
Abstract 
 
 
PAISLEY, ELIZABETH ALDRET. Surfactant-Enabled Epitaxy of Smooth, Cubic Oxides 
on GaN (Under the direction of Jon-Paul Maria). 
 
 

Epitaxial integration of polar oxides with polar semiconductors presents the 

possibility of tunable 2D charge carriers at polar interfaces and integration of non-linear 

dielectric properties if defect densities are low and interfaces are smooth. Achieving this in 

materials with highly dissimilar structure and symmetry remains a serious challenge and 

requires a dramatically improved understanding of chemically and structurally dissimilar 

interfaces and their synthesis. Current efforts to achieve such devices are impeded by the fact 

that many polar oxides have a close-packed cubic substructure that requires the oxide to grow 

along the {111} direction, which is compatible with hexagonal (0002) GaN. Since the {111} 

direction is not the lowest energy face for these oxides, conventional methods used to 

synthesize these oxides usually allow the interface to compensate by forming facets resulting 

in defects, detrimental to the sustaining interface conductivity.  

This thesis demonstrates a new methodology developed to allow in situ stabilization 

of desired crystallographic habits where water vapor is utilized during growth to hydroxylate 

the oxide (111) surfaces, changing the equilibrium habit from cubic to octahedral, 

eliminating the (100)-faceting tendency. Bulk thermodynamic calculations show that a 

hydroxide termination can stabilize the (111)-face. Further, Ca(OH)2 (the structure likely to 

represent such termination) provides a low-energy surface with six-fold symmetry and 

atomic registry matching {111}-CaO and GaN. Additionally, the relative free energies of 

formation for CaO and Ca(OH)2 provide an adequate processing window to avoid 

competition between oxide and hydroxide deposition. This approach is demonstrated for 

three model systems of rocksalt oxides grown along a polar direction on GaN: MgO, CaO, 

and lattice-matched compositions: Mg0.52Ca0.48O.  

MBE growth of smooth (111) CaO is demonstrated using RHEED intensity vs. time 

oscillations that show layer-by-layer growth for water vapor grown CaO up to ~35 ML with 

AFM step heights consistent with one half of a unit cell distance (2.8 Å) along [111]-CaO. X-

ray diffraction ω-circle full width half maximum values for the {111} CaO reflection are 



reduced from 0.3° to 0.2°, for the case of oxygen and water, respectively, suggesting the 

utility of the water surfactant growth mode to reduce the number of disordered secondary 

nucleation sites that contribute to crystalline mosaicity. Finally, metal-insulator-

semiconductor capacitors show a 1000x increase in resistance for surfactant-assisted CaO 

films for film thicknesses as low as 4.5 nm.  

Because higher surfactant partial pressures are required to stabilize {111}-MgO, 

MBE deposition cannot access the processing space and PLD is required. Collaborative 

research with the Oak Ridge National Laboratory Center for Nanophase Materials Sciences 

was performed and similar outcomes were found, i.e., 2D growth and step-and-terrace 

morphology. This demonstrates the generic ability of this surfactant-strategy by two very 

different deposition techniques: equilibrium growth provided by MBE and the energetic 

plasma provided by PLD.  

For both materials, a companion set of temperature dependent ab initio surface 

energy calculations were introduced to aid in interpretation and understanding of our 

experimental observations. In both cases, there is noteworthy agreement between simulation 

and experiment for a temperature and pressure window where 2D growth may be supported. 

Finally, lattice-matched Mg-Ca-O alloys were also investigated and optimized for MBE and 

PLD water surfactant growth. I-V analysis shows 100x increase in resistance and TEM 

analysis suggests a commensurate oxide-GaN interface. 

Incorporating vapor phase surfactants to PVD enables one to approach 

semiconductor-grade heterostructures in materials systems where 2D growth was previously 

impossible. Though demonstrations at this point are limited to rocksalt oxides, this approach 

should apply to cubic/pseudocubic oxide perovskites (which share a common sublattice), 

enabling a pathway to overcome symmetry barriers that currently encumber heterostructure 

deposition between highly dissimilar materials. 
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1. Oxide Epitaxial Growth 

The motivation for this thesis work stems from the technological need to develop 

techniques that bring oxide/semiconductor heteroepitaxy to a level consistent with the 

precise control of interfaces currently available in oxide/oxide and nitride/nitride epitaxy. 

For oxide/semiconductor interfaces to be electrically interesting, atomically smooth film 

surfaces and interfaces are required. Thus, a deep understanding of epitaxy and film 

growth modes is essential to control growth modes and to enable interface control, and 

will therefore, be covered in this chapter, along with a brief description of oxide film 

deposition techniques. Because oxide epitaxy is not limited to one deposition technique, 

and because different techniques can provide alternative opportunities for controlling film 

growth, two fundamentally different techniques were employed for this research: 

molecular beam epitaxy and pulsed laser deposition. Thus, this chapter begins with a 

discussion on symmetry constraints to epitaxy, followed by a brief description of MBE 

and PLD (however, more detail will be given in the experimental portion), followed by 

the effect of each technique on growth mode. 

 

1.1 Symmetry and Epitaxy 
In epitaxial growth, the interatomic registry to the underlying substrate lattice 

often determines the crystallographic order of the growing film. For example, when cubic 

rocksalt oxides (such as MgO, CaO) are grown epitaxially on top of a hexagonal template 

such as GaN, the cubic material will grow along the direction that exhibits a symmetry 

that matches the symmetry of the underlying hexagonal template. In cubic rocksalt oxide 

crystals, the (111)-plane has a 3-fold symmetry, which matches the 6-fold symmetry of 

the hexagonal substrate. Therefore, epitaxial rocksalt oxides on a hexagonal substrate will 

grow along the [111]-direction.  
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Together, symmetry and lattice mismatch determine the orientation of the 

overlaying film. For materials that possess close-packed lattices, this generally results in 

alignment across high symmetry axes. In this case, mismatch in crystal symmetry across 

an interface will often result in a rise in the potential energy for the interface and will be 

energetically unfavorable. However, the interfacial energy (γ) can be kept to a minimum 

simply by matching the symmetry of the film and substrate through maximizing bonding 

across the interface. Therefore, energetically, an epitaxial film will in general want to 

align to the underlying single crystal substrate when possible (given that the film is not 

masked from the substrate symmetry by adsorbates or disordered layers and that the 

deposition temperature is high enough for adatom diffusion to allow matching)1. 

Before lattice mismatch and strain can be introduced, the two forms of epitaxy 

must be defined. The simplest case is homoepitaxy where the film and substrate are of the 

same material. In the ideal case, as the film grows the interface between the film and 

substrate is no different from the bulk, so that the interfacial energy (γi) is zero. The 

second case of epitaxy is the more challenging case of heteroepitaxy where the film and 

substrate consist of two different materials and the (γi) is greater than zero. 

For heteroepitaxy, the lattice mismatch between the substrate and over layer is 

given by the in-plane lattice parameter mismatch and determines whether the film exists 

in compression or tension. The lattice mismatch f is determined using equation 1.1, where 

 is the lattice constant within the growth plane of the film and substrate surface2. 

 

              Eq. 1. 1  

 

In general, this quantity should be as small as possible to minimize film strain. Due to the 

consistently high stiffness of most oxides, strain energy due to lattice mismatch can build 

rapidly in a growing oxide film with increasing thicknesses. To accommodate the strain 
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that accumulates in the growing film, the overlayer can relieve strain energy in a number 

of possible ways: 1) forming misfit dislocations; 2) film buckling in compression or film 

cracking for tension; 3) morphological transitions between a layer-by-layer type growth 

mode and a three-dimensional island-type growth mode, requiring significant amounts of 

mass transport; 4) the film can form a coincidence lattice where the in-plane orientation 

of the film is rotated relative to the substrate; or finally, 5) through sample tilt where the 

growth plane is tilted relative to the substrate. However, the mechanism by which strain 

relief occurs will be dependent on growth kinetics and the relative energetics of each of 

the possible pathways1,2.  

Prior to relaxation, if 

€ 

afilm  < 

€ 

asubstrate  then the film sits in tension. Conversely, if 

€ 

afilm  > 

€ 

asubstrate  then the film sits in compression2.  A general rule is that f should be ≤ 0.1 

for good epitaxy; anything larger than 0.1 will result in populations of misaligned 

interfacial bonds. Additionally, if the thermal expansion coefficient of the two materials 

are not the same, then f will also be a function of temperature and must be considered at 

the growth temperature and after cooling to ambient conditions1. Since lattice mismatch 

produces strain energy, it will also determine film morphology. The strain energy will 

contribute to interfacial energy (γi) between the film and substrate, which ultimately 

determines the operative growth mode. The three growth mode categories for 

heteroepitaxy will be discussed in Section 1.3.  

 

1.2 MBE vs. PLD Growth Energetics 
In addition to interfacial lattice mismatch and strain, the energetics of film 

deposition have a large impact on film morphology. Therefore, before growth modes are 

discussed, a quick overview of the differences in deposition energetics of molecular beam 

epitaxy (MBE) and pulsed laser deposition (PLD) will be given. The four main methods 

commonly used for epitaxial oxide growth include: PLD, MBE, chemical vapor 

deposition (CVD), and magnetron sputtering. For each technique, the operative 
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mechanisms used to generate atomic- and sometimes molecular beams are very different, 

resulting in quite different film morphologies even when the deposition conditions, to the 

extent possible (substrate temperature, distance, deposition rate, etc), are kept constant3.  

In PLD, a pulsed laser beam is used to ablate a solid target. A highly energetic 

plasma plume is formed from the laser beam interactions with the evaporated target 

material and gas ambient, which condenses subsequently onto a substrate. This plasma is 

characterized by ion and electron temperatures on the order of several thousand degrees 

Kelvin for nanosecond laser pulses, where incident target ions can have very high 

energies, close to ~100 eV4. In the process of laser ablation, heating rates at the target 

surface of up to 1011 K/s have been observed along with instantaneous gas pressures near 

10-500 atm5. 

Depending on the energy and size characteristics of each laser pulse, the ablated 

material can generate a fraction of a monolayer to more than one monolayer per pulse. 

Although it is commonly assumed that the target composition is retained in the film for 

PLD grown films, this is not always true (as will be discussed further in the experimental 

section) and caution should always be used. For example, due to the high energy of the 

incident target ions, point defects are one common issue in PLD oxide films that leads to 

unintentional electrical activity3. In fact, this sort of extrinsic doping effect caused by 

oxygen vacancies in SrTiO3 substrates is one hypothesis for n-type conductivity seen at 

LaAlO3/SrTiO3 interfaces6,7. 

MBE on the other hand, is quite different from PLD in terms of growth energetics. 

In MBE, a thermally activated, low-energy (~kT) atomic beam is supplied with a gaseous 

oxidant source to form the oxide4. The metal beam is generated from a radiatively heated 

effusion cell and the oxidant is typically O2-, O2, or O3. The growth of the epitaxial film 

results from the impinging beam on a heated substrate3. MBE is typically done at low 

oxidant growth pressures (<10-4 Torr), so that it is a line of sight process and so the mean 

free path is longer than the effusion cell-to-substrate distance.  

PLD differs from MBE in two main ways4: 
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1) PLD growth is pulsed rather than continuous. Therefore, only a finite amount 

is deposited within the time that the plume interacts with the substrate. 

Although a laser pulse may only last ~30 ns (upper limit for excimer lasers), 

the plume can interact with the substrate for µs.  

2) At low pressures, the energy of the impinging PLD target species is very large 

with a wide distribution compared to MBE, which has an energy of kT and a 

more uniform energy distribution. 

 

There is also a deposition technique called laser MBE which is a potentially 

misleading terminology. Although it is not used in this work, the term is mentioned here 

as an example. Laser MBE is PLD performed in a high vacuum or ultra-high vacuum 

system where there is, in principle, no gas phase scattering. Alternatively, laser MBE has 

also been used to simply describe PLD performed with in situ reflection high-energy 

electron diffraction. However, both cases describe a PLD-type process containing a laser 

plume, not a molecular beam, and the relative high energetics of the growth process and 

the growth surface must be remembered as they will influence film accumulation. For 

example, measured velocities of Ge ions generated using laser excitation have been 

shown to be 40-100 times higher than thermally activated velocities for evaporated Ge8. 

These differences in growth surface energetics will play a large role in which growth 

mode operates as discussed in the next section. 

 

1.3 Growth Modes 
The simplified case of growth modes near thermodynamic equilibrium will first 

be introduced for homoepitaxial growth and then extended to heteroepitaxial growth. 

This section will then briefly cover step flow and nucleation processes that occur on 

vicinal surfaces.  
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1.3.1 Growth modes near thermodynamic equilibrium 
 By definition, no growth can occur at thermodynamic equilibrium, as such, this 

discussion is categorized with respect to the distance form the equilibrium state. The first 

case considered will be that of growth modes near thermodynamic equilibrium. Local 

fluctuations occurring in a gas phase close to equilibrium (namely, a supersaturated gas 

phase) promote a precipitation phase transition and therefore, nucleation. In this case, 

accumulating films exhibit one of three possible growth modes: 1) Frank-van der Merwe 

(FM) layer-by-layer growth; 2) Stranski-Krastanov (SK) layer-cluster growth; or 3) 

Volmer-Weber (VW) cluster growth, these possibilities are illustrated in Figure 1.1. In 

the simplest approach, the operative growth mode can be determined by a balance of the 

free energies of: the film surface (γf), the substrate surface (γs), and the film/substrate 

interface (γi)9.  For layer-by-layer growth to occur, the interatomic interactions between 

the substrate and the film materials must be stronger and more attractive than those 

between the atomic species within the film. Thus, the following condition must be 

satisfied for the growth of material A on material B for FM growth:  

 
                                  Eq. 1. 2 

 

where γA, γB are the surface free energies of film  A and substrate B and γi is the 

interfacial free energy, which depends on the strain associated with the interface and the 

strength of the atomic interactions between A and B. Therefore for wetting to occur 

(which is a prerequisite for FM growth), the sum of the surface free energy of the film 

and interfacial free energy must be less than the substrate surface free energy. From this 

discussion it is clear that wetting is facilitated on substrates with large surface free 

energies (γB). Additionally, it is clear that for the simplified case of homoepitaxy or for 

lattice-matched materials where γi ~ 0 (weak chemical interactions between film and 
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substrate), the growth mode is only dependent on relative surface free energies of the film 

and substrate materials2. For homoepitaxy then, layer-by-layer growth is achieved.   

 

 

Figure 1.1: Three possible growth modes for heteroepitaxy of film A on substrate B: A) 
Frank-van der Merwe layer-by-layer growth; B) Volmer-Weber 3D island growth; C) 
Stranski-Krastanov island-cluster growth; D) step flow growth2. 
 

 

In the situation where the film surface free energy (γA) is very large, wetting, and 

thus film growth is still possible despite that (γA + γi) is larger than γB even when γi is 

small. This energy balance leads to the nucleation of 3D islands at the onset of growth 

resulting in the VW mode.  

An intermediate growth mode, SK, can occur if the value of γA+γi exceeds γB after 

a finite thickness is reached. This can happen for cases where the strain energy (which 

contributes to γi) increases with film thickness as discussed earlier. In general, for a 
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material deposited on an unlike substrate, there will be finite lattice mismatch, and layer-

by-layer growth will only be achievable to a limited thickness. In this case, the growth 

mode starts as FM, forming a 2D layer, then transforms to a 3D island mechanism or VW 

after a critical thickness. Therefore, SK growth is a combination of the two previously 

described9. 

One interesting consequence of equation 1.2 is that if Δγ ≤ 0 for A on B, then by 

equation 1.2, Δγ > 0 must be true for B on A. So, it cannot be possible to obtain layer-by-

layer growth for both A on B and B on A. This becomes problematic for growing 

complex superlattice structures where the layer sequence is A/B/A/B and so on. For 

equation 1.2 to hold true, one of these interfaces cannot be flat unless the surface energies 

can be modified. One approach that has been demonstrated for this is the use of 

surfactants, which can lower the surface energy of the higher surface energy material2. 

For example, Egelhoff and Steigerwald10 have shown that for FCC Fe on (001) Cu, which 

normally grows in a 3D island VW growth mode, an oxygen surfactant can be used to 

lower the surface energy of the growing film to promote 2D growth. Other examples of 

surfactants used to change growth modes are described in Chapter 5. Alternatively, in the 

case of materials that form strongly bonded compounds near the interface, interdiffusion 

can also change the interfacial energy allowing a material to grow smoothly on another 

where it would otherwise - considering the relative surface free energies - not be possible. 

For example, smooth growth of spinel Fe3O4 on MgO (001) substrates can be achieved at 

high temperatures (>450 °C), where intermixing at the interface occurs11. 

The deposition technique used to grow the films plays an important role in 

determining which growth mode will occur. For example, in many PVD techniques such 

as PLD, where the high supersaturation is a defining characteristic, the growth 

environment is highly energetic and far away from equilibrium causing kinetics to play 

an integral role. In the case of PLD, limited surface diffusion is common and the adatoms 

may not be able to rearrange, as may be the case in MBE, for the purpose of minimizing 

surface energy. Further, the high gas phase supersaturation of PLD can lead to increased 
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nucleation rates and pronounced kinetic effects compared to MBE that result in different 

growth modes. Therefore, when predicting the growth mode, the relative surface energies 

as well as the available kinetics must be considered9. 

 

1.3.2 Step flow growth and nucleation 
 As mentioned previously, for homoepitaxial growth, complicating effects such as 

lattice parameter and thermal expansion mismatch need not be considered in the 

discussion of layer-by-layer growth. As such, the kinetic factors, such as diffusion 

coefficient (Ds) of the adatoms, the adatom sticking coefficient on a substrate terrace, and 

the energy barrier for an adatom to descend to a lower terrace become dominant. Of these 

parameters, Ds is critical because it determines the diffusion distance of an adatom on the 

surface before becoming immobile and is highly dependent on the growth temperature 

(T). If, for incoming adatoms, the probably for sticking to all available lattice sites were 

equal, then the deposition of one monolayer or n atoms onto N sites, leaves 1/e or 37% of 

the surface sites uncovered at T = 0.5 However, given a finite amount of temperature, the 

diffusivity of the atoms allows them to move around to find more energetically favorable 

sites. In general, energetically favorable sites are those that increase an adatom’s 

coordination, i.e. steps, defect sites, or if steps are not available, the association of two 

adatoms. The equation for diffusivity is given in equation 1.3, where υ is the attempt 

frequency, EA is the activation energy for diffusion, and  is the characteristic jump 

distance4,9.  

                                                     Eq. 1. 3 

 

Then, the distance an adatom can travel is given by equation 1.4, where τ is the average 

residence time before reevaporation. 
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                    Eq. 1. 4 

 
 For 2D growth, two diffusion processes are possible and both are determined by 

kinetics: 1) intralayer mass transport where atom diffusion occurs on top of a terrace or 2) 

interlayer mass transport where atom diffusion occurs to a lower terrace. The average 

diffusion length for an adatom on terrace will represented by lD and the average terrace 

length itself will be given by lT. For a vicinal surface, if intralayer mass transport is fast 

(that is lD >> lT), step flow growth (show in Figure 1.1D) occurs. In this case, adatom 

mobility is sufficiently high that newly added adatoms have enough time to reach a 

substrate step before they become immobile. Here, the substrate step edges can act 

effectively as sinks to incoming atoms and nucleation on terraces is not likely since it is 

energetically less favorable. This behavior is expected for scenarios where the deposition 

flux is low and the growth temperature (or more accurately, the diffusion rate) is high. As 

shown in Figure 1.1D, steps will propagate in this case and will remain stable as long as 

the terrace width remains constant and the terrace edge remains straight. If either of these 

limitations is not withheld, step meandering or step bunching can result and the average 

terrace length will broaden. The stability of a system against step bunching will depend 

on the activation energy for an adatom to descend to a lower terrace (Es) called the 

Ehrlich-Schwoebel barrier4,12. If there is no Es barrier, then adatoms can diffuse to step 

edges or to lower terraces and the system is sensitive to perturbations and step bunching 

results where larger terraces grow faster than narrower ones13. However, if Es is 

sufficiently large while diffusion rates are high- so that adatoms can still diffuse to step 

edges without interlayer transport- step flow growth is stabilized. Finally, it should be 

mentioned that strain associated with heteroepitaxial films also leads to step bunching 

since step edges will not remain straight4,13-15. 

 On the other hand, if intralayer transport is slow, adatoms will not have sufficient 

diffusion to reach step edges and nucleation will be result on the terraces. In this case, 

new nuclei will form until a critical nucleation density is reached at which point nuclei 
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will start to come together to form islands. The growth mode will then be dependent on 

the interlayer kinetics. Since an adatom always wants to increase its coordination, there is 

a strong tendency for adatoms that deposit on top of already existing layers to transfer to 

a lower level where their coordination will be higher16. Whether this sort of transfer will 

occur is dependent on the type of bonding at the step edge. For example, if there is a 

steady interlayer transport, 2D growth can still occur as discussed above. Adatoms that 

deposit on top of a growing island can diffuse to a lower level. However, this is not ideal 

layer-by-layer growth, where each layer needs completion before a new layer begins4.  

 However, if interlayer transport is completely limited and diffusion rates are low, 

3D island nucleation is becomes prevalent. Incoming adatoms that land on top of a 

growing island nucleate rather than transferring to lower levels and islands form before 

they are able to coalesce. Whether a system will have fast or limited interlayer transport 

depends again on the energy barrier for adatoms to descend to lower terraces (Es)17. For 

large values of Es accompanied by low Ds, adatoms will accumulate on top of islands and 

the secondary layer nucleation rate increases leading to 3D growth.  

The preceding discussion is for homoepitaxial growth near equilibrium such as 

one would expect for MBE type growth. However, as discussed in Section 1.2, PLD 

energetics are quite different from MBE. In PLD, it has been suggested that due to its 

energetic nature, an effective diffusivity (D’) needs to be considered, which differs from 

the single-atom diffusivity discussed above4. For PLD, the average deposition flux for a 

system with D’ is given by equation 1.5 where Np is the amount of material deposited per 

pulse and τ is the time between pulses.  

               Eq. 1. 5 

 
So, for step flow growth to occur in PLD, τ >> the lifetime of a diffusing adatom and will 

therefore be dependent on: 1) diffusivity, 2) deposition rate, and 3) substrate miscut 

angle/terrace length14. 
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L2
               Eq. 1. 6 

 
Methods to characterize characteristic relaxation time, which is inversely related to the 

diffusivity, can be determined using RHEED and will be discussed in the Experimental 

Procedure.  RHEED-based methods to monitor/determine growth mode will also be 

explained. 
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2. Polar Surfaces and Interfaces 
 

As discussed in Chapter 1, an overlayer symmetry in a film heterostructure is 

highly dependent on the underlying substrate’s crystal structure. An epitaxial film will 

choose its orientation based on a combination of lattice constant and surface symmetry 

matching between the substrate and the growing film. In some cases, this can promote a 

terminal crystallographic surface that does not have the lowest surface energy, and the 

system is morphologically unstable. If the particular film structure exhibits polarity along 

the growth direction, a similar instability will occur. In either case, the resultant surface 

will be highly unstable and will be susceptible to a number of stabilization mechanisms 

that will ultimately determine the physical and chemical properties18. How polar/polar 

and polar/non-polar interfaces form and interact has a direct impact on the band 

alignment, electronic properties at the interface, and interface reconstruction. 

Additionally, there are specific mechanisms through which an interface can compensate 

for a polarity discontinuity that involve charge carriers, non-stoichiometry, and faceting 

that initiate from the first monolayer. For example, in this research epitaxial (111) MgO - 

a polar direction - is grown on top of (0001) GaN, which exhibits a permanent 

spontaneous polarization.  Depending upon the growth kinetics, varying compensation 

mechanisms for the polar discontinuity across this interface may take place to minimize 

interface energy. Such compensation mechanisms and definitions of polar interfaces will 

be presented in this chapter with specific emphasis given to the materials used in this 

thesis: rocksalt oxides and GaN. 
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2.1 Polar Oxide Surfaces 
 A polar surface is defined by the crystallographic orientation (whether a specific 

crystal direction is polar) and the chemical termination*. An oxide surface is considered 

polar if the orientation and the termination cause a macroscopic polarization 

perpendicular to the surface, which diverges with increasing thickness. When a 

macroscopic polarization exists, a depolarization field must be established to stabilize the 

surface. There are several mechanisms - both intrinsic and extrinsic - which can define 

this depolarizing field19:  

i) Modification of surface states: this can occur through partial or total filling 

of surface states, which can lead to surface metallization. This is 

equivalent to Fermi level pinning. 

ii) Change in surface stoichiometry (both intrinsic and extrinsic): through 

adsorption of foreign species, desorption of surface atoms, faceting, or 

reconstruction.  

 

Each of these mechanisms acts in competition to stabilize a polar surface and can occur 

alone or together. Additionally, each of these mechanisms causes new surface 

configurations different from the bulk structure so that surface atoms have differing local 

environments and consequently reactivity that is different than the bulk material. As a 

result, the electronic structure can be altered by surface states that arise in the band gap. 

Further - and most importantly to this thesis research - surface reconstructions that result 

from polar terminations can determine the growth mode20.  

 

 

 

                                                
* See the example of TiO2 in Section 2.1.1 where one direction may be polar or non-polar 
depending on the surface termination. 
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2.1.1 Criterion for polarity 
 For an oxide to be considered polar, the repeat units along the orientation of 

interest must provide a non-zero dipole moment perpendicular to the surface. Figure 2.1A 

shows an example orientation composed of alternating equally spaced (L is the layer 

spacing) layers, perpendicular to the surface, of equal and opposite charge densities (+/- 

σ). Each repeat unit contributes to the electrostatic potential by an amount 4πσL per 

double layer (N). Thus, as N increases, the dipole moment, which is proportional to N, 

diverges and the surface becomes unstable. Typically the monatomic increase of V is 

quite large especially for ionic materials; MgO is on the order of several tens of eV19. 

   

 
Figure 2.1: E,V as a function of distance through multiple repeat units parallel to the 
surface for a crystal with: A) equally spaced, alternating +/- σ planes leading to a 
diverging surface potential and B) surface charge density modified crystal leading to a 
finite surface potential. 
 
 

Tasker21 developed a classification system based on electrostatics, which defines 

systems into three types of polar surfaces based on the dipole moment formed by the 

repeat units perpendicular to the surface and the surface termination. In this classification 



 
 
 
 
 

 

16 

type 1 and 2 surfaces have no net dipole moment perpendicular to the surface, where as 

type 3 surfaces, which are polar, have a non-zero net dipole moment perpendicular to the 

surface. Figure 2.2 shows a schematic of each type of surface for a generalized ionic 

system, where purple ions are negatively charge and orange ions are positively charged: 

type 1- neutral; type 2- charged; and type 3- polar. Type I (Figure 2.2A) surfaces have 

equal populations of cations and anions so that q=0 in each layer perpendicular to the 

surface. Thus, there is no dipole moment between the layers and µ=0. Type I surfaces are 

therefore, neutral and an example is (100)- rocksalt crystals. Type II (Figure 2.2B) 

surfaces are composed of alternating layers of charged planes (q≠0), however, 

consequent to the charge symmetry of the repeat unit, there is no net dipole (µ=0). Type 

II surfaces are therefore charged but not polar; an example is (111)-rutile crystals. Type 

III (Figure 2.2C) surfaces are composed of alternating layers of charged planes (q≠0) but 

a dipole moment exists perpendicular to the surface (µ≠0) leading to a diverging surface 

potential such as the one shown in Figure 2.1A. This equates to an infinite predicted 

surface energies for bulk type III surfaces and very large surface energies for thin films of 

more than a few monolayers. This results in a strong preference for stabilization by the 

mechanisms listed above. Examples of this type of surface would be (111)-rocksalt 

crystals, (0001) or (000 )-wurtzite, (111) and (100)- inverse spinel, and (110) and 

(111)- perovskite surfaces. 

 



 
 
 
 
 

 

17 

  

Figure 2.2: Tasker classificiation of oxide surfaces: A) Type 1- neutral surface where 
both q=0, µ=0; B) Type 2- charged surface where q≠0, µ=0; C) Type 3- polar surface 
where neither q≠0, µ≠0. 
 

 

Care should be taken to not only consider the stacking sequence of the crystal 

orientation of interest, but the termination is also of upmost importance when 

determining whether an orientation is polar or not. For example, the fluorite and rutile 

structures both present orientations that may be type II (non-polar, but charged) or type 

III depending on the surface termination. The (111) surface of fluorite, which has a MX2 

structure, can be type II if the surface is anion terminated or type III (polar) is the surface 

is cation terminated. Similarly, for the rutile structure (common for transition metal 

oxides), the (110) direction is made up of three alternating layers of O and (MO)2, which 

possesses three possible surface terminations: single oxygen layer termination 

(O/(MO)2/O); double oxygen layer termination (O/O/(MO)2); or (MO)2 termination 
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((MO)2/O/O). Only the single oxygen termination scheme possesses no dipole moment 

perpendicular to the surface. The other two schemes are both polar19. 

 

2.1.2 Cancelling polarity 
 Just as the surface termination of a bulk structure can determine polarity - as was 

just discussed for the case of rutile and fluorite - polar surfaces can modify their surface 

termination through absorption, desorption, reconstruction, etc…, to cancel their polarity. 

Since polar surfaces are always unstable from an electrostatic point of view, owing to a 

diverging surface potential, they will always prefer to lower their energy by changing 

their termination. By modifying the charge density of the last few layers, a structure can 

cancel the dipole moment effectively cancelling its polarity. The condition for cancelling 

polarity is given by equation 2.1 below, where R1,2 are the layer spacings for m number 

of layers. 

 

              Eq. 2. 1 

 

This can be done for a structure where the layer spacings are equal (R1=R2) by making 

the outermost layers σ/2 instead of σ, or alternatively by making the outer two layers σ/4, 

3σ/4 rather than σ. An example of how these changes in charge density lead to a finite 

surface potential is shown in Figure 2.1B.  

 
2.2 Rocksalt Oxides  
 The oxides investigated in this thesis (MgO, CaO, MgxCa1-xO) have the rocksalt 

structure common to most alkaline earth oxides (MgO, CaO, SrO, BaO) and some 

transition metal oxides (NiO, CoO, TiO, VO, etc…). The structure is made up of two 
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interpenetrating anion and cation FCC-sublattices. As shown in Figure 2.3A and B, the 

[100] and [110] directions of MgO contain stable, non-polar surfaces. Although, their 

exact stacking sequences are quite different, both (110) and (100) surfaces terminate 

layers of cations and anions that are electron-neutral within each layer (Figure 2.3D). 

Alternatively, the (111) surface of MgO ends a sequence of alternating layers composed 

solely of anions or cations, leading to a polar surface with equidistant layer spacing.  

Due to its polar nature, the (111) surface of MgO is highly unstable and as a result 

has the highest calculated surface energy for clean surfaces: 1.25 J/m2 for (100), 3.02 

J/m2 for (110), and 3.86 J/m2 for (111)22.  As a consequence, when terminated physically 

parallel to the (111) lattice plane, e.g., a polished single crystal or a (111)-oriented film, 

the surface will tend to reconstruct and lower its overall free energy. Mechanisms for this 

reconstruction are presented in the next section. 
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Figure 2.3: MgO surface orientations and polarity: A) (100) MgO consisting of neutral 
planes of anions and cations together-type I surface; B) (110) MgO consisting of neutral 
planes of anions and cations together-type I surface; C) (111) MgO consisting of 
alternating layers of Mg2+ and O2- layers leading to a diverging surface potential; D) 
cartoon of (100) and (110) cation/anion arrangement (actual stacking sequence is shown 
in A and B); E) cartoon of (111) with dipoles listed showing polar surface type III nature. 
  

 

2.2.1 History of the (111)- MgO polar surface 
 Early MgO work in the 1970’s suggested by both theory and experiment that 

clean (111) MgO surfaces would facet into neutral {100} planes21,23,24. This was 

evidenced by Henrich23 through LEED and SEM, which showed micrometric triangular 
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facets that were attributed to the {1000} planes of MgO after annealing at 900 °C. This 

model was used to explain 111-MgO growth for almost 20 years. However, no 

measurements of the facet angles were done, and recent microscopy studies attributed the 

facets to higher indexed planes produced by acid etching before microscopy25. At the 

same time it was suggested by Tasker that absorption of charge species that change the 

charge density at the surface could also provide a stabilization mechanism. Hydroxyl 

stabilization was provided by some as a possible explanation for flat MgO and NiO (111) 

surfaces, but the first experimental evidence for absorption stabilization was for a NiO 

(111) surface stabilized by Si impurities21,26. Since then, other experimental evidence for 

hydroxyl-stabilization has been shown for both MgO (111) (1x1)27-31 and NiO (111) 

(1x1)32-34 surfaces. 

 It was not until the 1990s that the topic of possible stabilization mechanisms for 

MgO (111) surfaces was revisited. This was in part stimulated by the recent results that 

contradict the{100}-facet explanation. Microscopy studies of Gajdarziska-Josifovska et 

al. found evidence for clean, but reconstructed, MgO (111)35-37 and similar findings were 

found for NiO (111) surfaces38-42. Further, Plass et al.25 upon revisiting the 1976 Henrich 

experiment revealed that the original faceting model, which was originally attributed to 

annealing, actually disappeared upon annealing to 1450 °C leading to reconstructed (111) 

surfaces with three possible reconstructions: ( x )R30°, (2x2), or (2 x2

)R30°37,43. Further, the authors showed that the facets observed by Henrich actually 

appeared upon the acid etching step, rather than annealing. Each of these possible 

reconstructions has been shown in literature through TEM and suggested the need for a 

new stabilization model for polar MgO surfaces.  

 Identifying the exact mechanism for (111) MgO stabilization is often complicated 

by the effects of the crystal preparation before microscopy. For example, many authors 

use acid etching steps that lead to high-index plane faceting prior to annealing. 

Furthermore, the exact reconstruction angles are dependent on temperature and oxygen 

pressure, and lead to disparities in literature reports44. In general, two mechanisms are 
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suggested for stabilization under normal processing conditions: 1) Microfaceting model 

or octopolar reconstruction, or 2) the ( x )R30° reconstruction supported by TEM. 

The octopolar reconstruction model was proposed by Wolf based on surface energy 

calculations discussed above (Wolf paper). Diverging surface energies for polar MgO 

surfaces can become finite through the smallest possible (atomic scale) {100} faceting. 

The model is based on a (2x2) reconstruction of an octopolar basis (MgO)4. Such a 

reconstruction allows for the dipole moment perpendicular to the surface to be cancelled. 

To accomplish this reconstruction, ¾ of the top anion (cation) layer are removed 

followed by ¼ of the next cation (anion) layer43,45, very similar to the example given in 

Figure 2.1B. Two surface terminations are possible, however, either case lead to a polar 

surface: Mg-terminations are considered favored for O-poor conditions whereas O-

terminations are favored for O-rich environments46. This class of reconstruction requires 

substantial mass transport and therefore, it is usually applied to cases of very high 

temperature annealing.  

 Other compensation mechanisms enable global stabilization through hydroxide 

surface charge compensation. (111) MgO facets have been observed through TEM 

studies of MgO smoke crystallites equilibrated in water (pH=7)31. Similarly, (1x1) (111) 

MgO surfaces were observed for thin MgO crystals after annealing at 800 °C in air, 

oxygen plasma cleaning, followed by a UHV anneal27,47. The stability of these surfaces 

was also attributed to an OH- layer formation. A complete discussion of surface 

termination stabilization for (111) rocksalt oxides is given in Chapter 5. The utility of 

hydroxide termination is based on the fact that cubic rocksalt oxides along the <111> 

direction are topotactic with their hexagonal hydroxide. For example, OH- terminated 

(111) CaO and (0001) Ca(OH)2 share similar stacking sequences for the last three planes 

of atoms. Similar experiments utilizing this were done by Kambe et al.48,49 by depositing 

(0001) Ca(OH)2 by PLD onto (001) MgO substrates. By subsequent heating of Ca(OH)2 

film, they were able to transform the calcium hyrdoixde to an epitaxial (111) CaO film.  
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 Early work on polar MgO surfaces utilized single crystals and MgO ash formed 

from cutting, polishing, or etching to achieve the desired surface termination. All of these 

embodiments are thick, however, within the context of that needed for a surface potential 

that would break down the MgO. However, epitaxial polar MgO films can be much 

thinner, thus exhibiting a smaller diverging surface potential, and thereby undergo an 

alternative set of compensation mechanisms that avoid the polar catastrophe. Many fewer 

examples of (111)-oriented rocksalt oxide epitaxy exist in literature compared to (100). 

However, compensation mechanisms for these films are generally attributed to {100} 

surface faceting to lower the overall surface free energy leading to 3D island type growth. 

This 3D growth has been shown by RHEED and AFM for a number of polar (111) alkali 

halide films on various substrates50-53. Thin film alkali halides on conventional 

semiconductors have been considered for many years as promising candidates for device 

applications such as gate dielectrics or buffer layers for gate dielectrics, etc... However, 

because (111) alkali halides have a strong propensity to facet to avoid a diverging surface 

energy, the interfaces between these films and semiconductors are highly defective.  With 

this historical limitation in mind, this thesis research has focused on developing methods 

to allow stabilization of the (1x1) (111)- rocksalt oxide surface.  

To date, only four reports of smooth, stabilized (1x1) (111) MgO surfaces have 

been cited in literature: i) (111) MgO on (111) Ag substrates most likely stabilized by 

surface charges introduced from the metallic substrate; ii) MgO on Al2O3 (but RHEED 

data and AFM data to support this claim are marginal, showing spotty RHEED patterns 

and grainy AFM images after 3nm of growth) and iii) MgO on (0001) SiC with and 

without a hydrogen stabilized surface54,55. However, although theoretical calculations 

suggested the ability of this H-stabilized surface to induce smooth (111) MgO, no 

experimental evidence for smooth growth was given in the report. 
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2.3 Gallium Nitride  
 Gallium nitride (GaN) exhibits two possible polar orientations for the common 

<0001> growth direction used for most GaN-based devices. The GaN used in this thesis 

research is (0001)-orientated and has the hexagonal wurtzite crystal structure, which 

lacks an inversion symmetry and results in a permanent spontaneous polarization 

perpendicular to the surface. Due to the strong ionic nature of the Ga-N bond, the c/a 

ratio for GaN (c/a=1.6336) is slighter smaller than the ideal c/a= 1.633, giving rise to 

distorted tetrahedral and a permanent spontaneous polarization of -0.029 C/m2 along the 

c-axis. The structure consists of {0001} planes of alternating anions and cations. When 

grown along the {0001} direction, two possible polar orientations arise: Ga-polar c+ GaN 

or N-polar c- GaN. For Ga-polar GaN, a single N atom points to three Ga-atoms giving 

rise to c+ polarization (see Figure 2.4). One important note is that polar orientation is not 

determined by surface termination. Each orientation (Ga-polar or N-polar) can be 

terminated with either cations or anions. The spontaneous polarization of GaN provides 

an internal electric field of ~3MV/cm and a surface charge density of ~1013 cm-2.  

Since each polarity orientation can have different surface configurations and 

compositions, each orientation behaves differently in terms of impurity incorporation and 

defect formation. This leads to contrast in the electrical and optical responses for GaN 

depending on its orientation. Thus, significant attention has been directed by the GaN 

community to develop techniques that control the polarity of GaN, while achieving 

similar film quality for both orientations. The reader is directed towards the Mita Ph.D. 

dissertation for a comprehensive review56.   
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Figure 2.4: GaN crystal structure and polar orientation for Ga-polar, c+ GaN. One repeat 
unit for GaN unit cell is shown with the average centers of charge indicated to the right 
and the resultant polarization direction. 
 

 

2.4 Polar Interfaces  
 As discussed in the previous two sections, a bulk material will to extent possible 

select its termination and orientation to minimize free energy and avoid a diverging 

potential. It follows then, that epitaxial films will undergo similar configurational 

changes in response to their preferred orientation and surface termination but, in this case, 

there is a superposition of additional effects arising from the underlying substrates 

orientation and polarity. For example, a substrate’s orientation may promote a film 

growth orientation that is polar. More complicated still is the situation where the substrate 

forces this polar film orientation, but the substrate itself exhibits a polar face. The 

example prominent throughout this thesis would be for (111) MgO on (0001) GaN. As 

discussed in Section 2.1, both of these orientations are polar: (111) is a polar direction of 

a non-polar crystal, whereas (0001) GaN exhibits a permanent spontaneous polarization. 

The respective polarities are different, thus a polar discontinuity exists across the 

interface. Often times, to compensate for this polar discontinuity, interfaces will tend to 

reconstruct either structurally or electrically to change their charge densities at the 
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interface. In many cases, this reconstruction must also occur at the film surface. In many 

cases, this preference for surface/interface reconstruction eliminates the possibility for 2D 

film growth. Heteropolar interfaces also present opportunities for functionality, for 

example, if one can control an interface at the atomic level between polar materials, 

interesting effects such as 2D carriers can be engineered. However, reconstructions that 

compensate this polarity discontinuity often act in competition.  

 Interfaces can be most simply broken down into two classes: non-polar and polar. 

Non-polar interfaces occur when σ=0. Thus, non-polar interfaces most often involve non-

polar materials. This can occur for two non-polar directions in both the film and substrate 

(for example, (100) MgO/(100) MgO or metal/MgO(100)). Since both the film and 

substrate have no dipole moment perpendicular to the surface, the interface does not 

contain one either. Alternatively, if two polar materials (A and B), where σA=-σB, are 

joined together the dipole moments cancel and the interface is non-polar. This case is less 

common, occurring when materials have very similar atomic and electronic structures 

(for example, (111) NiO on (111) MgO).  

 Polar interfaces occur when σ≠0. With the exception of the case just mention, this 

occurs if either or both materials are polar or if only one material is polar. For the 

interface to be stable from an electrostatics standpoint, the interface must be compensated 

by a counterbalancing charge. The mechanisms by which this polar charge can come 

about are very similar to those already mentioned for polar surfaces, they include: i) 

Fermi level pinning through filling of surface states; ii) modifying interface composition 

or iii) electronic reconstruction (when interface cations are multivalent)44.  

 In conventional semiconductors, reconstructions tend to occur to compensate for 

polar discontinuities and are usually accomplished through stoichiometry changes57,58 or 

atomic disordering at the interface59. For example, growth of GaAs on Si or Ge have 

shown large degrees of roughening from compositional grading and added band offsets- 

an interface dipole shifts band offsets across a polar interface60- at the interface to 

compensate for the polarity discontinuity of growing a polar material on a non-polar 
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substrate. However, for oxides with multivalent cations, new possibilities arise for 

interface polarity compensation when electrons are able to rearrange at a lower energy 

cost than atoms can rearrange. One well known (but debated) case is that of LaAlO3 

(LAO) on SrTiO3 (STO)*. 

 

                                                
* See Section 5.5 for detail on the polarity discontinuity and its consequences on the 
LAO/STO system. 
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3. Polar 2D Conductor Devices  
 The aim of this chapter is to give the reader a brief introduction to semiconductor-

based devices, with particular emphasis given to the emerging field of devices based on 

polarity exploitation. For completeness, this chapter will give a short explanation of 

MESFET and HEMT device operation, and then discuss the technology needs and trends 

for GaN-based electronics. However, since GaN-based devices are beyond the scope of 

this work, this section will only cover the necessary information needed to understand 

possible device structures envisioned for future work. For a more detailed explanation of 

device operation, the reader is directed towards several comprehensive sources61,62. More 

importantly for this work, the emerging possibilities for oxide/GaN devices and more 

specifically, ferroelectric/GaN devices with particular attention given to polarity control 

will be discussed. 

 

3.1 AlGaAs/GaAs MESFETs  
A FET (field-effect transistor) is a three terminal device consisting of a 

semiconductor channel, two ohmic contacts- the source and the drain- and a gate to 

control the number of charge carriers in the channel. Although FETs come in many 

forms- JFET (junction FET) where the gate voltage controls the depletion width of the 

reverse-biased p-n junction; MOSFET (metal-oxide-semiconductor FET) where an oxide 

layer is used to separate the gate electrode and semiconductor; or MESFET (metal 

semiconductor FET)- for this thesis only the MESFET will be briefly introduced for 

GaAs-based devices.  

GaAs MESFET devices provide access to higher electron mobilities compared to 

traditional Si technologies (8500 cm2V-1s-1 for GaAs compared to 1350 cm2V-1s-1 for Si)63, 

higher saturation velocities (~2x higher for GaAs compared to Si)63, and access to higher 

temperature, thus higher power, operation. For a GaAs MESFET (shown in Figure 3.1), a 

thin, lightly doped n-type GaAs layer is epitaxially grown on top of an undoped GaAs 
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substrate to form the device channel region. Alternatively, ion implantation can be used 

to dope a thin n-type layer (Si-doped) on top of the insulating GaAs. Ohmic source and 

drain contacts are commonly formed through alloys of Au and Ge, while metal gate 

Schottky contacts are typically Al, or Ti, W, or Au alloys. 

For operation, the channel carrier flow is controlled by the depletion layer width 

underneath the Schottky metal gate, so that essentially the MESFET can act as a voltage-

controlled current source. I-V characteristics similar to those for a JFET device are 

obtained if the Schottky gate is reverse biased causing the channel to be depleted to the 

substrate62. At zero external bias, VG=0, the depletion region width is dependent on the 

internal voltage drop across the Schottky junction*. But, through the application of a gate 

bias, the depletion depth between the source and drain and therefore the resistance of the 

current flow can be controlled. At a certain large gate bias- called the pinch-off voltage- 

the depletion depth will equal the channel depth and the channel will be pinched-off 

causing the drain current to drop to very small values.  

 

 

                                                
* For a detailed description of metal-semiconductor contacts see H. Craft PhD 
dissertation64 Craft, H. S. Spectroscopy of Oxide-GaN Interfaces PhD thesis, North 
Carolina State University, (2009).  
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Figure 3.1: Schematic of GaAs-based MESFET device in cross-section. Device consists 
of a semi-insulating GaAs substrate separated by an insulating buffer layer from an 
epitaxial n-type GaAs channel layer. 
  

 

3.2 AlGaAs/GaAs HEMTs  
High channel conductivity is required to ensure high MESFET transconductance. 

However, simply increasing doping levels to increase the carrier concentration of the n-

type GaAs layer leads to impurity scattering and therefore mobility degradation. Rather 

than increasing doping levels, an alternative approach called modulation doping is often 

used in systems containing III-V compounds and is the enabling feature of AlGaAs/GaAs 

based HEMT (high electron mobility transistor) or alternatively MODFET (modulation 

doped field effect transistor) devices.  

The first demonstration of a modulation-doped superlattice AlGaAs/GaAs 

structure was by Dingle et al. in 197965, followed closely by the first HEMT device 

utilizing this idea proposed by Mimura in 198066. In this HEMT device, a selectively 

doped semiconductor pair of AlGaAs and GaAs is used and the interface conductivity is 

controlled by a Schottky metal gate. In this heterojunction, modulation doping occurs 
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when a thin undoped GaAs well is bounded by a wider band gap, doped n-type AlGaAs 

layer. For this heterojunction to be successful, the conduction band of the AlGaAs barrier 

layer must be at a higher energy level than the conduction band of the GaAs channel 

layer. Since the material with the larger band gap (AlGaAs) is doped with shallow donors, 

the Fermi level shifts from the middle of the band gap to the donor level and the 

conduction band offset transfers electrons from the wide band gap barrier layer (or higher 

conduction band level material) to the undoped channel layer (or lower conduction band 

level material). For the AlxGa1-xAs/GaAs system, as long as the Al concentration or “x” is 

less than or equal to 0.45, the band offsets for the heterojunction have been 

experimentally found to be 2:1, conduction band offset to valence band offset (for a 

typical composition of x=0.3, ΔEc ≈ 300 meV), following the common anion rule. It is 

this large discontinuity in the conduction band that allows electrons to spill over from the 

n-AlGaAs layer to the undoped GaAs layer, becoming trapped in a potential well.  

When the Fermi level of the interfacial layer is above the conduction band, 

electrons are confined to a small interfacial region in the channel, creating a 2DEG (or 

2D electron gas). Therefore, the undoped GaAs layer becomes n-type allowing the 

confined carriers to be far away from the doped AlGaAs layer without unnecessary 

scattering by ionized donors. This absence of impurity scattering in addition to the low 

amount of disorder at the interface enables nearly free electrons at the interface, leading 

to higher mobilities.  At the time, this sort of AlGaAs/GaAs HEMT structure led to the 

highest mobilities reported by Pfeiffer et al.67, exceeding 107 cm2V-1s-1. A simplified 

band diagram describing an n-type AlGaAs/ undoped GaAs junction is shown in Figure 

3.2. The same idea can also be applied for a p-type AlGaAs/GaAs interface but in this 

case a 2DHG (2D hole gas) results. 
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Figure 3.2: Band diagram schematic of Al0.3Ga0.7As/GaAs heterojunction. A) two 
separate semiconductors: n-type Al0.3Ga0.7As and undoped GaAs; B) semiconductor 
heterojunction showing 2DEG formation at GaAs interface channel layer; C) two 
separate semiconductors: p-type Al0.3Ga0.7As and undoped GaAs; D) p-type 
semiconductor heterojunction showing 2DHG formation 

 

 

If a similar MESFET device to those described in Section 5.1 is then constructed 

utilizing this 2DEG GaAs interfacial layer as the channel, high conductivity can be 

achieved through the high mobilities resulting from the heterojunction structure. Similar 

to the MESFET case previously described, a Schottky gate placed on the AlGaAs surface 

can control the electrons at the interface. However, this type of HEMT device is 

especially advantageous and exhibits high mobilities at low operating temperatures 

(usually cyrogenic temperatures) when phonon lattice scattering is also low65,66,68.  
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One important feature to note for this system is that as the AlGaAs layer thickness 

changes, the heterojunction energy band diagram will also change. There are three 

situations to consider shown in Figure 3.366,69: 

1) Thick AlGaAs layer. In this case, there are three regions existing in the 

AlGaAs n-type layer: the surface depletion region formed by the Schottky 

barrier, the charge neutral region allowed by the large AlGaAs thickness, and 

the heterojunction interface depletion region. In this scenario, the charge 

neutral region acts as a shield to the electric field from the gate and it is not 

possible to control the electron accumulation layer and proper HEMT device 

operation is unachievable.  

2) Medium thickness AlGaAs layer: in this scenario the HEMT device acts in 

depletion mode (D-HEMT) because the two depletion regions are close 

enough to merge and the entire AlGaAs layer is depleted while the electron 

accumulation layer is confined to the interface. Here, the gate bias can be used 

to modulate the electron accumulation layer and application of a negative bias 

depletes the channel, reducing drain current. This is the conventional method 

of operation for this type of device set up, where the HEMT is “on” at zero 

bias. 

3) Finally, when the AlGaAs layer is very thin, the Fermi pinning level on the 

AlGaAs surface is lower than the conduction band level of the GaAs layer. In 

this situation, the electron accumulation layer will disappear. However, if gate 

voltages higher than the threshold voltage are applied, an electron 

accumulation can be induced. These devices are called enhancement mode 

HEMTs or (E-HEMTs). 
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Figure 3.3: AlGaAs thickness dependence. A) Thick AlGaAs layer creates three 
regions in the n-AlGaAs layer: 1. Surface depletion region formed by a Schottky 
metal-semiconductor interface; 2. Charge neutral region; 3. AlGaAs/GaAs 
heterojunction interface depletion region. In this case, the charge neutral region 
makes HEMT operation impossible. B) Medium thickness AlGaAs layer allows 
the two depletion regions to merge into one. A HEMT device would operate 
under this configuration in normally-on mode where a negative bias can be used 
to modulate the electron accumulation layer. C) Thin AlGaAs layer pins the 
Fermi level on the AlGaAs side below the GaAs conduction band. A HEMT 
device in this configuration would be normally-off, however, a positive gate bias 
can induce an electron accumulation layer. 
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3.3 GaN-based electronic device potential 
 All of the devices described thus far have been GaAs based. Although there are 

many advantages for GaAs compared to Si, recent progress in III-nitride and SiC devices 

have gained large attention for the development of high-power, high-frequency, low-loss, 

and high-efficiency devices compared to those available from the conventional materials, 

Si and GaAs, which generally fail to meet the needs of the emerging electronics 

especially in the areas of high radio-frequency (RF) and microwave power amplifiers. 

This section will discuss the potential benefits for GaN-based electronics, but the reader 

is directed towards three very comprehensive references for a more detailed description 

of GaN electronics outside the scope of this research63,70,71.  

 A list of commonly utilized material properties for electronic devices for which 

GaN offers unique enhancement compared to other conventionally used or viable 

semiconductor choices is shown in Table 163,71. These properties and their benefits will 

be discussed, because their potential will ultimately be exploited and be beneficial in 

future device design. However, for this thesis, it is of primary interest to marry the 

electronic device material properties advantages of GaN with those of polar oxides, and 

exploit the unique possibilities that arise from polarity coupling between these two 

materials. For a detailed description of polarity see Section 2.1. Beyond the potential for 

polarity coupling across a ferroelectric/GaN interface, the use of a GaN substrate 

provides additional benefits. Desirable material III-nitride properties include: a large 

band gap (Eg), low dielectric constant, high thermal conductivity, and high critical 

electric field for breakdown. Because it is relevant to the research in this thesis, the 

specific case of hexagonal-GaN will be considered. GaN provides several important 

characteristics that translate to the possibility for improved device performance: 

 

 

 



 
 
 
 
 

 

36 

1. Wide band gap: 

The wide band gap of GaN compared to commonly used semiconductors 

(~2.5 times that of Si, Ge, GaAs, or InP) enables access to high internal electric 

fields before electronic breakdown, as well as improved resistance against 

intrinsic carrier generation at higher temperatures67,70,71. For example, GaN’s wide 

band gap is attractive for high temperature applications because it remains 

intrinsic at higher temperatures compared to GaAs, making it much less expensive 

than the alternative architectures that require many processing steps to maximize 

heat extraction72. Additionally, the critical electric field for breakdown should be 

high to permit large RF voltages since it is an indication of the electric fields that 

can be supported internally before breakdown. In general, the electric field needed 

for breakdown scales with the square of the band gap. For GaN, which has a band 

gap of ~3.4 eV, the critical field for breakdown is estimated to be ~4 MV/cm. 

This value is more than one order of magnitude higher than 0.2 MV/cm for Si or 

0.4 MV/cm for GaAs67. GaN’s wide band gap and high breakdown field strength 

also translate to high power per unit width for these devices71. This enables 

smaller devices that are easier to fabricate and provide higher impedance.  

Finally, GaN’s high breakdown field allows for high-voltage operation 

that leads to higher efficiency. High voltage reduces, and in some cases eliminates, 

the need for voltage conversion. GaN devices, which can operate at 28 V to 42 V, 

provide higher efficiencies reducing power requirements beyond the reduced need 

for chip cooling systems71.  

 

2. Lower dielectric constant: 

 In general, wide band gap semiconductors have dielectric constants that 

are ~20% lower than conventional semiconductor materials. This 20% reduction 

in dielectric constants translates to a roughly equivalent opportunity for device 
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enlargement in area for a given impedance. Increased area enables larger RF 

currents and high RF power to be generated.  

 

3. Increased thermal conductivity: 

GaN has a thermal conductivity value close to that of Si and more than 2x 

the value of GaAs. Thermal conductivity is a good indication of the ease to which 

dissipated power (heat) can be extracted from a device. High thermal conductivity 

results in elevated device performance at higher temperatures, and simpler, 

cheaper heat extraction schemes.  

 

4. Electron transport properties: 

GaN also exhibits good mobility, high electron velocity, and high 

saturated drift velocity (~2.5*107 cm/s at ~1.4*105 V/cm), making it attractive for 

a number of higher current applications, especially for high frequency 

operations67,70. In general, for high currents and high frequency, high mobility and 

high saturation velocity are desired. For example, since current is described by 

charge density multiplied by transport velocity, the DC and RF currents that flow 

through a device will be dependent on the charge carrier velocity and electric field 

transport properties. Although GaN has lower mobilities compared to GaAs 

(almost one order of magnitude lower), it’s high saturation velocity makes its 

mobility adequate for high-power operations73,74. 

 

 As a consequence of the above benefits, GaN HEMT devices have demonstrated 

one order of magnitude higher power densities and efficiencies over the existing Si or 

GaAs based transistors63. This means that for the same output power, a ~10 times 

reduction in device size can be achieved. In the next chapter, the possibilities and 

advantages of GaN-based HEMT devices are compared to those previously discussed in 

Section 5.1. 
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Table 3.1: Table adapted from Okumura et al. comparing desirable material properties 
for commonly used semiconductors.  
 

Material 
 

Eg 
(eV) 

ε  µn  
(cm2V-1s-1) 

Ec  
(106 Vcm-1) 

vsat  
(107 cm s-1) 

κ   
(W cm-1K-1) 

Band 
Gap 
type 

Si 1.1 11.8 1350 0.3 1 1.5 indirect 
GaAs 1.4 12.8 8500 0.4 2 0.5 direct 
c-GaN 3.27 9.9 1000 1 2.5 1.3 direct 
h-GaN 3.39 9.0 900 3.3 2.5 1.3 direct 
6H-SiC 3.0 9.7 50c 2.4 2 4.5 indirect 
AlN 6.1 8.7 1100 11.7 1.8 2.5 direct 

 
 
3.4 AlGaN/GaN HFET 
  In addition to all of the device benefits discussed above for GaN-based 

electronics, one major opportunity also arises for HEMT structures. As mentioned in 

Section 5.2, higher mobilities are achieved for AlGaAs/GaAs HEMT devices because 

confining the conduction channel to the undoped GaAs layer reduces impurity scattering. 

However, an even larger reduction in impurity scattering can be enabled in AlGaN/GaN 

HEMT or HFET (heterostructure field-effect transistor) structures were neither layer is 

intentionally doped, but a 2DEG interfacial layer still arises due to a polarity 

discontinuity across the interface. Because of this advantage, AlGaN/GaN devices have 

shown a 10x higher carrier concentration and higher mobilities than comparable AlGaAs 

systems, allowing higher frequency operation and higher power output62,71. 

Since the spontaneous polarization of AlGaN is larger than GaN75 (see Section 

2.3 for a description of GaN polarity), the interface becomes populated with bound 

charges to compensate the polarization discontinuity across the heterojunction, creating 

either a 2DEG or 2DHG at the interface of the two materials; the type of charge present 

at the interface will of course be dependent on the polarity of heterojunction. Figure 3.4 
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shows an example AlGaN/GaN device setup where the sheet charge density at the 

interface is given by:  

 

€ 

σ = PS1 − PS2                   Eq. 1 

 
PS1 and PS2 are the spontaneous polarizations of the bottom and top layers, respectively. 

For the case of AlN and GaN, the spontaneous polarizations (PS) have been theoretically 

calculated by Bernardini et al.75,76 and are: -0.081 C/m2 and -0.029 C/m2, respectively 

where the negative sign refers to a polarization pointing in the 

€ 

[0001 ] direction.  

 

 

Figure 3.4: AlGaN/GaN HEMT device setup. Drawing shown is for a Ga-polar device 
where the PSP and PPE point in the 

€ 

[0001 ] leading to electron accumulation to 
compensate the polarization discontinuity at the interface creating a 2DEG. 

 

Because nitride materials lack inversion symmetry, when considering the polarity 

discontinuity for the interface, in addition to the spontaneous polarization present for 

these materials, there is also a contribution from piezoelectric effects when the hexagonal 

nitride material is strained along the [0001] direction77. Growth of AlxGa1-xN on GaN 

causes a piezoelectric polarization PPE that contributes to the net spontaneous polarization 
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causing a net positive charge at the AlGaN/GaN interface. Figure 3.5 shows the relative 

lattice constant differences for AlN, GaN, and AlxGa1-xN with an Al composition of x= 

0.378.  

 

 

Figure 3.5: Lattice constant differences listed for the ao direction for AlN and AlxGa1-xN 
where x=0.3. Both AlN and AlGaN are in tensile strain according to this drawing78.  
 
 

 Therefore, to determine the piezoelectric polarity contribution, two of the 

piezoelectric tensor components of wurtzite group III-nitride materials that measure the 

piezoelectric strain, e31 and e33, must be considered. The piezoelectric polarization is 

given by78: 

 

€ 

PPE = 2 a − ao
ao

e31 − e33
C13
C33

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                   Eq. 2 
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where a is the lattice constant, e is the piezoelectric strain tensor, and C is the elastic 

constant. Solving this equation yields a negative piezoelectric polarization for a wurtzite 

III-nitride layer sitting in tension and positive for a layer sitting in compression. 

Therefore, for Ga-face materials where the spontaneous polarization is in the 

€ 

[0001 ] 

direction, the piezoelectric and spontaneous polarization are parallel and add for a top 

layer in tension and are anti-parallel and subtract for a top layer in compression. When 

the piezoelectric and spontaneous polarizations point in opposite directions 

(compression), the spontaneous polarization can be partially or totally compensated by 

the piezoelectric polarization. An example of each total polarization is shown in Figure 

3.6. 

 For the case of Ga-polar AlxGa1-xN on a relaxed GaN substrate, following 

Vegard’s law for all values of x, the top layer will sit in tensile strain meaning that the 

spontaneous and piezoelectric polarization will point in the same 

€ 

[0001 ] direction and 

add. The same occurs for N-polar AlxGa1-xN on GaN, but in this case both polarizations 

will point in the  [0001] direction, since this is the direction of the N-face spontaneous 

polarization and the material sits in tensile so the spontaneous and piezoelectric 

polarization are parallel. From this, it can be determined then that the piezoelectric 

polarization induced by growth of Ga-polar AlGaN on GaN yields for an Al 

concentration of x77: 

 

€ 

PPE = (−3.2x −1.9x 2) *10−6 C/cm2              Eq. 3 
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Figure 3.6: AlxGa1-xN/GaN heterostructures with spontaneous and piezoelectric 
polarizations listed for Ga or N- surface terminations. For A) Ga-face AlGaN/GaN 
structures, both the spontaneous and piezoelectric polarizations will be parallel (due to 
tensile strain) in the  direction leading to a positive induced sheet charge that will 
be compensated with a 2DEG at the interface inside the GaN layer. Alternatively, for B) 
N-polar AlGaN/GaN structures, both the spontaneous and piezoelectric polarizations will 
be parallel in the [0001] direction yielding a negative indued sheet charge that will be 
compensated with a 2DHG at the interface inside the GaN layer. 
 

 

 The total polarization (P) inside one layer of either GaN or AlGaN is the sum of 

the spontaneous (PSP) and piezoelectric polarizations (PPE): . Therefore, for 

an abrupt AlGaN/GaN interface, according to equation 4, the sheet charge density at the 

interface (accounting for influences from both spontaneous and piezoelectric 

polarizations) will then be given by Equation 4 and is shown graphically in Figure 3.678. 

 

                 Eq. 4 

 

Thus, the magnitude as well as the direction of the polarization-induced electric fields 

will intimately depend on: the substrate used, the growth orientation of the top layer, and 
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the nature of the surface of the top layer (whether it is cation or anion terminated)77. For 

the case of AlGaN on GaN it has been shown that the piezoelectric and spontaneous 

polarization effects are roughly comparable79.  

If we consider the case of Ga-polar AlGaN on GaN, the polarization-induced 

sheet charge at the heterojunction will be positive resulting in a net compensation charge 

at the interface in the form of a 2DEG when the triangular quantum well formed at the 

interface (see figure 3.2 for example) is below the Fermi level. Likewise, for N-polar 

AlGaN on GaN, the polarization induced sheet charge will be inverted and a negative 

sheet charge will form at the interface resulting in a 2DHG when the valence band edge 

crosses the Fermi level. For the case of Ga-polar AlGaN/GaN, equation 4 predicts a 

charge density σ/e spanning 0 to 6.4x1013 cm-2 for 0 to 100% Al concentration78. At 0% 

Al concentration, the structure will simply be GaN/GaN so there will be no spontaneous 

or piezoelectric polarization discontinuity at the interface leading to a σ/e of zero. 

Similarly, at 100 % Al concentration, the lattice strain induced polarization discontinuity 

and spontaneous polarization discontinuity should be largest since the structure will now 

be simply AlN/GaN. 

 Finally, it follows then that one can predict the electron sheet concentration at a 

certain concentration of Al (given by x) using the sheet charge density and other 

important structure parameters such as the relative dielectric constant and thickness of the 

alloy layer (ε(x) and d), the Schottky barrier height (eφb), the Fermi level with respect to 

the GaN conduction band edge (Ef(x)) and the conduction band offset (ΔEC)78: 

 

                   Eq. 5 

 

Using this equation yields sheet carrier concentrations of ~1.1-2.3x1013 cm-2 at typical x 

concentrations ranging from x=0.2-0.4 Al. Thus, for AlGaN on GaN, it is easy to produce 
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electric fields associated with polarization in the 106 MV/cm range and charge densities 

in the 1013 cm-2 range. 

 It should be noted that to this point, it has only been discussed why there is a 

formation of 2DEG at an interface between two materials with such polarization 

discontinuities. But, from where these charges that satisfy or compensate the induced 

sheet charge arise- considering that neither AlGaN nor GaN layer are intentionally 

doped- has not been discussed. The origin of the carriers in the compensating 2DEG is to 

date, still a topic of great discussion with many competing suggestions80-84. For example, 

possible explanations include: 1) piezoelectric doping80, 2) thermally generated 

polarization effects81,82, 3) unintentional AlGaN impurities83, and 4) surface donors79,85,86. 

The Mishra group at UC Santa Barbara has published both theoretical and experimental 

work crediting the latter explanation. The opportunity for an electron in an occupied 

surface state to transfer to an empty GaN conduction band state will be dependent on the 

AlGaN layer thickness79. This dependence is shown in Figure 3.7. If the AlGaN layer is 

too thin and the donor state is sufficiently deep, then the surface state will lie below the 

Fermi level and no 2DEG can be sustained. However, as the AlGaN layer thickness is 

increased, the distance Ef - Ed will decrease until at some critical thickness the donor 

level will equal the Fermi level and electrons will be able to transfer from the occupied 

surface states to the empty conduction band states at the interface. The Mishra group has 

theoretically predicted this critical thickness to be 35 Å for Al0.34Ga0.66N/GaN structures79. 

This model was experimentally verified for thicknesses up to 150 Å at which point 

mobility and electron density no longer increased most likely due to strain relaxation (and 

thus defect creation) at large thicknesses.  
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Figure 3.7: Schematic of A) thin AlGaN layer that cannot support a 2DEG because the 
surface donor state lies below the Fermi level and B) an AlGaN layer thicker than the 
critical thickness, where the donor level is at the same level as the Fermi level, allowing 
electrons to transfer from the surface state to empty conduction band states supporting a 
2DEG. 

 

 Finally, a similar argument can be made for 2DHG formation where in this case 

available states would need to be in the valence band and arise during growth of the 

material. A similar AlGaN layer thickness is required so that the valence band can reach 

the Fermi level at the surface allowing electrons to transfer from the AlGaN valence band 

to the GaN conduction band leaving a surface hole gas. 

 

3.5 LaAlO3/SrTiO3 interfaces 
 Two-dimensional metallic interface behavior has also been demonstrated for 

SrTiO3 (STO)-based systems. Similar to the example of the AlGaAs/GaAs system 

described in Section 5.2, one way to achieve interface conductivity for a STO-system is 
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to grow a thin n-type STO film on top of an STO crystal. This can be achieved through 

Nb or La-doping and 2D interface conductivity has been experimentally shown87-89. 

However in every case mobilities are very limited. The challenge for this work is that in 

order to achieve mobilities larger than 1000 cm2/Vs, carrier densities must be kept below 

~1018 cm-3. Thus, for the case of La or Nb doping, this would mean dopant concentrations 

of less than 0.01%. Further, the defect densities - defects can both trap or compensate 

carriers - at the interface must also be less than 1018 cm-3, a feat that is not easily achieved 

in oxide thin films88. Despite this, relatively high mobilities, approaching 1000 cm2/Vs, 

have been shown for 5.5 nm thick Nb-doped STO films87. 

Alternatively, Ohtomo and Hwang90 demonstrated an extension of AlGaN/GaN 

technology in 2004 for a conducting n-type interface between (001)- LaAlO3 (LAO) and 

(001) STO with electronic mobilities ~10,000 cm2/Vs at low temperature (2K). It is 

interesting to note that both LAO (Eg~5.6 eV and ao=3.789 Å) and STO (Eg~3.2 eV and 

ao=3.905 Å) are wide band gap insulators where an epitaxial LAO film sits in ~3% 

tension on STO. The origin of this metallic behavior, however, stems from the fact that 

both LAO and STO have the perovskite ABO3 structure, which in the [001]-direction can 

be broken down into alternating planes of AO and BO2. The important difference 

between the two is that for SrTiO3 the sub-plane breakdown results in an alternating 

neutral sheets of SrO and TiO2 planes (where the formal valence of each cation and anion 

species is: Sr2+O2- and Ti4+O2
4-), while for LaAlO3, alternating planes exhibit a +/- 1e 

charge, which arises from the alternating layer charges of: La3+O2- and Ti3+O2
4-.  

 For an LAO/STO interface, two possibilities arise for interface character: 

AlO2/LaO/TiO2 or AlO2/SrO/TiO2, depending on the STO layer termination. If the STO 

layer is SrO(+0) terminated - made by growing a single unit cell of SrO on a TiO2 -

terminated STO crystal, the subsequent (AlO2)(-1) layer would be –e charged or hole 

compensated. However, if the STO layer is (TiO2)(+0) charged, the subsequent (LaO)(+1) 

layer would be +e charged, or electron compensated. Thus, at either interface, the last 

neutral sub-plane of the STO layer is subsequently adjacent to a charged LAO sub-plane 
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and a neutralizing charge is required at the interface to avoid polar catastrophe (see 

Section 2.1 for more information on polar catastrophe and polar interfaces). For a perfect 

interface (since any defects will compensate), this neutralizing charge will be equal and 

opposite to the resulting interface charge. For the case of LaO/TiO2 interface, the 

interface will be n-type to neutralize the +e/2 interface charge per 2D unit cell and 

likewise, for a SrO/AlO2 interface, the interface will be p-type to neutralize the –e/2 

interface charge per 2D unit cell91.  

Thus, as discussed in Section 2.1, as the number of LAO layers increases, the 

polar discontinuity at the interface will cause a divergence of the electrostatic potential59 

resulting in a buildup of electric potential of ~0.9 V per LAO unit cell6 that must be 

compensated. There are generally three ways that an interface can compensate to avoid a 

diverging electrostatic potential; a structure will tend to reconstruct structurally, 

chemically, or electronically via: 

1) Compositional roughening where cation-exchange can provide charge 

rearrangement and neutralization at an interface. This is the typical method for 

conventional semiconductors where both cations and anions have fixed 

valence. 

2) Defect generation such as vacancy generation or adsorbates can provide 

charge compensation. 

3) Electronic compensation through mixed valence charge is possible for 

transition element-containing compounds. This occurs when electrons can be 

redistributed at a lower energy cost than ions can be redistributed at an 

interface. 

 

Thus, one way to stifle the polar catastrophe in LAO/STO systems is through 

electronic reconstruction across the interface, leaving the overall structure neutral. This 

can be accomplished through transferring +e/2 per 2D unit cell for a TiO2 interface, or –

e/2 for a SrO interface, corresponding to a sheet charge density of 3.5x1014 carriers/cm2.  
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For example, the Ti interface ion would become Ti3.5+ or Ti4.5+ for a TiO2 and SrO 

interface, respectively. For either case, this extra –e/2 charge should be detectable by 

transport measurements, and has been experimentally observed for the n-type 

AlO2/LaO/TiO2 interface. However, this has not been observed for the supposedly p-type 

AlO2/SrO/TiO2 interface- experimentally, this interface is consistently insulating in 

character90. One reason for this is that while a 3.5+ Ti valence is stable, a 4.5+ valence is 

energetically inaccessible92,93. Thus, an n-type interface for a TiO2 interface can be 

formed, but a p-type interface is highly unlikely for SrO interfaces. Therefore, for SrO 

interfaces, atomic reconstruction, or mechanism 1, is most likely more appropriate.  

Although theoretically the above explanation should be observed, experimentally, results 

for LAO/STO interfaces still vary widely and the true mechanism for conductivity 

between two insulating oxides is not well understood or agreed upon to date.  

The majority of the studies on LAO/STO systems to date have been on n-type 

interfaces grown mostly using pulsed laser deposition (PLD), with some molecular beam 

epitaxy of LAO onto single crystal STO substrates. Etchant procedures to obtain the 

desired surface terminations are well known, where TiO2 surfaces with atomically flat 

unit cell terraces are readily achievable. For SrO terminated surfaces, a monolayer is 

typically grown by PLD on top of a STO substrate using a SrO target. Deposition 

temperatures are typically between 700-800 °C with oxygen partial pressures ranging 

from 10-7-10-3 Torr. As will be mentioned in subsequent paragraphs, these experimental 

details are given to highlight that a wide range of oxygen pressures and temperatures are 

used that will greatly affect the electrical character of the underlying STO substrate 

(without careful control) and the resultant electrical properties of the LAO film. However, 

for both interfaces (AlO2/LaO/TiO2 or AlO2/SrO/TiO2), RHEED oscillations exhibit 

layer-by-layer growth and AFM show step and terrace morphologies similar to STO 

substrates.  

As mentioned previously, if the above electronic reconstruction mechanism is 

applicable, the sheet carrier densities observed should theoretically be ~3.5x1014 cm-2. 
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However, many early LAO/STO experiments exhibited sheet carrier densities higher than 

this theoretical value59,91-97, suggesting that electronic reconstruction was not the sole 

mechanism for carrier generation. Other possible mechanisms considered for this early 

work are98: 

1) Trapped oxygen vacancies at the substrate surface.  

2) La ions diffusing from the LAO into the STO.   

 

For mechanism one, oxygen vacancies are well known n-type dopants in STO, 

and can cause STO to become metallic at low temperatures, exhibiting mobilities as large 

as 10,000 cm2/Vs at carrier densities ~ 1017cm-3.99,100 These vacancies are thought to form 

as a result of high energy particle bombardment typical for PLD processing conditions 

that possibly sputter off oxygen substrate atoms prior to growth. This type of mechanism 

seems likely for LAO/STO samples grown at high substrate temperatures and low partial 

pressures of oxygen. Siemons et al. have shown a reduction in carrier densities for 

STO/LAO heterostructures when annealed in oxygen environments at elevated 

temperatures (from 2.3x1013 to 1.2-1.3 x1013 cm-2, all measured at 4 K) consistent with 

other findings7,91,101.  Finally, UPS data has also shown a reduction in the number of 

states in the Fermi level for oxidized samples91. However, it should be noted that Ohtomo 

and Hwang90 saw no influence on their STO substrate electrical resistance after leaving 

the substrate at the growth conditions for 1 hr prior to growth, suggesting that in their 

case extrinsic doping caused by oxygen vacancies is not the cause of the interface 

conductivity.  

Because this discrepancy is most likely due to an inconsistency in growth 

procedures across various groups, Herranz et al.95 did an extensive study of transport 

properties as a function of growth conditions and identified two main regimes for 

LAO/STO systems. First, films grown at very low oxygen pressures (≤ 10-6 Torr) and not 

post-annealed in oxidizing conditions generally show: very low sheet resistances (Rs ~ 10 

mΩ) at low temperatures; a large sheet resistance ratio measured at room temperature and 
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4 K ( / ~1000); and very high mobilities at low temperature (10,000 cm2/Vs). 

This behavior was attributed to oxygen vacancy formation in the STO substrate7,91. For 

films grown at higher pressures (or subjected to oxidizing post-annealing treatments), 

however, films showed: Rs 6 orders of magnitude or more larger than those seen for 

oxygen-deprived systems; smaller / ~10; and lower mobilities <1000 cm2/Vs. 

However, in every case, metallic interface behavior was still observed and a critical LAO 

thickness at which this metallic behavior was initiated was found to be ~4 unit cells (~1.6 

nm) of LAO; thinner LAO films were found to be insulating. 

Due to this sensitivity on synthesis conditions, the origin of the carriers at the 

LAO/STO interface is still not well understood, nor is it agreed upon across various 

prominent groups in the literature. Extrinsic doping from oxygen vacancies is generally 

now excluded as the mechanism - careful process control and substrate treatment can 

avoid this mechanism - and recent experiments have shown that high mobilities can be 

achieved in systems where oxygen vacancies are not detected. For example, Nakagawa et 

al. found high conductivity for interfaces with few oxygen vacancies and essentially no 

excess electrons for an interface with many oxygen vacancies59.  However, despite ruling 

out one mechanism, two main possibilities for charge carriers are currently debated and 

will be discussed in the following two sections: 

1) Electronic compensation due to the polar catastrophe arising from the 

polarization discontinuity across the interface. 

2) Extrinsic doping effects by cations where La diffuses across the 

interfaces in minute amounts. 

 

 

3.5.1  Polar Catastrophe 
 The origin of charge carriers that compensate the polar catastrophe was 

mentioned briefly in the beginning of Section 5.5, where it is suggested that cations 
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which have mixed valence such as Ti place an extra half electron per 2D unit cell in the 

STO conduction band59. First principle calculations102,103 have provide evidence for this 

mechanism where strong polarizations with large ionic displacements have been found in 

the LAO layers close to the interface. Further, these calculations have also shown that 

each sub-plane of the LAO film shifts slightly higher in energy as one moves away from 

the interface. Both results are consistent with an interface that exhibits a polarization 

discontinuity.  

 Additional calculations predict good agreement with experimental findings 

yielding that at ~3-6 unit cells104-106, electronic reconstruction occurs to compensate the 

polarization catastrophe causing a transition from insulating to metallic behavior.  The 

exact thickness at which this transition occurs theoretically is dependent on the type of 

calculation done and the in-plane lattice parameters used. When this reconstruction 

occurs, the interfacial TiO2 Ti 3d states and the O 2p states in the surface layer overlap in 

energy. This overlap causes finite occupation of the Ti 3d band and resulting holes in the 

surface O 2p band. Experimentally, this transition has been shown to occur at 4 unit 

cells103. 

 Despite agreement between theory and experiment on the electronic 

reconstruction serving as the origin for interface charges, experimentally observed sheet 

carrier densities are substantially lower than the theoretical value (3.5x1014 cm-2) often in 

the range of ~1013 cm-2. Recent experiments by Copie et al. have suggested that this may 

be due to the fact that some electrons are screened by the resulting interfacial electric 

field and thus, cannot contribute to transport107. Alternatively, Seo et al. have suggested 

that the interface may consist of multiple types of carriers, with different sheet densities 

and mobilities, that are not possible to deconvolute using hall measurements (since hall 

measurements assume one type of carrier)108. Nevertheless, these discrepancies have 

caused some to suggest that electronic reconstruction may not be the only explanation for 

interface carriers. 
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3.5.2  Extrinsic doping 
 The second suggested mechanism involves La diffusion across the LAO/STO 

interface. In STO, La3+ acts as an n-type dopant and small amounts of La diffusion could 

result in an n-type interface, and it is noted that very high mobilities have been shown for 

intentionally doped La-STO films109. Experimental evidence for La diffusion has been 

shown by Willmott et al. using x-ray surface diffraction where La/Sr intermixing was 

found across 2 unit cells110. Further, Chambers et al. have also shown extensive evidence 

for La diffusion into STO with no suggestion of an electric field-related charge 

mechanism using Rutherford backscattering, secondary ion mass spectroscopy, and 

electron energy loss spectroscopy111.  

Although the origin of charge carriers is generally not agreed upon and the lack of 

consensus is most likely due to inconsistent processing (both before growth and post-

annealing) of the STO substrate, n-type conductivity is routinely observed for the 

insulator/insulator interface. The LAO/STO interface is a widely studied 2D conductor, 

but more work is needed to completely understand the origins of conductivity. However, 

even with a lack of consensus on the origin of carriers many highly innovative device 

possibilities are arising from opportunities to control transport properties at the 

LAO/STO interfaces with electric field. For example, Cen et al. have shown that for 3 

unit cells of LAO on STO, by using a conductive AFM tip, one can write any pattern of 

insulating lines and dots (on the nm scale), with a reversal to the original high 

conductivity state by changing the back gate voltage112,113. This gives new possibilities 

for device logic that can be written and rewritten as needed.    
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4. Oxides on GaN  
 Oxides on GaN have gained a large amount of recent attention for gate oxides for 

GaN-based MOSFET devices (the virtues of which were discussed in Chapter 3), or as 

surface passivation layers for HEMT devices. Since this thesis is primarily concerned 

with studying the optimization and developing new methods for growth of oxides on 

GaN, a quick summary of previous efforts for integrating oxides and GaN will be given 

in this chapter with particular emphasis given to the rocksalt oxides.  

 Similar to the development of Si/SiO2-based MOSFET research, GaN-based 

devices began with structures based on the native oxide: Ga2O3. For GaN, native oxide 

preparation is suitable because only one constituent forms a stable oxide: Ga2O3 forms 

while NOx is volatile. This lack of competition between surface oxide phase reactions 

makes Ga2O3/GaN devices advantageous compared to GaAs devices where both 

constituents can form oxides under the reaction: 2GaAs + 3O2  Ga2O3 + As2O3 (Jur7.4-

3), leading to Fermi level pinning by surface states114.  

 Native oxide/GaN interfaces are commonly formed through e-beam evaporation 

of garnet Gd3Ga5O12 single crystals, resulting in Ga2O3(Gd2O3) films with low 

concentrations of Gd2O3
114-116. Gate dielectrics using Ga2O3(Gd2O3) were the first 

example of MOSFET GaN-based devices117. Chang et al. in 2007 showed a 25 nm 

Ga2O3(Gd2O3) layer on GaN where the first few monolayers are crystalline (and highly 

Gd2O3 rich) followed by amorphous Ga2O3(Gd2O3) for the rest of the 25nm with low 

interface roughness (~3 Å by x-ray reflectivity)115. From these structures, as-deposited 

films showed low leakage current densities (10-7-10-8 A/cm2 at 1 MV/cm, several orders 

of magnitude lower than for Schottky gates) and a low density of interface traps (Dit) at 

midgap (< 1012 cm-2eV-1) by C-V analysis. Similar electrical leakage current densities 

and Dit values have been found routinely for similar structures115-117. 

 Other efforts to passivate the GaN surface have employed amorphous Si3N4 layers, 

which have become common practice for AlGaN/GaN HFET devices to reduce surface 
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states and impede current collapse caused by the virtual gate effect. Alternatively, SiO2 

has also been considered for MOSFET devices since the band gap of SiO2 is ~9 eV, 

which should be sufficiently large compared to GaN to provide adequate band offsets 

across the interface. Rare earth oxides, such as Sc2O3
118,119, Gd2O3

115,117,120,121, 

La2O3
122,123 have also gained attention for gate oxides given their attractive combination 

of large band gap and high permittivity. Chang et al. showed similarly low leakage 

current values for Gd2O3 on GaN (similar to those found for Ga2O3(Gd2O3) devices) with 

values ~ 8 x10-6 A/cm2 at 1 MV/cm121. Jur et al. has also done work integrating La2O3 

and Sc2O3 with GaN. Jur et al. found mixed phase bixbyite and hexagonal La2O3 by XRD 

and a transistion to a VW growth mode after 10 nm of growth. Gate leakage current 

measurements for 50 nm of La2O3 on GaN showed a 10x improvement over similar 

device structures with Si3N4 dielectric that was more than 10x thicker122,123. Kim et al. 

also investigated Sc2O3 oxides on p-type GaN, but have shown slightly high Dit ~8 x 1012 

cm-2eV-1 values that were attributed to charging of surfaces states118. 

 

4.1 Rocksalt oxides on GaN  
 Rocksalt oxides have been considered by multiple groups as both passivating 

layers for AlGaN/GaN HEMT devices and gate oxides for MOSFET devices124-127. The 

Pearton group at the University of Florida produced numerous reports exploring the use 

of MgO as a gate dielectric. Irokawa et al. demonstrated 80 nm of epitaxial MgO on p-

type GaN with relatively high leakage current values (10-5 A/cm2 at 500 kV/cm), however, 

they were unable to achieve a saturating drain current127,128. Later the same group showed 

that solid solutions between MgO and CaO (Mg0.5Ca0.5O) that decreased the lattice 

mismatch to ~1% to GaN124, and increased the efficacy surface state passivation in GaN-

based HEMT structures. Band offsets for MCO and GaN were measured using XPS with 

ΔEV ~ 0.7 eV and ΔEC ~ 3.4 eV.  
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Additionally, because of their wide band gap, the rocksalt oxides were considered 

as barrier layers between ferroelectrics and GaN. It has been proposed that epitaxial 

integration of a reorientable polar ferroelectric oxide with a permanently polar 

pyroelectric nitride should enable coupling of polarizations across the interface to enable 

a device analogous to the AlGaN/GaN nitride/nitride 2DEG structure129. However in this 

case, the large polarization discontinuity across the interface should provide even higher 

2DEG densities130. The challenge for these structures, however, is that the band gap of 

most ferroelectrics are similar to the band gap of GaN, so it is likely that leakage currents 

due to the expected small band offsets will be high. However, since the rocksalt oxides 

have large band gaps (7-8 eV), they should provide adequate barriers across the 

interface131. The Electronic Oxides Group at North Carolina State has done a large 

amount of work integrating both rocksalt oxides and ferroelectric oxides with GaN in 

hopes to utilize polarization coupling across the interface. The first demonstration by 

Craft et al. in 2006 showed that MgO grows with an adsorption controlled growth 

mechanism; when the cell temperature is close to the substrate temperature the metal flux 

reevaporates until an oxidizing source is introduced53. With a deposition temperature of 

250 °C, ω- and φ- full width half maximum rocking curve values of 0.5 ° and 1° were 

achieved, respectively. Later, Losego et al. showed that the same growth mechanism was 

not operative for CaO, most likely due to the much lower vapor pressure of the Ca metal 

compared to Mg. However, rocking curve ω-fwhm values of 0.25 ° were achieved132. 

Additionally, Losego et al.132 and Craft et al.133 both studied the atomospheric stability of 

CaO and MgO films. Experimentally, CaO films were found to transform to hydroxide 

layers after only hours of atmohspheric exposure132, however, issues with stabilty could 

be precluded given a sufficient capping layer - in this case, 5 nm of MgO was used to 

stabilize the surface. Later, Craft studied the surface water reactivity of polycrystalline 

MgO and caO using x-ray photoelectron spectroscopy. While MgO reacted to form a 

maximum hydroxide coverage of ~1.3 ML, CaO reached maximum coverage at ~3.0 ML. 

Additionally, while CaO reacted with water at any level of oxidant exposure (at room 
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temperature, it can be prevented with elevated temperature), MgO was much less reactive, 

forming ~1ML in 1 hour exposure at 10-6 Torr. However, both hydroxide layers on MgO 

and CaO could be removed with a thermal anneal (MgO at 250 °C, CaO at 500 °C)133.  

Craft et al. also used XPS to study the growth mode and band offsets of MgO and 

CaO to GaN. CaO films were shown to coalesce very rapidly, within the first few 

monolayers of growth, and then convert to a VW growth mode. This transition to a VW 

growth mode was attributed to a {100}-oriented faceting when grown along the <111> 

direction to reduce the system’s free energy (discussed in more detail in Chapter 1). 

Alternatively, MgO was found to coalesce much more slowly, with full coverage not 

occurring until ~12 nm of MgO growth and a VW growth mode from the initial stages of 

deposition. The band offsets of both CaO and MgO were found to be sufficient for use as 

electronic buffer layers: for CaO, ΔEV ~ 1 eV and ΔEC ~ 2.5 eV and for MgO ΔEV ~ 1.2 

eV and ΔEC ~ 3.2 eV51,52. 

Finally, Losego et al. demonstrated latticed-matched Mg0.52Ca0.48O alloys to GaN 

by XRD and RHEED. That showed φ-fwhm values of 0.75°, a 25% improvement over 

the end member MgO values and leakage current densities lower than 10-6  A/cm2 at 

5MV/cm. Films were again shown to transform to a VW growth mode with a grainy 

microstructure by AFM and spotty RHEED as a result of the driving force to form {100}-

facets51. 
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5. Surfactants in Oxide Growth 
 In general, to achieve semiconductor-grade materials, such as those required for 

hybrid electronic devices that rely on polarization coupling, layers must remain smooth 

and defect free. Often however, obstacles presented by dissimilar symmetries or lattice 

constants make this goal unachievable. Lattice strain and surface free energy determine 

whether a film undergoes layer-by-layer (Frank van-der Merwe), 3D islanding (Volmer-

Weber) or a combination of the two (Stransky-Kranstanov) (see Chapter 1 on epitaxial 

growth for more information). For example, lattice mismatch between film and substrate 

may introduce strain into the film, causing it to grow in a Volmer-Weber or Stransky-

Krastanov growth mode, where three-dimensional islands provide strain relaxation. 

However, this strain relief mechanism also introduces unacceptable levels of defects into 

the interface and film, which act as scattering centers for charge carriers, or reduced-

resistivity paths for leakage current.  

 There are three general routes to overcome this tendency in systems that exhibit 

large mismatch or large symmetry differences: 1) decrease growth temperatures; 2) 

increase growth rate; or 3) use surfactants that deliberately alter the surface energy134,135. 

The first and second options allow one to limit the propensity for island formation by 

greatly reducing diffusion through growth kinetics. Although this technique succeeds in 

hindering atoms from finding their energetically preferred island-forming positions, 

diffusion suppression can, on its own, also lead to a high density of defects. Therefore, 

simply increasing growth rate or decreasing growth temperature is not generally 

acceptable for oxide or semiconductor grade device structures, where high process 

temperatures and slow growth rates are typically required to maximize crystal quality135. 

 Surfactants - the third option and the topic of this chapter - provide a solution 

available at the desired high growth temperatures. In this case, a third material - the 

surfactant (S) - which lowers the surface free energy of both the film and the substrate, is 

deposited on the substrate (B) before growing the overlaying film (F)135. At equilibrium, 
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crystal surfaces are dependent upon their chemical as well as thermal boundary 

conditions. Therefore, intentional or unintentional adsorption can modify the relative 

surface energies of different crystallographic orientations, and can determine which 

particular crystal face will offer the most stable termination28. When intentional 

adsorption is desired, the surfactant - or adsorbed material - should be chosen to reside 

preferentially on top of the growing film without significant incorporation into the 

interior, while allowing film growth to proceed in a layer-by-layer or Frank-van der 

Merwe mode at the temperature range of interest (see Figure 5.1)134. Work in the late 

1980’s to early 1990’s by Copel et al. introduced this new solution in the form of 

surfactants for Ge/Si (111), Ge(001)/Si(001), and Si/Ge/Si (001) film growth using a a 

monolayer of As prior to film growth135-139. Si(001) grown on Ge(001) is known for 3-D 

islanding even at low film thicknesses such as 3 monolayers (ML). However, with the 

incorporation of a constant flux of As, smooth Si(001) growth can be sustained up to 15 

ML (the maximum thickness investigated)135.  

 

 

Figure 5.1: Surfactant layer method: A) A monolayer of surfactant (S) is first deposited 
on the substrate. B) Film grow begins on top of the underlying surfactant monolayer. C) 
The surfactant should be chosen so that the layer acts transiently and may switch 
constantly to remain on top of the growing film. 
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5.1 Surfactant model theory  
 A surfactant should be chosen so that the surfactant wants to continuously float on 

top of the growing film (F) as more F layers are deposited. Surfactants can then alter the 

surface energy of a film by saturaing surface dangling bonds and chemically passivating 

the surface. This way, the surface energy is, in general, lower when the surfactant is on 

top of the growing film, instead of buried underneath the surface134,135. For Ge/Si case 

described earlier135, arsenic, which is pentavalent compared to tetravalent Ge or Si, fills 

the dangling bonds that occur on clean Si (001) and Ge (001) surfaces. This creates a 

passivated surface, but still maintains the (2x1) reconstruction similar to Si (100)140. 

 A necessary restriction on surfactant choice is that the surface energy of the 

surfactant must lower both the surface energy of the film and substrate so as not to 

preferentially absorb to the substrate or film, as well as being sufficiently mobile to avoid 

incorporation. If a surfactant only lowers one and not the other, the surfactant will retreat 

from the surface and be preferentially incorporated135. For example, attempts to grow Fe 

on Cu (100) using a CO-surfactant which bonds more strongly to Fe than Cu resulted in a 

buried surfactant film and Fe agglomerates rather than a layer-by-layer film141. 

In order for the surfactant to transiently remain on top of the growing film, 

exchange must be possible between the surfactant atoms and deposited F atoms. This 

kinetic exchange process is controlled by two factors134: 

1) Eex: the energy barrier for exchange  

2) Ed: the energy barrier for diffusion of F atoms on top of surfactant atoms.  

 

5.1.1 Original Model  
Originally it was thought that there were two possible scenarios where surfactants 

played a role142-144 (both assume the F atoms cannot diffuse once buried under the 

surfactant): 
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1) Ed < Eex: in this case the diffusion length is very large, requiring an atom to 

diffuse a long distance before it can exchange. Therefore, the probability of 

exchange is much smaller than the probability of a hop. This case would 

provide step flow growth where film atoms have long diffusion lengths and 

are able to preferentially exchange at areas such as edges and steps with 

surfactant atoms. This was believed to be the case for Si/Si(111) homoepitaxy 

using a Sn surfactant144. 

2) Ed ≈ Eex: in this case the surfactant reduces the diffusion length, making it 

very small, and an A atom exchanges very close to its point of adsorption. 

Here, the exchange probability and hop probability are approximately equal. 

This can lead to densely packed 2D island formation. This was believed to be 

the case for Si/(111)Si homoepitaxy using a Sb surfactant, where a large 

number of 2D islands are observed during growth143. 

Although the two possibilities from the original model were used as surfactant 

explanations for a few years, it was not until the work of Kandel and Kaxiras that a new, 

more plausible theory developed. As Kandel and Kaxiras134 pointed out a few years later 

(1995), case 2 (Ed ≈ Eex) is highly improbable. Since the surfactant chemically passivates 

the film surface, Ed is most likely very small. In contrast, the exchange process or Eex 

depends on energies that are most likely not very small because they involve breaking of 

chemical bonds and atomic motion across layers134. Therefore, it us unlikely that Ed ≈ Eex.  

 

5.1.2 Kandel and Kaxiras Model  
 With this in mind, Kandel and Kaxiras134 developed a new theory based on first-

principle quantum mechanical calculations of Ge/Si (111) films using an Sb surfactant. In 

fact, in their calculations they found Ed  (0.5 eV) to indeed be smaller than Eex (0.8 eV) as 

one would suspect, leading to the new conclusion that correctly chosen surfactants 

universally enhance diffusion on semiconductor surfaces. In contrast to the previous 
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model based on diffusion lengths, the new model invokes two new scenarios based on 

how surfactant atoms bond to surface steps during 2D growth134: 

1) Eex_steps < Eex_surface. Surfactant atoms bond weakly to step edges and do not 

passivate steps. This leads to step flow growth as for the case of Ge/Si(111) 

epitaxy using a Sn surfactant. 

2) Eex_steps ≈ Eex_surface: exchange energy is comparable at step edges and the film 

surface, therefore steps are effectively invisible to adatoms since the energies 

are close in value.  Thus, even though diffusion is enhanced, there is no 

preferential point for exchange, and the system defaults to densely packed 2D 

islands. This occurs for the case of Ge/Si(111) epitaxy using an Sb surfactant. 

 

It should be noted that in all cases, edge exchange (Eedge) will always be preferential since 

this provides the overall largest energy gain. Of course, the exception to this being that 

certain surfactants can passivate step edges. For example, an Sb surfactant, which is 3-

coordinated, can passivate step edges of a Si (111) surface. However, a Sn surfactant, 

which is 4-coordinated, cannot. 

 

5.2 Rocksalt oxide surfactant work  
 For the rocksalt structure, the (100) and (110) type surfaces are neutral (type I) 

Tasker surfaces, whereas {111} surfaces are (type II) polar21. The bulk-terminated (111) 

surface has trigonal symmetry with surface ions of one type - either all cation or all anion 

- with three dangling bonds pointing up, and three bonds coordinated down to the 

underlying oppositely charged ions. This means that planes of cations alternate with 

planes of anions along the {111}-direction. This structure is common for a number of 

materials; examples include: MgO, CaO, SrO, BaO, NiO, and so on.  For more detail see 

Chapter 3 on polar surfaces. 
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A substantial amount of work was done in the late 1990’s concerning 

reconstructions and stabilizations of (111) surfaces of single crystal rocksalt oxides such 

as NiO and MgO23,32,33,145-148. This early work on single crystals provides a critically 

important background to the work in this thesis. As mentioned in the chapter concerning 

polar oxide surfaces, there are generally four accepted models for (111) rocksalt oxide 

surface stability145: 

1) The (111) surface decomposes into more energetically favorable macroscopic 

or microscopic (100) facets21,23.  

3) Surface charge rearrangements that result in a non-diverging electrostatic 

potential. 

4) Surface metallization that passivates the surface. 

5) Gas species adsorption that passivates the surface. 

This last possibility is of primary interest as it underpins the primary experimental 

hypothesis for this thesis; of introducing a gas phase surfactant during PVD growth to 

engineer surface energy. 

 

5.2.1 NiO surfactant work  
 NiO, which also exhibits the rocksalt structure, and thus a (111) surface that is 

polar. Terminating along <111> results in a plane that contains only one ionic species: 

O2- or Ni2+.145 Crystals with this facet are susceptible to a diverging surface potential (see 

Chapter 3 on polar surfaces) and exhibit consequently the highest surface energy of the 

low index planes. Prevailing models suggest that an octopolar surface reconstruction 

lowers the surface energy from infinity (as is the case for a diverging surface potential) to 

the 1.74 J/m2 value  accepted for the NiO (100) surface45.  

Despite this (111) surface polarity and diverging surface potential, a few groups 

observed relatively flat NiO (111) surfaces33,145.  However, it was not until 1994 that 

Rohr et al. found that this was due to coverage by adsorbed hydroxyl groups which 

stabilize the (111) surface33. Rohr attributed this stabilization to the hydroxyl group’s 
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single negative charge that enables an electrostatic stabilization by a reduction of the 

surface charge with respect to the double negative charge of the surface oxygen33. As 

expected, Rohr was able to reverse and reinstate this stabilization mechanism through 

temperature controlled removal and adsorption of the hydroxide species. For example, 

EELS and XPS data showed that at temperatures greater than 600 K, the OH-groups were 

removed causing an octopolar surface reconstruction; readsorption of water can then lift 

this reconstruction in a completely reversible fashion33. Similar results were found for 

Cappus et al. but only up to 500 K32. For the case of NiO, it is thought that OH-groups 

can be made by the interaction of surface oxygen with surrounding hydrogen or by the 

interaction of water with surface metal ions32. However, more recently it has been 

discovered that (for the case of MgO) it more likely that water only physisorbs to the 

rocksalt oxide surface instead of chemical dissociation149. 

Langell et al. also investigated stabilizing NiO (111) by acetic acid (CH3COOH). 

In this case, single crystals of NiO (100) were exposed to O2 to form 3 monolayers of 

NiO (111)146.  Although it is not possible to distinguish between adsorbed CH3OO- and 

OH-groups, they found they could stabilize the (111) surface through hydroxyl 

termination146. However, it is unclear whether this hydroxyl termination was in the form 

of acetic acid or simply OH- termination. 

In all cases concerning NiO, (111) single crystals were used and heated in various 

environments to study surface reconstructions. Epitaxial films were not grown in the 

presence of these gaseous species. But, the ability to stabilize the polar rocksalt facet 

using hydroxyl ions was firmly established. 

 

5.2.2  Surfactants in alkali-halide growth  
 In contrast to the early work on single crystals, recent work (Aug, 2010) by Kato 

et al. attempted ionic liquid (IL) flux-mediated growth of epitaxial (111)-KBr on (0001) 

Al2O3
150. KBr also has a rocksalt structure with the same alternating layers of charge 

leading to a diverging surface potential. Here, rather than relying on available 
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atmospheric gases to provide surface stabilization mechanisms, a deliberate flux of ionic 

liquid (1-butyl-3-methylimidazolium hexafluorophosphate) was used to promote smooth 

rocksalt oxide (111) growth150. Although it was found that the IL could stabilize the 

rocksalt surface of KBr, the IL flux did not work as desired. At low growth temperatures, 

with no IL flux, KBr was found to grow in the [001]-direction on Al2O3. Alternatively, 

with the addition of KBr and at higher growth temperatures, (111) KBr was achieved 

where AFM images show flat, (111) surfaces. As mentioned previously, these (111)-KBr 

microcrystals however, did not coalesce into a single continuous film, rather they existed 

as flat (111) terminated mesas that grew on top of residual IL droplets150. For this IL 

liquid surfactant technique to work, a new IL would need to be chosen to enhance 

wetability between the IL and the substrate and avoid dewetting.  

 

5.2.3 MgO Surfactant Work 
 Similar to the case of NiO, the most stable orientation of MgO in air or vacuum is 

(100) exhibiting less than one half of the surface energy of the other two low index planes 

(110) or (111) (see Table 4.1)22. Consequently, MgO prefers an octahedral habit with 

(100) surfaces28,31,151. However, in several desired epitaxial embodiments, the polar 

direction for MgO, which contains (111) surfaces is often desired, and seeded by 

symmetry/lattice matching from an underlying substrate. For example, integrating MgO 

with a polar semiconductor such as GaN requires MgO growth along the {111}-direction; 

because it is along this direction that the cubic oxide has three-fold symmetry to pseudo-

match the six-fold symmetry of the hexagonal GaN substrate. However, because of their 

relative surface energies, MgO films grown along the {111}-direction, tend to form 

{100} microfacets that form an octopolar reconstruction22. Similarly, the {110}, and 

{310}, which are also higher in energy than {100} are also thought to form {100} 

microfacets22. 
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Table 5.1: Surface Energies of CaO and MgO surfaces (unhydroxylated)22. Calculated 
numbers taken from de Leeuw et al. All surface energies given in J/m-2. 
 

 (100) (110) (111) (310) 

CaO 0.77 1.95 2.47 1.15 

MgO 1.25 3.02 3.86 1.84 

 

 

Therefore, a logical approach to stabilize the (111) MgO surface uses a naturally 

occurring hydroxide termination.152  This is an ideal choice considering the topotactic 

reaction that relates the (111) MgO and (0001) Mg(OH)2 surfaces.149,152,153 152,154 (see 

Figure 5.2). Mg(OH)2 exhibits trigonal symmetry featuring alternating layers of Mg2+ and 

OH- ions154. Furthermore, a protonated (111) MgO surface is structurally similar to the 

Mg(OH)2 (0001) basal plane. Similar to the case of NiO, energy calculations for MgO 

predict that the low energy hydroxlyated surface of MgO is OH-stabilized MgO (111). 

The reaction, given below, is strongly exothermic, releasing ~90 kJ/mol upon reaction. 

 

€ 

MgO(100) +H2O→MgO(111)hydroxylated  

 

Originally it was thought that hydroxylation of the MgO (001) surface is obtained 

by dissociation of a water molecule and then placing an OH- group above each Mg2+ or 

alternatively, placing a H+ proton above each oxygen155. But, more recent calculations 

have shown that water physisorbtion on MgO terraces is more likelly149. Regardless, 

energy calculations of MgO (100) surface reacted with one monolayer of water show that 

the (111) surface is the most energetically preferred. Results from these calculations 

performed by Meijas et al. are listed in Table 5.2 below. Photoemission experiments by 

Gajdardiska-Josifovska and Sharma have confirmed the theory of water physisorption for 
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pressures between 10-10-10-5 torr, but showed dissociative chemisorption on terraces for 

pressures above 10-4 torr149. Additionally, surface hydroxylation was found to saturate at 

one monolayer despite subsequent molecular adsorption of water and no bulk 

hydroxylation was observed149,153. 

 

 

Figure 5.2: Schematic of the topotactic relationship between (0001) Mg(OH)2 (A) and 
protonated (111) MgO (B). As shown, the top three layers for (A) and (B) are identical. 
The same surface for MgO (B) may also be created by hydroxylation of MgO that has a 
top Mg layer154. 
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Table 5.2 Surface Energies of MgO with one monolayer of adsorbed water. Surface 
energies taken from Mejias et al.156 
 

Surface ΔE(kJ/mol) 

(001) +130 

(110) +5 

(310) 0 to +12 

(111) -20 

 

 
5.2.4 Single Crystal MgO 

Stabilization of single crystal (111) MgO by water dissolution has been a popular 

research topic both experimentally and computationally during the 2000’s, as MgO 

serves as a simple model system for polar oxides. Hacquart and Jupille151 performed 

TEM studies on MgO smoke particle surfaces. In this case, an Mg ribbon is burned in air, 

the resulting MgO “smoke” is then deposited onto a silica plate for TEM observation. In 

all cases, small cubic particles with (100) faces were found where {100} facets were 

confirmed by electron diffraction151.  

MgO smoke particles were then exposed to water vapor to observe step-wise the 

transformation of the (100)-cubic particles with edge lengths ~170 nm31,151. It is 

important to note that TEM of these smoke particles showed no evidence of dislocations, 

which can affect etch rates of MgO crystal surfaces, as will be discussed later. Various 

surface terminations were found for extended lengths of water exposure. After one day in 

water, cubic particles began to form edge truncations along the (1k0) planes, but smoke 

particles still maintained their cubic shape28,31. Although the (1k0) planes do not exhibit 

the lowest surface energy when hydroxylated, the authors believe these intermediate 
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planes are formed because they are kinetically preferred151. These same intermediate 

(110) truncations have also been seen on other MgO smoke experiments157,158. After 

more than one day in water, etching of the cube corners begins parallel to (111), and after 

7 days, a transformation to MgO octahedra with (111) sides is complete. These MgO 

octahedra were confirmed using TEM where cube sides formed the expected 70.53° acute 

angle28,31. A schematic of each step is shown in Figure 5.3 adapted from Hacquart and 

Jupille31. 

 

 

 

Figure 5.3: Adapted from Hacquart and Jupille31. MgO surface terminations after water 
exposure. A) cubic MgO particles begin to show edge truncations along {110} after 1 day 
of water exposure. B) Corner truncations begin to appear past 1 day in water parallel to 
the {111} direction. C) MgO octahedral with an acute angle of 70.53 °, are observed 
indicating octahedral with (111)-stabilized surfaces. 
 
 
 

The intermediate step of (110) truncations before the energetically preferred (111) 

sides are formed indicates that the MgO dissolution process is controlled by kinetics. For 

a water pH of 7, the width of the (110) facets followed a t0.5 power law, compared to the 

(111) facets widths, which were approximately linear with exposure time. Therefore, 

(110) cuts formed first, until an eventual takeover of the (111) planes lead to octrahedral 

morphology31.  
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Additional studies by Hacquart and Jupille31 showed that MgO dissolution rates 

were strongly dependent on crystallographic direction and perfection: low coordinate 

sites and emergences of dislocations strongly favor local etching31. For example, Onishi 

et al. used UPS and XPS to investigate adsorption of water on {100} and {111} surfaces 

and found that hydroxylation strongly favors surface defects for the (100) surface and 

strongly favors low-coordinated edge sites for (111)157,159. As a consequence, if etching 

rates are too fast (i.e., those caused by water that is too acidic) etch pits will form or if 

MgO crystals are formed by cleaving which is prone to dislocation formation, etch pits 

are also observed160,161. These etch pits will have the same shape as the intermediate step 

described earlier, where inverted pyramids form with edges transforming from (100) to 

(110)31. Similar work by Mejias et al. also found (110) truncations yielding squared etch 

pits for MgO (100) single crystals cleaved in acidic solutions (pH ~4)156.  Therefore, the 

pH of the water is extremely important in regulating the crystallographic transformations. 

A water pH of 2, yields truncations at the same level after just 1 minute as those seen 

after 2 days for a pH of 728. Since the (110) cuts formed much faster (t0.5), fast etching 

likely favors higher index plane formation yielding complex rounded MgO particle 

shapes31. Finally, it should be noted that in all cases concerning MgO dissolution in water 

for all water pH values, no Mg(OH)2 was found, only OH-groups adsorbed to the 

surface156. 

 

5.2.5  Thin film MgO 
` In agreement with the body of work on bulk MgO surfaces, thin epitaxial films of 

MgO (111) on GaN (0002) exhibit evidence of 3-D growth mode caused by faceting of 

the (111) surface through grainy AFM images and spotty terminal RHEED patterns53. A 

detailed study by Craft et al. shows that MgO (111) growth on GaN (0002) proceeds in a 

3-D Volmer-Weber growth mode where full film coalescnces does not occur until ~12 

nm52. 
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A very recent paper, July 201155, attempted to overcome MgO (111) faceting in 

MBE growth. Lazarov et al.55 investigated stabilizing thin films of MgO grown by 

oxygen-assisted MBE on 6H-SiC (0001). Very thin films (5 nm) were grown on H-

terminated SiC substrates at a growth temperature of 150 °C, and it was proposed that 

this H-terminated surface could act as a H-surfactant throughout MgO growth. Although 

their calculations suggest that the hydrogen-terminated surface can stabilize the 1x1 OH-

terminated MgO (111) surface to any thickness, evidence supporting this conclusion was 

not shown; for example, RHEED intensity oscillations or AFM surface images that 

evidence smooth MgO (111) surface were not shown for any thickness55. Furthermore, 

the thickness to which they could sustain these films was not given.  

Although the authors report HRTEM images that claim to show an abrupt 

interface with no misfit dislocations, it is more likely that any reduction in dislocations 

across the interface are more likely due to the small lattice mismatch between MgO and 

SiC than an effect caused by the H-surfactant. In the thesis, Interfacing Epitaxial Oxides 

to Gallium Nitride, Losego found that even for the case of MgO (111) grown without a 

surfactant on GaN (0002), where the lattice mismatch is much larger (~7 %), strain 

relaxation occurs in the first 2 monolayers162. Lazarov et al. provide XPS data showing a 

shoulder to the O 1s peak, shifted by ~2.0 eV. Such a shift is expected for Mg-O-H 

termination, but there is no estimation given for the thickness of this hydroxide layer55. 

This thickness could be estimated using the signal attenuation model by comparing the 

relative intensities of the Mg-O O 1s line and the intensity of the overlaying Mg(OH)x
133. 

Because this is not done here and they do not provide relative intensities, little 

information about the thickness of this layer can be deduced. Additionally, Craft et al. 

have shown that 1 ML of hydroxide coverage can be found on an MgO surface 

(deposited in oxygen) after only one hour in vacuum (2*10-9 torr)133. Therefore, it is 

unclear if smooth surfactant-assisted MgO films were achieved by this method. 
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5.3 Statement of Purpose 
This thesis explores new opportunities for novel interface functionality that arise 

from interface electronic heteropolarity. Although there are well-known examples of 2D 

interface conductors, such as AlGaN/GaN or SrTiO3/LaAlO3, epitaxial integration of 

functional oxides such as BaTiO3 with polar semiconductors such as GaN, presents 

possibilities for new interface properties not provided by the nitride/nitride or oxide/oxide 

counterparts. A prime example, BaTiO3/GaN, might support tuneable interface 

conductivity by polarization reversal, thus enabling real-time polar discontinuity 

modulation. However, achieving such devices new synthesis techniques that may enable 

preparation of defect free interfaces between (111) cubic sublattice oxides and (0002) 

hexagaonal GaN. 

 A principle factor limiting this research is that heterostructures which provide the 

most interesting property coupling are most often associated with materials that have 

highly dissimilar structure and symmetry. CaO and MgO are two particularly challenging 

polar cubic oxides that grow with a <111>-direction consequent to GaN’s hexagonal 

structure, while simultaneously demonstrating a strong propensity for (100)-faceting on 

GaN due to large surface energy differences between the oxide’s low index planes. Even 

at film thicknesses below 2 nm, epitaxial rocksalt films on GaN form (100)-faced 

pyramidal islands leading to a grainy morphology and defective interface functionality. 

 As discussed in this chapter, the ability to stabilize the (111) surface of bulk 

rocksalt oxides has been known for a while using hydroxide termination. However, no 

utilization of this knowledge has been used for growth of epitaxial {111} oriented oxides. 

Bulk thermodynamic calculations show that a hydroxide termination can stabilize the 

(111)-face. Additionally, a Ca(OH)2-termation will provide a low-energy surface with 

six-fold symmetry and atomic registry matching {111}-CaO and GaN. This research 

develops a new surfactant-based method to MBE and PLD by incorporating water during 

rocksalt oxide deposition to selectively stabilize 2-D growth mode. 
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6. Experimental Procedure 

 
 The remainder of the thesis will be presented in the form of published 

manuscripts each containing their own experimental procedure section. However, 

because these portions of the papers are brief, this section provides additional details 

about experimental aspects of the work and schematic drawings for equipment and 

techniques used throughout.  

 

6.1 Film Growth 
 Two main growth techniques were used for all oxides in this work: molecular 

beam epitaxy (MBE) and pulsed laser deposition (PLD). For direct comparison between 

the two techniques, to the extent possible, “MBE-type conditions” were duplicated in 

PLD growth by mimicking growth rates (in some cases), substrate temperature, and 

growth pressure. Descriptions of each technique and a brief description of RHEED 

characterization are given in the following sections. 

 

6.1.1 Molecular beam epitaxy 
All MBE films used in this work were grown by oxide MBE using a Perkin-Elmer 

435 MBE. A cartoon schematic of the MBE setup is shown in Figure 6.1. The base 

pressure of the chamber is ~ 3x10-9 Torr and two oxidant sources are available for 

growth: molecular oxygen and water vapor. Substrates were clamped to a Mo puck with a 

metal clip and substrate temperatures were measured using an IR pyrometer aimed at the 

side of the puck. A range of substrate temperatures from room temperature to 600 °C was 

investigated for all systems: MgO, CaO, and MCO alloys. Growth pressures were 

typically maintained between 1x10-6 Torr to 1x10-4 Torr O2 or H2O via manually 
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adjusting a variable leak source, and by measuring with an ion gauge located below the 

substrate.  

 

Water source: 

A schematic of the water vapor source is also shown in Figure 6.1.  A 2-3/4” CF 

nipple - terminated with a 2-3/4” window on the bottom end and a CF to VCR adaptor on 

the other end - was filled ¾ full with DI water. Stainless steel tubing connected the water 

source to the MBE loadlock with turbo pump and base pressure of 8x10-8 Torr. A 

bellows-style right-angle shutoff valve with a Viton seal separated the nipple from the 

stainless steel tubing and a second right-angle valve isolated the tubing from the loadlock 

at the loadlock connection. A “T” was inserted immediately after the water vessel 

isolation valve, one arm connecting to the load lock, the second arm connecting to a 

variable leak valve attached to an effusion cell port on the MBE source flange. To 

evacuate the entire assembly and backfill with water vapor, the tubing was first evacuated 

overnight to the base pressure of the loadlock (5x10-7 Torr) with the water vessel 

isolation valve closed. Once evacuated, the isolation valve is then opened to the loadlock 

until the pressure in the loadlock reaches 10 Torr of H2O (equilibrium vapor pressure of 

water at room temperature) according to the chamber convectron gauge. Once, the 

pressure reaches 10 Torr, the water source is kept open for 5 minutes to ensure that the 

small volume of air resident on top of the liquid water after filling was sufficiently 

flushed. After flushing, the load lock right-angle valve was closed with the water vessel 

isolation valve left open. In this manner, as water vapor is introduced into the MBE 

through the UHV leak valve, additional evaporation from the liquid will maintain a 

steady internal pressure of 10 Torr. It should be noted that this evacuation and filling step 

is crucial to water vapor growth success. Any small leak or leftover oxygen in the vessel 

or lines will cause the growth to behave as it would in an oxygen environment. 
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Figure 6.1: Cartoon schematic of MBE setup and picture of water source connection. 

 

Growth rate calculations: 

Typical growth conditions for the three systems are listed below with the 

corresponding atomic fluxes given by Equation 6.1: 

 

                   Eq. 6. 1 

 

The corresponding vapor pressures can be calculated from [refs 1,2]. For example, a Ca 

cell temperature of 500 °C corresponds to a vapor pressure of 3.7x10-4 Torr. Following 

Equation 6.1 then, the atomic flux at the crucible opening is: 

 

  
            

Eq. 6. 2 
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1) CaO: cell temperature of 500 °C, vapor pressure = 3.7x10-4 Torr J = 1.2x1017 

atoms·cm-2·s-1. 

2) MgO: Mg cell temperature of 360 °C, vapor pressure = 4.4x10-4 Torr, J = 

1.8x1017 atoms·cm-2·s-1. 

 

The crucible opening is 0.65” in diameter (so that its area (Ac is 2.14 cm2) and the 

effusion cell to substrate distance (dss) for the MBE is 20.3 cm. Thus, the flux at the 

substrate is then:  

 

     

€ 

Jo =
Ji ⋅Ac

πdss
2

               
Eq. 6. 3 

 

This corresponds to an impinging flux at the substrate for each system of ~3x1014 

atoms·cm-2·s-1 for MgO for a cell temperature of 360 °C and ~2x1014 atoms·cm2·s-1 for 

CaO with a Ca cell temperature of 500 °C. 

Finally, if a theoretical ML area is calculated for Ca and Mg of ~1x1015 

atoms/ML and ~1.3x1015 atoms/ML (calculated for 1 unit cell of each), respectively and 

a ML thickness for CaO and MgO of 2.78 Å and 2.43 Å (1/3 of the body diagonal), 

respectively, the theoretical deposition rate in Å/s for CaO and MgO can be determined. 

For CaO with a cell temperature of 500 °C, this corresponds to a theoretical deposition 

rate of ~33 Å/s and for MgO with a cell temperature of 360 °C, this corresponds to a 

theoretical deposition rate of ~34 Å/s. This assumes a metal sticking coefficient of unity. 

 

Growth rate monitoring: 

MBE also provides two ways in which the deposition rate can be monitored in 

situ, a QCM (quartz crystal microbalance), and for the case of layer-by-layer growth, 

RHEED (reflection high energy electron diffraction) intensity oscillations. A QCM 
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requires tooling factors to convert to calculate actual deposition rates at the substrate, 

however even without tooling factors, QCM rates can be used to monitor fluxes to 

determine when cell temperatures need to be adjusted to maintain constant flux. When 

QCM values were used to monitor cell flux, cell temperatures were maintained and 

allowed to settled for 10 minutes prior to measurement and measurements were taken 

after the cell was open for 3.5 minutes. RHEED intensity oscillations can also be used to 

monitor deposition rate (the specific mechanism will be explained in further detail in the 

next section) where one oscillation corresponds to a ML of growth. For CaO and MgO, 

this corresponds to 2.78 Å and 2.43 Å respectively. An example of a CaO film grown in 

water with a substrate temperature of 500 °C, H2O pressure of 10-5 torr and cell 

temperature of 500 °C is shown in Figure 6.2. Here, each oscillation corresponds to one 

ML or 2.78 Å of CaO. Averaging the time per oscillation (1 oscillation in 0.157 minutes) 

gives a growth rate of ~17 Å/min. This number is much lower than the theoretical ~34 

Å/min calculated above, however, this is not surprising given the elevated substrate 

temperature (500 °C) and the need to split water vapor at the substrate surface to provide 

an oxidant for the incoming metal flux. CaO growth rate in a water vapor ambient was 

measured over a range of substrate temperatures spanning 300 °C to 550 °C, the rate 

showed no dependence on substrate temperature under conditions of constant metal flux 

(changing less than 1 Å/min as monitored by in situ QCM). Therefore, it is likely that the 

deviation from theoretical expectation is limited by the comparatively slow kinetics of 

water splitting, as compared to the Ca metal arrival rate.  
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Figure 6.2: RHEED intensity versus time for CaO on GaN with average intensity 
oscillation period of 0.157 minutes.  
 
 

Finally, for growth that does not proceed in a layer-by-layer mode growth rates 

were measured ex situ using profilometry. In this case, films were grown to thicknesses ≥ 

100 nm, a thickness range were ambiguities in profilometry are practically acceptable.  

 

Capping layers: 

CaO and MCO films, which are sensitive to atmosphere exposure133, were capped 

with 2.5-10 nm of 001-Dy2O3. In all cases, Dy2O3 caps are grown at the same substrate 

temperature and equivalent O2 growth pressure as the underlying CaO or MCO film was 

grown. AFM analysis of MCO and CaO films grown in water show acceptability to 

attach by water in the atmosphere after only a few minutes. However, Dy2O3 films have 

been shown to be stable both by AFM and XRD for weeks (the longest time investigated) 

after atmosphere exposure. To grow the cap, once the CaO film deposition is complete, 

the Ca shutter is closed and the cell temperature returns to the resting temperature 
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(300 °C). With the CaO growth pressure (O2 or H2O) held constant, the Dy cell is heated 

to 860 °C, at which temperature the metal flux is ~7x1016 atoms·cm-2·s-1. When the Dy 

cell reaches growth temperature, the shutter is opened with the main shutter closed 

(blocking the substrate from the cells) and an equivalent O2 pressure is introduced into 

the system. The main shutter is then opened and the Dy2O3 cap is grown. RHEED 

intensity oscillations are used to monitor cap thickness. The cell shutter/main shutter 

opening sequence is used to minimize the cell temperature drift upon opening. 

 

6.1.2 Pulsed laser deposition 
 PLD experiments were performed at two locations: 1) the Oak Ridge National 

Laboratory Center for Nanophase Materials Sciences Functional Hybrid Nanostructure 

Laboratory, which has high pressure RHEED and 2) NCSU with no RHEED capability. 

Similar to MBE experiments, both oxygen and water vapor atmospheres were used. A 

water source identical to the one constructed for the MBE was used for PLD. However, 

the leak valve was connected directly to the growth chamber and evacuated using the 

chamber turbo pump. The water source was again filled to 10 Torr prior to use. A 

schematic of the NCSU PLD setup is shown in Figure 6.3. For all systems, substrate 

temperatures ranging from 100 °C to 600 °C and growth pressures (oxygen and water 

vapor) ranging from 10-6 to 100 mTorr were investigated. Growth rates were monitored 

using in situ RHEED oscillations at CNMS and ex situ profilometry at NCSU. For MgO, 

a 30 mJ KrF beam was used with a spot size of 1.2 cm2 with a 10 Hz repetition rate. A 

target to substrate distance of 4 cm was used in all experiments. For MCO, a 12 mJ KrF 

beam was used with a spot size of .04 cm2 with a 5 Hz repetition rate. This yields growth 

rates of 0.84 nm/min for MgO, and 0.87 nm/min for MCO at 10-4 torr of H2O. Since the 

ablation thresholds for Mg and Ca are very different, it is not surprising that a higher 

laser fluence is needed for MgO films to achieve a similar deposition rate. MCO films 

grown by PLD were capped with either 10 nm of Al2O3 grown with the same substrate 
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temperature and growth pressure as the underlying MCO film or with 5 nm of MgO 

grown with conditions given above. 

 

 

Figure 6.3: NCSU PLD chamber schematic. 

 

Target compositions: 

 For MgO, a metal Mg target was used. Targets were sanded to create a smooth 

surface for each growth and preablated at growth conditions for 3000 pulses prior to use. 

For MCO depositions, composite targets were attempted by pressing granules of Mg and 

Ca together. However, as the target is ablated, the newly exposed target material changes 

composition depending upon how the metals are pressed into the target. This leads to 
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irreproducibility of film compositions when trying to achieve lattice-matched 

compositions.  

 Instead, metal composite targets were ordered from Stanford materials. Since, 

ablation thresholds are different for Mg and Ca, as discussed above, three target 

compositions with varying degrees of Mg incorporation were attempted: i) 85:15 Mg:Ca, 

ii) 62:38 Mg:Ca, and iii) 55:45 Mg:Ca. For optimized MCO growth conditions: 1x10-4 

Torr H2O and a substrate temperature of 200 °C, Figure 6.4 shows the resultant MCO 

film composition from the three targets above. The film composition did not change with 

temperature (despite the higher volatility of Mg) or growth pressure, however, was a 

function of laser fluence. Therefore, care must be taken to recheck film compositions if 

higher laser fluences are used. A target composition of 62:38 Mg:Ca resulted in lattice-

matched Mg0.52Ca0.48O with no evidence of phase separation for all substrate 

temperatures and growth pressures investigated. Compositions were determined from 

azithumal scans of the (002) MCO reflection since overlap between the (111) reflection 

and (0002) GaN reflection occurs. 
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Figure 6.4: Film composition as a function of target composition (Mg:Ca) for three 
investigated metal alloy targets: i) 85:15 Mg:Ca; ii) 62:38 Mg:Ca; and iii) 55:45 Mg:Ca. 
A target composition of 62:38 Mg:Ca resulted in lattice-matched MCO to GaN.  
  

 

6.2 Reflection High-Energy Electron Diffraction (RHEED) 
 RHEED was used extensively throughout the thesis work to monitor growth rates 

(as discussed in the last section), growth modes, and to access growth quality. Therefore 

a brief description of RHEED and available RHEED techniques and measurements will 

be given in this section. However, for a more detailed description, the read is directed 

towards several comprehensive sources (REFS). In RHEED a high-energy parallel 

electron beam (typically 5-100 keV) is directed towards a sample surface with a low 

grazing incident angle (typically < 5°). Due to the low incident angle, RHEED is very 

surface sensitive and probes only a few atomic layers beneath the surface, making it 

sensitive to surface roughness and surface reconstructions. 

 Possible RHEED reflections are given by Equation 6.4 below, where k0 and k’ 

are the incident and diffracted wavevectors and G is the reciprocal lattice vector.  



 
 
 
 
 

 

82 

 
                    Eq. 6. 4 

 

The magnitude of k0 is given by: 

 

                   Eq. 6. 5 

 

 

 Elastic scattering occurs when |k’|=|k0| and elastically diffracted electrons are then 

detected by a fluorescent screen. A sphere centered on the origin with a radius of |k0| is 

the Ewald sphere, constructed such that possible reflections can occur for any k’ values 

that connect the origin to a reciprocal-lattice point on the sphere (see Figure 6.5).  

 

 

 

Figure 6.5: RHEED construction with A) side view of electron gun, sample, and 
phosphor screen and B) top-down view and side view of Ewald sphere. 
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Taking Equation 6.5, it can be calculated that for a 20 keV beam of electrons, k0 is large 

~790 nm-1 or much larger than the reciprocal-lattice unit of interest. This large k0 value 

results from the high-energy electrons and is the main difference between RHEED and 

LEED (low energy electron diffraction). Due to the large k0 values, the Ewald sphere cuts 

through the (00) rod along the length of the rod resulting in a streak instead of a reflected 

spot. Under ideal conditions, a flat surface should result in intersections with other rods 

that cause diffraction spots. However, finite energy spread and angular divergence of the 

incident electron beam causes the reciprocal lattice rods and Ewald sphere, respectively, 

to be smeared slightly resulting in streaks rather than the expected spots. Streaks, rather 

than spots, can also result from non-ideal surfaces: defects, phonons, mosaicity, or other 

irregularities to the surface mesh will cause a smearing of the spots into streaks.  

 Further, as a result of finite energy spread and angular divergence of the RHEED 

beam, which cause slight variations of the phase of impinging electrons, only a limited 

coherence length is obtained for the sample surface.* The coherence length is given by: 
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               Eq. 6. 6 

 
Thus, for a typical RHEED beam, this number is typically on the order of ~2000 Å.  

 

 

                                                
* When phases of impinging electrons are too far out of phase, the waves cannot interfere 
to produce a diffraction pattern. The coherence length is defined as diffraction that occurs 
due to a single plane wave. Surface structure that causes waves separated by a radius 
more than the coherent length only add to intensity, not amplitude and thus do not add to 
the diffraction pattern. 
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6.2.1  RHEED Pattern Information: 

 As discussed above, RHEED patterns can give information on surface structure. 

For example, small scale surface roughening such as a surface that is composed of a 

random distribution of steps and terraces will result in lattice rod broadening, and thus a 

RHEED pattern composed of streaks rather than ideal arc of diffracted spots. 

Alternatively, a rough growth surface - one composed of 3D islands - results in a spotty 

RHEED pattern with transmission characteristics. In this case, the reciprocal lattice rods 

are replaced by the bulk reciprocal lattice causing spots rather than streaks. An example 

of each type of surface is shown in Figure 6.6 for the (10) reflection of (111) MgO on 

(0001) GaN growing using oxygen (Figure 6.6B) and water vapor (Figure 6.6B). Figure 

6.6A shows a “streaky” RHEED surface whereas Figure 6.6B shows a “spotty” RHEED 

pattern.  

 

 

Figure 6.6: RHEED patterns for MgO on GaN grown in A) water vapor, B) oxygen, C) 
water vapor with lateral spacing illustrated. 
 

 The lateral spacing of the streaks (or spots) of a RHEED pattern provides 

information on the surface lattice constant. If this distance is monitored as a function of 
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time, the lattice constant of the growing film can be measured in situ. This can be done 

for the MgO and CaO on GaN. Where, given bulk lattice parameters of 4.2 Å and 4.8 Å, 

respectively, the lattice parameter along the (10) direction should be 2.57 Å and 2.95 Å, 

respectively. Lattice parameters must be calculated using a reference, which is often the 

starting substrate with a known lattice parameter. For example, to calculate the lattice 

parameter for MgO on GaN, the pixel width spacing for a GaN can be measured and 

referenced to the lattice spacing for GaN. Along the same direction, the pixel width for 

MgO can then be measured and the lattice spacing can be calculated from the known 

pixel·Å spacing calculated for GaN (or other reference sample). However, it is noted that 

extreme care should be taken when doing these measurements. Small changes in growth 

temperature or pressure can affect RHEED lattice spacing and give false measurements if 

the same conditions are not used to measure the reference and the sample of interest.  

 

6.2.2 RHEED Oscillations 
 Monitoring of the RHEED specular reflection as a function of time can result in 

RHEED oscillations during layer-by-layer growth, where one monolayer is completed 

before a new layer is formed. In this case, one oscillation maxima corresponds to 

monolayer completion. Figure 6.7 illustrates this for CaO on GaN. As monolayers 

nucleate and coalesce, the number of possible diffuse scattering opportunities rises and 

then falls as new step edges are formed until a complete layer is formed again. The 

bottom of intensity corresponds to a layer that is half covered with a monolayer, which 

results in the most opportunities for scattering. Alternatively, the top of an oscillation 

corresponds to full monolayer coverage or the most intensity. With extreme care, several 

useful parameters may be extracted from RHEED oscillations including: period, 

amplitude, phase, damping of the oscillations, behavior at the initiation of growth, and 

recovery after growth. However, under most circumstances, these parameters must be 

compared over different diffraction conditions to be accurate and should not necessarily 

be compared for two different samples since geometry and diffraction conditions are 
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difficult to exactly reproduce. Nevertheless, these parameters as a function of time and 

diffraction conditions can give insight into various growth mechanisms.  

 

 

Figure 6.7: A) RHEED intensity versus time measured for the RHEED specular 
reflection for CaO on GaN. B) Zoomed-in section of part A with monolayer coverage 
drawings at the bottom of an oscillation, corresponding to half monolayer coverage (or 
the most diffraction opportunities), and top of an oscillation, corresponding to full 
monolayer coverage. 
 
 
 As shown in Figure 6.7, two different time scales for oscillations are observed: 1) 

oscillation period and 2) damping of the oscillations. The damping of oscillations and 

recovery after growth both occur on a large time scale compared to the oscillation period. 

The damping of oscillations is often regarded as the low frequency contribution to 

oscillations whereas the oscillations themselves (a consequence of the monolayer 

formation) are the high frequency contribution. Oscillation damping occurs when the 

surface morphology undulations over a large scale length are comparable to the average 

nucleation distance. Additionally, if every deposited atom has sufficient time to reach a 

step edge before forming an island nucleus then growth proceeds by lateral movement of 

step edges and no perceivable morphology changes occur to intensity.  Thus, for step 
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flow growth no intensity oscillations are observed. Assuming that nucleation and 

subsequent growth are both instantaneous, the step density can be estimated using 

Equation 6.7, where Ns is the number of nuclei per unit area and θ is the degree of 

monolayer coverage. 

 

                          Eq. 6. 7 

 
The value of Ns is determined by a combination of deposition rate and the adatom 

diffusivity, and therefore has a direct influence on S and the intensity of the oscillation. 

For RHEED on vicinal surfaces then, if the growth temperature is increased to 

enhance adatom mobility, the amplitude of RHEED oscillations will decrease since 

adatoms will find terrace edges more readily until oscillations disappear.  Transitions 

from layer-by-layer (with intensity oscillations) to step flow growth (no intensity 

oscillations) can be used to determine surface mobilities. Further, measurements of 

relaxation times (after growth is terminated) can be used to determine the energy barrier 

for diffusion, where the relaxation time is inversely proportional to the diffusivity. 
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7.1 Abstract 

Property coupling at interfaces between active materials is a rich source of 

functionality if defect densities are low, interfaces are smooth, and the microstructure is 

featureless. Conventional synthesis techniques generally fail to achieve this when 

materials have highly dissimilar structure, symmetry, and bond type – precisely when the 

potential for property engineering is most pronounced. We present a general synthesis 

methodology, involving systematic control of the chemical boundary conditions in situ, 

by which the crystal habit, and thus growth mode, can be actively engineered. In so doing, 

we establish the capability for layer-by-layer deposition in systems that otherwise default 

to island formation and grainy morphology. This technique is demonstrated via 

atomically smooth {111} CaO films on (0001) GaN. The operative surfactant-based 

mechanism is verified by temperature dependent predictions from ab initio 

thermodynamic calculations. CaO films with smooth morphology exhibit a three order of 

magnitude enhancement of insulation resistance. 
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7.2 Introduction 

Heteroepitaxy is the enabling integration platform for indispensable 

microelectronic devices including semiconductor quantum wells, superconducting tunnel 

junctions, solid-state lasers, light emitting diodes, and extreme mobility transistors. 

Heteroepitaxy is also the technique of choice to synthesize artificial crystalline structures 

that provide access to new effects, including multiferroic exchange biasing, ordered 

nanostructure evolution, and interfacial nanoelectronic112,163,164. In most cases, these 

technologies and capabilities are relegated to systems where the end members are 

isostructural, e.g., zincblende-zincblende or perovskite-perovskite. This limitation stems 

from the seemingly insuperable challenges of preparing semiconductor-grade epitaxial 

thin films on substrates that are strongly dissimilar in symmetry or bonding character, 

even when lattice mismatch is very small. We could expect, however, a rich resource of 

new science and functionalities at ideal epitaxial interfaces between highly dissimilar 

materials if they could be created. The opportunities become particularly interesting if we 

can exploit property coupling between polar semiconductors and materials close to a 

phase transition or property instability; these include nonlinear dielectrics, non-linear 

magnets, and/or 2-D conductors165-169. This vision for integration is made possible by 

introducing a novel synthesis technique that provides access to highly mismatched 

epitaxial systems that cannot be realized by conventional methods. The method relies on 

engineering chemical boundary conditions with a vapor phase surfactant, thus stabilizing 

a specific crystalline habit and enabling layer-by-layer growth. Demonstrated for a simple 

prototype, this method promises an extension to numerous materials systems with 

improved performance, and entirely new functional modalities. Precedents for such 

dramatic impacts on morphology at heterointerfaces are not available. 

To illustrate the power of this paradigm we consider a particularly challenging 

prototype: <111> oriented CaO on [0001] oriented GaN. Our selection of CaO/GaN is 

inspired by the need for wide band gap pseudomorphic insulators on Al1-xGaxN. Smooth 
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oxide films on GaN provide a parallel platform to LaAlO3/SrTiO3 heterostructres that are 

of great current interest for nanoelectronic devices based on conducting interfaces. This 

also is an ideal candidate pair because CaO and other rocksalts exhibit extreme 

propensity for {001} faceting (from very strong surface energy contrast between the low 

index planes)53,170,171, while the hexagonal face of GaN promotes a <111> CaO epitaxial 

growth orientation. With conventional growth techniques, at only several monolayers 

thickness, rocksalt films collapse into pyramidal islands with {100} faces53,170,171. This 

seemingly unavoidable behavior leads to a grainy morphology and diminished 

functionality172,173. The surfactant-assisted method applied currently to CaO can be 

extended to more complicated systems. A prime example is the cubic perovskites, which 

will in almost every case encounter the identical roadblock if prepared on wide band gap 

polar semiconductors. Overcoming this obstacle to film growth with a surfactant creates 

new integration possibilities, such as BaTiO3 (BT) on Al1-xGaxN, thus a new ability to 

harness the associated functionality. 

We describe below MBE deposition of CaO in the presence of a water-based 

surfactant that enables continuous <111> CaO films grown in a 2-D mode. The CaO 

films retain the step-and-terrace morphology of their parent substrates and demonstrate 

the ability to engineer growth mode by controlling the chemical boundary conditions. 

These trends are understood using a quantitative surface-energy based model that is based 

upon a companion set of temperature dependent ab-initio thermodynamic calculations. 

 

7.3 Results 

7.3.1 Thermodynamic evaluation 

To overcome the morphology challenge we demonstrate a true surfactant 

methodology where a transient chemical species resident to the growing film surface can 

alter the relative energetics of different crystallographic faces in situ to growth. The 
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paradigm for surfactant selection is based on creating a monolayer-thick skin of a surface 

phase that has: 1) a low surface energy plane that exhibits six-fold symmetry to match 

that of (0001) GaN; 2) epitaxial registry to the final film; and 3) becomes chemically 

unstable if incorporated to the film interior. From a crystal chemistry and thermodynamic 

perspective, Ca(OH)2 satisfies these criteria and can be prepared by supplying a 

continuous flux of water vapor that supplies both oxygen for reactive growth and the 

hydrogen surfactant. In this scenario, an obvious concern is competition between MO and 

M(OH)2 deposition particularly since low substrate temperatures (i.e., 200 to 500 °C) are 

needed to limit Ca re-evaporation. The relative free energies of formation for each 

species can be compared to predict if a window exists where bulk hydroxide is unstable 

in the partial pressure range appropriate for MBE. Figure 7.1 shows the temperature and 

pressure dependent equilibrium connecting calcium oxide, calcium hydroxide, and water 

vapor174. These data predict the onset of hydroxide decomposition in a temperature and 

pressure window consistent with reactive growth of CaO using practical fluxes and 

growth rates. This calculation assumes bulk equilibrium and predicts that at a substrate 

temperature within this range, one expects only CaO accumulation. However, as reported 

by Kandel et al., since the free energy of a finite system is lowered by the presence of 

surfactant moieties at a surface, we speculate that the temperature at which hydroxide 

leaves a {111} CaO surface will be higher 134. Consequently, it is sensible to hypothesize 

that an ideal temperature for surfactant-assisted growth exists just above the stability 

maximum for Ca(OH)2, in this region it is likely that CaO bulk film growth with a 

hydrogen terminated surface is energetically preferred. 
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Figure 7.1: “Phase diagram for the system Ca(OH)2-CaO-O2”:  Free energy of the 
calcium hydroxide decomposition reaction versus temperature at 1 atmosphere, 10-3 Torr, 
and 10-5 Torr water partial pressures 
 
 
 
7.3.2 Film Deposition 

To explore this hypothesis CaO thin films were grown by oxide MBE onto [0001] 

oriented Ga-face c+-polar films that exhibit a single and uniform polar orientation175. Ca 

was evaporated from a thermal source while the oxidant was supplied as an ambient of 

either molecular oxygen or water vapor. These two gas phase constituents provide the 

comparison of conventional and surfactant assisted growth. Reflection high-energy 

electron diffraction (RHEED) was used to monitor film deposition. Figure 7.2 shows a 

RHEED comparison of integrated specular intensity as a function of time during growth 
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and a static RHEED pattern of the CaO terminal surfaces grown in oxygen and water 

vapor environments, all other conditions identical. 

 

 
Figure 7.2: “RHEED comparison for CaO growth in oxygen and water vapor”: RHEED 
data for <111> CaO epitaxial films prepared on [0001] GaN. O2 corresponds to a film 
grown in molecular oxygen while H2O corresponds to a film grown in an equivalent flux 
of water vapor. All other deposition conditions are identical. The intensity vs. time plots 
are collected from the specular reflection 

 
 
 

In both cases, the substrate is exposed to oxidant at the deposition temperature 

and growth is initiated by opening the Ca source shutter. The RHEED pattern in 7.2(b) 

has a spotty character consistent with electron transmission diffraction along a surface 

that is rough at the atomic scale. The intensity vs. time plot shows a weak initial 

oscillation, which may be interpreted as the growth of a smooth initial monolayer, then a 

rapid transition to island formation and 3-dimensional growth. In comparison, Figure 

7.2(a) shows the same electron diffraction analysis for a CaO film prepared in an 

equivalent flux of water vapor. In this case, steady RHEED intensity oscillations are 
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observed during the entire process, indicating 2-D growth, and the final static RHEED 

image is streaky, indicating a smooth (though crystallographically imperfect) surface176. 

We note that the oscillation amplitude decays with time. This is consistent with 

simultaneous growth of multiple layers with time, and a step-bunching transition that 

occurs for epitaxial growth on vicinal surfaces 13. The sapphire wafers in this work are 

nominally on axis, but the growth spirals create surface regions that are effectively miscut. 

At the early stages of growth in water, the first intensity maximum occurs at a non-

integer time interval compared to subsequent periodic maxima. We hypothesize that this 

results from the reaction of Ca with the existing GaN native oxide (which is 

approximately 1 ML for GaN exposed to ambient conditions at RT) to create the first 

CaO monolayer. Similar interactions have been reported by Nozawa et al., where 1.5 ML 

of aluminum metal reacted with the GaN native oxide forming a surface mixture of Al-

metal and aluminum oxide at 200 °C177. It is likely that the low sticking coefficient of 

H2O on an oxidized GaN surface promotes this behavior, i.e., the oxygen that terminates 

the GaN surface is kinetically more available than the oxygen from ambient water. This 

scenario changes after the first monolayer of CaO since this suface supports rapid 

dissociative chemisorption of H2O178. To further test this scenario, CaO films were 

prepared on H-terminated GaN substrates produced by HF-last chemical etching prior to 

growth. On these surfaces, the initial non-integer peak is not present. 

 

7.3.3 Film Characterization 

To physically confirm film morphology, AFM images were collected from 4.5 nm 

CaO thin films immediately after deposition. CaO, however, is extremely susceptible to 

hydroxide formation at room temperature, thus, to protect the samples from water attack, 

they were capped in situ with 4 monolayers of Dy2O3. This Dy2O3 thickness, monitored 

by RHEED oscillations, was found to be the thinnest coating that provided protection 

against water attack for several hours. At small thicknesses, dysprosia thin films are 
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stabilized in the hexagonal allotrope, which grows smooth on surfaces with hexagonal 

symmetry. The dysprosia surfaces are stable for practical periods of time with respect to 

hydroxylation. Figure 7.3 shows the comparison of the starting GaN surface, and capped 

CaO films grown with and without a water surfactant. The CaO thickness of both films is 

identical, but the morphologies encountered after growth are completely different. For 

CaO grown in molecular oxygen, small grains are clearly visible and are consistent with 

spotty RHEED and island nucleation and growth. For material grown in water, there is no 

evidence of individual CaO grains and the step-and-terrace morphology of the underlying 

GaN is preserved. Individual line scans reveal step heights that are consistent with one 

half of a unit cell distance along CaO [111], i.e., 2.8 Å. 

 

 

 
 

Figure 7.3: “Surface topography comparison for CaO films prepared in oxygen and 
water vapor”: 3(a) corresponds to the GaN starting surface, which is populated by 
growth spirals with 0.26 nm step heights. These spirals initiate around screw dislocations 
and are consistent with layer-by layer growth from a supersaturated MOCVD ambient. 
3(b) corresponds to a 4.5 nm CaO film grown in molecular oxygen. The AFM resolves 
clearly the grainy nature of the CaO coating and how the fine grains decorate the 
underlying GaN steps and terraces. Figure 7.3(c) shows a 4.5 nm CaO film grown with 
water vapor, all other conditions identical. All images contain a 1 µm scale bar and 
presented on a vertical scale of 4 nm. 
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Our results can be interpreted initially by the experimental observations of 

Hacquart et al. who showed that nanoscale cubes of MgO could be immersed in neutral 

water and converted by an equilibrium dissolution and precipitation process to 

octahedra31. The explanation for this conversion is based on the calculations of Refson, 

who found that at 0 K when fully protonated, the lowest energy crystallographic face of 

MgO switches from {001} to {111}154. Surface hydroxylation (which can be considered 

as similar to a monolayer of Ca(OH)2) occurs during water immersion, thus in an aqueous 

environment finite solubility leads to a morphology conversion from cubic to octahedral 

habit. This equilibrium process relies on chemical boundary conditions and a mechanism 

for mass transport, thus is not beholden to the liquid phase. A related process is known to 

occur naturally when the mineral periclase (MgO) is formed by the decarbonation of 

dolomite (the mineral form of MgCa(CO3)2) upon contact with magma. In this situation, 

the locally CO2-rich local environment is believed to stabilize the {111} facets 28. 

These natural and artificial examples suggest the presence of a ubiquitous process 

in which control of chemical boundary conditions can be used to stabilize a desired facet. 

Specific to the current case, if a growing rocksalt film is nucleated with <111> 

orientation and grown in an environment that preserves hydrogen termination, smooth 

layer-by-layer growth is expected. The principle challenge lies in creating a growth 

environment that can so influence surface energy and film accumulation. Copel et al. 

reported an experiment where single monolayers of metals on silicon extend layer-by-

layer epitaxy in isostructural systems to larger thicknesses by persuading predominantly 

step-edge nucleation136. Here we show that a transient surfactant layer can alter radically 

the growth habit in highly heterogeneous systems – an unprecedented effect in thin film 

synthesis.  

X-ray diffraction measurements were performed to characterize the extent to 

which surfactant-assisted growth impacts film properties. In the ω-circle full width half 
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maximum values for the {111} CaO reflection were reduced from 0.3° to 0.2°. This 

effect can be understood by considering that without a surfactant, there are numerous low 

angle boundaries that separate the CaO grains visible to AFM. These boundaries are 

regions of high disorder and can act as secondary nucleation sites that further contribute 

to the crystalline mosaicity. Estimates of in-plane mosaicity were made by comparisons 

of azimuthal scans of the {002} CaO reflection. Deposition in water vapor reduces the 

FWHM values in φ by a factor of two compared to deposition in oxygen, from 3.7° to 

1.6°. Though substantial, these line widths are consistent with the 7% lattice mismatch at 

this oxide-nitride interface and compare favorably to reports of cubic oxide epitaxy on 

GaN, particularly with respect to in-plane crystallinity167,172,179,180. We note that a low 

resolution XRD configuration was used (crossed beam collimator and receiving slits) to 

maximize intensity since the films are 25 nm thick. As such, the comparison of oxygen 

and water is evident, but instrument broadening is on the order of 1° in φ, thus actual in-

plane mosaicity is likely substantially smaller. 

 

7.4 DISCUSSION 
 

To elucidate the role of surfactants in stabilizing the 2-D epitaxial growth of CaO 

{111} on GaN (0001), ab initio thermodynamics181,182 (AIT) calculations using density 

functional theory183,184 were performed. The general steps in AIT are energy 

minimization, zero point energy corrections, and extension to various temperatures and 

pressures through the chemical potential. Results of these calculations allow for 

comparison of temperature, pressure, and chemical termination dependent surface free 

energies of CaO grown with and without the surfactant, i.e., in pure O2 or H2O. The 

temperature dependent calculation is a critical component as it provides a means to 

identify independently the window in processing space that promotes smooth growth, and 
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a variable against which the outcomes of experiment and calculation can be evaluated for 

self-consistency. 

The computational experiment evaluated sixteen low index surface configurations. 

Previous work on CaO185-187 and MgO29,154,168,185,188-191 was used to identify a set of 

configurations that are experimentally manageable and practically relevant. In general, 

bare relaxed, bare reconstructed, hydrated [associative adsorption of H2O], and 

hydroxylated [dissociative adsorption of H2O] surfaces were considered. Table 1 lists the 

entire set and their primary surface characteristics.  

 
 
 
Table 7.1: “Surface configurations evaluated with ab initio thermodynamics 
calculations”: The 16 surface configurations considered for surface energy calculations 
and the label by which they are referred in Figure 7.4 
 
Surface/Plot Label  Description 

(001) clean  CaO (001) surface 
(001) 1ML H2O  CaO (001) hydrated with one monolayer H2O 
(001) ½ ML H2O  CaO (001) hydrated with a ½ monolayer H2O 
(001) OH a  CaO (001) hydroxylated with OH atop each Ca, H atop each O 
(001) OH b  CaO (001) hydroxylated with OH between Ca neighbors along [110] 
(001) p(3x2)  CaO (001) with 4 of 6 Ca bonded to H2O, 2 of 6 Ca bonded to OH, 2 

of 6 surface O bonded to H from hydroxylation 
(111) clean Ca  CaO (111) with Ca termination 
(111) clean O  CaO (111) with O termination 
(111) Ca Oct  CaO (111) with octopolar reconstruction – Ca termination 
(111) O Oct   CaO (111) with octopolar reconstruction – O termination 
(111) H  CaO (111) with full hydroxylation  
(111) H 1ML H2O  CaO (111) with full hydroxylation and hydrated with one monolayer  
(111) H ½ ML H2O  CaO (111) with full hydroxylation and hydrated with a ½ monolayer  
(011) clean  CaO (011) surface 
(011) OH  CaO (011) with full hydroxylation 
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Figure 7.4 shows a subset of temperature dependent surface free energy calculations 

at a water partial pressure of 5 x 10-4 Torr. This pressure was chosen as it represents the 

best assessment of pressure at the substrate locally, and is based on the report of Theis 

and Scholm192. Not all of the configurations are shown. High-energy surfaces, like the 

polar bulk facet (111) with Ca or O termination, are not included. The lowest energy for 

any configuration is highlighted for clarity. It is apparent from the surface free energy 

plot in Figure 7.4 that the hydroxylated (111) surface formed during surfactant growth 

has the lowest surface free energy at this partial pressure up to a temperature of 253 °C. 

Beyond this temperature the lowest energy configuration becomes the bare (001) surface. 

These results provide definitive evidence that the surfactant significantly lowers the 

surface free energy of the hydroxylated (111) bulk facet as compared to any other surface 

over a finite range in temperature at a fixed pressure. This preserves the epitaxially 

preferred habit and prevents the Ca- or O-octopole reconstruction, which would be the 

energetically preferred (111) habit in the absence of hydrogen in the same temperature 

regime. It is worth noting that the octopolar reconstruction of the CaO (111) exposes 

{001} type nano-facets. It is likely that this surface reconstruction provides a pathway to 

defeat the epitaxial preference for flat (111) growth on GaN (0001) and leads to the rough 

growth mode seen experimentally in oxygen. Lowering the surface free energy of the 

(111) bulk facet by the hydroxyl surfactant prevents this reconstruction from occurring 

and promotes smooth 2-D growth. 
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Figure 7.4: “Temperature dependent comparison of relevant CaO surfaces”: Surface 
free energy values as a function of temperature. These are shown for a collection of 
relevant CaO surface orientations and chemical terminations involving bulk, bulk 
reconstructed, hydroxylated and hydrated surfaces. The grey region marks the upper limit 
of the chemical potential.* 
 
 

To fully explore the temperature-dependent predictions of AIT calculations, a set 

of depositions with increasing substrate temperature (all other conditions identical) was 

conducted to determine the temperature at which the surfactant effect was no longer 

effective. Assessment of this was based on the number of RHEED oscillations that could 

                                                
* Calculations were done by B.E. Gaddy and D.L. Irving, and are only included so that 
references to this work can be made when discussing experimental data. 
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be sustained. Depositions were conducted in 50 °C increments. From 150 °C to 450 °C, 

an increase in oscillations was observed until a maximum of ~35 distinct oscillations 

were visible at 250 °C. We note that after oscillations subsided, AFM images of surfaces 

retain the step-and-terrace morphology. At 300 °C, the number of visible oscillations are 

reduced, and by 400 °C, only several oscillations are observed before complete damping. 

We therefore identify a temperature in the range of 250 °C to 300 °C as the range above 

which the surfactant surface becomes unstable. The surface energy calculations predict 

this situation at 253 °C. This agreement is within the experimental abilities to know 

substrate temperature and pressure, and the errors associated with simulation results. 

Though temperature dependent, the sticking coefficient of H2O is not the primary 

factor establishing the window of 2-D growth. Two observations support this: 1) at Tsub = 

250 °C and pH2O = 10-5 Torr, increasing the Ca flux by a factor of three yields no change 

in time-dependent RHEED oscillations, and 2) CaO grows at temperatures well above the 

2-D to 3-D growth mode transition. The lack of strong flux dependence near the 2-D to 3-

D transition suggests that supply of H2O is not a limiting factor, and if the sticking 

coefficient became small enough to eliminate surface hydroxylation, a transition to Ca 

metal deposition would be seen since H2O is the sole oxidant present.  

To demonstrate the impact of this approach, beyond a clear improvement in 

synthesis science, simple planar capacitor structures were prepared on n-type GaN 

substrates. Preparing gate and passivation oxides on GaN surfaces remains an important 

challenge, and provides a context in which the value of a smooth CaO morphology can be 

estimated125. The CaO capacitors have a constant dielectric thickness of 4.5 nm and a 

Dy2O3 cap thickness of 0.8 nm. Metal clips were used to mask a portion of the GaN 

surface for subsequent bottom contact. Thin structures were selected because they 

provide a greater challenge with respect to sensitivity to morphological defects, and they 

represent a capacitance density that is relevant with respect to device needs. The MIS 

capacitors were completed with Pt electrodes. The band offsets between CaO and GaN 
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were measured previously and conduction barriers to electrons and holes have been 

identified193. Figure 7.5 provides the results of leakage current measurements as a 

function of applied electric field for the two capacitor sets showing clear enhancement of 

film resistivity for material prepared in the presence of water surfactant. The smooth 

morphology reduces leakage current density by between 100 and 1000 times at an 

equivalent electric field. The lines represent average values for 10 dot capacitors while 

the error bars correspond to the standard deviation within each sample type. Though not 

reflected by the RMS roughness differences, line scans taken from AFM images of the 

O2-grown material reveal local asperities that are on average 1.5 nm tall. Such 

undulations are not observed when films are prepared in water vapor. We attribute the 

contrast in leakage to the presence of these asperities and their ability to locally 

concentrate the electric field. We note that thickness-dependent XPS studies of CaO 

growth on GaN in oxygen by Craft et al. revealed that complete surface coverage (as 

determined by decay of the Ga 2p photoelectron line intensity with overlayer thickness) 

did not occur until about 1.5 nm of deposition193. This value is consistent with the 

magnitude of the asperities observed by AFM on the present samples. 
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Figure 7.5: “Leakage current comparison for CaO films prepare in oxygen and water 
vapor”: Leakage current analysis of 4.5 nm CaO capacitors. (a) Surfactant-assisted CaO 
plus capping layer, and (b) conventional CaO plus capping layer. Each trace is an average 
of data captured for 20 capacitors. The error bars correspond to the standard deviation 
values at each voltage. The offset in field corresponds to 0.1 V and is consistent with the 
Schottky barrier known to exist at the GaN | CaO interface 193. 
 

It is important to consider the terminal surface composition of material prepared 

in H2O vapor and its impact on properties. Liu et al. reported that CaO crystals exposed 

to water vapor in comparable pressures to the present study accumulate approximately 

0.9 monolayers of hydroxide through a chemical dissociation mechanism. It is sensible to 

assume that surfactant-assisted CaO films have a similar terminal surface. The impact of 

this surface on electrical properties is not known directly, however, leakage current 

densities indicate resistivity values of 1010 Ω·cm at 0.5 MV/cm. This range is consistent 

with wide bandgap insulators and suggests, though indirectly, that hydrogen 
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incorporation in the film bulk is small and that the hydroxide termination does not impart 

a predominant effect153. 

Surfactant assisted PVD conquers the morphology barrier to highly heterogeneous 

epitaxy and presents the field of oxide electronics with new opportunities to traverse 

obstacles of symmetry and composition with a degree of structural perfection that was 

heretofore beyond reach. Our methodology is illustrated for the model system of {111} 

CaO on (0001) GaN. Under conventional conditions, CaO defaults within a few 

monolayers to Volmer-Weber growth and rough surfaces. Introducing a water surfactant 

induces a layer-by-layer mode, for which robust RHEED oscillations are observed in situ. 

Ab initio thermodynamic calculations predict that in the presence of the surfactant, flat 

{111} CaO surfaces are stabilized by hydroxylation over a range of temperatures. This 

surfactant approach introduces a new control variable previously ignored in PVD: the 

chemical boundary condition. Adding surfactants to the existing repertoire of deposition 

tools of lattice match, energetic bombardment, and shuttered fluxes empowers the thin 

film community with an expanded latitude to create artificial heterostructures that lead to 

new interface science and new technology concepts. 

 

7.5 METHODS 

 
7.5.1 THIN FILM SYNTHESIS 

CaO thin films were grown by oxide MBE using a Perkin-Elmer 435 onto [0001] 

oriented Ga-face c+-polar films that exhibit a single and uniform polar orientation. Ca 

was evaporated from an EPI effusion cell filled with Ca pellets (Alfa Aesar 99.99% 

purity), while the oxidant was supplied as either molecular oxygen or water vapor. A flux 

of water vapor was produced by connecting, via a controlled UHV variable leak, a 

stainless steel vessel that was filled with 10 Torr of pure H2O vapor, i.e., the equilibrium 
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vapor pressure of water at RT. GaN substrates are affixed to a molybdenum puck using a 

metal clamp. Substrate temperatures are estimated to be 50 °C lower than pyrometric 

measurements of the Mo pucks, as calibrated by Kumar194. 

GaN films were grown via metal organic chemical vapor deposition onto sapphire 

substrates with a 20 nm AlN buffer layer. All GaN substrates are silicon-doped (n-type) 

Ga-faced and grown to a final thickness of 1.2 µm. The carrier concentration is 3x10-19. 

CaO films were grown using a cell temperature of 465 °C, and substrate temperatures 

between 150 °C and 450 °C, and a constant growth pressure of 10-5 Torr O2. This 

pressure is measured with an ion gage located in the back of the growth chamber. 

Pressure at the substrate surface is ~ 50 time higher, as calibrated by Theis and Kraisinger, 

as we introduce both oxidants via 0.5” diameter stainless steel tubes confocal to the 

substrate center with a tube to substrate distance of 10 cm195.  

CaO films were capped with 3 monolayers of Dy2O3. Dysprosia caps are grown at 

the same substrate temperature and growth pressure as the underlying CaO film. Previous 

studies have shown that these similar growth conditions to CaO also provide high quality 

hexagonal 001-Dy2O3. After CaO deposition, the Ca shutter is closed, the water vapor 

source is shut off, molecular oxygen is introduced at 10-5 Torr, and the Dy shutter (Dy 

cell temperature of 830 °C) is opened. RHEED oscillations are used to determine cap 

thickness.  

 

7.5.2 THIN FILM CHARACTERIZATION 

Samples are characterized in-situ using reflection high-energy electron diffraction 

(RHEED) using a 10kV beam and a K-space image acquisition system. Samples are 

characterized ex-situ with atomic force microscopy (AFM) using a Nanosurf Easyscan 2 

AFM operated in tapping mode; x-ray diffraction (XRD) using a Philips X’PERT; and 

leakage current measurements using a Keithley 617 electrometer. Electrical 

measurements were collected from MIS-capacitors: contact was made to CaO film with 
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top-Pt electrodes deposited via DC sputtering through a shadow mask, while contact was 

made to n-GaN substrate with In on the GaN surfaces underneath the metal clips during 

CaO deposition. 

Film thickness for water-grown materials was determined by RHEED oscillations. 

Thickness measurements for CaO prepared in O2 were determined by stylus profilometry 

(Veeco Dektak 150) using films greater than 50 nm to calibrate a growth rate from which 

films of lower thickness could be prepared. The calibration was performed immediately 

prior to electrical property measurement sample preparation to minimize flux drift. CaO 

films prepared in O2 show two clear oscillations prior to island formation. This 

information was also used to estimate growth rate, and in combination with growth time, 

was used to predict final thickness. We note that the thicknesses of CaO films for 

electrical property measurements, when calculated from flux calibration and from the 

initial RHEED intensity oscillations agree to within 1 CaO monolayer. 

 

7.5.3 COMPUTATIONAL METHODS 

The energies of the CaO systems were calculated using density functional theory 

as implemented in the Vienna ab initio simulation program196-199. The calculations use 

the PBEsol refinement200,201 to the generalized gradient approximation of the exchange-

correlation functional. PBEsol was found in this case to best reproduce bare surface 

energies. Hydroxylated surfaces were compared to other exchange correlation potentials 

and little variation was found. For each index family considered, the bulk, bare surface, 

and hydrated and hydroxylated surfaces were calculated in identical periodic simulation 

cells. The thickness of the surface slabs and vacuum between surfaces was chosen such 

that their influence would be within the convergence criteria listed below. The kinetic 

energy cutoff was set to 1000 eV and the k-point spacing was chosen such that the energy 

of bulk was converged to within 6.5 meV/atom, and the surface energies to within 4.5 

mJ/m2. For the geometry relaxation, the break condition for the ionic relaxation loop was 
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set to 10-5 eV. Zero-Point energy calculations were performed with the same basis set as 

the energy calculations, using four displacements in each direction.  

The total surface free energy of each system was calculated according to equation 7.1: 

         Eq. 7. 1 

 

Where  is the energy to create the surface configuration as compared to the original 

bulk and isolated water when it is present,  is the number of water molecules that 

adsorb on the surface,  is the chemical potential of water,  and  are the number of 

OH groups and water molecules on the surface, respectively, and  are the vibrational 

contributions to the surface energies. It is assumed that vibrational modes in the bulk 

cancel. The surface energy therefore accounts for the vibrational modes contributed by 

the surface species only. It also includes temperature and pressure dependence via the 

chemical potential of water, which is determined from the JANAF tables202. 
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8.1 Abstract 

Thin epitaxial films of <111> oriented MgO on [0001]-oriented GaN were grown by 

molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) using the assistance of 

a vapor phase surfactant. In both cases, surfactant incorporation enabled layer-by-layer 

growth and a smooth terminal surface due to stabilizing the {111} rocksalt facet. MBE 

growth of MgO in water terminates after several monolayers, and is attributed to 

saturation of surface active sites needed to facilitate the Mg oxidation reaction. MgO 

films prepared by PLD grow continuously, this occurs due to the presence of excited 

oxidizing species in the laser plasma eliminate the need for catalytic surface sites. Metal-

insulator-semiconductor Capacitor structures were fabricated on n-type GaN. A 

comparison of leakage current density for conventional and surfactant-assisted growth 

reveals a nearly 100 X reduction in leakage current density for the smoother surfactant-

assisted samples. Collectively, these data verify numerous predictions and calculations 

regarding the role of H-termination in regulating the habit of MgO crystals. 
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8.2 Introduction 

A generic ability to integrate electronic oxides on GaN holds promise for a new 

generation of potentially multifunctional microelectronic devices that make use of 

interfacial polarity discontinuities that in principle support high mobility 2-D carrier 

gases. From the arsenide, nitride and oxide literature base, it is known that realizing such 

2-D conductors requires semiconductor-grade interfaces and surfaces that are 

topographically smooth with low defect densities. Such interfaces are a particular 

challenge in heterodesmic systems, and more so at transitions between different crystal 

symmetries. Unfortunately, integrating polar semiconductors with most functional 

complex oxides exhibit the worst-case scenario for epitaxy, but the best-case scenario for 

interface property engineering. As such, there remains a substantial synthesis barrier to 

realizing such structures and inaccessible large polarization discontinuities.  

Recently, Paisley et al. demonstrated a new method where vapor phase 

surfactants are introduced during molecular beam epitaxy to stabilize the {111} planes of 

CaO and enable layer-by-layer growth of <111> CaO on [0002] GaN.203 It was shown 

that a transient hydrogen-termination during growth produces this behavior and avoids 

the rough {001} faceting that occurs when the same material is prepared in an oxygen 

atmosphere51-53. CaO on GaN is an interesting combination from the perspective of 

demonstrating 2-D growth in a system that defaults into a cubic habit. Technologically, it 

is less interesting given the 6% lattice mismatch to GaN, however, alloying with MgO 

can produce a composition with perfect atomic registry to GaN. The first step in this 

process is to explore the same method of surfactant-assisted epitaxy in MgO and to 

identify mutually compatible synthesis space where the ideal alloys can be stabilized. 

Theoretical and experimental reports of Refson and Lazarov suggest that this should be 

the case, and there are examples of oxide-carbide and oxide-nitride epitaxy, however, a 

smooth <111> cubic oxide film grown in layer-by-layer mode on a hexagonal wide 

bandgap substrate has yet to be demonstrated27,51-53,55,204-207.  
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In this report we show by in situ electron diffraction and topographic analysis that 

MgO can be grown in a 2-D layer-by-layer mode using the surfactant concept, however, 

we demonstrate that the highly surface-sensitive Mg surface oxidation reaction precludes 

an identical approach. The hydroxylated termination that stabilizes the {111} facet 

cannot support Mg-oxidation by water vapor, the energetic hydrogen containing species 

produced in a water vapor plasma are required. A comparison of MBE and PLD 

demonstrates this dependency, and an extension of surfactant-assisted epitaxy to laser 

plasma deposition. 

 

8.3 Experimental Procedure 

MgO films were prepared by molecular beam epitaxy (MBE) and pulsed laser 

deposition (PLD). MgO growth occurred by reactive evaporation of Mg metal from a 

conventional effusion cell and from Mg ablation in MBE and PLD, respectively. PLD 

experiments were performed at the Oak Ridge National Laboratory Center for Nanophase 

Materials Sciences Functional Hybrid Nanostructure Laboratory. In both cases, molecular 

oxygen and water vapor atmospheres were compared. Water vapor atmospheres were 

achieved by leaking pure water vapor from a saturated vessel into MBE and PLD growth 

chambers. In all cases Ga-terminated c+ unipolar GaN substrates were used. The 

substrates were prepared by chemical vapor deposition using a process described in the 

literature by Mita et al.208 MgO growth was monitored by reflected high-energy electron 

diffraction (RHEED) using a K-space data acquisition system with a 10 kV accelerating 

voltage. Plots of specular intensity vs. time as well as final images were used to assess 

growth mode and surface roughness.  Atomic force microscopy (AFM, Asylum MFP3D) 

in tapping mode was used to measure the terminal surface morphology. In MBE and PLD 

substrate temperatures were maintained in the range between 100 °C and 400 °C. 

Crystallinity and orientation were evaluated by x-ray diffraction using a Bruker D-5000 

and a Panalytical Empyrean 4-circle diffractometer. Electrical properties of the MgO 
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films were investigated by making metal-insulator-semiconductor (MIS) capacitors using 

Si-doped n-type GaN. Sputtered Pt dots and In metal were used to make contact to the 

MgO and GaN surfaces, respectively. Current vs. voltage was measured for the MIS 

capacitors using a Keithly 12345 electrometer. 

 

8.4 Results 

Initial attempts at MgO deposition using MBE involved an exploration of 

substrate temperatures with a constant cell temperature of 375 °C (which produces an 

incident Mg flux of 4 x 1014 /cm2·sec) and a constant water vapor pressure of 1x10-5 Torr. 

Figure 8.1 shows a RHEED data comparison for a substrate temperature of 250 °C, the 

data are representative of all temperatures explored. Figure 8.1(a), the specular intensity 

profile for molecular oxygen, features an effectively time-independent specular intensity 

and a spotty terminal RHEED pattern indicating transmission and a rough surface. In 

contrast, Figure 8.1(b) shows the intensity profile for a water atmosphere, which features 

several pronounced intensity oscillations and a terminal RHEED pattern that remains 

streaky, thus a smooth termination.  
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Figure 8.1: Intensity vs. time of the RHEED specular reflection for a) MBE deposition of 
MgO in a water vapor atmosphere, and b) for MBE deposition of MgO in a molecular 
oxygen atmosphere. 
 

It is noted that for deposition in water vapor, the Mg shutter was not closed after 

the third oscillation; material accumulation slowed dramatically despite additional metal 

and oxidant impinging upon the surface. For deposition temperatures below 400 °C, i.e., 

those that maintain hydroxide termination, the growth rate (as measured by RHEED 

oscillations and profilometry) slowed to a negligible level. We explain this observation 

via the report of Geneste et al., who modeled the reactive evaporation of Mg in molecular 

oxygen and determined that MgO accumulates by the interaction of mobile Mg adatoms 

with O2 molecules adsorbed to a surface oxygen vacancy. O2 molecules not associated 

with a surface defect do not react with Mg. Consequently, we propose that in both 

atmospheres the initial deposition occurs by Mg scavenging the GaN native oxide to form 

an MgO monolayer – the thermodynamic driving force for this reaction is -130 kcal/mol 

oxygen. This new surface will contain defective sites that support the surface-assisted 

growth mechanism proposed by Geneste209,210. For molecular oxygen, this process occurs 
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continuously, while for water vapor, the reaction will occur for several monolayers, but 

quickly slow to an effectively negligible rate as the surface becomes fully hydroxylated. 

Presumably, the surface no longer contains vacant sites that catalyze the oxidation 

reaction at the rate possible for an MgO surface. This mechanism is consistent with Liu et 

al., who reported XPS analysis of MgO surface hydroxylation in water vapor. Liu found 

that under conditions similar to the present (pH2O ≥ 1x10-5 Torr) MgO surfaces form 

nearly complete monolayer of hydroxide by dissociative chemisorption. After initial 

hydroxylation, additional water accumulation occurs by physisorption, under which 

circumstances, the sticking coefficient of H2O drops by several orders of magnitude153. 

We propose similar behavior during MBE deposition, where a fully hydroxylated surface 

dramatically slows Mg oxidation, and thus film growth. In contrast, growth in molecular 

oxygen enables an MgO surface to be continuously maintained so that films accumulate 

at a constant rate. 

To facilitate MgO growth in water vapor with a continuous accumulation rate, 

additional energy must be added to enhance surface reactivity. This possibility was tested 

by using PLD, where a combination of kinetic energy and chemical energy is provided by 

rapid expansion of the evaporant flux, and its simultaneous interaction with the beam to 

form a plasma. There are several literature reports of water-vapor based RF and laser 

plasmas showing dissociation of H2O into predominantly H2 and OH-, the latter of which 

exhibits a substantially stronger electron affinity than molecular water211. It is thus 

sensible to predict that PLD growth in H2O will provide energetic oxidizing species that 

do not rely on surface defects or dissociative chemisorption to oxidize Mg. 

PLD of MgO on GaN was explored at the Oak Ridge National Laboratory Center 

for Nanophase Materials Science. To the extent possible, conditions were established to 

mimic those used in the NCSU MBE. A series of optimizations identified the following 

growth conditions: a substrate temperature of 200 °C, a 20 mJ KrF beam, 0.3 cm2 spot 

size, a target-to-substrate separation distance of 4 cm, 1x10-4 Torr background H2O vapor 

pressure, and a 10 Hz laser repetition rate. These conditions produce a growth rate of ~ 5 
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seconds/monolayer. Growth was monitored by RHEED with an acceleration voltage of 

20 kV and again, data was collected using a k-space automated acquisition system. 

Figure 8.2 shows a series of RHEED specular intensity oscillations vs. time for MgO 

films as a function of substrate temperature.  

 

 

Figure 8.2: Intensity vs. time of the RHEED specular reflection for PLD of MgO in a 
water vapor atmosphere at 150 °C, 200 °C, and 250 °C. At 200 °C, RHEED oscillations 
persist for the longest time suggesting an optimal combination of hydroxide stability and 
surface adatom mobility. 
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The persistence of oscillations was used to identify the optimal conditions. At 

150 °C the substrate temperature is likely too low to allow sufficient surface mobility to 

preserve crystal quality, while at 250 °C, the film surface is too hot to maintain a 

surfactant termination. For reference, bulk thermodynamic calculations show that 

Mg(OH)2 is unstable at temperatures above ~250 °C, which is consistent with our 

experimental results. In either case, the oscillations damp rapidly, indicating a transition 

to a three-dimensional mechanism. In comparison, deposition at 200 °C provides the 

longest duration of intensity oscillations, thus layer-by-layer growth. A similar series of 

experiments was conducted where deposition pressure was varied from 10-2 to 10-5 Torr. 

A pressure of 1x10-4 produced the most RHEED oscillations, however, more than one 

order of magnitude in pressure change, higher or lower, was required to observe a 

noticeable effect. 

These experiments demonstrate that unlike the equilibrium environment of MBE, 

the PLD environment provides energetic and chemically active species that enable Mg 

oxidation and the accumulation of an MgO film in a layer-by-layer mode. It remains to be 

seen, however, if the presence of water is responsible for the growth mode and the 

smooth termination. Comparing directly two MgO films grown in molecular oxygen and 

water vapor, all other conditions identical, addressed this question. Figure 8.3 shows time 

dependent RHEED data for two MgO films grown in molecular oxygen and water vapor, 

all other conditions identical. For the oxygen-grown sample, seven oscillations, or 

approximately 3 unit cells of MgO accumulate prior to a flat profile, thus a transition to 

3-D growth. For the water-grown sample, we can identify 52 oscillations prior to 

substantial damping. Furthermore, the insets of Figure 8.3 show terminal RHEED images 

for each run: the image for water-grown material is streaky, indicating a smooth terminal 

surface, while the image for molecular oxygen has pronounced transmission 

characteristics, indicating a comparatively rough surface. AFM topography images were 
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also collected for the oxygen and water grown materials. Figure 8.4 shows the direct 

comparison at an equivalent film thickness of 4.5 nm, or approximately 20 MgO 

monolayers. In both images, the parent structure of the GaN growth spirals is present. In 

the case of molecular oxygen however, each terrace is covered with many small MgO 

grains while in the case of water vapor, the terraces are smooth and featureless. These 

surface microstructures are consistent with the streaky versus spotty characteristics of the 

RHEED images for water and oxygen-grown materials, respectively. 

 

 

 

Figure 8.3: Intensity vs. time of the RHEED specular reflection for PLD of MgO at 
200 °C in a) a water vapor atmosphere where 52 discrete oscillations can be seen, and b) 
a molecular oxygen atmosphere where only 9 discrete oscillations can be seen. Static 
RHEED images are shown for both at the end of deposition. The film grown in water 
maintains a streaky pattern. 
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Figure 8.4: AFM images of 4.5 nm thick MgO films prepared in a) water vapor, and b) 
molecular oxygen, all other conditions identical. The surface prepared in water exhibits a 
step-and-terrace morphology with featureless terraces, while the surface prepared in 
oxygen shows terraces covered with small grains. The latter is consistent with a film that 
transitioned to 3-D growth. 
 

The final aspect of this study explores the impact of the morphology control on 

electrical properties. Capacitors of 4.5 nm thickness- the same thickness used for AFM 

comparisons- were prepared on n-type GaN substrates. Pt dots were deposited by 
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sputtering through a shadow mask to define top electrodes (electrode areas ranging from 

2.14x10-3 – 0.38x10-3 cm-2). Contact to the GaN was made by In metal pads. Leakage 

current was measured for MgO prepared in wet and dry conditions, the comparison is 

shown in Figure 8.5. When the GaN substrate is in accumulation (positive voltage) the 

leakage currents through MgO are between 10 and 100 times smaller for the smooth 

water-grown films. This is consistent with the expectation that the asperities present on 

the faceted films will concentrate the electric fields and create high-leakage pathways. 

 

 

 

Figure 8.5: Leakage current vs. applied electric field for 4.5 nm thick MgO films 
prepared in a) water vapor, and b) molecular oxygen, all other conditions identical. The 
film prepared in water exhibits field dependent leakage that is between 10x and 100x 
lower than for the film prepared in oxygen. The data points for each are averages 
collected from 20 individual dot capacitors, with error bars indicating the calculate 
standard deviations. 
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8.5 Conclusions 

The extension of surfactant-assisted deposition to pulsed laser deposition is 

demonstrated for {111} oriented MgO epitaxy on (0002) oriented GaN. The propensity 

for 100 faceting is overcome by using water vapor as the sole oxidant during deposition. 

The laser-induced plasma appears to provide energetic oxidizing species that react readily 

with Mg metal adatoms on the film surface. This is in contrast to MBE-deposition of 

MgO in H2O, where growth effectively stalls after several monolayers of growth. It is 

proposed that after several monolayers, the growth surface becomes completely 

hydroxylated, after which, the sticking coefficient of additional water drops by several 

orders of magnitude. In addition the availability of surface oxygen vacancies, know to 

assist in Mg oxidation, are reduced similarly. AFM images revel a step-and-terrace 

morphology for water-vapor grown material, while films prepared in molecular oxygen 

exhibit a fine and grainy surface. Finally, leakage current measurements of MIS 

capacitors grown in water vapor exhibit current densities between 10 times and 100 times 

lower than films prepared in oxygen. 
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9. Smooth Cubic Commensurate Oxides on GaN 
 
E. A. Paisley, M.D. Losego, S. Mita, J. Rajan, R. Collazo, H.M. Christen, Z. Sitar, M.D. 
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D. Biegalski, and †J-P. Maria 
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9.1 Introduction 

Polar oxide/ polar semiconductor integration provides new opportunities for 

interface functionality that arise from interface electronic heteropolarity. For example, a 

field-tunable interfacial electron gas might be possible at a ferroelectric/pyroelectric 

interface by reorienting the ferroelectric polarization vector. The spectrum of 

functionalities associated with such hybrid materials is far more diverse when compared 

to that associated with isostructural systems, i.e., GaAs/AlGaAs and GaN/AlGaN. 

Demonstrations of such interface property engineering are not available currently, and 

stem primarily from limitations in thin film synthesis. 

The Mg1-xCaxO system (MCO) creates an important opportunity for overcoming 

this oxide-nitride epitaxy challenge because it can be compositionally tuned for perfect 

lattice matching to Al1-xGaxN, it is known to be chemically stable in contact to GaN, and 

both endmembers have sufficiently large bandgap values. It is sensible, consequently, to 

expect this potentially commensurate interface will support a high mobility carrier gas, 

stabilized by the large polarization and bandgap discontinuities. Reducing this concept to 

practice has eluded the thin film community for many years, primarily because oxide 

films could not be prepared on nitride substrates with sufficiently perfect crystal and 

interface quality.  

A principle factor limiting this research is that despite the perfect lattice match of 

Mg0.52Ca0.48O to GaN, epitaxy forces the oxide into an orientation that promotes faceted 

island formation and 3-D growth. This is a consistent challenge oxide/nitride 
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heterostructures where most often, the most interesting property coupling opportunities 

are associated with interfaces that have highly dissimilar structure and symmetry—

precisely the types of interfaces which consistently fail to form the smooth, abrupt 

interfaces required to sustain such 2D gases. Recently, Paisley et al. demonstrated a 

surfactant growth approach to CaO/GaN203,212 heterointegration. Under normal 

circumstances, these oxides form (100)-oriented low-energy facets prior to coalescence, 

thus grainy, though epitaxial, morphologies when prepared with the (111) orientation 

preferred by (0002) GaN. However, using the surfactant approach, the (111) face is 

stabilized and films grow in a layer-by-layer mode. Further, this method is translatable to 

multiple growth techniques including molecular beam epitaxy (MBE) and pulsed laser 

deposition (PLD). Utilizing this technique, we demonstrate by a combination of in situ 

electron diffraction (RHEED), scanning transmission electron microscopy (STEM), and 

atomic force microscopy (AFM), a smooth commensurate alloy film of CaO and MgO 

(Mg0.52Ca0.48O) on a (0001)-GaN substrate; precedents for such structurally perfect oxide 

film on GaN are not available currently. Structurally perfect interfaces shown here are a 

critical enabler for the hybrid oxide/nitride technologies envisioned. 

As described in detail elsewhere203, our surfactant approach is based on a 

hydroxide termination of MgO or CaO to stabilize the (111)-face. In principle, by 

incorporating a water vapor surfactant during MCO deposition, we can selectively 

stabilize a 2-D growth mode where MCO accumulates underneath a proposed transient 

~monolayer-thick Mg0.5Ca0.5(OH)2 surface. Although this technique has been previously 

demonstrated for both MgO and CaO separately, a unique challenge arises for the alloy 

system; although the relative free energies of formation for MO and M(OH)2 provide an 

adequate synthesis window to support the surfactant-assisted growth mode for Mg and Ca 

alone, the windows do not overlap in temperature at pressures available to MBE. This 

limitation has been determined by experiment and surface energy ab initio calculations. 

Calculations teach that Mg(OH)2 is only stable for temperatures up to 80 °C at 10-5 Torr, 
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while experiments show that temperatures greater than 200 °C are required for Mg and 

Ca surface diffusion rates that optimize film crystallinity.  

In this communication, we report a series of experiments by molecular beam 

epitaxy (MBE) demonstrating the ability to tune the MCO composition for ideal lattice 

matching to GaN, however, AFM analysis reveals an extreme thickness limitation for 

smooth growth. A companion set of experiments using PLD show a means to overcome 

this situation associated with the ability to prepare films at higher ambient pressures. 

 

9.2 Experimental Procedure 

Mg0.52Ca0.48O films were prepared by MBE and PLD. In the case of MBE, MCO 

growth occurred by simultaneous reactive evaporation of Mg and Ca metal from 

conventional effusion cells with appropriate metal fluxes (discussed below) to achieve 

the desired composition. For PLD, MCO growth occurred by ablation of a Mg0.62Ca0.38 

metal alloy target. In both cases, the use of molecular oxygen and water vapor 

atmospheres was compared. Water vapor atmospheres were achieved by leaking pure 

water vapor from a saturated vessel into the growth chamber. In all cases Ga-terminated 

c+ unipolar GaN substrates were used. The substrates were prepared by chemical vapor 

deposition using a process described in the literature by Mita et al.51 MgO growth was 

monitored by RHEED where plots of specular intensity vs. time were used to assess 

growth mode and surface roughness. RHEED data was collected in real time using a K-

space data acquisition system. AFM (Asylum MFP3D) in tapping mode was used to 

measure the terminal surface morphology. Substrate temperatures were maintained in the 

range of 150 °C to 350 °C as measured by an infrared pyrometer. Crystallinity and 

orientation were evaluated by x-ray diffraction using a Panalytical Empyrean 4-circle 

diffractometer. Electrical properties of the MCO films were investigated using metal-

insulator-semiconductor (MIS) capacitors using Si-doped n-type GaN. Sputtered Pt dots 

and In metal were used to make contact to the MCO and GaN surfaces, respectively. 
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Current vs. voltage was measured for the MIS capacitors using a Keithly 12345 

electrometer. 

 

9.3 Results 

Recent work by Paisley et al.212 on water vapor assisted growth of MgO on GaN 

showed that sustained smooth MgO growth was not achievable in an equilibrium 

environment provided by MBE. To sustain growth, an energetic and chemically active 

environment that enables Mg oxidation is required. However, it is reasonable to expect 

that an alloy between MgO and CaO may behave differently, where the Ca incorporation, 

which scavenges oxidant from the growth environment much more readily than Mg, may 

help to promote oxidation of MCO even under equilibrium conditions133. Therefore MBE, 

which provides an easily controlled and modified flux environment to alter the MCO 

composition was first investigated as a route to lattice-matched film growth. 

Mg and Ca metal flux ratios were adjusted to achieve lattice-matched 

Mg0.52Ca0.48O composition. Film compositions were determined measuring the {002} 

interplanar spacing, calculating the lattice constant, and applying Vegard’s law. Lattice 

constant calculations from RHEED patterns were used as a second measurement to verify 

trends. On-axis measurements of the {111}-MCO reflection are not possible due to 

2θ overlap with the GaN (0002) peak. Measurements were performed for both MCO 

grown in water vapor and oxygen since the Mg incorporation rate is likely to depend 

strongly on atmosphere. Previous experiments illustrate that MgO accumulation slows 

dramatically when the growth surface becomes hydroxylated. This decrease in MgO 

growth for a hydroxylated surface is also consistent with the decreased growth rate seen 

by Liu, where the sticking coefficient of MgO dropped by ~5x for a fully hydroxylated 

surface153. In contrast, for growth in molecular oxygen, where an oxygen-terminated 

MgO surface is which contains the necessary oxygen deficient sites is maintained, films 

accumulate at a constant rate209. Therefore, in water vapor, a higher Mg:Ca flux ratio will 
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be necessary to achieve the same film composition as compared to an oxygen 

environment. X-ray diffraction results for MCO in oxygen and water for a substrate 

temperature of 300 °C and oxidant pressure of 1*10-5 Torr (both water and oxygen) are 

shown in Figure 9.1. For the case of water, a flux ratio of 5.5:1 Mg:Ca produces a lattice-

matched composition compared to a flux ratio of 1.1:1 Mg:Ca for oxygen. These ratios 

were used for all subsequent depositions. 

 

 

 

Figure 9.1: θ−2θ scans of MCO (200) reflection as a function of MBE Mg to Ca flux 
ratio. Lattice-matched MCO composition of Mg0.52Ca0.48O is given by 40.05° and shown 
by the dashed line. Red dots indicate oxygen-grown MCO samples, while blue dots 
indicate water-grown MCO samples. For the case oxygen, a flux ratio of ~1.1:1 Mg:Ca is 
needed to achieve lattice-matched composition, whereas for water a flux ratio of ~5.5:1 
Mg:Ca is required. 
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Figure 9.2 shows RHEED intensity versus time plots for lattice-matched 

compositions of MCO grown in 1x10-5 Torr water vapor and oxygen at a substrate 

temperature of 300 °C, all other deposition conditions identical. For MCO grown in 

oxygen, there are no intensity oscillations, and at all thicknesses the pattern is spotty, 

similar to the inset showing the pattern at the terminal thickness of 4 nm. The spotty 

pattern arises from beam transmission across a rough growth surface. In contrast, 

pronounced RHEED intensity oscillations are observed for the first 14 monolayers or 7 

unit cells of MCO growth in water vapor. A streaky RHEED pattern, indicating a smooth 

terminal surface, is also observed. It is interesting to note that surfactant-assisted layer-

by-layer growth of MCO is sustained for approximately 14 monolayers at 300 °C, which 

is intermediate to the limits of the compositional endmembers. Under similar conditions, 

layer-by-layer growth is sustained for 3 and 28 monolayers for MgO and CaO 

respectively. For MgO, a low Mg sticking coefficient to a H-terminated surface halts 

growth, while for the case of CaO, strain relaxation ultimately results in step bunching, 

and a transition to step-flow growth. Under ideal circumstances, the lattice matched MCO 

composition is unstrained, thus layer-by-layer growth should be maintained to greater 

thicknesses. The inability to do stems from the insufficient stability of hydroxide 

terminated MgO. The 300 °C substrate temperature is required to optimize crystal quality 

and epitaxy, however, this temperature is likely too high to stabilize the surfactant 

termination, despite the presence of ~ 50% surface Ca. As such, the propensity for 

faceting cannot be completely eliminated, and at some thickness, roughening occurs.  
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Figure 9.2: RHEED intensity versus time and final RHEED patterns for MCO-GaN 
grown in oxygen and water. 
 

 

Figures 9.3a and 9.3b show AFM images for 5 nm thick MCO films gown with 

and without the water surfactant. The differences in surface morphology are evident: for 

the case of molecular oxygen (3a), small epitaxial grains (~ 0.4 µm in size) populate the 

underlying GaN steps, for the case of water vapor (3b) the surface is dramatically 

smoother, and the step and terrace morphology of the underlying GaN remains. A 

thickness of 5 nm was chosen to illustrate the thickness limitation of MBE. In Figure 9.2, 

RHEED oscillations are damped at 14, or 4 nm total thickness. The AFM image in Figure 

9.3(b) is for a 5 nm film, which has ~3 ML of additional MCO accumulated after a 

transition to 3-D growth. Careful inspection of Figure 9.3(b) reveals tiny grains (close to 

the resolution limit of AFM) appearing on each GaN terrace. These likely correspond to 

the film grown after the oscillations subsided. In comparison, for pure CaO, film surfaces 

are flat (to the resolution of AFM) and exhibit sharp step terraces at similar and larger 
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thicknesses. A companion AFM image of a 5 nm thick CaO film is shown in the 

supporting materials. 

 

 

 

Figure 9.3: AFM images of 5 nm MCO-GaN films grown in A) oxygen by MBE, B) 
water vapor by PLD, C) water vapor by PLD.  
 
 
 

The impact of water vs. oxygen morphology on electrical properties was 

investigated using I-V analysis of 4.5 nm Pt-MCO-GaN capacitors prepared on n-type 

GaN substrates. A shadow mask was used to define sputtered top Pt electrodes and In 

was used to contact the GaN. Leakage current was measured for MCO prepared in 

oxygen and water conditions, the comparison is shown in Figure 9.4a and 9.4b, 

respectively. The range between 0 and 1000 kV/cm is of interest as it represents the range 

where n-type GaN exists in accumulation. In this range, the leakage currents are 

consistently two orders of magnitude smaller for the smooth water-grown films compared 

to the rougher oxygen morphology. The lower leakage current density for surfactant-

assisted MCO layers is attributed to the smoother surface free from asperities that 

concentrate locally the applied electric field and enhance conduction. 
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Figure 9.4: I-V analysis of 4.5 nm Pt-MCO-GaN capacitors grown in oxygen (red) and 
water (blue). Water grown samples show leakage current values ~ 100x lower than 
oxygen grown samples. 

 

Previously Paisley et al. demonstrated the efficacy of the water surfactant method 

during pulsed laser deposition (PLD) of MgO. In this case, access to higher deposition 

pressures and energetic laser plasma species (neither available to MBE growth), extended 

the temperature range for hydroxide stability and overcame issues of low Mg sticking 

coefficients. This same idea can be applied to MCO films to further extend the thickness 

to which smooth MCO films can be grown. PLD films reported here were grown at the 

Oak Ridge National Laboratory Center for Nanophase Materials Science. To the extent 

possible, all deposition conditions were tailored to mirror those used during NCSU MBE 

experiments. A series of optimizations identified the following growth conditions for 

lattice-matched MCO: a target composition of 62:38 Mg:Ca, a substrate temperature of 

300 °C, a laser fluence of 1.4-1.5 J/cm2d, a target-to-substrate separation distance of 4 cm, 
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1x10-4 Torr background H2O vapor pressure, and a 5 Hz laser repetition rate. Growth rate 

was measured at ~ 7 seconds/ML using RHEED intensity oscillations. 

Figure 9.5 shows a plot of RHEED intensity versus time data for lattice-matched 

MCO on GaN grown using PLD at 1x10-4 Torr H2O water vapor. The substrate 

temperature was identical to MBE experiments while the deposition pressure was 10 

times higher. For the case of PLD, intensity oscillations are sustained many more 

monolayers, 47 oscillations (~12 nm of MCO) are present in Figure 9.5. Despite this 

substantially larger thickness, the terminal surface is substantially smoother when 

compared to MBE-grown MCO. Figure 9.3c shows an AFM image of surface topography, 

while Figure 9.5b shows the terminal RHEED pattern. Both are consistent with an 

atomically smooth step-and-terrace morphology. The smoother surface and the large 

number of intensity oscillations suggests that the combination of higher pressure and 

energetic oxidizing species stabilized surfactant-assisted layer-by-layer growth to a 

window that can accommodate both Mg and Ca. 
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Figure 9.5: RHEED intensity vs. time and final RHEED pattern for MCO-GaN grown by 
PLD in water vapor.  

 

Finally, MCO-GaN structures were fabricated for TEM experiments. Due to the 

hygroscopic nature of the CaO endmember, MCO films were capped with 10 nm of 

Al2O3 prior to atmosphere exposure. Figure 9.6 shows TEM analysis for 10 nm of lattice-

matched Mg0.52C0.48O on GaN capped with 10 nm of Al2O3. The image shows no 

dislocations due to lattice-mismatch across the interface, suggesting a commensurate 

GaN/ rocksalt oxide interface. 
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Figure 9.6: TEM analaysis of 10 nm of lattice-matched Mg0.52C0.48O on GaN capped 
with 10 nm of Al2O3 
 
 

9.4 Conclusions: 

 Smooth lattice-matched Mg0.52Ca0.48O films were grown on GaN by both MBE 

and PLD using a water vapor surfactant. Similar to the growth of endmember MgO, 

enhanced surface reactivity provided by PLD compared to MBE provided needed 

reactive surface sites to sustain MCO growth past ~14 ML. I-V analysis for Pt-MCO-

GaN capacitors show a 100x reduction in leakage current density. TEM analysis shows 

evidence for a commensurate MCO-GaN interface.
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10.1 Abstract 

Epitaxial integration of PZT (111) with GaN (0002) presents the possibility of 

polarity coupling across a functional-oxide/nitride heteropolar interface. This work 

describes the synthesis and characterization of such thin film heterostructures by 

magnetron sputtering, with specific attention given to process optimization. Using x-ray 

diffraction (XRD) and electrical characterization, the growth of epitaxial PZT (~250 nm) 

on GaN and PZT on MgO/GaN stacks was verified.  A two-stage growth process was 

developed for epitaxial PZT with a deposition temperature of 300 oC and an ex-situ 

anneal at 650 oC, which was effective in mitigating interfacial reactions and promoting 

phase-pure perovskite growth. Electrical analysis of interdigital capacitors revealed a 

nonlinear and hysteretic dielectric response consistent with ferroelectric PZT. 

Piezoresponse force microscopy (PFM) characterization shows clear evidence of 

ferroelectric switching, and PFM hysteresis loop analysis shows minimal evidence for 

direct polarity coupling, but suggests that band offsets which accompany the oxide-

nitride heterostructures influence switching. 
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10.2 Introduction 

Epitaxial integration of ferroelectric PbxZr1-xTiO3 (PZT) with wide band gap polar 

semiconductors, such as GaN (0002), presents the possibility of electrostatically coupling 

the polarization vectors of these dissimilar materials. Further, the re-orientable nature of 

the ferroelectric dipole will allow the charge that must accompany the interfacial 

polarization discontinuity to be modulated systematically. Consequently, a new 

generation of smart high electron mobility transistors (HEMTs) that are non-volatile, and 

simultaneously respond to electrical, thermal, or mechanical stimuli are envisioned, in 

which the oxide functions as a gate material or device passivation layer.129,130, 213 In order 

to take full advantage of this coupling, epitaxial integration of these materials on (0001) 

GaN must be achieved, and though unknown, strong relationships between interface 

structure and chemistry and electronic behavior are almost certainly present.  

Although band lineup resulting in small conduction band offsets is expected due 

to the similar band gaps of most perovskites and GaN, a thin wide band gap insulator 

buffer layer may aid in minimizing leakage current from tunneling. For example, 

previous spectroscopic investigations of SrTiO3 band alignment with GaN indicates a 

negligible valence band offset (ΔEv) of 0.1 eV, and a negative conduction band offset 

(ΔEc) of -0.2 eV (±0.2 eV)64. Alternatively, band offsets between MgO and GaN have 

been shown to be large and sufficient in mitigating leakage currents. Sequential growth 

experiments of MgO on GaN coupled with in-situ XPS53 revealed a valence band offset 

(ΔEv) of 1.2 eV, and a conduction band offset (ΔEc) of 3.2 eV.52 In addition to insulating 

interfaces, the presence of rocksalt buffer layers may also serve a chemical function to 

mitigate reactions with GaN, and a structural function providing an intermediate pathway 

that overcomes the large lattice mismatch between GaN and PZT (~ 11% for PZT/GaN, ~ 

4.4% for PZT/MgO, ~ 6% MgO/GaN).  

Previous reports for PZT on GaN by sol-gel215,217,218, pulsed laser deposition223, 

and sputtering222 have shown phase-pure and textured PZTs with either (111), (110), or 



 
 
 
 
 

 

139 

mixed out of plane orientations.  For the materials that were uniformly (111), the 

expected epitaxial orientation, no evidence of in-plane orientation or measurements of 

crystal quality were reported, thus many questions remain regarding the interfaces 

between PZT and GaN, which are almost certainly play a critical role in regulating 

polarity coupling between the two materials. This paper describes the synthesis and 

characterization of phase-pure, epitaxial (111) PZT/GaN and PZT/MgO/GaN thin film 

heterostructures by RF magnetron sputtering, with specific attention given to optimizing 

epitaxy, identifying the limits of crystalline perfection, and exploring the possibility of 

polar coupling. We present x-ray diffraction, atomic force microscopy, and electrical 

characterization of epitaxial PZT films directly on GaN (0001) and with a ~20 nm thick 

MgO buffer layer.  Additionally, we report piezoresponse force microscopy (PFM) 

characterization of PZT films prepared with and without MgO interface layers to 

demonstrate poling ability and ferroelectric switching. 

 

 
10.3 Experimental Procedure 

Rocksalt oxide films were deposited via MBE on MOCVD-grown, Ga-polar, 

insulating GaN (0002) templates: details regarding the preparation of each are given by 

Collazo et al. and Craft et al.175 PZT films were grown using RF-magnetron sputtering on 

GaN and MgO/GaN templates with a target composition of either: 

(Pb0.98La0.02)(Zr0.5Ti0.5)O3 with 10% excess Pb and (Pb0.98La0.02)(Zr0.3Ti0.7)O3 with 15% 

excess Pb. The morphotropic composition with 2% La doping was chosen to enhance 

insulation resistance via ionic compensation of anion vacancies that often accompany 

film preparation under low oxygen partial pressures. The growth chamber base pressure 

was 5x10-8 Torr and 10 mTorr Ar with 10% oxygen was supplied during film growth. 

Films were grown to a target film thickness of 250 nm, at temperatures ranging from 300 
oC to 650 oC with an RF power of 5.9 W/cm2. All films were annealed ex situ, in air, at 
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650 oC for 30 minutes. Interdigitated Pt top electrodes were prepared by photolithography 

using a conventional dc magnetron sputter deposition and lift-off process. X-ray 

diffraction and impedance analysis were used to characterize the PZT crystal quality and 

the dielectric response.  

 

10.4 Discussion 

Epitaxial PZT films with a target composition ((Pb0.98La0.02)(Zr0.5Ti0.5)O3 with 

10% excess Pb (Zr0.5Ti0.5)) near the morphotropic phase boundary were investigated 

initially. 4-circle x-ray diffraction data demonstrating the phase and texture of optimized 

samples is shown in Fig. 10.1. Conditions were optimized by studying growth 

temperature, pressure, deposition rate, and target-to-substrate distance (not shown). For 

brevity, only the optimized conditions from these experiments are shown, i.e., PZT 

grown at an Ar pressure of 10 mTorr +10% O2, a substrate temperature of 300 °C, and a 

post-deposition anneal of 650 °C in air for 30 minutes. In the as-deposited state, films 

contain pyrochlore, but crystallize into (111)-oriented PZT after annealing for 30 minutes 

in air. FWHM values for ω- and φ- rocking curves were 4.5 ° and 7.0 °, respectively 

demonstrating a limit to crystal quality most likely attributed to the large lattice mismatch 

between PZT and GaN and the discontinuity in structure and chemistry. Reproducibility 

of crystalline perfection and phase content was limited, and pyrochlore formation was not 

always eliminated when conditions were replicated. To improve deposition 

reproducibility, PZT compositions that are slightly richer in Ti and with more excess Pb 

were investigated (with a Zr/Ti ratio of 30/70 and 15% excess Pb), as improved Pb-

stoichiometry and more Ti-rich compositions are known to mitigate pyrochlore formation 

and to promote crystallization214. 
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Fig. 10.1: XRD data for Pb(Zr0.5Ti0.5)O3 on GaN grown with a deposition temperature of 
300 °C and annealed at 650 °C for 30 minutes in air; a) θ-2θ showing phase pure (111) 
PZT on GaN; b) ω-rocking curve of PZT (111) with FWHM values of ~4.5 °; and c) a 
(200) φ-scan with FWHM values ~7.0 °. 

 

Using a companion set of depositions to optimize PZT growth, phase-pure and 

epitaxial (Pb0.98La0.02)(Zr0.3Ti0.7)O3 was achieved on bare GaN templates with a 

deposition temperature of 350 oC  followed by an ex situ anneal at 650 oC for 30 minutes 

in air – the same conditions that optimized the morphotropic composition. Fig. 10.2 

shows XRD data for a series of PZT films prepared over a range of deposition 

temperatures, all annealed after deposition at 650°C in air. For deposition temperatures 

between RT and 300 °C, epitaxial PZT is observed but there is residual PbO2 after the 

final anneal. In contrast, at deposition temperatures above 350 °C, the scans reveal 

reduced PZT peak intensities, and the occurrence of pyrochlore. A substrate temperature 

of 350 °C provides the optimal balance between Pb-excess and the absence of pyrochlore 

in the as-deposited state. Though not shown, XRD data for the as-deposited condition 

showed pyrochlore formation at deposition temperatures above 350 °C; post deposition 

annealing of these films could not convert the residual pyrochlore into perovskite. Fig. 



 
 
 
 
 

 

142 

10.2 also includes omega and phi-scans again indicating epitaxial growth with substantial 

mosaicity.  

The crystal quality of these films was again substantial, as expected due to the 

large lattice mismatch between PZT and GaN and the transition from nitride to oxide 

chemistry. Relatively broad ω- and φ- rocking curve values of 3.1° and 6.4°, respectively 

were measured. Additionally, two in-plane orientations are observed with φ-peaks 

separated by 60°. Similar in-plane twinning has also been observed for (111) PZT on 

GaN215 and (111) PZT on sapphire216. Though mosaic spread is quite large in these PZT 

films, they show in-plane orientation, and thus crystallographic registry at the PZT/GaN 

interface. It is noted that several groups have been able to demonstrate strongly out-of-

plane-oriented (111) PZT on hexagonal GaN, the present however is a demonstration of 

true epitaxy21,217-219. In several reports randomly in-plane oriented PZT was 

observed220,221 despite the use of buffers layers such as PbTiO3/PbO in one instance222. 

Recently, Li et al.223 demonstrated a single θ-2θ scan for (111) single oriented, phase 

pure PZT on GaN however no information was given regarding mosaicity along other 

axes. The challenge associated with balancing Pb-stoichiometry and thus preparing 

phase-pure PZT is likely the barrier that challenges epitaxy. The hexagonal nitride 

template further complicates this process as it does not provide a nucleation template that 

is similarly effective to more common oxide growth surfaces like SrTiO3 that favor 

perovskite vs. pyrochlore nucleation. 
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Fig. 10.2: a) PZT/GaN deposition temperature sequence for films deposited directly on 
GaN at the deposition temperature shown followed by an ex-situ anneal at 650oC for 30 
minutes in air. A deposition temperature of 350 °C results in phase-pure, epitaxial PZT 
(111); b) PZT (111) rocking curve (FWHM: 3.1o); and c) PZT {200} phi scan (FWHM: 
6.4o). The rocking curves are collected for PZT films grown with a deposition 
temperature of 350 oC and annealed at 650 oC for 30 minutes in air. 
 

Additional evidence of the small processing window supporting phase-pure 

epitaxial PZT on GaN is seen by comparing the AFM images shown in Fig. 10.3, that 

show PZT surfaces deposited at the optimum temperature of 350 oC and at 400 oC. A 

large change in film morphology is evident; both an increase in surface roughness (1.4 

nm at 350 oC and 2.2 nm at 400 oC) and a substantial decrease in grain size are observed 

within a 50 oC processing window. These morphological changes are explained by the 

fact that for 350 °C deposition, crystallization to PZT occurs from a primarily amorphous 

precursor state, while for 400 °C deposition, crystallization to PZT occurs, at least in part, 

by a pyrochore-perovskite transformation. The more heterogeneous nature of the parent 

pyrochlore-containing film should be associated with a higher density of nuclei, thus a 

final film with finer grains. 
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Fig. 10.3: AFM comparison of PZT films grown with an optimum deposition of a) 350 
oC and films grown with a deposition temperature of b) 400 oC. Both films were 
annealed at 650 oC for 30 minutes in air after deposition.  

 

 

To this point, all optimizations involved tuning the deposition temperature, which 

controls in principle the as-deposited Pb-content and the quantity of pyrochlore prior 

to final crystallization. Using a constant 350 °C deposition temperature, a range of 

final crystallization temperatures was also explored. Crystallinity and stability was 

assessed by x-ray diffraction where relative PZT peak intensities and evolution of 

additional crystalline phases indicated crystalline orientation and the onset of 

unwanted reactions respectively. The results are shown in Fig. 10.4. All films were 

deposited at 350 °C, then annealed for 30 minutes at temperatures ranging from 500-

750 °C. The data in Fig. 10.4 show that the minimum temperature for epitaxial PZT 

was 650 °C, it is interesting to note that 650 °C is the same minimum temperature 

found by Losego et al.172 for epitaxial BST on GaN. For higher annealing 

temperatures, the PZT reflection intensity does not change appreciably up to to 750 °C. 

When annealing temperatures exceed 800 °C additional reflections occur, 
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corresponding presumably to interface reactions. This is similar to the results found by 

Losego et al.172 for epitaxial BST on GaN, which were stable until 900 °C in forming 

gas (99% N2/ 1%H2). 

 
 

 

Fig. 10.4: Annealing studies of PZT-GaN stacks. (a) PZT was deposited with a substrate 
temperature of 350 °C, then annealed for 30 minutes in air at the temperatures shown. 
Minimum annealing temperature for phase pure (111) PZT is 650 °C. Thermal stability 
of PZT-GaN stacks was also investigated. PZT-GaN is stable for temperatures up to 
800 °C. 
 

Interdigitated capacitors were prepared on the PZT surfaces. The geometry 

featured 20 µm wide fingers separated by 3 µm gaps. Each capacitor had 16 fingers that 

were 100 µm long. Fig. 10.5 shows capacitance versus voltage curves measured for 

PZT/GaN films that reveal a nonlinear and hysteretic dielectric response characteristic of 
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PZT. For all electrical measurements, the PZT film thicknesses was >240 nm. Based on 

previous experience with planar capacitors, at this combination of gap spacing and film 

thickness one can roughly approximate that the planar dc tuning field as applied 

voltage/gap width. In this context, the dielectric tuning is uncharacteristically low (~19%) 

and the dielectric loss is high. We speculate that the very modest crystal quality of PZT 

directly on GaN is responsible for this smallish dielectric nonlinearity.  

 

 

Fig. 10.5: (a) C-V curve (19% tuning) of PZT/GaN film (~340 nm) grown with a 
deposition of 350 oC and annealed at 650 oC for 30 minutes in air using 
interdigitated electrodes. (b) C-V curve (31% tuning) of PZT/MgO/GaN film 
(~240 nm) grown with a deposition of 400 °C and annealed at 650 °C in air using 
interdigitated electrodes. 
 
 

PFM analysis of the same PZT-GaN heterostructures are shown in Fig. 10.5. 

Measurements were taken away from an electrode, directly on the PZT surface. Fig. 10.5 

shows 2.5 µm x 2.5 µm images of PZT (a) PFM amplitude; and (b) PFM phase for a 

surface with three regions: (i) virgin surface, (ii) poled +10 volts, and (iii) poled -10 volts 

prior to imaging. From these two images, the following conclusions can arguments can 

be made. The amplitude response in the unpoled state is finite, but increases substantially 
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upon poling. This suggests a modest alignment of domains in the as-deposited condition, 

and the ability to reorient domains in either polarity. The magnitude of the piezoresponse 

is similar for both poling directions and the as shown in the piezoresponse hysteresis 

traces, the electromechanical response is symmetric with voltage. 

This is in contrast to the work of Stolichnov et al. who reported that for (111) 

PZT on GaN, a random polarization orientation was found for the as-deposited state219, 

and that the polarization could be switched under negative bias but not under positive 

bias. Their are numerous differences separating the preparation methods of this and 

Stolichnov’s reports, and though none can be attributed directly to the contrast in 

piezoresponse, the peculiarities of each PZT/GaN interface are likely influential. 

Furthermore, the clear, symmetric, and hysteretic response observed in the PFM 

measurements suggests that interfacial polarity coupling between PZT and GaN is not 

present, as a voltage asymmetry would be expected otherwise. As such, one must 

conclude that the PZT/GaN interface is electrostatically neutral. Both materials are polar 

with non-equal dielectric displacements normal to the interface plane, thus a polar 

discontinuity must exist and be compensated by a mechanism, like chemical mixing, or 

surface reconstruction, that does not involve or bias ferroelectric switching. 
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Fig. 10.6: (A) 2.5x2.5 µm2 surface topography, (B) PFM amplitude and (C) PFM  phase 
for optimized PZT-GaN films of 240 nm thickness collected on bare PZT surface away 
from an electrode location. Square domain patterns were poled with -10 Vdc applied to 
1.5x1.5 µm2 region and +10 Vdc applied to 0.75x0.75 µm2 region. (D) Piezoresponse 
hysteresis loops measured on bare PZT surface showing clear ferroelectric switching 
behavior. 
 

Structural and electrical analysis of PZT on GaN reveals modest PZT film quality 

despite substantial process optimization. Substantial lattice mismatch and structural 

dissimilarity between the PZT and GaN likely responsible for these limitations. It is 

possible that communication between the two polar vectors can be enhanced by 

improving interfacial and crystalline quality. Therefore, we explore the impact of rocksalt 

interfacial layers that mediate lattice mismatch and provide a more chemically familiar 

nucleation template.  
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To explore this possibility heterostrutures incorporating ~20 nm MgO interface 

layers between PZT and GaN were prepared and analyzed. 111-oriented MgO was 

deposited on GaN substrates by MBE224 to a target thickness of ~20 nm. Samples were 

transferred in-vacuo to the PZT sputtering system used in the experiments above. A 

similar film optimization process was conducted as in the case of PZT/GaN, and again, a 

two-step process was found to yield the most structurally appealing films. Fig. 10.6 

shows XRD results for a set of PZT samples grown over a range of temperatures on 

MgO/GaN substrates. A deposition temperature of 400 °C (slightly higher than for PZT 

directly on GaN) and an ex-situ anneal at 650°C in air for thirty minutes produced phase 

pure 111-oriented PZT on MgO/GaN with the most intense and narrow diffraction peaks. 

As observed in the previous optimization, growth temperatures below 400 °C yield 

polycrystalline PZT, while growth temperatures above 400 °C are accompanied by 

pyrochlore formation. 
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Fig. 10.7: A) PZT/MgO/GaN deposition temperature sequence. Films deposited directly 
on GaN at the deposition temperature shown followed by an ex-situ anneal at 650oC for 
30 minutes in air. A deposition temperature of 400 °C resulted in phase-pure epitaxial 
PZT on MgO/GaN stacks. B) ω-rocking (FWHM: 3.3 °) and C) phi scan (FWHM: 
5.2 °) of PZT/MgO/GaN film grown with a deposition temperature of 400 °C and 
annealed at 650 °C for 30 minutes in air. 

    

Figs. 10.6(b,c) show x-ray diffraction rocking curves in the omega and phi-circles 

for PZT films grown on MgO interface layers. In comparison to similar scans on 

PZT/GaN structures a roughly 25% reduction in mosaicity is observed both in and out of 

the film plane. Consequently we expect that this refinement in structure will be reflected 

in an improved dielectric response. Fig. 10.4(b) includes capacitance vs. field 

measurements for PZT on GaN with an MgO interface. In comparison to the PZT/GaN 

case, dielectric tuning in enhanced by almost 40% and loss tangents are reduced 

substantially. 

Thin MgO interface layers offer a clear path to higher crystal and electrical 

quality PZT films on GaN, and it is of interest to identify the minimum thickness that 

provides these benefits. Previous photoelectron attenuation studies of the MgO/GaN 
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stacks by Craft et al.52 showed that MgO coalescence on GaN does not occur until ~12 

nm of growth. Consequently, an MgO thickness that achieves coalescence thickness is 

likely necessary. PZT thin films were prepared on MgO interfaces that are just below, 

and just above the coalescence limit. X-ray diffraction and electrical property analysis 

showed that the advantages of MgO were only realized upon layer coalescence. For MgO 

buffer layer thicknesses below 12 nm, PZT was similar to those found for PZT directly 

on GaN. 

To test for possible coupling, a companion set of PFM measurements were 

collected for PZT on MgO/GaN. Again, comparisons were drawn between the piezo-

response magnitude and phase for un-poled and poled regions of a single film. Fig. 10.7 

shows the summarized results. As in the previous case, the piezoelectric phase image 

covers three regions of PZT (Fig. 8(a)). The outer field is in the as-deposited state, the 

middle field was poled previously at -10V, while the center field is poled previously at 

+10V. The behavior is comparable to the case without MgO; both polar orientations (“up” 

and “down” with respect to the film surface) are stable after poling, and the un-poled 

domains exhibit a modest preferred orientation. Fig. 10.7(b) shows PFM switching 

hysteresis for the same film. As in the previous case, a clear and saturating hysteresis is 

observed, but the loop is biased strongly along the voltage axis. The exact nature of the 

voltage shift is not clear, but it must result from a built-in field presumably originating 

from one of the associated interfaces. The direction of bias can be predicted for c+ GaN if 

we assume that the GaN polarity is compensated by a depolarization field (from positive 

surface charges) at the point where the PZT cools through its ferroelectric transition, as 

suggested by Silverman. In this case, the PZT dipoles will orient to populate the interface 

with negative charge, thus a net polarization normal to the substrate. This orientation 

would bias the hysteresis to the right, i.e., more positive bias to switch, which is the 

opposite of the observed trend. An alternative explanation can be offered by considering 

GaN/MgO band lineup. Craft et al. measured the valence and conduction band offsets for 

MgO/GaN and found a 1.5 eV larger valence band offset compared to the conduction 
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band offset. As such, one expects a larger barrier for electron injection from GaN to MgO 

than from MgO to GaN. Consistent with a simple model based on band lineup, this 

asymmetric barrier would produce a negative shift in the PZT hysteresis, since a larger 

negative bias would be needed to overcome this barrier to switch current,  

Finally, it is important to explain why switching asymmetry is not observed in the 

dielectric measurements. The dielectric measurements are made in-plane via 

interdigitated electrodes. The fields are perpendicular to the net polarization, thus cannot 

bias either orientation. 

 

 

Fig. 10.8: (a) PFM phase image for optimized PZT-MgO-GaN films of 240 nm thickness 
with 20 nm MgO buffer layer. Square domain patterns were poled with -10 Vdc applied to 
1.5x1.5 µm2 region and +10 Vdc f applied to 0.75x0.75 µm2 region. (b) Piezoresponse 
hysteresis loops measured on bare PZT surface 
 

 

10.5 Conclusions: 

Phase pure, (111) PZT was achieved on (0001) GaN substrates. Improvement in 

film crystal quality (both film mosacity and in-plane orientation) and dielectric tuning 

were observed for PZT grown with the incorporation of a (111) MgO buffer layer, above 

the coalescence point on GaN.  
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PFM analysis shows clear hysteresis expected for PZT films grown directly on 

GaN and with MgO buffer layers. However, if coupling between the polarizations of 

GaN and PZT is expected, a voltage shift should be present to compensate additional 

voltage needed to switch the PZT polarization vector, overcoming the initial PZT/GaN 

polarization coupling. This asymmetry in the ferroelectric switching voltage is not 

present for PZT films grown directly on GaN suggesting that the PZT/GaN interface is 

electrostatically neutral. Since a polarization discontinuity is expected across the 

PZT/GaN interface, it is likely that this discontinuity is compensated through interface 

chemical mixing or reconstruction.  

In contrast, PFM analysis of PZT grown on MgO buffer layers shows a bias in 

ferroelectric switching voltage, however, the shift occurs in the direction opposite to that 

expected for PZT grown on GaN where the PZT polarization follows the GaN surface 

depolarization field. The observed voltage shift then is thus attributed to the large band 

offset provided by the MgO buffer layer. 
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 To study the effect of the GaN surface chemistry on subsequent rocksalt oxide growth, 

preliminary surface treatment experiments involving chemical exposures were conducted by 

Losego and Craft64,162. The present work builds upon these earlier studies by investigating the 

impact of surface terminations resulting from etching chemistries that strip GaN native oxide 

layers. This work also leads to the idea of alternative surfactant choices, namely MgCl2, that 

should behave similarly to Mg(OH)2 but provide access to higher-temperature stability 

regimes. While incomplete, progress in understanding these chemical effects is presented in 

this chapter. 

The standard etchant used in this study was identified by M.D. Losego in his Ph.D. 

thesis, Interfacing Epitaxial Oxides to Gallium Nitride162, most successful to reducing 

leakage currents associated with the GaN-oxide interface. The specific chemistry was 

originally reported by a group at the University of Florida225. The etchant involves a 1 minute 

dip in 50:50 HCl:water solution followed by a 1 minute dip in 1:99 HF:water solution. In his 

thesis, Losego reports a “selective deposition” process depending upon the order of these 

etchants. For example, MBE MgO growth in oxygen ambient in the temperature range of 

250 °C was observed for an HF-last sample, but was suspiciously absent for an HCl-last 

sample, i.e., the etch order was reversed. The recent explorations and opportunities of 

surfactant-assisted growth pioneered in this work necessitate a revisit of these surface 

chemistry effects in the context of surfactant possibilities. The data presented in this section 

provides an initial framework to connect the seemingly disparate observations. Most 

importantly, because Cl-termination may act similarly to OH-termination according to bulk 

thermodynamics (see Figure 11.1), the aim of this work was to attempt to tie the results of 
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Losego’s Cl-terminated GaN to similar behavior seen for MBE growth of MgO on OH-

terminated GaN.   

Figure 11.1 teaches that at temperatures less than ~490 °C, MgCl2 exhibits a lower 

surface energy than MgO. Additionally, MgCl2 has a 6-fold symmetry (similar to Mg(OH)2) 

and exhibits an anion sublattice with good atomic registry to the anion sublattice of (111) 

MgO. Therefore, it is sensible to predict an analogous scenario to the case of Mg(OH)2, 

where MgCl2, can diffuse to the surface of the oxide forming a transient surfactant skin. The 

surface versus bulk energetic arguments are strikingly similar. 

  

 

 
 
Figure 11.1: Temperature dependent bulk thermodymanic stability data for MgO and MgCl2 
energies of formation. The two plots intersect at a value of ~490 °C.  
 

 

 
 

To test this idea, two GaN substrates were etched with the following treatments: 
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• HCl-last GaN: GaN substrate etched with 1% HF:water for 5 min, then 50% 

HCl:water for 5 minutes. Rinsed with DI water and heated in vacuum to 

500 °C. 

• HF-last GaN: GaN substrate etched with 1% HF:water for 5 minutes then 

rinsed with DI water and heated in vacuum to 500 °C. 

 

The nomenclature HCl-last GaN and HF-last GaN will be used throughout this 

chapter to reference each of these surface treatments. The initial step in this exploration used 

XPS to determine the presence of residual etch species after each etch cycle. Spectroscopic 

investigations of the Cl 2p photoelectric line for each GaN surface are shown in Figure 

11.2(a). In the case of HF-last GaN, no Cl was detected on the GaN surface. Conversely, for 

the case of HCl-last GaN, Cl was detected on the bare GaN surface. In addition to the 

difference in surface termination seen by XPS, similar studies by Losego show AFM images 

with little change in surface morphology for the two GaN surface treatments. Since AFM is 

not sensitive to the topographic impact of monolayer coatings of chlorine, wetting angle 

measurements, which are extremely sensitive to sparingly thin chemical coatings, were 

collected for the various GaN surfaces using the sessile configuration. Wetting angles for the 

treated GaN surface changed from 68° for a virgin GaN surface to 23° for an HF-treated 

sample, to 10° for an HCl-treated surface, suggesting a surface energy change of the GaN 

surface dependent upon the chemical treatment.  

MgO was next grown simultaneously on each GaN substrate with a growth 

temperature of 475 °C and Mg cell temperature of 365 °C with a flux of ~ 4x1014 atoms·cm-

2·s-1. XPS survey scans of MgO-GaN films are shown in Figure 11.2(b) for thin samples of 

MgO grown on HCl-last GaN and HF-last GaN. No effort was made to correct for charging 

since chemical state information was not of interest. Thicknesses were calibrated using 

conventionally etched GaN, i.e. HF-last samples, revealing a deposition rate of ~2.3 nm/min. 

To monitor the change in MgO deposition rate using XPS, the oxide thickness was kept 

below the coalescence thickness for MgO (~12 nm)52. In such cases, GaN and MgO features 
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can be monitored simultaneously (GaN features are indicated by asterisks) as shown in 

Figure 11.2(b), and, provided the growth mode is known, the relative intensities can be used 

to estimate MgO coverage and thickness. Films were deposited for 106 seconds or ~ 4 nm of 

MgO on HF-last GaN. This method is particularly attractive as it allows one to estimate 

thickness with near-monolayer resolution completely in situ. 

Figure 11.2 shows comparison survey scans for MgO grown using identical 

conditions on each treated GaN surface. A cursory view reveals a substantial increase in the 

intensity of the GaN features for the HCl-last surface, suggesting a growth rate on Cl-last that 

retarded by approximately two times. Importantly, contrary to what was suggested by Losego, 

MgO growth was still observed for the HCl-last surface.  
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Figure 11.2: XPS study of MgO grown below the coalescence point on HF-treated 
GaN and HCl-treated GaN with the same conditions and deposition time. A) Cl 2p 
for bare GaN substrate treated with 50:50 HCl:water for 5 minutes (in red) and 
1:100 HF:water for 5 minutes (in blue). B) survey scan for MgO on each GaN 
surface. The asterisks indicate GaN-related features.  

 

Interestingly, a similar reduction in growth rate is seen for MBE growth of MgO on 

OH-terminated GaN surfaces in water atmospheres as discussed in Chapter 9. In this case, 

MgO growth on OH-terminated surfaces was found to be self limited where only two ML of 
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growth occurred at “normal deposition rates” (i.e., the expected deposition rates from 

incident fluxes) after which point the growth rate became negligible. This substantial drop in 

growth rate for a OH-terminated surface is attributed by Paisley et al. to the lack of required 

reactive surface sites or oxygen defect sites needed to continue MgO growth153,209,212. 

Previously, Lui et al. showed that for MgO growth on a fully hydroxylated surface, the 

sticking coefficient drops by 4 orders of magnitude. Thus, after 2 ML of MgO growth, the 

MgO surface becomes fully hydroxylated, causing a sharp reduction in growth rate. An 

extension of this is plausible for either surface termination, Cl or OH, and would explain the 

significant drop in deposition rate for both surfaces. If Cl transiently remains on top of the 

growing MgO film, as hydroxide termination is proposed to do for MgO grown in water 

vapor, then a fully chlorinated surface may also lack the required oxygen defect sites needed 

to sustain MgO growth at a deposition rate consistent with the incident metal and oxidant 

fluxes. The Cl 2p peak was also detected after MgO growth on Cl-terminated GaN, but not 

for HF-GaN. However, due to the low MgO film thickness and slow coalescence, it is not 

clear whether this Cl results from the expected Cl-skin or from only from the GaN surface. 

To elucidate the source of the Cl 2p signal for MgO on HCl-last GaN, a parallel 

experiment was conducted for thick MgO films (much thicker than the coalescence thickness 

of MgO) on each GaN surface treatment and is shown in Figure 11.3. Again, MgO samples 

were grown simultaneously on each GaN surface with the same conditions used in 

experiment 1, however, MgO growth was extended for 6 hours of deposition or ~800 nm of 

MgO for HF-last GaN. Part (a) of Figure 11.3 shows a survey scan for MgO grown on HCl-

GaN. It is noted that no GaN features are present, indicating that the MgO thickness for HCl-

last GaN is past the coalescence point.  

Figure 11.3 (b) shows the Cl 2p photoelectric signal after MgO growth. As indicated 

in the figure, Cl is clearly present, indicating its presence on the MgO surface. Because no 

additional Cl was provided during growth, Cl must have diffused to the surface of the 

growing MgO film in a manner analogous to the Sb surfactant used by Copel135,136. No Cl 

was seen for the HF-last sample, thus eliminating the possibility of a contaminant source. 
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This surfactant-like behavior is not without precedent, upon review of literature exploring 

Ziegler-Natta catalysis reactions, one can find analogous observations226. Similar evidence 

for preferential surface residence of Cl was seen by Magni et al. when growing Mg on top of 

MgCl2 crystals. As a constant flux of Mg is provided, the MgCl2 diffuses to the surface, 

burying the growing Mg film, presumably, this is driven by a reduction of free energy that 

accompanies a MgCl2-like skin. 

Although, the intensity of the Cl 2p peak is much lower for the thick MgO sample 

(Figure 11.3B) than for the bare HCl-last GaN substrate (Figure 11.2A), this result is not 

surprising. The growth temperature of the sample (475 °C) was kept high to facilitate 

diffusion, however, this is very close to the stability temperature for bulk MgCl2. Thus, it is 

likely that some of the Cl surface termination was volatilized during growth, resulting in the 

lower intensity after MgO growth.  

 

 

 
 
Figure 11.3: XPS study for thick MgO on GaN. A) survey scan for MgO grown past the 
coalescence point on HCl-last GaN. C) Cl 2p for MgO on HCl-last GaN. 
 

 

RHEED analysis of MgO films grown in oxygen on HCl-last GaN showed that films 

grew with a 3D growth mode - no RHEED intensity oscillations were observed and the 

terminal RHEED pattern was “spotty”. Although in principle, chlorinated and hydroxylated 
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surface should behave similarly, it is likely that a constant source of Cl will be required (as is 

the case with H2O growth) to persuade growth from a 3D to a continuous layer-by-layer 

mode. A companion experiment was conducted where MgO was grown on GaN initially (i.e., 

two monolayers) with water, and then the ambient was switched to molecular oxygen. MgO 

accumulation on the OH-terminated GaN surface transformed rapidaly to a 3D growth 

behavior when grown near the stability temperature of Mg(OH)2, despite the vertically 

mobile OH- termination. To observe layer-by-layer growth using a water surfactant, for even 

one monolayer, a constant source of water vapor is required. It is likely that near the stability 

temperature for MgCl2, a constant Cl source will also be required and is the reason for the 

observed 3D growth without one. 

Finally, the effect of surface treatment on subsequent MgO crystal quality was 

investigated using XRD. To do so, one half of a GaN substrate surface was treated with a 1% 

HF and DI water solution for 5 minutes, while the other side was masked with photoresist. In 

parallel, the second side of the GaN substrate was treated with a 50% HCl and DI water 

solution for 5 minutes. MgO was then grown on the surface using the same conditions 

discussed above. The Cl-terminated side showed a greater than 55% improvement in both in-

plane misorientation and 22% improvement in film mosaicity for MgO films.  Rocking curve 

FWHM values for ω- and φ− were 0.44° and 1.8° for MgO grown on HF-last GaN, 

respectively and 0.34° and 0.8° for HCl-last GaN. This improvement is similar to that 

observed between oxygen and water growth of MgO. We speculate that the initial monolayer, 

in the presence of the Cl-termination/surfactant, coalesces in the surfactant-assisted mode, 

whose mosaicity is reduced by delaying the onset of island formation. This improved 

structure is template through the remaining thickness despite is sparing thinness and the rapid 

onset of faceting. Alternatively, if facet formation occurs prior to coalescence (as in oxygen 

growth), a complete and continuous layer never forms, and one expects a consequently larger 

mosaic spread, particularly so for in-plane twist. 

Collectively, these data suggest that anions like Cl can provide a similar surfactant 

effect to hydroxide. Though this premise has not been reduced to practice for films of 
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practical thickness in this thesis, the preliminary experiments suggest an interesting pathway 

for future technique development. 
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12.  Conclusions and Future Work: 
 

In this thesis, a new approach to PVD growth of oxides on GaN was developed to 

enable smooth growth of cubic rocksalt oxides on GaN that otherwise default into faceted, 

grainy morphologies that ultimately limit the interface between these two materials. This 

approach is built upon the use of vapor phase surfactants that allow the stabilization of 

desired crystalline habits. In this chapter, a list of significant conclusions drawn from this 

work is given and suggestions for future work are made.  

 

12.1 Conclusions: 
 Surfactant-assisted growth was investigated for three rocksalt oxide materials on 

GaN: CaO, MgO, and MgxCa1-xO. From these experiments, a list of the following 

conclusions can be drawn: 

• Using traditional PVD growth methods, all three oxides (CaO, MgO, and MCO) 

demonstrate a Volmer-Weber growth mode and rough surfaces due to the strong 

preference for rocksalt oxide materials grown along the {111} direction to form the 

lower energy (100)-oriented facets. In all three cases, when grown in oxygen, 

RHEED analysis shows a spotty terminal RHEED pattern indicating a rough, facet 

morphology expected for these material systems.  

• A method to introduce a vapor phase surfactant into the chamber during growth was 

developed by filling a 2 3/4 “ nipple with D.I. water and evacuating to fill the top 

with 10 Torr of water vapor. This was then introduced into the growth chamber 

(either MBE or PLD system) by a leakvalve.  

• For epitaxial (111)- rocksalt oxide growth, the use of a vapor phase water surfactant 

changes the lowest energy face from (100) (as it is in oxygen environments) to (111). 

This enables layer-by-layer growth and therefore a change in growth mode. Layer-by-
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layer growth was demonstrated by both RHEED intensity vs. time oscillations and 

AFM analysis and the technique was demonstrated by both MBE (a equilibrium 

growth process) and PLD (a highly non-equilibrium growth process). The 

stabilization of flat rocksalt oxide surfaces on GaN by water surfactants was predicted 

by ab initio thermodynamic calculations for the range of temperatures of interest by 

Gaddy and Irving for MBE growth. 

• Conditions for optimized layer-by-layer growth of CaO, MgO, and lattice-matched 

MCO were determined for each system and by each growth technique. Optimized 

conditions were determined by crystal quality given by XRD, AFM analysis, RHEED 

intensity oscillations, and electrical I-V analysis.  

• CaO films grown by MBE in a substrate temperature range of 250 °C to 300 °C show 

intensity oscillations up to ~35 oscillations or ~10 nm of smooth CaO growth. 

Thermodynamics calculations predict a temperature transition from smooth to grainy 

growth at ~253 °C. This is less than 50 °C different from the upper limit determined 

experimentally (300 °C) and is within the error for measuring substrate temperature. 

AFM images of surfactant grown films show smooth surface morphologies with a 

step and terrace structure similar to the GaN substrate. I-V analysis of Pt-CaO-GaN 

capacitors 4.5 nm in thickness show a 1000x improvement in leakage current density. 

• MgO growth by MBE using a water vapor surfactant is self-limiting. In this case, 

growth only occurs for ~2 oscillations or 2 ML of MgO before additional 

accumulation becomes negligible by both RHEED and profilometry. The mechanism 

behind this stalled growth is proposed to be caused by a fully hydroxylated MgO 

surface, which causes the sticking coefficient to drop by several orders of magnitude. 

• Equilibrium growth environments provided by MBE, are insufficient to promote 

surface reactivity needed for sustained MgO growth. This can be overcome, however, 

through the use of a laser-induced plasma provided by PLD, which enhances surface 

reactivity to enable surface oxidizing species to continue MgO growth in the presence 

of water vapor. This experiment set also confirmed the utility of the water surfactant 
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method by a PVD process with a highly non-equilibrium growth environment, in 

contrast to MBE. RHEED intensity oscillations and AFM images suggest layer-by-

layer growth for PLD growth of MgO and leakage current measurements show 100x 

improvement for water grown materials by PLD. 

• A similar process was developed for lattice-match MCO to GaN growth by both 

MBE and PLD. For MBE, higher Mg:Ca flux ratios were needed to achieve lattice-

matched composition—a ratio of 5.5:1 Mg:Ca was needed for water grown MCO, 

whereas a flux of 1.1:1 was needed for oxygen grown material. Smooth water grown 

MCO was achieved to ~14 ML and was limited by the Mg hydroxide stability 

temperature compared to the substrate temperatures needed to optimize crystal quality. 

To extend the hydroxide stability window, MCO films were grown by PLD, which 

provides access to higher deposition pressures and therefore, higher hydroxide 

stability temperatures. Smooth MCO growth under these conditions could then be 

sustained for ~15 nm of MCO. Leakage current measurements for Pt-MCO-GaN 

capacitors grown using water vapor show a 100x improvement. Finally, TEM 

analysis of MCO-GaN interfaces shows a commensurate oxide/nitride interface with 

no evidence of dislocations due to lattice mismatch.  

• Attempts to grow a ferroelectric oxide, PZT with a reorientable polarization on GaN 

with a spontaneous polarization were also made. Phase pure, (111) PZT was achieved 

on (0001) GaN with and without MgO buffer layers. MgO buffer layers were 

employed to mitigate problems associated with the large lattice mismatch between 

PZT and GaN and to introduce a large band gap oxide to mitigate expected high 

leakage currents due to the small band offsets between PZT and GaN. Improvements 

in film crystal quality and dielectric tuning were seen for PZT with MgO buffer layers. 

PFM analysis of PZT/GaN and PZT/MgO/GaN stacks demonstrated clear hysteresis 

in both cases, however, bias in ferroelectric switching voltage (expected charge 

compensation that occurs for polarization coupling across an interface) was not seen 

for PZT on GaN. It is proposed that the absence of this bias is due to unwanted charge 
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compensation at the interface from chemical mixing or reconstruction. Although a 

bias is seen for PZT/MgO/GaN stacks, it is predicted that this bias is simply due to 

large band offsets provided by the MgO layer. 

 

12.2 Future work: 
• Alternative surfactant choices: 

Chapter 11 discusses data for MgO grown on Cl- last GaN. As shown in Figure 12.1, 

a Cl source should behave in a similar manner to the water source used in this thesis work. 

Additionally, according to bulk thermodynamics, terminations such as MgCl2 should be 

stable at higher temperatures compared to terminations provided by Mg(OH)2. These higher 

stability temperatures will be important for the extension of this surfactant method to the 

growth of oxides that require higher processing temperatures compared to CaO and MgO, 

such as ferroelectric oxides on GaN.  

 

 

• Epitaxial ferroelectric oxides on GaN: 

An extension of integrating oxides grown along a polar direction, such as 

MgO and CaO (111), is integration of ferroelectric oxides with GaN. Since the 

polarization of ferroelectrics like PZT is higher than that of AlGaN, stronger 

examples of the compensating 2DEG are possible at this interface. Additionally, if it 

is possible to switch the polarization of the ferroelectric, the 2DEG can essentially 

be turned “on” and “off,” creating even more opportunities for rewritable junctions. 

Chapter 10 shows preliminary data for integrating ferroelectric oxides with GaN. 

Although phase pure, epitaxial PZT was demonstrated on GaN, PFM data shows that 

the expected polarization coupling across the interface was not achieved. To enable 

polarity coupling, it is likely that chemically and structurally perfect interfaces 

between the two materials- if possible- will be required. Although improvements in 
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PZT films were observed with the use of ~20 nm thick MgO buffer layers, it should 

be noted the rocksalt MgO buffer layers used in this work, upon which the PZT is 

templated, are not grown using a water surfactant (only oxygen). Therefore, these 

buffer layers, which grow in a {111} direction on hexagonal GaN, tend to form 

(100)- oriented facets on the surface and are limited by their 3-D growth mode, 

which leads to rough films with two in-plane orientations, and may bring about 

degraded leakage current behavior. Thus, one possible route to further improving 

upon PZT/MgO/GaN stacks would be to incorporate the surfactant methods 

developed in this thesis into buffer layer growth. Doing so, should provide a smooth 

growth surface for PZT films while simultaneously providing an electronic buffer 

layer between the two by placing a wide band gap material (MgO) in between two 

materials (PZT and GaN) with very similar band gaps. One enabling feature of the 

NCSU MBE/sputter chamber setup is that two are connected in parallel through a 

loadlock. Therefore, buffer layers deposited with a water vapor surfactant can be 

deposited and then transferred to the sputter chamber for PZT deposition without 

breaking vacuum in between. 

 Alternatively, BaTiO3 (BT) could be used in place of PZT. Eliminating Pb from the 

oxide should make processing easier since difficulty for PZT processing often stems from 

problems associated with the high volatility of Pb, leading to detrimental pyrochlore 

formation. Additionally the lattice mismatch between BT and GaN is smaller than PZT/GaN, 

which should allow for increased crystal quality. Use of surfactants may also be one 

interesting option for BT. Although a water surfactant for BaO should be stable to higher 

temperatures than those available for CaO, it is unlikely that the water vapor stability 

temperatures will be high enough for those required to BT processing ~650 °C. However, Cl 

surfactants, such as the ones discussed above can allow access to higher processing 

temperatures that may enable improved BT-GaN interfaces, crystallographically and 

electrically. Preliminary results (not included in this thesis) for PFM of BT on GaN show 

bias in ferroelectric switching voltages that are opposite in sign for BT grown on c+ and c- 
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polar GaN, suggesting early evidence for possible polarity coupling across this interface. 

Additionally, work by Losego et al. on BST on GaN have shown that the interface between 

these two materials is chemically abrupt by HRTEM. Much additional work on improving 

crystal quality of the BT films and improving the interface, structurally, between these two 

materials to enable enhanced manifestations of polarity coupling is still needed. 

 

 

• Opportunities for further improvement in crystal quality: 

Water-assisted rocksalt oxide films grown on GaN still remain twinned in-plane, 

demonstrating two possible in-plane variants 60° rotated from one another. These twins 

occur because there is equal probability to nucleate either 3-fold twin variant on the 6-fold 

symmetric GaN substrate. Therefore, one opportunity to eliminate twinning in these systems 

is to break the symmetry of the underlying substrate to preferentially nucleate one twin 

variant over the other. This can be accomplished through the use of a miscut substrate. 

Preliminary results for growth of MgO on miscut sapphire with a 0.5° miscut shows strong 

preference for one twin variant over the other, but does not completely eliminate the second 

variant completely. This was accomplished using PLD growth of MgO by PLD with 

optimized growth conditions in O2 (see Chapter 10), however, a substrate temperature of 

600 °C was required—much higher than is required for optimized growth of MgO on GaN 

(~150-200 °C). At substrate temperatures less than 600 °C, epitaxial (111) MgO was not 

achieved on MgO and a polycrystalline MgO resulted. It is not known, however, if this high 

growth temperature is essential to allow sufficient diffusion to facilitate eliminating one twin 

variant or if it is only needed for epitaxial MgO on sapphire.  

The ultimate goal will be to extend this work to GaN substrates. But, this will require 

growth of MOCVD-grown GaN on sapphire substrates with high miscut angles and will need 

to be solved first by the GaN community. This will be extremely difficult, considering that a 

large range of miscuts will be needed. Determining the degree of miscut to eliminate the twin 

variant may be possible for oxygen grown MgO where one can see the facet and grain size 
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through SEM and AFM allowing the miscut angle can be calculated. However, for 

surfactant-assisted MgO that demonstrates smooth surface morphologies with step and 

terrace structures, such a calculation will not be possible and determining the needed angle 

must be empirical.   

Once, miscut GaN substrates are available, work on rocksalt oxides should focus on 

determining the conditions needed to eliminate one twin variant while still maintaining 

smooth oxide growth. It is likely that a small process window will be available for this since 

high substrate temperatures may be required to facilitate diffusion to enable this effect. High 

substrate temperatures may be problematic for hydroxide stability or for Mg reevaporation. 

But, more stable surfactant choices such as Cl discussed above, could help to solve this 

problem.  

Finally it is noted that GaN on miscut substrates will have different surface morphologies 

than those on nominal sapphire. While this should be beneficial to eliminating twinning and 

help sustain prolong step-flow growth, a word of caution is given. Surface morphologies 

have also been observed to play a large role in subsequent oxide growth. CaO grown under 

the same conditions for GaN with different supersaturations and dislocation densities result 

in a wide range of CaO growth behavior. For each GaN surface morphology, it is likely that 

growth conditions will need to be tuned for each surface.  

 

 

• Effect of GaN surface terminations: 

It was observed many times upon observations of RHEED oscillations for all 

three systems- MgO, CaO, MCO- that the surface termination of the GaN influenced 

strongly the first monolayer formation. For example, for both CaO and MgO it was 

observed that presence of the GaN native surface oxide facilitated stronger RHEED 

intensity oscillations and sustained oscillations for longer compared to GaN that was 

treated with 1:100 HF:water etchant prior to growth (known to remove the GaN 

surface oxide). As discussed in Chapter 8 and 9, it is proposed that the first 
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monolayer in each case forms by Mg or Ca scavenging the GaN surface oxide. 

However, additional work is still needed to determine the role of this surface oxide 

on growth and, more importantly resultant interface electrical properties. 
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