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SUMMARY 

 The objective of this research is to develop techniques that enable the use of 

lithium niobate (LN) or lithium tantalate (LT) as a new substrate for producing high-

quality III-nitrides and implementing III-nitride-based optoelectronic devices. To achieve 

this goal, the material properties of LN will be studied in depth from the viewpoint of a 

new substrate for III-nitride epitaxial growth. It has been found that gallium nitride (GaN) 

epitaxial layers have a crystalline relationship with LN (LT) as follows: (0001)GaN 

║(0001)LN (LT) with [10-10]GaN ║[11-20]LN (LT). The electrostatic properties at the 

interface between the LN (LT) substrates and the III-nitride materials dominated the 

electrical performance of HEMT structures and were controlled by a thin defect layer that 

can form during pre-growth furnace anneals or in-situ during anneals in vacuum. III-

nitride growth on LN has been performed after high temperature (1000 °C) furnace 

anneals in a dry air environment, resulting in an atomically flat surface on LN (LT). 

However, while this furnace anneal improved surface smoothness and III-nitride film 

adhesion, it also caused the repolarization on the congruent LN (48.39 mole % of Li2O) 

samples. However, the repolarization was not developed in the stoichiometric LN (49.9 

mole % of Li2O) samples during the identical thermal treatment. The surface stability of 

LN and LT substrates was monitored by in-situ spectroscopic ellipsometry in the vacuum 

chamber. The congruent LN showed a bigger variation of the pseudo-refractive index and 

pseudo-extinction coefficient during annealing at various temperatures in the range of 

100 °C ~ 800 °C. The annealed congruent LN showed a Li-deficient lithium tri-niobate 

(LiNb3O8) phase, indicating surface modification at these temperatures. The 

stoichiometric LN showed little change in these indexes, implying better surface stability 
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than that of the congruent LN at elevated temperatures. On the other hand, LT showed 

only surface degassing in the same temperature range and better crystalline stability than 

that of LN at those temperatures, with no additional phase development. The structural 

quality of GaN epitaxial layers showed slight improvement when grown on LT substrates 

over LN substrates, confirmed by x-ray diffraction.  

 Conventional epitaxial growth technologies were adapted and modified to 

implement a successful AlGaN/GaN heterostructure on LN (LT). The heterostructure 

were analyzed to verify the electrical and material properties using several 

characterization techniques: atomic force microscopy (AFM), Kelvin probe microscopy 

(KPM), spectroscopic ellipsometry (SE), Hall measurement, C-V measurement, x-ray 

diffraction, wet etching, and transmission electron microscopy (TEM). Furthermore, the 

grown heterostructure were fabricated into devices, and the devices were electrically 

characterized using several fabrication related facilities.  

In conclusion, this report shows the properties of lithium niobate and lithium 

tantalate as a promising substrate for III-nitrides, addresses several problems of 

integrating compound semiconductor materials on LN and LT. It also suggests some 

solutions of the addressed problems, resulting in the successful growth of III-nitrides on 

ferroelectric materials. Finally, it demonstrates AlGaN/GaN-based HEMT devices on 

ferroelectric materials that will allow the future development of the multifunctional 

electrical and optical applications. 
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 CHAPTER 1: INTRODUCTION 

 The integration of III-nitride compound semiconductors and ferroelectric 

materials has been highlighted to implement multifunctional electrical, optical, and 

acoustic devices [1,2].  In particular, lithium niobate (LN) and lithium tantalate (LT) have 

been the most widely used ferroelectric materials selected for optoelectronic-acoustic-

electronic applications, including nonlinear optics, optical modulators in fiber optical 

systems, and for various types of acoustic filters [1,2,3,4,5,6,7,8].  The integration of 

aluminum gallium nitride/gallium nitride (AlGaN/GaN) electronic drivers with the 

ferroelectric materials, LN and LT, provides the possibility of implementing compact 

optoelectronic-electronic chips, leading to increased cost savings and added functionality.  

 This work explores the material aspects of LN and LT as a promised substrate for 

III-nitrides, addresses several problems of integrating the compound semiconductor 

materials on LN and LT, suggests solutions to the problems, and shows a plan for further 

improvement of the integration. Finally, it demonstrates AlGaN/GaN heterostructure 

devices on ferroelectric materials. Chapter 2 introduces the basic material properties and 

historical review of III-nitride and ferroelectric materials. III-nitride materials are polar 

materials and have polarization directions: Ga-polar and N-polar, which affect the 

material properties. In this work, III-nitride materials were grown on the ferroelectric 

materials using plasma assist molecular beam epitaxy (MBE). Ferroelectric materials 

have spontaneous polarization and several material properties with different 

stoichiometry: congruent lithium niobate (CLN) and stoichiometric lithium niobate 

(SLN). Chapter 3 explains the fundamental device physics of high electron mobility 
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transistor (HEMT) devices. The HEMT devices are popular because of their high speed 

operation, which is possible because of existence of a two dimensional electron gases 

(2DEG) at the interface between AlGaN and GaN layers. The 2DEG can be affected by 

several physical factors: polarization direction, the thickness and composition of AlGaN 

layers, and interface smoothness. To make better epitaxial growth on foreign substrates, 

several aspects need to be pointed out: lattice mismatch between the films and substrates, 

electrostatic boundary condition, crystalline stability, practical difficulties, and surface 

chemistry. These aspects are discussed in following chapters. Chapter 4 investigates the 

lattice mismatch, electrostatic boundary condition, and crystalline stability. LN and LT 

have smaller lattice mismatches to GaN films than sapphire, with an expectation for 

lower dislocation density in the GaN films. Since LN and LT are polar materials, the 

electrostatic boundary condition at the substrate-film interface needs to be considered 

because the polarization direction of LN and LT can control the polarization direction of 

epitaxial films. Also, the crystalline stability of ferroelectric materials is critical to 

improve the crystal quality of GaN films. The crystalline stability is investigated using 

spectroscopic ellipsometry (SE) measurements with the substrate temperature varied 

under a vacuum condition. Chapter 5 addresses practical difficulties of III-nitrides growth 

on ferroelectric materials. There are substrate cracking problems and poor GaN film 

adhesion problems. The substrate cracking problem occurs during the cooling-down step 

because of huge differences in the thermal expansion coefficients of LN and LT 

compared to GaN. This problem is solved by developing a special designed mounting 

technique, which minimizes mechanical stress on samples. The poor adhesion of GaN 

films on ferroelectric materials is improved using a furnace anneal step. Surface 
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chemistry at the interface between GaN films and ferroelectric materials is investigated to 

improve the electrical properties of the GaN films as shown in Chapter 6. The surface 

chemistry is investigated by x-ray photoemission spectroscopy (XPS) and Auger electron 

spectroscopy (AES). X-ray diffraction (XRD) analysis also provides the relationship 

between dislocation density and GaN film conductivity. Chapter 7 presents the optimized 

method of growing III-nitrides on ferroelectric materials using plasma assist molecular 

beam epitaxy (PAMBE). AlN layers are used as buffer layers between GaN films and 

ferroelectric materials. The smoothness of AlN layers can be improved by a new shutter 

modulation technique, resulting in improved GaN crystal quality. However, the presence 

of a second phase, LiNb3O8, after GaN growth, degrades the crystal quality of GaN films. 

In-situ reflected high-energy electron diffraction (RHEED) shows the phase variation and 

surface roughness of lithium niobate samples. Transmission electron microscopy (TEM) 

analysis shows the cross-sectional view of 18 nm thick intermixed-region between III-

nitrides and LN substrates. The intermixed-region indicates the in- and out-diffusion of 

materials at the interface. The TEM images under two-beam condition show pure screw 

and mixed dislocations. After investigating the interfacial properties, HEMT structures 

are grown on CLN and SLN samples. As a result, HEMTs on SLN has two times higher 

mobility then that of HEMTs on CLN with less inversion domains on the surface 

observed by Kelvin probe force microscope (KPFM). The out-diffused impurities from 

the substrates make the GaN bulk layers conductive, providing a leakage current path for 

devices. Chapter 8 introduces several buffer schemes to minimize the out-diffusion: low 

temperature buffer layers, ZnO buffer layers, SiNX and SiO2 buffer layers, lithium-

aluminum alloy buffer layers, MgO buffer layers, Y2O6-stabilized ZrO2 (YSZ) buffer, 
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and annealed AlN capping layers. The effects of these buffer schemes are investigated by 

Hall measurement for conductivity check, x-ray diffraction analysis for crystal quality, 

and atomic forced microscope (AFM) for surface smoothness. Chapter 9 presents the 

fabrication procedure of HEMT devices on ferroelectric materials. After making 

alignment marks, MESA isolation is patterned to isolate each transistor in the same wafer. 

Then, source-drain definition and gate patterning are followed. The fabricated HEMT 

devices are characterized by capacitance-voltage and current-voltage analysis. The 

capacitance-voltage analysis gives a depth profile of the electron concentration in GaN 

films and confirms the existence of 2 DEG at the channel. The current-voltage analysis is 

performed using an Agilent network analyzer. Chapter 10 includes a final conclusion. 
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 CHAPTER 2: BACKGROUND OF III-NITRIDE AND FERROELECTRIC 
MATERIALS 

Even though the integration of III-nitrides on ferroelectric materials has been 

studied in the past decade, only a few publications are available because of the lack of 

material knowledge. My previous work has demonstrated, for the first time, LN (LT) as a 

promising material for multifunctional applications by implementing high-power 

AlGaN/GaN transistors epitaxially integrated on LN (LT) [3,4,5]. This section introduces 

the basic properties and various historical backgrounds of III-nitrides, ferroelectric 

materials (LN or LT), and the integration of the two materials. It is claimed that rf plasma 

assisted MBE (PAMBE) is suitable for III-nitride growths on LN and LT because of the 

capability of high-quality material growths at lower temperatures and the use of in situ 

analysis techniques. Finally, the effect of stoichiometry in the ferroelectric materials is 

discussed.  

 

2.1 Basic properties of III-nitrides and heterostructure 

III-nitrides, in particular, aluminum nitride (AlN), gallium nitride (GaN), and 

indium nitride (InN), have energy bandgaps of 6.2 eV, 3.4 eV, and 0.65 eV, respectively. 

AlN and GaN have a large conduction band offset, leading to the confinement of a high 

electron concentration at the interface of an AlGaN/GaN heterojunction [9] . During the 

growth of GaN layers normal to a (0001) basal plane, Ga and N atoms are arranged in 

bilayers with two closely spaced hexagonal layers, one with cations and the other with 

anions [10]. Thus, a basal GaN surface should be Ga–polar or N–polar, shown in Figure 1 

[10]. 
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The electrical properties of GaN-based heterostructures are suitable for high-

power and high-voltage operation in microwave frequency applications. In general, the 

performance of power amplifiers made from field effect transistors (FETs) relies upon 

high breakdown fields. The electrical properties of GaN materials were summarized by 

Gelmont et al [11] using Monte-Carlo simulation. GaN possesses high breakdown fields 

of 3×106 V/cm, compared to Si and GaAs with 2×105 and 4×105 V/cm, respectively. GaN 

has a very high electron saturation velocity of 1.5×105 m/s and peak velocity of 2.7×105 

m/s [11,12]. GaN-based HFETs have maximum drain current density approaching 2 

A/mm [13]. The HFETs have very good small-signal performance with current-gain 

bandwidths on the order of up to fT ~ 110 GHz [14]. And, the HFETs have a radio 

frequency (RF) power density of 6.3 W/mm at 10 GHz with power-added efficiency 

(PAE) of 38% for 1 mm gate-width devices [15]. 

 
 
 

 
Figure 1: Wurtzite crystal structure: Ga-polar and N-polar of GaN [10]. 
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2.2 Historical Review of Epitaxial III-nitrides Growth Techniques 

Since the earliest investigations of III-nitrides (in particular, GaN, AlN, and InN) 

in 1932 [16], many growth techniques have been developed to improve the quality of III-

nitrides [17]. One of the more popular earlier III-nitride growth techniques was reactive 

sputtering, which produced polycrystalline or even amorphous crystal structures [17]. 

Among the growth techniques, a chemical vapor deposition (CVD) method has produced 

the first single-crystal GaN thin films with flowing HCl vapor over metallic Ga, which 

reacted downstream at a substrate with NH3, resulting in very high background n-type 

carrier concentration [18].  This technique has been extended to grow high-quality AlN 

layers [19]. The high background electron concentration in GaN and AlN has commonly 

been attributed to nitrogen vacancies. Reactive molecular-beam epitaxy (RMBE) might 

increase the incorporation of nitrogen species to reduce the background electron 

concentration and grow abrupt nitride heterojunctions [17]. However, this approach has 

shown a limitation of producing high-quality materials below the substrate temperature of 

600°C because of a low reaction rate of ammonia at low temperatures, resulting in a high 

background carrier concentration [20 ]. The growth temperature limitation has been 

overcome using the plasma excitation of nitrogen with MBE, resulting in increasing the 

reactivity of nitrogen and having very good quality materials [21].  In contrast to MBE, 

the use of plasma excitation for efficient CVD growth has not yet been proven, which has 

usually used metal-organic gases and NH3 to grow high quality III-nitrides at the 

substrate temperatures of near 1000-1100°C [17]. 

MBE is well suited to heterostructure growths because of its operational condition 

at relatively low temperatures. In MBE, group III elements (Ga, Al, or In) and dopants 
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(Si or Mg) are heated in Knudsen cells, and their atomic or molecular beams are directly 

condensed onto a heated substrate where they react with nitrogen molecules [22]. The 

nitrogen molecule sources are available from cracking ammonia gas at high temperatures, 

cracking nitrogen gas directly using ECR plasma or rf plasma at relatively lower 

temperatures [20]. Unlike CVD growth, which proceeds at conditions nearer 

thermodynamic equilibrium of the crystallizing phase, MBE growth is carried out under 

conditions far from thermodynamic equilibrium and is governed mainly by the kinetics of 

surface processes occurring when impinging beams react with the outermost atomic 

layers of substrate crystals [23]. Another benefit of using MBE is the utilization of a wide 

range of surface analysis techniques, such as reflection high energy electron diffraction 

(RHEED), mass spectrometry for gas analysis, and Auger electron spectroscopy (AES). 

Therefore, this research claims that rf plasma assisted MBE (PAMBE) is suitable for III-

nitride growths on LN and LT because of the capability of high-quality material growths 

at lower temperatures and the use of in situ analysis techniques.  

 

2.3 Historical Review of ferroelectric materials 

Since the first polycrystalline lithium niobate (LN) or lithium tantalate (LT) was 

grown from a melt solution in 1949 [24], many studies have been conducted to achieve a 

perfect single-crystal LN (LT), which has been a promising material for quantum 

electronics [25]. The crystallographic structure of LN and LT crystals is in space group 

R3c at low temperatures (below the Curie temperature), while the structure of LN 

changes into space group cR3  above the Curie temperature [26]. High-quality single-

crystal LN (LT) has been grown by the Czochralski growth method in an air environment 
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in induction furnaces [27,28].  More recently, high-quality single-crystal LN and LT 

samples, which have a maximum dimension of 6 inches, have been commercially 

available from Crystal Technology, Inc. and Red Optronics, respectively. [29,30].  

2.4 Stoichiometry of lithium niobate and lithium tantalate 

LN and LT have spontaneous polarization, Ps, the orientation of which can be 

prescribed in ferroelectric materials. For LN (LT), the spontaneous polarization, Ps, is 

0.71 C/m2 (0.55 C/m2), resulting from the placement of cations of Li+ and Nb5+ (Ta5+) in 

LN (LT) structure [31,32,33], as shown in Figure 2. A LN (LT) structure has the stacking 

sequence of Li-Vacancy-Nb (Ta)-Li at room temperature.  By electrically driving the Li+ 

ion through the oxygen plane into the vacancy occupied octahedra, the spontaneous 

polarization of LN (LT) can be changed.  

LN has a wide solid solution range, from around stoichiometric composition to 

lithium-lean composition as low as about 45 mol% of lithium oxide (Li2O), as shown in 

Figure 3 [34,35]. Almost all commercially produced LN samples have been grown by the 

Czochralski technique and have 48.4 mol% of Li2O composition at the congruent melting 

point of 1250°C [35], which is referred to as congruent lithium niobate (CLN). The 

commercial LN samples have had difficulty achieving specified off-congruent 

composition by the Czochralski method because of segregation effects [36]. However, 

this difficulty has been overcome using a vapor transport equilibration (VTE) method, 

which anneals LN samples in the powder mixture of Li2CO3 and Nb2O5 at 1100°C for 60 

~ 400 hours [36]. The VTE technique provides near-stoichiometric composition (50mol% 

of Li2O) of LN, which is called stoichiometric lithium niobate (SLN). The composition is 

monitored by measuring the Curie temperature changes from 1080°C to 1180°C [37]. 
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Figure 2: Structure of lithium niobate: Oxygen triangular planes with Li, Nb, and vacancy 

site along c-axis with LiO6 and NbO6 octahedron structure and the indication of 
polarization orientation and bond lengths. Light gray balls: oxygen, dark gray balls: 

niobium, and black balls: lithium [31,45]. 
 
 
 

Although lithium tantalate (LT) is iso-structural to LN, it has a higher melting 

point of 1650 °C [35] and a lower ferroelectric Curie temperature, Tc, sensitively depends 

on lithium composition. Earlier reported Tc values of LT are in the 600 ~ 660 °C range 

[38], 660 ± 10 °C [39], 618 °C [40], and so on. LT has the phase relations of Li2O-Ta2O5 

system, analyzed by measuring the Curie temperature, as shown in Figure 4 [41 ]. 

Normally, LT is grown from starting mixture materials of Li2CO3 and Ta2O5 at 1250 °C 

for 5 hours, resulting in various compositions from Ta2O5/( Li2O + Ta2O5) = 49.0 to 

54.25 mol%. Congruent LT has 52.23 mol% of Ta2O5 (or 47.77 mol% of Li2O) at the 

congruent melting temperature [41], 49.0 mol% [42], or 47.70 mol% of Li2O, produced 

by a vapor transport equilibration (VTE) method [43].  
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Figure 3: Approximate phase diagram for lithium niobate [36]. 

 
 
 

The stoichiometry of LN and LT affects several crystal properties. The Curie 

temperature of congruent LN (LT) is lower than that of stoichiometric LN (LT), which is 

affected by Nb5+ (Ta5+) cations movement along the +c direction. The Curie temperature 

may be expressed in terms of displacement Δz of certain atoms by Tc = (2.00 ± 0.09) 

×104 (Δz)2 °K [44]. The cation–anion distances (i.e., bond lengths) in congruent LN (LT) 

are shorter than in stoichiometric LN (LT). The distances are varied with Li+ movement 

along the c direction by temperature variation [45]. The coercive field of congruent LN 

(LT) is higher than of stoichiometric LN (LT) [83], which is explained in the next section. 
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Figure 4: A tentative phase relation in Li2O-Ta2O5 system in the vicinity of LiTaO3 [41]. 
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 CHAPTER 3: FUNDAMENTAL HEMT DEVICE PHYSICS 

 The characterization of high electron mobility transistor (HEMT) devices is 

determined by the electrical properties of bulk materials, heterostructural behaviors, and 

the physical nature of metal contacts to the materials. This section addresses the 

fundamental device physics and operation of GaN-based HEMT devices, which have 

high-voltage, high-power, and high-speed properties.  

 

3.1 Basic Material properties of GaN-based devices 

 Golio [46] described that, in semiconductor materials, the electrical current is 

dominated by the rate of flow of electrical charge. When an electric field is applied to the 

materials, the electrons are accelerated in the opposite direction of the field. The carriers 

continue to move until they suffer from collision, called scattering, with ionized doping 

impurity or defects in the materials [46]. The drift current density (neglecting diffusion 

current - added later) can be expressed [46] as  

 
Jdrift =qnv 

 
where q is the electronic charge, n is the density of free electrons in the conduction band, 

and v is the average velocity of the carriers in the materials. The average velocity of the 

carriers is proportional to the applied electric field strength as  

 
v = µE 



 14

where E is the electric field strength and µ is the low-field electron mobility [46]. 

Mobility is a measure of how fast a charge moves within the semiconductor structure and 

is affected by doping density in a low electric field. According to the study of Chin et al 

[47], the low-field mobility of GaN is calculated as a function of carrier concentration at 

300K with compensation ratio, NA/ND as shown in Figure 5 [47]. The mobility does not 

degrade in the case of extremely low doping density levels, but does degrade rapidly 

when the doping density is increased [47].  

 
 

 
Figure 5: Mobility of GaN calculated as a function of carrier concentration with 
compensation ratios of 0.00, 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 at 300K [47]. 

 
 
 
 Ko et al [ 48 ] showed the relationship between the mobility and carrier 

concentration as a function of film thickness based on experimental data as shown in 

Figure 6. In the experiment, all of the GaN films were grown on a sapphire substrate by a 

lower pressure organometallic vapor phase epitaxy (OMVPE) system. The data shows 

that the mobility increases rapidly and the carrier concentration decreases as the film 
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thickness increases. This result indicates that the GaN crystal quality is poor at the initial 

layer of growth and significantly improved for thick GaN layers [48].  

 
 

 
Figure 6: Dependence of the mobility and carrier concentration on the GaN epitaxial 

layer thickness measured [48]. 
 
 
 
 
 Kolnik et al [49] showed that the electron velocity becomes limited and saturates 

when a high electric field is applied. The dependence between the velocity and electric 

field is calculated along the (100) direction of wurtzite GaN films as shown in Figure 7 

[49]. The calculation assumes that free electron and ionized impurity concentration are in 

the range of 1017cm-3. Note that the maximum steady-state velocity is approximately 2.5 

× 107 cm/s, and a region of negative differential resistance is observed. The negative 

differential resistance region gives the basic principle of the Gunn diode effect, which 

occurs in direct bandgap materials with more than one valley in the conduction band [49]. 
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Figure 7: Ensemble Monte Carlo calculation of steady state electron drift velocity in GaN 

films as a function of electric field [49]. 
 
 
 
 According to the summary of Golio [46], the current could be generated by not 

only the applied electric field, but also carrier density gradients. The current density 

generated by the carrier density gradients, diffusion current density, in electron 

dominated materials can be written as [46]  

 
Jdiff = qDn∇n 

 
where Dn is the electron diffusion coefficient, which is related to the mobility and thermal 

energy in non-degenerate semiconductors:  Dn = (kT/q)µn. Therefore, the total electron 

current density is expressed by [46] 

 
Jn = qµnn + qDn∇n 

 
 In the AlGaN/GaN HEMT heterostructure, the electron mobility is dramatically 

improved because of the existence of a two-dimensional electron gas (2DEG) at the 
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heterojunction. According to the study of Gaska et al [50], the electron Hall mobility and 

sheet concentration of the HEMT structure on 6H-SiC are measured as the function of 

temperatures as shown in Figure 8. The Hall measurements using the Van der Pauw 

contact setup gave the electron sheet concentrations and mobilities ns = 1.3 x 1013 cm-2, µ 

= 2019 cm2/Vs, and ns = 1013 cm-2, µ = 8583 cm2/V s at T = 300 K and T = 77 K, 

respectively [50]. The electron sheet concentration decreases by about 25% as the sample 

temperature decreases and remains approximately constant at lower temperatures. The 

Hall mobility also increases as the temperature decreases until about 10K. The Hall 

mobility becomes steady with µH = 10250 ± 100 cm2/V s at lower temperatures [50]. 

 
 

 
Figure 8: Electron Hall mobility and sheet concentration as the function of temperatures 

measured with magnetic field intensity H = 1 Tesla [50]. 
 

 
 

3.2 Contact properties 

 According to the summary of Golio [46], the semiconductor metal contact plays a 

very critical role in connecting semiconductors and other electrical components. The 
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choice of contact material provides two types of contact properties: rectifying and ohmic 

contact. The metal contact becomes the rectifying contact when there is a large mismatch 

between the Fermi energy of the metal contact and semiconductors. A reduced fermi-

energy mismatch to a heavily doped semiconductor leads to an ohmic contact. Most 

metal-semiconductor contacts are annealed or alloyed after the initial deposition of 

metals to reduce the contact resistance [46].  

 

 

Figure 9: Band diagram for (a) an idealized ohmic contact in n-type semiconductor, (b) 
Ohmic contact band diagram illustrating the tunneling process [46]. 

 
 

 
 
 Theoretically, the ohmic contact is formed when an n-type semiconductor with a 

work function φS is connected to metal layers with a smaller work function φM, i.e., φS > 

φM. as shown in Figure 9 (a) [46].  In the case of a p-type semiconductor, the ohmic 

contact is formed when the work function of the metal must be close to or smaller than 

the electron affinity of the semiconductor. The Fermi levels are aligned by the electron 

transfer from the metal to the semiconductor. Therefore, the barrier-to-electron flow is 

minimized by allowing electrons to flow across the barrier with minimal resistance. Thus, 
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the ohmic contact can be described as a contact with voltage-independent resistance in a 

metal and semiconductor junction [46]. A more practical contact is a tunneling contact.  

If there is sufficiently heavy doping at the semiconductor region with thickness on the 

order of tens of angstroms adjacent to the metal contact, then electrons can tunnel 

through the barrier rather than having to surmount it [46]. This process is shown in Figure 

9 (b). In HEMT devices, the source and drain contacts are ohmic contacts and are 

combined with parasitic resistances, which are modeled as a contact ohmic loss and the 

losses in the semiconductor [46]. 

 
 

 
Figure 10: Ideal metal-semiconductor (n-type) band diagram [46]. 

 
 
 
 While the ohmic contacts need to have minimal resistance, the rectifying contacts, 

Schottky barriers, in the solid-state HEMT devices are required to have various functions 

(e.g., rectification, amplification, etc) [46].. The band diagram of the Schottky barriers is 

shown in Figure 10 [46]. In this case, the work function of an n-type semiconductor is 

lower than the metal work function, φS < φM. The work function difference makes the 

electron flow from the semiconductor to the metal surface. If the metal is biased 

positively relative to the semiconductor, the barrier φB is lower and electrons move to the 
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metal exponentially with increasing bias. With reverse bias, the barrier is higher and the 

electron movement is decreased by the same exponential factor [46]. 

 

3.3 High electron mobility transistor devices  

 A high electron mobility transistor (HEMT) is a heterostructure field-effect device. 

It has several different names including modulation-doped field effect transistor 

(MODFET), two-dimensional electron gas field-effect transistor (TEGFET), selectively 

doped heterostructure transistor (SDHT), and heterojunction field-effect transistor 

(HFET) [51].  

 
 

 
Figure 11: Schematic view of modulated doped GaN based HEMTs structure [52]. 

 
 

 
 
 According to the summary of Golio [46], in GaN-based HEMTs, the carriers in 

doped AlGaN materials diffuse to the undoped narrower bandgap materials, GaN, where 

they combine with polarization discontinuity induced carriers to form the channel. The 

carriers collected in the undoped heterointerface are spatially separated from the doped 
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region and have extremely high mobility because there is no impurity scattering in bulk 

layers [46]. Figure 11 shows a schematic of a modulated doped GaN-based HEMT 

structure, in which AlGaN layers are doped except for an undoped narrow region, di [52]. 

Carriers in AlGaN layers will diffuse to the undoped GaN and are collected at the 

conduction channel as two-dimensional electron gases (2DEG) [52]. Since III-nitrides are 

polar materials, GaN-based HEMTs have induced polarization, which significantly 

increases the sheet concentration at the heterointerface. The induced polarization consists 

of two different polarizations: spontaneous and piezoelectric polarization [10]. According 

to the study of Ambacher [9], the spontaneous polarization leads the electric field of up to 

3MV/cm and the piezoelectric polarization caused by strains at the heterointerface makes 

an electric field of 2MV/cm. These induced high electric fields produce high sheet charge 

density and form a quantum well structure, which leads the spatial separation of the hole 

and electron wave functions [10]. 

 Smorchkova et al [ 53 ] summarized that the total polarization P of the 

AlGaN/GaN heterojunction is the sum of the spontaneous polarization PSP and 

piezoelectric polarization PPZ without any external electric field. PSP is opposite the 

growth direction and increases in magnitude by the increase of Al composition in AlGaN 

[53]: 

 
PSP (x) = (–0.052x – 0.029) C/m2 

 
where x is the Al mole fraction in the AlxGa1-xN alloy. The piezoelectric polarization is 

related to the strain from the lattice constant difference (2.4% of lattice mismatch) 

between GaN and AlGaN layers [53]:  
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where a(x) and a(0) are the lattice constants of AlxGa1–xN and GaN, respectively, e31 and 

e33 are piezoelectric constants, and C13 and C33 are elastic constants. Therefore, the 

polarization-induced charge density at the interface between AlGaN and GaN is 

described as [53] 

 
σ (x) = P(AlxGa1–xN) – P(GaN) = PSP(AlxGa1–xN) + PPZ(AlxGa1–xN) – PSP(GaN) 

 
 According to the survey of Rashmi [52], the 2DEG sheet carrier concentration 

(nS) is the most important parameter for governing the performance of AlGaN/GaN 

HEMTs. To make a model for the 2DEG sheet carrier concentration, it is necessary to 

assume that the 2DEG lies in an asymmetric triangular potential well with only the first 

two quantum states (ground state: E0 and first excited state E1)  occupied as shown in 

Figure 12. Then the total charge accumulated in the quantum well is derived by solving 

the Schrodinger and Poisson equations as follows [52]: 
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where  D = 4πm*/h2 is the conduction band density of states of a 2D system, kB is the 

Boltzmann’s constant, m* is the electron effective mass (m* = 0.22me), me is the electron 

rest mass, h is the Planck’s constant, T is the temperature, EF is the Fermi energy, and the 
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allowed energy levels in the well are 3/2
Sii nE γ= (eV) for i=0, 1 with γ0 = 2.123×10-12 and  

γ1 = 3.734×10-12[52]. 

 
 

 
Figure 12: Energy band profile of heterojunction of AlGaN and GaN [52] 

 
 

 
 The gate depletion and junction depletion regions overlap under the total 

depletion approximation. Then the total charge in the depleted region of the AlGaN layer 

is calculated by solving the Poisson’s equation given as [52] 
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where ε(x) is the dielectric constant of AlxGa1–xN, dd is the doped AlGaN layer thickness, 

di is the undoped AlGaN spacer layer thickness, Vgs is the applied gate bias, and Vth(x) is 

the polarization-dependent threshold voltage. The polarization-dependent threshold 

voltage is obtained as [52] 
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where φm(x) is the Schottky barrier height, ΔEc(x) is the conduction band discontinuity 

between AlGaN and GaN layers, and ND is the doping density of the doped AlGaN layer. 

Also, the drain current in the 2DEG channel can be derived from the current density 

equation as [52] 
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where Z is the gate width, Vc(y) is the channel potential at position y, and µ(y) is the field 

dependent mobility as [52] 
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where E1 = Ecvsat / (µ0Ec – vsat), Ec is the saturation electric field, µ0 is the low-field 

mobility, and vsat is the saturation drift velocity. Therefore, the drain current is obtained 

using the mobility equation in the previous drain current equation as [52] 
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where the Vc(y) has boundary conditions with channel length L, 
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where Rs(Rd) is the parasitic source (drain) resistance and Vds is the applied drain voltage. 

Transconductance gm and output resistance gds are obtained by [54]  

 

.constVgs

ds
m

ds
dV
dIg

=

=  

 
Output conductance and resistance have the following relation, which is a slope of the I-

V curve, as shown in Figure 13 [54].  
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Figure 13: Derived output conductance gds from I-V curve in GaN HEMT devices [54]. 

 
 
 

 For microwave applications, the unity gain cut-off frequency fT is given by the 

transconductance and device capacitances as [55] 
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where Ci = ε(x)/q(dd+di) and Cp are the parasitic capacitances. The cut-off frequency 

could be improved if semiconductors have large vs, a gate structure with an ultra-short 

gate length, and a device configuration with minimum parasitic capacitances [55]. 

 

3.4 Two dimensional electron gases (2DEG) in heterostructure 

It is useful to understand the unique properties of GaN-based heterostructures by 

comparing them with GaAs-based heterostructures, which are conventional III-V 

materials. Modulated doped AlGaAs layers in AlGaAs/GaAs heterostructures induce 

electron carriers in undoped channel regions. The corresponding electrons are 

accumulated into an interface potential well, resulting in two-dimensional electron gases 

(2DEG) [10]. The mobility of these electrons is higher than electrons in active bulk layers 

because the electrons in 2DEG are spatially separated from dopants in AlGaAs barrier 

layers [56].  

 
 

 
Figure 14: Band diagram and schematic charge density of AlGaN/GaN heterostructures, 

where eФB is Schottky barrier height [58]. 
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For AlGaN/GaN heterostructures, the modulated doping is not required in order to 

have a 2DEG because of the donor-like surface states from the surface of AlGaN/GaN  

layers induced by polarization, which acts as a primary source of electrons in the channel 

of heterostructures [57]. The outstanding performance of GaN-based FETs comes from 

2DEG with a sheet carrier concentrations of 1013 cm-2 or higher without any intentional 

doping, which is achievable only by the intentional doping in the conventional III-V 

materials [10]. Therefore, it is necessary to understand the 2DEG in AlGaN/GaN 

heterostructures to improve device performance. 

According to the study of Asbeck et al [58], the formation of 2DEG is mainly 

dependent on the height of conduction-band discontinuity (ΔEc) at the interface between 

the AlGaN barrier layers and the GaN bulk layers, shown in Figure 14 [58]. The 

conduction-band discontinuity has a polynomial relationship with the mole fraction of Al 

in AlGaN barrier layers as shown by following equations [59]. 
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As mentioned earlier, the 2DEG is critically affected by polarization at a 

heterointerface, which acts as a primary source of electrons in the channel of 

heterostructures [57]. The polarization, P, in AlGaN/GaN heterostructures consists of 

spontaneous polarization, PSP, and stain-induced, piezoelectric polarization, PPZ. 

Polarization at zero strain refers to spontaneous polarization, which is increased by the 

increase of crystal non-ideality, such as the displacement or disordering of constituent 

atoms in crystals [60]. The piezoelectric polarization presents in strained layers of III-



 28

nitrides grown along the (0001) orientation with wurtzite crystal structures aligned along 

the [0001] direction, is given by 

 
xxCCCCdx ε)/2(2)( 33

2
13121131 −+=PZP

 

 
where d31 is a relevant piezoelectric constant (i.e., AlN: -2×10-10cm/V [61]), Cij are 

elastic constants, and εxx = aGaN/aAlGaN -1, where aGaN and aAlGaN are the lattice constants 

of GaN and AlxGa1-xN, respectively [ 62 ].  The difference in polarization across 

AlGaN/GaN heterostructures makes an interface charge dictated by electrostatic 

boundary conditions imposed by Gauss’ Law. The polarization-induced interface charge 

density ρp = -∇•(εE+P), where P=ΔPPZ+ΔPSP. ΔPPZ and ΔPSP are the differences of 

spontaneous and piezoelectric polarization at the heterointerface, respectively. The 

interface charge concentration in 2DEG can be described by the following electrostatic 

analysis [63]: 
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where εAlGaN is the dielectric constants, d31 is a relevant piezoelectric constant, d is the 

height of AlxGa1-xN barrier layers, eφb is Schottky barrier height, EF is the Fermi level 

with respect to GaN conduction-band-edge energy at an AlGaN/GaN heterointerface, ΔEc 

is conduction-band discontinuity, and xAl is Al concentration [63].  
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Figure 15: The direction of spontaneous and piezoelectric polarization and sheet charge 

density in Ga-polar and N-polar AlGaN/GaN heterostructures [10]. 
 
 
 

The direction of polarization can be determined by the polarity of III-nitrides, 

which also affects the 2DEG density. Tensile-strained AlGaN layers on relaxed Ga-polar 

GaN layers have a direction of polarization opposite to a growth direction, as shown in 

Figure 15 [10]. Thus, sheet charge density is positive (+σ), and free electrons will 

accumulate to compensate the polarization-induced charge [10]. In the case of AlGaN 

layers on N-polar GaN layers, negative sheet charge density (-σ) is induced at the 

heterointerface, causing 2DEG depletion or the accumulation of holes, as shown in 

Figure 15. [10]. Polarization-induced charge density at AlGaN/GaN heterostructures is 

given by [10]  

 

σ = P(AlGaN) – P(GaN) = PSP(AlGaN) + PPE(AlGaN) – PSP(GaN) 

 
Tensile-strain between the AlGaN layers and the GaN bulk layers causes 

piezoelectric polarization, resulting in maximized 2DEG density. The tensile strain is 

mainly affected by the thickness, Al compositions, and roughness of AlGaN layers [10]. 
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In summary, the conduction-band discontinuity and polarization are important control 

factors for forming 2DEG. 

 
 

 
Figure 16: Temperature dependencies versus electron drift mobility in GaN, including 

impurity scattering: electron concentration (n) and ionized impurity (NT) [65]. 
 
 
 

3.5 Mechanisms of degrading electron mobility in HEMTs 

Pearton et al [64] reviewed the following two research works [65,66] to show the 

mechanisms of degradation of the electron mobility in GaN films. M. Shur et al. [65] 

have shown that electron mobility in the 2DEG would be degraded by scattering 

mechanisms dominated by polar optical scattering, ionized impurity scattering, and 

piezoelectric scattering in the 2DEG (with n > NT) and GaN bulk (with n < NT), as shown 

in Figure 16, where electron concentration, n, and the total concentration of ionized 

impurities, NT. In the work, the electron mobility has been theoretically calculated and 
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comparable to measured values of µ = 2019 cm2/Vs with the sheet charge of 1.3 x 1013 

cm-2 at T = 300 K and µ = 8583 cm2/Vs with the sheet charge of 1.0 x 1013 cm-2 at T = 

300 K and T = 77 K, respectively [50]. N. Weimann et al. [66] have reported another 

scattering mechanism at charged vertical dislocation lines, one of dominant defects in 

GaN bulk layers. These acceptor-like dislocations have trapped negatively charged 

electrons, resulting in their acting as scattering centers in the shape of lines. The 

calculated transverse mobility at charged dislocation lines is plotted in Figure 17 as a 

function of dislocation density and doping. In addition, Y. Zhang et al. [67] have 

calculated the effect of mobility variations in the 2DEG dependent on the interface 

roughness of AlGaN/GaN heterostructures and Al contents of AlGaN layers as shown in 

Figure 18. A rough surface has decreased electron mobility in the 2DEG. Higher Al 

contents in AlGaN layers have increased piezoelectric field and sheet charge density, 

resulting in degraded channel mobility due to significant alloy scattering.  Each of these 

mechanisms can contribute to the totality of mobility reduction.  As will be shown later in 

chapters 7, 9 and 10, interface roughness and polarity inversions creating scattering 

centers are the dominant mechanisms for reduction of HEMT mobility when grown on 

LN and LT.  

 In summary, this section discussed the basic material properties, contact 

properties, and fundamental operation of GaN based high electron mobility transistor 

(HEMT) devices. The GaN-based HEMT devices have high electron mobility caused by 

the 2DEG, resulting in outstanding rf performance. The carrier density in the 2DEG is 

dominated by polarization, which acts as a primary source of electrons in the channel of 

heterostructures. Additionally, the mobility is limited by the dislocation density, 
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polarization scattering, and interface roughness. The dislocation density and interface 

roughness could be improved by a shutter modulation technique, which provides 

improved grain size and surface morphology as addressed in Chapter 7. The next chapter 

will discuss the polarity control of 2DEG and how to provide better epitaxial growth of 

III-nitrides for better device performance.  

 

 
Figure 17: Transverse mobility components because of scattering at charged dislocation 

lines [66]. 
 
 
 
 

 
Figure 18: Electron mobility over Al contents with different interface roughness degrees, 

Lz is the height of random islands at an AlGaN/GaN heterointerface [67]. 
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 CHAPTER 4: EPITAXIAL GROWTH CONDITIONS FOR III-NITRIDES ON 

FERROELECTRIC MATERIALS 

 There are several aspects to be considered for making better epitaxy growth of III-

nitrides on ferroelectric materials. First, lattice mismatch between III-nitrides and 

ferroelectric materials needs to be minimized, resulting in reducing the dislocation 

density of films. Second, the electrostatic boundary condition needs to be considered for 

controlling the polarization directions of epitaxy films. III-nitrides and ferroelectric 

materials are polar materials, which have polarization directions. The two different 

polarizations generate surface charges at the interface between the two polar materials 

because of the electrostatic boundary condition. Third, the crystalline stability of 

ferroelectric materials needs to be considered for improving the crystal quality of epitaxy 

films. The crystalline stability measured by spectroscopic ellipsometry shows that the 

ferroelectric materials have different crystalline/chemical phases with temperature 

variations. Fourth, there are some practical difficulties to grow III-nitrides on the 

ferroelectric materials. Finally, the surface chemistry between III-nitrides and 

ferroelectric materials is studied by x-ray photoemission spectroscopy (XPS) and Auger 

electron spectroscopy (AES). The first three aspects, lattice mismatch, electrostatic 

boundary condition, and crystalline stability are discussed in this Chapter 4. The practical 

difficulties are addressed and are solved by suggested solutions in Chapter 5. The final 

surface chemistry is discussed in Chapter 6.  
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4.1 Lattice mismatches  

 One of the critical hindrances of developing III-nitrides has been the lack of 

substrate materials that have suitable lattice-matching and thermal compatibility. 

Typically, III-nitrides have been grown on foreign substrates such as GaAs, sapphire, or 

SiC, with large lattice mismatches and less thermal compatibility, leading to extremely 

high defect density [68]. Sapphire has been the most widely used substrate to grow III-

nitrides because of its wide availability, hexagonal symmetry, ease of handling, and 

crystalline stability at high temperatures (~1000°C). Sapphire has a lattice mismatch of 

~16% to GaN in Figure 19a and a small thermal conductivity of ~35 W/mK, which is 

almost five times lower than that of GaN. While lithium niobate (LN) has a similar 

crystal structure on the c-plane as sapphire, it has a larger oxygen sub-lattice spacing in 

its surface structure, resulting in better average lattice mismatch to III-nitrides. LN has a 

lattice mismatch of 6.6% compared to GaN, as shown in Figure 19b. According to 

RHEED pattern studies, AlN (0001) grows on LN (0001) with an in-plane epitaxial 

alignment of AlN ]0110[ || LN ]0211[ . The lattice mismatch between AlN and LN is 

nearly 4.7% [69]. Lithium tantalate has also a hexagonal structure with a lattice constant 

of 0.5154nm. LT has a lattice mismatch of 6.5% to GaN. The in-plane epitaxial 

relationship between GaN, AlN, and LT is GaN ]0110[ || AlN ]0110[ ||LT ]0211[ by 

RHEED pattern studies. The lattice mismatch between AlN and LT is about 4.6% [70]. 

Although the smaller lattice mismatch gives only minimal improvement in crystal 

structure, LN (LT) can be a promising substrate for III-nitride epitaxy. LN (LT) also has 

small thermal conductivity of ~38 W/mK. Thus, it needs to use the same strategies as 

sapphire to distribute heat dissipation in devices. 
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Figure 19: Crystal structures of (a) sapphire (left) and (b) LN (right) along c-axis showing 

GaN unit cell alignment on oxygen sublattice [1,2]. 
 

 
 

4.2 Electrostatic Boundary condition 

 In a homogeneous medium, there are no abrupt changes in electric field (E) or 

electric flux density (D). According to the Gauss’s law, the divergence of the electric flux 

density is equal to the free charge density at the interface between two different media 

(∇•D = ρ). The electrostatic boundary condition on the normal component of D can be 

derived as one a dimensional equation, in which the difference between two normal 

components of electric flux densities is equal to interface charge or sheet charge (ρ sheet). 

 
sheetρ=− 21 DD  

or sheetρεε =+−+ )) 21 2211 PE(PE(  

 
where PE D += ε , ε is dielectric constant and P is the total polarization of spontaneous, 

piezoelectric, and pyroelectric polarizations [71].  

 The electrostatic boundary condition can be applied to control the polarization 

directions of epitaxial films in two cases. First, the polarization direction can be 

controlled by only the properties of films in case of thin films grown on thick and non-
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polar substrates. In this case, E of the substrate is negligible and P of the substrate is zero 

because of thick and non-polar substrates, respectively, as shown in Figure 20 (a). The 

second case is to control the surface charge by the properties of thin films and 

polarization direction of the substrate as shown in Figure 20 (b).  

 
 

 
Figure 20: (a) In the case of films grown on non-polar substrates, the sheet charge (ρ sheet) 

can be controlled by only film properties. (b) In the case of using polar substrates, the 
sheet charge is affected by film properties and the polarization direction of substrates [71]. 
 
 
 
 The practical evidence of the polarization control is shown in Figure 21. In the 

experiment, GaN films were grown on periodically poled lithium niobate (PPLN), which 

was provided by Crystal Technology Inc. GaN films on PPLN had Ga-polar and N-polar 

domain walls alternatively, which are straight and parallel to the z-axis and y-axis of the 

crystal. Normally, PPLN has been used for nonlinear-optical materials in many infrared 

optical parametric oscillators because of its high nonlinearity, tuning capability, and 

robust repeatable process [72]. Figure 21 shows that Ga-polar and N-polar areas on GaN 

films on PPLN were disclosed after wet etching with phosphoric acid. Therefore, this 

disclosure is the evidence of controlling the polarization direction of films using the 

electrostatic boundary condition [1]. 
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Figure 21: Experiment result of film polarization control using periodically poled lithium 
niobate observed by optical microscope. Red color area indicates N-polar and green color 

area indicates Ga-polar after etching with phosphoric acid [1]. 
 

 
 

4.3 Crystalline stability of lithium niobate and lithium tantalate 

The thermal behavior of LN and LT and its impact on GaN growths were monitored 

using real-time spectroscopic ellipsometry, which investigated LN and LT modifications 

upon annealing to 800 °C in vacuum. Figure 22 shows the spectral dependence of the 

pseudorefractive index, <n>, and pseudo-extinction coefficient, <k>, of CLN, SLN, and 

LT crystals before any treatment. Since LN and LT are biaxial materials [73], the 

measured complex pseudo-refractive index is a mixture of ordinary and extraordinary 

refractive indexes. However, in the present study the ordinary and extraordinary 

contributions have not been separated, since we were only interested in detecting 

modification of the overall properties upon annealing. LN (LT) crystals are transparent 

up to photon energy of approximately 4 eV, where absorption begins and is associated 

with d-orbitals of the Nb (Ta)-metal, while the dominant residual absorption below 4 eV 

appears to be associated with OH impurities[74]. Figure 22(a) shows the effect of surface 

Li-enrichment of LN on the complex pseudo-refractive index, which consists of slight 

increases of the pseudorefractive index, seen at higher photon energies where the 
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sampling depth decreases, becoming more sensitive to the surface layer. Figure 22(b) 

shows the higher cut-off energy of 4.68eV for LT compared to 4.05 eV for LN in the <k> 

spectra. The residual absorption below the cut-off energy has been attributed to OH-

group impurities inside the crystal as well as on its surface and is detected by the 3484 

cm-1 stretching mode in the FTIR spectra [75]. Furthermore, the LT is characterized by a 

complex pseudo-refractive index lower than LN. 

 
 

 
Figure 22: Ellipsometric spectra of pseudorefractive index, <n>, and pseudoextinction 
coefficient, <k>, of (a) CLN (circles) and SLN (cross) substrates (b) LT (circles) and LN 
(cross) substrates before any treatment. 
 
 
 
 Figure 23 shows the temporal variation of the above bandgap (4.5 eV) pseudo-

refractive index and pseudo-extinction coefficient during annealing in vacuum at various 

temperatures in the range of 100 °C ~ 800 °C for CLN, SLN, and LT. For CLN, three 

different temperature regions were discerned on the basis of the variation of the pseudo-

refractive index. In particular, in the range of 100 °C < T < 350 °C, a decrease of <k> and 

an increase of <n> were observed with increasing temperature. Those variations may be 

related to the degassing of the surface and the loss of OH groups present in the films, as 

supported in the present study by FTIR measurements reported by Herrington et al. [74]. 
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This is because inhomogeneity caused by the presence of opposite direction domains 

arises in crystal with increasing temperature at T > 800 °C [27]. 

 
 

 
Figure 23: Time variation of the pseudorefractive index, <n>, and pseudoextinction 
coefficient, <k>, during annealing in vacuum at various temperatures in the range of 

100°C-800°C with an increment of 50°C for CLN, SLN, and CLT. The different initial 
point is because of the different temperatures investigated. 

 

 

 

 The trends reversed for temperatures 400 °C < T < 700 °C, i.e., an increase of <k> 

was observed with increasing temperature. According to previous studies [76], these 

observations are likely related to the out-diffusion of Li and O from the outmost layer and 

surface segregation/accumulation of Li and O-species on the surface while the surface 

layer becomes Nb-rich. This is consistent with the changes observed in Figure 22.  

Furthermore, a strong decrease of <k> and <n> is observed for T > 700 °C, which can be 

related to the decomposition of LN substrates [76] with surface evaporation of O-species 
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also as O2 (loss of surface O) and Li desorption. Conversely, only surface degassing 

without decomposition is observed for SLN and LT in Figure 23, demonstrating their 

higher thermal stability.  

 

 

 
Figure 24: Ellipsometric spectra of the pseudorefractive index, <n>, and pseudoextinction 
coefficient, <k>, of (a) CLN and (b) SLN substrates before (BA) and after (AA) furnace 
annealing at 800°C for approximately 20 min. (c) comparison between LN and LT. Real 

time ellipsometric measurements are at 4.5 eV photon energy. 
 

 

 

Figure 24 (a) and (b) compare the spectra of the complex pseudo-refractive index of 

the CLN and SLN before and after annealing at 800 °C for approximately 20 min. Figure 

24c shows the comparison between LN and LT before and after annealing. A strong 

modification resulting from surface decomposition is observed for the CLN, which 

corresponded to a decomposition of approximately 8 nm of LN surface layer. On the 

contrary, almost no variation is observed for the annealed SLN and LT, indicating its 

higher vacuum thermal stability. Furthermore, the decrease of the residual absorption 

below 4 eV is consistent with the degassing of OH, and a broad band at energies below 4 

eV appears for the annealed LN, whose amplitude depends on annealing times and 

temperatures. This band has been previously detected for LN and LT annealed in O2-free 
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atmospheres. The origin of this peak has been the subject of controversy as reported by 

Jhans et al. [77] since it has been ascribed to polarons, or d-d transitions of niobium or to 

electrons trapped at oxygen vacancies originated during the surface decomposition or to 

cation and oxygen vacancies [78]. The higher thermal stability found for LT is in 

agreement with the lower Li2O out-diffusion coefficient of D~10-10 cm2/sec for LN and of 

D~10-11 cm2/sec for LT at approximately 900 °C [79]. 

 In summary, there were several aspects to be considered for better integration 

between III-nitrides and ferroelectric materials. Among the several aspects, the properties 

of lattice mismatch, electrostatic boundary condition, and crystalline stability were 

discussed in this chapter. LN and LT have smaller lattice mismatch to GaN films than 

that of sapphire and are polar materials, which have a benefit of the polarity control of 

GaN films. SLN and LT substrates showed better crystalline stability than CLN, and 

resulted in better GaN crystal quality. In the next chapter, several practical difficulties are 

addressed and resolved by suggested solutions.  
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 CHAPTER 5: PRACTICAL ISSUES OF III-NITRIDE GROWTH ON 

FERROELECTRIC MATERIALS  

 As mentioned in Chapter 4, there are several aspects to be considered for epitaxial 

growth of III-nitrides on ferroelectric materials. This chapter addresses several practical 

difficulties to grow GaN films on ferroelectric materials and suggests solutions of the 

difficulties. First, lithium niobate (LN) or lithium tantalate (LT) substrates have cracked 

at high growth temperatures. This is because LN (LT) has a higher thermal expansion 

property compared to GaN. This cracking problem required design of a special spring 

plate to minimize mechanical stress on samples. Second, LN (LT) has poor adhesion of 

GaN films, resulting in the film peeling-off. This poor adhesion was improved using a 

furnace anneal step, which also enhanced the surface smoothness.  

 

5.1 Cracking problem and special mounting for MBE growths 

To absorb radiation from a substrate heater in an MBE system, transparent 

materials such as LN (LT), sapphire, or SiC must have a deposited metal coating on the 

back side, normally using tantalum, molybdenum, or titanium. To mount these samples 

inside the MBE system, spring plates made of molybdenum were used to hold the 

samples, which, however, induced mechanical stress on the samples. LN has an 

anomalously high thermal expansion coefficient (CTE) of α⊥= 15 × 10-6/ºC and α|| = 7.5× 

10-6/ºC. LT has a high CTE of α⊥= 16 × 10-6/ºC and α|| = 4 × 10-6/ºC [80].Therefore, the 

huge CTE of LN (LT) and the mechanical stress from the spring plate explain why earlier 

attempts to grow III-nitrides on LN (LT) resulted in cracked samples at high growth 
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temperatures. Thus, grips on the spring plate were adjusted to minimize the sample 

holding pressure, but were strong enough to hold a sample. Figure 25 shows the specially 

designed spring plate, which has almost two times longer grips than that of normal spring 

plates. 

 
 

 
Figure 25: Specially designed spring plate with two times longer grips for reducing 

mechanical stress on the LN or LT. 
 
 
 

5.2 Furnace annealing effects on lithium niobate and lithium tantalate 

Even though LN (LT) samples had comparatively smaller lattice mismatch to III-

nitrides than that of sapphires, earlier experiments had very low yields of successful 

growth of III-nitrides because of the delamination of epilayers grown thicker than 0.5 µm. 

As-received LN (LT) samples had surface damage such as scratches and corrugations in 

nanometer scale range because of the factory mechanical polish, as shown in Figure 27(a), 

observed by atomic force microscopy (AFM). However, the surface damage was 

removed by high-temperature furnace anneals at 1000 °C in a dry air environment 

[4,90,91], resulting in atomically flat surfaces. The annealing furnace is shown in Figure 

26.  
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Figure 26: Mini brute annealing furnace from Thermco Inc. with a customized fume hood 

and a flow meter system. 
 

 
 

 After annealing at 1000 °C for 2 hours in a dry air environment, the surface 

morphology of CLN showed atomically flat terraces of ~320 nm width between step-

edges with an average vertical step height of 0.15 nm, Figure 27(b) and Figure 27(c). 

However, longer anneals degraded surface roughness as a result of facet coarsening and 

affected the variation of terrace width, as shown in Figure 27(d) and Figure 27(e). CLN 

(LT) samples produced atomically flat terraces of ~200 nm width after annealing for 3 

hours, as shown in Figure 27(d), which were very similar to the annealed samples for 4 

hours in Figure 27(e). However, after 5 hours of annealing, the surface became slightly 

porous and rough, as shown in Figure 27(f). These observations led to the conclusion that 

2~3 hour anneals give the best surface condition with the largest terrace width, which is 

suitable for epitaxial growth. The surface morphology of as-received stoichiometric LN 

(SLN) in Figure 28(a) showed dramatic changes after annealing at 1000 °C in a dry air 

environment for 2 hours. The annealed SLN samples formed bunched steps and larger 

facets with periodic valleys of around 6 nm depths, as shown in Figure 28(b). The newly 
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formed facets and individual facets coalesced with longer anneals (10 hours), as shown in 

Figure 28(c).  

 
 

 
Figure 27: The surface morphologies of CLN samples observed by AFM (a) before 

annealing; (b) after annealing in a dry air environment at 1000°C for 2 hours and (c) in 
the same sample with different scale; the surface of LiNbO3 after (d) furnace annealing in 

the same environment at 1000°C for 3 hours, (e) 4 hours, and (f) 5 hours. 
 
 
 
 

 
Figure 28: Surface of SLN samples by AFM for (a) as-received and (b) after furnace 

annealing in a dry air environment at 1000°C for 2 hours and (c) for 10 hours. 
 
 
 
 

5.3 Polarity inversion domains and etching studies 

Even though furnace anneals in a dry air environment improved surface 

smoothness, they caused the formation of polarity inversion domains on the surface of 
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LN samples. The polarity inversion domains on LN samples affected the polarity of GaN 

films, resulting in deteriorated mobility in III-nitride-based devices [4]. The polarity 

inversion domains on LN samples were delineated by an etching study, which used a 

mixture of acids (HF:HNO3 = 1:2 in volume) for 45 minutes in a boiling water bath [81]. 

Figure 29(a)-(c) show etched surface morphologies of as-received CLN, furnace annealed 

CLN at 1000°C for 2 hours, and outgassed CLN in vacuum at 200°C for 1 hour, 

respectively. Figure 29(a) and Figure 29(c) barely show etching pits, but all regions of the 

furnace annealed samples in Figure 29(b) have etching pits in a triangular shape because 

of the faster etching rate around polarity inverted domain areas. Figure 29(d)-(f) show 

etched surface morphologies of (d) as-received SLN, (e) furnace annealed SLN, and (f) 

only outgassed SLN in vacuum for one hour. Even though the furnace annealed SLN 

sample has periodic valleys, there are few pits in Figure 29(f).   

 

 

 
Figure 29: Study of etched LN samples: AFM surface morphologies of (a) as-received 

CLN, (b) furnace annealed CLN at 1000°C for 2 hours in a dry air environment, (c) 
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outgassed CLN at 200°C for 1 hour in vacuum, (d) as-received SLN, (e) furnace annealed 

SLN, and (f) outgassed SLN at 200°C for 1 hour in vacuum. 
In summary, furnace anneals at high temperatures give atomically smooth surface 

of CLN samples with inverted domains, but corrugated surface on SLN samples without 

inverted domains. Future efforts on intermediate lithium composition materials may 

balance the advantages of lithium lean congruent sample smoothening during a furnace 

anneal with the lack of inverted domains found in SLN samples.  

 
 

 
Figure 30: AFM image after etching with HF+HNO3 acids in a boiled water bath for 3 

minutes. These etch pits indicate the multi-ferroelectric domains of LN and LT samples. 
 
 
 

Figure 30 shows the surface morphology of high-temperature annealed LT after 

etching with HF+HNO3 acids for 45 minutes in a boiled water bath. Etch pits were 

observed on the sample, indicating that furnace annealed LT samples also had 

ferroelectric inverted domains. In general, LN (LT) samples have one degree of freedom 

for lithium atomic movement, along the z-axis, where ferroelectric polarization is 

determined by displacing Li atoms through the adjacent plane of oxygen [27]. Thus, the 

samples have a single polarization (or a single domain) by applying an external electric 

field during material growth to fix the Li atoms’ displacement at one crystal lattice 
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position [27]. However, furnace anneals at high temperatures created variations in crystal 

composition because of the non-uniform evaporation of lithium from the near-surface of 

LN (LT) samples [27]. This resulted in a disruption of previous displacement of Li atoms 

near the surface. Therefore, the composition deviation of the near-surface affected the 

inverted domains on LN (LT) samples [27,82]. 

 

5.4 Polarity studies with various annealing temperatures 

 The previous section introduced the annealing effects that annealed CLN in dry 

air at 1000 °C had - atomically flat surfaces and the improvement of film adhesion. 

However, the annealed CLN had polarity inverted domain areas, a process called 

repolarization, which degraded the polarity uniformity of III-nitrides. These limiting 

factors have been obviated using stoichiometric LN (SLN: 49.9 mole% of Li2O), which is 

very stable in vacuum over a wide-temperature range and also results in the better 

adhesion of the III-nitride films annealing, as confirmed by spectroscopic ellipsometry 

(SE), polarity etching and Kelvin probe force microscopy (KPFM).  
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Figure 31: Surface Morphology by AFM on annealed Lithium Niobate with different 

conditions: Before wet-etching (a) ~ (d) and after wet-etching (e) ~ (h). Annealing 
temperatures of (a, e) 500°C, (b, f) 600°C, (c, g) 800°C, and (d, h) 1000°C. 

 The SLN solution resolves the limiting factors on CLN, however, is expensive 

and difficult to use because of the limited commercial availability of SLN. This limited 

availability leads to another solution that solves the problem of repolarization on CLN by 

lowering the annealing temperature at the expense of surface smoothness. The effects of 

various annealing temperatures on CLN are shown in Figure 31. The annealed CLN 

substrates show the surface roughness of  (a) 1.3nm @ 500ºC, (b) 5.58nm @ 600ºC, (c) 

0.46nm @ 800ºC, and (d) 0.2nm @ 1000ºC with no ferroelectric repolarization effect 

except when annealing at 1000 °C, as confirmed by etching (HNO3:HF=2:1 at 100°C) in 

Figure 31(h). III-nitrides on the annealed LN with 500 °C and 1000 °C have no 

significant difference of GaN FWHMs in (0002) ω scan measured by high resolution x-

ray diffraction (HRXRD). Therefore, annealing temperatures less than 1000 °C, while not 

providing the best surface smoothness, do provide no evident ferroelectric repolarization 

and improve film adhesion without degrading crystal quality.   
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5.5 Properties of ferroelectric materials at high temperatures 

In the previous section, annealed CLN has the repolarization on the surface, 

which degrades the polarity uniformity of III-nitride films. To resolve the repolarization 

problem, it is necessary to understand the repolarization on the annealed CLN. Therefore 

this section explains the nature of the repolarization with high temperature annealing. 

As temperatures increase, the unit cell of LN contracts along the c-axis and 

extends along the a axis, as shown in Figure 32a [31].  

Xue et al [31] found that a LN (LT) structure has the stacking sequence of Li-

Vacancy-Nb (Ta)-Li at room temperature. At higher temperatures, by electrically driving 

the Li+ ion through the oxygen plane into the vacancy occupied octahedra, the 

spontaneous polarization of LN (LT) can be changed as shown in Figure 2 [31], resulting 

from Figure 32b.  

 
 

 
Figure 32: Temperature dependent behavior for (a) the ratio change of c-axis over a-axis, 
(b) the position change of Li+ and Nb5+: Nb5+ goes back to an original position, and Li+ 

goes to the center of the bottom oxygen triangle plane of LiO6 octahedron [31]. 
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According to the statement of Xue et al [31], in Figure 32b, the Nb5+ goes back to 

an original position and Li+ goes to the center of a bottom oxygen triangle plane at high 

temperatures. After cooling, the location of Li+ would not be recovered to the original 

position, which leads to domain inversions, called repolarization, on the surface of LN 

crystals [31]. The depth of the repolarization region could reach up to one half of 

substrate thickness [83], and be suppressed using dehydrated LN and LT substrates, in 

which fewer hydroxides (OH) are contained [84]. The randomly located Li+ is not only 

completely and permanently determined by heating, but also by an electrical field effect, 

called the coercive field. 

Lines et al [85] defined the coercive field as the required electric field to switch 

the polarization of ferroelectric materials from having a remnant polarization to zero 

polarization. The calculated coercive field based on the phenomenological Landau-

Ginzburg equation is several orders of magnitude greater than experimental values 

[85,86]. Kim et al [86] investigated that the practical calculation gap is from neglecting 

pre-exiting domain wall. Using the Ginzburg-Landau-Devonshitre equation [27], the 

experimentally observed coercive field can be approximated by summing the space-

charge field and bulk dipolar defect field as follows [86]:  
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 where dielectric constant ε, α1 = 1/(2ε), PS = 0.75C/ m2 for LN, and  PS = 0.55C/ m2 for 

LT. The directions of domains on ferroelectric materials can be inverted by applying 

external positive high voltage to the z+ face of samples, which slightly exceeds the 

coercive field of materials [87]. The coercive fields of materials are < 21 kV/mm for 
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CLN, < 4 kV/mm for SLN, < 3.5 kV/mm for Mg doped (5 mol%) LN [87], < 21 kV/mm 

for CLT, and < 1.7 kV/mm for SLT at room temperature. The coercive fields are varied 

with temperatures, for example, 5 MV/mm at 25 °C and 5 kV/mm at 250 °C for CLT [88] 

and others [89]. 

Similar to LN, LT has spontaneous polarization, Ps, of 0.55 C/m2 [86] and room-

temperature lattice parameters in hexagonal indices of the a-axis: 5.143 Å, c-axis: 13.756 

Å [39]. According to the statement of Roitberg et al [38], however, with increasing 

temperature, the unit cell of LT contracts along the a-axis maximally at 660° ± 10 °C, 

which is the Curie temperature of LT, as shown in Figure 33. Even though LN (LT) has 

repolarization at high temperatures in a dry air environment, the annealed LN (LT) has an 

atomically flat surface with step edges [4,90 , 91 ], which provides an ideal surface 

condition for epitaxial growths. The atomically flat surface is requisite for the layer-by-

layer growth mode (Frank-vander Merwe growth mode) [92]. The nature of forming a 

step-edge structure may be related to repositioned octahedrons during high temperature 

anneals.  
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Figure 33: Variation in Δc/c0 versus temperatures and variation in dielectric constant with 
temperatures in lithium tantalate [38]. 

 
 
 
 

 In summary, this chapter addressed several practical difficulties to grow GaN 

films on ferroelectric materials and resolved some of the difficulties using including a 

new sample mounting method and high-temperature anneals. The new sample mounting 

method could minimize mechanical stress on samples and resolved the sample cracking 

problem. The high-temperature anneals could improve the adhesion properties of GaN 

films on ferroelectric materials. Even with a benefit of having an atomically flat surface 

on CLN, the high-temperature anneals developed repolarization domains, which induced 

inversion domains in subsequent III-nitrides. On the other hand, SLN and LT provided 

better surface repolarization and stability during the high-temperature annealing but at the 

cost of less surface smoothing. In the next chapter, the surface chemistry between III-

nitrides and ferroelectric materials will be investigated.  
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 CHAPTER 6: SURFACE CHEMISTRY 

 As introduced in Chapter 4, there are several aspects to be considered for making 

better epitaxy growth of III-nitrides on ferroelectric materials. This chapter presents the 

surface chemical and structural study of the interface between III-nitrides and 

ferroelectric materials using x-ray photoemission spectroscopy (XPS) and Auger electron 

spectroscopy (AES). The purpose of this study is to understand the interfacial properties 

of III-nitride growth on ferroelectric materials by studying the initial stages of deposition, 

disclosing various out-diffusion behaviors. 

 

6.1 Introduction  

 The ferroelectric materials lithium niobate (LN) and lithium tantalate (LT) have 

been integrated with III-nitrides for optoelectronic applications [93,94,95,96,97,98]. The 

integration enhances the multi-functionality of electrical and optical devices. Several 

previous works demonstrated the integration of GaN-based high electron mobility 

transistor (HEMT) devices on LN, providing the possibility of cost-effective chips for 

optical and electronic devices [93,94,95]. Surface acoustic wave (SAW) devices were 

implemented by AlN epitaxial layers on LN, resulting in partially relieving the 

temperature instability and increasing the SAW velocity [96,98]. Stoichiometric LN (50 

mole% of Li2O) showed better crystalline stability than Congruent LN (48.39 mole % of 

Li2O), resulting in improving device performance [99]. Furthermore, LT substrates were 

considered as a substrate for III-nitride growth [100]. That study pointed out that some 

residual conductivity existed beyond the channel in the AlGaN/GaN grown on LN 
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substrates, resulting in degraded channel mobility. Therefore, the residual conductivity 

needs to be minimized to improve device performance. In this paper, the origin of the 

residual conductivity of GaN films on ferroelectric materials is investigated using x-ray 

diffraction (XRD), x-ray photoemission spectroscopy (XPS), and Auger electron 

spectroscopy (AES). This analysis will include an overview of interfacial properties and a 

description of the initial stages of the growth mechanism and impurity diffusion between 

GaN films and ferroelectric materials.  

 

6.2 Stoichiometric effects of GaN films on LN substrates  

 Several GaN films were grown directly on LN substrates without buffer layers to 

study the properties of the nucleation layers of the GaN films. The LN samples were 

annealed at 500°C in a dry air environment to enhance the adhesion of GaN films 

[99,100,101]. Several GaN films were grown with various gallium fluxes and constant 

nitrogen flow at the same growth temperatures to verify the effects of V/III ratio on the 

GaN/LN interface with different growth regimes [102]. In this experiment, first, GaN 

films were grown in the intermediate Ga-rich (IGR) condition (sample A) at 600°C for 

920Å thickness with a Ga flux of 8.4×10-7 Torr and 1.3 sccm nitrogen at an rf power of 

350 watts. Second, GaN films were grown in the extremely Ga-rich (EGR) condition 

(sample B) with a Ga flux of 9.1×10-7 Torr after nitridation at 200°C for 30 minutes.  

Third, GaN films were grown in the extremely Ga-rich condition (sample C) with the 

highest Ga flux of 9.3×10-7 Torr after nitridation at 200°C for 30 minutes. Finally, GaN 

films were grown in the barely Ga-rich (BGR) condition (sample D) with a Ga flux of 

6.1×10-7 Torr without nitridation. These four samples were grown using a shutter 
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modulation technique, which provided a significant improvement of the surface 

morphology and crystal quality of GaN films [103,104].  

 
 

 
Figure 34: RHEED patterns of GaN films and surface morphologies with rms roughness: 
(a) at 6 min and (b) 1.03nm in sample A; (c) at 6 min and (d) 0.428nm in sample B; (e) at 

6 min 30 sec and (f) 0.384nm in sample C; and (g) at 7 min 30 sec and (h) 1.13nm in 
sample D. 

 
 
 

 
Figure 35: X-ray diffraction study on the four samples. 

 
 
 
 In general, stoichiometric GaN films have streaky RHEED patterns and a 

smoother surface. However, the GaN films in sample A showed streaky and spotty mixed 
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RHEED patterns and rough surface morphology with an rms roughness of 1.03 nm, as 

shown in Figure 34 (a) and (b). Sample A had a resistivity of 6.7×10+4 Ω/□ and an 

FWHM of 1.6638° on Ω-scan with 920Å thickness, resulting from the poor quality of 

nucleation layers. The minor phase separation in sample A was observed by XRD 

measurement, as shown in Figure 35.  

 Samples B and C grown in the EGR condition had very streaky RHEED patterns 

and smooth surfaces, as shown in Figure 34 (c), (d), (e), and (f). However, the samples 

had a resistivity 4.8×10+2 and 5.3×10+2 Ω/□, respectively, which might be an inaccurate 

measurement because of un-etched Ga droplets on the surface. These samples had an 

FWHM of 1.3811° and 1.3644° with 880 and 1037Å thickness. Note that these samples 

grown in the EGR regime have more phase separation (LiNbO3 + LiNb3O8) [99,100], 

confirmed by XRD measurement, as shown in Figure 35. This may be because Li from 

LN substrates tends to segregate into Ga. This is related to why GaN buffer layers block 

the out-diffusion inefficiently compared to AlN buffer layers, as discussed in [105]. 

Sample F grown in the BGR condition had spotty RHEED patterns and a rough surface. 

The sample had less phase separation compared to the other samples, confirmed by XRD 

measurement, as shown in Figure 35. The GaN films in sample D had the highest 

resistivity of 2.1×10+5 Ω/□ among the other samples. Also, sample D had an FWHM of 

1.5308° with 974Å thickness. In conclusion, the BGR GaN layers offer a better capability 

of blocking the out-diffusion from substrates than do the BGR GaN films. Nitridation at 

low temperatures was expected to improve crystal quality [106], but instead resulted in 

no crystal quality improvement on LN substrates. The growth conditions and 

characterization of these samples are summarized in Table 1.  
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Table 1: Characterization of GaN films on lithium niobate substrates. n: carrier 
concentration as measured by Van der Pauw method, ρ: resistivity, φ: thickness (Å), and 

FWHM: full width of half maximum of GaN diffraction on Ω-scan. 

Sample 
Growth 

Condition 
Ga flux 
(Torr) N (cm-3) ρ (Ω/□) φ (Å) FWHM(°) 

A IGR 
No Nitridation 8.4×10-7 -1.1×10+19 6.7×10+4 920 1.66 

B EGR 
Nitridation 9.1×10-7 -1.2×10+20 4.8×10+2 880 1.38 

C EGR 
Nitridation 9.3×10-7 -1.0×10+20 5.3×10+2 1037 1.36 

D BGR 
No-Nitridation 6.1×10-7 -1.7×10+19 2.1×10+5 974 1.53 

 
  
 

6.3 Depth profiles and composition analysis with XPS and AES  

 The effects of impurities in GaN films on LN substrates were investigated using 

x-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). A PHI 

10-360-4-015 hemispherical analyzer and PHI 04-173-0-077 Mg/Al dual anode non-

monochromated x-ray source were used for XPS and a PHI 15-110B single pass 

cylindrical mirror analyzer was used for AES [107]. XPS depth profile and composition 

analysis were performed on the four samples, which evaluated the interface properties of 

GaN films on LN substrates. Argon ions with a kinetic energy of 4 keV were injected 

over 4 × 4mm2 to etch III-nitride films. The analysis areas of XPS and AES were about 

1.1 mm2 and 5 µm2, respectively. XPS peak shape processing was performed using a full 

width at half maximum (FWHM) ranging from 1.3 to 1.8eV for different elements with a 

Lorenzian-Gaussian convolution-type model (an 80% Gaussian and 20% Lorenzian peak 

shape), calibrated by a clean Au4f7/2 photo-electron peak showing a FWHM of 1.2eV. 
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Figure 36: The depth profiles of (a) sample A, (b) sample B, (c) sample C, and (d) sample 
D, where (i): the start point of intermixing layer, (ii): the end of nitrogen diffusion, and 

(iii): the end of gallium diffusion. 
 
 
 

 The composition analysis on the surface of the four samples using XPS and AES 

is summarized in Table 2. The XPS composition results were from one measurement and 

the AES composition results were averaged for three different measurements. All 

measurements were performed after etching to clean the surface. The XPS and AES had 

the following sampling depths: XPS: Ga2p - 16Å, Ga3d - 68Å, N1s - 51Å, Nb3d5 - 60Å; 

and AES: Ga - 72Å, N - 27Å, Nb - 18Å.  Sample A had a small density of Ga droplets, 

samples B and C had many Ga-droplets, and sample D had very few Ga-droplets. Note 

that the excess gallium on top of the GaN films were oxidized in air and changed to 
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gallium oxides, which is confirmed by the two bonding states of Ga2p shown in the XPS 

analysis. 

 
 

Table 2: Surface composition analysis of the four samples using XPS and AES. 

 
 
 
 The degree of impurity diffusion into the GaN film was evaluated using XPS 

depth profiles for the four samples, as shown in Figure 36. The Ga/N ratios of the four 

samples were 1.97, 2.10, 2.16, and 1.90 in the GaN films, respectively. Note that the XPS 

depth profiles were performed after the surface chemical bonding analysis, which will be 

shown in the next section. This is because bonding information is not reliable after the 

samples have been damaged by argon ion bombardment. The depth profile information 

was given in time because of the lack of knowledge of GaN etch rate. However, a rough 

estimation of the GaN etch rate was approximately 10 Å/min, based on a known 

thickness of SiO2/Si. Li detection information was not included in the depth profiles 

because the Li peak overlapped with the Nb4s peak. Even though the Li peak was hard to 

qualify, the time of the Li appearance in the spectra was indicated approximately. Note 

that the absolute values of the Ga/N ratio can be influenced by different etch rates of Ga 

and N because of the different sputter rates of the materials. The Ga/N ratio of the 

Element 
(±10%) 

Sample A, IGR 
No-Nitridation 

Sample B, EGR 
Nitridation 

Sample C, EGR 
Nitridation 

Sample D, BGR 
No-Nitridation 

XPS AES XPS AES XPS AES XPS AES 
Ga 44.3 39.7 47.0 45.6 50.2 51.6 49.3 48.4 
N 28.4 13.4 29.3 14.9 41.5 29.8 37.8 25.8 
O 20.1 17.9 15.9 17.7 8.4 7.5 12.9 15.2 
C 7.2 27.6 7.8 21.8 0 11.1 0 10.6 

Nb 0 0 0 0 0 0 0 0 
Ga/N 1.56 2.96 1.60 3.06 1.21 1.73 1.30 1.88 
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apparent film was an average of the depth profiles before the appearance of oxygen 

and/or niobium. A summary of the depth profiles of the four samples is provided in 

Table 3.  

 
Table 3: The summary of depth profiles of the four samples. 

Sample 
Growth 

Condition 

Apparent Film 
“thickness” and 

Ga/N ratio 

Nitrogen 
Diffusion 

Depth 

Gallium 
Diffusion 

Depth 

A IGR 
No-Nitridation 22 min / 1.97 68 min 148 min 

B EGR 
Nitridation 45 min / 2.10 65 min 182 min 

C EGR 
Nitridation 52 min / 2.16 100 min 180 min 

D BGR 
No-Nitridation 32 min / 1.90 78 min 118 min 

 
 
 
 The samples had relatively constant composition except sample C. The Ga/N ratio 

and film thickness for each sample were matched to that expected from the growth 

conditions. During depth profiles, the relatively uniform composition of films suggested 

well-formed GaN films. Samples B and C showed significantly wider inter-mixed regions 

than those of the other two samples. One of the reasons for the wider inter-mixed regions 

could be the nitridation on these two samples, B and C, resulting in more nitrogen 

diffusion into the substrates. Furthermore, as mentioned earlier, the excess gallium on the 

two samples pulled out more impurities (e.g., lithium oxide), resulting in greater phase 

separation (LiNbO3 + LiNb3O8), confirmed by XRD measurement in Figure 35. Note that 

the gallium in-diffusion was deeper than the nitrogen in-diffusion in all samples. Sample 

C showed the largest inter-mixed region, which had the deepest in-diffusion of gallium 

and nitrogen. Note that even though sample B and C showed unexpected Ga/N ratio on 
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surface layer level as shown in Table 2, they had the expected Ga/N ratio in the depth 

profiles as shown in Table 3. This behavior is unclear at this moment, but it may have 

resulted from irregular etching effects or surface roughness differences between samples 

 

6.4 Surface Bonding analysis with XPS  

 The surface bonding energy of the four samples was analyzed using XPS to 

provide an understanding of the chemical interaction. Figure 37, Figure 38, and Figure 39 

show the Ga2p, Ga3d, and N1s core-level spectra for the four samples, A, B, C, and D 

before and after sample surface cleaning. Legends in the figures indicate the bonding 

states of each element.  

 As-received GaN showed that oxidation on the surface caused a surface charge of 

0.7 ~ 1.1eV, observed by the position of the surface C1s peak (284.6eV). After cleaning 

by Ar+ ion bombardment for 1 minute, the surface charge reduced to 0.1 ~ 0.3eV because 

of oxide removal. The intensities for all of the XPS spectra reported here were 

normalized for comparison and were calibrated by the C1s peak (284.6eV) of 

adventitious carbon.   

 The surface sensitivity of the XPS analysis is determined by the inelastic mean-

free path of the electrons in the samples. Thus, peaks at different energy positions have 

different surface sensitivities. Since the Ga2p and Ga3d photoelectrions have inelastic 

mean-free paths of 0.5nm and 2.7nm, respectively, the Ga2p peaks have more surface-

sensitive information and the Ga3d peaks have more bulk-sensitive information [108].  

 In Figure 37(a), after 16Å deep surface analysis, the as-received four samples 

have two peaks of the Ga2p spectra that are detected at 1118.0eV for Ga-N bonding and 
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1119.0eV for Ga-O bonding. These peaks are nearly matched to 1118.2eV for Ga-N 

bonding and 1119.5eV for Ga-O bonding on oxidized polycrystalline GaN powder 

[109,110]. The peak shift from Ga-O to Ga-N bonding is around 1.0eV for all four 

samples. These shifts are close to a peak shift of 1.3eV of Ga-O to Ga-N bonding [110]. 

This implies that the gallium atoms on the surfaces of all samples were oxidized. The 

majority of Ga-O bonding energy could be from the oxidized excess metallic gallium on 

top of the GaN films [111]. The number of Ga-O bonds in the four samples was 20.5, 

58.8, 5.9, and 15.3% for samples A, B, C, and D, respectively. The number of Ga-O 

bonds of the samples was proportional to the supplied Ga-flux for the samples except 

sample C. This exception could be from an incomplete etch during a wet-etching process 

used to remove the residual droplets on the GaN films before XPS analysis.  

 After surface cleaning and thus, approximately 16Å deep into the surface, the Ga-

O bonding peaks disappeared in samples A and B and were significantly reduced in 

samples C and D, as shown in Figure 37(b). Thus, samples C and D had 5.7% and 3.3% 

of Ga-O bonding, respectively. The surface cleaning procedure confirmed the removal of 

oxidized excess metallic gallium atoms on the surface of the GaN films and indicated that 

the oxidation resulted from the atmospheric exposure, not from the oxide substrate out-

diffusion. Therefore, Ga-O bonds were mainly the result of the oxidized excess metallic 

Ga on top of the GaN films [111], confirmed by the surface-sensitive Ga2p spectra 

analysis after surface etching.  

 Ga3d peaks were detected using XPS high-energy resolution scans with an energy 

resolution of 0.08eV [112], as shown in Figure 38(c) for as-received samples and (d) for 

cleaned samples. No metallic Ga peaks were detected at 18.7eV [113]. In Figure 38(c), 
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the Ga3d core level peaks were detected at 19.6eV for Ga-N bonding and 20.6eV for Ga-

O bonding. These peaks are similar to the reported data of 19.6eV for Ga-N bonding, 

which represents a single Ga atom bonded to 4 N atoms, and 20.8eV for Ga-O bonding 

[110]. The as-received four samples had bonding energy shifts of 1eV between the Ga-N 

and Ga-O bonds, which almost matched the reported binding energy shift of 1.2eV [110].  

 After cleaning the sample surface, there was no significant change of Ga3d core 

level peaks, as shown in Figure 38(d), because surface cleaning by low-energy Ar+ 

removes less than approximately 1 nm of the film from the surface, which is much 

thinner than the sample depth for Ga3d of around 7nm. The Ga3d core level peaks were 

detected at 19.6eV for Ga-N bonding and 20.6eV for Ga-O bonding. The binding energy 

shift was 1eV for the four cleaned samples. Compared to the metallic gallium peak at 

18.7eV [113], Ga-O bonding peaks and Ga-N bonding peaks were shifted as 1.9eV and 

0.9eV, respectively, for both the as-received samples and the cleaned samples. A higher 

shift for Ga-O bonding resulted from the greater electronegativity of the oxygen atom 

compared to the nitrogen atom.   

 The oxidation of GaN has been studied by many groups using XPS to reveal 

information about Ga-O bonding, including a peak shift in the Ga3d binding of 0.5 ~ 

1.2eV energy from Ga-O to Ga-N [110,114,115]. The range in shift reported in the 

literature implies that the oxidized excess Ga atoms may form different bonds with 

oxygen and/or nitrogen, a hybrid Ga-O-N, on the sample surface [116]. The hybrid Ga-O-

N bonding was detected at the binding energy of 20.2eV in Ga3d spectra. Another 

possibility for the peak shifts is a hydrogen-related complex Ga-H-N, which was detected 

at 19.21eV [117] although no significant source of hydrogen is available to these MBE 
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grown samples. Therefore, the oxidized or hybridized GaN films could be from surface 

contamination in air resulting in oxygen or hydrogen bonding.  

 Table 4 shows the Ga-O/Ga-N, Ga-N/N, and Ga/N ratios for the four samples 

using Ga3d peak, O1s, and N1s peaks. All of the ratios increase as Ga-flux is increased 

except sample E. As mentioned earlier, the etch process before XPS analysis may cause 

this discrepancy. The high Ga-O/Ga-N ratio indicates a high degree of oxidation on the 

GaN films. The data indicates that the GaN films in the four samples are oxidized, as Ga-

O-N and the Ga/N ratios are higher than the designated values. The nitrogen-deficient 

GaN films are not necessarily interpreted as nitrogen vacancies because the missing 

nitrogen atoms are replaced with oxygen atoms, which act as n-type donors [112]. 

 
 

Table 4: Bonding energy percentage ratio summary with various comparisons, derived 
from XPS analysis of Ga 3d peaks and N 1s peaks. 

Sampl
e Growth Regime 

As-received  
 Cleaned 

Ga-O  
/Ga-N Ga-N/N Ga/N  

Ga-O 
/Ga-N Ga-N/N Ga/N 

A IGR 
No-Nitridation 0.28 1.15 1.48  0.34 1.16 1.56 

B EGR 
Nitridation 0.31 1.32 1.74  0.32 1.21 1.60 

C EGR 
Nitridation 0.10 0.97 1.07  0.24 0.98 1.21 

D BGR 
No-Nitridation 0.24 1.00 1.24  0.27 1.02 1.30 

 
 
 
 N1s peaks are shown in Figure 39(e) for as-received samples and (f) for cleaned 

samples. In the N1s spectra, N-Ga bonding peaks were detected at 397.1eV for both the 

as-received samples and at 397.2 ~ 397.4eV for the cleaned samples, which were in good 
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agreement with the reported values of 397.2eV [118]. Note that the N1s spectra had the 

second unknown peaks, noted N-O in the figure, shifted to a higher energy at 398.8eV for 

both as-received samples and cleaned samples. This might indicate that nitrogen bonded 

with such elements that are more electronegative than gallium does. The bonding state of 

this peak is not yet fully understood. The peak could originate from a complex 

intermediate bonding state involving Ga-N-O bonds and/or nitrogen dangling bonds 

centered at 400.3eV [119] or/and N-H bonds centered at 399.7eV [117]. The N-H binding 

energy was analyzed using samples grown by NH3 sourced MBE. The source of 

hydrogen could be the LN substrates, which generated O-H elements [120] but it is 

expected that such a source of hydrogen would not be detectable by surface analysis. N-H 

was considered as a hydrogen-related donor candidate responsible for the high electron 

background concentration in the GaN films [117].  

 
 

 
Figure 37: XPS spectra of Ga2p photoelectron peaks of (a) as-received and (b) cleaned 

four samples. 
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Figure 38: XPS spectra of Ga3d photoelectron peaks of (a) as-received and (b) cleaned 

four samples. 
 
 
 
 

 
Figure 39: XPS spectra of N1s photoelectron peaks of (a) as-received and (b) cleaned 

four samples. 
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6.5 Conclusion of chemical analysis   

 In this chapter, the origin of the conductive GaN films on ferroelectric materials 

was investigated using XRD, XPS, and AES analysis tools  The study showed that 

oxygen-related impurities dominantly have a deleterious effect on the resistivity of GaN 

films on ferroelectric materials. The origin of impurities and interdiffused layers and their 

effects were investigated at the nucleation layers of GaN films on ferroelectric materials 

in depth. The extremely Ga-rich GaN films showed greater phase separation of LN 

substrates and had a higher conductivity than that of barely Ga-rich GaN films. The depth 

profiles showed the impurity diffusion in both GaN films and LN substrates. The bonding 

energy analysis showed that all of the elements had shifted peaks, resulting from 

oxidization in GaN films. It is concluded that direct GaN film growth on ferroelectric 

materials is forbidden because of the interdiffusion problem and is made worse with 

higher Ga flux (wetter nucleation).  To suppress the interdiffusion, non-conductive buffer 

layers need to be grown between the GaN films and ferroelectric materials. 
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 CHAPTER 7: III-NITRIDE GROWTH ON FERROELECTRIC MATERIALS 

The first integration of III-nitrides on ferroelectric materials was published in 

1999 [7]. In the work, GaN layers were grown on SrTiO3(100) substrates using gas 

source reactive molecular beam epitaxy (RMBE), resulting in strong c-oriented nature 

and the polycrystalline structure of GaN films on SrTiO3. Then, aluminum nitride (AlN) 

layers were deposited on z-cut LN substrates using reactive rf magnetron sputtering in 

2002 [8]. That work showed that the crystalline orientation of AlN layers was dependent 

on deposition conditions and had demonstrated the fabrication of AlN/LN based surface 

acoustic wave (SAW) devices. In the same year, the first high-quality III-nitride growth 

method on LN was developed using plasma-assist MBE (PAMBE) [1,2]. In the 

subsequent years, integrated AlGaN/GaN electronic drivers on the ferroelectric material 

LN crystals were implemented [3,4]. Furthermore, aluminum nitride (AlN) epitaxial 

layers were demonstrated to partially relieve temperature instability and increase surface 

acoustic wave (SAW) velocity compared to bulk LN (LT) SAW devices [5].  

 

7.1 III-nitrides growth on lithium niobate and lithium tantalate 

The performance of AlGaN/GaN-based devices can be improved by high-quality 

III-nitride materials. The crystal quality is affected by many growth conditions: substrate 

temperatures, III-V ratio, and pre-growth treatments, a nucleation layer, an III-V ratio, 

and the polarity of GaN films. The quality of earlier GaN films directly grown on 

sapphire has been very poor with high background electron concentration, in some cases, 

as high as 1020 cm-3, rough and uneven surfaces, and very broad x-ray rocking curves 
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[20]. However, the quality of GaN films has been improved substantially using a 

nucleation layer, called a buffer layer, grown prior to the growth of the active device 

layer. Amano et al. have achieved dramatically improved surface morphology of GaN 

films as well as electrical and optical properties by introducing a low-temperature AlN 

buffer layer [121,122]. The AlN buffer layer has resulted in the electron concentration 

below 1017cm-3 and electron mobility of 600 cm2/Vs at 300 K. Without the AlN buffer 

layer, the electron concentration has been increased to 1019cm-3 and the electron mobility 

has been decreased to 50 cm2/Vs. Therefore, the AlN buffer layer could optimize a 

transition between substrates and GaN films, resulting in a high-density nucleation layer 

for the following epilayers, decoupled from the crystal arrangement of the substrate 

crystal structure. 

The stoichiometry of GaN films has not been easily controlled because of the low 

solubility of nitrogen with Ga and the high vapor pressure of nitrogen over GaN films. 

However, these difficulties have been overcome by several advanced techniques: metal-

organic chemical vapor deposition (MOCVD), metal-organic vapor phase epitaxy 

(MOVPE), and molecular beam epitaxy (MBE) process. The MOCVD and MOVPE have 

used a nitrogen molecule source supplied by cracking ammonia (NH3) on the substrate 

surface at high temperatures (> 1000 °C). Reactive MBE has used lower ammonia-

cracking temperatures (700 ~ 1000 °C) [20]. Furthermore, MBE has been equipped by 

ECR plasma or rf plasma to crack N2 directly, leading to the most efficient nitrogen 

solubility with Ga and relatively low-growth temperatures (500 ~ 1000°C) [21]. GaN 

films with a low III/V flux ratio (N-stable or N-rich condition) have shown faceted 

surface morphologies and tilted columnar structures with high density of stacking faults 
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and rough surface [123]. GaN films with a high III/V flux ratio (Ga-stable or Ga-rich 

condition) have shown smooth surface morphologies and the significant improvements of 

structural and electrical properties. The Ga-rich GaN films could be achieved by 

controlling Ga cell fluxes close to a value where Ga droplets have been formed and 

provided two-dimensional growth with the high surface mobility of Ga adatoms [123].  

 In most cases of MOCVD growth, smooth epitaxial films have Ga-polar GaN 

films on c-plane sapphire substrates grown in the (0001) direction. MBE growth has 

commonly occurred in the (000-1) direction, yielding N-faced films [124]. However, it is 

observed that the polarity of GaN films on sapphire can be controlled using an AlN 

buffer layer, which fully wets the surface of sapphire [125]. GaN films grown on the AlN 

buffer layer show 1nm surface roughness and a typical background electron 

concentration of 5×1013 ~ 1×1014cm-3, which are desirable for GaN-based HFET devices. 

This technique has been adapted to the AlGaN/GaN heterostructure growth, leading to 

the highest ever Hall mobility of 2019 cm2/Vs with large 2DEG concentration of 

1.3×1013 cm-2 at 300K, and 10250 cm2/Vs below 10 K, grown by MOVPE on 6H-SiC in 

Al0.2Ga0.8N/GaN heterostructures [126]. MBE grown Al0.33Ga0.67N/GaN heterostructures 

on sapphire with an AlN buffer layer have shown the mobility of 974 cm2/Vs with 2DEG 

concentration of 1.3×1013 cm-2 at 300 K, in which different nitridation schemes have been 

used to suppress inhomogeneous AlN+NO layers [127]. The mobility of Al0.33Ga0.67N 

/GaN hetero-structures have been improved up to 1341 cm2/Vs with 2DEG concentration 

of 1.6×1013 cm-2 by inserting a thin AlN layer between the AlGaN barrier layers and the 

GaN bulks. The thin AlN layer separates the channel from an AlGaN barrier, resulting in 

reduced alloy scattering [128]. Double buffer layers, consisting of low-temperature GaN 
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layers and high-temperature AlN layers, have been used to improve the mobility of 

AlGaN/GaN heterostructures, resulting in the highest mobility of 1587 cm2/Vs with 

2DEG concentration of 1.25×1013 cm-2 [127]. Therefore, this work proposes to use the 

AlGaN/GaN heterostructures in [127] as a target structure, which has the highest mobility 

of GaN films on sapphire substrates with AlN buffer layers using PAMBE, as shown in 

Figure 40.  

 
 

 
Figure 40: A target structure of AlGaN/AlN/GaN heterostructures with AlN buffer layers. 

 
 
 

7.2 AlN buffer layer on lithium niobate and lithium tantalate 

The mobility of AlGaN/GaN heterostructures is affected by the uniformity of 

polarity in GaN films. Non-uniform polarity causes potential differences between the 

AlGaN barrier and the GaN bulk, which block traveling electrons, as shown in Figure 41. 

The uniformity of polarity can be controlled using AlN nucleation layers [125]. AlN 

buffer layers [129] were grown at 600 °C for 100 nm thickness using a Veeco-Unibulb 

nitrogen source with 0.35 sccm nitrogen at the rf power of 350 watts. During the AlN 

buffer growth, reflection high-energy electron diffraction (RHEED) reconstructions were 
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observed with a streaky pattern, as shown in Figure 42(a). With increasing Al flux, a 2x2 

reconstruction was observed. A further increase in Al flux resulted in a 1x1 RHEED 

pattern. A 2x2 reconstruction was reproducibly observed during cooling with exposure to 

an active nitrogen source. The 2x2 reconstruction implies that the AlN buffer layers have 

Al polarity, which guarantees Ga-polarity GaN [130].  

 
 

 
Figure 41: Demonstration of mixed polarity effects on electron mobility on a channel 

[127]. 
 
 
 

The mobility of AlGaN/GaN heterostructures can be improved by having a 

smooth surface of GaN, which is affected by the roughness of prior AlN buffer layers. 

Thus, the AlN layers and GaN layers need to be smoothed using the shutter modulation 

method, which opens and closes each metal source shutter periodically [104]. The 

principle of the shutter modulation method is based on the behavior of the cation-anion 

reaction during epitaxial growths. Because cation atoms (gallium Ga3+, aluminum Al3+) 

are very reactive with anion atoms (nitrogen N3-), the cation atoms have a longer surface 

diffusion length in the absence of the anion. The effect enhances surface migration for the 

cation atoms and improves material quality due to better epitaxial self-organization. The 
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shutter modulation method was applied for AlN buffer layers on sapphire, resulting in a 

smoother surface morphology, as shown in Figure 42(b) [131].  

 
 

 
Figure 42: (a) RHEED reconstruction of AlN buffer layers on sapphire. The RHEED 
reconstruction implies the AlN buffer layers are Al polarity, which results in Ga-polar 

GaN layers and (b) surface morphology of AlN buffer layers with Al cell shutter 
modulation [127,131]. 

 
 
 
 

 
Figure 43: (a) Slightly amorphous RHEED pattern and (b) AFM surface morphology of 
AlN on LN at 800°C of substrate temperature; (c) spotty RHEED pattern and (d) AFM 

surface morphology with Al droplets at 600°C of substrate temperature with Al cell 
shutter modulation. 
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High-quality AlN nucleation layers on LN (LT) would be achieved by being 

grown at high substrate temperature (800 °C), which is the same growth temperature of 

AlN layers on sapphire. However, the high-temperature AlN layers on LN (LT) showed a 

slightly amorphous RHEED pattern and very grainy shape on the surface even with Al-

rich condition, as shown in Figure 43(a) and Figure 43(b). This is because the in-

diffusion of lithium from LN (LT) into the AlN layers makes an unexpected aluminum 

and lithium alloy, resulting in unexpected crystalline structure and rough surface. 

Therefore, it is necessary to grow the AlN layers at lower temperatures to minimize the 

in-diffusion of lithium from LN (LT). However, an AlN layer grown at the substrate 

temperature of 600°C still shows a rough surface morphology, indicating the existence of 

the unexpected aluminum and lithium alloy, as shown in Figure 43(c) and Figure 43(d).  

 

7.3 AlGaN/GaN heterostructures on lithium niobate and tantalate 

GaN films were grown on +z-LN (LT) substrates with AlN buffer layers, which 

were described in the previous section. The z+ direction of the substrates results in Ga-

polar GaN films as dictated by the electrostatic boundary condition imposed by Gauss’ 

Law. The GaN films were grown with two different temperature conditions, 650 °C for 

300 nm of its thickness and 700 °C for the remaining 450 nm of thickness, both with 0.5 

sccm nitrogen. A typical GaN layer grown on LN substrates is observed by AFM, shown 

in Figure 44(a), and has an approximate 1 um grain size similar to other GaN films on 

various substrates. A shutter modulation method is also demonstrated for the improved 

intra-run uniformity of GaN films [104]. This method was applied for making a smoother 

GaN surface, as shown in Figure 44(b).  
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Figure 45(a)-(c) show x-ray diffraction (XRD) peaks of GaN films grown on LN 

and LT substrates by PAMBE. The GaN films have thicknesses of 0.5 - 1.0 µm and 0.7 

µm for LN and LT, respectively.  Both LN and LT substrates have (0002) GaN XRD 

peaks, which indicates that the growth direction of the epitaxial films is GaN [0001]║LN 

(LT) [0001]. The distinct difference of GaN growth on LN, rather than LT, is the 

formation of a second phase of (60-2) LiNb3O8, indicated by a peak on the ω-2θ scan at 

2θ =38.1°, in addition to the original LiNbO3 peak. This can be explained by the fact that 

congruent LN (48.39 mole% Li2O) is metastable in vacuum and will decompose into the 

two phases of LiNb3O8 and Li2O-rich LN at elevated growth temperatures [132]. As-

received LN samples do not have any of the LiNb3O8 phase, so LiNb3O8 forms during 

outgassing of the substrate in the introduction chamber and during the growth [4]. 

Therefore, growth conditions of III-nitrides on LN must be carefully chosen to avoid the 

formation of the Li-deficient phase interfacial layer, LiNb3O8, between the GaN films and 

LN substrates.   

 
 

 
Figure 44: Surface morphologies of GaN films on LN by AFM (a) without Ga cell shutter 

modulation (b) with Ga cell shutter modulation. 
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To minimize the second phase of LiNb3O8, a GaN buffer layer was grown at high 

temperatures (900 – 950 °C), where the congruent-melting composition in the two-phase 

field (Li2O-Nb2O5) appears and the LiNbO3 phase is stable [132]. XRD in Figure 45(b) 

indicates that the second phase of LiNb3O8 is reduced when the high temperature (900 – 

950 °C) buffer layer is used, rather than the low temperature buffer layer at 500°C. For 

LT, the second phase is not observed with high resolution XRD, indicating that LT is 

more stable than LN at the growth temperatures. 

 
 

 
Figure 45: 2θ/ω x-ray scan of GaN films grown on LN and LT. (a) GaN films on LT, (b) 
GaN films grown on a high temperature (900 °C) GaN buffer layer, and (c) GaN grown 

on a low temperature (500 °C) GaN buffer layer. 
 
 
 

Figure 46(a) shows the in-plane XRD peaks of the GaN layer on LN obtained by 

a rotational scan (ø-scan) about the c-axis of the (10-11) plane of the GaN epitaxial layer 

and the (11-23) plane of the LN (LT) substrate. This shows the in-plane relationship at 

the interface. The six respective peaks of GaN (10-11) and (11-23) planes indicate that 

the GaN layer has a hexagonal structure and is grown epitaxially on the LN (LT) 



 79

substrates, which also have a hexagonal structure. Furthermore, the ø-scan of GaN (10-

10) was equivalent to that of LN (LT) (11-20), which implies that the hexagonal structure 

of GaN films is rotated 30° relative to the LN (LT) hexagonal structure. The selected area 

electron diffraction (SAED) pattern, with incident beam direction z= [11-20] GaN, shown 

in Figure 46(b), clearly suggests that GaN films grew epitaxially on the LN (LT) 

substrates. 

 
 

 
Figure 46: (a) φ scan of GaN films grown on LN substrates and (b) selected area electron 
diffraction (SAED) of the GaN films on LN substrates. GaN films are aligned with LN 

and LT after 30 degrees rotation. 
 

 
 
 AlGaN/GaN heterostructures were also grown on furnace annealed CLN, SLN, 

and LT substrates under slightly N-rich followed by Ga-rich growth conditions. During 

the GaN layer growth, in-situ high-energy electron diffraction (RHEED) was monitored. 

Figure 47(a) shows the RHEED pattern of CLN at 200 °C, indicating smooth surface 

confirmed by AFM images. However, after increasing growth temperatures to 600~700 

°C, a streaky RHEED pattern develops satellite peaks as shown in Figure 47(b), 
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indicating surface modification. Further growth of GaN films recovers the streaky 

RHEED pattern shown in Figure 47(c). 

 
 

 
Figure 47: in-situ RHEED patterns on (a) CLN at 200°C, (b) CLN at 500°C~650°C, (c) 

GaN on CLN at 650°C, (d) SLN at 650°C, (e) GaN on SLN at 650°C, and (f) LT at 
600°C. 

 
 
 

On the other hand, SLN at the growth temperatures remain streaky, but dimmed 

pattern in Figure 47(d), indicating a stable but rough surface. The GaN layers on SLN 

show streaky RHEED pattern in Figure 47(e).  LT at the substrate temperature of 600°C 

shows streaky RHEED patterns, indicating stable surface. These RHEED results confirm 

different surface stability among CLN, SLN, and LT substrates, performed by 

spectroscopic ellipsometry experiment at different temperatures.  

Figure 48(a) shows RHEED pattern for GaN buffer layers on LN substrates at the 

substrate temperature of 500 °C. LN substrates prior to growth have a very streaky 

RHEED pattern, which indicates a smooth surface. RHEED patterns observed following 

GaN growth were changed to streaks and double spots, corresponding to the [111]-
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oriented cubic GaN (c-GaN), indicating a mixture of hexagonal and cubic phases of GaN 

films [133]. The mixed cubic-hexagonal GaN phases develop into a single hexagonal 

phase of GaN films. A similar RHEED pattern was observed for GaN films on LT.   

 
 

 
Figure 48: (a) GaN RHEED on LN showing a mixture of cubic and hexagonal phases 
viewed along the [11-20] azimuth and (b) GaN TEM image grown on LT showing a 

mixture of cubic and hexagonal phases. 
 
 
 
Figure 48b shows the cross-sectional TEM images of GaN/LT interfaces. The 

high resolution images taken at the interface of GaN/LT indicate an approximately 18 nm 

thick interface region, which shows stacking faults with mixed phases of cubic and 

hexagonal GaN.  The mixed phase of GaN is possibly related to oxygen on the surface of 

LT [134,135,136]. Cubic GaN has been observed in the local environment of oxygen 

[135,136] or oxygen-terminated surfaces in GaN [134], which cause stacking faults, as 

observed in TEM images. Stacking faults are the main types of extended defects 

occurring in an oxygen rich local environment, or oxygen-terminated surfaces. Yeh et al. 

have indicated that a slight difference in formation energies, approximately 10 meV 

atom-1, is needed to create stacking sequences between cubic and hexagonal phases [137]. 
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Figure 49: Cross-sectional TEM images of the GaN film grown on LT with (a) g=0002 

and (b) g = 11-20. 
 

 
 
Furthermore, TEM images were used to analyze the structural quality and 

quantify the dislocation density of GaN films on LT substrates. Figure 49(a) and Figure 

49(b) are TEM images under g=0002 and 0211=g  two-beam conditions, respectively. 

Under the  g=0002 two-beam condition, pure screw and mixed dislocations are visible 

while pure edge and mixed dislocations can be observed under 0211=g  two-beam 

conditions [138]. Therefore, from Figure 49(a) and Figure 49(b), pure edge dislocations 

are dominant and estimated at more than 1010 cm-2 for GaN films grown on LT substrates. 

For GaN films on a LN substrate, TEM analysis shows the similar results. GaN films 

usually possess dislocation density typically in the range of 109~1010 cm-2 due to the large 

lattice and thermal mismatches between sapphire or SiC and GaN films. LN and LT 

possess enormously large thermal expansion coefficients [80,139]. The values of in-plane 

thermal expansion coefficients of αa=5.59 and 7.5 ×10-6 K-1 for GaN and sapphire 

substrates [140] are considerably smaller than αa=14.3 and 16.1×10-6 K-1 for LN and LT 

[80], respectively. Therefore, the larger thermal expansion coefficients of LN/LT 

substrates give rise to a higher density of dislocations during cooling down from the 
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growth temperature even though they each have smaller lattice mismatches compared 

with that of sapphire and SiC substrates. 

 
 

 
Figure 50: The x-ray diffraction 2θ-Ω spectra of HEMT structures: Upper - CLN,   

Lower - SLN showing that SLN has lower intensity of x-ray diffraction peak of LiNb3O8. 
 

 
 
The structural quality of AlGaN/GaN heterostructures is assessed by 2θ-ω x-ray 

diffraction. As shown in Figure 50, the x-ray diffraction spectrum shows a well-oriented 

GaN film on CLN - upper graph - as well as the presence of a lithium triniobate, LiNb3O8, 

surface layer. However, in the lower graph in Figure 50, SLN shows the lower peak 

intensity of the LiNb3O8 surface layer. The Al mole fraction of the AlxGa1-xN layer is 

estimated to be 20 % from the curve peak separation of the AlxGa1-xN and GaN layers. 

This heterostructure has an x-ray diffraction rocking curve, ω spectrum, for the GaN film 

of 1581 arcsec for (0002) FWHM and 1870 arcsec for (10-12) FWHM on CLN and 1601 

arcsec for (0002) FWHM and 2076 arcsec for (10-12) FWHM on SLN, respectively. 
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Those broad FWHM values are partially due to initial GaN growths under nitrogen rich 

growth right after the AlN buffer layers growth to reduce the dislocation density [141], 

but also represent the relative immaturity of GaN films on LN substrates.  

 
 

 
Figure 51: (a) Surface morphology and (b) the surface potential measurement of the 
AlGaN/GaN on CLN substrates by AFM and surface potential EFM. (c) The surface 

morphology and (d) the surface potential of AlGaN/GaN on SLN, indicating smoother 
surface and no inversion domains. 

 
 
 

The electron transport properties in AlGaN/GaN HFETs were measured by Hall 

effect measurement at room temperature. It showed the mobility of ~ 380 cm-2/Vsec with 

the sheet charge of  1.7×1013 cm-2 on CLN substrates and ~780 cm-2/Vsec with 7.7×1012 

cm-2 on SLN substrates. The higher mobility on SLN can be explained due to improved 

surface roughness and a lower polarity inversion domain density. Figure 51 shows the 
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surface morphology and surface potential of AlGaN/GaN heterostructures on CLN and 

SLN via Kelvin probe microscopy (KPM) [129]. The surface of AlGaN/GaN hetero-

structures on SLN is much smoother than films grown on CLN substrates, indicating that 

the surface roughness after annealing at high temperatures does not affect but it is 

inferred that the surface stability is more crucial factor than the surface roughness. 

Furthermore, inversion domains were observed on CLN substrates while a few inversion 

domains, lower surface potential area, have been measured on SLN. 

It is reported that a 0.25 µm gate Si-doped MODFET was operated at the cutoff 

frequency of 21.4 GHz and maximum frequency of 77.5 GHz with a mobility of 680 cm-

2/Vsec at ~ 7.3×1012 cm-2 on sapphire [142]. These figures of merit thus imply the present 

results may already be suitable for the desired integrated devices for 10GHz modulators 

driven by AlGaN/GaN transistor amplifiers, although they are significantly less than 

similar structures grown on other mature substrate technologies.  Future improvement can 

be expected as growth conditions are further optimized.   

 

It is concluded that LN has been shown to be a viable substrate for the growth of 

GaN via MBE because of the structural similarity between GaN and LN.  However, GaN 

growth on LN is challenging due to interfacial properties of surface segregation, 

delamination, and repolarization. Surface segregation and delamination problems can be 

relieved by furnace annealing. However, the furnace annealing at 1000 °C gives polarity 

inversion domains on the surface of CLN, which degrade the channel mobility of III-

nitride devices. SLN is an alternative solution to minimize inversion domain formation 

and shows stable crystalline behavior, resulting in two times improved electrical channel 
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mobility in AlGaN/GaN heterojunction structures. Future efforts will address improved 

crystalline quality and demonstrating optical modulation from integrated optoelectronic 

structures. 
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 CHAPTER 8: RESISTIVITY CONTROL ON III-NITRIDES 

 An extensive part of this research has focused on increasing the resistivity of GaN 

films, specifically grown on LN and LT. Highly resistive GaN films are critically needed 

in the high-frequency operation of GaN-based high electron mobility transistor (HEMT) 

devices to avoid parallel conductivity pathways through the GaN bulk layers. Highly 

resistive GaN films, therefore, enhance the device pinch-off. In this chapter, the 

conductivity of GaN films on lithium niobate (LN) and lithium tantalate (LT) is 

investigated. Compared to the case of GaN films on sapphire substrates, the GaN films on 

LN and LT show a highly conductive property. According to Chapter 6, the GaN films 

were conductive because of the impurity out-diffusion from the ferroelectric substrate 

materials. Therefore, this chapter investigates various ways to suppress the out-diffusion 

from the substrates.  

 

8.1 Review of resistivity control on undoped GaN films 

 The resistivity of GaN films could be increased by adding acceptor doping (Fe, 

Mg, Zn) [143]. This method, however, was not appropriate for applying to HEMT 

devices because the added acceptors reduced the material mobility by introducing 

additional scattering centers and exact compensation of donor by acceptors requires prior 

knowledge of the number of residual donors which is not known.  The resistivity of GaN 

was also controlled using different carrier gases during the nucleation layer deposition 

[144] and using different source gas pressures [145] in MOCVD systems.  These 

experiments revealed that the resistivity of GaN is closely related to the threading 
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dislocations and grain boundary size. These two factors are inversely proportional to each 

other. The dislocation-related defects contribute to scattering, trapping, and compensating 

centers in the conducting regions in GaN films. Thus, screw dislocations act as one of the 

conductive paths, thereby increasing the electrical conductivity of GaN films along 

vertical directions as observed by the ballistic electron emission microscopy (BEEM) 

[146]. As the opposite of the screw dislocations, the edge dislocation density is inversely 

proportional to the resistivity of GaN films. Therefore, as the edge dislocation density is 

increased and the screw dislocation density is decreased, it is possible to grow highly 

resistive GaN layers [144]. The dislocation density of GaN films on sapphire substrates 

has been varied from 108 to 1010 cm-2, depending on the growth process conditions. A 

recent commercial GaN-based HEMT structure on sapphire substrates by MOVPE shows 

an average sheet resistance of 431.2Ω/□, electron concentration of low 1015 cm-3, average 

mobility of 1100cm2/Vs, and average sheet charge of  1.19×1013 cm-3 [147].   

 Commercially available GaN films on sapphire normally have AlN buffer layers 

between the films and the substrates. The AlN buffer layers are distinguishable, by 

observing the bright area of a scanning electron microscopy (SEM) cross-sectional image, 

as shown in Figure 52(a) [148]. The brightest region, called a transition region, in the 

image indicates the high intensity of electron charging in the SEM. This is because 

electrons are collected and accumulated in an insulator region. Therefore, GaN films on 

sapphire have a transition region that is highly resistive. In contrast, the brightness of 

GaN films is less than that of AlN layers, indicating less resistive GaN films. As a 

comparison, columnar-shaped GaN films grown on lithium niobate (LN) (sample 

number: N2422) had an indistinguishable narrow transition region in the SEM image 
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shown in Figure 52(b). This observation indicates that the GaN films grown on 

ferroelectric materials are highly conductive.  

 
 

 
Figure 52: SEM cross-sectional image of (a) the GaN/Al2O3 interface with transition 

region [148], (b) GaN/LiNbO3 interface (sample number: N2422). 
 

 
 

8.2 Low-temperature growth scheme and super-lattice layers 

 Research reported an out-diffusion problem when growing GaN films on ZnO 

substrates [ 149 ]. The degree of out-diffusion at the GaN/ZnO heterointerface was 

estimated using the glancing incidence x-ray reflectivity (GIXR) technique. GIXR 

reveals the thickness, interfacial roughness, and density of interfacial layers by 

comparing x-ray reflectivity and theoretical information from the Fresnel equation 

[150,151,152]. An example of the GIXR technique is shown in the inset in Figure 53. 

This inset of the GIXR simulation, shows the fitting between measured data and 

theoretical simulation for a GaN/ZnO sample grown at 500 °C. The measurement 

indicates that there is no interfacial layer at the interface of the sample. The thickness 

variation of the interfacial layer as a function of growth temperature is shown in Figure 

53 [149]. The thickness of the interfacial layer increased with the increase of growth 
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temperature above 500 °C. Therefore, GaN films on ZnO substrates need to be grown at 

low temperatures to suppress the impurity out-diffusion.  

 
 

 
Figure 53: The dependency of interfacial-layer thickness is shown in the function of 
growth temperatures. An inset figure shows the GIXR curve of a GaN/ZnO sample 

grown at 500°C [149]. 
 
 
 
 To suppress the impurity out-diffusion, super-lattice layers were applied in GaN 

films grown on an LiGaO2 substrate [153]. The super-lattice layers are composed of the 

periodically alternative AlN and GaN layers. Secondary ion mass spectroscopy (SIMS) 

profiles show that the Al-containing layer effectively suppresses the lithium out-diffusion 

from the LiGaO2 substrate during GaN growth. Therefore, in the following section, the 

low-temperature growth scheme with the super-lattice layers is applied to growing GaN 

films on ferroelectric materials for suppressing the impurity problem.  
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8.3 GaN growth at low temperatures with super-lattice layers 

 Several GaN films were grown to investigate the effects of the low-temperature 

buffer with the super-lattice layers. Since the growth temperature is very important for 

suppressing the out-diffusion from substrates as concluded in the previous section, 

various growth temperatures were used to investigate.  

 Before growing the GaN layers, LN or LT samples were pretreated to overcome 

the practical difficulties mentioned in Chapters 5 and 7. The LN or LT samples were 

annealed at 500 °C or 1000 °C in dry air and outgassed at 200 °C, 500 °C, or 700 °C in a 

vacuum environment. Then, super-lattice or GaN or AlN nucleation layers were grown 

on the pretreated LN or LT samples at various temperatures. The super-lattice layers were 

made of five periodic layers of AlN and GaN with two different time periods: the 

thickness of each AlN or GaN is ~ 10nm and ~ 50nm, respectively. AlN or AlGaN buffer 

layers were followed with about 100nm thickness to control polarity. Finally, GaN bulk 

layers were grown at several different temperatures with about a 900nm thickness by Ga-

rich conditions.  The summary of the growth conditions is shown in Table 5. 

 AlN layers were grown with super-lattice nucleation layers in sample N2408 to 

investigate conductivity. The AlN layers had relatively low resistivity compared to AlN 

layers grown on sapphire, which is normally an insulator. After growing GaN layers on 

top of the AlN buffer layers (N2409), the resistivity of GaN became lower, indicating the 

effect of continuous out-diffusion from the substrates during growth. As shown in Table 

5, the GaN films grown on LN are highly conductive compared to GaN films grown on 

sapphire, which have the resistivity of the low 10+11 Ω/□ range.  
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Table 5: GaN growth at low temperatures with several buffer layers on lithium niobate: 
FA: furnace anneals, VA: vacuum anneals, SL: super-lattice, AL: GaN/AlN alternating 
layers, R: resistivity, and FWHM: full width of half maximum of GaN x-ray diffraction 

on (0002) Ω-scan. 

Sample # Pre-treat 
FA/VA(°C) SL (°C) AlN (°C) GaN (°C) R(Ω/□) FWHM(″) 

N2408 500/200 500+GaN 500 650 None 6.2E+6 N/A 

N2409 500/200 500+GaN 500 650 650 1.2E+3 1496 

N2427 500/200 600 600 600 2.1E+3 1078 

N2430 500/700 None 600 600 1.1E+3 2432 

N2422 500/200 None 200 475 4.2E+8 3107 

N2485 500/700 AL200 500 600 2.6E+7 2700 

N2488 1000/700 AL 200 500 600 1.6E+9 3046 

N2453 500/500 475+GaN 475 AlGaN 475 500 9.6E+6 1381 

N2454 500/500 475+GaN 475 AlGaN 475 475 9.1E+6 1468 

N2465 500/500 600 650 (200nm) 600 8.7E+2 1586 

N2466 500/700 600 650 (200nm) 600 4.7E+4 1415 

N2489 500/700 GaN 200 None 600 4.3E+3 1976 

N2505 1000/200 InN 385 InGaN 385 475 3.1E+3 1870 

 
 
 
 In sample N2427, the resistivity of the GaN films is increased slightly by 

lowering GaN growth temperatures, implying less out-diffusion from the substrates. 

Sample N2427 has higher crystal quality compared to the N2409, confirmed by x-ray 

diffraction. Note that the GaN films were grown on both the z-axis and x-axis of LN 

simultaneously, observed by cross-sectional SEM, as shown in Figure 55. The growth of 

both sides could be possible because the substrate was thick enough (~1mm) to grow 

very thin GaN films (~10nm) on the side walls. The films on the side walls (x-axis), 

however, became conductive paths from the GaN films on +z-axis to metal-coatings on -



 93

z-axis. Therefore, isolation patterns were required to measure the resistivity of the GaN 

films grown on the +z-axis of LN substrates. 

 
 

 
Figure 54: Rocking curve vs. Sheet resistance variation for the different processes 

described in Table 5.  Note the clustering of samples around 1000 ohms/square and the 
only two samples approaching the desired region containing AlGaN buffers. 

 
 
 
 

 
Figure 55: SEM cross-sectional image of N2427 sample: (a) III-nitrides grown on z axis 
with ~1µm thickness (b) III-nitrides grown on x-axis with ~10nm thickness. An inserted 

cartoon in the middle illustrates the direction of the SEM images. 
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 The effect of using a super-lattice (SL) was investigated in the sample N2430. 

The GaN films without SL layers show the highest conductivity and worse crystal quality. 

The SEM cross-sectional image of the N2430 sample shows a very deep level of in-

diffusion patterns, spike-like shapes penetrating ~20 um into the substrate as shown in 

Figure 56 (a). A smaller scaled image is shown in Figure 56 (b), which shows no obvious 

barrier between the films and the substrate. This is probably caused by an interaction 

between aluminum from the AlN layers and lithium from the substrate at the 

heterointerface. It is proven that higher outgassing temperatures can improve the 

resistivity and crystal quality of GaN films in the N2465 and N2466 cases. As a result, 

the degradation of resistivity and crystal quality in N2430 result from the absence of 

super-lattice layers. Therefore, it is concluded that SL layers could partially minimize the 

out-diffusion and suppress spike-like shapes at the interface, resulting in improved 

resistivity and crystal quality of GaN films. 

 
 

 
Figure 56: SEM cross-sectional image of N2430 sample (a) large scaled image with 
spike-like shapes (b) smaller scaled image of GaN/AlN films with intermixed layers 

 
 
 
 The effect of low-temperature growth is investigated in N2422. The low-

temperature AlN and GaN layers were grown at 200 °C and 475 °C, respectively. The 
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SEM cross-sectional image of the sample is shown in Figure 52. The image shows no 

transition region, but has a brighter region on GaN films than the substrate, indicating the 

high-resistive GaN films. However, the crystal quality of the sample is very poor. These 

results indicate the low-temperature AlN layers act as a very efficient out-diffusion 

blocker, but provide poor nucleation layers at the same time.  

 
 

 
Figure 57: SEM cross-sectional image of N2488 with bright barriers (transition region), 

indicating insulation property at the interface, but rough surface morphology 
 
 

 
 The low-temperature AlN layers are applied for modifying the super-lattice layers 

in the N2485 and N2488 samples. The modified super-lattice layers have a growth time 

five times longer than alternatives of GaN and AlN at 200 °C. After using the modified 

SL and growing GaN films at 600 °C, the N2485 sample has improved crystal quality, 

but lower resistivity. The resistivity was improved using 1000 °C furnace annealed 

samples in N2488 with slightly worse crystal quality. The SEM cross-section image of 

the N2488 sample shows a very bright barrier at the interface between III-nitrides and the 

substrate, indicating insulation property, as shown in Figure 57. The N2488 sample has 
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the highest resistivity. However, the image shows rough surface morphology because of 

poor nucleation layers. It is concluded that the low-temperature SL or AlN layers are 

efficient out-diffusion blockers because the chemical interaction is minimized at low 

temperatures, but they provide poor crystal quality. 

 Instead of AlN buffer layers, AlGaN layers were grown as buffer layers in N2453 

and N2454 samples to investigate the resistivity and crystal quality. These AlGaN layers 

had a 30% Al composition and are expected to be more easily formed at lower growth 

temperatures than those of AlN layers. GaN films were grown on top of the AlGaN layers 

with Ga-droplets. As a result, the GaN films on the AlGaN layers have higher resistivity 

and reasonable crystal quality. Even though the GaN films were grown under Ga-rich 

conditions, they have facet surface morphology, confirmed by spotty and streaky RHEED 

patterns, as shown in Figure 58(a). This is because aluminum, gallium, and nitrogen 

atoms might not have enough surface mobility at the low temperatures. This approach 

needs to be modified to improve the surface roughness but in general offers the best 

alternative for future research of all buffer layers tried in Table 5. 

 
 

 
Figure 58: (a) Spotty and streaky RHEED pattern of N2453 sample with AlGaN buffer 
layers (b) AFM surface morphology of the out-gassed LiNbO3 at 800 °C for 30min with 

porous shapes. 
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 The effects of vacuum annealing or outgassing were investigated in the samples 

N2465 and N2466. These samples had the same growth conditions, with thicker AlN 

layers (~200nm) at 650 °C, except for different vacuum annealing temperatures. Both 

samples showed reasonable crystal quality, but lower resistivity because of the high 

growth temperatures. Therefore, higher resistivity with higher outgassing temperature 

implies that impurities may be expelled more with higher outgassing temperatures.  

 
 

 
Figure 59: SEM cross-section of (a) N2489 sample with low-temperature GaN buffer 

layers grown at 200 °C with unexpected 1.2 µm thick films (b) N2505 sample with InN 
and InGaN buffer layers. 

 
 
 
 The effects of GaN buffer layers (N2489) and InGaN buffer layers (N2505) 

without SL layers were investigated as alternative buffer layers. The GaN buffer layers 

were grown at 200 °C. The InGaN buffer layers were grown with compositions graded to 

30% of gallium at 375 °C. GaN films grown on both buffer layers were highly 

conductive. The SEM cross-sectional images of the samples show no obvious barriers 

between films and substrates, as shown in Figure 59. The target thickness of GaN films 

with GaN buffer layers in N2489 was 1 µm thick. However, the total thickness of the 

films observed by SEM was about 1.2 µm, indicating a deep interfacial region because of 
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significant out-diffusion from the substrates.  The thickness behaviors are the same in the 

N2505 sample. Therefore, both GaN and InGaN buffer layers are inefficient for blocking 

the out-diffusion from substrates during growth.  

 In conclusion, this section discusses several important points for low-temperature 

growth with SL layers: First, AlN buffer layers are efficient for blocking the out-diffusion 

from substrates. Second, lower growth temperatures reduce out-diffusion. Third, isolation 

patterns are required to measure the resistivity of GaN films grown on 1mm-thick LN 

samples because of extraneous leakage paths. Fourth, SL layers could partially minimize 

the out-diffusion and suppress spike-like shapes at the interface. Fifth, outgassing at high 

temperatures produced so many defects that while the resistivity improved, the crystal 

quality was so poor that use in a HEMT was impossible. Finally, only the use of AlGaN 

SL showed promise for future research.  However, it was not clear as to why the surface 

quality of these layers was so highly degraded and had such unusual morphology. 

 

8.4 GaN growth with lithium alloyed buffer layers  

 Another buffer layer synthesis method is to make a lithium-aluminum alloyed 

buffer (LAAB) layers. The alloyed layers are made by depositing aluminum on LN 

substrates at high temperatures without a nitrogen source. The purpose of this method is 

to trap the out-diffusing lithium oxides by the LAAB layers before growing the GaN bulk 

layers. The buffer layer formed a 2× reconstruction RHEED patterns when aluminum 

was deposited on LiNbO3 at high temperatures, as shown in Figure 60 (a) and (b). The 

N2419 and N2420 samples are synthesized at 650 °C and 800 °C for 5 minutes, 
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respectively. The 2× reconstruction RHEED patterns may result from the overlapping of 

two different reconstruction patterns of the aluminum alloys and the LN substrate and 

thus is not an indicator of good surface quality as one would normally imply. The surface 

morphology of the LAAB layers is shown in Figure 60 (c) with pits and possible 

coalescence of aluminum and lithium elements. The x-ray diffraction spectra of the 

N2420 sample in Figure 61 (a) shows distinct phase separation of LiNbO3 and Al + Li 

related alloyed peaks since a large amount of lithium oxides was pulled out from the 

LiNbO3 substrate during the synthesis. 

 
 

 
Figure 60: RHEED images of aluminum deposition on LiNbO3 at the substrate 
temperature of (a) 650 °C in N2419 (b) 800 °C in N2420 and (c) AFM surface 

morphology of LAAB layers synthesized at 800 °C in N2420. 
 

 
 
 LAAB layers with 650 °C and 800 °C were grown on LN substrates in N2419 and 

N2420 samples, respectively. Then GaN films were grown with AlN, SL, and/or GaN 

buffer layers on top of the LAAB layers. A summary of the growth conditions is shown 

in Table 6. The LAAB layers have high resistivity values but in general, poor crystal 

quality. The N2421 sample has GaN films with AlN buffer layers on top of the LAAB 

layers. The resistivity of the N2421 sample is reduced compared to that of N2420, 

indicating the existence of in-diffusion into GaN films. The sample has reasonable crystal 



 100

quality. Figure 62(a) shows very rough surface morphology with rms roughness of 

10.4nm observed by AFM. The GaN and AlN diffractions are distinguishable in 2θ/ω 

spectra as shown in Figure 61 (b). N2487 and N2457 have AlN and GaN buffer layers 

with slightly different growth conditions, respectively, but show huge differences in 

resistivity. This indicates that the AlN buffer layers are more efficient than GaN buffer 

layers in blocking the out-diffusion. GaN films in N2487 have improved resistivity 

because of SL and thick LAAB layers, but show worse crystal quality. 

 
 

Table 6: GaN films growth on lithium-aluminum alloy buffer layers: FA: furnace anneals, 
VA: vacuum anneals, SL: super-lattice, R: resistivity, and FWHM: full width of half 

maximum of GaN x-ray diffraction on (0002) Ω-scan. 

Sample # Pre-treat 
FA/VA(°C) 

Al deposit at 
(°C) / min AlN (°C) GaN (°C) R(Ω/□) FWHM(″) 

N2419 500/200 650/5min None None 9.6E+7 N/A 

N2420 500/200 800/5min None None 6.1E+7 N/A 

N2421 500/200 800/5min 650 650 1.4E+6 1251 

N2487 500/200 650/20min 650+SL575 600 2.1E+7 2042 

N2457 500/200 650/20min GaN+SL575 575 4.7E+4 2904 

N2486 1000/200 800/20min 650 600 3.1E+6 3125 

N2506 1000/200 Ga 800/20min 650 600 2.9E+4 3140 

 
 
 
 GaN films in N2457 were grown at 575 °C with GaN buffer and SL layers, 

resulting in higher conductivity and worse crystal quality. The higher conductivity can be 

explained by the absence of AlN layers as mentioned in a previous section. The N2457 

sample has a smoother surface than that of N2421, observed by AFM as shown in Figure 

62. The N2457 sample shows less phase separation between LiNbO3 and Al + Li related 
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alloy peaks because of a lower LAAB deposition temperature, as shown in Figure 61 (c). 

The N2486 sample was grown with a growth condition similar to that of N2421 except 

for a higher furnace annealing temperature, resulting in higher resistivity and worse 

crystal quality. Note that the GaN crystal quality becomes worse as Al deposition time 

increases, as observed in the N2487, N2457, and N2486 samples. This is because the 

surface of these samples becomes rougher as Al deposition time increases, as shown in 

Figure 58(b) and Figure 60 (c). 

 
 

 
Figure 61: X-ray diffraction 2θ/ω spectra of (a) the LAAB layers synthesized at 800 °C 
on LN in N2420, (b) GaN films with AlN buffers on the LAAB/LN in N2421, and (c) 
GaN films with GaN buffers on LAAB layers synthesized at 650 °C on LN in N2457. 

 
 
 

 Additionally, lithium-gallium alloy buffer (LGAB) layers were synthesized to 

investigate the blocking effect of impurity out-diffusion from LN substrates. GaN films 

grown on the LGAB layers show high conductivity and poor crystal quality, indicating 

that LGAB layers are not efficient at blocking the out-diffusion from LN substrates. 
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Figure 63 shows the x-ray diffraction 2θ/ω spectra of the N2506 sample, which has five 

different diffraction peaks of GaN, AlN, Ga + Li related alloy, LiNb3O8, and LiNbO3. 

 
 

 
Figure 62: AFM surface morphologies of (a) GaN films of N2421 (b) GaN films of 

N2457 in 1µm×1µm scale (c) 200nm×200nm scale. 
 
 
 

 

 
Figure 63: X-ray diffraction 2θ/ω spectra of GaN films with AlN buffer layers grown on 
LGAB/LiNbO3 in N2506 sample. 
 
 
 
  In conclusion, the Al or Ga + Li related alloyed buffer layers provide several 

features: First, the crystal quality of GaN films with LAAB layers becomes worse as Al 

deposition time increases. Second, LAAB layers roughen the surface of the substrates, 

resulting in the poor surface morphology of subsequent layers. Third, furnace annealing 
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at higher temperatures can improve the resistivity of GaN films. Finally, LGAB buffer 

layers are not efficient buffers for blocking the impurity out-diffusion. 

 

8.5 GaN growth with SiN, SiO2, and ZnO buffer layers  

Silicon nitride buffer layers 

 Research in reference 154 reported that silicon nitride (SiNx) films on lithium 

niobate substrates could enhance the performance of SAW devices. Because of their high 

resistivity properties, SiNx films are considered a good candidate for blocking the out-

diffusion from substrates. However, SiNx films have a lattice constant of 0.76nm along 

the a-axis, which is almost twice that of GaN (a= 0.3189 nm). Therefore it has been 

claimed that SiNx films are aligned to GaN films, resulting in the low density of 

dislocations [155]. However, one should note that SiNx is monoclinic and thus possesses 

very little crystalline symmetry.  The SiNx films used in this previous study were formed 

on silicon substrates by nitridation at 900 °C, resulting in excellent GaN film growth 

[155]. Other research showed GaN growth with porous SiN interlayers on GaN templates 

with lateral epitaxial overgrowth technique using MOCVD [156] lowered the threading 

dislocation density.  

 
 

 
Figure 64: Surface morphology of SiN/LN (N2527) in the size of (a) 5um x 5um 1.35nm, 
(b) 1um x 1um with roughness of 1.21nm, amorphous RHEED pattern of (c) SiN films at 

200 °C, and (d) AlN/SiN buffer layers on LN substrates at 600 °C. 
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Table 7: GaN films growth on SiN, SiO2, and ZnO buffer layers: FA: furnace anneals, 
VA: vacuum anneals, R: resistivity, SiN: silicon nitride buffer, SiO2: silicon dioxide 

buffer, and ZnO: zinc oxide buffer. 

Sample # Pre-treat 
FA/VA(°C) Buffer Nitridation 

(°C)/min AlN (°C) GaN (°C) R(Ω/□) 

N2527 1000/200 SiN 200/10min 600 non 3.2E+8 

N2533 1000/200 SiO2 800/20min Non 650 1.8E+8 

N2312 1000/200 ZnO Non 600 N/A N/A 

N2535 1000/200 ZnO GaN 500/2min 600 600 3.1E+3 

 
 
 

 In this experiment, 100 nm thick SiNx films were deposited on LN by plasma 

enhanced chemical vapor deposition (PECVD), with a deposition rate of 500Å per 

minute at 300 °C, rf power of 200W, and film thickness of about 100nm. Figure 64 (a) 

and (b) show the surface morphology of the SiNx films on LN substrates with a roughness 

of 1.35nm. Importantly, the deposited SiNx films on LN substrates are unmeasurably 

highly resistive. On the SiNx films, AlN layers were grown at 600 °C after nitridation at 

200 °C for 10minutes in the N2527 sample. The SiNx and AlN/SiNx films on LN 

substrates show amorphous RHEED patterns as shown in Figure 64 (c) and (d), 

respectively. Unlike the claim of research in reference [150] using thermally grown SiNx, 

our results on PECVD deposited SiNx indicate that these amorphous patterns are related 

to the lattice mismatch between SiNx films and lithium niobate substrates, and the fast 

growth rate of deposition conditions. In conclusion, SiNx films deposited with the 

PECVD system have amorphous crystal structure, resulting in the failure of epitaxial III-

nitride growth. Therefore, epitaxial SiNx films need to be implemented to grow 

successful epitaxial high-quality III-nitrides. 
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Silicon dioxide buffer layers 

 According to research in [157], the dc drift in an LN optical modulator was 

reduced after silicon dioxide (SiO2) buffer layers were deposited. The dc drift could be 

screened by the refractivity of SiO2 buffer layers, and the refractivity was affected by the 

amount of OH elements in SiO2 films. After annealing 500 nm thick SiO2 films at 900 °C 

in wet O2, the dc drift was minimized. Another study [158] reported the low temperature 

(< 285 °C) rf sputter deposition of SiO2 films for MEMS applications. The work showed 

the optimized deposition conditions of SiO2 films with low surface roughness and 

minimized stress. A rf-sputterer was used to deposit 100 nm thick SiO2 films on LN 

substrates with 200 W rf power at a 6mTorr sputtering pressure in the N2533 sample. As 

a result, even though the films show unmeasurably high resistance, the SiO2 films have 

amorphous RHEED patterns, indicating non-crystalline structure growth on LN 

substrates. The deposited SiO2 films on LN were annealed with nitrogen at 800 °C for 20 

minutes, resulting in no crystal structure change, as shown in Figure 65(a). Then, GaN 

films grown on the annealed SiO2 films have amorphous RHEED patterns, as shown in 

Figure 65(b). Therefore, it is required to investigate a method for the epitaxially grown 

SiO2 films to achieve successful epitaxial GaN films and block the impurity out-diffusion. 

 
 

 
Figure 65: Amorphous RHEED pattern of (a) SiO2 films on LN substrates at 800 °C and 

(b) GaN films on SiO2 buffer (N2533). 
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Zinc oxide buffer layers 

 Zinc oxide (ZnO) materials have been highlighted as a promising piezoelectric 

material for acoustic and optoelectronic devices. ZnO is the correct lattice structure, 

hexagonal, already is saturated with oxygen and can be heavily doped with Li and thus is 

less likely to getter Li and O from the substrate.  Thus, ZnO is a promising buffer layer 

for interfacing LN and III-Nitrides.  ZnO materials were deposited on LN substrates by 

ECR-assisted MBE, since a double piezoelectric layer structure enhanced the electro-

mechanical coupling factor of SAW devices [159]. The lattice mismatch between ZnO 

and LN is 8.3% [159]. The structural relationships between the ZnO films and LN 

substrates are (0001) ZnO || (0001) LN and ]0110[  ZnO || ]0211[  LN. The ZnO films 

were epitaxially grown on LN substrates, confirmed by x-ray ϕ-scans with a six-fold 

symmetry as shown in Figure 66 [160]. The ZnO films, however, need to be grown at 

low substrate temperatures because the crystal quality of ZnO films deteriorates with 

increasing substrate temperatures [159,160]. Other research reported epitaxially grown 

ZnO films on LN substrates by rf-sputtering. The FWHM of (0002) ω-rocking curve for 

the ZnO films grown at 550 °C was 1656″ [161]. Furthermore, the lattice mismatch 

between GaN and ZnO is 0.4% for the c-axis and 1.9% for the a-axis [162]. Therefore, 

this buffer scheme is valuable to investigate because of the minimized lattice mismatch 

problem with ZnO buffer layers.  
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Figure 66: ϕ-scans of (a) the )1110( ZnO and (b) the )012( LN reflections with doubled 

intervals [160]. 
 

 
 
 In this study, ZnO films were deposited on LN substrates using rf-sputtering with 

two different experiments: First, the ZnO films were deposited on the positive and the 

negative z-axis of LN substrates. The films were deposited with 125W rf power under a 6 

mTorr sputtering pressure with mixed gases (Ar:O2=5:5) with a growth rate of 67 Å/min 

at 300 °C substrate temperature. Second, the ZnO films were deposited on both 1000 °C 

furnace annealed and non-annealed LN substrates. The sputtering condition was the same 

except for the ratio of mixed gases (Ar:O2 = 8:2) with a growth rate of 45 Å/min and 

400 °C substrate temperature.  
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Figure 67: AFM surface morphology of ZnO films on the positive z-axis of LN substrates 

(a) RMS roughness = 5.34nm (b) RMS roughness = 5.48nm and the negative z-axis of 
LN substrate (c) RMS roughness = 5.09nm (d) RMS roughness = 1.85nm 

 
 
 

 
Figure 68: First experiment results: ZnO films on (a) -Zaxis of LN with FWHM of 262″ 

and (b) +Zaxis of LN with FWHM of 324″ on 2θ/ω scan; and (c) -Zaxis of LN with 
FWHM of 3036″ (d) +Zaxis of LN with FWHM of 4415″ on ω scan. 

 
 

 
 The first experiment shows the surface morphologies of ZnO films deposited on 

the positive and negative z-axis of LN substrates in Figure 67. Note that the crystal 

quality and surface roughness of the ZnO films could be better by depositing on the 

negative z-axis of LN substrates. The ZnO films on the positive and negative z-axis LN 

have the FWHMs of 262″ and 324″ on 2θ/ω scan, and 4415″ and 3036″ on ω-rocking 

curves, respectively, as shown in Figure 68. 

 In the second experiment, the ZnO films were deposited at 400 °C substrate 

temperature, resulting in improved crystal quality. The ZnO films on the non-annealed 

LN substrates have a rougher surface than that of the annealed substrates because LN 
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substrates have an atomically flat surface after 1000 °C furnace annealing. Figure 69 

confirms the surface roughness improvement on the 1000 °C furnace annealed LN 

samples using AFM. Figure 70 shows that the FWHMs of (0002) ω-rocking curve for the 

ZnO films on 1000 °C furnace annealed and non-annealed LN substrates are 2418″ and 

2750″, respectively. This result indicates that the crystal quality of ZnO films is improved 

on annealed LN substrates. 

 
 
 

 
Figure 69: AFM surface morphology of ZnO films on the 1000 °C furnace annealed LN 
substrates (a) RMS roughness = 2.21nm (b) RMS roughness = 2.1nm and non-annealed 

LN substrates (c) RMS roughness = 20.1nm (d) RMS roughness = 7.49nm 
 
 
 
 

 
Figure 70: Second experiment results: ZnO films on (a) 1000 °C furnace annealed LN 
with FWHM of 380″ and (b) non-annealed LN with FWHM of 391″ on 2θ/ω scan; and 

(c) 1000 °C furnace annealed LN with FWHM of 2418″ (d) non-annealed LN with 
FWHM of 2750″ on ω scan. 
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 The rf-sputtered ZnO films on 1000 °C furnace annealed LN substrates showed 

spotty RHEED patterns as shown in Figure 71(a). AlN films were grown on the ZnO 

films in the N2312 sample, resulting in amorphous RHEED patterns in Figure 71(b). This 

is a well-known alloy behavior between aluminum and zinc materials at high 

temperatures (over 600 °C). The sample was peeled off after growth because of the alloy 

problem. The alloy problem can be resolved by inserting thin GaN buffer layers before 

introducing AlN films. This scheme was moderately successful and showed streaky 

RHEED patterns in N2535 samples as shown in Figure 71(c). Then, GaN bulk layers 

grown on the buffer layers show 2× RHEED patterns as shown in Figure 71(d), 

indicating Ga-polar GaN films. Even though the GaN films on ZnO buffers show high 

crystal quality, the films are very conductive. This is possibly because the given ZnO 

targets are n-type doped materials and there are out-diffusion problems between GaN, 

ZnO, and LN materials. 

 
 

Table 8: ZnO films on lithium niobate with rf sputterer with the rf power of 125W. 

Sample Furnace 
Anneal  

Growth 
face 

Gas Type 
(6mTorr) 

Growth Rate 
(Å/min) 

Growth 
Temp.(°C) FWHM(”) 

ZnO_A 1000°C +Z axis Ar:O = 5:5 67 300 4415 

ZnO_B 1000°C -Z axis Ar:O = 5:5 67 300 3036 

ZnO_C None +Z axis Ar:O = 8:2 45 400 2750 

ZnO_D 1000°C  +Z axis Ar:O = 8:2 45 400 2418 
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Figure 71: RHEED patterns of (a) ZnO on LN substrates (spotty) (b) AlN on ZnO/LN at 
600 °C (N2312: amorphous pattern) (c) AlN layers with GaN buffer layers on ZnO/LN at 

600 °C (N2535: spotty and streaky) (d) GaN films on AlN/GaN/ZnO/LN substrates 
(N2535: streaky 2× pattern) implying Ga-polar materials. 

 
 
 
 In conclusion, non-conductive GaN films with ZnO buffer layers were 

investigated with smaller lattice mismatches with LN substrates. The crystal quality and 

surface roughness of the ZnO films can be improved using the negative z-axis LN 

substrates and furnace annealed LN substrates. ZnO films deposited at higher 

temperatures need to be investigated in the future for improving the crystal quality, which 

is limited in the presently available rf sputterer system. AlN films can be grown on ZnO 

buffer layers by inserting thin GaN films to minimize the alloy between aluminum and 

zinc. GaN bulk layers on the ZnO buffer have 2× RHEED patterns, but they are 

conductive because of the use of n-doped ZnO target during rf-sputtering. Therefore, p-

type high-resistive ZnO films need to be investigated to implement high-resistive GaN 

films. All of ZnO films on LN substrates are summarized in Table 8. 

 

8.6 GaN growth with Mg, MgO, and YSZ buffer layers  

Mg and MgO buffer layers 

 Magnesium oxide (MgO) films are a good candidate for resistive buffer layers 

because the films are highly resistive and chemically stable materials. MgO films were 
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used as a buffer layer to grow superconducting thin films on a lithium niobate substrate to 

minimize the microwave loss in the electrodes of optical modulators [163]. The structural 

relationships between the MgO films and LN substrates are MgO (0 0 1)[1 1 0] || LiNbO3 

(0 0 6)[2 1 0] with a large lattice mismatch of ~22% [164]. A study in [165] showed that 

if MgO films reacted with LN substrates, but the Mg doped LN bulk was more radiation 

tolerant, indicating higher crystalline stability. However, the significant out-diffusion of 

Li and O substantially degraded the superconductivity of films. As a result, the MgO 

films and LN substrates had an extremely deteriorated interface observed by the cross-

sectional TEM images. The image showed 100nm deep crystal degradation developed 

into LN substrates from the surface. The MgO films had mutual diffusion of constituent 

atoms, Li and Nb, from LN substrates observed by energy-dispersive spectroscopy [165].  

 
 

Table 9: GaN films growth on Mg and MgO buffer layers: FA: furnace anneals, VA: 
vacuum anneals, R: resistivity, and FWHM: full width of half maximum of GaN x-ray 

diffraction on (0002) Ω-scan. 

Sample  FA/VA 
(°C) 

Buffer 
(°C) SL(°C) Annealing in 

O2 (°C)/min 
AlN 
(°C) 

GaN 
(°C) R(Ω/□) FWHM 

N2534 1000/200 Mg/100 None None non 600 1.4E+3 1051 

N2538 500/200 Mg/25 GaN 350 None 600 600 1.8E+6 2894 

N2553 1000/200 MgO/300 600 800/30min 600 600 1.5E+7 1821 

 
 
 
 This work recommended the use of Y2O3-stabilized ZrO2 (YSZ) buffer layers to 

minimize the mutual diffusion. The MgO films were deposited by an rf-sputterer using 

the targets of Mg metal or MgO powder with various ratios of oxygen to argon. The best 

quality of the MgO films were deposited with a ratio of 20% of oxygen to argon [166].  
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 Using this literature as a model, in this work, the MgO films were grown on an 

LN substrate using two different MBE machines. The first one is the MBE system at the 

Georgia Institute of Technology and the second machine is owned by a collaborator at the 

University of Wisconsin-Madison. MgO films were attempted to be grown using the first 

MBE machine, which has Mg metal sources, no oxygen plasma source, and impurity 

oxygen sources in the background. Since Mg sources are well-known as a getter of 

oxygen atoms, the Mg source was evaporated slowly onto LN substrates to trap oxygen 

atoms in the chamber at 100 °C for about 18 hours. The Mg sources were evaporated 

using an Mg cracker, whose aperture size was 100 mils and the bulk and tip temperatures 

were 300 °C and 900 °C, respectively. The growth conditions are summarized in Table 9. 

 
 

 
Figure 72: RHEED patterns of N2534 sample for (a) Mg metal deposition for 18 hours at 

100 °C (b) the Mg on LN substrates at 600 °C (c) GaN epitaxial layers on the Mg/LN 
showing 3× patterns (d) Mg metal deposition for higher flux at 300 °C (N2538). 

 
 

 
 Even though MgO peaks were not found in the x-ray diffraction study, Mg-

evaporated layers on the LN substrate had streaky RHEED patterns, resulting in unknown 

epitaxial layers as shown in Figure 72(a). The unknown Mg-evaporated layers have 

streaky RHEED pattern at 600 °C and are used as buffer layers to grow GaN films, 

resulting in the 3× RHEED patterns in the N2534 sample, as shown in Figure 72(b) and 

(c). Note that the GaN films with the Mg layers grown on LN substrates have reasonable 
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crystal quality with 1051″ FWHM on 0002 ω scan, but are highly conductive with 1.4 × 

10+3 Ω/□. This is because the Mg-evaporated layers are structurally matched to LN 

substrates and conductive layers. Additional Mg-evaporated layers were grown with 

higher Mg flux in the aperture size of 200 mils at the same temperature, resulting in 

amorphous RHEED patterns as shown in Figure 72(d).   

 The second MBE machine has an oxygen plasma source with an Mg metal source. 

MgO films 140 nm thick were grown at 300 °C on LN substrates and annealed at 800 °C 

for 30 minutes in an oxygen environment for making better crystal quality. The structural 

relationship between the MgO films and LN substrates is MgO (111) || LN (006), 

confirmed by x-ray study as shown in Figure 73. However, the MgO films have 

amorphous RHEED patterns because of the higher growth rate.  

 
 

 
Figure 73: The crystal structural relationships of MgO films grown on LN are MgO(111) 

|| LN (006) on 2θ/ω scan. 
 
 
 
 Another 15 nm thick MgO films was grown at a slower growth rate at 300 °C in a 

4 × 10-6 Torr of an oxygen environment, resulting in the crystallized streaky RHEED 
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patterns shown in Figure 74(a). Then, GaN films were grown on the thin MgO films in 

the N2553 sample, resulting in the 3× RHEED patterns shown in Figure 74(b). This 

pattern is known to be a result of N-polar domains and so these domains were etched in 

HCl for 5 minutes. Then, thicker GaN films were grown on the etched GaN films after 

inserting AlN films, resulting in elimination of the 3× RHEED patterns, as shown in 

Figure 74(c) and (d). This implies that the AlN buffer layers could control the polarity of 

GaN films. The structural relationship between GaN and MgO is MgO(111) || GaN 

(0001), and the lattice mismatch between the two materials is about 6.5% [167]. The GaN 

films have rough surface morphology observed by AFM images as shown in Figure 75. 

The GaN films have reasonable crystal quality with 1821″ FWHM on 0002 ω scan and 

high resistance GaN films with the resistivity of 1.5 × 10+7 Ω/□.  

 
 

 
Figure 74: RHEED patterns of N2553 sample for (a) epitaxially grown MgO films on LN 
substrates at 550 °C (b) Pre-grown GaN films on the MgO/LN with 3× patterns (c) etched 

pre-grown GaN films (d) post-grown GaN films without 3× patterns. 
 
 
 

 In conclusion, epitaxial Mg-evaporated layers can be grown on LN substrates as 

confirmed by RHEED patterns. GaN films grown on Mg-evaporated layers have 

reasonable crystal quality but are highly conductive. MgO films were epitaxially grown 

on LN substrates with GaN films grown on the MgO films showing 3 × RHEED patterns. 

The GaN films were etched and re-grown after inserting AlN films resulting in no more 
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the 3 × RHEED patterns. GaN films with MgO buffer layers have reasonable crystal 

quality and high resistivity. 

 

 
Figure 75: AFM surface morphology of N2553 sample of GaN/AlN/MgO/CLN structure 
in (a) 5um × 5um scale with the rms roughness of 3.25nm (b) 1um × 1um scale with the 

rms roughness of 2.09nm. 
 
 

 
Y2O3-stabilized ZrO2 buffer layers 

 The previous work [165] showed that MgO films and LN substrates had mutual 

inter-diffusion, which deteriorated the interface between the two materials. That work 

introduced the use of Y2O3-stabilized ZrO2 (YSZ) layers as buffer layers to minimize the 

mutual diffusions. The unit cell of the YSZ layers is almost six times larger than that of 

LN substrates, expecting a successful epitaxial growth. Another study [168] reported that 

double CeO2/YSZ buffer layers provided a single in-plane orientation and superior 

superconducting properties. Reference 169 showed that YSZ bulk crystals were used as a 

substrate to grow GaN films. The YSZ crystals have very small c-plane lattice mismatch 

(0.6%) between GaN (c = 0.5185nm) and YSZ (c = 0.515nm). This research work also 

showed that GaN films on YSZ substrates were grown at low temperatures, resulting in 

suppression of the out-diffusion from substrates.  
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Table 10: Y2O3-stabilized ZrO2 (YSZ) buffer and/or CeO2 buffer layers on lithium 
niobate substrates with various growth conditions. 

Sample Buffers (nm) Growth temp. (°C) Roughness (nm) Secondary phases 

YSZ1 YSZ 200 650 0.975 Yes 

YSZ2 CeO2 250 650 1.74 Yes 

YSZ3 YSZ 200/CeO2 20  650 0.360 Yes 

YSZ4 YSZ 200 300/650 0.105 Yes 

YSZ5 YSZ 200 400 0.199 A little bit 

YSZ6 YSZ 200 350 0.197 No 

YSZ7 YSZ 200 300 0.206 No 

YSZ8 YSZ 200 350 0.348 No 

 
 
 
 The YSZ buffer layers and/or CeO2 buffer layers were grown on LN substrates by 

rf-sputtering with an oxygen pressure of 0.1 mTorr and 150 mTorr, respectively at a 

collaborator, Chang Beom Oem at the University of Wisconsin-Madison. A summary of 

the growth conditions is shown in Table 10. The first three samples were grown to 

investigate the effects of YSZ and CeO2 on the surface roughness and crystal quality. 

YSZ buffer layers grown at 650 °C in the YSZ1 sample have a rough surface as shown in 

Figure 76(a) and have undesirable secondary phases in x-ray diffraction on the 2θ/ω scan 

in Figure 77(a). The CeO2 buffer layers have the worst surface roughness as shown in 

Figure 76(b). However, the CeO2 buffer layers have fewer secondary phases in x-ray 

diffraction on 2θ/ω scan, as shown in Figure 77(b), implying less inter-diffusion. The 

rough surface becomes smoother when using doubled YSZ/CeO2 buffer layers. The 

doubled buffer layers also show fewer secondary phases in x-ray diffraction on the 2θ/ω 
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scan as shown in Figure 77 (c). As a result, a single YSZ buffer layer has the best crystal 

quality and doubled YSZ/CeO2 buffer layers have the best surface smoothness.  

 
 

 
Figure 76: AFM surface morphology of (a) YSZ1 sample with the roughness of 0.975nm 
(b) YSZ2 sample with the roughness of 1.74nm (c) YSZ3 sample with the roughness of 

0.360nm (d) YSZ4 sample with the roughness of 0.105nm (e) YSZ5 sample with the 
roughness of 0.199nm (f) YSZ6 sample with the roughness of 0.197nm (g) YSZ7 sample 

with the roughness of 0.206nm (h) YSZ8 sample with the roughness of 0.348nm. 
 
 
 
 

 
Figure 77: Left figure: X-ray diffraction on 2θ-ω scan for (a) YSZ1 sample (bottom black 
color), (b) YSZ2 sample (middle red color), and (c) YSZ3 sample (top blue color). Right 

figure: x-ray diffraction rocking curve, ω spectrum, for these three samples. 
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 The single YSZ buffer layers were grown at various growth temperatures to 

optimize crystal quality and surface roughness. At lower growth temperatures, the 

samples have rougher surfaces and fewer secondary phases as shown in Table 10. The 

YSZ4 sample was grown at two different growth temperatures, 300 °C and 650 °C, 

resulting in the smoothest surface. As mentioned in a previous section, low-temperature 

growth shows the smallest mutual diffusion between films and substrates.  

 Among these samples, GaN films were grown on the YSZ4 and YSZ8 samples. 

The YSZ buffer layers on the YSZ4 sample show streaky RHEED images at 200 °C, as 

shown in Figure 78(a). However, the sample shows two distinguishable reconstruction 

RHEED patterns at 650 °C as shown in Figure 78(b), implying film delamination. Then, 

SL layers and GaN layers were sequentially grown on the YSZ buffer layers at 650°C 

and 600°C, respectively, showing slightly amorphous RHEED patterns (Figure 78(c) and 

(d)). After finishing the growth, all GaN films were peeled off. 

 
 

 
Figure 78: RHEED images of the YSZ4 sample (a) YSZ buffer layers on LN substrates at 
200 °C (b) two distinguishable reconstruction RHEED patterns at 650 °C (c) during AlN 
layer grown on SL/YSZ/LN at 650 °C for 6min (d) amorphous RHEED patterns of GaN 

at 600 °C for 34min. 
 
 
 

 The YSZ buffer layers in the YSZ8 sample were grown at 350 °C and had a rough 

surface and no secondary phase. GaN films were grown on the YSZ8 sample using a low-

temperature buffer growth scheme to minimize the film-delamination problem. The film-
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delamination problem seems to be solved when the low-temperature GaN films were 

grown at 500 °C, as shown in Figure 79 (a) and (b). However, GaN films have 

amorphous RHEED patterns at a higher growth temperature of 600 °C, as shown in 

Figure 79 (c). Further GaN film growth shows an unusual reconstruction RHEED 

patterns, indicating a crystal structural change. After finishing the growth, the GaN films 

were again peeled off. 

  
 

 
Figure 79: RHEED images of the YSZ8 sample (a) YSZ buffer layers on LN substrates at 
470 °C (b) after growing low-temperature GaN layers at 500 °C for 2min  (c) amorphous 
RHEED patterns of GaN at 600 °C for 6min (d) after growing GaN layers at 600 °C for 

1hour growth, showing the two distinguishable reconstruction RHEED patterns. 
 
 
 
 In conclusion, the YSZ buffer layers on LN substrates need to be grown at low-

temperatures because of the out-diffusion problems between the YSZ layers and 

substrates. Grown at lower temperatures, the crystal quality and roughness of the samples 

became worse. Doubled YSZ/CeO2 buffer layers show improved surface roughness. 

However, single YSZ buffer layers at two different growth temperatures have the 

smoothest surface. Finally, GaN films were grown on the buffer layer, but have unusual 

RHEED patterns, resulting from film delamination.  
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8.7 GaN growth on lithium tantalate with low-temperature buffers 

500 °C furnace-annealed lithium tantalate (LT) samples 

 In this section, GaN films were grown on lithium tantalate (LT) substrates with 

low-temperature buffer layers. As low-temperature buffer layers, the GaN/AlN 

alternating layers in the sample N2488 in section 8.2 were used since the sample showed 

the highest resistivity, but poor crystal quality. Therefore, the buffer layers were grown in 

various temperatures range in an attempt to improve the crystal quality. A summary of 

the experiment is provided in Table 11. The first three samples (N2536, N2539, and 

N2541) used the GaN/AlN alternating layers as the buffer layers with different growth 

temperatures (300 °C, 400 °C, and 500 °C). The alternating layers were grown at low 

temperatures and consisted of periodical GaN and AlN layers as the same way in the 

sample N2488. Then GaN bulk layers were grown at 600 °C on the alternating layers. 

The crystal quality of the GaN bulk layers was the worst at the lowest growth 

temperature and had unmeasurably high resistivity. However, the GaN bulk layers 

became conductive after growing alternating layers at 500 °C. The resistivity and crystal 

quality are shown in Figure 80 as a function of the alternating layer growth temperatures. 

The buffer layers efficiently block the mutual diffusion below a growth temperature of 

500 °C. However, all of the cases show very poor crystal quality because of the low-

temperature growth. To improve the GaN crystal quality, the samples were annealed at 

800 °C for 1 minute or 10 minutes (N2545 and N2547), resulting in no improvement of 

GaN crystal quality. However, the resistivity of GaN films was decreased because of the 

out-diffusion from the substrates. Note that this anneal proves that the GaN resistivity in 

these samples is mainly affected by the out-diffusion from the substrates.  
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Table 11: GaN films growth on lithium tantalate substrates with low-temperature buffer 
layers: FA: furnace anneals, SL: super-lattice, VA: vacuum anneals, AL: the GaN/AlN 
alternating layers, R: resistivity, and FWHM: full width of half maximum of GaN x-ray 

diffraction on Ω-scan. 

Sample  FA/VA 
(°C) 

Buffer 
(°C)  

Anneals or 
Buffer 

(°C)/min 
AlN (°C) GaN (°C) R(Ω/□) FWHM 

N2536 500/200 AL 300 None 600 600 9.0E+10 4553 

N2539 500/200 AL 400 None 600 600 3.6E+10 3711 

N2541 500/200 AL 500 None 600 600 2.0E+4 3182 

N2545 500/200 AL 400 800/10min 600 600 1.4E+4 3491 

N2547 500/200 AL 400 800/1min 600 600 1.3E+5 3594 

N2548 500/200 GaN 500 None 650 None 8.1E+4 N/A 

N2550 500/200 AlN 550 GaN 550 600 600 5.9E+4 1858 

N2554 500/200 GaN 600 None 650 600 HEMT 1658 

N2551 500/200 SL 475 GaN 475 AlGaN 
475  550 1.2E+6 2890 

 
 
 
 
 

 
Figure 80: The resistivity and crystal quality of GaN films as the function of the 
GaN/AlN alternating layer (AL) growth temperatures.  
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Figure 81: Summary of the data in Table 11 for LT samples. 

 
 
 
 
  In sample N2548, GaN buffer layers were grown at 500 °C on LT substrates, and 

then AlN films were grown on top of the buffer layers, but, again this resulted in highly 

conductive AlN films.  The highly conductivity of AlN films is caused by the out-

diffusion, implying inefficient impurity blocking of the GaN buffer layers. GaN bulk 

layers grown on AlN buffer layers are still highly conductive in the N2550 sample. 

Finally, a HEMT structure with GaN buffer layers was grown on LT substrates in the 

N2554 sample, resulting in reasonable crystal quality but no measurable mobility. This is 

because GaN buffer layers were grown at a high temperature, which increased out-

diffusion, resulting in the sheet charge of -4.8E+13 cm-2, which is four times higher than 

normal. The previous growth conditions of N2453, whose films were grown on LN 

substrates, were repeated on LT substrates in the N2551 sample, resulting in relatively 

highly resistive GaN films, but poor GaN crystal quality.  
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1000 °C furnace-annealed lithium tantalate (LT) samples 

 The surface of GaN films grown on 500 °C annealed LT substrates had scratches 

caused by the manufacturer polish scratches of the LT substrates. The scratch problem 

could be solved using 1000 °C furnace annealing, which provided atomically smooth 

surface morphology. The effect of furnace annealing was investigated in two samples: 

N2557 and N2559, which were annealed at 500 °C and 1000 °C, respectively. As a result, 

there was remarkable improvement of GaN crystal quality with the 1000 °C annealed LT 

samples in the N2559 sample. However, the two samples show highly conductive 

properties and even 3× RHEED patterns in N2559 indicative of N-polar GaN. The 

growth conditions are summarized in Table 12. 

  
 
 
Table 12: GaN films growth on lithium tantalate substrates with low-temperature buffer 
layers: FA: furnace anneals, VA: vacuum anneals, S: super-lattice & AlN, R: resistivity 

(Ω/□), µ: Hall mobility (cm2/Vs), ρ: sheet charge (cm-2), H: HEMT, 3x: 3× RHEED 
patterns, and FWHM(”): full width of half maximum of GaN x-ray diffraction on Ω-scan. 

Sample  FA/VA 
(°C) 

2nd VA 
°C/min 

buffer 
(°C) 

Anneal 
°C/min 

AlN 
(°C) 

GaN 
(°C) R or µ ρ(cm-2) FWHM 

(”) 

N2557 500/200 700/7 GaN500 700/13 None 600 1.2E+3 -1.5E+15 2545 

N2559 1000/200 700/7 GaN500 700/13 None 600 3x)8.4E+3 -2.5E+14 1503 

N2571 1000/200 700/5 GaN600 750/13 S 650 600  3x) H 20 -1.5E+13 1380 

N2566 1000/200 700/7 AlN650 750/20 None None 2.8E+6 -2.6E+11 N/A 

N2560 1000/200 700/7 AlN650 750/13 650 600 3x)3.6E+4 1.1E+13 1854 

N2567 1000/200 700/7 AlN650 750/13 S 650 600 H 230 -1.8E+13 1450 

N2564 1000/200 700/7 AlN650 750/13 S 650 600 H 285 -2.0E+13 1762 

N2640 1000/200 800/5 AlN650 750/30 S 650 600 H 260 -3.3E+13 1339 

N2561 1000/200 700/7 AlN650 850/13 700 600 3x)1.9E+4 -6.8E+14 1701 

N2562 1000/200 700/7 AlN650 850/13 700 600 3x)5.2E+3 -8.8E+13 1616 
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 In this section, the conductivity of GaN films was controlled by suppressing the 

out-diffusion from LT substrates. According to experiments in the previous sections, the 

vacuum annealing at higher temperatures enhanced the resistivity, but long-time 

annealing made a porous-shaped surface of the LN substrates as shown in Figure 58 (b), 

resulting in degraded crystal quality and surface roughness. Therefore, a new high-

temperature annealing method is proposed as follows: First, outgas the sample at high 

temperatures (≤ 800 °C) for 5 or 7 minutes. Second, grow very thin GaN or AlN layers to 

prevent the surface from becoming porous. Finally, anneal the samples at high 

temperatures (≤ 850 °C) for 13 or 30 minutes.  

 The first outgassing step makes the sample surface clean and well-crystallized, 

confirmed by RHEED image changes, which have bright streak RHEED patterns after 

outgassing as shown in Figure 82 (a) and (b). The second step provides very thin (< 

10nm) GaN or AlN capping layers (Figure 82 (c) and (d)), showing that AlN capping 

layers have a smoother surface than that of the GaN capping layers. The GaN and AlN 

capping layers have unknown-alloyed clusters, as shown in Figure 83 (a) and (c). The 

unknown-alloyed clusters were formed after long-time annealing (13 ~ 30 minutes) 

resulting from a possible alloy of lithium and aluminum or gallium. The clusters with 

GaN capping layers were 90 nm high and partially etched by HCl in 5 minutes, as shown 

in Figure 83 (b). The clusters with AlN capping layers were shorter and completely 

etched by HCl in 5 minutes, as shown in Figure 83 (d). 
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Figure 82: RHEED patterns of LT substrates (a) before outgassing at 200 °C and (b) after 

outgassing at 700 °C; and RHEED patterns of (c) GaN cap-layer grown at 500°C in 
N2557 sample and (d) AlN cap-layer grown at 650 °C in N2560 sample. 

 
 
 

 
Figure 83: AFM image of (a) the annealed GaN capping layers with the rms roughness of 
8.47nm and near 90nm heights, (b) after HCl etching, the rms roughness of 4.31nm with 
50nm heights, (c) the annealed AlN capping layers with the rms of 2.81nm with 30nm 
heights, and (d) after HCl etching, the rms roughness of 0.32nm with 20nm heights. 

 
 
 

 The new strategy was applied with various growth parameters to find an 

optimized condition. From two samples, N2557 and N2559, it is concluded that the 

1000 °C annealed LT sample provided not only higher crystal quality, but also lower 

conductivity and electron concentration. However, the N2559 sample (1000 °C annealed 

sample) had 3 × RHEED patterns after cooling as shown in Figure 84 (a), indicating N-

polar GaN films. Similar conditions were applied to a HEMT structure in the N2571 

sample with additional SL and AlN layers, resulting in the unsuccessfully removal of the 

3× RHEED patterns and no mobility.  

 The electrical properties of AlN capping layers in the N2566 sample are shown 

with relatively low resistivity and high sheet charges. Since the AlN capping layers had 
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better surface morphologies than that of GaN capping layers, the AlN capping layers 

were chosen for further experiments. The N2560 sample had lower conductivity and 

sheet charges, but worse GaN crystal quality and the existence of 3 × RHEED patterns 

compared to that of N2559. A HEMT structure in the N2567 sample was grown with SL 

and AlN buffer layers after using AlN capping layers, resulting in a mobility of 230 

cm2/Vs and the successfully removal of the 3× RHEED patterns. The sample also showed 

higher crystal quality because of the improved surface smoothness of the AlN capping 

layers after etching. However, this approach showed that the annealed AlN capping 

layers had scratches on the surface, which affected the surface roughness of the GaN bulk 

layers as well. The scratched AlN layers were shown in Figure 83 (c) and (d). Even with 

a Ga-droplet growth condition, GaN films on the scratched layers had the same patterns 

of scratches shown in Figure 84 (b) and (c).  

 The scratch problem is originally from poor polished LT substrates and is 

resolved by 1000 °C furnace annealing, resulting in an atomically smooth surface. 

However, the AlN-capping-layer annealing pulled out lithium molecules from the LT 

substrate. Therefore, well-polished LT substrates are required for future improvements. 

 
 

 
Figure 84: (a) 3 × RHEED patterns of N2559 sample, AFM surface morphology of (b) 
N2567 with the rms roughness of 9.03nm (c) N2564 with the rms roughness of 5.89nm. 

Note: the surface of N2567 and N2564 samples had droplets but very rough surface. 
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 To investigate the etching effect of the annealed AlN capping layers, the same 

growth condition used in N2567 was repeated in the N2564 sample without etching the 

capping layers. The etched capping layers gave the better GaN crystal quality by 

producing a smoother surface. However, the non-etched sample showed better mobility. 

After increasing the outgassing temperature and annealing time in the N2640 sample, the 

sample had improved crystal quality and increased sheet charge, resulting in degraded 

mobility. The AFM surface morphologies of these samples are shown in Figure 85. 

Among these samples, the N2640 sample shows the smoothest surface and highest crystal 

quality, but also the highest sheet charges. This result implies that annealing at 800 °C 

and for a long time could increase the chance of out-diffusion from the substrates, 

resulting in increased sheet charge and degraded mobility.  

 The polarization directions of the substrates could affect the electrical properties. 

To investigate the polarization directions, two samples (N2561 and N2562) were grown 

on the +z axis and -z axis of LT substrates, respectively. GaN films grown on the +z axis 

of the LT substrate had higher resistivity but higher sheet charge with worse crystal 

quality than those of GaN films on the -z axis. The GaN films grown on both +z and -z 

axis LT samples showed 3 × RHEED patterns. 

 
 

 
Figure 85: AFM surface morphologies in size of 1 µm × 1 µm (a) N2567 with the 

roughness of 2.61nm (70nm height) (b) N2564 with the roughness of 1.77nm (60nm 
height) (c) N2640 with the roughness of 1.04nm (10nm height) 



 129

 In conclusion, a new high-temperature annealing method is introduced in LT 

substrates and shows effective reduction of resistivity. The scheme has GaN or AlN 

capping layers after being outgassed at high temperatures for 5 or 7 minutes. GaN bulk 

layers on the GaN capping layers have the 3× RHEED patterns even with SL and AlN 

buffer layers. The AlN capping layers have better surface morphology than that of GaN 

capping layers. LT substrates annealed at 500 °C have numerous scratches that degrade 

crystal quality. However, after annealing at 1000 °C, the LT substrates have an 

atomically flat surface, resulting in improved crystal quality. GaN films grown on non-

etched AlN capping layers have better mobility than that of etched cases. GaN films 

grown on the +z axis of the LT substrate show higher resistivity but higher sheet charge, 

with worse crystal quality than those of GaN films on the -z axis. The GaN films grown 

on both the +z and -z axis LT samples showed the 3 × RHEED patterns. 

 

Table 13: GaN films growth on lithium tantalate substrates with low-temperature buffer 
layers: FA: furnace anneals, VA: vacuum anneals, S: super-lattice & AlN, E: etched 

sample by HCl, µ: Hall mobility (cm2/Vs), NSHEET: sheet charge (cm-2), and FWHM: full 
width of half maximum of GaN x-ray diffraction on Ω-scan. 

 

Sample  FA/VA 
(°C) 

2nd VA 
°C/min 

buffer 
(°C) 

Anneal 
°C/min 

AlN 
(°C) 

GaN 
(°C) 

µ 
(cm2/Vs) 

NSHEET 
(cm-2)  

FWHM 

N2642 non/200 700/7 AlN650 700/13 S 650 600 120 -1.6E+13 1639 

N2644 non/200 700/7 AlN650 700/13 E 650 600 1.2 -1.0E+14 1559 

N2646 non/200 700/7 AlN650 750/13 650 600   37 -7.7E+13 1522 

N2656 non/200 700/7 AlN650 750/13 S 660 600 0.73 -8.9E+13 1403 
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8.8 GaN growth on stoichiometric lithium niobate 

 In the previous section, the GaN films on the annealed AlN capping layers had 

high resistivity. However, they had scratches because the annealing of AlN capping layer 

disclosed the scratching problem on lithium tantalate (LT) substrates. Instead of using the 

LT substrates, the annealed AlN capping layer procedure was applied to non-annealed 

stoichiometric lithium niobate (SLN) substrates. The growth conditions are summarized 

in Table 13. 

 
 

 
Figure 86: AFM surface morphologies of (a) annealed AlN-capping layer on SLN with 

the rms roughness of 1.1nm in N2642 sample (b) HEMT structure with the rms 
roughness of 7.87nm in the same N2642 sample (c) HEMT structure with different 

growth condition with the rms roughness of 0.273nm in N2644. 
 

 
 
 Figure 86 shows the surface morphologies of (a) the annealed AlN-capping layers 

and (b) the HEMT structure of the N2642 sample. The annealed AlN capping layers on 

SLN show no scratching problem with smooth surfaces. Details of the growth conditions 

are provided in Table 13. However, the HEMT structure on the annealed AlN capping 

layers shows rough surface morphology, resulting from a gallium-deficient condition. 

The GaN films were grown with a shutter modulation technique, which periodically 

opens and closes each metal source shutter. The shuttering timing was 10 seconds open 

and 5 seconds closed, resulting in a 1 µm/hr growth rate. However, to achieve the 
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gallium-enhanced condition, gallium flux was increased by a factor of two and the shutter 

timing was changed to 10 seconds open and 16 seconds closed with a 0.6 µm/hr growth 

rate. The HEMT structure grown with the new shutter modulation technique in N2644 

has a very smooth surface, as shown in Figure 86(c) with no measurable Hall mobility. 

The N2646 and N2656 samples were grown using the same growth condition, with the 

SL layers, resulting in no measurable Hall mobility. All of the HEMT structures grown 

with the new scheme showed no measurable mobility. This result may be because the 

slow growth rate of GaN films provided a greater opportunity for impurity in-diffusion 

into GaN bulk layers, resulting in very conductive GaN bulk layers. Therefore, future 

research work needs to investigate the faster growth rate of GaN films with a smooth 

surface and the use of SL buffers to block inter-diffusion.  

 

8.9 GaN growth using ammonia as the source of reactive nitrogen  

 GaN films were grown on lithium niobate (LN) substrates with ammonia as the 

source of reactive nitrogen instead of using nitrogen gas supplied from an rf-plasma 

source. The reactive nitrogen source is provided by the thermal disassociation of 

ammonia on the substrate surface [170]. After a 1 hour nitridation of the LN substrates at 

700 °C with the ammonia source, GaN films were grown at 700 °C after growing AlN 

buffer layers.  

 The effects of nitridation on LN substrates were investigated in the N2181 and 

N2182 samples with ammonia for 1 hour at 700 °C and 800 °C, respectively. After the 1 

hour nitridation at 700 °C, the surface of the samples had porous shapes with average 

roughness of 1.74nm as shown in Figure 87 (d). The RHEED images of the LN substrates 
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are shown in Figure 87 (a) before nitridation, after nitridation at (b) 700 °C and (c) 

800 °C for 1 hour. The LN sample with 700 °C nitridation has bright spots in the middle 

of streaky RHEED lines, indicating a faceted surface. The sample with 800 °C nitridation 

has dimmer streaky RHEED patterns, indicating a rougher surface during nitridation at 

higher temperatures. The growth conditions are summarized in Table 14. 

 
 

Table 14: GaN films growth on lithium tantalate substrates with low-temperature buffer 
layers: FA: furnace anneals, VA: vacuum anneals, and FWHM: full width of half 

maximum of GaN x-ray diffraction on Ω-scan. 

Sample FA/VA (°C) Nitridation 
(°C)/min AlN (°C) GaN (°C) FWHM 

N2181 500/200 700/60 None None N/A 

N2182 500/200 800/60 None None N/A 

N2175 500/200 700/30 None 700 N/A 

N2187 500/200 700/30 700 700 2480 

N2183 500/200 800/30 750/20min 700 2376 

 
 
 
 

 
Figure 87: (a) before nitridation and after nitridation for 1hour at (b) 700 °C (c) 800 °C of 
substrate temperature in the sample N2181 and N2182.and (d) surface morphologies by 
AFM with the area of 2um x 2um RMS roughness of 1.74nm after nitridation at 700 °C. 

 
 

 
 Figure 88 (a) shows the x-ray diffraction of the LN sample with nitridation at 

700 °C. This diffraction has an unknown peak at 38.0218 ° with an FWHM of 346 on the 
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2θ/ω scan. The sample with nitridation at 800 °C shows a wider peak and complete 

phase-separation between the LiNbO3 peak and the unknown peak, as shown in Figure 88 

(b).  The additional unknown peak was investigated using thermodynamic equations 

provided by HSC Chemistry software [ 171 ]. The following equation is thermo-

dynamically favorable to form after nitridation on LN substrates.  

 
NH3 + 3Li + 3Nb + 9O = Li3N + 3HNbO3 

 
 A previous study in reference 172 reported the nitridation effects on LN substrates. 

After nitridation, the LN substrates could react with ammonia and produce several bi-

products including cubic oxynitride phase (LiaNbObNc) as described in a following 

equation, confirmed by x-ray diffraction as shown in Figure 89. 
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Figure 88: X-ray scan on 2θ/ω of (a) N2181 sample with FWHM of 31.86″ at 38.94° 
2θ/ω and FWHM of 346.35″ at 38.02° (b) N2182 sample with FWHM of 31.71″ at 

38.94° and FWHM of 335.98″ at 37.92°. 
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 After nitridation on LN substrates for 30 minutes, GaN films with an ammonia 

source were grown on the LN substrate in the N2175 sample. The RHEED patterns of the 

GaN films show 2 × spotty patterns indicating a rough surface with Ga-polar GaN films, 

as shown in Figure 90(a) and (b). After growing the GaN films, the surface morphologies 

of the GaN films on LN have a very rough surface in a Ga-rich growth condition as 

predicted with RHEED patterns as shown in Figure 90(c).  

 
 

 
Figure 89: LiNbO3 + NH3 x-ray powder pattern of Li1.92Nb2.08O1.21N2.79 oxynitride 

composition [172]. 
 
 
 
 

 
Figure 90: (a) during the nitridation on LN substrate at 700 °C, (b) GaN growth after the 
nitridation on LN substrate at 700 °C, and the surface morphology of the GaN films  (c) 

in the area of 2um x 2um with RMS roughness of 12nm of N2175 sample 
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 After attempting to grow GaN films with an ammonia source on LN, the x-ray 

showed unknown peaks at 37.34620° and 39.2503° as shown in Figure 91. Based on the 

PCPDF x-ray database [173], the unknown peak (a) may be related to the mixture of 

lithium, gallium, and oxygen, which may make α-LiGaO2 (lithium gallium oxide) with a 

peak at 37.344° on the (006) direction. The unknown peak (b) is estimated as a mixture 

of several possible compositions of α-NbN at 39.347° on (420), LiGa5O8 at 39.583° on 

(320), Li5GaO4 at 39.253° on (400), and/or Li3GaN at 39.839° on (411). 

 
 

 

 
Figure 91: Epitaxial films with an ammonia source grown on the LN substrate in N2175 

sample with unknown peaks at (a) 37.4620° and (b) 39.2503° on 2θ/ω scan. 
 
 
 

 
Figure 92: RHEED pattern images of (a) after nitridation at 700 °C, AlN buffer growth at 

700 °C, (b) GaN growth at 700 °C with 2 sccm ammonia in the sample of N2187, (c) 
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after nitridation at 800 °C, AlN buffer growth at 750 °C, (d) GaN films growth at 700 °C 
in the sample of N2183. 

 To investigate the effect of AlN buffer layers, the buffer layers were grown at 

750 °C after nitridation at 700 °C and 800 °C for 30 minutes in N2187 and N2183, 

respectively. Then, GaN films were grown on the AlN buffer layers at 700 °C with a 2 

sccm ammonia flow. Figure 92 shows the bright and spotty RHEED patterns of the AlN 

and GaN films, indicating a rough surface. Figure 93 shows the x-ray diffractions of the 

N2187 and N2183 samples. GaN films with AlN buffer layers have distinguishable GaN 

peaks compared to the case of N2175, which had no AlN buffer layers, indicating the 

advantage of using AlN buffer layers. However, the samples have the unknown peaks at 

38.1246° with FWHM of 1500” for N2187 and 37.7577° with FWHM of 1501” for 

N2183. The unknown peaks could be a mixture of lithium, aluminum, oxygen, and 

nitrogen. The GaN films have the FWHM of 2480″ and 2376″ on (0002) ω scan for 

N2187 and N2183 samples, respectively.  

 
 

 
Figure 93: X-ray scan on 2θ/ω of (a) N2183 sample: GaN at 34.39° with FWHM of 

205.4” and an unknown peak at 37.75° with FWHM of 1500.7”; and (b) N2187 sample: 
GaN films at 34.36° with FWHM of 319.5”and an unknown peak at 38.12° with FWHM 

of 1500”. 
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 In summary, GaN films and AlN films were grown with ammonia as the source of 

reactive nitrogen. After 1 hour nitridation at 700 °C, the surface of the samples had 

porous shapes with average roughness of 1.74nm. It is concluded that high temperature 

nitridation is not an appropriate procedure for LN substrates. III-nitride growth with 

ammonia at high temperatures has unknown compositions, confirmed by x-ray diffraction. 

The unknown diffraction peaks are from the interaction of ammonia and LN substrates 

that produces bi-products, including cubic oxynitride phase (LiaNbObNc). However, after 

a shorter nitridation time (30 minutes), GaN on the LN substrates show a spotty 2× 

RHEED patterns indicating a Ga-polar property with a rough surface. The growth has 

unknown compositions that may be related to the mixture of lithium, gallium, and oxygen, 

including α-LiGaO2, α-NbN, LiGa5O8, Li5GaO4, and Li3GaN.  Finally, AlN buffer layers 

are helpful for making distinguishable GaN peaks in x-ray diffraction study but in general, 

ammonia based growth was less successful than nitrogen plasma based growth. 
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 CHAPTER 9: HEMT FABRICATION 

9.1 Fabrication of High Electron Mobility Transistor (HEMT) 

The successful fabrication of AlGaN/GaN heterostructure devices on ferroelectric 

materials enables the development of multifunctional electrical and optical applications.  

A robust fabrication process for AlGaN/GaN HEMTs on LN (LT) would allow the 

monolithic integration of the III-nitride power devices with Ti-diffused optical 

waveguides. Importantly, stable, source/drain ohmic contact created with lower 

temperature anneals have been demonstrated, and methods to further decrease contact 

resistance have been identified [174]. 

 
 
 

 
Figure 94: C-V measurement of AlGaN/GaN grown on LN. A TEM image in inset of 

figure indicates high dislocation density and rough surface of AlGaN/GaN, primarily the 
cause of the low mobility although some minimal residual bulk conductivity, comparable 

to other results [175] does exist in the C-V data. 
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Metals for the source/drain contact Ti (250 Å)/Al (1000 Å)/Ti (450 Å)/Au (1500 Å) 

were deposited using an e-beam evaporator. In the future work, Si(10 Å)/ Ti (250 Å)/Al 

(1000 Å)/Ti (450 Å)/Au (1500 Å) should be used to have a better contact. Using similar 

systems, low contact resistances are routinely achieved for n-GaN yielding a specific 

contact resistance are near 25 Ω-mm and 2.0x10-6 Ω-cm2 [176]. However, reproducing 

this contact resistance for the AlGaN/GaN heterostructure on LN (LT) is difficult due to 

the significant thermal expansion coefficient mismatch of GaN films and LN (LT) 

substrates and strong pyroelectric effects in LN (LT).  Indeed, rapid thermal annealing 

has proven to be impractical due to the common occurrence of LN (LT) substrate cracks 

and III-nitride layer peeling when using a rapid thermal anneal up to 800 °C.  Therefore, 

a lower temperature 600 °C anneal was performed at a slow ramp rate of ~30 degrees per 

minute. Furthermore, the slow ramp rates and decreased temperatures have eliminated the 

problem of cracking LN substrates and peeling epitaxial layers. Clearly low resistance 

ohmic contacts are desired and vital to the successful performance of the monolithically 

integrated system.   

 
 

 
Figure 95: DC characterization of AlGaN/GaN HEMTs on the lithium niobate. 
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The typical DC current-voltage (I-V) device characteristics of AlGaN/GaN 

heterostructures on LN substrates are presented in Figure 95 for a dual gate device with 

200 μm gate width and 2.0 μm gate lengths. One may note that the device does not pinch 

off as expected from some residual conductivity in the substrate as measured in our C-V 

data (see Figure 94 for example).  We have evaluated the performance of devices with 

gate widths ranging between 150 µm and 340 µm with a gate length of 1 µm as shown in 

Figure 96. The maximum drain current exceeds 350mA/mm and the maximum DC 

transconductance is ~25 mS/mm while it was measured ~7mS/mm without ohmic contact 

anneals [3].  Although modest, this transconductance is larger than that achievable using 

the conventional high temperature ohmic-contact anneals. This improvement can be 

attributed to the 600 °C anneals. It had been observed that the breakdown voltage 

consistently exceeds 35 V, which is sufficient to drive the optical modulators.   

 
 

 
 

Figure 96: First generation of AlGaN/GaN HEMTs on congruent LN with a gate length 
of 1µm and width of 150 µm. 
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9.2 Fabrication steps and characterization of device properties  

The fabrication sequence for III-Nitride HEMTS has already been demonstrated 

and functional HEMTs on LiNbO3 have been characterized.  The first process step was to 

deposit alignment marks (1500Å of Al) using an E-beam evaporator, which was used to 

align the next mask sets. The second step was to make MESA isolation patterns using 

Cl2/Ar plasma in an inductively-coupled-plasma reactive ion etch (ICP-RIE) system. 

Typically, AlGaN/GaN HEMT had much lower rf power than expected from DC 

characteristics due to a significant frequency slump or collapse in drain current. This 

behavior was likely because high drain-gate fields accelerate electrons that tunnel from 

the gate into and along the surface states and into the dislocations. The tunneled electrons 

charged the surface and dislocations up acting as an effective elongated gate, resulting in 

reduced 2DEG density. A SiNX passivation layer deposited by plasma-enhanced chemical 

vapor deposition (PECVD) has been effectively used to reduce the effects of the surface 

states and charging of dislocations [177,178]. Therefore, the third step was to deposit a 

SiNX passivation layer need to be deposited on top of the AlGaN layer. In the fourth step, 

source and drain definition regions were etched through the SiNx to open up ohmic 

contact windows. The Ti (250 Å)/Al (1000 Å)/Ti (450 Å)/Au (1500 Å) metal contacts 

were deposited using an e-beam evaporator. In the future work, Si (10 Å)/ Ti (250 Å)/Al 

(1000 Å)/Ti (450 Å)/Au (1500 Å) should be used to have a better contact. Rapid thermal 

processing for 30 seconds at 600° C was performed to make the metal layers ohmic 

contacts. Schottky contacts on the gate were formed by depositing Ni (400 Å)/Au (2600 

Å) metal layers by e-beam evaporator, followed by a liftoff process. Finally, contact pads 
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were deposited with Ti (500 Å)/Au (2000 Å) metal layers and finished by a liftoff 

process. All processes are illustrated in Figure 97. 

 
 
 

 
 

Figure 97: Overall process steps of state-of-art HEMT device fabrication with five masks 
and photo-resist types. 
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 CHAPTER 10: CONCLUSION 

This work investigated the material properties of lithium niobate (LN) as a new 

substrate to grow III-nitrides for high electron mobility transistor (HEMT) devices for use 

in mixed optoelectronic/electronic and acoustic applications. An earlier obstacle of 

developing III-nitrides grown on congruent lithium niobate (CLN) was very low yields of 

successfully grown III-nitrides because of the sample cracking resultant from the 

abnormally high thermal expansion and subsequent delamination of epilayers grown 

thicker than 0.5 µm. This work resolved the obstacle using a special sample holder and 

high-temperature substrate anneals. Even with a benefit of having an atomically flat 

surface, the high-temperature anneals developed repolarization domains on CLN, which 

induced inversion domains in subsequent III-nitrides. On the other hand, stoichiometric 

lithium niobate (SLN) and lithium tantalate (LT) provided better surface repolarization 

and stability during the high-temperature annealing but at the cost of less surface 

smoothing. Furthermore, the non-treated SLN and LT had better uniformity of polarity, 

resulted in better electron mobility on III-nitrides.  

Another critical problem was chemical interactions at the film/substrate interface 

forming an alloy between III-nitrides and the substrates.  This resulted in degradation of 

the crystal quality of subsequent III-nitrides. The degraded quality could be improved by 

a shutter modulation technique [104] but in this work, not improved enough for practical 

devices. Furthermore, impurities diffused both directions at the interface and made 

conductive III-nitrides which acted as current leakage paths in devices. So far, all our 
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attempts at HEMT devices have suffered from this current leakage path problem. 

Therefore, it is required to investigate the source current leakage path problem. 

XRD, XPS, AES analysis confirmed that there was inter-diffusion between GaN 

films and LN when no buffer layers were presented. The inter-diffusion caused a 

deleterious effect on the resistivity of GaN films on LN. Future work should investigate 

the relationship between the inter-diffusion and the resistivity of GaN films. Thus, direct 

GaN film growth on ferroelectric materials is not recommended because of the inter-

diffusion problem. To suppress the diffusion, non-conductive buffer layers need to be 

grown between the GaN films and ferroelectric materials. 

 Several buffer layers were investigated to resolve the diffusion problem. A low-

temperature growth method provided high resistive GaN films, but poor crystal quality. 

GaN films on lithium alloyed aluminum buffer (LAAB) layers showed high resistive, but 

poor crystal quality as well. Lithium alloyed gallium buffer (LGAB) layers were not 

efficient in blocking the impurity diffusion. SiNx and SiO2 buffer layers caused 

amorphous GaN films because of large lattice mismatch. n-doped ZnO buffer layers 

made conductive GaN films. As a result, p-type or high-resistive ZnO (Li doped) films 

need to be investigated in the future. GaN films on Y2O3-stabilized ZrO2 (YSZ) buffer 

layers showed delamination problems. A high-temperature annealing method was 

introduced in LT substrates and proved somewhat effective in the improvement of the 

GaN resistivity. This method showed better surface morphology with AlN capping layers 

than with GaN capping layers.  

 Unfortunately, the suggested methods in this work couldn’t perfectly resolve the 

last obstacle of the current leakage path problem. However, the suggested methods in this 
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work give future research directions. One of the directions will be the use of the low-

temperature growth method with a shutter modulation technique after annealing AlN 

capping layers at high-temperatures. In this case, the shutter modulation would improve 

the poor crystal quality, which was from the low-temperature growth and/or AlN capping 

layers. Additionally, it is recommended to use lithium-doped ZnO buffer layers because 

they are highly resistive layers and would not likely leach out oxygen or lithium from the 

substrate. As another direction, instead of HEMT device, bipolar junction transistor (BJT) 

devices will be recommended because the device performance is independent on the 

current leakage paths. However, BJT needs to have p-type GaN films, which need high 

enough hole concentration to compensate the donor-like carriers. After successful 

development of the p-type GaN films, LEDs and photo-detectors will be the next 

generation of the integration. 

 

In summary, in this work, we have demonstrated the growth by plasma-assisted 

MBE, fabrication and dc operation of AlGaN/GaN HEMT electrical devices directly 

integrated on LN and LT. The characteristics of GaN on both LN and LT, such as 

crystalline orientation, structural quality, and polarity, are found to be very similar but 

slightly better for LT substrates. Although device characteristics are limited by several 

factors, including surface modification of LN, low hall mobility, inter-diffused alloy 

problems, and high ohmic contact resistance, we have demonstrated transistor devices on 

ferroelectric materials and show the DC device performance. Further developed material 

growth of III-nitrides on ferroelectric materials will allow the development of multi-

functional electrical and optical applications in the future. 
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