Lai, 2001).  Zegenhagen et al. (1988) observed for the (6.3×6.3) incommensurate 

structure that Ga substitutes for Si in the outer half of the Si(111) bilayer at the surface and 

forms a graphite-like Ga–Si bilayer. The strain on the Ga–Si bilayer grows with the size of 

the clusters, and eventually it is released by forming dislocations (domain walls) on the Ga–

Si bilayer and results in the creation of incommensurate islands (Wang and Lai, 2001). These 

incommensurate islands are separated by dislocations into three domains. 

On the other hand, Gangopadhyay et al. (2004) observed a mixture of mostly 

(6.3×6.3)-Ga areas with some very small patches of (√3 ×√3)R30º-Ga structure with an 

estimated coverage of ~0.5 ML. For temperature increase up to 500 ºC, the (6.3×6.3) 

structure at the domain boundary remains stable while (√3 ×√ 3) is found within the domains. 

At temperatures above 570 °C, the (6.3×6.3) structure transforms into (√3×√3)R30° 

structure, accompanied by thermal desorption of excess Ga (Gangopadhyay et al., 2004).  

Zegenhagen et al. (1989) observed for ~1/3 ML Ga coverage a complete 

transformation of the Si(111) surface from (7×7) to (√3 ×√3) with the deposition at 550 ºC  

which is near the substrate deposition temperature used for depositing GaN on Si(111) 

(Nogami et al., 1988). On the other hand, Ichikawa et al. (2002) observed the (7×7) structure 

changed directly to the (√3 ×√3)R30º at 500ºC without any intermediate structures.  

The nucleation of (6.3×6.3)-Ga domains at the initial Si(111)-(7×7) domain 

boundaries allows the Si(111) surface to lower its tensile stress resulting from the domains of 

the Si(111)-(7×7) and (√3 ×√ 3)-Ga structures and thereby lower the total surface free energy 

(Gangopadhyay et al., 2004).  

Increasing Ga coverage leads to linear increase in the cluster density, and the linearity 

continues until 80% of the (7×7) HUCs are covered. The formation of these clusters occurs 

without any nano-cluster growth or coalescence thus demonstrating the stability in this 

particular system (Lai and Wang, 2001). Researchers observed these higher density clusters 

on the (√3 ×√3)R30° Ga/Si(111) surface (Lai and Wang, 1998; Lai and Wang, 1999) where 
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the deposited Ga atoms interact with Ga and Si adatoms and self-organize into clusters with 

triangular closed-shell structures. The satisfied bonding configuration of this system results 

in minimized number of dangling bonds on its surrounding (√3 ×√3)R30° adatom lattice at 

about 0.33 ML. Though the clusters in this system exhibit very strong size/structure 

preference, they are randomly distributed on the surface (Lai and Wang, 2001).  

 

3.5.2 Group-III Adatom Adsorption on Si(100)-(2×1) 

When deposited on Si(100), these Group III adsorbates form a variety of structures 

depending on the level of metal coverage and temperature. Adsorbate strings were observed 

to form in directions perpendicular to the Si dimer rows (Nogami et al., 1991) and then later 

it was found that the adsorbate dimers can form parallel to the Si dimers (Evans and Nogami, 

1999). The formation of the nano-clusters involves considerable atomic reordering of the top 

Si(100) compared to Si(111) substrate layer, thus requiring a strong adsorbate-substrate 

interaction (Kotlyar et al., 2003).  

Nano-clustering formation competes with substitutional metal adsorption, i.e., 

displacement of Si atoms and formation of metal dimers embedded in the top Si(100) 

substrate layer. Kotlyar et al. (2003) suggests that the dominance for each tendency is 

associated with the covalent radii of the adsorbates. The greater the covalent radius, the 

greater the propensity for nano-clustering, as the radius decreases substitutional adsorption 

dominates. Thus, In with the larger covalent radius (1.63 Å) demonstrates the greater 

tendency for the nano-clustering. The covalent radius (1.43 Å) of Al demonstrates both nano-

clustering and substitutional adsorption depending on the growth conditions. The Ga atom 

with smallest covalent radius (1.22 Å) exhibits only displacive adsorption with no indication 

of nano-clustering (Kotlyar et al., 2003).  

The metal Group-III atoms typically adsorb on the surface as rows of dimers. When 

these rows are 3a  or 2a apart, local areas of (2×3) and (2×2) order are formed, respectively 

(Ide et al., 1989; Knall et al., 1986; Borguignon, Carleton et al., 1988).  Since the (2×2) 

surface at 0.5 ML is complete, the behavior of Al atoms should transition prior to the 

completion of the first monolayer of metal deposition.  Previous studies of In and Ga on 

Si(100) report a transition to 3D cluster growth only at or above 1ML, even though these 

metals have a similar (2×2) phase at 0.5 ML (Knall et al., 1986; Bourguignon et al., 1988).  
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Baski et al. (1990) produced a surface free of 3D clusters between 0.5 and 1ML for 

Ga/Si(100), but only by annealing the surface.  

 

3.5.2.1 Al-Adatom Adsorption on Si(100)-(2x1) 

Nogami et al. (1991) observed that Al forms long rows running perpendicular to the 

Si dimer rows on the Si(100) surface.  For increasing adsorbate density the spacing between 

the rows decrease to 2a or 3a apart at 0.3 ML, where a = a0/√2 = 3.84 Å.  As the coverage 

approaches 0.5 ML most of the rows are spaced 2a apart.  The inter-row spacing of 2a, in 

conjunction with the 2a periodicity along each row, results in (2×2) two-dimensional 

ordering at 0.5 ML (Nogami et al., 1991). The (2×2) arrangement at 0.5 ML is the densest 

possible packing of rows in this structure, such that all dangling bonds in the underlying Si 

surface are terminated and all Al atoms are bonded to three neighbors (Nogami et al., 1991), 

e.g. saturation adsorption (Ide et al., 1989). Evans and Nagomi (1999) showed that not only 

do the rows of Al dimers form perpendicular to the Si dimer rows, but also the same row of 

Al dimers can be rotated 90º so that it is parallel to the Si dimers as illustrated in Figure 3.3. 

For substrate temperatures above ~450 ºC, three stages of Al/Si(100) interface 

formation have been observed with respect to increasing Al coverage (Kotylar, Saranin et al., 

2002). At coverage below ~0.25 ML, randomly distributed Al-Si nano-clusters of identical 

shape and size (eight Al atoms) have been observed (Shimizu et al., 1995; Zhu et al., 1999; 

Ichinokawa et al., 1994) to form on the Si(100)-(2×1) surface. However, the atomic structure 

and composition of the Al–Si clusters still remain unclear (Kotylar, Saranin et al., 2002). The 

Al atoms tend to contend with the top Si substrate layer upon cluster formation causing the 

liberation of Si atoms followed by their subsequent agglomeration to form Si islands 

(Kotylar, Saranin et al., 2002).  At intermediate coverage of ~0.3–0.4 ML the Al/Si(100) 

surface becomes very rough and shows up in STM as being almost disordered. 

 

3.5.2.2 Ga-Adatom Adsorption on Si(100)-(2x1) 

Ga adatoms form one-dimensional chains on the Si(100) surface at low coverage of 

0.09 ML.  As with all Group III metals, the Ga adatoms arrange themselves into long single 

atom wide chains of Ga dimers running perpendicular to the underlying Si rows, with the 

individual metal dimers oriented parallel to the underlying Si dimers. The minimum 
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Figure 3.3 Two possible arrangements of the Al dimers (black) on Si(100). The 
Al dimers are positioned either perpendicular (upper row) or parallel 
(lower row) to the underlying Si dimers. (after Nogami et al., 1991)  

 

 

allowable spacing between the rows of Ga is 2a (where 1a = (1×1) unit-cell spacing of the 

Si(100) = 3.84 Å) (Evans and Nogami, 1999).  

Moreover, Ga has been reported to have a stronger reaction with doubled-stepped 

Si(100) than to the nominally flat (single-stepped) surfaces of Si(100) (Nogami et al., 1990; 

Li et al., 1994). When annealed or deposited at 450 ºC and at about 0.1 ML, kinks were 

observed in the steps or the steps were observed to split into single height steps. In addition, 

with increasing adsorbate coverages, step bunching was observed with Ga dimer rows 

forming on the flat terraces (Nogami et al., 1990).  

 

3.6 Nitrogen Adsorption and Nitridation of Silicon 

Ha et al. (1999) proposed three reaction regimes for nitrogen interacting with clean Si 

surfaces at elevated temperatures: chemisorption of nitrogen at the surface, chemisorbed 

nitrogen atoms would either nucleate and grow into silicon nitride islands or migrate to the 

Al 
 
Si 
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subsurface layers, and finally those subsurface nitrogen species segregate to the surface and 

participate in existing nitride islands growth and/or in the formation of new islands.  

Nitridation starts when the N atoms diffuse into the Si substrate, even at room 

temperature, with surface defects playing a critical role in initiating nitridation. Some N 

atoms acquire three Si neighbors around 300-400 ºC (Kubler et al., 1988; Rangelov et al., 

1991; Fujisawa et al., 1989).  The Si3N configuration prevails at 800ºC (Kubler et al. 1988), 

but a complete nitridation, with all but interfacial Si atoms fourfold nitridized, is possible at 

temperatures above 920 ºC (Dufour et al., 1994; Stober et al., 1994) and others have 

suggested that it may well be that 1200-1300 ºC is needed (Dabrowski and Müssig, 2000).  

Thermodynamic calculations show that N2 is very stable and silicon is virtually 

immune to N2 molecules even at very high temperature. The Si-Si bond is stronger than the 

Si-N bond with formation energies of 2.34 eV and 3.45 eV, respectively. Nitrogen atoms can 

occupy either a plane (sp2) or a tetrahedral (sp3) position (Sassi et al., 2002).    Sassi et al. 

(2002) find that nitride formation cannot be regarded as a chemical reaction, but a 

superposition of non-equilibrium reactions. For temperatures greater than 600 ºC, 

thermodynamics cannot explain the observation of intermediate surface groups such as Si3N, 

Si-Si2N4, SiN4, which have been reported (Bishoff et al., 1989).  Nitridation is generally 

initiated by a fast first step corresponding to the formation of Si3N and tetrahedral species.  

Nitridation studies through experiments are typically conducted using a variety of 

nitrogen containing reagents such as NH3 (Kim and Yeom, 2003; Wu et al., 2002; Wang, 

Zhai et al., 2001), NO (Kim, Yeom, Kong et al., 2003; Wang, Zhai et al., 2001), N2 (Ha et 

al., 1999; Tabe, 1995), N (Edamoto et al., 1986; Wang, Lin et al., 1987), N+, N2
+ (Kim, Kang 

et al., 1994), or plasma (Kärcher et al., 1984) gases.  By comparison the chemical reactivity 

of molecular nitrogen is several orders of magnitude less than atomic nitrogen (Schmidt et 

al., 2003).  

TEM measurements indicate the silicon nitride film thickness is limited to ~20 Å. 

Other thickness values have been reported in the range of 7-60 Å (Maillot et al., 1984; 

Dufour et al., 1994; de Almedia and Baumvol, 2000).  Kinetics of thermal growth of silicon 

nitride films on Si in NH3 were determined (Hayafuji and Kajiwara, 1982; Moslehi and 

Saraswat, 1985) to show very high growth rates at initial stages, followed by self-limited 
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growth to a maximum thickness of 60 Å even for processing times as long as 18 hours at 

1200 °C (de Almedia and Baumvol, 2000).  

Analysis of the near-interface region by core-level photoemission spectroscopy 

[Peden et al., 1993; Dufour et al., 1994] revealed the presence of sub-stoichiometric 

compounds (subnitrides Si3Nx ,x<4). The thickness of the transition subnitride region was 

estimated from the core level spectroscopy studies as approximately 5 to 10 Å. The surface 

composition of thermal silicon nitride films is stoichiometric Si3N4 (Si4+ state) (Dufour et al., 

1994).  Depth profiling of Si and N revealed that the films are not homogeneous (Baumvol et 

al., 1996).  A stoichiometry corresponding to Si3N4 only exists in a narrow layer (10 Å or 

less) below the surface. Deeper into the films N concentration decreases and reactive Si 

concentration increases continuously until reaching the nitride/Si interface, confirming the 

subnitrides (silicon-excess) region (de Almedia and Baumvol, 2000).  

The thermal reaction is characterized by self-limited growth kinetics: the fast initial 

nitride formation, followed by a continually slowed reaction due to probable blocking of N 

diffusion by the initially established nitride film (de Almeida and Baumvol, 2000). Kinetic 

modeling by de Almeida, (2000) attributed the self-limiting nitride growth to the barrier 

effect of stoichiometric Si3N4, which completely stops the migration of nitridants towards the 

Si/SiNx interface.  Peden et al. (1993) proposed two mechanisms for the nitridation of 

Si(100), 1) the rate limited diffusion of silicon from the surface where the reaction with the 

nitrogen-containing source gas can take place, and 2) the one-directional (into the substrate), 

step-by-step motion of charged network nitrogen atoms. Maillot et al., (1986) suggested that 

the motion of charged nitrogen species in the SiNx network is influenced by a strong electric 

field arising from charge-transfer processes between silicon and nitrogen at the surface.   

It is proposed that the nitrogen can diffuse through sub-stoichiometric (subnitride) 

layers as well as through Si, but exhibits zero diffusivity in stoichiometric Si3N4 (de Almedia 

and Baumvol, 2000). Schmidt et al. (2004) measured diffusivities for nitrogen self-diffusion 

in silicon nitride (in the temperature region of 1200-1800 ºC) are very low and can be 

described by an Arrhenius equation D = D0 exp(−ΔH/kBT), with a single activation enthalpy 

of ΔH=(4.9 ±0.4)eV and a pre-exponential factor of D0 = 1×10−6 m2-s-1 where  D = ~10-23 

m2-s-1 at 1200 ºC. Schmidt et al. (2004) concluded that nitrogen conventionally diffuses in 

Si3N4 films via localized point defects, such as vacancies or interstitials.  
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3.6.1 Silicon Nitride Basic Properties 

Because sizable Si3N4 single crystals are not available, accurate determination of its 

physical properties, including its surface structure, have been difficult (Zhai et al., 2000). 

Also, experimental studies of well-defined Si3N4 crystalline surfaces have been rare, if any, 

because of the lack of single-crystal Si3N4 samples (Wang, Zhai et al., 2001). 

Si3N4 is so hard that the stress generated during growth may produce defects and even 

impede adhesion; the film peels and cracks.  Silicon nitride has bulk modulus B = 285 GPa 

compared to silicon at B = 99 GPa (Bachlechner et al., 2000). The volume occupied by a Si 

atom in stoichiometric Si3N4 is 13.7 Å3.  This is less than the volume occupied by a Si atom 

in Si bulk of 20.1 Å3.  Therefore, a nitride film grown thermally on silicon has a tendency to 

“steal” Si atoms from silicon bulk, that is, to eject Si vacancies into the substrate (Dabrowski 

and Müssig, 2000). 

Silicon nitride has a hexagonal structure, which occurs in two phases, α and β, which 

are similar. The composition of Si3N4 satisfies all valences of both elements.  Each Si atom in 

Si3N4 has four N neighbors and each N atom has three Si neighbors.  The atoms are arranged 

such that Si atoms are in a nearly tetrahedral configuration (nearly sp3) and N atoms are in a 

nearly planar configuration (nearly sp2) (Dabrowski and Müssig, 2000). However, Si atoms 

in the Si3N4 interfacial plane are threefold coordinated to the nitrogen atoms instead of the 

usual fourfold in bulk Si3N4 (Bachlechner et al., 2000). The Si-N bond lengths for threefold 

coordinated silicon atoms in silicon nitride are 1.6 to 1.65 Å compared to 1.73 Å for fourfold 

silicon atoms in the bulk.   

The two hexagonal phases of crystalline Si3N4 has different stacking of the (0001) 

basal planes (Meisser and Croft, 1982; Mitomo, 1990). The trigonal α-phase has an 

ABCDABCD stacking with a c-axis period of 5.6 Å, while the hexagonal β-phase has a 

relatively simple ABAB stacking with a c-axis period of 2.9 Å. Generally, the α-phase is a 

low-temperature phase and the more stable β phase forms at high temperature.  

It has been demonstrated that silicon nitride can be used as a buffer layer for growing 

crystalline GaN on Si(111) (Nakada et al., 1998; Wu et al., 2003).  Silicon nitride has also 

been used as a mask material for semiconductor quantum structure fabrications (Tabe and 

Yamamoto, 1996; Wallace and Wei, 1999).  
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Takami et al. (2000) performed computational studies comparing the change in 

enthalpy during incorporation of one nitrogen atom into bare silicon surfaces of Si(100) and 

Si(111).  Their results indicated that the topmost Si atoms of Si(111) were favored for 

nitridation over the second layer atoms, while both layers of S(100) are open to nitridation.  

 

3.6.2 Silicon Nitride on Si(111) 

The thermal nitridation of the Si(111) surface produces a β-Si3N4 (0001) film with a 

thickness less than 20 Å (Wang, Zhai et al., 2001; de Almeida and Baumvol, 2000). The 

surface morphology is atomically flat with wide domains separated by step boundaries 

(Morita and Tokumoto, 2001). From the viewpoint of lattice geometry, α- or β-Si3N4, epitaxy 

on Si(111) is feasible (Wang, Zhai et al., 1999; Zhai et al., 2000).  The 2.9 Å minimum step 

height observed by Wang, Zhai et al. (2001) and Zhai et al. (2000) led them to believe that 

the film on Si(111) was β-Si3N4 and the 30.7 Å superstructure was (4×4) reconstruction of β-

Si3N4(0001).  However, TEM revealed a layer spacing of 3.3 ±0.1 Å, which is a 14% larger 

height than that of β-Si3N4 and close to the bilayer thickness of Si(111) at ~3.1 Å (Wu et al., 

2002).  It is suggested that the discrepancy in layer spacing might be due to lattice relaxation 

near the interfaces (Wang, Zhai et al., 2001; Wu et al., 2002).  The structure and 

stoichiometry of ceramic materials in general vary widely depending on preparation 

conditions (Wang, Zhai et al., 2001). However, the possibility of α- Si3N4 was excluded 

because the step height discrepancy is too large at c = 5.623 Å. 

A (1×1) unit cell (7.61×7.61 Å) of the unreconstructed β-Si3N4(0001) surface nearly 

coincides with a ~1.1% larger (2×2) unit cell of the Si(111) surface (Wu et al., 2002). Within 

that (1x1) surface unit cell, three Si and three N atoms of the topmost layer have a single 

dangling bond located along a characteristic 12-membered ring structure (Kim and Yeom, 

2003). This ideal surface reconstructs into an (8×8) structure, which features only four 

dangling bonds within the unit cell (Ahn et al., 2001). Surface components associated with 

DAS reconstructed Si(111)-(7×7) surface are completely removed after nitride formation 

(Kim and Yeom, 2003).  

The initial nitridation on Si(111) is characterized by the appearance of an (8×8) 

surface structure in low-energy electron diffraction (LEED) (Wang, Zhai et al., 1999; Bauer 

et al., 1995; Ha et al., 1998; Morita and Tokumoto, 1999; Wu et al., 2002; Ahn et al., 2001). 
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A few STM studies suggested that the surface structure has actually a local (8/3×8/3) 

reconstruction with a 10.2 Å periodicity (Wang, Zhai et al., 2001; Bauer et al, 1995; Ha et al., 

1998; Morita and Tokumoto, 1999; Wu et al., 2002; Ahn et al., 2001; Zhai et al., 2000). 

Morita and Tokumoto (1999) further suggested a structure model for the (8/3×8/3) 

reconstruction based on a single planar Si-N layer on top of a bulk-terminated Si(111)-(1×1) 

surface. In contrast to this finding, a combined experimental and theoretical study showed 

that the (8×8) structure is a complex multilayer surface reconstruction of an ultrathin 

stoichiometric Si3N4 film grown epitaxially on Si(111) (Ahn et al., 2001). This proposed 

structure is composed of nine N adatoms in an (8×8) unit cell which are arranged in local 

(8/3×8/3) unit cells (Kim and Yeom, 2003). Wu et al. (2002) observed in general, the long-

range ordering of the (8×8) periodicity is not very good.  

Zhai et al. (2000) reported phase separation at 800 ºC with the formation of 

triangular-shaped Si islands on terraces as regenerated Si(111)-(7×7) areas.  The STM image 

of the area surrounding these Si islands has a (8/3×8/3) reconstruction with the unit cells of 

the reconstruction dots not perfectly round or 3-fold symmetric, but elongated in one 

direction with the nonuniform spacing between these dots averaging 10.2 Å. 

When Zhai et al. (2000) raised their nitridation temperature above 850 ºC, a different 

surface superstructure was observed. Relatively small domains of ordered structure with a 

30.7 Å periodicity exhibiting the same orientation were observed as the true (8×8) 

reconstruction with respect to the bulk-terminated Si(111). The 30.7 Å periodic structures 

persist with further nitridation at T > 850 ºC. A minimum step height of 2.9 ±0.1 Å was 

measured, which is equal to the lattice constant of β-Si3N4 in the [0001] direction (Meisser 

and Croft, 1982). Multiple steps two or three times this minimum-height step were also 

observed. Zhai et al. (2000) suggests that, after nitridation at 900 ºC, a crystalline β-Si3N4 

film is formed on Si(111), with Si3N4 (0001)║ Si(111). The 30.7 Å periodic superstructure is 

the (4×4) reconstruction of the associated crystalline structure of Si3N4 (0001). The sizes of 

the (4×4) domains were on the order of 100 Å.  

It is known that, for island nucleation on a six-fold symmetry lattice, the island shapes 

exhibit either hexagonal or triangular shape bounded by two types of steps with atomically 

different structures (Wu et al., 2002; Michely et al., 1993). On the (7×7) terrace the island 

growth strongly prefers proceeding along the [112̄] direction and the other two threefold 



 67

symmetry directions [2̄11] and [12̄1] rather than the opposite [1̄1̄2] and corresponding 

threefold symmetry directions. The (8×8) islands nucleate and grow in a manner similar to 

the (7×7) domains, i.e., with the apex of the triangle pointing at the [1̄1̄2] direction away 

from the step into the upper terrace (Bauer et al., 1995). Such preferential nitride growth 

along the [112̄] direction on the Si(111)-(7×7) surface was also observed previously (Bauer 

et al., 1995; Tabe and Yamamoto, 1997; Ha et al., 1999) and is expected to be more 

prominent as the surface temperature is elevated due to increased thermal diffusion and 

reaction rates (Ha et al., 1999). The hexagonal island with alternating longer and shorter side 

growing in the [112̄], [2̄11] and [12̄1] direction is observed to be enhanced away from the 

step edges (Ha et al., 1999). 

Ha et al. (1999) observed from the STM images of the partially nitrided Si(111) 

surface that reacted with nitrogen gas at 900°C under a nitrogen partial pressure of 1×10−5 

Torr, triangular silicon nitride islands form in the beginning and preferentially at the upper 

side of the step edges prior to the lower side of the edge and then later the terrace area. It is 

suggested that some silicon atoms on the steps moved to form silicon nitride islands, 

resulting in the step flow (Ha et al., 1999) and accompanied by terrace widening and step 

bunching (Bauer et al., 1995). Furthermore, the step edges become rougher than those of the 

original Si(111), probably because those islands had acted as step pinning sites during the 

step flow (Ha et al., 1999). For these partially nitrided Si(111) surfaces, the (7×7) periodicity 

is preserved for the terraces with the observed exception of a few silicon atoms bonded to 

nitrogen atoms (Avouris, 1990; Ha et al., 1999). 

Ha et al. (1999) also reacted the Si(111) surface with N2 gas at 800 °C followed by 

post-annealing at 800 °C resulting in as many islands forming on the terrace as on the step 

edges as at 850 °C. The post-annealing of this surface at 800°C for 10 minutes resulted in the 

decrease island density, increased total surface coverage and increased average island size. 

The STM images of the silicon nitride islands revealed an (8×8) superstructure. The (7×7) 

periodicity of the Si(111) surface on the terrace was preserved with a greater number of 

chemisorbed N atoms.  For the same experiment conducted at 700°C, the islands did not 

show a strong directional preference, resulting in a very few triangular- or hexagonal-shape 

islands (Ha et al., 1999).  
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Other than N2, Ha et al. (1998) exposed a Si(111) surface to low energy (~100 eV) 

nitrogen ions at 950 ºC to produce very flat and very enlarged silicon nitride islands.  

 

3.6.3 Silicon Nitride on Si(100) 

Kubler et al. (1988) found that for substrate temperatures below 600 ºC the sub-

nitride Si environments are formed regardless of NH3 pressure and for constant NH3 pressure 

(10-5 mbar) experiments between 600 ºC and 800 ºC, phase separation occurs due to 

enhanced diffusion and desorption. The latter scenario leads to heterogeneous Si3N4 island 

growth on Si(100) with 10-12 Å (~3 nitride planes) for real island thickness at 800 ºC. 

For low pressures in the 10-6 mbar regime and substrate temperatures in the 350-600 

ºC range, the nitridation is almost completely suppressed for Si(100)-(2×1) adsorption. 

Kubler et al. (1998) reported exposure dependent nitrogen desorption rate prevails over 

adsorption rate as low as 500 ºC for NH3 exposure of 1×10-6 Torr-sec. 

Kim, Yeom, Kong et al. (2003) introducing NH3 or NO at room temperature on 

Si(100)-(2 ×1), demonstrated that the adsorption of dissociated nitrogen atoms does not occur 

through surface adsorption, but mainly through spontaneous interstitial incorporation below 

the second Si layer, where the N atoms are stabilized through a noble bonding mechanism 

involving surface dangling bonds to form a stable and highly coordinated N≡Si3 species. This 

is in contrast to reported results at higher temperatures for surface adsorption where the 

typical bonding geometries are chemically N-S or N=Si2. 

Yoshida et al. (2003) performing first principle calculations studied the initial 

processes of nitridation of a bare Si(100) surface and a H-terminated Si(100) surface. For 

bare silicon, the nitrogen adatoms stay in the vicinity of the surface due to the dangling bond 

of the first-layer silicon. The stabilization of the bare silicon surface raises the energy barrier 

of the penetration of the nitrogen atom into the surface. By contrast, the nitrogen atom on the 

H-terminated surface penetrates the surface due to a much smaller energy barrier.  

Si(100) surface nitridation is difficult, such that no ordered nitrided structure has been 

obtained until Morita et al. (2002) succeeded in making an atomically flat well-ordered in-

plane (2×2) nitrided Si(100) surface by incorporating hydrogen.   The method started with 

the preparation of a H-terminated Si(100)-(2×1) followed by the thermal nitridation (780 °C) 

using a mixture of N2 (97%) and H2 (3%) gas (760 Torr).   
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Zhai et al. (2000) have also examined the surface morphology of Si(100) samples 

after nitridation processing identical to their Si(111) studies that resulted in ordered surface 

structures. The initial order on Si(001) was destroyed gradually by the nitridation, and no 

surface order was observed. The resulting nitride films grown on Si(100) were amorphous. 

Zhai et al. (2000) suggests that the lack of proper matches in surface lattice constants and in 

symmetry makes crystalline silicon nitride growth impossible on Si(100).  
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INTERFACES AND DEFECTS 

 

For devices, the structural quality of the epitaxial films is very important since 

dislocations, stacking faults and other extended defects significantly reduce carrier lifetimes 

and consequently device performance. Therefore, to grow quality III-Nitride heteroepitaxial 

thin films on Si substrates, attention needs to focus on the GaN/Si interface.  The term 

‘epitaxy’ discussed in herein follows Webster’s Dictionary definition: ‘the growth on a 

crystalline substrate of a crystalline substance that mimics the orientation of the substrate’. 

The mode of growth (VW, SK, FM) depends not only on the various interfacial 

energies and growth temperature, but also on the film/substrate mismatch. Defects are 

generated at various stages in the epitaxial growth process in a number of ways: small 

islands, coalescence of islands, replicas of substrate defects and some formed to 

accommodate misfits between the stress-free lattice parameters of film and substrate.  The 

latter is the focus of this chapter.  The means by which hetero-epitaxial growth is 

accommodated depends on the surface and interfacial energies and the lattice misfit.  Surface 

and interfacial energies that were discussed in Chapter 3 influence the growth mode, while 

lattice misfit is a significant factor in determining the magnitude and presence of strain and 

misfit dislocations. 

 

4.1 Solid-Solid Interface Geometry and Structure 

A prerequisite for the investigation of thin film solid interfaces should include a 

description of the basic geometry and structure at both the macroscopic and atomic levels. 

The geometry usually addresses the coherence, homo- or hetero-phases, commensurability, 

and symmetrical aspects of the interface. Structure usually implies the atomic or electronic 

aspects near the interface, which includes vicinal vs. special surfaces, local distribution of 

chemical species, relaxed atom positions, i.e. reconstructions, interfacial dislocations, elastic 

strains, interface reactions and impurity segregation, etc. (Wolf, 1992).  

In summary, interface geometry is based in crystallography in contrast to the interface 

structure which has its origins in the physics associated with the interface system. The 
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interfaces discussed herein applies to only heterophase interfaces, based on the fact that the 

thin film and the substrate materials used in this research differ in composition, Bravais 

lattice and both composition and lattice. Heterophase interfaces are further divided into three 

classes based on the degree of atomic matching or coherency across the interface: coherent, 

semi-coherent and incoherent (Christian, 1965).  

 

4.1.1 Interface Structure Classification 

Central to efforts to grow nearly perfect epitaxial thin films on bulk substrates is the 

concept of coherence between two crystals.  A truly coherent interface is one in which 

corresponding atomic planes and lines are continuous across the interface as shown in Figure 

4.1(a). Ideally the atomic structure is characterized by an atom-by-atom matching across the 

interface (Christian, 1965).  Conversely, an incoherent interface is one in which there is not 

continuity of planes and lines across the interface as shown in Figure 4.1(b). The lattice 

parameter of the overlayer in the incoherent case is near to fully relaxed, i.e., unstrained film. 

The lattice parameter of both substrates in Figure 4.1 is aBulk. The thin film in Figure 

4.1(a) is strained, relative to its bulk lattice of aThinFilm, so as to be coherent with the substrate, 

i.e. the spacing of the lattice planes normal to the interface are equal in both the film and 

substrate.  The unit cell in the film will distort from its bulk shape due to the Poisson effect.  

For relatively small lattice-parameter mismatches of a coherent interface, the measure of 

mismatch, f, is expressed by f = (aFilm – aBulk)/ aBulk.  This concept not only involves the 

crystallographic geometry, but it also involves the elastic behavior of the material locally at 

the interface (Wolf, 1992).   

By definition the elastic strain in the overgrowth is εe = (astrained – arelaxed)/arelaxed , 

where a is the lattice parameter. Since the substrate is often assumed to be rigid (invariant), 

the elastic strain occurs only in the thin film such that the measure of mismatch f = εd + εe , 

where εd is the component of the misfit strain accommodated by misfit dislocations.   

Actually, above a critical thin film thickness coherency cannot be sustained and the 

interface structure becomes semi-coherent as shown in Figure 4.2, in which there is not a 

complete one-to-one correspondence between the thin film and substrate planes across the 

interface and there is only local continuity of lattice planes in various regions at and along the 

interface. The areas of bad fit resemble crystal dislocations and are called interfacial or misfit  
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(a) (b) 
 

Figure 4.1  Coherent (a) and incoherent (b) material interfaces of dissimilar 
materials consisting of thin-film overlayers (small spheres) attached 
to a bulk substrate (large spheres). 

 

 

dislocations (Matthews, 1975). The inherent misfit dislocations in Figure 4.2 form at critical 

distances from the interface and become an integral part of the long-range interface structure 

(Wolf, 1992). 

Semi-coherent interfaces exhibiting long-range ordering of misfit dislocations parallel 

to the interface, shown in Figure 4.2(a), are known as commensurate. A commensurate 

interface exhibits a common planar unit cell or domain that describes a periodic crystalline 

structure based on both sets of lattice planes forming the interface (Wolf, 1992, Sutton and 

Balluffi, 1995).  The matching sets of lattice planes are referred to as domains, which enable 

the thin film overlayer to form epitaxially via domain matching with the substrate atoms, 

.i.e., domain matching epitaxy (DME) (Narayan, 2005; Narayan and Larson, 2003). 

Conversely, if the atomic structure is non-periodic, then the interface is known as 

incommensurate as shown in Figure 4.2(b) (Wolf, 1992; Sutton and Balluffi, 1995).  

A coherent interface can exist for thin film growth known as pseudo-morphic or 

lattice-matching epitaxy (LME) below a ‘critical thickness’ as briefly mentioned earlier and 

for lattice misfits up to: 9% mismatch first calculated by Frank and van der Merwe (1949);  
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(a) (b) 
 

Figure 4.2  Semi-coherent interfaces of thin film overlayers (small spheres) 
showing a one-to-one correspondence between atoms across the 
interface with the substrate (large spheres).  A semi-coherent 
interface is (a) commensurate when the continuity of lattice planes 
exists within domains and is (b) incommensurate when a periodic 
matching of planes cannot be defined. 

 

 

4% mismatch according to Matthews (1975) and 4% to 5% mismatch according to Ikuhara 

and Pirouz (1998).  These predictive models for small misfit systems are largely based on 

isotropic and cubic bicrystal systems with mostly or entirely hydrostatic misfit stress. These 

are crystal systems free of dislocation generation impediments such as: nucleation barriers, 

Peierls-Nabarro friction stress, the absence of suitable glide systems and interaction with 

other dislocations and defects (Matthews, 1975).  

 

4.1.2 Large vs. Small Misfit Systems 

Small misfit systems are largely based on elastic models and behavior (Vook, 1979) 

as opposed to large misfit systems whose behavior can not be modelled using elastic theory 

alone. The overgrowth for small misfit systems tends to be pseudo-morphic up to a critical 

thickness, beyond which the elastic strain decreases due the activation of misfit dislocation 
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sources.  According to researchers Narayan (2005), Trampert and Ploog (2000) and Vook 

(1979), pseudo-morphism (lattice matching epitaxy) does not occur in large misfit systems 

due to the fact that the critical thickness is less than a monolayer (Narayan, 2005; Vook, 

1979).  These dislocations may enter the interface from the edges of the two-dimensional 

islands by slipping on the interface plane, after which when the monolayer is complete; other 

mechanisms of misfit dislocations generation may be activated. 

The conventional (natural) lattice misfit models based on continuum elastic theory are 

generally limited to less than 10% misfit and are not adequate for large misfit systems, where 

large areas of poor fit is separated by small areas of good fit as opposed to small misfit 

systems where small areas of poor fit are separated by large areas of good fit. Therefore, for 

large lattice mismatch systems where critical thickness looses all relevance, alternate theories 

analogous to small misfit systems have been applied to large misfit systems, e.g. coincidence 

lattice misfit theory (Vook, 1979) or domain matching epitaxy, (Narayan and Larson, 2003; 

Zheleva et al., 1994; Narayan et al., 1992).  

For a commensurate semi-coherent interface, perfect lattice matching (coincidence) 

across the interface occurs when aFilm/ aBulk = m/n, where m and n are integers, so that 

mismatch is defined as f = (m – n)/ n (Fletcher, 1964; Vook, 1979 and references cited 

therein). However, perfect coincidence seldom exists for heterostructures. Thus for 

deviations from exact matching, the lattice misfit is defined as F0 = (m aFilm  – n aBulk)/ n 

aBulk.  Analogous with natural lattice misfit theory, F0 = Ee + Ed, where Ee is the elastic strain 

due to residual deviation from exact coincidence and Ed is the strain accommodated by the 

lattice misfit dislocations (Vook, 1979). Early treatments of the large mismatch interface 

problem by Fletcher (1964; Fletcher and Adamson, 1966) and Du Plessis and van der Merwe 

(1965) showed cusped minima in interfacial energy occur at misfit values where a portion of 

the crystal atoms occupy sites on the surface of the other, such that the primary minima 

satisfy the relation n = m ±1 (Ikuhara and Pirouz, 1998). 

The coincidence lattice misfit model developed on metal systems (Vook, 1979) and 

then later applied to semiconductor materials (Trampert and Ploog, 2000) is based on a near 

coincidence lattice unit (super) cell for which the character of the dislocation depends on the 

symmetry of the coincidence lattice. Moreover, the energy of such a dislocation depends on 

the local bond distortions within the coincidence unit cell.  Hirth and Balluffi (Balluffi and 
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Sutton, 1995; Balluffi et al., 1982; Hirth and Balluffi, 1973) have noted that the definition of 

the Burgers vector of an interfacial dislocation generally requires transformation of both the 

film and substrate lattices to a common coordinate system, i.e. a reference lattice, which 

employs a vector of the “displacement shift complete” (DSC) lattice.  

However, it must be noted that this approach to modeling large mismatch systems is 

largely adapted from the work with homo-phase bi-crystal interfaces (Balluffi and Sutton, 

1995). A coincidence site lattice structure is obtained by the interpenetration of two single 

lattices, which exhibits a subset of shared symmetries of the partner crystals, i.e. grain 

boundaries and other single-phase poly-crystals.  This approach works well for homo-phase 

systems that can exhibit sufficient matching of coincidence sites for a clearly defined model 

of the interface lattice.   

However, in the case of deposited heteroepitaxial systems, simple geometrical 

relationship has not yet been developed.  In fact, coincidence of lattice points can not be 

identified when two dissimilar lattices interpenetrate (Ikuhara and Pirouz, 1998).  The author 

contends that for large mismatch systems, the crystallographic symmetries at the interface of 

thin films heteroepitaxially grown on materials of dissimilar chemistry and symmetry can not 

be sufficiently characterized to accurately or reliably define a sub-monolayer interfacial 

Burgers vector.  In any case, regardless of the concepts propounded, the simple mathematics 

used for either matching planes or lattices (identified using TEM imaging techniques) yield 

the same results, even though there are very different explanations for the mechanisms that 

produce these matching ratios. 

In contrast, Narayan (2005) developed a concept based on the matching of planes 

across the interface, which is responsible for the epitaxy of the overgrowth.  The domain 

matching is based on the matching of atomic planes such that planar misfit is expressed by 

F0´ = (m dFilm  – n dBulk)/ n dBulk, where d is the plane spacing. 

Narayan (1998; Narayan and Larson, 2003) and Trampert (2000) have shown that the 

residual strain Er (Er = Ee) may further be accommodated by a mixture of two sets of domain 

matching planes or (termed by Trampert (2000) as a secondary defect or coincidence units), 

with the second set of integers p = n ± 1 and q = m ± 1, such that both domains obey  n - m = 

±1 and p - q = ±1, where +1 and -1 corresponds to an extra or missing respectively. Narayan 

and Larson (2003) further demonstrate the secondary set of domains alternate with the 
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primary set of domains with a calculable frequency to further reduce the residual strain. This 

convergence towards perfect plane matching may be expressed by (m + α)dFilm = (n + α)dBulk, 

where α is the frequency factor. For example, if α = 0.5 then m/n and p/q domains alternate 

with an equal frequency (Narayan, 2005). 

Mechanisms of misfit accommodation principally depend on the degree of misfit, 

relative bond strength, bond directionality, film thickness and temperature. The various 

modes of misfit accommodation not only include misfit matching, misfit dislocations, misfit 

strain, but also may include surface roughening (Tersoff and LeGoues, 1994) and/or 

interdiffusion at the interface (van der Merwe et al., 1986).  Surface roughening is strain-

induced modulation that uniformly relaxes the strain by increasing the surface area by taking 

the form of sharp grooves or pits in the surface (Tersoff and LeGoues, 1994).  Tersoff and 

LeGoues infer that for large misfit, relaxation by nucleation of dislocations generates a 

surface roughness. Interdiffusion modifies the abrupt change in the lattice parameters at the 

interface into a graded change distributed over the area of diffusion. The last requires atomic 

miscibility, temperature activation and sometimes strain. 

The most common mode of accommodating misfit to replace the long-range stresses 

due to misfit strain is the generation of misfit dislocations; thereby reducing the overall 

interfacial energy.  For pseudo-morphic small lattice misfit system, the most common misfit 

dislocations have an edge component of the Burgers vector b that projects along the direction 

of the interface.  The most efficient misfit dislocation has its Burgers vector in the interface 

and is therefore one of pure edge character, i.e. a perfect misfit dislocations (Jesser and van 

der Merwe, 1989).  However, misfit dislocations are not restricted to any particular type of 

dislocation, e.g. misfit dislocation segments form at the interface by surface nucleation and 

expansion of a dislocation half loop with an inclined Burgers vector where only the in-plane 

component of b contributes to the film/substrate mismatch. 

By contrast, for large misfit systems, misfit dislocations nucleate in less than a 

monolayer of overgrowth. If the substrate is already dislocated, with some dislocations 

intersecting its surface, then a possible mechanism for the formation of interfacial misfit 

dislocation is the extension of the substrate dislocations in the film and their glide planes 

such that they leave misfit segments at the interface (Ikuhara and Pirouz, 1998; Matthews et 

al., 1970). On the other hand, if the substrate is relatively free of dislocations, then new 
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dislocations of a large misfit system need to generate at the film/substrate interface or within 

less than a monolayer from the interface, i.e. at the edges of islands. 

At first glance, small mismatch and large mismatch interfaces appear geometrically 

similar with respect to regions along the interface where the planes on both sides appear 

coherent and these regions are separated by misfit dislocations.  However, for the small 

mismatch case, misfit dislocations are usually produced by lattice dislocations that may have 

Burgers vectors not necessarily parallel to the interface. As discussed earlier, only the 

component parallel to interface contributes to the role of accommodating the mismatch.  On 

the other hand, for the case of large mismatch systems, the mismatch dislocations exist at the 

beginning of the film deposition with in-plane Burgers vectors of b = b⊥.  These misfits are 

usually generated at the edges of two or three-dimensional island nuclei as they laterally 

enlarge on the substrate surface (Ikuhara and Pirouz, 1998). 

As neighboring islands coalesce during growth, misfit dislocations in them may be 

aligned or misaligned.  In the former, the dislocations simply join each other, and the latter, 

short interfacial kinks form to join the closest misfit dislocations in neighboring islands to 

each other.  Ikuhara and Pirouz proposed that the dislocation line energy is reduced by a 

driving force for the out-of-phase misfit dislocation segments to align by climb and to 

annihilate the interfacial kinks (Ikuhara and Pirouz, 1998). 

If the initial film growth is two-dimensional, then misfit dislocations can propagate 

across the wafer without generating threading dislocations. However, if the island growth 

(three dimensional, VW) dominates during the initial stages, then the misfit dislocations from 

different islands may not connect properly and these dislocations propagate upwards to create 

threading dislocations, as dislocations cannot end inside the perfect lattice. It should be 

mentioned that the nature of dislocations under large misfit will be determined largely by the 

geometrical considerations at the film-substrate interface, whereas dislocations under low-

misfit (including thermal misfit) conditions involving a finite critical thickness will be 

determined by the glide/slip planes at the film surface where dislocations originate. 

 

4.2 Defects 

Defects are generated at various stages in the epitaxial growth process in a number of 

ways: small islands, coalescence of islands, replicas of substrate defects and some formed to 



 78

accommodate misfits between the stress-free lattice parameters of film and substrate that 

were discussed in the previous section. The dislocations in GaN and its alloys are believed to 

be carrier scattering and trap centers, leakage current sources, and impurity diffusion paths 

(Cao et al., 2004 and references cited therein).  

 

4.2.1 Strain and Thermal Mismatch 

Heteroepitaxial nitride film is subject to strain during the post-growth cooling due to 

the thermal mismatch between the film and the silicon substrate. GaN film, a hard material, 

will crack when the film is sufficiently thick. This problem is more pronounced for large 

mismatch heteroepitaxy and high temperature processes such as CVD processes and is also 

dependent on the choice of intermediate buffer layer(s). 

If the critical thickness under the large misfit is less than a monolayer, misfit 

dislocations can nucleate easily at the surface steps without any need for propagation/glide 

and thus relieve the misfit strain entirely. Under these conditions, all the misfit strain is 

relieved from the beginning so that the rest of the film can grow strain-free, except for the 

thermal misfit. For small thermal misfits less than 1%, the critical thickness is large and slip 

dislocations are generated at the free surface, which then glide to the interface. If the 

nucleation barrier for dislocations, particularly under tensile stresses in the film is large, it 

may lead to stress buildup and cracking of the film. In general, the nature of thermal misfit 

dislocations should be consistent with the difference in the coefficient of expansion between 

the film and the substrate. The thermal misfit strain is given by (αs - αf )(Ti – Tf )/(1-νf ), 

where αs and αf  are coefficients of thermal expansion of the substrate and the film, 

respectively,  Ti and Tf represent initial and final temperatures, and νf  is the Poisson’s ratio. 

The mismatch in lattice constant and the thermal expansion coefficient of the epitaxial layers 

and the substrate can give rise to a high density of threading dislocations.  

 

4.2.2 Stacking Fault Defects 

The stacking faults (SFs) in zincblende or wurtzite crystals have a wurtzite or 

zincblende structure, respectively.  Thus, the stacking fault energy of a tetrahedrally 

coordinated crystal is near to that of the difference in free energy between zincblende and 

wurtzite structures (Takeuchi and Suzuki, 1999). Table 4.1 compares the energies and 
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ionicities of AlN and GaN stacking faults (Takeuchi and Susuki, 1999 and references cited 

therein). The reduced stacking fault energy is the energy per bond perpendicular to the fault 

plane (Gottschalk et al., 1978). 

Stacking faults are a form of strain relief in face centered cubic crystal structures due 

to their low formation energy. Stacking faults have been observed in GaN films grown on 

sapphire, Si, GaAs, 6H-SiC and ZnO, with the stacking fault densities lower in layers grown 

on substrates with closer lattice match such as on 6H-SiC and ZnO. The high density of 

stacking faults in the III-Nitrides is a significant hindrance to the growth of high quality thin 

films. 

Since a coherent interface can exist between the (111) zincblende and (0001) wurtzite 

crystal faces, it is energetically probable for a stacking fault to form in exchange for the 

lower bulk energy of the resulting wurtzite. Lei and Moustaka (1992) using X-ray diffraction 

to determine that zincblende domains in bulk wurtzitic GaN concluded that these polytype 

domains have their (111) axis parallel to the (0001) wurtzite axis, and that the zincblende 

domains were nucleated at a stacking fault, which allowed the wurtzite stacking to shift to the 

zincblende stacking. 

It is of interest to note that monocrystalline and polycrystalline GaN grown on 

zincblende (111) substrates has been observed to be wurtzite. However, when zincblende 

GaN is grown on basal plane sapphire, which is hexagonal, the zincblende GaN is observed.  

 

4.3 Silicon/III-Nitride Interfaces 

The following Figures 4.3 through 4.8 were included to illustrate the preceding 

discussion on domain matching epitaxy and its relevance towards predicting the outcomes of 

this research.  These figures are basically ball and stick models constructed using computer 

aided design (CAD) and are accurately scaled (±0.001 Å) in three-dimensions using 

AutoCad2004®.  The point of closest proximity of overlayer Ga and Al atom sites to those of 

the Si surface substrate atoms are identified by a black triangle where the mismatch is 

measured to be less than 0.50 Å in the interface plane.  Note that misalignments of this 

magnitude are typically too large to be termed coincident sight lattice (CLS) matching for a 

predominantly covalent bonded interface. 
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Table 4.1 Comparison of wurtzite AlN and GaN stacking fault energies. (after Takeuchi 
and Suzuki, 1999) 

III-Nitride γ (mJ/m2) (a) γ’ (meV/bond) (b) c/a (c) fi (d) eo*/e (e) 

AlN 220 ±70 115 ±40 1.601 0.449 0.40 

GaN 20 ± 3 11 ±2 1.626 0.500 0.42 

(a) Stacking fault energy γ 
(b)  Calculated reduced stacking fault energy γ 
(c)  Axial ratio (ideal 1.633) 
(d)  Ionicity 
(e)  Effective charge 
 

 

4.3.1 Silicon (001)/III-Nitride Interfaces 

Figures 4.3 and 4.4 depict stepped Si(001)-(1×1) with Si surface atoms and bonds 

(dark spheres and lines) overlaid with Ga atoms and bonds for cubic Ga(001).  Notice the Si 

bonds are orthogonal for each step of a ~2% miscut vicinal surface.  The dangling bonds at 

each Si surface atom are directed along the <110> direction and will switch directions by 90° 

in the surface plane with each surface step.   

The matching plane domains for a particular surface step are well-positioned and are 

nearly a perfect match at (m x dGa)/(n x dSi) = (6 × 3.196 Å )/(5 × 3.84 Å) = 0.999 along one 

particular <110> direction. However, the positioning of orthogonal domains on this same 

step are not as clearly defined due to the ambiguity presented by two equally available bonds 

at each Si atom. The anisotropic nature of the Si surface with the pair of dangling Si bonds 

presents favorable GaN nucleation and growth along one direction over that of the 

orthogonal direction. The effects of the Si surface anisotropy discussed in Section 2.2.2.1 are 

illustrated in Figure 4.4 where the absolute mismatch is vertically plotted for each nearest 

Ga-Si atom pair.  The comparison of Figures 4.4(b) and 4.4(c) illustrates the difference 

between the [110] and [11̄0] directions with regard to the bond directions and the difference 

in atomic pair mismatches.   

The same exercise was conducted for hexagonal GaN(0001) on Si(001) and presented 

in Figure 4.5.  The matching of Ga atoms on the anisotropic Si surface is very different for 

the hexagonal [21̄1̄0] and [011̄0] directions with only a single domain plane that can be 
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identified. This is not unexpected due to the fact that 3-fold symmetry is not shared between 

these two crystal systems. 

 

4.3.2 Silicon (111)/III-Nitride Interfaces 

The prediction model for domain matching epitaxy of GaN(0001) and AlN(0001) on 

Si(111) is illustrated in Figure 4.6.  Basal plane Ga atoms of GaN(0001) on Si(111) are 

shown in Figure 4.6(a).  The reasonable alignment of the near coincidence atom sites with 3-

fold symmetry show that predominantly 6/5 domain matching can be supported.  Also, note 

the inter-dispersed 5/4 domain to further relieve the residual strain εr = 0.40 ±0.05% that 

cannot be accommodated by 6/5 domain plane matching alone.  Similarly for AlN(0001) on 

Si(111), Figure 4.6(b) shows that predominantly 5/4 domain matching is to be expected with 

6/5 domains inter-dispersed to further relieve the residual strain εr = 1.28 ±0.15%. The ratio 

of the number of primary matching domains ‘x’ to that of the inter-dispersed secondary 

matching domains ‘y’ needed to relieve all of the residual strain can be determined using the 

following equation, 

 

(4-1) 

 

m/n < ds/df and m/n > 1, then p = m – 1;  q = n – 1 

m/n < ds/df and m/n < 1, then p = m + 1;  q = n + 1 

m/n > ds/df and m/n > 1, then p = m + 1;  q = n + 1 

if 

m/n > ds/df and m/n < 1, then p = m – 1;  q = n – 1 

 

where m, n, p, and q are all integers, |m – n| = |p – q| = 1, m/n is the integer ratio of primary 

domain matching film planes to substrate planes across the interface and p/q is the integer 

ratio of secondary domain matching planes. The plane spacing is expressed as ds for the 

substrate planes and df for the film planes.  The primary domain matching ratio of m/n is first 

established by finding the integer ratio near equal to ds/df, where |m – n| = 1. Applying 

equation (4-1), the x/y ratio of the number of primary domain sets to secondary domain sets 
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is approximately 9 to 1 and 2 to 1 for GaN(0001)/Si(111) and AlN(0001)/Si(111), 

respectively.  

This exact ratio does not stand for all cases. The film may not completely relax but 

remain under strain.  This may especially be the case for interfaces where there is a large 

degree of symmetry common to both of the partner crystals, e.g. cubic on cubic as opposed to 

the limited shared symmetry between hexagonal and cubic crystal structures. 

Three dimensional profiles of the mismatch between nearest Ga/Al basal plane atoms 

and Si(111)-(1×1) surface atoms were vertically plotted in Figures 4.7 and 4.8.  The figures 

are of reasonable scale to illustrate that the mismatch measured for GaN(0001)/Si(111) is 

approximately 13-17% greater than that for AlN(0001)/Si(111). Also, the minima troughs of 

closely match areas separating areas of high mismatch that are evident for the 4-fold 

matching domain planes for GaN(001)Si(001) in Figures 4.4(b) and 4.4(c) are not prevalent 

for 3-fold matching planes.  Thus instead of minima troughs, 3-fold matching planes bound 

regions (domains) of closely aligned atomic planes across the interface. 

An interesting observation comparing Figures 4.8(a) and 4.8(b): shadowing of the 

egg-crate like profile for AlN(0001) on Si(111) exhibits a strong resemblance of a 6-fold 

symmetry in Figure 4.8(b) compared to an elongated shadowing of these areas of best match 

for GaN(0001) on Si(111) in Figure 4.8(b). 
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Figure 4.3 Cubic GaN(001) on two adjacent steps of Si(001). The lines 
represent bonds nearest to the interface; light lines are GaN bonds 
and dark lines are Si bonds.  The triangles identify the nearest 
interface Ga-Si atom alignment.  
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(a) 

(b) 

 

(c) 

 
 

Figure 4.4 Cubic GaN(001) on Si(001). The vertical displacement of the three-
dimensional profile is directly proportional to the horizontal distance 
(mismatch) between a Ga atom and the nearest Si atom. Side views 
(b) and (c) viewed from the [11̄0] and [110] directions, respectively.  
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Figure 4.5 Hexagonal GaN(0001) on two adjacent steps of Si(001). The lines 
represent bonds nearest to the interface; light lines are GaN bonds 
and dark lines are Si bonds.  The vertices of the GaN bonds are Ga 
atom sites. The triangles identify the nearest interface Ga-Si atom 
alignment.   
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Figure 4.6 Si(111)-(1x1) surface sized to a 4×4 array of 7×7 unit cells. Triangles 
identify nearest III-Nitride atom demonstrating close alignment with 
DME ratios for (a) GaN:Si and (b) AlN:Si. 

(a) 

(b) 
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(a) 

(b) 
 

Figure 4.7 The vertical displacement of the three-dimensional profiles is directly 
proportional to the horizontal distance (mismatch) between the Si 
(1×1) surface atoms nearest the (a) Ga basal plane atoms and (b) Al 
basal plane atoms. 
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[2̄11]  
(a) 

  
 
 

       [2̄11]     
(b) 

 
 

Figure 4.8 Top and side views from the [01̄1] and [2̄11] directions of the three 
dimensional mismatch profiles of Figure 4.7 for (a) 
GaN(0001)/Si(111) and (b) AlN(0001)/Si(111).   
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EXPERIMENT 

 

The PVD deposition equipment setup is discussed and the required deposition 

parameters are listed.  The characterization measurements performed are described and 

important aspects of the experimental and measurement instrumentation are explained. In 

addition, TEM specimen preparation methods, an important component of this research, are 

reviewed. 

 

5.1 Laser-MBE Deposition System 

A diagram of the Laser-MBE system, constructed for the purpose of depositing 

nitride materials by laser ablation in an ultra high vacuum, is shown in Figure 5.1.  The 

identification of the various system components are listed in Table 5.1 which are keyed to the 

diagram numbers shown in Figure 5.1. A review of the PVD process based on Laser-MBE 

was discussed in Section 3.1.3. 

The substrate heater assembly, manufactured by Thermionics Inc., was configured for 

direct radiant heating of the silicon substrates. The substrate heater element, manufactured by 

American Ceramics Corp, is a carbon thick film resistive element 0.84 inches in diameter and 

encapsulated in pyrolytic boron nitride that is 0.015 inches thick on the radiating surface. The 

radiant heating configuration allows rapid variation of the substrate temperature.  The 

substrate is mounted within about 2 mm of the heater surface on a molybdenum flat ring 

specifically designed for transporting and transferring the substrate, as well as target 

materials, in and out of the chamber.  To minimize heat conduction losses at the substrate-

molybdenum perimeter contacts, the substrate is thermally insulated from the metal ring 

using alumina ceramic insulators 0.5 mm thick.   

The advantages of direct radiant heating is rapid real-time temperature control of the 

substrate during film growth, consistent and repeatable substrate temperature over multiple 

depositions by eliminating substrate contamination due to mounting pastes and also 

eliminating the varying heat conduction properties due to variations in the mounting paste 

consistency, thickness and coverage.  However, the direct radiant heater configuration is a  
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Figure 5.1  Configuration diagram of the Laser-MBE system used to deposit the 
III-Nitride thin films on silicon. The system components are 
identified using numbers keyed to the item list in Table 5.1. 
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Table 5.1 Laser-MBE system components key for numbered items in Figure 5.1. 

1 Laser-MBE main chamber 13 Pyrometer window 

2 Load/Lock chamber 14 Rotary stage ion pump 

3 Load/Lock transfer rod 15 Turbomolecular main chamber pump 

4 Four target carousel 16 Turbomolecular load/lock pump 

5 Laser window 17 Cryopump, two stage closed cycle 

6 Laser focusing lens 18 RHEED gun 

7 Laser mirror 19 RHEED screen 

8 Laser aperture 20 Gate valve for turbomolecular pump 

9 Substrate azimuthal rotation 21 Gate valve for cryopump 

10 Substrate polar rotary stage 22 Gate valve for load/lock chamber 

11 Substrate x and y positioners 23 Gate valve for RHEED gun 

12 Substrate z-axis positioner 24 Target rotation drive motor 
 

 

one-dimensional thermal process due to the fact that the substrate heat source is located 

directly behind the substrate.  Thus, to rely on the temperature calibration data for repeatable 

deposition results, the geometry of the substrate and its distance from the heat source must 

conform exactly to the configuration used for calibrating the substrate temperature. 

In situ thermocouple based monitoring of the substrate temperature by direct contact 

is not configured for this Laser-MBE system.  Instead, the substrate surface temperature is 

calibrated over the deposition temperature range of 200-1000 °C to the substrate heater direct 

current electric power and the substrate heater Type-K thermocouple. The temperature 

calibration is based on the direct contact of a pair of Type K thermocouples to a substrate 

standard prior to thin film deposition.  In addition, an infrared pyrolytic sensor (wavelength - 

650 nm) for temperature measurements above 400 °C is configured at the chamber window, 

Figure 5.1(13), using infrared optics to focus a 0.3 inch diameter temperature sensing spot on 

the substrate surface.   

The heater power levels along with accurately maintaining the same substrate 

mounting geometries proved to provide a very reliable means of providing repeatable 

substrate temperatures for optimization of the deposition parameters via systematic 

experimental protocol. 
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The substrate heater assembly is mounted on a stage that provides five degrees of 

substrate motion freedom: x-, y-, and z-translation, as well as polar and azimuth rotation.  

The x-translation, Figure 5.1(11), allows varying the distance between the target and 

substrate surfaces ±1.2 cm about a nominal target-to-substrate distance of 5.0 cm. The y-

translation, Figure 5.1(11), varies the horizontal offset of the substrate with respect to the 

target plume center axis ±1.2 cm in the horizontal plane of the laser optics for plume 

centering and for substrate transfers.  The z-translation stage, Figure 5.1(12), varies the 

vertical offset to provide the same accommodations as y-translation and also provides a 

greater degree of vertical offset to allow the load/lock transfer rod to access the target 

carousel, Figure 5.1(4). The polar rotation, Figure 5.1(10), allows the 360º rotation of the 

substrate surface normal in the horizontal plane for: varying the incident RHEED beam 

angle, positioning of the substrate to align with the load/lock transfer rod, and angular 

positioning with respect to the target plume axis.  The azimuth rotation, Figure 5.1(9), allows 

360º rotation about the substrate surface normal for crystalline surface construction 

alignments with the RHEED beam, Figures 5.1(18) and 5.1(19), and continuous rotation for 

uniform thin film deposition at the substrate surface. 

The target carousel, Figure 5.1(4), holds up to four one-inch diameter targets. Each 

target is continuously rotated, Figure 5.1(24), during deposition to present a plume of 

constant mass and energy.  The target assembly can be translated along the x-axis, ±1.2 cm, 

to assist in positioning the laser beam on the target surface, as well as provide additional 

translation range for the target-to-substrate distance.  

The Laser-MBE system is equipped with a load/lock system consisting of a vacuum 

chamber, Figure 5.1(2), and transfer rod, Figure 5.1(3), to allow the loading and removing 

substrates and target, while maintaining UHV conditions in the deposition chamber, Figure 

5.1(1).  The UHV environment is necessary for obtaining clean and abrupt interfaces and in 

situ RHEED measurements as previously discussed in Section 3.1.3. 

The laser energy used to ablate the target material at an energy density and 

wavelength that will produce a plume containing the energetic species is provided by a 

Lambda-Physik Model 300 excimer laser that can produce up to 1.2 Joules at a wavelength 

of 248 nm. The wavelength is established by operating the excimer laser using buffered KrF 

gas mixture of 0.1% Fl, 2.78% Kr, 1.95% He and the balance of Ne. 
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The laser optics uses a fused quartz 2-inch mirror, Figure 5.1(7), with a 98% 

reflectance at 248 nm to point the beam on to the target and a fused quartz 2-inch plano-

convex lens, Figure 5.1(6), with a 775 mm focal length to focus the UV beam to a spot size 

by imaging the de-magnified aperture on the target surface for the power density required to 

achieve target ablation. A 0.875” × 0.875” aperture, Figure 5.1(8), is placed several inches 

from the light incident side of the mirror. 

The primary vacuum in the UHV regime is achieved using a drag molecular turbo 

pump, Balzer TMU 520, rated at 520 l-s-1 at ~5×10-10 Torr.  The efficient removal of N2, CO, 

CO2, O2 and CH4 by cryo-condensation and H by cryosorption is performed using a cryo-

APD-6 two-stage displexer and HC-2 refrigeration unit manufacturered by Advanced 

Research Systems, Inc.  Maintaining UHV while allowing the substrate polar rotation of 360º 

is made possible by a Thermionics RNN series differentially pumped rotary seal equipped 

with a Thermionics PS-10 ion pump rated at 10 l-s-1 at ~10-10 Torr. 

 

5.2 Laser-MBE Thin Film Deposition Parameters 

The source materials and vacuum chamber deposition conditions for the AlN and 

GaN thin films deposited for the research work reported herein are listed in Table 5.2, as well 

as the laser setup parameters in Table 5.3.  The AlN thin film deposition on Si(111) was 

performed using the experiment parameters listed in Table 5.4. The GaN thin film deposition 

on Si(111) was performed using the experiment parameters listed in Table 5.5 and shown in 

Figure 5.2. Thin film deposition conditions for GaN on Si(111) with an AlN buffer layer and 

GaN/AlN Superlattice are presented in Table 5.6. The GaN thin film deposition on Si(100) 

was performed using the experiment parameters listed in Table 5.7 and shown in Figure 5.3. 

 

5.3 Silicon Surface Preparation 

The silicon substrates of Si(111) and Si(100) orientations were both commercially 

polished with off-axis cuts with a nominal tilt of 2-3º.  The Si(111) substrates were all n-type, 

P doped with ρ≈ 7.5 Ω-cm. The Si(100) substrates were of unknown doping and resistivity. 

The silicon substrate samples were scribed and cleaved from 4-inch wafers into identical 

0.75” × 0.75” squares in order to maintain consistent mounting and radiant heating 

characteristics. 
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Table 5.2 General laser-MBE vacuum and source material conditions for the thin film 
deposition of AlN and GaN in this study. 

Parameter Value 

Target Purity AlN 99.8%; GaN 99.9%  
Target size 1.0 in. dia. x 0.1-0.25 in. thick 
Target Cleaning 600 mJ for 1 minute @ 10 pulses per second 
Target Rotation Speed 9 revolutions per minute 
Target-to-Substrate Distance 5 cm ±0.5 cm 
Pre-deposition Vacuum 8 x 10-10 to 6 x 10-9 Torr 
Deposition Vacuum 2-40 x 10-7 Torr  
Substrate Temperature  580 to 800 C  
Heater Power  30 to 90 watts 

 

 

 

Table 5.3 General excimer laser parameters used for thin film laser-MBE of AlN and 
GaN deposited for this study. 

Parameter Value 

Wavelength 248 nm. 
Energy (a) 650 to 950 mJ 
Spot Size at Target 1.8 mm x 2.8 mm ±0.2 mm 
Energy Density 4 to 9 J/cm2 
Pulse Repetition Rate  10 to 16 pulses per second (pps) 
Pulse Duration 25 nsec 

 

 

 

Table 5.4 Thin film deposition conditions for AlN directly on Si(111). 

Parameter Spec. 2001-01 Spec. 2002-08 

Substrate Temperature ±20 C 620 C  720 C 
Laser Energy 750 mJ 800 mJ 
Laser Power 7.5 watts 8.0 watts 
Laser Pulse Repetition Rate 10 pps 10 pps 
Total Pulse Count 10,000 pulses 12,000 pulses 
Deposition Pressure 3 x 10-7 Torr 2 x 10-7 Torr 
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Table 5.5 Thin film deposition conditions for GaN directly on Si(111). 

Parameter Spec. 2002-13 Spec. 2002-15 

Substrate Temp.±20 C See Figure 5.2 See Figure 5.2 
Laser Energy 650 mJ 650 mJ 
Laser Power 6.5 watts 7.8 watts 
Pulse Repetition Rate 10 pps 12 pps 
Total Pulses (see Fig. 5.2)  36,000 21, 600pulses 
Deposition Pressure 3-4 x 10-6 Torr 3-7 x 10-7 Torr 
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Figure 5.2  Substrate temperature profiles as function of the excimer laser pulse 

count applied for the deposition of GaN thin films on Si(111).  Each 
profile is labeled with the pulse repetition rate in pulses per second 
(pps). 
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Table 5.6 Thin film deposition conditions for GaN on Si(111) with an AlN buffer layer 
and GaN/AlN Superlattice presented in sequence of deposition. 

Parameter Spec. 2004-11 

AlN Buffer Layer  
 Substrate Temp.±20 C 720 C 
 Laser Energy 950 mJ 
 Laser Power 9.5 watts 
 Pulse Repetition Rate 10 pps 
 Total Pulses  300 pulses 
 Deposition Pressure 8 x 10-8 Torr 

GaN/AlN x 4 Superlattice (SL)  

 Substrate Temp.±20 C 720→690→670→650 C 
 GaN Laser Energy 650 mJ 
 GaN Laser Power 6.5 watts 
 GaN Pulse Repetition Rate 10 pps 
 GaN Total Pulses/Layer  2000 pulses 
 AlN Laser Energy 950 mJ 
 AlN Laser Power 9.5 watts 
 AlN Pulse Repetition Rate 10 pps 
 AlN Total Pulses  240 pulses 
GaN Epi-layer  
 Substrate Temp.±20 C 620 C 
 Laser Energy 650 mJ 
 Laser Power 7.8 watts 
 Pulse Repetition Rate 12 pps 
 Total Pulses/SL Layer  15,000 pulses 
 Deposition Pressure 3 x 10-6 Torr 

 

 

 

Table 5.7 Thin film deposition conditions for GaN on Si(100). 

Parameter Spec. 2004-04 Spec. 2004-06 Spec. 2004-07 

Substrate Temp.±20 C See Figure 5.3  See Figure 5.3 See Figure 5.3 
Laser Energy 650 mJ 650 mJ 650 mJ 
Laser Power 7.8 watts 5.2-7.2 watts 9.1 watts 
Pulse Repetition Rate 12 pps 8-11 pps 14 pps 
Total Pulses (see Figure 5.3) 21,600 pulses 13,890 pulses 14,760 pulses 
Deposition Pressure 3-5 x 10-6 Torr 3-5 x 10-6 Torr 3 x 10-6 Torr 
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Figure 5.3  Substrate temperature profiles as function of the excimer laser pulse 

count applied for the deposition of GaN thin films on Si(100).  Each 
profile is labeled with the pulse repetition rate in pulses per second 
(pps). 

 

 

The silicon substrates were wet-cleaned using the following recipe in the listed order: 

sonicated in acetone for 10 minutes, sonicated in methanol for 10 minutes, etched in 49% 

aqueous HF for 1 minute.  The substrates were then immediately mounted on molybdenum 

holders using clamps without a back-plate for radiant heating and then within 5 minutes 

inserted into the load/lock chamber and pumped to 10-8 Torr within 30 minutes prior to 

transfer into the main vacuum chamber. The in situ RHEED measurements confirmed (7×7) 

surface reconstruction of clean Si(111) and (2×1) surface reconstruction for Si(100). 

 

5.4 Measurement Instrumentation and Configurations 

The instrumentation used to conduct measurements and characterization for this 

research is described herein.  Reflective high energy electron diffraction (RHEED) was used 
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to verify in situ the substrate surface structure was suitable for thin film epitaxy, as well as 

establishing the fact that the thin film growth remained epitaxial during growth by in situ 

observation of the surface structure. X-ray diffraction (XRD) was used to identify the thin 

film materials and determine the crystal structure of the deposited thin films. Also, the XRD 

results were used to provide a systematic and qualitative comparison of deposition results in 

order to adjust substrate temperature and laser parameters for optimal thin film growth.   

Transmission electron microscopy (TEM) was used to measure film thickness and to 

identify crystal structures, orientation, as well as to validate thin film epitaxy by selective 

area electron diffraction (SAED).  High resolution transmission electron microscopy 

(HRTEM) was used to observe the interfacial atomic structure and measure epitaxial domain 

matching ratios. Z-contrast scanning transmission electron microscopy (STEM-Z) and 

electron energy loss spectroscopy (EELS) were used to perform elemental analysis of thin 

film interface regions.  Photoluminescence (PL) was performed to measure GaN epilayer 

electronic bandgaps and electronic defects. 

 

5.4.1 Reflective High Energy Electron Diffraction 

RHEED, the most widely used diagnostic in MBE, readily provides in situ 

information on crystal perfection, surface flatness and surface reconstruction. Figure 5.1 

schematically shows the orientation of the RHEED system in the Laser-MBE growth 

chamber. The concept of RHEED is an accelerated electron beam (10 – 30 keV) which is 

focused on the sample surface with an incident glancing angle (≤ 3°), resulting in reflected 

and diffracted beams projected onto a phosphor-coated screen. The high energy of the 

electrons results in increased penetration depth, but because of the glancing angle of 

incidence, only a few atomic layers are probed for high surface sensitivity. The reflected 

electrons form a diffraction pattern that depends on the structure and the morphology of the 

probed surface. RHEED does not interfere with the molecular beams or the laser generated 

plume, thus it can be used to monitor growth as well as static surfaces. 

The reciprocal space of a two-dimensional lattice is constructed by a set of rods 

instead of points, a unique feature of RHEED. A diffracted intensity is expected whenever 

the Ewald sphere coincides with the reciprocal lattice rods. Thus, for a smooth surface (two-

dimensional growth), the RHEED pattern is streaky, while for three-dimensional growth, the 
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diffraction pattern on a fluorescent screen appears spotty due to the electrons penetrating 

through protrusions on the rough surface. The rods will broaden since the surface is not 

perfectly planar, but consists of a random distribution of terraces and steps. 

The spacing between RHEED streaks can be related to the spacing of the surface 

features d by Bragg’s law, λ = 2d sin θ.  Additional streaks are commonly observed in 

RHEED patterns, indicating the presence of a surface periodicity larger than the bulk 

interplanar spacing, which is often representative of surface composition and geometry such 

as step heights.  Well-ordered steps will result in the splitting of the diffraction streaks with 

the splitting distance corresponding to the average terrace width. 

The RHEED system used in this research is an Oxford Applied Research RH200 

RHEED gun and 0-30 kV power supply.  It is normally operated at 20 keV electron 

accelerating voltage and focused to a nominal 120 μm spot size on the specimen surface.  

The diffraction pattern is read on a phosphor coated screen without the benefit of a dark box, 

digital camera and recording system.  

Although popular, there is no complete formal theory for RHEED. However, a 

number of simplified kinematical approaches has been introduced that are useful for 

understanding the basic idea of RHEED (Braun, 1999). RHEED is also sufficient for the 

determination of the unit cell dimension, crystal orientation and the crystal shape (Mitura and 

Beeby, 1996).  

 

5.4.2 X-ray Diffraction 

The crystal structures of the as-deposited thin films were determined by X-ray 

diffractometery using a Rigaku Geigerflex D/Max IIA equipped with a CuKα radiation 

source.  For a copper target the two most prominent (intense) characteristic lines are the 

Kα1(λ = 1.540598 Ǻ) and Kα2(λ = 1.544418 Ǻ).  

The diffraction scan geometry is configured as a conventional Bragg-Brentano. A 

point detector and specimen sample are rotated so that the detector is always at 2θ and the 

sample surface is always at θ to the incident x-ray beam, i.e., θ-2θ scan geometry.  Slits are 

used to limit the spread of the beam from the source and to limit the angular acceptance of 

the detector. Bragg-Brentano instruments operate such that the incident beam and diffracted 
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beam slits move on a ‘focusing circle’ centered on the sample. During the diffraction scan 

process through angle 2θ, the diffracted X-rays are refocused at the detector slit. 

The signal-to-noise ratio of the diffracted X-ray beam is improved by directing the 

beam upon a curved analyzing crystal of pyrolitic graphite (0002) (known as a diffracted 

beam monochromator) positioned before the detector. Fluorescence, Bremsstrahlung, etc. 

noise is further minimized from the background using a detector and a single channel 

analyzer to select voltage pulses from the detector within a specified energy range. The 

detector pulse voltage is proportional to the incoming photon energy, thus it is possible to 

discriminately count only those photons restricted to a specified energy range. The plotted 

data of X-ray signal intensity versus 2θ angular scan is achieved by synchronizing the rate of 

the specimen and detector goniometers with the data acquisition. 

Discussion on the elements of X-ray diffraction theory, methods and equipment can 

be found in books by B. D. Cullity (1978) and Leonid V. Azaroff (1968). 

 

5.4.3 Transmission Electron Microscopy 

Microstructural characterization and interface analysis of the deposited thin films was 

performed by conventional TEM (CTEM) and HRTEM using a JEOL-2010F transmission 

electron microscope equipped with a field emission gun (FEG) as the electron source. The 

pertinent specifications for the JEOL-2010F used in this research are listed in Table 5.8. In 

addition to selective area electron diffraction (SAED) and convergent beam electron 

diffraction (CBED), the JEOL-2010F is also configured to perform bright-field/annular dark-

field/high-angle annular dark-field (HAADF) STEM and Parallel EELS (PEELS). The vast 

subject of the methods and theories of TEM, HRTEM, SAED and CBED as applied to 

material science are well discussed in numerous electron microscopy texts. Recommended 

transmission electron microscopy texts are Williams and Carter (1996), Thomas and Goringe 

(1979), Reimer (1993) and Hirsch et al. (1997). 

 

5.4.3.1 TEM Specimen Preparation 

The TEM specimens were prepared by both ion-milling method and cleave method.  

The material and TEM information sought after often drives the choice of TEM specimen 

preparation technique employed.  The general goal is to prepare a specimen without incurring  
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Table 5.8 Performance specifications of the JEOL 2010F electron microscope. 

Parameter Value 

Resolution Point-to-point 1.9 Å 
 Lattice Image 1.0 Å 
   
Gun Schottky FEG Emitter ZrO/W<100> 
 Probe Current 0.8 nÅ/nm 
 Accelerating Voltage 120-200 KV 
 Stability 1.0 eV 
   
TEM Imaging TEM Magnification Range 2,000 – 1, 500, 000 X 
 TEM Low Magnification Range 50 – 6000 X 
 Camera Length (at 200 kV) 8 – 200 cm 
   
STEM Imaging STEM Magnification Range 10,000 – 8,000,000 X 
 STEM Low Magnification Range 100 – 8000 X 
 Bright-field/Dark-field detectors  
 HAADF detector 40-100 mrad 
   
Probe Diameters TEM 2 – 5 nm 
 Nano-beam 0.5 – 2.4 nm 
 Convergent beam 0.5 – 2.4 nm 
 Scanning Transmission 0.14 nm 
   
Objective Lens Pole Piece Ultra high resolution 
 Focal Length 1.9 mm 
 Spherical Aberration Coefficient 0.5 mm 
 Chromatic Aberration Coeff. 1.1 mm 
   
Apertures Condenser Aperture 150, 70, 40, 30, 20 µm. 
 Objective Aperture 120,60, 20, 5 µm 
 Selective Area Aperture 100, 50, 20, 10 µm 
   
Specimen Stage X and Y Direction Range  ± 1 mm 
 Z Direction ± 0.1 mm 
 X-Tilt Range ± 15º 
   
Gatan Image Filter Slow-Scan CCD Size 1024 x 1024 
 CCD Cooling Peltier 
 Dynamic Range 14-bit 
 Isochromatcity  < 2 eV 
 Distortion < 3% 
 Energy Selecting Slit Width 2 – 50 eV 
 Energy Resolution at zero loss 0.6 mm Aperture: 1.5 eV
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damage such as surface amorphization or contamination that may obscure subtle details in 

the sample. 

Cleaving is a TEM specimen preparation technique for semiconductors and single-

crystal materials which produces atomically flat surfaces without incurring an initial 

amorphous layer. Ion-milling is the most common TEM specimen preparation technique for 

condensed matter materials, and the extent of surface amorphization can be kept to a 

minimum by ion-milling at a low incident ion angle and low sputtering energies (low 

accelerating voltage) towards the completion of the ion-milling procedure (McCaffrey et al., 

2001).  

Both the ion-milled and cleaved specimens were prepared as cross-section TEM 

specimens.  The cross-section specimens prepared for ion-milling were fabricated by bonding 

thin film surfaces of the 3mm × 1mm × 0.5 mm (substrate thickness) specimen face-to-face 

using M-Bond 610 adhesive.  These were then dimensionally roughed in on a 8-inch wheel 

grinder using 600 grit silicon carbide disc to about 3 mm × 1 mm x 60-70 µm thick with the 

thin film bond line oriented lengthwise and orthogonal to the newly polished surface.  A 

single side of the specimen was then wax mounted on a Pyrex dowel and then, using a Gatan 

Model 590 Tripod and diamond film paper, hand-polished to a scratch-free mirror finish 

when viewed under 60X power stereo optical microscope.  The specimens were then flipped 

over and wax mounted to the same Pyrex dowel for dimpling on a Gatan Model 656 Dimple 

Grinder to an approximate thickness of 10 µm.  These were then mounted on molybdenum 3 

mm O.D × 2 mm I.D. diameter support rings using M-Bond 610 adhesive.  The ion-milling 

was performed on a Gatan Model 691 Precision Ion Polisher Model.  The Argon fed ion guns 

were set at ±5º angles with respect to the specimen surface and Ar+ sputtering energies were 

in the range of 4 to 5 keV.  The ion-milling time ranged from 12 to 20 minutes depending on 

the dimpled thickness and ion gun voltage setting.   

Various amorphization layer thicknesses in Ar+ ion-milled Si at 3-5 keV and 3º-5º 

incident angle ranging from 2 to 6 nm have been reported (McCaffery et al., 2001; Barna et 

al., 1998; Schuhrke et al., 1992). Chiang and Hess (1989) reported 4 keV Ar+ penetration 

depths of 7 nm for plasma deposited SiNx resulting in reduced N:Si ratios.  In general, GaN 

has been found to be the most resistant to low-energy Ar+ ion damage (Pearton et al., 1994). 
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Cleaved cross-section samples were prepared using a technique developed by 

McCaffrey (McCaffrey, 1991; Walck and McCaffrey, 1997) by sectioning a Si to a size of 6 

mm × 6 mm. The 6 mm × 6 mm section is then wax mounted thin film side down to a Pyrex 

dowel where it is then worked down to thickness of ~80 µm using an 8-inch wheel grinder 

set up with a 600 grit silicon carbide disc.  The back side of the substrate is then diamond 

scribed in sections of 1 mm widths to be separated following removal from the dowel using 

three successive acetone wash baths. In preparing the 6 mm x 6mm section, care must be 

taken to identify the scribed planes and their relations to the lower energy (to be) cleaved 

planes.  The 6 mm × 6 mm section cut should be rotated approximately 15º to 20º with 

respect to the intended planes of cleavage, e.g. lower order miller indices. The goal is for the 

cleaved specimens to exhibit a reasonably low angled point somewhere between 15º to 25º.  

Although ideal, a smaller angle will result in a specimen that is too fragile and a much larger 

angle will prove to minimize electron-transparent regions of interest. 

The sectioned 6 mm × 6 mm piece should yield twelve 1 mm × 3 mm sections from 

which cross-section splinters can be produced using a very fine diamond scribe working 

under a 30-40X stereo microscope with good lighting.  The most promising cleaved 

specimens are set aside for final inspection and acceptance using a 1000X optical microscope 

prior to mounting.  The selected specimens are mounted on a tabbed copper ring designed for 

this application using a silver loaded epoxy, which is then temperature cured.   

 

5.4.4 Scanning Transmission Electron Microscopy 

High-resolution scanning transmission electron microscopy (STEM) is based on the 

formation of an electron probe of atomic dimensions. The electron optics of the electron 

microscope above the specimen are so aligned as to make the smallest probe possible at the 

specimen surface. The tuning, alignment and optimizing of the electron probe is achieved 

using the electron “Ronchigram”, or “shadow image”, which is based on the intensity, 

formed at the microscope Fraunhofer diffraction plane (Browning et al., 2000).  

Z-contrast imaging is a scanning transmission electron microscopy (STEM) method 

by which composition changes at the atomic level may be observed (Wang and Bently, 

1991). Z-contrast images (Nellist and Pennycook, 1999) are formed by collecting the high- 

angle scattering (40-100 mrad at 200 kV) (James and Browning, 1999) on an annular 
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detector, e.g., high-angle annular-dark-field (HAADF) detector as shown in Figure 5.4. 

Compositionally sensitive information due to thermal diffuse scattering of the electrons to 

high angles is thus associated with localized scattering close to atom nuclei (Wang and 

Bently, 1991).  

The individual atoms are considered as independent scattering centers. Atomic 

scattering factors are replaced by atom cross sections that approach a Z 2 dependence on the 

atomic number. These scattering cross sections form an array of strongly peaked object 

functions that are correlated with the atom sites. Thus for very thin specimens where 

dynamical diffraction is not possible, the detected intensity instead consists of a convolution 

of this object function with the probe intensity profile (Nellist and Pennycook, 1999). Since 

the width of the atom object function is on the order of ~0.2 Å, the spatial resolution is 

limited mainly by the probe size of the microscope (Browning et al., 2000).  

Providing the interatomic distances are greater than the scanning incident probe size 

and the crystalline material is in a zone-axis orientation, the illuminated atomic columns will 

be visible as the probe is scanned over the specimen surface. Therefore, an atomic resolution 

compositional map is generated in which the intensity varies with the average atomic number 

of the column atoms (Browning et al., 2000).  

STEM is very different than conventional TEM because it is not necessary to refocus 

scattered electrons. The image is formed by detecting the electron flux scattered in some 

direction as a function of probe position. The electrons are scattered through angles 

considerably larger than the scattering angles employed in a conventional TEM (Pennycook 

and Jesson, 1991). 

 

5.4.5 Electron Energy Loss Spectroscopy 

The imaging of intensity or phase variations of the electron beam propagating through 

a specimen using TEM or STEM yields limited information pertaining directly to the 

material composition.  Electron energy loss spectroscopy (EELS) is an energy-filtering 

method that for this research uses parallel detection electron energy loss spectroscopy 

(PEELS) to acquire and identify the spectrum of electron energy losses associated with the 

specimen compositions.  The information in these spectrums not only identifies the 

compositional material, but also can be used to determine local electronic structures and local  



 105

 
Figure 5.4  Diagram illustrating the simultaneous detection of the scattered and 

unscattered beams respectively using high-angle annular dark-field 
detection and a CCD camera coupled through a post-column electron 
energy filter for bright field detection.  

 

 

chemical bonding (Brydson, 2001). Table 5.8 lists the additional information that may be 

obtained from the inelastic scattering and the resulting energy losses of the incident electron 

beam interaction with the specimen atoms (Brydson, 2001). 

The physical principle behind EELS is based on the interaction of the fast electron 

(200 kV) with the specimen electrons to cause either collective excitations of electrons in the 

conduction band or discrete transitions between atomic energy levels (Egerton, 1996). The  
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Table 5.9 CTEM/STEM techniques highlighting the additional benefits of combining 
with EELS. (after Brydson, 2001)  

Technique Information Provided Benefits combined with EELS

 CTEM Microstructure EFTEM 
 Phase mapping 
 Concentration mapping 

 HRTEM Atomic structure EFTEM 
 Removal of inelastic background 
 Chemically specific information 

 SAED Crystal structure Orientation-dependent EELS 
EFTEM 
 Removal of inelastic background 

 CBED Crystal structure, 
crystallography and space 
group symmetry 

EFTEM 
 Removal of inelastic background 

 STEM bright field Microstructure/atomic 
structure 

Energy filtered BF-STEM 

 STEM, high-angle 
 annular dark field 

Microstructure/atomic 
structure/atomic number 

EELS point analysis 
Linescans 
Spectrum imaging 

 

 

observation of these discrete atomic transitions allows compositional analysis by EELS, due 

to the fact that the characteristic energy losses associated with the transitions are unique for 

each element. Moreover, the transitions to unoccupied states above the Fermi level provide 

information on the local electronic structure (bonding) changes (Browning et al., 2000).  

The inelastic scattering processes observed in the EELS spectrum is illustrated in 

Figure 5.5.  The zero-loss peak composed of elastically and thermally diffuse scattered 

electrons produce incoherent image patterns. Thermal diffuse scattering (or phonon 

scattering) is the result of scattering from atomic vibrations in crystals. This process does not 

introduce any significant energy loss. The low-loss region from ~1 eV to ~50 eV does not 

present strong compositional information because the signal is dominated by valence loss 

electrons (or plasmon-loss for metals and semiconductors) due to transitions from the valence 

band to the conduction band with scattering closely related to the material’s valence band 

structure (Wang, van Heerden et al., 1997). The background observed in the EELS spectrum 

is produced by scattering processes of multiple valence losses, Bremsstrahlung radiation and  
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Figure 5.5  Electron energy loss spectrum. 

 

 

electron Compton scattering. The Bremsstrahlung is the result of a continuous energy-loss 

process generated by electrons penetrating and colliding with the specimen atoms, thus 

producing electromagnetic radiation. Electron Compton scattering is the collision of the 

incident electrons with a specimen electron, resulting in a broad energy-loss peak ranging 

from a few tens of eV to several hundred eV. The contribution of these processes must be 

subtracted from the recorded data in order to extract composition-sensitive image maps 

(Wang, van Heerden et al., 1997).  

To quantitatively extract the chemical composition information, two energy selected 

images are recorded with the energy-selecting window placed at two pre-edge energy losses. 

The background image is subtracted from the recorded image when the energy-selecting 

window is positioned at the ionization edge. Following the subtraction of the background, the 

intensity variation in the energy is proportional to the thickness-integrated concentration of 

the corresponding element. For in-depth discussion on the subject of elemental quantification 

using EELS, texts by Brydson (2001) and Egerton (1996) are recommended reading. 
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The PEELS system, shown in Figure 5.4, is based on a single 90º magnetic prism 

mounted to the bottom of a TEM JEOL-2010F. The system is composed of four components: 

TEM, electron energy-loss spectrometer (EELS), energy-filtering system and charge coupled 

device (CCD) camera for digital data recording. The energy filtering occurs after the 

electrons have passed through all the lenses belonging to the TEM, i.e. post-column EELS. 

The electrons are dispersed by magnetic sectors shown in Figure 5.4, where upon exiting, 

electrons having different velocities (or energies) are focused on different positions in the 

plane of the energy-selecting slit. The energy-selecting slit can be controlled to select 

electrons with a particular range of energy losses. A set of deflectors and dipole, quadrapole, 

and sextapole lenses then re-disperse the selected electrons to form the image, which is 

digitally recorded using the CCD camera (Wang, van Heerden et al., 1997).  

The electron energy loss spectroscopy (EELS) instrumentation used in this research is 

a post-column Gatan imaging filter (GIF) 200 equipped with a multi-scan camera (MSC) 

configured with Peltier cooled 1024 pixel ×1024 pixel array charged coupled detector (CCD) 

as shown in Figure 5.4. The GIF-200 is digital and computer controlled for automated tuning, 

CCD data collection, slit width control, and the insertion of various size spectrometer 

apertures.  The GIF-200 system can act as a parallel EEL-spectrometer (PEELS) as well as 

an energy-filtering imaging system (EFTEM).  In the spectroscopy mode, the slit is 

withdrawn from the beam path and the dispersed energy-loss spectrum is projected through 

the post-slit lens assembly onto the CCD camera.  For imaging, the post-slit lens assembly 

forms an image instead of a spectrum.  If the slit is inserted, the result will be an energy-

filtered image for improved contrast, better resolution or contain elemental distribution 

information.  With a retracted slit, the GIF acts as a conventional digital camera.  

The man-machine interface for controlling the PEELS system and acquiring images is 

facilitated by Gatan’s Digital Micrograph™ software, which is an application used for 

acquiring, visualizing, analyzing, and processing digital image data, primarily within the 

context of electron microscopy. This software is further enhanced with attachments (plug-

ins) to perform a variety of tasks that can control and acquire images and data from CCD 

cameras, PEELS system, imaging filters, real time fast Fourier transform (FFT) analysis, as 

well as control a STEM scan generator/recorder (Digiscan™). 
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5.4.5.1 Energy Filter TEM Image Maps 

Energy filtered TEM can be used to 1) enhance contrast in imaging and diffraction, 2) 

perform elemental mapping and 3) chemical mapping, as well as elemental and chemical 

analysis.  The inelastically scattered electrons degrade the image contrast as a result of the 

chromatic aberration of the TEM objective lens, since only one electron energy can be 

precisely focused.  Thus by reducing the energy window through energy filtering, the effects 

of chromatic aberration are reduced, i.e., inelastically scattered electrons in the recorded 

image are removed so that quantitative structural and/or chemical information can be 

acquired (Wang, van Heerden et al., 1997). This is especially useful for thick and low Z 

specimens, as well as for quantitative CBED.   

Elemental mapping involves imaging with an energy loss corresponding to an inner-

shell loss edge to produce images in which regions that contain the element and therefore 

give rise to an edge, e.g., become brighter.  Combining two or more such images taken at 

different energies can produce ratio images (two images combined) or elemental maps (three 

or more images combined).  Elemental maps with a spatial resolution of about 1 nm are 

achievable. Chemical mapping involves different chemical states of the same element often 

exhibiting characteristic spectral features that are sensitive to the types of chemical bonds 

present. The energy-selected electron image data is arranged in three-dimensional space so 

that the energy loss of the electrons (z-axis) is arrayed against the two-dimensional x and y 

real space coordinates correlated to the electron beam illuminated area of the specimen. The 

chemical-composition map is approximately proportional to the intensity ratio of background 

subtracted images recorded from two ionization edges (Wang, van Heerden et al., 1997).  

 

5.4.5.2 Spatially Resolved EELS 

Combining Z-contrast imaging with EELS allows the acquisition of information 

pertaining to atomic structure, chemical composition, as well as the atomic scale electronic 

structure at interfaces and defects (Browning et al., 2000). Since the annular detector used for 

Z-contrast imaging, in Figure 5.4, does not interfere with the low-angle scattering used for 

EELS, the Z-contrast image formed by positioning the STEM probe on a specific area of 

interest can acquire EELS data (Duscher et al., 1998). The Gatan DigiScan is designed for 

the acquisition and processing of STEM images, which enables the collection of digital 



 110

format STEM images of the specimen, as well as allowing the locating of a specimen area 

detail for analysis using EELS.  

Similar to Z-contrast images, an object function is localized within 1 Å of the atom 

cores and the STEM probe is of atomic dimensions. Therefore, the atomic resolution of the 

energy loss spectrum will be the same as that of the Z-contrast image (Rafferty and 

Pennycook, 1999; Browning et al., 2000).  

 

5.4.6 Photoluminescence 

Photoluminescence was conducted on a Hitachi F-2500 Fluorescence Spectrometer 

configured with a Xe-lamp excitation source, emission and excitation monochromators and a 

photomultiplier.  The wavelength range is from 220 nm to 730 nm (accuracy ± 3.0 nm) for 

excitation and emission, as well as zero-order light.  Typical signal-to-noise performance is 

equal to or greater than 450 based on the Raman spectra of water using an excitation 

wavelength of 350 nm, slit width of 10 nm and a response setting of 2 seconds.  
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RESULTS AND DISCUSSION 

 

The measurement results for each of the III-Nitride samples and their corresponding 

experimental conditions, outlined and discussed in Chapter 5, are presented herein.  The III-

Nitride samples listed in Table 6.1 are keyed to the results and discussion Sections 6.1 and 

6.2, respectively.  The XRD, TEM, EELS and Z-contrast measurement results for each 

sample are presented in separate sections, which are categorized by thin film growth category 

with the exception of the consolidated photoluminescence results for GaN on silicon in 

Section 6.1.5. The chapter concludes with discussions on the measurements and 

characterizations performed on each of the samples in Section 6.2. 

 

6.1 Results 

Aluminum nitride was deposited directly on Si(111) according to the experimental 

conditions presented in Table 5.4. The substrate temperature was found to strongly influence 

the outcome differences between the two depositions with sample 2001-01 deposited at 620 

°C and sample 2002-08 deposited at 720 °C.  

Gallium nitride was deposited on Si(111) per the experimental conditions listed in 

Table 5.5. The major difference in the deposition of the GaN/Si(111) samples 2002-13 and 

2002-15 is also temperature.  A one-step growth process at constant temperature was not as 

successful as it was for AlN/Si(111) due to the comparative ease of nitridation at the Si 

surface for GaN.  Therefore, modified temperature profiles and laser pulse repetition rates as 

described in Figure 5.2 were used to solve the problem of nitridation. 

For a control reference, a single growth of GaN/Si(111) using an alternating 

AlN/GaN buffer layer technique was performed per the deposition procedures listed in Table 

5.6 for sample 2004-11. 

Several attempts were made at growing epitaxial GaN film directly on Si(001).  A 

similar method of customizing the substrate temperature at the initial stages of growth was 

used since this method was shown to be successful for GaN/Si(111).  The results were not as 

desired, but the polycrystalline GaN thin film exhibited some interesting structures.  
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Table 6.1 List of research samples with results presented and discussed. 

Description Sample No. Results/Discussion 

 AlN/Si(111)  2001-01 6.1.1 / 6.2.1 

 AlN/Si(111)  2002-08 6.1.1 / 6.2.1 

 GaN/Si(111)  2002-13 6.1.2 / 6.2.2 

 GaN/Si(111)  2002-15 6.1.2 / 6.2.2 

 GaN/AlN(111)  2004-11 6.1.3 / 6.2.3 

 GaN/Si(100)  2004-04 6.1.4 / 6.2.4 

 GaN/Si(100)  2004-06 6.1.4 / 6.2.4 

 GaN/Si(100)  2004-07 6.1.4 / 6.2.4 

 

 

The details of the setup of the deposition parameters are listed in Table 5.6 and the 

Si(100) substrate temperature profiles are shown in Figure 5.3. 

 

6.1.1 Aluminum Nitride on Si(111) 

The X-ray diffraction (XRD) data are plotted in Figure 6.1.  The results show a much 

stronger peak for sample 2002-08, indicative of the greater film thickness for the higher 

temperature deposition.  The quantitative XRD data is comparatively listed in Table 6.2. 

Cross-section TEM specimens were prepared using the procedure described in 

Section 5.4.3.1.  The bonded 1 × 3 mm sections were cut orthogonal to each other from the 

same sample to yield both the <110> and <211> viewing directions for the same TEM 

specimen. 

Figure 6.2 presents the TEM selected area electron diffraction (SAED) patterns 

viewed from the <110> direction along with an electron diffraction simulation performed 

using a software application called Diffract (version 1.5a) on an Apple™ computer.  The 

SAED results show that epitaxial thin film growth of AlN on Si(111) occurs with an 

orientation of AlN(0001) || Si(111) and AlN[21̄1̄0] || Si[01̄1] and AlN[011̄0] || Si[2̄11].  The 

slight arcs visible in Figure 6.2(a) provide evidence of slight texturing of the AlN thin film 

for sample 2001-01.   

Interfacial strain fringes are visible in the low magnification TEM micrographs 

presented in Figure 6.3.  Atomically abrupt interfaces are clearly depicted in the high 
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Figure 6.1  X-ray diffractions of AlN deposited directly on Si(111) for (a) 
sample 2001-01 and (b) sample 2002-08. 
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Table 6.2 Summary comparison of the XRD results for AlN/Si(111) samples. 

Sample No. Temp. 
TS (a) 

Pulse 
Rate (b) 

Total 
Pulses 

Film (c) 
Thickness 

XRD 
Counts 

XRD 
FWHM  

2001-01 620 ºC 10 pps 10,000 130 nm 3,507 16 arcmin 

2002-08 720 ºC 10 pps 12,000 580 nm 10,708 15 arcmin 

(a) Temperature of substrate (TS) 
(b) Pulses per second (pps) 
(c) Film Thickness based on TEM micrograph measurements 
 

 

resolution TEM micrographs for both AlN/Si(111) samples 2001-01 and 2002-08 as 

illustrated in Figures 6.4 through 6.8.  Moreover, a chemically abrupt interface is evident by 

the STEM Z-contrast image in Figure 6.9. 

The epitaxial growth of AlN(0001) on Si(111) for this large mismatch system (~19%) 

is shown to occur by the domain matching of three sets of 5 {110} planes to 4 planes 

belonging to AlN (21̄1̄0), (12̄10) and (112̄0).  The shared trigonal symmetry of these two 

crystals results in plane domain matching regions with 3-fold symmetry. The experimental 

evidence for the m/n = 5/4 {110} plane matching is shown in Figure 6.8(b).  Also notice the 

variation with the occurrence of (m+1)/n +1) = 6/5 planes as predicted in Section 4.3.2.  

 

 

(a) AlN ○    (b)     Si  ● (c) 
 

Figure 6.2  Orientation of AlN(0001)/Si(111) SAED patterns viewed from the 
<110> direction of samples (a) 2001-01 and (c) 2002-08 is indexed 
with the aid of (b) electron diffraction simulation.   

(011̄0) 

(4̄22) 
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Si
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Figure 6.3  Low magnification TEM of AlN/Si(111) cross-section for samples 

(a) 2001-01 and (b) 2002-08 viewed from the Si <110> direction. 
 

 

 

5 nm

Si

AlN 5 nm

Si

AlN

(a) (b) 
 
Figure 6.4  High resolution TEM of AlN(0001)/Si(111) cross-section sample 

2001-01 viewed from the Si (a) <110> and (b) <211> directions. 
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Figure 6.5  High resolution TEM of AlN(0001)/Si(111) cross-section sample 

2002-08 viewed from the Si (a) <110> and (b) <211> directions. 
 

 

(a) (b) 
 
Figure 6.6  High resolution TEM of AlN(0001)/Si(111) cross-section sample 

2001-01 illustrating details of the interface viewed from the Si (a) 
<110> and (b) <211> directions. 
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Figure 6.7  High resolution TEM of AlN(0001)/Si(111) cross-section sample 

2002-08 illustrating details of the interface viewed from the Si (a) 
<110> and (b) <211> directions. 

 

(a) (b) 
 
Figure 6.8  AlN/Si(111) sample 2001-01: (a) masked FFT of HRTEM in the  

<211> direction to select the (2110) || (110) planes and the resulting 
(b) inverse FFT illustrating the predominant 5:4 domain matching 
ratio of AlN [21̄1̄0] to Si [11̄0] planes. 
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Si

AlN

 

Figure 6.9  STEM Z-contrast image of the AlN/Si(111) cross-section sample 
2001-01 illustrating a chemically abrupt interface region. 

 

 

6.1.2 Gallium Nitride on Si(111) 

The orthogonal viewing directions of [01̄1] and [21̄1̄] were provided for in the TEM 

specimen preparation the same as that described in Section 6.1.1. The difference in the 

deposition parameters yielded very different XRD results plotted in Figure 6.10 and the XRD 

values tabulated in Table 6.3. The XRD results for sample 2002-15 is much improved over 

that of sample 2002-13 with the exception of a small peak at ~1.5% of the count amplitude of 

the GaN(0001) peak.  This small peak is located at 2θ = 36.9°, which best correlates with 

GaN(101̄1).   

The SAED patterns viewed from the <110> direction and the electron diffraction 

simulation are shown in Figure 6.11.  These results show epitaxial growth of GaN on Si(111) 

and the orientation as GaN(0001) || Si(111), GaN[21̄1̄0] || Si[01̄1] and GaN[011̄0] || Si[2̄11].  

The slight streaks in the [0002] direction, in Figure 6.11, provide evidence of stacking faults 

parallel to the basal plane of the GaN thin film which is more noticeable for sample 2002-15. 

The difference in the measured results of these two depositions of GaN/Si(111) are 

most evident at the interface when observing the high resolution TEM (HRTEM) images.   
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Figure 6.10  X-ray diffractions of GaN deposited directly on Si(111) for (a) 
sample 2002-13 and (b) sample 2002-15. 



 120

Table 6.3 Summary comparison of the XRD results for GaN/Si(111) samples. 

Sample No. Temp. 
TS (a) 

Pulse 
Rate (b) 

Total 
Pulses 

Film (c) 
Thickness 

XRD 
Counts 

XRD 
FWHM  

2002-13 665 ºC 10 pps 36,000 380 nm 12,885 31 arcmin 

2002-15 580 ºC 12 pps 21,600 2100 nm 150,821 18 arcmin 

(a) Temperature of substrate (TS), see Figure 5.2 for temperature profile details 
(b) Pulses per second (pps) 
(c) Film Thickness based on TEM micrograph measurements 
 

 

Strain fringes in the Si substrate are not evident in the low magnification micrographs of 

sample 2002-13 in Figure 6.12 as compared to sample 2002-15 in Figure 6.13 suggesting that 

the film for sample 2002-13 is completely relaxed. Moreover, measurable strain was not 

evident in the XRD results for sample 2002-13.  The strain fringes in Figure 6.13 are not as 

prevalent as the AlN/Si(111) interface strain fringes in Figure 6.3.  Although not as much of 

the interface is visible in Figure 6.13 as in Figure 6.3, the author’s review of unpublished 

micrographs of this region of sample 2002-15 confirms this observation. 

The low magnification micrograph in Figure 6.13(a) of sample 2002-15 reveals a 

number of narrow lines in the GaN epilayer oriented parallel to the interface.  It is proposed 

that these lines are indicative of stacking faults, which is consistent with the SAED results 

shown in Figure 6.11(c).   

 

 
(a) GaN ○    (b)     Si  ● (c) 

 
Figure 6.11  Orientation of GaN(0001)/Si(111) SAED patterns viewed along the 

<110> direction of samples (a) 2002-13 and (c) 2002-15 is indexed 
with the aid of (b) electron diffraction simulation.   
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Another notable difference observed at the GaN/Si(111) interface is the formation of 

a 2 to 3 nm thick amorphous region at the interface for sample 2002-13 shown in Figures 

6.14 and 6.16, compared to the nearly abrupt interface for sample 2002-15 in Figures 6.15 

and 6.17. 

The interface region for sample 2002-15 in Figures 6.15 and 6.17 reveals Si surface 

steps with terraces averaging 6 to 7 nm in width, corresponding to a vicinal Si substrate 

miscut at approximately 2°-3°.  The island shapes are recognizable in Figure 6.15(a) and 

regions of limited amorphization are observed in Figure 6.17.  

The Si surface step edges appear etched to the degree they present facets with an 

angled face ranging from 13° to 30° with respect to the interface plane.  These edges can 

present favorable growth conditions for the nucleation of other phases and/or orientations of 

GaN, e.g., a possible source for the GaN(101̄1) XRD peak observed in Figure 6.10(b).  

Although faceting is observed, step bunching (coarsening) was not evident.  However, the 

initial stage of terrace widening appears evident in Figure 6.15(a), but did not appear to 

completely occur given the overall average of the measured step widths correlate well with 

the Si substrate miscut.  

Moreover, the step etching implies that Si atoms became availabe to form silicon 

nitride islands.  Researchers have suggested that this may be due to these islands acting as 

step pinning sites during the step flows (Ha et al., 1999).  With the aid of Gatan’s Digital 

Micrograph®, atom ordering and subsequent FFT patterns can be observed within these 

islands different than that of the surrounding GaN(0001) and Si(111) structure as shown in 

Figures 6.22 and 6.23.   

The HRTEM images in Figure 6.17 were rotated and further magnified using image 

processing means and then presented in Figure 6.18 to clearly illustrate the nearly abrupt 

interface with occurrence of very slight amorphization. 

The epitaxial growth of GaN(0001) on Si(111) for this large mismatch system 

(~17%) is shown to occur by the domain matching of three sets of 6 {110} planes to 5 planes 

belonging to GaN (21̄1̄0), (12̄10) and (112̄0).  The shared trigonal symmetry of the two 

crystal systems forms domain matching areas with 3-fold symmetry. The experimental 

evidence for the m/n = 6/5 {110} plane matching is shown in Figure 6.19.  Note the variation 

with the less frequent occurrence of (m-1)/n-1) = 5/4 planes as predicted in Section 4.3.2. 
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Figure 6.12  Low magnification TEM of GaN/Si(111) cross-section sample 2001-

13 viewed from the Si (a) <110> and (b) <211> directions. 
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Figure 6.13  Low magnification TEM of GaN/Si(111) cross-section sample 2001-

15 viewed from the Si (a) <110> and (b) <211> directions. 
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Figure 6.14  High resolution TEM of GaN/Si(111) cross-section sample 2002-13 

viewed from the Si (a) <110> and (b) <211> directions. 
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Figure 6.15  High resolution TEM of GaN/Si(111) cross-section sample 2002-15 

viewed from the Si (a) <110> and (b) <211> directions. 
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Figure 6.16  High resolution TEM of GaN/Si(111) sample 2002-13 showing 

interface details viewed from the Si (a) <110> and (b) <211> 
directions. 
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Figure 6.17  High resolution TEM of GaN/Si(111) sample 2002-15 showing 

interface details viewed from the Si (a) <110> and (b) <211> 
directions. 
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The mechanism for the amorphization of the interface of sample 2002-13 was 

investigated by preparing a TEM specimen by cleaving as described in Section 5.4.3.1.  

Cleaving is an alternative low energy process with minimum impact on the TEM specimen.  

The comparative results are presented in Figures 6.20 and 6.21. 

The amorphized interface in Figure 6.20(a) ranges in thickness from 2 to 3 nm.  

Although some faint amorphous regions appear in the same sample prepared by cleaving in 

Figure 6.20(b), a nearly abrupt interface is observed, as is more clearly visible in Figure 

6.21(b).  Note the clear outline of the island shape at the interface in Figure 6.21(b). 

The inset in Figure 6.21(a) serves to illustrate the degree of amorphization in the 

conventional prepared TEM specimen of sample 2002-13.  This was performed by summing 

64×64 FFTs across the amorphized interface of the TEM specimen image of sample 2002-13.  

The cleaved sample 2002-13 in Figure 6-20(b) appears to show faint images of 

island-like shapes, especially towards the lower right corner of the images where the cleaved 

wedge decreases in thickness.  The image in Figure 6-20(b) was further magnified as shown 

in Figure 6-21(a) and the stepped surface of the Si(111) is outlined.  Investigation of the 

interface region in reciprocal space using a 128×128 FFT revealed stable, sharp and 

consistent diffraction spots as shown in Figure 6-22(b), which were found to be unrelated to 

GaN or Si.   Filtering the image in Figure 6-22(a) by performing an inverse FFT on these 

isolated planes produced the image in Figure 6-22(c) with easily discernable pyramid shaped 

structures in contrast to the surrounding GaN and Si crystal structures.  The island pyramid 

images improve towards the right side of the image because the cleaved specimen thickness 

decreases in that direction.  The dynamical diffraction of the electron wave moving through 

alternating islands and the GaN epilayer in the inter-island regions diminishes the phase 

contrast of island pyramid image for the thicker regions of the TEM specimen.  Since the 

images of what appears to be islands on the left side are faint, they were left unmarked. 

The island spacings in Figure 6.22 appear nearly uniform, averaging a 3.65 ±0.2 nm 

between islands center-to-center.  The island spacing is close to that of the aligned spacings 

of domain matching regions in Figure 4.6(b) for 9 and 10 Si(01̄1) interplanar distances 

summing to 3.46 and 3.84 nm, respectively along the [2̄11] direction.  

Closer examination of the cleaved interface reveals a structure in Figure 6.23(a) 

between islands other than that of the Si substrate and GaN epilayer. Again applying the tools 
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in Digital Micrograph®, a 128×128 FFT performed on the interface region revealed 

diffraction spots in Figure 6.23(b) that do not correlate with the GaN(0001) or Si(111) 

diffraction patterns.  Subsequently, diffraction spot selection and an inverse FFT shows an 

interface structure in Figure 6.23(c) for which the real space plane spacing do not match with 

the Si substrate and GaN film plane spacing.  Additionally, the atomic spacing within the 

island identified by its shape is different than the atomic spacing immediately to its left.  The 

interface region measured 1.5 ±0.1 nm which is nearly consistent with the measurements of 

the amorphous region of the conventionally prepared TEM specimen. 

The elemental distribution across the interface of the conventionally prepared TEM 

specimen of sample 2002-13 was investigated using scanning transmission electron 

microscopy (STEM) and electron energy loss spectroscopy (EELS) in the line scan mode.  

The energy loss spectrum of the zero loss peak and subsequent inelastic (plasmon) scattering 

in Figure 6.24 confirmed the TEM specimen to be sufficiently thin based on the absence of 

multiple inelastic scattering peaks, foregoing the need to perform any Fourier transform 

deconvolution techniques to remove these unwanted peaks.   

The electron energy loss edges are: Si – 99 eV, N – 401 eV and Ga – 1115 eV.  Since 

the energy spectrum width is 1000 eV for a single scan, Si was not included. Several EELS 

point measurements were performed to collect Si concentration data near and at the interface. 

The high resolution Z-contrast image of sample 2002-13 overlaid with the line-scan 

EELS analysis of the Ga and N atom concentration and distribution profiles as a function of 

depth at the interface is shown in Figure 6.25.  The distribution of Ga and N atom 

concentrations for the first 14 nm of GaN epilayer is congruent with the first ~4 minutes of 

growth.  The SiNx/Si(111) interface was precisely determined from trace amounts of oxygen 

detected in the EELS spectrum. The elemental ratio of Ga to N converges to a one-to-one 

stoichiometry after the substrate temperature decreases to less than 760 ºC.   

A separate EELS spot analysis at the center of the interlayer region yielded an Si/N 

elemental ratio of 0.28 ±0.048 with the Si atom concentration measured at about 3.7×1021 

atoms/cm3 and N at 2.3×1022 atoms/cm3 indicating the SiNx interlayer composition to be sub-

stoichiometric to the Si/N ratio of 0.75 for Si3N4. The presence of Ga is also identified in the 

SiNx interlayer region.  
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(a) (b) 
 
Figure 6.18  Close up HRTEM of GaN/Si(111) sample 2002-15 interface viewed 

from the Si (a) <110> and (b) <211> directions. 
 
 

(a) (b) 
 
Figure 6.19  GaN/Si(111) sample 2001-01: (a) masked FFT of HRTEM in the  

<211> direction to select the (2110) || (110) planes and the resulting 
(b) inverse FFT illustrating the predominant 6:5 domain matching 
ratio of GaN [21̄1̄0] to Si [11̄0] planes. 
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Figure 6.20  High resolution TEM of GaN/Si(111) sample 2002-13 viewed from 

the <110> direction showing the interface difference between (a) ion-
mill and (b) cleave specimen preparation methods. 

 
 

GaN

Si
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Figure 6.21  HRTEM of GaN/Si(111) sample 2002-13 viewed from the <110> 

direction showing the difference at the interface of (a) ion-mill and 
(b) cleave specimen preparation. The inset (a) is a 64×64 FFT to 
verify the interface is amorphous. 
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Figure 6.22  HRTEM image of cleaved sample 2003-13 viewed from the <110> 
direction further magnified from Figure 6.20(b) to illustrate the (a) 
step and island formations at the interface. The islands were 
identified by (b) FFT filtering the identifiable island plane diffraction 
spots and taking the (c) inverse FFT to accentuate the pyramid 
shaped islands. 
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Figure 6.23  HRTEM of cleaved GaN/Si(111) sample 2002-13 interface from the 

<110> direction. The (a) unprocessed image was (b) filtered for 
identifiable planes using a 128×128 FFT followed by (c) inverse FFT 
of these interface planes. The plane spacings in the interface region 
do not correspond to known GaN(0001) or Si(111) plane spacings. 

 

 

6.1.3 Gallium Nitride/Aluminum Nitride on Si(111) 

Beginning with the Si(111) surface, a first buffer layer of 25 nm thick AlN was 

deposited, followed by an alternating GaN/AlN superlattice (SL) beginning with a 200 nm 

thick GaN layer and ending with 20 nm thick AlN layer for 4 complete cycles.  The final 

GaN thin film epilayer was deposited for a total thickness of approximately 2 µm.  A strong 

XRD peak for GaN(0002) shown in Figure 6.26(a) and quantitatively listed in Table 6.4 is 

indicative of the thick GaN epilayer.  The AlN(0002) XRD peak in Figure 6.26(b) is 

associated with the AlN buffer layer and AlN layers in the SL region. 

The HRTEM micrographs in Figure 6.27 show that the first AlN and GaN layers 

exhibited excellent structure and uniformity.  The interface regions for the first two buffer 

layers in Figure 6.28 are very clean and abrupt. However, the first GaN layer presented a 

very irregular surface for the second AlN buffer as shown in Figure 6.27.   

A repetitive mask array applied to the visible diffraction spots of an FFT of sample 

2004-11 viewed from the <211> direction in Figure 6.28(b) are illustrated in Figure 6.29 

demonstrating the 5/4 domain matching of planes (diffraction spots) in reciprocal space. 
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Figure 6.24  EELS zero loss peak (ZLP) for GaN/Si(111) sample 2002-13 
illustrating no evidence of multiple inelastic scattering. The 
thickness-to-elastic scattering mean free path ratio t/Λ = 0.4873 for 
an electron acceleration E0 =200 kV and an experimental collection 
angle β = 13 mrad. 

 

 

 

Figure 6.25  EELS of GaN/Si(111) sample 2002-13 illustrating Ga and N element 
concentration levels as function of distance from the interface.  The 
background is STEM Z-contrast line scan from which EELS data 
was collected. 
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Figure 6.26  X-ray diffraction of GaN/AlN/Si(111) sample 2004-11 (a) full scale 
and (b) limited scale to magnify the AlN buffer layer peak. 
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(b) 
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Figure 6.27  Low magnification TEM of GaN/AlN/Si(111) sample 2004-11 

viewed from (a) the <110> and (b) the <211> directions. AlN layers 
are 20-25 nm thick and the GaN layers are 200 ±10 nm thick. 
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Figure 6.28  High resolution TEM of GaN/AlN/Si(111) sample 2004-11 viewed 

from the Si (a) <110> and (b) <211> directions. 
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Figure 6.29  FFT mask of GaN/AlN/Si(111) sample 2004-11 viewed from the 
<211> direction illustrating domain matching 5:4 of 
AlN{2110}:Si{110} planes in reciprocal space. 

 

 

Table 6.4 Summary of the XRD results for GaN/AlN/Si(111) sample. 

Sample No. Temp. 
TS (a) 

Pulse 
Rate (b) 

Total 
Pulses 

Film (c) 
Thickness 

XRD 
Counts 

XRD 
FWHM  

2004-11 (a) ºC 10 pps 23,300 ~2000 nm 163,528 11 arcmin 

(a) Temperature of substrate (TS), see Table 5.6 for temperature details 
(b) Pulses per second (pps) 
(c) Film Thickness based on TEM micrograph measurements 
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6.1.4 Gallium Nitride on Si(100) 

The plots in Figure 6.30 show the XRD results for GaN/Si(001) samples: 2004-04, 

2004-06 and 2004-07 grown at various temperature profiles shown in Figure 5.3.  Sample 

2004-04 with the strongest XRD peak was grown at the lowest of the three substrate 

temperatures.  The XRD data revealed closely related hexagonal phases of (101̄0) (101̄1), 

(101̄2) for GaN in the thin film and these same GaN phases reoccurring for all three GaN 

thin film growths.  A small cubic phase GaN(002) XRD peak was also observed for sample 

2004-04. 

Comparing the tabulated XRD results in Table 6.5, the strongest peak at 2θ = 36.9° 

correlates to GaN(101̄1). The GaN(101̄1) peak at nearly an order of magnitude or greater 

than any of the other GaN phases was used as the figure of merit to optimize the growth 

parameters, although the cubic phase GaN was originally sought. 

The SAED pattern in Figure 6.31(a), although complex, was successfully indexed 

using a electron diffraction software simulation tool with the results illustrated in Figure 

6.31(b).  In addition to Si(001), three phases of GaN were identified in the XRD data with the 

wurtzite phase exhibiting two different orientations and two different GaN polarities. The 

occurrence of epitaxial GaN(101̄1) was found to exist in large grains with overall texturing as 

evidenced by arcs in the SAED and the micrographs obtain during TEM investigation. 

 

 

Table 6.5 Summary comparison of the XRD results for GaN/Si(001) samples. 

Sample No. Temp. 
TS (a) 

Pulse 
Rate (b) 

Total 
Pulses 

Film (c) 
Thickness 

XRD (e) 
Counts 

XRD 
FWHM  

2004-04 (a) 12 pps 21,600 ~2000 nm 3764 13 arcmin 

2004-06 (a) (b) 13, 890 (d) 1268 14 arcmin 

2004-07 (a) (b) 14,760 (d) 255 14 arcmin 

(a) Temperature of substrate (TS), see Figure 5.3 for temperature profile details 
(b) Pulses per second (pps), see Figure 5.3 for pulse rate details 
(c) Film Thickness based on TEM micrograph measurements 
(d) Not measured 
(e) XRD counts and FWHM for GaN(101̄1) peak only 
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Figure 6.30  X-ray diffraction of GaN/Si(001) samples (a) 2004-04, (b) 2004-06, 
and (c) 2004-07. 

(a) 

(b) 

(c) 
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The cubic GaN and hexagonal GaN were observed with the aid of the ‘Live FFT’ 

feature in Digital Micrograph® applied to the TEM micrographs in Figure 6.32(a). The 

GaN(0001) is angled with respect to the interface in Figure 6.32 to present the (101̄1) planes 

nearly parallel to the interface which is consistent with the GaN(101̄1) XRD peak.   

It is proposed that cubic phase GaN initially grows on Si(001) as predicted by domain 

matching epitaxy discussed, predicted and illustrated in Section 4.3.1.  The substrate 

temperature is sufficient for the mobile Ga and N adatoms to form islands, hence three-

dimensional growth.  Due to the cubic GaN 4-fold symmetry, the islands are four sided 

pyramids that present a (111) GaN surface on all four sides. 

The GaN(001) pyramid base is proposed to be positioned, as illustrated in Figure 

6.33(a), directly over the intersection of two intersecting domain matching planes.  The GaN 

(111) surfaces are depicted in Figure 6.33(b).  An ideal pyramid shape cuts the (111) surface 

such as to present alternating Ga-terminated and N-terminated surfaces when circumventing 

the pyramid shaped GaN(001) island.  

Once the GaN(001) islands grow to sufficient size, the angled pyramid (111) surfaces 

of GaN(001) present an energetically favorable surface from which to nucleate the more 

stable GaN(0001) depicted in Figure 6.34.  The angle GaN(0001) makes with the interface 

plane of this ball and stick model  is ~57°.  The result is such that the low order hexagonal 

GaN plane of (101̄1) lies parallel to the interface to within about 7°. 

The relative elemental distribution of Ga and N was investigated with EELS in the 

TEM imaging mode.  The resulting elemental jump maps are shown in Figures 6.35(a) and 

6.35(b) for Ga and N atoms, respectively.  The distribution of Ga is nearly uniform. 

However, the distribution of N is not uniform as shown by a rise in N concentration at and all 

along the interface, with some regions of N diffusion into the Si substrate clearly evident.  

Also evident is the darker or depleted region of N just above and adjacent to higher N 

concentration on the GaN side of the interface. 

 

6.1.5 Gallium Nitride Photoluminescence 

The results of the photoluminescence (PL) measurements are presented in Figure 6.36 

for all of the GaN samples types presented in this work. The same double peaks occurring at 

the approximate wavelengths of 460 and 480 nm occur throughout all of the PL  
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Figure 6.31  Selected area electron diffraction patterns of (a) GaN/Si(001) cross-

section sample 2004-04 viewed from the Si<110> direction and (b) 
computer simulation identifying four separate crystal structures. 

_
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Figure 6.32  HRTEM of GaN/Si(001) sample 2004-04 viewed from the <110> 

direction illustrating angled GaN(0001) basal planes viewed from the 
[21̄1̄0] direction and (b) illustrating GaN(001) island viewed from 
<110> direction relative to GaN(0001) viewed from [21̄1̄0]. 

 

 

 

measurements and are systematic of the PL measurement system, or are due to the same 

unintentional dopant(s) as a result from using the same GaN material target for all the GaN 

depositions performed as part of this research.   

All of the emission peaks are relatively broad with respect to much of the reported PL 

results in the literature.  The broad spectrum of the 150 W Xenon lamp used as an excitation 

source may be exciting many other ground states.  The room temperature GaN emission line 

is typically reported to occur at 3.4 eV. The comparative PL results are summarized in Table 

6.6. 

Interestingly the GaN/Si(111) sample with the unintended silicon nitride interface 

exhibited the narrowest PL peak nearest to the correct emission wavelength.  The GaN thin 

film was free of strain based on the complete absence of strain fringes in the TEM 

micrographs. Also, sample 2002-13 had the thinnest GaN thin film of all the growths. 
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(a) 

 
 

(b) 

 
 

 
Figure 6.33  Illustrations of (a) a GaN(001) island on Si(001) aligned with 

matching domains and (b) island detail illustrating (111) surface 
planes with alternating Ga and N surfaces terminations. 
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(a) 

 
(b) 

 
Figure 6.34  Illustrations of cubic-to-hexagonal GaN [111] || [0001] and [110] || 

[21̄1̄0] alignment for alternating (a) N-terminated GaN(0001) and (b) 
Ga-terminated GaN(0001). 
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Figure 6.35  Image mode EELS element jump-ratio maps of GaN/Si(001) cross-

section sample 2004-04 showing (a) uniform distribution of Ga and 
(b) non-uniform distribution of N with a relative concentration 
increase at Si surface and diffusion into Si. 

 

 

 

 

Table 6.6 Summary comparison of the room temperature PL results for GaN samples. 

Sample No. Description Excitation 
Wavelength 

Peak Emission 
wavelength  

Peak Emission 
Energy 

2002-13 GaN/Si(111) 250 nm 362 nm 3.42 

2002-15 GaN/Si(111) 260 nm 313 nm 3.96 

2004-11 GaN/AlN/Si(111) 250 nm 376 nm 3.30 

2004-04 GaN/Si(001) 240 nm 344 nm 3.60 
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Figure 6.36  Room temperature photoluminescence measurements of (a) 
GaN/Si(111) sample 2002-13, (b) GaN/Si(111) sample 2002-15, (c) 
GaN/AlN/Si(111) sample 2004-14, and (d) GaN/Si(001) sample 
2004-04. 
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6.2  Discussion 

The results were the presented facts and outcomes of depositions, experiments and 

measurements. Now the results for each of the four sample growth categories will be 

discussed herein. 

 

6.2.1 Aluminum Nitride on Si(111) 

The SAED patterns of the AlN/Si(111) cross-section samples viewed from the <110> 

zone axis confirmed epitaxial growth of AlN on Si(111).  The AlN/Si(111) epilayer-to-

substrate orientation of [0002]║Si[111] and [21̄1̄0]║Si[1̄10] and [011̄0]║Si[2̄11] were 

confirmed as reported by Vispute (1995) and Bourret (1998) for AlN deposited on Si(111). 

The slightly greater streaks along the [0002] direction for sample 2001-01 in Figure 6.2(a) is 

due to the reduced surface mobility of the Al and N adatoms on the lower temperature Si 

surface of sample 2001-01 as compared to the sample 2002-08. 

The HRTEM images of the <110> cross-sections for AlN/Si(111) show consistent 

epitaxial relations between these hexagonal structures and Si(111) for both samples 2001-01 

and 2002-08 in Figures 6.4 and 6.5, respectively. The transition from Si to AlN is very abrupt 

without any indication of an interface reaction and inter-diffusion. High resolution TEM 

cross-section images viewed from <110> of AlN/Si(111) in Figures 6.6 and 6.7 show a well-

defined epilayer of AlN on a silicon surface free of an amorphous interlayer. The silicon 

substrate remains atomically flat with some (111) atomic steps which are clearly observed at 

the interface.  

Compared to the propensity for the nitridation at the GaN and Si interface, the greater 

bond strength of Al-N does not allow Si-N to readily react even at the higher growth 

temperature of 720 °C. A greater degree of directionality exists in the AlN bonding than in 

GaN.  Sherwin and Drummond (1991) based this on the fact that the c/a ratio is 1.627 for 

wurtzite-GaN, which is near to the ideal 1.633, and the much lower value of 1.603 for 

wurtzite-AlN is an indication of the increased directionality of the bonding in that structure. 

Researchers Narayan (1992) and Vispute (1995) previously proposed domain 

matching epitaxy (DME) for large mismatch crystal systems involving nitrides on silicon 

substrates. To investigate the epitaxy relation of AlN [21̄1̄0]║Si[1̄10], high resolution images 

of the AlN(0001)/Si(111) cross-section sample viewed from the Si <422> zone axis were 
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obtained as shown in Figure 6.7(b).  Figure 6.8(a) shows the corresponding FFT image from 

the same area and the diffraction planes for AlN (21̄1̄0)║Si(1̄10) and AlN(0002)║Si(111) are 

marked. The set of AlN (21̄1̄0) and Si(1̄10) diffractions were masked in the FFT image.  

Thus, two beams are computationally activated to observe the lattice information only from 

AlN (21̄1̄0) and Si(1̄10) planes.  

The inverse FFT displayed in Figure 6.8(b) was obtained from the FFT in Figure 

6.8(a) similar to that reported by Schenk, Kaiser et al, (1999). The matching of AlN (21̄1̄0) 

and Si(1̄10) planes follows a 5 to 4 ratio with one extra AlN plane and probable misfit 

dislocation marked as ┴ for each domain. Therefore, in each domain, 4 of Si (1̄10) interplanar 

distances match with 5 of the AlN (21̄1̄0) interplanar distances. This matching of integral 

multiples of interplanar spaces of planes provides for a lattice misfit of about 1.28% given by  

 

1−= sfr ndmdε ,     (6-1) 

 

where df and ds are the lattice parameters or interplanar distances of film and substrate, 

respectively. In other words, each domain, ‘m’ times lattice interplanar distances in the film 

match with ‘n’ times lattice interplanar distances in the substrate, where the ‘m’ and ‘n’ are 

the simple integers based on the lattice mismatch between film and substrate. Further 

background discussions on DME are found in Section 4.1.2. 

Also observed is that the frequent 5/4 plane matching ratio occurs in combination 

with the less frequent occurrence of 6/5 matching domains.  The residual misfit of about 

+1.28% for AlN/Si(111) is further reduced by accommodation of the less frequently 

occurring 6/5 AlN/Si(111) domains in accordance with the domain variation principle of 

DME to provide for near zero stress matching (Narayan and Larson, 2003). 

 

6.2.2 Gallium Nitride on Si(111) 

It is recognized that the control of the initial stages of the heteroepitaxial growth 

process is as a key factor for quality crystalline GaN thin films on Si(111) (Yodo et al., 

2001). However, as previously discussed, the inherent difficulty with growing epitaxial GaN 

on Si(111) is derived from such factors as large lattice mismatch between GaN and Si(111), 

as well as strong chemical reactivity of Si with N reactants. Additionally there is the 
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influence of the unique properties of GaN: predominant ionicity, large difference in the 

covalent radii and chemical properties of Ga and N.  Zywietz et al. (1998) calculated the Ga 

adatoms to be very mobile on the surface with a surface diffusivity barrier of ~0.2 eV as 

compared to the mobility of the N adatom with a diffusivity barrier of ~1.5 eV. Since the 

diffusion barrier for N is high, the migration is slow and consequently the residence time of 

N is expected to be large.  At substrate temperatures of 590-650 ºC for growing epitaxial 

GaN thin films the very mobile Ga adatoms are competing with available reactive Si 

dangling bonds for the capture of the less mobile N adatoms. If the substrate temperature is 

lowered to minimize Si and N reaction, then Ga tends to react preferentially with N adatoms 

arriving at the growing surface before moving to energetically more stable sites, leading to 

columnar growth. Thus, the surface diffusion process is an important factor in determining 

the nucleation behavior. 

The small XRD peak located at 2θ = 36.9° in Figure 6.10(b) best correlates with 

GaN(101̄1). However, a contributing crystal structure could not be identified in the high 

resolution TEM and SAED results.  The XRD peak may be due to plane spacing associated 

with the cubic phase of the stacking faults observed as narrow lines parallel to the interface in 

the low-magnification TEM image and as [0002] streaks in the SAED image as shown in 

Figures 6.13(a) and 6.11(c), respectively. 

The SAED GaN patterns of the <110> cross-sections in Figure 6.11 confirm that 

epitaxial growth occurred for both the 2002-13 and 2002-15 samples despite the appearance 

of an amorphous-like interlayer shown in Figures 6.14 and 6.16.  The GaN/Si(111) epilayer 

to substrate orientation of  [0002]║Si[111] and [21̄1̄0]║Si[1̄10], and [011̄0]║Si[2̄11] was 

confirmed as reported by Nakada (1998) for GaN deposited on Si(111). 

The HRTEM images of the <110> cross-sections for GaN/Si(111) show consistent 

epitaxial relations between these hexagonal structures and Si(111) for both samples 2002-13 

and 2002-15 in Figures 6.14 and 6.15, respectively.  The vicinal surfaces of Si(111) appeared 

to stayed relatively intact based on the fact that step bunching or terrace widening was not 

prevalent. 

Compared to sample 2002-13 shown in Figure 6.14, the GaN Si-N formation for 

sample 2002-15 was limited to less than a monolayer by dynamically controlling the Si 

substrate temperature and the laser pulse deposition rate throughout the deposition process.  
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The overall objective was to reduce the barrier to surface diffusion by raising the substrate 

temperature for a time duraction limited to the epilayer formation of less than 2 ML and then 

followed by lowering the substrate temperature to limit Si-N bond formation. The resulting 

transition from Si to GaN is nearly an abrupt transition on the Si surface step terraces as 

compared to what appears to be the initial SiNx formation observed at the more reactive 

Si(111) step edges for sample 2002-15. 

The same investigative techniques described in Section 6.1.1 for the AlN/Si(111) 

samples were also applied to sample 2002-15 using the same crystal plane indexes due to the 

fact that AlN and GaN are of the same space group P63mc and the epilayer growths resulted 

in identical orientations of GaN(0001) || Si(111) and GaN[21̄1̄0] || Si[01̄1] and GaN[011̄0] || 

Si[2̄11] as shown in Figure 6.11. A DME ratio of 6/5 between the interplanar distances of 

GaN (21̄1̄0) and Si (1̄10) was observed in Figure 6.19(b) for a clean interface along most 

portions of the TEM micrograph in Figure 6.17(b).  A probable GaN misfit dislocations and 

one extra GaN plane are marked as ┴ in Figure 6.19(b) for each domain. This matching of 

integral multiples of (21̄1̄0)/(1̄10) lattice planes of 6/5 provides for lattice misfits of -0.44% 

given by equation (6-1). 

The principle of variational domain matching epitaxy was also observed in Figure 

6.19(b) for GaN/Si(111) with the frequent occurrence of 6/5 domains in combination with the 

less frequent occurrence of 5/4 matching domains.  Thus, the residual misfit is further 

reduced by accommodation of less frequently occurring 5/4 GaN/Si(111) domains in 

accordance with domain variation principle of DME to provide for the zero stress matching 

(Narayan and Larson, 2003). 

The HRTEM images of sample 2002-13 cross-section prepared by ion-milling are 

shown in Figures 6.20a) and 6.21(a). The interface appears to consist of an amorphous-like 

SiNx interlayer of about 2-3 nm thickness. However, for the same sample where the TEM 

specimen was prepared by cleaving, the interlayers in Figures 6.20(b) and 6.21(b) now 

appear to consist of localized islands as illustrated in Figure 6.22. These pyramid shaped 

islands exhibit an ordered layer structure up to nearly 2 nm in height. It is suggested that this 

structure is largely SiNx layers formed during high-temperature growth in the temperature 

range of 700-800 ºC where nitrogen diffuses to the GaN/Si interface rapidly reacting with 

available Si to form SiNx.  It is important to note that the formation of amorphous-like SiNx 
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occurs after the GaN epitaxy has already been established on the template of the Si(111) 

surface of the inter-island regions. 

The Si surface nitridation has been reported to initiate at ~ 600 ºC following 

desorption of hydrogen from the surface (Yoshimura et al., 1996; Wang, Zhai et al., 1999). 

Once the Si substrate is heated above this temperature, the thermally-induced hydrogen 

desorption restores the dangling bonds and the Si reactivity and out diffusion at the surface.  

The SiNx formation competes with the Ga and N adatoms to establish the first 

monolayer on Si, since the uppermost Si atoms are easily substituted for N atoms by the 

nitridation process at 800 ºC (Cervantes-Contreras et al., 2001). Attributed to both the 

reactive nature of the dissociated nitrogen ions and to the strong Si-N bonds (6.8 eV), 

nitrogen ions are expected to form bonds with Si atoms (Yoshimura et al., 1996).  Thus, the 

deposition process time is highly restricted at the high temperature regime in order to limit 

the nitridation process. 

In agreement with reported work (Ha et al., 1999; Wang, Zhai et al., 1999), silicon 

nitride islands appeared to nucleate at the vicinal surface of the Si(111) during initial 

exposure to dissociated nitrogen at elevated substrate temperatures 700 to ~800 + ºC (Bauer 

et al., 1995, Tabe and Yamamoto, 1997). 

The structure and element composition of these islands have not been accurately 

ascertained.  However, it may be suggested that SiNx islands receive Si from the substrate 

based on reported Si migration from the substrate into III-nitride thin films (Graupner et al., 

2000) and into the partially nitrided interlayer region at the interface (Zhao and Bachlechner, 

1998). 

Atomic layers within the island regions are observed to be closely parallel to the 

interface with the exception of islands that appear to straddle the step edge, e.g., Figure 

6.22(a).  The number of layers in the islands varies from 3 to 5 and the layer spacings 

measured using calibrated HRTEM micrographs are ~3.1 ±0.1 Å, consistent with reported 

Si3N4 monolayer step height measurements (Wu et al., 2002) and a close match in lattice 

constants and symmetry for the possible epitaxy of crystalline Si3N4 film on Si(111). 

Theoretically, the 2×2 cell of the Si(111) surface is only ~1% larger than the unit cell of β-

Si3N4(0001) for a nearly coherent Si3N4(0001)/Si(111) interface.  



 149

However, Si to N elemental ratios measured using EELS do not support the Si3N4 

supposition with Si/N = 0.28 compared to 0.75 for Si3N4. Moreover, the EELS results 

indicate that the SiNx interlayer region consists of a phase mixture of Ga, N and Si. The 

nitrogen concentration ~2.3×1022 cm-3 measured near the center of the amorphized SiNx 

interlayer region compares well with N densities reported at 755 ºC and 870 ºC (Tabe and 

Yamamoto, 1997).  

It is important to note that these EELS measurements, reported herein, are specific to 

the TEM specimen 2002-13 with the amorphized interlayer and that these results are not 

necessarily representative of the composition of the SiNx island structures observed on the 

cleaved prepared TEM specimen of the same sample. 

The Ga diffusion coefficient in Si at 800 ºC is ~10-16 cm2/sec (Hairdoss et al., 1980). 

Researchers have reported that GaN grown (660-780 ºC) on Si(111) without AlN buffer layer 

shows Ga diffusion into the Si substrate, as well as Si into the GaN layer (Calleja et al., 

1998). However, the EELS results do not show the presence of Ga in the Si substrate beyond 

that measured in the SiNx interlayer as shown in Figure 6.25. 

The formation of amorphous SiNx (1-3 nm thick) at the interface followed by the 

subsequent growth of wurtzite GaN with a heteroepitaxial orientation with respect to Si(111) 

has resulted in several varied explanations from the researchers who have reported on these 

results  (Nakada et al., 1998; Tamura et al., 2001). It has been proposed that epitaxy occurs 

due to incomplete SiNx coverage of the Si(111) (Nakada et al., 1998) also designated ‘pin 

holes’ (Tamura et al., 2001) in the SiNx amorphous interlayer.  On the otherhand, Nakada et 

al. (1998) suggested that the tetrahedral coordination of SiNx maintains a short range order to 

present a template for epitaxy.  Liu et al. (2000) suggested that GaN heteroepitaxy was 

achieved due to the close lattice match of silicon nitride (β-Si3N4) and Si(111).  

These previously published results of GaN deposited on Si(111) have consistently 

reported an SiNx amorphous interlayer structure. The research results reported herein clearly 

show that the amorphous interlayer occurs post-growth.  Furthermore, these research results 

support the conclusion that the silicon nitride occurs initially at energetically favorable 

nucleation sites and is largely confined to the 3D islands.  The Si regions between the islands 

remain free to nucleate GaN during simultaneous SiNx island formation.  During island 
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formation, a high build up of stress is likely to induce further N diffusion to the interface 

region after the GaN has already established its epitaxy. 

The question still remained: why do the TEM results for conventionally prepared ion-

milled TEM specimens show complete amorphization at the interface, similar to all work 

reported published heretofore, while the cleaved sample 2002-13 shows very little 

amorphization.   

Tabe and Yamamoto (1997) using self-consistent calculations have shown that the 

SiNx interlayer interaction is weaker than the intra-layer interaction, which lends support to 

observations of well identified layers in the HRTEM images of the interface regions for 

sample 2002-13, while atomic spots within each layer are difficult to identify.  

It is well established that Ar+ ions and electrons generate a damage layer on silicon 

nitride surfaces resulting in a preferential removal of nitrogen (Chao et al., 1987 and 

references cited therein). Wang, Zhai et al. (2001) reported the crystalline order of the silicon 

nitride interlayer of Ge on Si is easily destroyed by the 200 keV electron beam used in TEM 

imaging for specimens prepared by cryo-cooled ion-milling. Teodorescu et al. (2001) 

reported that SiNx structures obtained by PLD underwent lamellar decomposition when 

exposed to electron beam irradiation in the microscope. Cerva et al. (1987) reported the 

occurrence of electron beam induce diffusion of nitrogen from the Si3N4 layer during TEM 

and AES characterization of thin SiO2/Si3N4/SiO2 multilayer dielectrics resulting in an 

additional N-rich layer increasing the thickness of the Si3N4 interlayer.  

Chao et al. (1987) reported surface damage to Si3N4 by electron beam and energetic 

ions.  Low-energy Ar+ ions (0.5-1.5 keV) are to be much more effective than higher energy 

Ar+ ions (3-4 keV) in inducing damage (Chao et al., 1987 and references cited therein).  

However, it is important to note that these studies were conducted with incident Ar+ beam 

angles ranging from 45° to 60° compared to specimen preparation ion-milling at 5° with 

respect to the surface.  Chao et al. (1987) proposed that the damage peak is about 92 eV for 

nitride films and that it is associated with Si-Si bonding states that are produced by the 

preferential removal of N and the subsequent “healing” of the unsatisfied Si bonds. The 

EELS results showing SiNx to be sub-stoichiometric is consistent with the N deficiency 

measured at the SiNx interlayer for sample 2002-13. 
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To test the hypothesis of electron susceptibility, the cleaved sample 2002-13 was 

irradiated under the maximum HRTEM magnification at 200 keV for a total of 10 minutes 

with images recorded every 5 minutes for a total of three images.  The occurrence of a slight 

amorphization was perceived, but was so slight that it was not possible to quantify by FFT 

analysis, given the drift in Scherzer focus for the recorded time duration.  In any case, it was 

clearly evidence that the TEM electron beam did not cause the extensive amorphization as 

exhibited in the conventionally prepared TEM specimen for sample 2002-13 as shown in 

Figures 6.14 and 6.16.  Thus, by the process of elimination, the specimen bond thermal cure 

at about 90-120 °C and/or the Ar+ ion-milling remain as the causative factors.  

 

6.2.3 Gallium Nitride/Aluminum Nitride on Si(111) 

Sample 2004-11 was grown for a comparison of buffered to non-buffer layer GaN 

epitaxial growths on Si(111).  The XRD results show the absence of the low intensity 

GaN(101̄1) peak that was visible in Figure 6-10(b) for sample 2002-15.  The AlN buffer 

presents a flat, stable and uniform template from which to grow epitaxial GaN.  However, the 

lattice matched epitaxy at less than 9% is also the vehicle for the conventional dislocations to 

thread through the epilayer. The GaN superlattice thickness of 200 nm is much greater than 

originally intended. The uneven surface of the first layer of GaN is most likely due to a high 

deposition rate and temperature.   

The HRTEM images of the interfaces in Figures 6.28(a) and 6.28(b) are atomically 

clean and abrupt.  The array mask in Digital Micrograph® and the FFT of the <211> zone in 

Figure 6.28(b) were used to illustrate a domain matching epitaxy of the 5 AlN(21̄1̄0) planes 

(diffraction spots) to 4 Si(1̄10) planes (diffraction spots) in reciprocal space. 

 

6.2.4 Gallium Nitride on Si(001) 

Because of the greater interest in epitaxial GaN on Si(001) due its commercial 

potential, epitaxial depositions were also included in this research work.  Since the 

temperature profile used for GaN on Si(111) met with much success, it was then also applied 

for these thin film growths of GaN on Si(001).  However, the results were less than desired 

with the formation of large texture grains and the inclusion of a few additional phases.  

Wurtzite GaN was the predominant polytype in lieu of the expected zincblende GaN, which 
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expectantly exhibited near perfect 6/5 DME.  The dominant XRD peak in all three 

depositions at GaN(101̄1), in Figure 6.30, increased in absolute and relative intensity to the 

other two phases at GaN(101̄0) and GaN(101̄2) with the decrease in substrate temperature. 

The sample 2004-04 was selected for TEM study out of all the samples that were 

systematically grown at varied temperatures and deposition rates as listed in Chapter 5.  The 

SAED results in Figure 6.31(a) verified textured GaN layer with the evidence of arcs.  

Though complex, the SAED exhibited an ordered structure representative of large grains.  

With the aid of a computer simulation tool, the SAED in Figure 6.31(b) was successfully 

indexed to show that the orientation of Si, β-GaN, α-GaN(0001) and α-GaN(0001̄) is 

Si(002)||GaN(002)||GaN(101̄1) + 7° ||GaN(1̄011) -7°.  The diffraction pattern shows 

GaN(101̄1) and GaN(1̄011) to be tilted off-axis from the GaN(002) by + 7° and + 7° 

respectively, which is consistent with deviations observed in the HRTEM micrographs. 

The HRTEM micrographs in Figure 6.32 were analyzed using FFT tools provided in 

Digital Micrograph® to identify the cubic and hexagonal polytype structures shown in Figure 

6.32(a).  The FFT analysis revealed that cubic GaN did originally grow during 3D growth 

mode as four sided islands, which is consistent with the weak XRD GaN(002) peak in Figure 

6.30(a). The four-sided pyramid shaped GaN(001) islands present a (111) surface that 

perfectly matches the basal plane of GaN(0001).  Thus, the more stable wurtzite GaN became 

the energetically preferential growth for the remainder of the thin film on all four (111) faces 

of the island.  The stick and ball Figures 6.33 and 6.34 aid in the visualization of this growth 

mode.   

The relative elemental distribution of Ga and N throughout the film and at the 

interface was investigated using EELS in the TEM image mode by mapping the relative 

change in Ga and N.  The jump ratio for Ga in Figure 6.35(a) is very uniform with a slight 

buildup at the thin film side of the interface in some regions.  This is consistent with the Ga 

at the interface in Figure 6.25 for sample 2002-13.   

However, the N jump ratio in Figure 6.35(b) is not uniform with evidence of N 

diffusion into the interface at some areas of Si substrate side of the interface.  Also a region 

of N deficiency is evident at the interface on the GaN thin film side.  As discussed in Chapter 

3, nitrogen deficiency is a known difficulty for GaN deposition using physical vapor 

deposition systems.  Oktyabrsky et al. (1999) reported cubic structure GaN is more stable 
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under nitrogen deficiency, which is related to the formation of stacking fault defects that 

exhibit a cubic structure.  Therefore, the nitrogen distribution in the Figure 6-35(b) is 

representative of the N-deficiency experienced by all the GaN/Si samples deposited for this 

work and the prevalence of stacking faults present in the TEM micrographs.  

Depending on substrate temperature, pulse repetition rate and laser energy, the laser 

MBE deposition rates for both AlN and GaN ranged typically from 5 Å/s to 10 Å/s compared 

to 1 Å/s to 3 Å/s typical for conventional MBE.  GaN thin films for 2002-13, 2004-04 and 

2004-11 were grown to at least 2 µm thickness without any evidence of cracking upon 

inspection using an optical microscope at 1000X.  
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CONCLUSIONS 

 

It has been a widely accepted view that in order to successfully deposit epitaxial GaN 

on Si substrates, using conventional deposition processes such as conventional MBE and 

MOCVD, an intermediate buffer layer is necessary prior to the growth of the principle GaN 

epilayer.  The understanding associated with this view is that an intermediate buffer layer is 

necessary in order to achieve crack-free epitaxy for thin films greater than 1 µm thick and to 

eliminate the effects of nitridation of the Si surface.   

The nitridation of the Si surface during growth of GaN has previously been viewed as 

a serious impediment by some researchers to achieve epitaxial growth of single crystalline 

GaN thin films.  On the other hand, other researchers have reported that an amorphous 

silicon nitride interlayer is required in order to achieve epitaxial growth of single crystalline 

GaN thin films on Si substrates when it is elected not to use an intentionally deposited 

intermediate buffer layer.  In both cases, researchers have exhibited their results with an 

amorphous silicon nitride interface region formed either by unintentional or intentional 

nitridation at the GaN/Si interface. 

This research has successfully demonstrated that the above presupposition is not 

entirely true.  Crack-free growth of 2 µm thick high quality heteroepitaxial GaN thin films 

can be directly deposited on Si substrates to exhibit an atomically clean and chemically 

abrupt interface, while restricting the formation of silicon nitride.   

The mechanism for attaining this principal research goal has been the design, 

fabrication and use of far-from equilibrium processing in a UHV environment, i.e., Laser-

MBE, as well as the dynamic control of the heteroepitaxy deposition process that enables 

lowering the interfacial energy for the first monolayer of GaN, followed by a thermal 

limitation placed on the number of Si-N bonds allowed to form on the Si substrate once the 

GaN monolayer is established.   

The surface diffusion process of the adatom species, an important factor in 

determining the nucleation behavior, is manipulated by the dynamic control of the substrate 

temperature during deposition to permit domain matching epitaxy of AlN and GaN directly 
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on a Si(111) template. The epitaxial relationships of AlN and GaN on Si(111) are both 

confirmed as [0002]║Si[111] and [21̄1̄0]║Si[1̄10] and [011̄0]║Si[2̄11].   

A predominant and principle domain matching epitaxy exhibiting a 5/6 ratio and 5/4 

ratio between the interplanar distance of Si (1̄10) and GaN (21̄1̄0) is observed for clean GaN 

and AlN interfaces along silicon nitride free terraces of the Si(111) surface, respectively.  

Moreover, the established concept of a variation domain matching epitaxy mechanism that 

results in further reduction of residual interfacial strain has been extended with the 

development of an algorithm. This algorithm can predict the variation domain matching 

plane pairs and their ideal frequency of occurrence with respect to the principle domain 

matching planes. The variation domain matching algorithm prediction has been confirmed 

with the incorporation of variation domain matching ratio of 5/4 for GaN/S(111) and a 

variation domain matching ratio of 5/6 for AlN/Si(111) observed in the experimental results. 

Elemental analysis scans of the interface region provide supporting evidence that the 

formation of silicon nitride (SiNx) occurs as a result of subsequent nitrogen diffusion to the 

GaN/Si interface, which explains why the GaN epitaxy can be maintained above an 

amorphous-like interlayer, as previously reported in the literature.   

The post-growth amorphization of the SiNx interlayer (when allowed to form) has 

been identified and confirmed with the aid of a low energy TEM specimen preparation 

method.  
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