
Abstract

MITA, SEIJI. Polarity Control in GaN Epilayers Grown by Metalorganic Chemical Vapor
Deposition. (Under the direction of Prof. Zlatko Sitar.)

Polarity control of gallium nitride (GaN) on c-plane sapphire substrate was studied

via low pressure Metalorganic Chemical Vapor Deposition (MOCVD). Under mass-

transport-limited growth regime with a given process supersaturation, the polarities of GaN

thin films (i.e. gallium (Ga) and nitrogen (N)-polarities) depended on specific treatments of

the sapphire substrate prior to GaN deposition, in addition, identical growth rates for both

polar films were obtained. This ability made the fabrication of lateral polar junction (LPJ)

GaN structures possible. New designs of novel device structures utilizing the resulting

polarity control scheme were developed.

N-polar films were consistently obtained after exposing a H2-annealed sapphire

substrate to an ammonia atmosphere at temperature above 950°C. Ga-polar films were

obtained either by preventing any exposure of the substrate to ammonia prior to deposition or

by depositing the film on a properly annealed low temperature aluminum nitride nucleation

layer (LT-AlN NL) deposited on a previously ammonia annealed sapphire substrate. As-

grown Ga-polar films were generally insulating and smooth surface morphology while N-

polar films exhibited n-type conductivity with carrier concentration approaching 1×1019 cm-3

and a rougher surface morphology.

Following the established polarity control scheme for GaN films, LPJ structures

consisting Ga-polar and N-polar domains side-by-side on a single sapphire wafer were

achieved by utilizing a prior patterned AlN/bare sapphire template. The two regions were

separated by an inversion domain boundary (IDB), which did not hinder the current flow



across it, i.e. no energy barrier for the charge carriers. This in principle showed the

possibility for the fabrication of lateral junctions and lateral based devices within the GaN

technology exploiting polar doping selectivity. Understanding the doping selectivity of the

two different polar domains allowed us to fabricate a lateral p/n junction in GaN by the

simultaneous growth of the p- and n-type regions. Identifying the basic characteristics of a

p/n junction demonstrated that the fabricated structure was a functional p/n diode. For GaN

based junctions, these characteristics were: current rectification, electroluminescence and the

photovoltaic effect under UV excitation.
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1 Introduction

1.1 Dissertation overview

GaN and related III-nitride semiconductor materials are promising for a range of

applications, such as optoelectronic devices and high-power electronics. High luminescence

blue light emitting diodes and InGaN multi-quantum-well laser diodes have been

successfully grown on sapphire substrates.1, 2 In addition, AlGaN/GaN based high electron

mobility transistors (HEMTs) and heterojunction field effect transistors (HFETs) have been

already demonstrated.3, 4, 5 Since most GaN-based devices are fabricated on polar {0001}

surfaces, the electrical and optical properties of GaN-based heterostructures are influenced by

the internal fields induced by spontaneous and piezoelectric polarization.6 Therefore,

performance of GaN-based devices is strongly related to the polarity of III-nitride materials.

Furthermore, from the viewpoint of film growth, the quality of GaN films is influenced by

polarity, since the two polarities, nitrogen (N) and gallium (Ga) polar, have different surface

configurations, compositions and chemistries. These dissimilarities can possibly lead to

differences in the incorporation of impurities and the formation of defects in either Ga- or N-

polar GaN. Therefore, it is very important to determine and control the polarity of GaN.

In this dissertation, the polarity control of GaN films grown on sapphire substrates was

studied using metalorganic chemical vapor deposition (MOCVD). The present chapter will

provide the reader with the general properties of GaN relating to polar characteristic, give a

historical perspective of polarity control studies, and discuss possible applications utilizing

the polarity control scheme. Furthermore, it will suggest how diluent gas composition plays a
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role in the growth of GaN. The second chapter contains a description of the experimental

GaN growth equipment, and thin film growth results in terms of diluent gas composition. In

the third chapter, results from the polarity control of GaN grown on sapphire substrates are

presented and discussed, and the overall scheme for polarity control with respect to substrate

surface treatment is summarized. The fourth chapter provides the scheme for lateral polar

junction (LPJ) fabrication on a single wafer and contains characterization results from the

LPJ. In the fifth chapter, results of n- and p-type doped GaN are presented. The sixth chapter

provides an overview of devices utilizing the polarity control scheme. The seventh chapter

includes a summary and conclusions of the experimental work and suggests topics for future

research.

1.2 Gallium nitride

1.2.1 Overview

The III-nitrides form a continuous alloy system comprising such ternary alloys as

InGaN, InAlN and AlGaN with direct band gaps ranging from 0.7 eV for InN and 3.4 eV for

GaN to 6.1 eV for AlN. They could potentially be fabricated into optical devices which are

active at wavelengths ranging from the infrared into the deep ultraviolet (UV).7 Because of

their wide bandgaps and strong bond strengths, they possess superior physical properties like

thermal conductivity, breakdown electric fields, maximum electron velocities, and thermal

and chemical stability to silicon and the conventional lower bandgap III-V compounds.8 The

III-nitrides are of great interest for specific electronic applications such as high power, high

frequency, and high temperature devices. In addition, the spontaneous and piezoelectric
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polarization and the high electron drift velocities of GaN are useful for fabricating high-

power transistors based on AlGaN/GaN heterostructures; the direction of spontaneous and

piezoelectric polarization depends on the film polarity.

In this section, the physical properties of III-nitride materials will be introduced.

Applications utilizing polar characteristics will also be discussed.

1.2.2 Crystal structure and polarity of the III-nitrides

III-nitrides such as InN, GaN and AlN are either hexagonal wurtzite (α-phase) or

cubic zincblende (β-phase) crystal structure. They are partially ionic solids consisting of the

larger electronegative N anion and the less electronegative III-metal cations (In+, Ga+, or

Al+). The III metal cations have different ionic radii, so the III-nitrides have different lattice

constants. The most stable phase of III-nitrides is the hexagonal wurtzite structure, while a

cubic zincblende III-nitrides is metastable so that growth of metastable cubic phase is

unfavorable under the equilibrium growth condition used in MOCVD.6 Table 1.1 presents a

summary of the edge length a0 of the basal hexagon, the height c0 of the hexagonal prism and

an internal parameter u defined as the anion-cation bond length along the (0001) axis in the

hexagonal wurtzite III-nitride crystal structure.

There is a slightly smaller value of the lattice constant ratio, c/a, compared to the

ideal ratio of the wurtzite structure, which is observed in III-nitrides due to the strong ionicity

of the III-N bonds. This deviation from the ideal ratio is responsible for the occurrence of a

large spontaneous polarization in the bulk crystal along the c-axis. An increase in
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spontaneous polarization from GaN to InN to AlN is observed because of the increasing

deviation from the ideal c/a ratio.

Table 1.1. Lattice constants and spontaneous polarization of hexagonal AlN, GaN, and

InN.6

Material

Ideal AlN GaN InN

a0 (Å) - 3.112 3.189 3.54

c0 (Å) - 4.982 5.185 5.705

C0/a0 (exp.) - 1.6010 1.6259 1.6116

c0/a0 (cal.) 1.633 1.6190 1.6336 1.6270

u0 0.375 0.380 0.376 0.377

Psp (C/m2) -0.081 -0.029 -0.032

Figure 1.1. Schematic illustration of the III-nitrides’ wurtzite crystal structure

indicating the polarity (+c) along the c-axis.

Wurtzite III-nitrides possess a non-centrosymmetric crystal structure (lack of

inversion symmetry). The atoms are arranged in bi-layers on the (0001) basal plane, which is
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the most common growth orientation for the III-nitrides, consisting of two closely spaced

hexagonal close packed layers, one containing the cations and the other anions. These bi-

layers define polar orientations that are commonly referred to as the III-polarity (+c

orientation) or N-polarity (-c orientation). With respect to the III-N bond oriented along c-

direction, single bond points from III atom to nitrogen atom for III-polarity, while from

nitrogen atom to III atom for N-polarity (Fig. 1.1). Polar orientation should not be confused

with surface termination, as each orientation may be terminated with either one of the

species. In short, the two polarities are related by an inversion operation, which is a true

symmetry operation. The surface atomic configuration and neighboring atom arrangement

are different between the III-polarity and N-polarity surface structure, thus the polarity has an

influence on the growth mode of III-nitrides.

Figure 1.2. The vector direction of spontaneous polarization, Psp, and induced internal

electrical field, E, in III-nitride crystals. The signs of the interface/surface charge

density σ are also indicated.
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The direction of the spontaneous polarization vector and the type of charge induced

at the surfaces/interfaces of III-nitrides are determined by the polar orientation (Fig. 1.2).

Spontaneous polarization constitutes a nonzero dipole moment per unit volume in the crystal

that exists in the absence of any external influence such as strain or an applied electric field.

The amount of sheet charge density induced by the spontaneous polarization of GaN is

–0.029 C/m2,9 and the corresponding internal electric field and surface elementary charge

density are approximately 3 MV/cm and 1013 cm-2, respectively.

1.2.3 Applications utilizing the polar character

The spontaneous polarization of III-nitrides is very large, that of AlN (-0.081 C/m2) is

only about three to five times smaller than in typical ferroelectric perovskites.10 In addition to

a large spontaneous polarization in III-nitrides, piezoelectric polarization induced by strain is

also very large in III-nitride materials. The piezoelectric coefficients e33 and e31 relevant for

epitaxial layers grown in the (0001) orientation are several times larger than in conventional

III-V compound semiconductors.9 Thus, the effect of spontaneous and/or piezoelectric

polarization in III-nitrides can strongly influence the optical and electrical device

performance.

The strong polarization-induced electric fields modify the band edges in GaN-based

optical heterostructures such as in the InGaN active layers in multi-quantum well (MQW)

devices.11 The effective bandgap of GaN is red-shifted and the recombination probability of

electron-hole pairs is decreased because of the spatial separation of electrons and holes due to
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polarization fields.12, 13 These effects change the electroluminescence of GaN or InGaN

quantum wells.

By contrast, very strong polarization-induced electric fields lead to a great advantage

in GaN based electronic devices. Representative devices utilizing the polarization effect are

AlGaN/GaN HFETs and HEMTs. In AlGaN/GaN heterostructures, the AlGaN layer is

typically under tensile strain, giving rise to a negative piezoelectric polarization, and in

addition the spontaneous polarization is negative for Al-polar or Ga-polar film growth.14

Thus, a positive polarization-induced sheet charge will be present at the AlGaN/GaN

heterojunction interface. As a result, the formation of a two dimensional electron gas (2DEG)

occurs at the interface to cancel the positive polarization-induced charge. This 2DEG is

confined in a narrow heterointerface region and exhibits an extremely high carrier

concentration even in the absence of intentional doping. The sheet carrier density originating

from the 2DEG in nominally undoped nitride heterostructures can be comparable to that

achievable in doped-channel structures, however, the 2DEG will exhibit a much higher

mobility due to the absence of ionized impurities in the channel.

1.3 Polarity control

1.3.1 Overview

GaN can be heteroepitaxially grown on c-plane substrates along either [0001] or

[000-1] direction. GaN growth generally relies on heteroepitaxy because of the lack of a

native substrate. The most common substrates for GaN film growth are sapphire and SiC.

Many difficulties arise in the growth of GaN epitaxial layers by using these substrates
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because of the high lattice mismatch. SiC has many advantages over sapphire for GaN

growth, including smaller lattice mismatch and a distinct crystal polarity, but c-plane

sapphire is more commonly used because of its lower cost. When using sapphire substrates

for GaN heteroepitaxy, the substrate surface pre-treatments (H2 anneal and/or nitridation) and

nucleation layer deposition conditions have a strong influence on the resulting film

crystalline quality, polarity, and uniformity. The factors determining the GaN film polarity

have been related to the pre-treatment of the substrate surface.15, 16, 17 However, the

mechanism responsible for establishing the GaN polarity is still unclear, since different

combinations of surface pre-treatments have been employed previously.

The present section will provide the reader with a historical perspective of GaN

polarity control studies and identify the issues in GaN polarity control on sapphire substrates

using the MOCVD process. Finally, expected applications utilizing the polarity control

scheme in MOCVD will be presented.

1.3.2 Historical perspective

Sasaki et al.18 first attempted to study the polarity of GaN films grown on 6H-SiC

substrates in 1988. The advantage of using polar substrates such as SiC is that the substrate

polarity is typically inherited by the overgrown film, making polarity control relatively

simple. The surface morphology of GaN grown either on Si-polar or C-polar SiC was

featureless or characterized by a number of prominent hexagonal pyramids, respectively.

Khan et al.19 reported that Ga-polar GaN was grown on C-polar SiC, while the N-polarity

was grown on Si-polar SiC. Later work on the polarity determination by Sun et al.20 found
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that GaN grown on Si-polar SiC exhibited Ga-polarity, in contrast to earlier studies, which

focused on the surface chemistry measurements rather than the polarity measurement. It has

since been established that polar substrates are effective in controlling the polarity during

GaN growth. Similar studies have been performed using ZnO,21 GaAs,22 and LiGaO2
23

substrates.

By contrast, sapphire is non-polar which complicates the polarity control of GaN

films deposited on sapphire. When the first GaN was produced on sapphire substrates by

MOCVD in 1984, all grown GaN films exhibited a very rough hexagonal facetted or granular

surface morphology, which was typical of N-polar GaN films.24, 25 It is now recognized that

Ga-polar films are typically characterized by a very smooth surface morphology, whereas N-

polar films exhibit a rough, hexagonal facetted surface morphology. Amano et al.26

developed the technique of using a low temperature (LT) AlN nucleation layer (NL) for the

growth of GaN films on sapphire substrates, leading to a drastic improvement in crystal

quality and surface morphology. It has been postulated that the LT-NL helps relax the lattice

mismatch between the GaN films and sapphire substrates. However, the insertion of LT-NLs

does not account for the drastic improvement in GaN surface morphology. For instance, GaN

films grown even by using LT-NLs exhibited hexagonal facetted surfaces depending on

nitridation, NL thickness, and NL anneal condition.27, 28, 29 These results indicated the

possibility that LT-NLs also influenced film polarity.

Stutzmann et al.30 studied the polarity control of GaN grown on sapphire by

molecular beam epitaxy (MBE). At the time, N-polar films were typically only observed in

films grown by MBE. In addition to N-polar GaN growth, proper LT-AlN NL deposition
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conditions during MBE growth on sapphire substrates allowed Ga-polar films to be grown.

Thus, the possibility to locally determine the lattice polarity on patterned sapphire substrates

was demonstrated.30, 31, 32 This ability provided new technological opportunities for the

design of novel device structures in the III-nitride family. Nevertheless, the technical

difficulties associated with using MBE as the growth technique have hindered the

technological development of this family of devices. In contrast to GaN polarity control in

MBE, Ga-polar GaN has been of more interest in the case of MOCVD growth due to its far

superior properties to N-polar GaN. The usually employed nitridation step preceding the

deposition of a LT-NL forms a thin AlN layer on the sapphire substrate surface and induces

the Ga-polar orientation in the subsequently grown GaN film. Although N-polar GaN was

realized even before the development of the LT-NL technique, the study on N-polar GaN in

MOCVD was left behind as compared to MBE growth. Proper growth conditions for N-polar

GaN have not been developed. However, growth of N-polar GaN by MOCVD is being

revisited, 33 and new possibilities for polarity control via MOCVD are being investigated.

1.3.3 Identification of issues in GaN polarity control by MOCVD

Control of the polarity of GaN films is critical when using sapphire substrates. The

surface morphology, dopant incorporation and polarization-induced internal field all depend

on the polar orientation of the films. Generally, for GaN grown on c-plane sapphire, smooth

high quality films grown by MOCVD are Ga-polar. However, it is mandatory to use a two-

step process, consisting of deposition of a LT-NL prior to high temperature (HT)-GaN

growth, in order to obtain smooth, high quality, Ga-polar films. In the two-step growth
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procedure, several processing steps actually comprise the so-called first step prior to HT-

GaN growth, such as H2 anneal of the substrate, substrate nitridation, LT-NL deposition, and

LT-NL thermal anneal. Even by using LT-NLs, the polarity of GaN is likely to depend on the

sapphire substrate pre-treatment (with or without nitridation), thickness of the NL, and anneal

condition of the NL. For instance, Nakamura27 reported that a hexagonal facetted surface was

observed on GaN grown on a thin LT-GaN NL deposited on non-nitrided sapphire substrates,

while Uchida et al.28 observed that a smooth surface was obtained on GaN films grown on a

thick NL deposited on nitrided sapphire substrates. In addition, a range of different film

polarities, from Ga-polar through to N-polar, including mixed polarity layers, was reported

by Sumiya et al.33 when a nitrided sapphire substrate was used. These complications in

identifying the mechanism controlling the film polarity are puzzling for many research

groups. Thus, great care must be given to the surface preparation conditions prior to HT-GaN

growth in order to obtain the desired crystal polarity and films free of inversion domains

(IDs).

Although the process conditions can be independently controlled during each process

step in the two-step growth, each step has an influence on the subsequent ones. It is therefore

necessary to perform exhaustive process optimization before high quality Ga-polar films

based on the two-step growth are obtained. In addition to achieving high quality Ga-polar

GaN, complicated two-step growth process, involving sapphire surface treatments such as H2

anneal and nitridation, hides proper growth conditions for N-polar growth. To develop the

polarity control scheme for obtaining both Ga- and N-polar films, understanding the polarity
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change depending on sapphire surface treatments is mandatory. These issues can be

summarized as follows:

 Determine the role of each step in GaN growth;

 Establish a polarity control scheme;

 Exploit polarity control in novel device applications.

1.3.4 Expected applications utilizing the polarity control scheme in MOVCD

In the case of plasma-assisted MBE (PAMBE), it has been clearly established that the

GaN film polarity is Ga when an AlN NL is used, whereas the polarity is N when no NL is

used. It was reported that Ga-polar and N-polar domains could coexist side by side on the

same substrate.30 Today, all commercial devices utilizing III-nitrides are fabricated by the

MOCVD process, and normally, MOCVD GaN is superior to that grown by MBE in terms of

crystalline quality and electrical properties.1 In addition, there is a large difference in growth

rates between MOCVD and MBE; the growth rate in the MOCVD process is almost one

order of magnitude higher.34 The capability of controlling the film polarity in MOCVD

represents a new degree of freedom for the realization of innovative devices for optical and

electronic applications based on LPJs.

Fig. 1.3 shows a few examples of possible devices utilizing LPJs consisting of side-

by-side Ga-polar and N-polar domains on a single sapphire wafer. Performing quasi-phase

matching (QPM) with periodically poled structures is a promising technique for efficient

nonlinear frequency conversion in III-nitride materials (Fig. 1.3 (a)).35 III-nitrides possess

distinct advantages over other nonlinear QPM materials such as LiNbO3 and GaAs. The
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transparency of LiNbO3 is from 350 nm to 5 µm, that of GaAs is from 873 nm to 13 µm,

and that of GaN is from 365 nm to 13.6 µm. It is clearly seen from the transparency ranges

that GaN has a window equivalent to that of LiNbO3 and GaAs combined.36 Furthermore,

GaN has the potential of generating wavelengths in either the far infrared or near UV by

sum- or difference-frequency generation. The transparency window can also be extended

deeper into the UV (~200 nm) by replacing or alloying GaN with AlN. In addition, unlike

LiNbO3, periodically poled III-nitrides do not require heating during operation because they

do not exhibit the photorefractive effect.37 Thus, III-nitrides are excellent candidates for

optical frequency conversion.

Polarization-induced positive or negative charges exhibit acceptor-like or donor-like

behavior similar to the charges arising from ionized dopants. In AlGaN/GaN

heterostructures, strain-induced polarization is built up, and thus the internal electric field can

enhance electron or hole accumulation at AlGaN/GaN interfaces. Whether electrons or holes

are confined at the interface of a AlGaN/GaN heterostructure depends on the polarity of the

material (Fig. 1.3 (b)). This effect should be useful in HFETs. In contrast to the Ga- or Al

polarity, N-polarity generates acceptor-like charges, in other words, a two-dimensional hole

gas (2DHG) at the AlGaN/GaN interface is formed. This approach for generating a 2DHG

may be exploited to enhance p-type conductivity because of the well-known difficulty in p-

type doping the III-nitrides. The generation of a high density 2DHG is crucial for further

progress in the field of electronic nitride devices since it enables a p-channel FET.
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Figure 1.3. Implications of the expected optical and electrical LPJ devices utilizing the

polarity control scheme. III-polar and N-polar domains sit side-by-side on a single

sapphire substrate wafer.

Electrically, the N-polar and Ga-polar materials show distinctly different behavior.

Unintentionally doped N-polar GaN films show high n-type conductivity up to a carrier

concentration of 1019 cm-3, based on room temperature Hall measurements.38, 39 The origin

for the n-type conductivity in N-polar material is not clear, however, the defect and/or

impurity incorporation must be different for the two polarities. It is reported that the

probability of incorporating donor impurities into N-polar GaN is higher than for Ga-polar

GaN.40 It is interesting to note that unintentionally doped N-polar GaN sometimes shows a

mobility of 100 cm2/Vs, even at n-type carrier concentrations of 1019 cm-3.39 This mobility
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rivals state-of-the-art Ga-polar GaN at this high doping concentration. By contrast, highly

resistive Ga-polar GaN has been demonstrated.41 Using this difference in electrical

characteristics, there is the potential for lateral GaN devices such as lateral p/n junctions,

where Mg doping is conducted during growth (Fig. 1.3 (c)). The Ga-polar regions exhibit p-

type conductivity, whereas the N-polar regions, if p-doped to levels below the unintentionally

doped n-type amounts, i.e., below the compensation level for n-type dopants, exhibit n-type

conductivity. It is advantageous for the lateral p/n junctions that the current flow is

perpendicular to the majority of dislocations in the material, thus a significantly reduced

number of extended defects traverse the junction (the IDB).

1.4 The influence of the diluent gas on GaN growth: H2 vs. N2

1.4.1 Overview

Hydrogen has been used as a carrier and dilution gasin the growth of most III-nitrides

and other III-V compounds such as GaAs. From the hydrodynamic point of view, the use of

H2 diluent gas results in a thin boundary layer, an increased entry length and lower diffusion

coefficients for the precursor molecules in the gas phase.42 These hydrodynamic effects cause

the growth rate to decrease, when heavier dilution gases are used. However, the use of a

heavier gas, like nitrogen, seems to be advantageous in achieving greater thickness

homogeneity. The physical characteristics are strongly dependent on the molecular weight of

the diluent gas chosen. Nitrogen has a molecular weight of 28 g/mol compared to that of 2

g/mol for hydrogen. Hydrogen is known to have higher thermal conductivity and higher mass

specific heat capacity than nitrogen. For example, the thermal conductivity of hydrogen is
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more than seven times higher than that of nitrogen, while the mass specific heat capacity

of hydrogen is fourteen times higher than that of nitrogen.43, 44 Substrate wafers that are

exposed to source gases diluted with H2 are more efficiently cooled than N2. This effect may

exacerbate temperature gradients across the substrate, leading to a loss of temperature

uniformity, and ultimately film thickness uniformity, on the wafer surface.

In spite of potential advantages in using N2 as the diluent gas for GaN growth, the use

of N2 as the sole diluent gas has resulted in poor film quality as well as rough surface

morphology,45, 46 while a combination of H2 and N2 diluent gases yielded higher quality GaN

films.47 Apart from the hydrodynamic effects described above, the influence of different

diluent gases on GaN growth is still unclear.

In this section, the effect of diluent gas composition on GaN growth will be discussed

and compared to another well-studied III-V compound, GaAs, based on a thermodynamic

analysis. Furthermore, the influence of diluent gas composition on the polarity control will be

discussed.

1.4.2 The effect of the diluent gas

The composition of diluent gases (H2 and/or N2) has a greater influence in MOCVD

growth of III-nitrides than it does in growth of other III-V compounds such as GaAs. One of

the main reasons is the use of NH3 gas as the N precursor in III-nitride MOCVD epitaxy.

Arrival of undecomposed NH3 at the growing surface is a characteristic of GaN growth, since

thermal cracking of NH3 in the gas phase at typical GaN growth temperatures is
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insignificant.48 Assuming that NH3 directly contributes to GaN growth, the GaN formation

reaction for growth by MOCVD may be expressed as:

€ 

Ga (g) + NH3 (g) = GaN (s) + 3 / 2H2 (g) (1.1)

Thermal pyrolysis of Ga-containing precursor species, such as triethylgallium (TEG) and

trimethylgallium (TMG), is a highly spontaneous reaction and, therefore, the initial state of

the Ga precursor in the gas phase can be represented as the monatomic gas. As seen in eq.

(1.1) above, H2 is a by-product in GaN growth, hence the equilibrium composition is

influenced by the H2 partial pressure. In contrast to GaN growth, H2 is not involved in the

GaAs growth reaction, as expressed in eq. (1.2) below,49

€ 

Ga(g) + (1/4)As4 (g) = GaAs (s) (1.2)

This reaction proceeds to the right side irrespective of the H2 partial pressure. For example,

MOCVD growth of GaAs using N2 diluent gas instead of H2 was reported to be effective in

fabricating electronic GaAs-based devices; GaAs grown in N2 diluent gas exhibited smooth

surfaces and optical properties comparable to those grown in H2 diluent gas. 50 On the other

hand, GaN films grown in N2 diluent or using a high nitrogen ratio in the N2/H2 gas mixture

showed poor crystalline quality and a rough surface morphology. 51 Thermodynamic

calculations by Koukitu et al.49 suggested that the driving force for GaN growth significantly

decreases when the H2 partial pressure is increased during GaN growth. The increase of H2 in

the GaN growth is likely to drive the reaction (1.1) to the left and results in a decrease in

GaN deposition. This is one of the main reasons that a high V/III ratio (>2000) is in general

required for GaN growth when using H2 as a diluent gas. The use of N2 diluent gas reduces
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this effect, so lower V/III ratio in N2 diluent gas may be comparable to GaN growth in H2

diluent.

1.4.3 The role of the diluent gas in polarity control

It has been established that the growth rate and morphology in compound

semiconductors strongly depended on the polarity. Different growth rates and morphologies

were observed between the Ga-polar and As-polar GaAs; the Ga-polar face has a slower

growth rate and a tendency to produce planar surfaces, whereas growth on the As-face is

faster and rougher.52 In the case of GaN growth by MOCVD, the growth rate of Ga-polar and

N-polar films was also found to be different. It is generally observed that the Ga-polar film

grows faster than the N-polar.53 H2 is generally used as a diluent gas in MOCVD growth. The

reaction between the H2 gas and the GaN surface should cause some GaN decomposition

even during growth. At typical GaN growth temperatures (~1000°C), the decomposition rate

of the N-polar face was faster than that of the Ga-polar face.54 The net growth rate of the Ga-

polar face should therefore be faster than that of the N-polar face since the net growth rate is

determined by the difference between the deposition and decomposition rates.

It has been established that the growth rate is nearly constant at the typical growth

temperatures (950-1150°C) when N2 is used as the sole diluent gas, while under H2 the

growth rate decreases with temperature (>1100°C).6 This suggests that under the N2 flow the

growth is mass-transport-limited with a larger supersaturation, while under H2 the

supersaturation is greatly lowered. Under the H2 atmosphere, the growth rate difference

between the Ga-polar and N-polar faces approaches one order of magnitude for a given set of
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process conditions. In contrast, both polar films are more stable in the N2 atmosphere. The

decomposition rate may be negligible under the N2 atmosphere. Thus, it is expected that the

growth rate is identical for both polar films, which may be advantageous for the fabrication

of LPJs and will be described in more detail in subsequent chapters.

In this dissertation, GaN polarity control scheme will be developed by the use of N2

diluent gas. Prior to the polarity control study on sapphire substrates, the effect of the diluent

gas on GaN growth will be investigated.

1.5 Summary

In spite of much progress in GaN growth, the polarity of GaN seems to be still a

critical issue to hinder further improvement in the performance of GaN-based devices. It is

very desirable to achieve complete polarity control scheme by the MOCVD process; this

would further expand applications of III-nitride material. LPJs based on GaN polar

selectivity are expected to enable new optical and electrical devices. Process based on the N2

diluent gas is instrumental in achieving identical growth rates for both polar films.

The aim of this dissertation work is to devise a scheme for polarity control in MOCVD

using N2 diluent gas and to use this capability for fabrication of LPJs and other novel device

schemes.
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2 The role of the diluent gas on the growth of GaN by MOCVD

2.1 Overview

The influence of the diluent gas in MOCVD growth of GaN plays a significant role in

determining the growth rate, surface morphology and the crystal quality. It has been a

prevalent idea that processes utilizing N2 as a diluent gas yield GaN with rough surface

morphology and poor crystal quality, whereas the H2 diluent is necessary to obtain device-

quality film.45, 46 Surprisingly, a small amount of N2 gas participating in the H2 gas process

was found to improve the quality of GaN.47 In spite of this, it is still unknown how the

diluent gas influences the overall growth process, as well as the quality of GaN films.

Therefore, understanding various aspects of MOCVD growth of GaN, such as gas flow

dynamics, mass transfer, and gas phase interactions allows one to predict suitable growth

conditions even in the case of N2 as a sole diluent gas.

Thermodynamic consideration provides very useful information in understanding the

growth mechanism of GaN with respect to the diluent gas. Koukitu et al.49 analyzed the role

of H2 in the MOCVD growth of GaN by studying the chemical equilibrium established at the

vapor-solid interface. Unlike the MOCVD growth of other III-V semiconductors, such as

GaAs and GaP, where H2 is employed as a transport gas, H2 influences the growth reaction of

nitrides because it is also a reaction product. Therefore, the concentration of H2 present

during the deposition process affects the chemical equilibria associated with the growth

reaction. By using a thermodynamic approach, it is possible to conclude that the diluent gas

plays a role along with other growth parameters such as temperature, V/III ratio, and input
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partial pressure of the Ga source. Furthermore, the Burton, Cabrera and Frank (BCF)

model55 may be used to gain a better understanding of the dependence of GaN growth on the

diluent gas.

In order to achieve full control of the GaN polarity with respect to conditions used for

the treatment of the substrates and/or the LT-NL, GaN films have to be grown under a mass-

transport-limited regime. By definition, under this regime the growth rate is determined by

the arrival rate of Ga-species to the substrate after being transported through the gas

boundary layer. The mass-transport-limited growth condition is necessary to study the

polarity of GaN, since the polarities of GaN films are desirable to be identical with those of

templates.

In this chapter, the reactor design and experimental procedures will be first presented.

Supersaturation of GaN growth as a function of the diluent gas will be discussed on a

thermodynamic basis. The mass-transport-limited growth regime will be introduced and then

experimental results will be presented to identify its occurrence.

2.2 Reactor design and growth procedure

GaN film growth experiments were performed in a vertical MOCVD reactor. A

simple schematic of this reactor is shown in Fig. 2.1. The reactor consisted of a quartz tube

with an inside diameter of 13 cm. The walls of the tube were water cooled. The substrates

were placed on a SiC coated graphite susceptor. The substrates were heated by an RF

induction method. During the heating, the substrate temperature was monitored by a

pyrometer through a quartz view port above the substrate. The distance between the gas inlet,
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“shower-head,” and the susceptor was 5 cm. Upon entering the reactor, the precursors

were mixed in the hot region above the substrate. A turbo-molecular pump backed up by a

rotary pump was used to generate the necessary base pressure (~10-7 Torr).

Figure 2.1. Schematic diagram of the MOCVD reactor for GaN growth.

All the GaN films were grown on c-plane sapphire substrates using LT-AlN NLs

following a two-step sequence. The operating pressure during the GaN growth was kept at 20

Torr. In contrast to the traditional process conditions for MOCVD growth, N2 was used as a

diluent and carrier gas throughout the growth process. Triethylgallium (TEG),

trimethylaluminum (TMA), and ammonia (NH3) were used as Ga, Al, and N precursors,

respectively. (0001) oriented c-plane “epi-ready” sapphire wafers were used as substrates.

Fig. 2.2 shows the timing chart of the growth process. After the wafer was loaded into the

reactor, it was annealed at 1100°C for 10 min in vacuum after a temperature ramp up (a).
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After the vacuum anneal, it was annealed in H2 at 1100°C for 7 min (b) and then nitrided

in ammonia at 950°C for 4 min (c). LT-AlN NLs were deposited with a V/III ratio of 24,500

on nitrided sapphire substrates at 620°C for 5 min (d), and then annealed under the NH3/ N2

gas mixture with the NH3 partial pressure of 2 Torr at a total flow of 2.15 slm at the GaN

growth temperature of 1050°C (e). After the annealing process, GaN films were grown at

1050°C (f). Typical flow rates during the GaN growth were as follows: TEG at 134

µmol/min, ammonia at 0.3 slm, and total flow at 7.5 slm. This condition provided a V/III

ratio of 100 and a growth rate of 2.0 µm/hr. The thickness of the GaN film was determined

by pyrometer interference at a wavelength of 1.6 µm.
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Figure 2.2. A timing chart of GaN growth process. (a) Sapphire substrates were

annealed under vacuum. (b) H2 anneal. (c) Nitridation. (d) LT-AlN nucleation

deposition. (e) AlN nucleation layer anneal and (f) GaN growth.
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Characteristics of GaN films were examined by atomic force microscopy (AFM)

and high resolution x-ray diffraction (HRXRD). AFM images were acquired using a JEOL

JSPM-5200 in tapping mode. HRXRD was performed using a Philips X’Pert Materials

Research Diffractometer with a Cu x-ray source. On- and off-axis rocking curves were

obtained using a four-bounce Ge [220] crystal monochromator on the incident beam side and

an open slit on the detector side.

2.3 Supersaturation during GaN growth

The deposition reaction of GaN is driven by the supersaturation of Ga species in the

gas phase. Any thin film growth process, including MOCVD, is a non-equilibrium process

with a given driving force towards equilibrium. The driving force for deposition is given by

the magnitude of the deviation from the thermodynamic equilibrium and can be

quantitatively described by the change in free energy of the process. Supersaturation is

obtained by normalizing the difference in the input partial pressure of Ga with the

equilibrium vapor pressure of Ga, and it is expressed by:

€ 

σ =
PGa
o − PGa
PGa

=
ΔPGa
PGa

(2.1)

where 

€ 

PGa
o  is the input partial pressure of Ga species and 

€ 

PGa  is the equilibrium vapor

pressure of Ga at the growth temperature. As seen in eq. (2.1), supersaturation can be

determined by calculating the equilibrium vapor pressure at the vapor-solid interface. The

calculation of supersaturation is similar to the calculation procedure for the equilibrium vapor

pressure of Ga reported by Koukitu et al.56 When supersaturation is evaluated for our GaN
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growth process, we focus on the interaction of a gas phase species with the growing

surface of GaN film.

The following species were chosen as the necessary vapor species in analyzing the

MOCVD growth of GaN; Ga, NH3, H2 and an inert gas (IG) such as N2. For simplicity, the

Ga precursor was taken to be the Ga vapor (rather than the metalorganic source) in the

calculations. The chemical reaction which occurs at the substrate to form GaN is:

€ 

Ga (g) + NH3 (g) = GaN (s) + 3 / 2H2 (g) (2.2)

The equilibrium equation corresponding to this reaction is:

€ 

KGaN =
aGaN .PH2

3/2

PGa.PNH3

 (2.3)

where aGaN is the activity of GaN, 

€ 

PGa  is the equilibrium vapor pressure of Ga, 

€ 

PH2 and

€ 

PNH3 are the partial pressures of H2 and NH3, and

€ 

log10K(T) = −12.2 +
1.78 ×104

T
+1.79log10(T)  where T is the temperature.56 Gibbs free

energy of GaN reaction based on the reported equilibrium constant is shown in Fig. 2.3.



26

-190

-180

-170

-160

-150

Fr
ee

 e
ne

rg
y 

of
 r

ea
ct

io
n 

[k
J/

m
ol

]

1500140013001200

Temperature [K]

Figure 2.3. Gibbs free energy of reaction of GaN as a function of temperature

(

€ 

Gr (T) = −RTlnKGaN (T)).

The total pressure of the system can be written as:

€ 

PT = PGa + PNH3 + PH2 + PIG  (2.4)

where Ps are the equilibrium partial pressures, however, according to eq. (2.2), PIG is not

involved in the formation of GaN at the growing surface. Thus, eq. (2.4) can be rewritten as:

€ 

Pr = PGa + PNH3 + PH2 (2.5)

where Pr is the reduced total pressure concerning GaN formation at the growing surface.

From molar conservation constraints we have

€ 

PGa
o − PGa = PNH3

o − PNH3 (2.6)

where 

€ 

PGa
o and 

€ 

PNH3
o are the input partial pressures of group III and group V species,

respectively. Eq. (2.6) indicates that deposition occurs in the ratio of 1 to 1 for group III and
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group V elements. A 4th order polynomial equation for equilibrium partial pressure of Ga

are obtained by substituting eq. (2.3) and eq. (2.6) into eq. (2.5)

€ 

PGa
4 + (2A + 8

K 2 )PGa
3 + (A2 -12 B

K 2 )PGa
2 + 6 B2

K 2 PGa −
B3

K 2 = 0

                                    where A ≡ PNH3

o − PGa = PGa ( V
III

−1)

                                               B ≡ Pr −A

(2.7)

where V/III is the ratio of 

€ 

PNH3
o to 

€ 

PGa
o . In addition, the parameter F has been introduced as:

€ 

F =
PH2
o

PH2
o + PIG

o (2.8)

where F is the mole fraction of H2 relative to the inert gas in the diluent gas, where 

€ 

PH2
o and

€ 

PIG
o  indicate the input partial pressures of H2 and IG. It is known that NH3 decomposition

proceeds slowly in the gas phase without a catalyst and strongly depends on the growth

condition and equipment48, 57 Thus an adjustable parameter, α, was introduced as the

stoichiometric coefficient into the heterogeneous cracking reaction of NH3 as follows:

€ 

NH3(g)→ (1−α)NH3(g) +
α
2
N2(g) +

3
2
αH2(g) (2.9)

At high temperatures, H2 is produced by the decomposition of NH3. Eq. (2.5) can be

rewritten by considering eq. (2.6) and (2.8) as:

€ 

Pr = PGa
o (1− F) +

V
III

 
 
 

1+
α
2

 

 
 

 

 
 − F(1+α)

 

 
 

 

 
 
 
 
 

+ FPT (2.10)

Assuming F=0 for our standard growth condition using N2 as a sole diluent and carrier gas.

€ 

Pr = PGa
o + PNH3

o + PH2
o (2.11)
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As seen in eq. (2.11), the reduced MOCVD pressure is independent of total pressure, thus

it is predicted that under N2 atmosphere the supersaturation is not explicitly dependent on the

total pressure. In contrast, the reaction under a H2 atmosphere (F=1) gives,

€ 

Pr = PT −
α
2
PNH3
o (2.12)

thus, the H2 process is explicitly dependent on total pressure. Fig. 2.4 shows a set of

theoretical curves of the supersaturation of GaN as a function of the V/III ratio in the case of

H2 and N2 diluent gas according to eq. (2.1), (2.6) and (2.9), based on the standard growth

conditions such as a growth temperature of 1050°C and a constant input Ga partial pressure.
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Figure 2.4. Supersaturation for the deposition of GaN as a function of V/III ratio for N2

and H2 diluent processes. The calculation was carried out by using the growth

parameters; T=1050°C, 

€ 

PGa
o =8×10-3 Torr, PT=20 Torr, and α=0.7.
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2.3.1 Dependence of supersaturation on the diluent gas

The calculated values of supersaturation for the different diluent gases showed a

significant difference at lower V/III ratios, two orders of magnitude at a V/III ratio of 100. In

contrast, at high V/III ratios, there was no significant difference in the Ga supersaturation

between the two diluent gases. In order to demonstrate the influence of the diluent gas on

supersaturation, GaN films were grown using a V/III ratio of 100 under both N2 and H2

diluent gases. Templates for GaN growth were prepared using identical conditions, i.e., the

same such as H2 anneal and nitridation, and the same LT-AlN NLs deposition and annealing,

in order to avoid the influence of sapphire surface on the GaN growth. The full-width at half

maximum (FWHM) of the (00.2), (10.3), and (30.2) x-ray rocking curves for 1.3 µm thick

GaN films grown with H2 or N2 diluent gas was carried out in order to estimate dislocation

densities.58 The (00.2) reflection was measured in a symmetric geometry, while the (10.3)

and (30.2) reflections were measured in a skew-symmetric geometry. The (00.2), (10.3) and

(30.2) reflections were 180 arcsec, 741 arcsec, and 1268 arcsec for H2 diluent process,

respectively, while reflections were 260 arcsec, 740 arcsec, and 1260 arcsec for N2 diluent

process. The estimated dislocation density of 9×109 cm-2 was identical for GaN films grown

in either N2 or H2 diluent. This dislocation density was also observed in the typical MOCVD

grown GaN films ranging from 109 cm-2 to 1011 cm-2. In addition to the supersaturation

dependence of the type of diluent gas during the GaN growth, the existence of high

dislocation density definitely played a role in surface morphology.
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Figure 2.5. AFM images of GaN films grown with (a) H2 diluent gas and (b) N2 diluent

gas.

Fig. 2.5 shows 1×1 µm2 AFM images of GaN films grown under (a) H2 and (b) N2

diluent gas. The surfaces of these film exhibited smooth morphologies with 0.3 nm in RMS

roughness and step-flow growth with the step height of one (0001) GaN bi-layer thickness of

2-3 Å. At a glance, terrace widths of GaN grown in the H2 diluent gas seemed to be wider

than those of GaN grown in the N2 diluent gas. However, it was hard to obtain an accurate

terrace width due to a wide range of measured values. This plurality of terrace widths was

attributed to the steps pinned by screw dislocation components according to BCF theory.55

The BCF theory also predicts that when the crystal is growing under supersaturated

environment, the step due to a dislocation winds itself in a spiral in such a way that a single

screw dislocation sends out successive turns of steps. However, in the AFM scans shown in

Fig. 2.5, spiral growth was not clearly observed in either diluent gas.
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Figure 2.6. AFM images by larger scan area of GaN films with (a) and (b) H2 diluent

gas and (c) and (d) N2 diluent gas ((a) & (c) are 10×10 µm2 and (b) &(d) are 5×5 µm2

AFM images).

Further investigations were carried out on these films. Fig. 2.6 exhibits AFM images

taken on larger scan areas. 10×10 µm2 AFM images of GaN films clearly displayed the spiral

growth on the surfaces (Fig. 2.6 (a) and (c)). The average spiral sizes of GaN grown in H2

diluent gas (Fig. 2.6 (a)) was significantly larger than that in N2 diluent gas (Fig. 2.6 (c)).

Each spiral radius was approximately 3.6 µm and 1.4 µm for H2 and N2 diluent gas process,

respectively; these measurements were obtained from 5×5 µm2 AFM images (Fig. 2.6 (b) and

(d)). The height of the spirals was 4.5 nm in H2 and 3.9 nm in N2 diluent gases, respectively.

The spiral radius and height allowed us to estimate the average spiral terrace widths for these

films. They were determined by dividing a measured spiral radius by the traversed bi-layer
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height. As mentioned previously, step heights on the spiral were identical to one GaN bi-

layer (2.6 Å). In this manner, an average terrace width of 220 nm and 110 nm were obtained

for the H2 and N2 diluent gases, respectively.

The spiral size and terrace width differences can be explained in the context of the

BCF model, according to which the terrace width is inversely proportional to the natural

logarithm of supersaturation,55

€ 

1
L
∝ ln(1+σ) (2.13)

where L is the terrace width and σ is the degree of supersaturation. The ratio of terrace

widths (LHydrogen/LNitrogen) determined from measured average terrace widths was 2. As

calculated previously, the supersaturation of the N2 diluent gas process was around 600,

while that of the H2 diluent gas process was 5 at a V/III ratio of 100 under our particular

growth conditions. Based on these two supersaturation values, the ratio of terrace widths

determined from eq. (2.13) was 3.6, which is almost twice the measured value.

The discrepancy in the terrace width ratios may be attributed to the F ratio in eq. (2.8)

during the GaN growth. It was considered that the chemical reaction to form GaN was

represented as eq. (2.2). Under the GaN growth in the N2 diluent gas, i.e., in the absence of

H2 in the diluent gas, we assumed that F ratio was zero for the GaN growth reaction.

However, the presence of H2 is always observed as a byproduct resulting from the formation

of GaN and decomposition of ammonia. As a consequence, it does not allow us to ignore the

F ratio even in the use of N2 diluent gas. In order to match the calculated terrace width ratio

(3.6) with the measured ratio (2.0), the F ratio was estimated to be 0.2. Fig. 2.7 shows a new

set of theoretical curves of the supersaturation of GaN as a function of the V/III ratio in the
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case of H2 and N2 diluent gas according to eq. (2.1), (2.6), and (2.9), which take F=0.2 into

account. Another possibility for too high supersaturation calculated for the N2 diluent gas

process may be attributed to the used equilibrium constant; when taking H2 byproduct into

account the value of the reaction constant decreases.

Figure 2.7. Theoretical curves of supersaturation of GaN as a function of the V/III

ratio; curve F=0.2 takes into account H2 reaction byproduct.

Another aspect we used to examine the supersaturation dependence on diluent gas

was the nucleation density at the early stages of GaN growth. Following the BCF model,55 as

the supersaturation increases, the critical size of two-dimensional nuclei decreases. The

nucleation stage of GaN growth with different diluent gases was investigated by AFM. Fig.

2.8 shows AFM images of GaN films grown using (a) H2 diluent gas and (b) N2 diluent gas

for growth times of 10 sec. The underlying AlN NL (not shown) was characterized by

smaller grains. The RMS roughness values were almost identical for both diluent gases,
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however, a grain-size discrepancy was observed; the size of nuclei obtained with the N2

diluent gas was 0.08 nm, while the size of those grown with the H2 diluent was 0.25 nm.

Smaller grain size formation as a result of the use of N2 as a diluent gas is a consequence of

the higher supersaturation. Similar results have been found for the LT-NLs, which are grown

under extremely high supersaturation conditions, since the decrease of the growth

temperature drastically increases the supersaturation.59

Figure 2.8. AFM images of GaN films at the nucleation stage (10 sec growth time) using

(a) H2 diluent gas and (b) N2 diluent gas.

2.4 Mass-transport-limited growth

In order to understand the effect of temperature on GaN film growth rate, the classic

simple thin film model is useful.60 This model is explained by Fig. 2.9. The reactant is

supplied to the growing surface on the substrate through a boundary layer above the substrate

surface. A drop in the reactant concentration occurs from Cg in the bulk gas to Cs at the

substrate surface within the boundary layer. The corresponding mass flux is given by:

€ 

Jgs = hg (Cg −Cs). (2.14)
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Assuming a linear concentration profile, where Cg and Cs are the reactant gas

concentrations at the edge of the boundary layer and the growing surface, respectively, and hg

is the gas-phase mass transport coefficient. The flux Js of species reacting on the surface, is

given by:

€ 

Js = ksCs (2.15)

where ks is the reaction rate constant. This assumes a first-order heterogeneous surface

reaction. Under steady state conditions Jgs=Js, therefore:

€ 

ksCs = hg (Cg −Cs) (2.16)

Eq. (2.16) can be rearranged to give

€ 

Cs =
1

1+ Da
Cg (2.17)

where Da is the surface Damköhler number, defined to be

€ 

Da =
ks
hg

. (2.18)

The unitless Damköhler number is a ratio of the relative magnitudes of the chemical reaction

rate (kinetic) versus diffusive transport (mass transport). When Da>>1, the reaction rate is

larger than the diffusive transport, i.e. the system is mass-transport-limited. At the other

extreme, if Da <<1, then the rate of mass transport is large relative to the reaction rate, i.e.

the system becomes reaction-rate or kinetically limited. In general, at low temperatures, film

growth is surface reaction-rate controlled, whereas at high temperatures the gas mass-transfer

regime is dominant. In the MOCVD growth of GaN, it is often the case that the growth rate is

limited by the supply of Ga species through the boundary layer due to the high temperature

growth process.6
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Figure 2.9. Model of CVD growth. Gas flows normal to the plane of paper.12

2.4.1 Mass-transport-limited regime of GaN growth

In the mass-transport-limited regime, the growth rate is limited by the diffusion of

Ga-atom carrying species through a boundary layer formed at the surface of the substrate.

This is given by Fick’s First law and is defined by:

€ 

JGa =
D
δ
(PGa

o − PGa )
RT

≈
D
δ
PGa
o

RT
(2.19)

where D is the diffusivity of Ga or the Ga-atom carrying species, R is the ideal gas constant,

and δ is the boundary layer thickness. The diffusion driving force represented as

€ 

ΔPGa = (PGa
o − PGa )  can be approximated as the input partial pressure of Ga, 

€ 

PGa
o , since the

equilibrium vapor pressure of Ga, PGa, in N2 diluent gas process is 2.2x10-4 Torr, while 

€ 

PGa
o  is

8x10-3 Torr under our specific growth conditions (V/III ratio, temperature, and the input

partial pressure of Ga) as discussed in previous section. The growth rate, which is determined

by the flux to the substrate, is then given by:
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€ 

G = JGaΩGaN (2.20)

where ΩGaN is the molecular volume of GaN crystal. Rewriting eq. (2.20) by using eq. (2.19),

provides,

€ 

G =
D
δ
PGa
o

RT
ΩGaN (2.21)

The boundary layer thickness, δ, depends on the reactor conditions such as total

pressure, total flow rate, the diameter of the reactor, the type of gas used, and susceptor

rotation speed. At high rotational susceptor speeds, the rotating susceptor drags fluid towards

it, causing spiral pumping of the incoming gas.61 For instance, when the drawing velocity is

higher than the inlet gas velocity, the boundary layer thickness depends strongly on the

rotation speed. The following growth conditions are assumed: 20 Torr total pressure, 200

rpm rotation speed, 1000°C disk temperature, and N2 diluent gas. Under these growth

conditions, the inlet gas velocity is 48 cm/s according to the following expression:

€ 

u =
fT
APT

(2.22)

where f T is the total gas mass flow rate and A is the cross sectional area, and PT is the total

reactor pressure. The natural drawing velocity of the susceptor is obtained by:62

€ 

ud = 0.88838 ων (2.23)

where ω is the rotational speed and ν is the gas kinematic viscosity. The drawing velocity is

9.8 cm/s as a result from the conditions previously described. Therefore, for our particular

growth conditions, the boundary layer thickness depends on the inlet gas velocity rather than

the drawing velocity. Thus, the boundary layer thickness (δ) is expressed as:



38

€ 

δ = K ν
u
 

 
 
 

 
 
1/ 2

≈ K' 1
PTu
 

 
 

 

 
 

1/ 2

(2.24)

where K and K’ are constants and ν is the kinematic viscosity. The boundary layer thickness

is proportional to the inverse of the square root of the total pressure and gas velocity

(δ~(1/uPT)1/2), since the kinematic viscosity strongly depends on the inverse of the square of

the total pressure (ν~1/PT
1/2). In addition, diffusivity in the boundary layer is proportional to

the temperature and inversely proportional to the total pressure (D~T/PT). Thus, eq. (2.21)

can be rewritten as:

€ 

G = K(T)PGa
o fT

PT
2 (2.25)

where K(T) includes all constants and temperature dependent terms and fT and PT are total

mass flow and pressure, respectively. The partial pressure of the reactants can be calculated

using a simple ideal gas dilution expressed as:

€ 

PGa
o = PT

fGa
fT

(2.26)

where fGa is the mass flow rate of the Ga-atom carrying species. Taking eq. (2.25) into

account, the growth rate becomes

€ 

G = K(T) fGa
fT

(2.27)

For a given growth temperature, the growth rate is independent of the reactor pressure, but

dependent on the mass flow rate of the Ga-atom carrying species and inversely dependent on

the square root of the total mass flow rate.
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Standard GaN growth conditions consisted of a TEG flow of 36 µmol/min, an

ammonia flow of 0.4 slm and a total flow of 2.15 slm at 20 Torr of total pressure. The growth

temperature was 1050°C. This condition provided a growth rate of 1.2 µm/h. By using this

standard condition, the normalized growth rate at the growth temperature of 1050°C is

expressed as:

€ 

G
Go

=
fGa
fGa
o

fT
o

fT
 (2.28)

The equation is referenced to a standard state (O) corresponding to our standard process

conditions. Fig. 2.10 demonstrates a linear relationship between the normalized growth rate

and the inverse of the square root of the total flow for different growth conditions. The flow

rate required to match the drawing rate for a growth chamber of radius, r, is:62

€ 

Q = ud 60πr2 PT

760
 

 
 

 

 
 

274.15 K
300 K

 

 
 

 

 
 (2.29)

The total pressure during the GaN growth, PT, is 20 Torr, the natural drawing velocity of the

susceptor, ud, is 9.8 cm/s and the inner tube radius of reactor, r, is 6.5 cm. gives the flow rate

required to match the pumping action of the disk as Q=1.1 slm. The flow rate of 1.9 slm by

the susceptor rotation speed gives to the normalized inverse square root of total flow of 1.3.

Above this value, GaN growth rate was dominated by the susceptor rotation speed rather than

the total gas flow rate. Thus, the normalized inverse square root of total flow was deviated

from the linear relationship with respect to the normalized growth rate. As long as the

process was in the total flow regime, the observation of this dependence was a sufficient and

necessary condition to show that the growth was mass-transport-limited.
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Figure 2.10. Normalized growth rate as a function of the normalized inverse square

root of total flow. A linear relationship is sufficient and necessary to demonstrate that

the growth is mass-transport-limited. The solid line corresponds to the unity line as

shown by eq. (2.28), while the dashed line indicates the boundary between the total flow

regime and susceptor rotation regime for the GaN growth rate.

In addition, as suggested by eq. (2.27), the growth rate should be independent of the

total reactor pressure. This fact was demonstrated in GaN film growth rate as a function of

total reactor pressure for a TEG mass flow rate of 134 µmol/min and total mass flow rate of

7.5 slm in Fig. 2.11.
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Figure 2.11. GaN film growth rate as a function of total reactor pressure for a TEG

mass flow rate of 134 µmol/min and total mass flow rate of 7.5 slm.

2.5 Summary

In chapter 2, the influence of the diluent gas in MOCVD GaN grown under a V/III

ratio of 100 was investigated in details with respect to their surface morphology. AFM and

HRXRD revealed that both GaN films grown by N2 and H2 diluent gas exhibited the step-

flow growth with one (0001) GaN bi-layer step height and similar dislocation density. Our

results are in contrast to the prevalent idea that a sole N2 diluent gas process leads to GaN

with rough surface morphology. Based on these films with bi-layer step and identical

dislocation density, BCF theory allowed us to analyze the terrace width dependent on the

diluent gases during the GaN growth. In the context of the BCF model, differences in the

spiral size and terrace width were explained by the degree of supersaturation. The use of H2

as a diluent gas drastically reduced the supersaturation, which resulted in larger spiral size

and terrace width as compared to the N2 diluent. The calculated values of supersaturation for
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both diluent gases differed slightly with the experimental values. The difference may be

attributed to the uncertainty in the F ratio and reaction rate constant. Based on the measured

terrace width ratio, modified theoretical supersaturation in the N2 diluent was carried out by

inserting an F ratio of 0.2.

A mass-transport-limited growth of GaN was obtained by using N2 as a diluent gas.

This is important for the study of GaN polarity since it enables an identical growth rate for

either polarity. For the LPJs, an identical growth rate for the two domains is mandatory,

otherwise, one polar domain may laterally overgrow the other contiguous polar domain.

Although it is commonly believed that the Ga-polar films grow faster than the N-polar, an

intimate understanding of the growth process enables one to engineer identical growth rate

for both polar domains.
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3 Polarity control in GaN films on sapphire

3.1 Overview

Although device-quality GaN films have been grown on sapphire substrates by the

conventional two-step MOCVD growth process using either a LT-AlN or GaN NL, further

process optimization is required for the accomplishment of high quality films. It has been

recognized that the characteristics of GaN films strongly depend on the polar orientation of

the growing film. Since sapphire is non-polar, GaN can grow along either the [0001] or [000-

1] directions on c-plane sapphire. Furthermore, GaN films may contain IDs, which influence

film properties, i.e. they can be mixed-polarity films. Therefore, full control of the polarity

type during growth is inherently important; growth conditions must be optimized in order to

grow single-polarity films.

The polarity of epitaxial GaN films depends on the sapphire substrate surface

preparation, which consists of several steps. The deposition and thermal annealing of LT-

NLs play a significant role in controlling the GaN polar type as well as the film quality. The

properties of LT-NLs depend, in turn, on previous sapphire substrate treatments (e.g., H2

anneal and/or nitridation). Thus, each process step prior to GaN film growth plays a role in

the polarity control of GaN films. Understanding this set of dependences requires an

experimental approach capable of demonstrating that the each role of these process steps

plays in influencing GaN polarity. In order to reveal these roles, GaN films were grown after

each process step and characterized.
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In this chapter, the polarity control of GaN films grown by MOCVD will be

discussed. The experimental procedure will first be described and the experimental results of

crystal growth and characterization will be presented.

3.2 Sample preparation procedures

For precise study of the influence of each process step, HT-GaN growth conditions

were kept constant at a V/III ratio of 100, with an ammonia flow of 0.3 slm and a TEG flow

of 134 µmol/min under a total flow rate of 7.5 slm. N2 was used as a carrier and diluent gas

throughout the GaN growth process. These conditions provided a growth rate of 2.0 µm/h

independent of the substrate surface treatment, since the use of a V/III ratio of 100 in N2

diluent gas was found to correspond to a mass-transport-limited growth in chapter 2. Fig. 3.1

shows the scheme for the study of the polarity control of GaN films. Three different sets of

experiments were conducted in order to study the role of each process step. GaN films, 1.3

µm thick, were grown after each substrate treatment. The samples were quenched to room

temperature after growth and exposed to air for further characterization. The pre-growth

substrate treatments comprising each set of experiments can be summarized as follows:

1) Annealing of the sapphire substrate in H2 was performed at 1100°C, varying the

anneal time from 7 to 40 min.

2) Nitridation was performed by flowing NH3. Nitridation time (2-10 min) and

temperature (950-1150°C) were varied. Sapphire substrates were annealed

under H2 atmosphere at 1100°C prior to nitridation experiments.
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3) LT-AlN NLs were deposited on sapphire substrates following H2 annealing

and nitridation. LT-AlN NLs were deposited for different amounts of time at a

temperature of 620°C with a TMA molar flow rate of 5.5 µmol/min and a V/III

ratio of 24,500 at a total flow of 6 slm. In addition to the deposition time, NL

anneal time was also studied. NL annealing was carried out for different times

at a temperature of 1040°C and an ammonia partial pressure of 2 Torr (diluted

in N2) at a total molar flow of 2.2 slm.

Figure 3.1. Schematic diagram of experimental scheme to reveal each process step’s

role in the control of GaN polarity. Three sets of experiments were performed: GaN

growth on (1) H2 annealed sapphire substrate, (2) nitrided substrate following H2

annealing, and (3) annealed LT-AlN NL following H2 annealing and nitridation.

3.3 Characterization techniques

Optical microscopy and AFM were used to characterize the surface morphology. The

sapphire substrates after H2 annealing and nitridation under various conditions were
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examined by X-ray photoelectron spectroscopy (XPS). Photoelectron spectra were

obtained with a VG Instruments hemispherical spectrometer (CLAM II) in an analysis

chamber with a 1×10-10 Torr base pressure using an Al Kα (hν=1,486.6 eV) source. Binding

energies of sample spectra were corrected for sample charging by using the shift of the

adventitious C 1s line at 284.6 eV. All binding energies quoted herein correspond to the

corrected energy values.

X-ray reflectivity (XRR) measurement was carried out mainly for LT-AlN

characterization. XRR measurements were obtained from a Philips X’Pert Diffractometer

after bisecting the collimated and monochromated X-ray beam (Cu Kα1) with the wafer

containing the film under study and using a 0.25° slit on the detector side. Specular X-ray

reflectivity can be used to obtain an electron density map of thin films deposited on higher

density substrates. The scattering length density (SLD) that represents the electron density is

given in eq. (3.1) in terms of the mass density of the film and the total atomic number (Zi);

NA is the Avogadro’s number, MR is the molar mass, and re is the classical electron radius.

SLD as a function of depth (ρSLD(z)) is obtained from the stratified interface model that best

fits the specular reflectivity data. These fits are always uncertain up to a phase constant, but

nevertheless give a reliable representation of the actual profile. The software package Motofit

was used for modeling purposes.63
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NAρmass
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re Zi
i−1

n

∑ (3.1)

The structural and electrical properties of GaN films deposited after each substrate

treatment step were characterized by HRXRD and Hall effect measurement. Etching in 3M

KOH solution was used to distinguish the polarity. Transmission electron microscopy (TEM)
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was performed on the study of the interface between GaN/LT-AlN/sapphire. Z-contrast

imaging in TEM was used to support the determination of the polarity. All the Z-contrast

images were taken on the aberration-corrected VG HB-501UX dedicated STEM.

3.4 Sapphire substrate treatments

3.4.1 GaN growth on H2 annealed sapphire substrates

H2 annealing of the sapphire substrate is the most common substrate preparation

procedure prior to GaN growth. It consists of heating the substrate under flowing H2 at high

temperature (>1000°C). This step is employed in order to clean the sapphire substrate surface

of residual contaminations..64 From the viewpoint of controlling GaN polarity, the H2

annealing procedure is important in modifying the sapphire surface, which strongly affects

subsequent processes such as nitridation and LT-NL deposition.

Fig. 3.2 shows AFM images of sapphire substrates annealed under H2 atmosphere at

1100°C by varying the anneal time from 0 to 40 min. The as-received substrate surface

exhibited no scratches due to polishing and no step structure (Fig. 3.2 (a)), while with

increasing anneal time the step structure was more easily distinguished. Consequently, the

step-and-terrace morphology was clearly observed on sapphire after 20 min annealing (Fig.

3.2 (e)). The measured step height was approximately 0.2 nm, which corresponds to one bi-

layer height of sapphire (c/6=0.216 nm, c=1.295 nm). This surface may be terminated by

either O or Al atoms. The Al-terminated surface was predicted to be more stable.65 Evidence

of the surface stability of annealed sapphire is that the step-and-terrace structure observed

after 20 min annealing (Fig. 3.2 (e)) was not changed by further annealing time (Fig. 3.2 (f)).
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In addition, this morphology was observed after the substrate was left in ambient air for

more than one week.

Figure 3.2. AFM images of the surface of: (a) as-received sapphire; and sapphire (b)

after H2 annealing at 1100°C for 7 min, (c) 10 min, (d) 15 min, (e) 20 min, and (f) 40

min.

Fig. 3.3 shows high-resolution XPS scans of the O 1s core level peak from as-

received (Fig. 3.3 (a)) and 20 min H2 annealed sapphire surfaces (Fig. 3.3 (b)). Three binding

states were observed after the signal deconvolution of the O 1s core level peak. The main

peak corresponds to the O2- bonding state (530 eV), while two other peaks correspond to the

OH- (531 eV) and H2O (532.4 eV) bonding states, respectively. The O2-:OH- peak area ratios

were 92:8 and 94:6 for as-received and H2 annealed samples, respectively. The calculated

surface molar ratios from as-received and H2 annealed sapphire were Al0.36O0.59(OH)0.05 and
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Al0.35O0.61(OH)0.04, respectively. Compared to the ideal molar ratio of Al2O3 (Al0.4O0.6),

this is in good agreement with the surface stoichiometry being close to the Al2O3 bulk

stoichiometry. In other words, according to the XPS data, before and after H2 anneal, α-

Al2O3 surface stoichiometry was identical. By contrast to our result, Sumiya et al.66 reported

on an Al-rich near-surface region with the molar ratio of Al0.5O0.5, which formed as a result

of the removal of oxygen with increasing H2 anneal time at 1100°C.

Figure 3.3. Deconvoluted O 1s core level peak from (a) as-received and (b) 20 min H2

annealed sapphire surface.

Further thermodynamic calculations were carried out in order to evaluate the

reduction of sapphire by H2 at MOCVD process temperatures and understand why the as-

received near-surface stoichiometry was almost identical to the annealed near-surface

stoichiometry, in contrast to the reports of Sumiya et al.66 Assuming that H2 reacts with

sapphire to remove oxygen from the surface, the standard Gibbs free energies of reaction
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were calculated for reactions yielding different Al suboxide species as products,

represented as:

€ 

aAl2O3 + bH2← →  cAluminum suboxide +dH2O +eH2 (3.2)

where aluminum suboxide represents the different suboxide products, Al2O2, AlO, AlO2,

Al2O, and Al, and the coefficients a...e are the proper stoichiometric coefficients for a given

reaction. Fig. 3.4 shows the calculated standard Gibbs free energy of formation for the

different aluminum/oxygen phases and water (Fig. 3.4 (a)) and the standard Gibbs free

energy of reaction for the different reactions based on the above equation (Fig. 3.4 (b)). Fig.

3.4 (a) clearly suggests that sapphire is the most stable phase among the other aluminum

related phases. In addition, Fig. 3.4 (b) indicates that reduction of sapphire by hydrogen

within the given temperature range is a highly non-spontaneous reaction, yielding little

product phase. Thus, the thermodynamic calculations are consistent with XPS measurements

indicating that the near-surface region of H2 annealed sapphire was not Al-rich. It was

concluded that Al-terminated sapphire surface could be achieved rather than Al-rich near-

surface region.
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Figure 3.4. (a) Standard Gibbs free energy of formation as a function of temperature

for different aluminum/oxygen phases and water. (b) Standard Gibbs free energy of

reaction as a function of temperature for the reduction of Al2O3 by H2 to form different

Al suboxides and other product gases.

GaN films grown on H2 annealed sapphire were Ga-polar, as determined by wet

chemical etching in aqueous KOH solution. The surface of these films exhibited no evidence

of etching, as expected for the chemically-resistant Ga-polar orientation. For longer KOH

etch times, the epitaxial films delaminated from the substrate. It is likely that the etch

solution attacked the interface, which contained a high density of stacking faults and

dislocations due to a large lattice mismatch with the substrate. The observation of Ga-polar

GaN grown on H2 annealed sapphire must be attributed to a specific structure formed on the

sapphire surface, which is capable of orienting the polarity of the overgrown GaN. As

discussed previously, an Al-terminated sapphire surface can be formed as a result of H2
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annealing. According to Walters et al.,67 aluminum layers in sapphire are arranged in the

face-centered cubic (fcc) type stacking (abcabc). To form Ga-polar GaN, the N atom needs to

bond with one Al atom and three Ga atoms. On the surfaces featured with fcc type metal-like

bonds, the N atoms may prefer the positions on the top of Al atoms. Therefore Al-

termination is necessary to achieve Ga-polar GaN.

3.4.2 GaN growth on nitrided sapphire substrates

The nitridation of sapphire prior to the growth of LT-NLs is a widely adopted

technique for GaN growth. The sapphire substrate is annealed under flowing NH3 at high

temperature, above 900°C. This nitridation step not only influences the quality of GaN films,

reducing the defect density, enhancing the electron mobility, and reducing the yellow

luminescence,68 but also plays an important role in controlling the polarity. The purpose of

the nitridation process is to intentionally modify the sapphire surface structure. Reports

indicate that nitridation transforms the sapphire topmost layers to AlN, which effectively

lowers the lattice mismatch with the GaN epilayer.69 The formation of an AlN layer also

modifies the surface energy of the sapphire substrate, which influences the nucleation step of

any subsequently grown layers and, as will be shown, plays an important role in the polarity

control scheme.
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Figure 3.5. AFM images of the sapphire substrate surface after nitridation at 950°C for

(a) 3 min, (b) 6 min, and (c) 10 min. Prior to nitridation, the sapphire substrate was H2

annealed at 1100°C for 20 min in order to form the step structure.

The structure of the sapphire surface after nitridation at 950°C was examined by

varying the nitridation time from 3 min to 10 min. Fig. 3.5 shows AFM images of the

nitrided surface. Prior to nitridation, the substrate was treated by H2 annealing at 1100°C for

20 min in order to form the step structure with one bi-layer height. The terrace width

observed in these images is different from the AFM images in Fig. 3.2, because the sapphire

substrate orientation was slightly different; the misorientation angle with respect to the c-

plane was 0.1° and 0.03° for the substrates in Figs. 3.2 and 3.5, respectively. The surface step

structures were observed for all nitrided substrates, but the step-and-terrace structure on

surfaces gradually disappeared as the nitridation time increased. The image in Fig. 3.2 (e),

corresponding to the H2 annealed surface shows round islands, 50-300 nm in diameter and

0.2 nm in height, on atomically flat terraces. As the nitridation time increased, Figs. 3.5 (a)-

(c), the initial surface morphological change was observed at the step edges progressed

across the terraces.
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Fig. 3.6 shows the XPS spectra of the N 1s core level peak before and after

sapphire nitridation. Nitridation was conducted at 950°C for 3 min. The N 1s peak intensity

maximum is located at approximately 397 eV. It should be noted that the measured binding

energy, 397 eV, of the N 1s peak is in a good agreement with the literature which reported

binding energy of nitrogen in AlN around 399.6-397.1 eV. 70, 71 In contrast, no significant

nitrogen peak was observed in H2 annealed sapphire. In addition to the morphological change

of the sapphire surface resulted from nitridation (Figs. 3.5 (a)-(c)), the XPS observation

indicates that AlN is formed after nitridation.
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Figure 3.6. XPS spectra of N 1s core level from sapphire before and after 3 min

nitridation.

Further investigation on the temperature dependence of nitridation was carried out.

Fig. 3.7 shows the AFM images of the nitrided surface, varying the temperature from 950°C

to 1150°C. The nitridation time was kept constant for 10 min. The lowest nitridation

temperature (950°C) produced the smoothest surface, still characterized by a step structure.
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As the nitridation temperature was increased to 1050°C, the step structure became faint.

Simultaneously, protrusions formed from the round islands near step edges. The surface

nitrided at 1150°C was covered with many protrusions and the step structure was no longer

observed. The average height of these protrusions was 2 nm. Similar protrusions were also

observed by Hashimoto et al.72 and Sumiya et al.66 Hashimoto et al. reported that the surface

covered with many protrusions showed a spotty RHEED pattern which corresponded well to

the calculated diffraction pattern of AlN. Sumiya et al. suggested that these protrusions were

N-polar AlN.

Figure 3.7. AFM images of the sapphire surface nitrided for 10 min at (a) 950°C, (b)

1050°C, and (c) 1150°C.

In order to study the influence of substrate nitridation conditions on epilayer growth,

GaN films were grown on sapphire nitrided under varying conditions, such as temperature

and time (Fig. 3.8). Smooth GaN films were obtained when the substrate nitridation was 2

minutes at 950°C (Fig. 3.8 (a)), while longer or higher temperature nitridation (10 min and

1050°C) induced the hexagonal surface morphology (Fig. 3.8 (b)). The surface morphology

of GaN films was drastically changed as a function of nitridation conditions. Wet chemical
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etching experiments revealed that both smooth and hexagonal facetted films were N-polar;

in contrast to prevalent reports that N-polar GaN films have a hexagonal facetted rough

surface,23 we obtained smooth N-polar films by lowering the temperature and shortening the

nitridation time (Fig. 3.8 (a)).

Figure 3.8. DIC optical micrographs of GaN films grown on nitrided sapphire before

and after dipping in 3M KOH solution at room temperature for 10 min. GaN grown on

nitrided sapphire at 1050°C for 10 min (a) before and (c) after KOH dip. GaN grown on

nitrided sapphire at 950°C for 2 min (b) before and (d) after KOH dip.

Furthermore, the surface morphology of smooth N-polar GaN achieved by mild

nitridation conditions such as temperature of 950°C and time of 2 min was observed by AFM

as shown in Fig. 3.9. The RMS surface roughness was 2 nm, and no hexagonal pyramids

were observed on the surface. Although pits were observed, the surface exhibited atomically

smooth regions locally characterized by step flow patterns, with steps of bi-layer height.
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Figure 3.9. AFM image of smooth N-polar GaN film obtained by optimized nitridation

conditions. The image area is 3×3 µm2.

All GaN samples grown on nitrided sapphire were consistently N-polar. This

indicated that the AlN layer formed on sapphire by nitridation may be N-polar. It is

reasonable to suggest that during nitridation, N species from thermally cracked NH3 react

with three Al atoms on the Al-terminated sapphire substrate. Thus, the Al-terminated

sapphire surface transforms to either nitrogen termination or N-polar AlN layer after

nitridation. Moderate nitridation plays an important role in keeping the substrate surface

smooth with sapphire surface modification. For this reason, the duration and temperature of

the nitridation step was very important for achieving a smooth AlN layer on the sapphire

surface. By contrast, severe nitridation with higher temperature and longer time led to the

formation of protrusions, which gave rise to the N-polar GaN films with rough hexagonal

facetted surface morphologies. The morphological change on nitrided sapphire surfaces

strongly depends on the nitridation conditions, since the decomposition of NH3 strongly

depends on the nitridation temperature.
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3.5 GaN growth on LT-AlN nucleation layer (NL)

3.5.1 Effect of LT-AlN NL deposition and thermal annealing conditions

Following substrate treatments such as H2 annealing and nitridation, LT-NL

deposition and annealing conditions play a significant role in controlling the polarity of HT-

GaN films. The deposition and annealing conditions are critical since all possible film

polarities (Ga-, N-, and mixed-polar) can be obtained by controlling the thickness of the LT-

AlN NLs and the conditions used for the annealing. GaN layers, 1.3 µm thick, were grown

on LT-AlN NLs deposited for varying lengths time. Thus, NLs of varying thicknesses were

obtained. Prior to the deposition of HT-GaN films, AlN NLs were annealed under an NH3

partial pressure of 2 Torr at 1040°C for 15 min. The sheet resistance and FWHM of HRXRD

rocking curves were measured for each sample and are shown in Fig. 3.10. FWHM of (00.2),

(10.3), and (30.2) rocking curves are indirect indications of the film threading dislocation

(TD) density.73 A significant increase in sheet resistance was observed with the increase of

LT-AlN deposition time (Fig. 3.10 (b)). As previously mentioned, GaN layers grown directly

on nitrided sapphire substrates (no AlN NL deposition) were N-polar. These films were

highly conductive with sheet resistances of ~10 Ω/sq. In contrast, GaN layers grown on AlN

NLs showed a different behavior: sheet resistance strongly depended on the deposition time

of the AlN NL. An abrupt change in the sheet resistance of GaN films was observed when

the AlN NL deposition time was ~5 min; NLs grown for longer times yielded a sheet

resistance that saturated at a maximum value of 109 Ω/sq, which was our instrumental limit.
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Figure 3.10. (a) HRXRD FWHM and (b) GaN sheet resistance as a function of the LT-

AlN deposition time.

Fig. 3.10 (a) shows the result of HRXRD analysis: the FWHM of (00.2) and (10.3)

rocking curves change gradually as a function of the NL thickness, while the change of the

(30.2) rocking curve is more abrupt, with a minimum value of 850 arcsec achieved at an AlN

deposition time of 4 min. The width of the (30.2) rocking curve is indicative of the density of

pure edge and mixed dislocations.58 The results showed that the edge dislocation density

significantly increased with longer LT-AlN deposition times. Edge dislocations are known to

act as acceptor-level traps, and thus may play a significant role in compensating the GaN

films.74 In addition, (30.2) peaks of similar width were obtained for GaN films grown

directly on nitrided sapphire and on AlN NLs deposited for 6 min. Despite a similar edge

dislocation density, as indicated by HRXRD rocking curves, the sheet resistance differed by

8 orders of magnitude. Furthermore, changing the LT-AlN deposition time from 5 min to 5.5

min resulted in a small increase in the density of dislocations with edge component, from

~9×109 cm-2 to ~1010 cm-2,58 while the sheet resistance increased by more than 3 orders of
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magnitude. These observations indicated that the dislocation density alone cannot account

for the observed variation in sheet resistance.

Figure 3.11. DIC optical micrographs ((a) & (b)) and AFM images ((c) & (d)) of GaN

films grown on AlN nucleation layers deposited for 5.5 ( (a) & (c)) and 4 ( (b) & (d))

min.

Figs. 3.11 (a) and (b) show DIC images of as-grown GaN epilayers grown on AlN

NLs deposited for 5.5 and 4 min, respectively. In contrast to the mirror-like surface of the

insulating sample obtained with an AlN deposition time of 5.5 min (Fig. 3.11 (a)), the

conductive sample (4 min AlN deposition time) exhibited a rougher surface morphology, as

shown in Fig. 3.11 (b). In order to further study the surface morphology of both samples,

AFM measurements were carried out in a 2×2 µm2 area of the as-grown GaN layers. The

surface of the insulating film, shown in Fig. 3.11 (c), had an RMS roughness below 0.3 nm.

Steps with bi-layer height were observed on this sample. In contrast, the conductive sample,
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shown in Fig. 3.11 (d), exhibited a rougher surface morphology with an RMS roughness of

6 nm. The surfaces of conductive films exhibited randomly distributed hexagonal open cores

with spiral growth around them. The AFM line-scans revealed the diameter of these cores of

~300 nm. Larger area AFM scans revealed an open core density of ~109 cm-2. In many cases,

spiral growth resulted in a hole in the center of a facet, called a nano-pipe or an open core;75

these features have previously been observed in N-polar GaN.76 The presence of open cores

on the surface and the increased conductivity of GaN films grown on NLs, which were

deposited for a shorter time, indicated the likelihood that these samples contained N-polar

domains in an otherwise Ga-polar matrix. The observed conductivity may be due to oxygen

impurities acting as donors. It has been reported that oxygen incorporated substitutionally on

the N sublattice of GaN acts as a shallow donor and may contribute to the n-type background

conductivity observed in unintentionally doped films.77, 78 A higher oxygen incorporation in

open nanopipes was reported by Arslan et al,79 and furthermore, it has been a prevalent idea

that the oxygen incorporation is a few orders of magnitude higher in N-polar face than the

Ga-polar face.80 These observations taken together suggested that mixed-polar films were

likely to possess n-type background conductivity, as a result of the high donor impurity

(oxygen) incorporation in the N-polar IDs.

3.5.2 AlN NL analysis

3.5.2.1 Influence of deposition thickness and annealing conditions

The mechanism leading to the formation of IDs in Ga-polar GaN films grown on AlN

NLs was unclear, even though it was previously reported that IDs nucleated at the interface



62

with sapphire and propagated through the entire film.81 Therefore, we investigated the

microstructure at the AlN NL/GaN film and AlN/sapphire interfaces in order to reveal the

origin of the IDs’ formation.
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Figure 3.12. (a) Experimental XRR data for the first set of LT-AlN layers deposited for

2, 4, and 6 minutes. The top trace is based on model calculations for a fully dense 10 nm

AlN layer on a sapphire substrate. (b) Scattering length density and AlN density ratio

as a function of depth calculated from the reflectivity data shown in (a). The specified

lengths indicate the depth of the sapphire interface with respect to the free surface.

Fig. 3.12 shows the XRR data for the LT-AlN layers which were deposited for 2, 4,

and 6 min. GaN films grown on similar NLs deposited for 2 and 4 min and then annealed in

NH3 for 15 min were mixed-polar, while those grown on NLs deposited for 6 min were Ga-

polar, as mentioned previously. Fig. 3.12 (b) shows the SLD as a function of depth calculated

from the data shown in Fig. 3.12 (a). The AlN density ratio was calculated using the

assumptions that the deposited layer is only composed of AlN, and the substrate is sapphire,

i.e. the ratio of the calculated SLD to the SLD for a fully dense AlN film. All deposited LT-
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AlN layers had a density ratio less than one, with thicknesses ranging from 6 nm to 11 nm,

indicating they possessed a highly porous structure. It is interesting to note that the density

appeared to increase with depth until a maximum around the middle of the film and then

decreased toward the sapphire interface. These features indicate an AlN layer morphology

that is conducive to the regions of exposed nitrided sapphire. Also, deviations from an abrupt

drop in density at the surface are suggestive of a distribution of feature sizes. From this type

of density profile it is difficult to measure surface roughness or interface roughness, or

identify the layer composition since the variation in density arises from film porosity.

The LT-AlN layers that gave rise to mixed-polar films consistently had a lower

density ratio, i.e. they were more porous or open. In addition to deposition time, annealing

time influenced whether mixed-polar films were formed. Fig. 3.13 shows the XRR data for

LT-AlN layers that were deposited for 3.5 min and then subsequently annealed in NH3 for 0,

18, and 22 min. GaN films grown on these LT-AlN layers that were annealed for more than

18 min were mixed-polar. Fig. 3.13 shows the AlN density ratio calculated for the layers that

were annealed for 0 and 22 min, following the procedure already described. The density

profile of the 0 min annealed layer is similar to the ones shown in Fig. 3.12 (a), it is included

for comparison. As can be seen from Fig. 3.13 (a), the XRR results for the 18 and 22 min

annealed NLs are similar, thus the density ratio profile was similar. The features of these

film’s density profiles made them different the profiles previously discussed, and may be

summarized as follows: first, an initial linear increase in density as a function of depth from

the free surface; second, the density ratios saturated at a value corresponding to a nearly fully

dense AlN film; third, the annealed NLs were more than twice the initial thickness of the as-
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grown NL; and fourth, a decrease in the density at the interface with sapphire wafer. For

the case of the 18 min annealed film, the density at the sapphire interface was higher, i.e. not

as porous or open. These features indicated a particular NL morphology that may be

conducive to nucleation of GaN on regions exposed either to N-polar AlN or directly to

ammonia exposed sapphire. By studying the control of the GaN polarity, GaN films on

nitrided sapphires exhibited N-polar face. Any exposed regions existed in AlN NL cause for

the formation of N-polar IDs in otherwise Ga-polar films.

10-4

10-3

10-2

10-1

100

101

102

103

104

105

Re
fle

ct
an

ce

0.100.05
∆Q (Å-1)

(a)  0 min
 18 min
 22 min

1.2

1.0

0.8

0.6

0.4

0.2

0.0

A
lN

 D
en

si
ty

 R
at

io

2001000
Depth (Å)

(b)

7.4 nm 22 nm

Figure 3.13. (a) Specular x-ray reflectivity data for the second set of LT-AlN layers

deposited for 3.5 min, and subsequently annealed for 0, 18, and 22 min. (b) AlN density

ratio as a function of depth calculated from the reflectivity data shown in (a) for

annealing times of 0 and 22 min. The specified lengths measure the depth of the

sapphire interface with respect to the free surface.
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Figure 3.14. Cross-sectional TEM and AFM images of LT-AlN NL as a function of

annealing time: (a) & (d) as-grown LT-AlN NL. (b) & (e) 18 min anneal of AlN NL. (c)

& (f) 22 min anneal of AlN NL

These conclusions based on analysis of XRR data are also supported by AFM and

TEM characterization of annealed LT-AlN NLs. Specifically, AFM and TEM confirm that

the morphology consists of a large number of facetted islands, and that the NL thickness

increases with increasing anneal time. AFM and TEM images of the morphological evolution

of AlN NLs as a function of anneal time are shown in Fig. 3.14. The AlN NLs used for these

analyses were identical to those used for XRR measurement. AFM results (Fig. 3.14 (a)-(c))

showed that surface roughness of as-grown LT-AlN NLs increased from 0.3 nm to 0.9 nm

for annealed NLs. Peak-to-valley distances of annealed NLs reached up to 10 nm. Fig. 3.14

(d) shows the cross-sectional TEM image of an as-grown AlN NL; its thickness was

approximately 6 nm. As the anneal time increased to 22 min, the NL thickness increased to
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17 nm. The TEM observation is in good agreement with the XRR analysis. However, the

increasing thickness as a function of the annealing time is still unknown. Further

investigation is still necessary to reveal the mechanism on the increasing thickness of AlN

NL as a function of annealing time.

3.5.3 Interface between AlN NLs and GaN overlayers

The origin of IDs in GaN films grown on AlN NLs must be explained by accounting

for the polarity of the NLs themselves. It is reasonable to attribute the polar orientation of

single-polar HT-GaN to that of the annealed AlN NLs. Thus, the experimental determination

of identical polarities in HT-GaN films and the corresponding annealed AlN NLs is

desirable.

Fig. 3.15 shows a Z-contrast image near the GaN overlayer/AlN NL/sapphire

substrate interfaces. In a Z-contrast image, only large-angle elastic scattered electrons are

collected and then its image intensity is approximately proportional to Z2. Compared to

phase-contrast HRTEM imaging, Z-contrast imaging is relatively insensitive to focusing

conditions and specimen thickness, and its images are more directly interpretable in terms of

atomic coordinates.82 As a consequence, AlN appears darker than GaN and sapphire in a Z-

contrast image, as shown in Fig. 3.15 (a). A number of highly-facetted, V-shaped AlN

columns, 10-20 nm in size, are clearly observed between the substrate and GaN film. The

average spacing between two neighboring V-shaped columns is ~10 nm. The V-shaped AlN

NL is identical to XRR and AFM observations in the previous section. Fig. 3.15 (b) and Fig.

3.15 (c) exhibited the direct lattice polarity determination of GaN and AlN from the high
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resolution Z-contrast images. Although the much stronger large-angle elastic scattered

electrons in Ga than in N makes it difficult to separate the Ga atom column from the N atom

column, we succeeded in directly determining the GaN local lattice polarityBoth GaN and

AlN were determined to be III-polarity, indicating the GaN film replicated the polarity of the

AlN NL.

Figure 3.15. Z-contrast images of GaN films on grown annealed AlN NLs. (a) High

resolution cross sectional image. (b) Z-contrast image of Ga-polar GaN taken from

position 1 and schematic of the bonding arrangement. (c) Z-contrast image of Al-polar

AlN taken from position 2 and schematic of bonding arrangement.
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However, we must account for the occurrence of mixed-polarity GaN when films

were grown on either thin NLs or NLs that were annealed for an extended period of time.

Since microanalysis of the local lattice polarity of AlN NLs indicated that they were Al-polar

and no N-polar domains were observed, the origin of IDs must reside elsewhere. As

suggested by XRR results, the locally exposed sapphire substrate surface is likely responsible

for the occurrence of IDs. The NL/sapphire interface was characterized at high magnification

by z-contrast TEM. Fig. 3.16 (a) shows a z-contrast TEM image of this area. Z-contrast TEM

image revealed that the AlN NL column was not perfectly V shape, in fact, two slopes were

observed at the interface between GaN and AlN NL. Fig. 3.16 (b) shows high magnification

of z-contrast TEM image of the slope marked 1 in Fig.3.16 (a). It determined AlN surface

with 

€ 

(011 1 ) plane. If one assumes AlN NL surface with angle between two 

€ 

(011 1 )planes

is 56.8°, the deepest valleys between V-shaped columns can possibly reach down as far as

the substrate interface by the extended line from the slope in the circle region (Fig. 3.16 (a)).

Figure 3.16. (a) Cross sectional z-contrast TEM image of AlN NL close to the vertex. (b)

high magnification z-contrast TEM image of slope 1.
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However, the valleys of all AlN NL columns reaching down the substrate were not

observed. This reason can be attributed to the TEM sample preparation. It has been

succeeded that AlN NL columns in TEM images were visualized by 3dimensional (D)

geometry.83 Fig. 3.17 (a) shows 3D schematic of the AlN observed in HRTEM image. The

AlN column exhibits the hexagonally pryramidical shape with 

€ 

{011 1 }planes. The angle

among the 

€ 

{011 1 } planes at the vertex of this hexagonal pyramid is 56.8°. The hexagonally

pyramidical AlN columns is cut on the line 1 along the 

€ 

[0001 ] (Fig. 3.17 (a)), and then the

cutting plane is observed in Fig. 3.17 (b). The observed angle between two 

€ 

{011 1 } planes is

exactly 56.8°. By contrast, the cutting plane obtained by cutting the hexagonal pyramid on

the line 2 along the 

€ 

[0001 ] shows the pentagonal shape in which the angle at the vertex (β) is

larger than 56.8° (Fig. 3.17 (b)). This cutting plane is very similar to the shape of AlN

column observed in TEM image (Fig. 3.16 (a)). This schematic drawing based on the cutting

plane in the TEM sample preparation supports the previous assumption that the deepest

valleys between V-shaped columns can possibly reach down the substrate interface. This was

also in good agreement with the previous results that mixed polar GaN films was transformed

to Ga-polar GaN films with the increase of AlN NL deposition time. As a consequence, the

certain thickness was necessary for AlN NL to grow the Ga-polar GaN films, otherwise, the

nitrided sapphire substrate was exposed to be the cause of the the N-polar domains in Ga-

polar matrices.



70

Figure 3.17. Schematic of 3D AlN NL based on the TEM image of V-shaped AlN NL. (a)

Schematic of 3-D AlN NL column. (b) Cutting plane in the case of line 1. (c) Cutting

plane in the case of line 2.

3.6 Summary

The polarity of HT-GaN films was found to depend on the surface preparation of the

sapphire substrate. When growth was performed in the mass-transport-limited regime, as

discussed in chapter 2, the polarity of GaN films was identical with the polar structure at the

interface of the underlying layers such as the annealed AlN NL, nitrided sapphire, and H2

annealed sapphire. The consequence of different growth sequences and conditions with

respect to the polarity control are summarized in Fig. 3.18. The route of polar selectivity was

divided between the nitridation or lack thereof of the sapphire substrate. Ga-polar GaN was

obtained by H2 annealing the sapphire substrate, or, when growing on a nitrided substrate, by

carefully controlling the AlN NL thickness and anneal time. Improper NL deposition time

and/or anneal time resulted in mixed-polarity GaN. N-polar GaN films were always by
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growing directly on nitrided sapphire. The surface morphology was strongly dependent on

the duration and temperature of the nitridation process. Severe nitridation led to the

formation of protrusions on the sapphire surface, yielding rough hexagonal facetted N-polar

GaN, while mild nitridation yielded smooth N-polar GaN films.

It was observed that the electrical properties of GaN films significantly depended on

the polar orientation, despite having very similar crystallographic properties as determined by

HRXRD (e.g., dislocation density). Ga-polar films were insulating, while N-polar films

exhibited high n-type conductivity with carrier concentrations approaching 1019 cm-3 and

electron mobilities around 100 cm2/Vs. Mixed-polarity films also exhibited n-type

conductivity, with varying carrier concentrations and lower electron mobilities than pure N-

polar films. These observations indicated that IDs degraded the electrical properties. Full

control of GaN polarity can possibly afford new technological opportunities in GaN-based

devices such as lateral polarity junctions (LPJs), as discussed in the introduction.

Smooth Film
Fast Nitridation

High temperature

Over-Nitridation

Thin AlN NL
Over-Anneal time

Sublimation

AlN NL
Under-Anneal time

N-polar
-c orientation

Smooth Film
Thicker A;N NL

Proper Anneal Time

Ga-polar
+c orientation

Nitridation

Ga-polar only
+c orientation

No-Nitridation

c-Sapphire Wafer

Figure 3.18. Schematic diagram of the GaN polarity control scheme.
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4 GaN lateral polar junction (LPJ)

4.1 Overview

The previously described polarity control scheme for obtaining both Ga- and N-polar

films on a sapphire substrates, allows the fabrication of GaN LPJs. Similar structures, albeit

of poor quality, have been achieved before by MBE, since the possibility to control the GaN

polarity was thought to be only limited to MBE.30, 31, 32 This ability provided possibility for

innovative GaN based device applications.36 However, the technical difficulties of using

MBE as the growth technique have hindered the technological development of the III-nitride

devices. In contrast to the fabrication of LPJ structures using MBE, the fabrication by

MOCVD has lagged due to the focus on Ga-polarity films.84, 85

Selectivity of the GaN polarity grown by MOCVD strongly relied on whether a LT-

AlN was deposited on a sapphire substrate prior to the HT-GaN deposition. GaN films grown

on a properly treated AlN NL were Ga polar, while the ones grown on sapphire substrates

nitrided at high temperature (>950°C) were N-polar. Therefore, an appropriate template with

a pattern of AlN and nitrided areas should allow simultaneous growth of both polar domains.

In this chapter, the fabrication process of the GaN LPJ structure will be first

presented. Based on the fabrication process, the achievement of both polar domains, free

from IDs within a contiguous domain, will be described with respect to the difference in the

electronic properties of the different type of domains, i.e. as grown N-polar domains are

conductive and Ga-polar domains are insulating. Electrical, crystalline, and optical properties

of both polar domains will be examined. The interface between the two opposite polar
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domains will be investigated and discussed in details. In summary, the possibility of new

devices based on the GaN LPJ structures will be suggested.

4.2 Fabrication procedure

The fabrication of a GaN LPJ structures on a sapphire substrate requires four process

steps: deposition of a LT-AlN layer, patterning of the AlN nucleation template, nitridation,

and growth of the GaN layer. LT-AlN deposition and HT-GaN growth conditions were

described in detail in previous chapters. Typically, both GaN polarities were grown

simultaneously on patterned AlN templates following our standard growth condition. N2 was

used as a carrier and diluent gas, V/III ratio of 100, ammonia flow of 0.3 slm and a TEG flow

of 134 µmol/min under a total flow rate of 7.5 slm. This growth conditions provided mass-

transport-limited growth with significant supersaturation.

Typical process steps for the fabrication of a GaN LPJ structure are shown in Fig. 4.1.

The first set is initiated on c-plane sapphire with the AlN NL (10-20 nm) grown on nitrided

sapphire (Fig. 4.1 (a)). Prior to deposition of the LT-AlN layer, the sapphire substrate is

exposed to a flow of H2 at 1100°C for 7 min and then nitrided under the flow of NH3 at

950°C for 4 min. Following the LT-AlN deposition, the AlN layer is annealed at a

temperature of 1040°C under an ammonia partial pressure of 2 Torr (diluted in N2) at a total

molar flow rate of 2.2 slm. A common anneal time of the AlN layer is 15 min. The sample is

quenched to the room temperature in order to carry out ex-situ lithography and etching.

A thin Ti mask layer (~30 nm) is deposited on the sample (Fig. 4.1 (b)). Photoresist is

then spun on the sample and patterned using optical lithography with the desired geometry
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(Fig. 4.1 (c)). Ti unmasked regions are etched using a 0.1% HF to expose the AlN layer

(Fig. 4.1 (d)). After the removal of the photoresist mask by acetone, the unmasked AlN

regions are etched down to the sapphire substrate using a hot (50°C) 6M KOH solution for 1

min (Fig. 4.1 (e)). The Ti mask is removed using 1 % HF. This process results in a sample

with contiguous regions of AlN and bare sapphire (Fig. 4.1 (f)). The sample is cleaned using

a de-ionized water rinse and dried with nitrogen before reintroduction into the MOCVD

chamber.

Figure 4.1. Process flow for fabricating LPJ GaN structures by MOCVD: (a) growth of

LT-AlN, (b) deposition of Ti, (c) spin-on photoresist, (d) patterning by lithography, (d)

KOH etch to expose the sapphire substrate, (e) removal of Ti, and (g) growth of GaN.

After the reintroduction of the sample into the MOCVD chamber, the temperature is

ramped up for the GaN growth under a N2 atmosphere. A nitridation step (2nd nitridation)
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prior to the HT-GaN growth is necessary to obtain N-polar GaN on the exposed sapphire

regions of the sample. The GaN growth is carried out at a temperature of 1050°C. Upon the

completion of this step, the sample consists of a GaN LPJ structure with the Ga- and N-polar

domains side-by-side (Fig. 4.1 (g)).

The GaN LPJ samples were studied by various characterization techniques. The

surface morphology was observed by Differential Interference Contrast (DIC) optical

microscopy and SEM. HRXRD was performed to characterize the structural properties of the

LPJ sample. Cathodoluminescence (CL) measurements were performed by JEOL JSM-6400

SEM system with Oxford MonoCL. Hall measurements in the Van der Pauw geometry were

carried out at different current levels at a magnetic field of 0.51 T.

4.3 The achievement of the GaN LPJ structure

4.3.1 Determination of the fabrication conditions for a GaN LPJ structure

Following the GaN polarity control scheme discussed in chapter 3, LT-AlN

deposition on nitrided sapphire was carried out for 5.5 min and an anneal time of 15 min at

1040°C. After the fabrication of a patterned AlN template, the 2nd nitridation was carried out

at 950°C for 1 min. Following the 2nd nitridation, the growth of GaN was carried out at

1050°C. N-polar GaN was obtained on the exposed sapphire region of the template, while

GaN grown on AlN region exhibited mixed-polarity. As discussed in chapter 3, N-polar GaN

was consistently obtained on nitrided sapphire substrates irrespective of nitridation

conditions (temperature and time), while Ga-polar GaN required a proper LT-AlN thickness

and anneal time. The additional ex-situ lithography and etching processes necessary to
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fabricate patterned LT-AlN templates altered the optimized Ga-polar GaN growth

conditions from that of the conventional two-step growth process. Therefore, the necessary

conditions for the LT-AlN thickness and annealing needed to be investigated in order to

obtain pure Ga-polar domains on the intended regions of the LPJ structure.

Although the use of KOH allowed determination of the polarity type of GaN films,

the chemical etching selectivity was sometimes hard to distinguish in samples that were

mostly Ga-polar with a low density of IDs. We established that there were significant

differences in the sheet resistance between the Ga-polar and mixed-polar GaN films. Highly

resistive Ga-polar GaN is advantageous in optoelectronic and electronic device applications.

It reduces parallel conductivity and poor pinch-of characteristics originating from

unintentional background carrier concentration.

Two sets of experiments were carried out to determine the conditions to achieve pure

Ga-polar, highly resistive GaN on the AlN NL regions. The first set of experiments focused

on the deposition time of the LT-AlN layer. After ex-situ lithography and etching processes,

the 2nd nitridation was at constant conditions: temperature 950°C, duration 1min. Fig. 4.2 (a)

shows the sheet resistance of GaN grown on AlN regions that were deposited for 4, 6, and 8

min. Although GaN grown on AlN exhibited an increase in sheet resistance with increasing

deposition time, the sheet resistances still ranged from 1 kΩ/sq to 6 kΩ/sq indicating that all

Ga-polar domains were actually of mixed-polarity. These results contradict those obtained in

chapter 3 that the LT-AlN deposition time strongly influences the sheet resistance as well as

the polarity type. This suggests that a modification of the LT-AlN film occurred during the
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ex-situ process. AlN is known to form oxides or hydroxides in the presence of water,

making this a likely cause for the occurrence of the IDs within the Ga-polar matrix.86

A second set of experiments was carried out with respect to the 2nd nitridation time.

The AlN NL deposition time was constant at 4 min and the anneal temperature was 1050°C,

higher than that used for the 1st set of experiments. The 2nd nitridation times were varied from

1 to 11 min. Fig. 4.2 (b) shows the sheet resistance of GaN as a function of the 2nd nitridation

time. Compared to Fig. 4.2 (a), the overall sheet resistances were 3 orders of magnitude

higher. This indicated that a higher temperature nitridation improved the sheet resitance of

GaN. Furthermore, the maximum sheet resistance was obtained for the 11 min nitridation.

This nitridation may have played a role in transforming the oxide or hydroxide that may have

formed on the LT-AlN as well as helped in obtaining the N-polar GaN on the exposed

sapphire region.

6

5

4

3

2

1

Sh
ee

t 
re

si
st

an
ce

 [
kΩ

/s
q.

]

87654

LT-AlN deposition time [min]

(a)
1.0

0.8

0.6

0.4

0.2

0.0

Sh
ee

t 
re

si
st

an
ce

 [
M
Ω

/s
q.

]

108642

2nd nitridation time [min]

(b)

Figure 4.2. Sheet resistance of GaN grown on AlN region for different LT-AlN

deposition times 4, 6, and 8 min and constant 2nd nitridation time. (b) Sheet resistance

of GaN grown on AlN region for different durations of the 2nd nitridation time.



78

4.3.2 Determination of polarity for a GaN LPJ structure

Fig. 4.3 (a) shows a DIC optical micrograph (plane-view) reveling Ga-polar domains

with smooth featureless morphology and the N-polar domains with hexagonal facetted

morphology. The SEM image (cross-section) shows the vicinity of the IDB between the Ga-

and N-polar layers grown side-by-side (Fig. 4.3 (b)). The region left of the boundary is the

Ga-polar domain, while the region right of the boundary is the N-polar domain. Micrographs

taken farther away from the boundary, within each domain, did not show any difference in

thickness (Fig. 4.3 (c) and (d)). No apparent difference in the thickness between the two

domains can be observed in these micrographs; the thickness remained constant throughout

the domain. The identical growth rate was attributed to the mass-transport-limited growth

regime with a large supersaturation achieved under N2 and low V/III ratios.

Figure 4.3. GaN LPJ structure: (a) DIC plane-view image, (b) cross-sectional SEM

around the IDB and Ga-polar (c) and N-polar (d) domains.

TEM was used to independently confirm the polarity of each domain.84 Two TEM

samples were prepared and cut along the {-2110} and {-1100} planes. The former one was
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use to determine the atomic structure from Z-contrast imaging,83  while the latter one was

used to determine the polarity of GaN with CBED due to its more obvious features in the

diffraction discs.

Figure 4.4. Z-contrast image and CBED patterns of the LPJ sample. (a) Overview of the

sample; the numbers indicate the position where CBED patterns were taken. (b) CBED

pattern taken from position 1. (c) CBED pattern taken from position 2.

The polarity of GaN was determined by CBED from two different positions across

the interface (Fig. 4.4 (a)). By comparing the experimental patterns to the simulated CBED

patterns, we confirmed two opposite polarities; GaN grown on the LT-AlN layer was Ga-

polar (Fig. 4.4 (b)), while the film grown on bare sapphire was N-polar (Fig. 4.4 (c)). The

achievement of N-polarity on the bare sapphire substrate is attributed to the nitridation

process prior to the GaN growth. A transition region that separates the Ga-polar and the N-

polar domains was observed. It had a typical width between 60 to 100 nm, consisting of GaN

of mixed-polarity. The occurrence of this mixed-polar transition region between the two

domains is likely due to the poorly defined edge of the LT-AlN caused by the

photolithography process or over-etching of the AlN film (under the Ti mask). Otherwise, no
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overgrowth of any of the domains was observed, i.e. the intended position of the boundary

was maintained.

4.4 Electrical, optical and structural characterization of the LPJ

Electrically insulating Ga-polar domains were achieved by optimization of the 2nd

nitridation conditions. The electrical characteristics for both polar domains were investigated

by Van der Pauw/Hall measurements. It was impossible to conduct Hall measurements on

Ga-polar domains; the unintentionally doped Ga-polar domains showed insulating behavior

with a sheet resistance exceeding 1 MΩ/sq, the limit of the measurement setup. N-polar

domains showed distinctly different electrical properties. It is interesting to note that the

electrical characteristics of the N-polar domains were almost unchanged in spite of a

significant change in the surface morphology, from a relatively smooth surface to hexagonal

facets with the increase in nitridation time and temperature. The unintentionally doped N-

polar domains were always highly n-type conductive, with a typical resistivity around 2

mΩcm. Hall measurements revealed an n-type carrier concentration of 3×1019 cm-3 for

unintentionally doped material with a mobility of 100 cm2/Vs. This mobility can rival state-

of-the-art GaN material at this high doping concentrations.87

This n-type conductivity in N-polar GaN was consistent with observations from other

authors.88 The origin for the n-type conductivity in this material was not clear; however, there

is a high possibility that residual oxygen may be acting as a donor in GaN.80 The probability

of incorporating donor impurities into N-polar GaN is higher than the probability of

incorporation into Ga-polar GaN.40 Oxygen was found to be an impurity with up to three



81

orders of magnitude higher concentration in the N-polar domains than in the Ga-polar

domains (details will be discussed in chapter 6) even when both domains were grown

simultaneously. In addition, this conductivity is bulk conductivity and not merely an effect of

a mobile surface charge; N-polar layers with different thicknesses showed sheet conductivity

that scaled with the layer thickness.

Figure 4.5. CL spectra of the Ga- and N-polar domains over a large energy range.

Fig. 4.5 shows the room temperature CL spectra taken separately at the Ga- and N-

polar domains. The spectra are shown over an energy range of 2 eV. The near band-edge CL

intensity of the N-polar domain was more than one order of magnitude higher than of the Ga-

polar domain. The difference in the luminescence intensity can be attributed to a higher

donor concentration in the N-polar domain. This CL intensity difference was consistent with

the idea that the N-polar domains incorporated more impurities than the Ga-polar domains. In

addition to the near-band-edge emission, both polar domains contained a broad yellow
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luminescence (YL) band with a maximum at about 2.20-2.25 eV.89 In general,

unintentionally doped GaN almost always contain this YL. Although this YL band is the

most studied luminescence band in GaN, its origin is still not entirely clear. Nevertheless,

consensus is building to attribute this band to a transition involving the VGa-ON complex.89

Fig. 4.6 shows the FWHM of the (00.2), (10.3), (30.2) XRD reflections as a function

of the plane inclination angle with respect to the (00.2) direction for Ga- and N-polar

domains from a LPJ structure. The rocking curves were measured for each type of domain

away from the boundary where the two domains meet. The (00.2) reflection was measured in

a symmetric geometry, while the (10.3) and (30.2) reflections were measured in a skew-

symmetric geometry. The FWHM of the (00.2) symmetric reflection for a N-polar film is 700

arcsec, slightly higher than the FWHM of the same reflection for the Ga-polar film, less than

400 arcsec. However, similar FWHM of the off-axis reflections were observed. It was

revealed that the N-polar domains had a comparable structural quality to those of the Ga-

polar domains, even thought there was a significant difference in the surface morphology.

The dislocation density with the edge component was estimated to be 1×1010 cm-2

from the FWHM values of the (30.2) rocking curve.58 Edge dislocations are known to act as

acceptor-level traps, and thus may play a significant role in carrier compensation in the GaN

films.78 Nevertheless, the contrast in the electrical conductivity between the two different

domains at almost the same dislocation density with edge component implies that the carrier

compensation alone does not account for the high resistivity of the Ga-polar domains; a

significant decrease of the donor impurity due to the removal of IDs within the Ga-polar

domain should account for the increase in resistivity. In the N-polar domains, the high donor
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impurity incorporation such as oxygen is the cause for the high background carrier

concentration which is not entirely compensated by dislocations. Thus, reduction of IDs until

dislocations or point defects compensate the related residual donors can be thought to be the

mechanism for obtaining highly resistive Ga-polar domains. Still, this compensation effect is

relatively small compared to the significant polarity dependent difference in impurity

incorporation brought by IDs. This observation also follows from Fig. 4.2 (b), where there

was an increase in the sheet resistance as a function of the 2nd nitridation time and

temperature while the dislocation density with the edge component as estimated from the

(30.2) reflection remained the same, that is, no increase in carrier compensation from the

dislocations was possible. The FWHM value of the (30.2) reflection was ~1300 arcsec for all

the films represented in Fig. 4.2 (b).

Figure 4.6. FWHM of X-ray rocking curves of the (00.2), (10.3), (30.2) reflections for

Ga- and N-polar domains.
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4.5 Investigation of the inversion domain boundary

4.5.1 Electronic properties of the inversion domain boundary (IDB)

Since the two polar domains show completely different electrical properties, the

electrical behavior of the interface between the two domains is of particular interest,

especially with respect to possible applications of this GaN LPJ structure for electronic and

optoelectronic devices. No electronic potential energy barrier for carriers across the IDB of

the GaN LPJ is desirable for certain GaN LPJ applications. To investigate the existence of an

electronic potential barrier, both Ga-polar and N-polar domains should be conductive. Since

the sheet resistance of Ga-polar domains exceeded 1 MΩ/sq, they had to be doped with Si to

enable electrical measurements.

For this measurement, GaN films were grown with a total thickness of 2.0 µm. In the

growth direction, the material comprised of 1.3 µm nominally undoped material, while the

reamining 0.7 µm of the total thickness was intentionally doped with Si. Silane (SiH4) was

used as the Si source gas. Large area Ga-polar films showed a carrier concentration of 6×1018

cm-3 and a mobility of µn=140 cm2/Vs; the electrical properties of the identically doped N-

polar domains were not changed before and after doping, since even unintentionally doped

N-polar domains showed significantly higher background carrier concentrations (> 1019 cm-

3). Ohmic contacts were fabricated both on N-polar and Ga-polar domains by e-beam

evaporation and lift-off of Ti/Al/Ni/Au with thicknesses of 15 nm/200 nm/150 nm/105 nm,

respectively. The I-V characteristic was recorded before and after the annealing of the

contacts. The contact annealing was carried out in a N2 atmosphere at 800°C for 35s. Fig. 4.7

(a) shows the I-V characteristics of a LPJ prior and after annealing of the contacts (the inset
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shows the optical micrograph of the fabricated structure). Fig.4.7 (b) shows the I-V

characteristic measured between two contacts on a bar of N-polar material (see inset) prior to

the contact anneal. The contacts on the N-polar domain showed linear characteristics without

the annealing, due to the high doping concentration. Therefore, it is clear that the initially

observed nonlinearity of the LPJ was due to the nonideal contacts on the Ga-polar side of the

junction.

A linear current-voltage characteristic is obtained for the annealed contacts,

suggesting that there is no potential barrier across the IDB. The characterization of the

current transport across the IDB of a LPJ and, moreover, across two IDBs is important for the

possible application of LPJs to electronic devices in GaN. The discussed results suggest that

for an n/n lateral polarity junction, there was no energy barrier for carrier transport across the

IDB.

Figure 4.7. (a) I-V characteristics of an LPJ before and after the annealing of contacts;

(b) I-V characteristics of ohmic contacts on a N-polar region prior to annealing.
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In addition to the above measurements, N-polar/Ga-polar/N-polar structures with

two LPJs were characterized (see the lower inset in Fig. 4.8 for a I-V characteristic measured

for a double LPJ). The Ga-polar domain with its lower conductivity served as a channel

sandwiched between the two heavily doped N-polar domains with ohmic contacts on top (see

upper inset in Figs. 4.8). These structures were used to measure the sheet resistance and the

resistivity of the Ga-polar films grown at identical growth conditions. The result of the

circular transmission line measurement (C-TLM) is shown in Fig. 4.8. The measured

resistance multiplied by the effective width of the circular structure was plotted against the

distance as indicated by the linear fit line. The resistance of the N-polar domains can be

neglected due to the higher conductivity (one order of magnitude) and less than 10%

contributed to the total length of the current path. The extracted sheet resistance was 504

Ω/sq and the resistivity was 25 mΩcm. These values were in good agreement with Hall

measurements of Si-doped Ga-polar layers with similar carrier concentration. The

discrepancy of these measurements was well within the reproducibility of the growth

conditions. This further indicates that there was no influence of the LPJ on the current

transport across the IDB.
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Figure 4.8. C-TLM measurement of the sheet resistance of the Ga-polar Si-doped layer

with N-polar selectively doped ohmic contact regions. The upper inset shows a

schematic of the double LPJ structure, whereas the lower inset shows the I-V

characteristics of one N-polar/Ga-polar/N-polar double LPJ structure.

From the change of spontaneous polarization across the IDB, one would expect a

polarization bound surface charge difference of 4×1013 cm-2, assuming that the spontaneous

polarizations in the N-polar and Ga-polar regions are identical in magnitude and of opposite

sign.90 This would then lead to a significant potential difference across the IDB that would

influence the carrier transport across the IDB even in the bulk of the LPJ. However, as

suggested by Rodriguez et al.,90 over 99.9 % of the polarization bound surface charge is

screened both in N-polar and Ga-polar GaN. The total surface charge density difference

across the IDB is below 4×1010 cm-2. This number is insignificant with respect to the bulk
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charge concentration but for the lowest doping levels or channel carrier concentrations

(doping levels below 1017 cm-3).

4.5.2 Atomic structure of the domain boundary

TEM experiments revealed that IDB began at the substrate or AlN NL and

propagated throughout the entire thickness of the GaN LPJ. The positions of the Ga and N

sublattices are reversed across the IDB. Electrical measurements across the IDB revealed that

it did not induce electronic levels within the gap that could give rise to an electronic energy

barrier. The next point of interest is the correlation between the atomic and electronic

structure of IDBs. Fig. 4.9 shows a high resolution TEM image of an IDB separating the two

different polar domains in an LPJ structure. The boundary between the Ga- and N-polar GaN

was atomically sharp. Two types of models for an IDB can be considered: type I (Austerman)

IDB model91 indicated that both Ga-Ga and N-N bonds termed as wrong bonds without any

other changes in the structure are at the boundary (Fig. 4.10 (a)), whereas type II (Holt) IDB*

model92 indicated that either Ga-N or N-Ga bond with no wrong bonds at an IDB (Fig. 4.10

(b)). Theoretical calculations revealed that in the former model, the bonding increases the

total energy and thereby reduces the stability of the system, while the bonds in the latter

model contain a four-membered ring of bonds; each atom is four-fold coordinated, making

the equilibrium bond length close to the bulk bond length of GaN.93 Either Ga-N or N-Ga

bonds across the ID interface suggested that no interface states exist within the energy gap.

This model was in a good agreement with the electrical measurements.
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Figure 4.9. Cross-section TEM image showing an IDB separating the two polar

domains.

Figure 4.10. (a) Schematic representation of a simple inversion domain boundary in a

wurtzite structure. The dashed lines denote wrong bonds between like atoms. Atom

positions are projected onto the (1-210) plane. (b) Schematic representation of IDB*.

This structure can be formed by translating one side of an IDB by c/2 along the [0001]

direction. The IDB* structure contains fourfold and eightfold rings of bonds, but there

are no Ga-Ga or N-N bonds.93
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4.6 Summary

A GaN LPJ structure was achieved using the MOCVD process. A proper fabrication

process for the GaN LPJ structure was indispensable to obtain highly resistive Ga-polar

domains. The electrical properties of the polar domains in addition to the IDB were

investigated in detail. There was no significant electronic energy barrier for carrier transport

across the IDB; confirmed by using a n/n LPJ. The results presented in this chapter also

suggested that for device relevant doping levels and device structures, the LPJs can be treated

as a GaN/GaN homojunction with electronic properties that are only determined by the bulk

properties (doping and defect concentrations) and are not influenced by the discontinuity in

the polarization bound surface charge.

Moreover, these studies show the potential for lateral devices in GaN incorporating

LPJs, such as lateral p/n junction, where the current flow is perpendicular to dislocations in

the material and a significantly reduced number of extended defects traverse the junction (the

IDB). The simultaneous Mg doping for both polarities allows lateral p/n junction structures

to be fabricated. Mg-doped N-polar domains are expected to remain n-type since there is a

large background n-carrier concentration, while Mg-doped Ga-polar GaN becomes a p-type

semiconductor.
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5 Si- and Mg- doped GaN

5.1 Overview

Si and Mg are the main dopants for n-type and p-type GaN, respectively. Si

substituting for Ga in the GaN lattice acts as a single donor with activation energy of about

27 meV.94, 95 In contrast to n-type GaN, Mg is the p-type dopant of choice for GaN despite its

very large acceptor ionization energy, around 150 meV.96 No practical shallower p-dopant

other than Mg has been reported until now. The large acceptor ionization energy limits the

number of free holes to less than 1% of the substitutional acceptors in the lattice at room

temperature. Consequently, large amounts of Mg doping is necessary to achieve p-type GaN

with hole concentrations of the order of 1017 cm-3 ~ 1018 cm-3 at room temperature. In spite of

the understanding and progress in n-type and p-type GaN, high compensation in both n- and

p-type GaN have been still a critical issue.97, 98 Due to the wide band gap and highly polar

nature of GaN, some compensation level is always present.99 Native defects, extended

defects, and impurities in GaN can possibly become candidates for compensating centers,

which likely degrade the electronic properties such as reducing mobility and carrier

concentration. The identification of the compensation mechanism is important for the further

improvement of GaN and GaN based devices.

A large degree of compensation from 1016 cm-3 to 1019 cm-3 is still observed in Si-

doped GaN.100 Si-doped GaN with higher concentrations of acceptor-like trap levels

definitely reduces the electron mobility due to an increase in carrier scattering. A few

possible defects have been identified as possible compensating centers in n-type GaN: carbon
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impurities,101, 102 edge dislocations,103, 104 and Ga vacancies.100, 105 However, identifying

how these defects and impurities participated in electron compensation and scattering is still

difficult. The concept of supersaturation during the growth of GaN can help understand the

variability of the concentration of acceptor-type traps with the growth conditions.

In contrast to n-type GaN, the compensation centers in p-type GaN are identified as

hydrogen impurities, which passivate Mg acceptors.106, 107 As-grown Mg-doped GaN

exhibited semi-insulating behavior, so additional processing steps to electrically activate

acceptor dopants were required to obtain p-type conductivity. These processes are either low

energy electron beam irradiation (LEEBI)108 or a N2-ambient thermal anneal above 600°C.109

A more critical issue on p-type GaN has been recognized as the difficulty of obtaining ohmic

contacts due to the absence of appropriate metals with a work function larger than p-type

GaN (~7 eV) and the relatively low hole concentration of Mg-doped GaN at room

temperature. Ni/Au is commonly used as ohmic contact on p-type GaN films.110 However,

the achievement of ohmic contacts strongly depends on thermal anneal conditions such as

temperature and gas ambient, which were slightly differed in reported literature.111, 112 It is

necessary for the fabrication of ohmic contacts to optimize the thermal anneal conditions.

Chapter 5 will consist of two sections concerning Si-doped and Mg-doped GaN

studies. The first section will describe Si-doped GaN with respect to the compensation

mechanism. In this section, sample preparation for this study will be presented first. Evidence

for compensation will be presented, and the main source for compensation will be suggested

following the dependence on the growth Ga supersaturation. Furthermore, the effect of the

compensation on electron scattering will be discussed. The second section will describe Mg-
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doped GaN and the accomplishment of p-type conductivity. The effect of the thermal

anneal conditions on the Ni/Au metal contacts on Mg-doped GaN will be discussed.

Consequently, new devices utilizing the achievement of p-type GaN and the scheme of

polarity control will be suggested.

5.2 Compensation of Si-doped GaN

5.2.1 Sample preparation

GaN films with a total thickness of 2.0 µm were grown on a sapphire substrate. In the

growth direction, the material comprised of 1.3 µm nominally undoped material, while the

remaining 0.7 µm of the total thickness was intentionally doped with Si. The undoped 1.3 µm

thick GaN templates were deposited on an AlN NL in order to have a Ga-polar film with

electrically insulating behavior. GaN templates were grown using a V/III ratio of 100 in N2

diluent gas. Silane (SiH4) diluted in N2 (at a concentration of 10 ppm) was used for the n-type

dopant. V/III ratios during the growth of Si-doped GaN were varied from 100 to 2000 under

either N2 or H2 diluent gas in order to study the effect of the Ga supersaturation on the carrier

compensation mechanism. The V/III ratios were varied by changing the ammonia flow

between 0.3 slm and 6 slm at a constant TEG flow of 134 µmol/min under a constant total

flow rate of 7.5 slm in order to achieve the V/III ratios between 100 and 2000. Samples of

10×10 mm2 size were cut from the wafers and indium metal droplets were deposited in the

four corners following the Van der Pauw geometry. Prior to Van der Pauw/Hall effect

measurements, the indium contacts were annealed at 600°C for 30 min under N2 flow in a
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conventional furnace in order to achieve ohmic contacts. Hall effect measurements on all

Si-doped samples were conducted at room temperature.

5.2.2 Evidence of compensation on Si-doped GaN films

Si-doped 0.7 µm thick GaN layers on 1.3 µm thick nominally undoped GaN

templates were grown by varying the V/III ratio from 100 to 2000 under N2 diluent gas and

SiH4 flow rate from 1 to 5 sccm. The carrier concentration dependence on the diluted SiH4

flow rate for Si-doped GaN layers is shown in Fig. 5.1. Only the Si-doped GaN layer grown

using a V/III ratio of 100 and a SiH4 flow rate of 1 sccm was highly resistive so that Hall

effect measurements could not be made at room temperature. Except for this sample, all

layers exhibited n-type carrier concentrations in the range from 4×1017 cm-3 to 4×1018 cm-3.

Carrier concentrations in the Si-doped GaN layers were a linear function of SiH4 mass flow

rate in all growth conditions described. It is worth noting that although these lines possessed

similar slopes, they did not intercept the origin. This observation suggests that acceptors

compensated the free n-type carriers within the films, and this compensation level was

independent of the amount of Si incorporated and dependent on the growth conditions

(different intercepts for different growth conditions). In addition, the observation that the

lines had similar slopes (within experimental reproducibility) indicate that Si incorporation

was independent of the variation in the growth conditions considered in this study. The

values including the error due to the linear fit for the compensation levels were determined as

6×1017 cm-3, (3±0.4)×1017 cm-3, and (6±5)×1016 cm-3 for V/III ratios of 100, 500, and 2000,

respectively. The highest compensation level was observed for a Si-doped layer grown using
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a V/III ratio of 100. This suggests the reason why this sample showed a high resistance for

the lowest doping level, where all free carriers get trapped at the acceptor-type compensation

level.

Figure 5.1. Dependence of the carrier concentration of Si-doped GaN on SiH4 flow rate.

The carrier concentration increases in linear proportion to the SiH4 flow rate. The

ordinate intercept of this slope suggested the compensation density.

Further evidence for compensation was observed from the mobility dependence on

the carrier concentration (Fig. 5.2). The room temperature electron mobility ranged from 80

cm2/Vs to 260 cm2/Vs. For the lowest compensated sample, grown using a V/III ratio of

2000, the electron mobility increased with the decrease of carrier concentration and the

maximum mobility of 260 cm2 /Vs was obtained. The mobility followed an inverse

relationship with doping concentration (i.e. the lower the doping concentration, the higher the

mobility), what is expected from ionized impurity scattering in this range of doping
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concentration. By contrast, the electron mobility decreased with the decrease of the carrier

concentration in the sample grown with a V/III ratio of 100. This indicated that defect related

scattering, lowering the mobility, must operate in lightly Si-doped GaN. As the carrier

concentration approaches the compensation level a decrease in mobility was observed in

lightly Si-doped GaN. A mobility of 260 cm2/Vs is consistent with reported values for a

carrier concentration of 4×1017 cm-3.113 However, the theoretical electron mobility for

uncompensated GaN was reported to be 1000 cm2/Vs at room temperature.114 The measured

Hall mobilities at room temperature were lower than the mobility for uncompensated

material. After the mobility reaching a maximum at a carrier concentration of 1018 cm-3, the

mobility decreased as the carrier concentration was reduced.74, 115 A significant reduction in

mobility was observed for the highest compensated sample even at the same measured carrier

concentration.
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Figure 5.2. Dependence of electron mobility on the electron concentration for Si-doped

GaN grown by different V/III ratios (100, 500, and 2000) in N2 diluent gas.

5.2.3  Effect of unintentional impurities on compensation

SIMS analysis was performed in order to determine the level of Si and carbon

incorporation on the Ga-polar GaN films. Two samples were prepared for this analysis. Fig.

5.3 (a) shows that the SIMS depth profile of one sample grown with a V/III ratio of 100

contained four Si-doping steps with varying SiH4 flow rates (5sccm, 1sccm, 2 sccm, and 5

sccm). Each Si-doped layer was separated by undoped GaN layers. The SIMS data indicated

the incorporation for the Si-doped steps was 1×1019, 2×1018, 4×1018, and 1×1019 cm-3 (Fig.

5.3 (a)). The Si incorporation into the film is linearly proportional to SiH4 flow rate ranged

from 1 sccm to 5 sccm. Apart from Si incorporation, the dominant unintentional impurity

was carbon, which is a likely candidate for acceptor-type traps in n-type GaN. Carbon

substituting in a N site acts as an acceptor.99 Carbon concentration was constant throughout

the sample independent of the intentional doping concentration. The unintentional carbon
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impurity concentration is 1.7×1018 cm-3. As mentioned in the previous section, GaN

sample grown with a 1 sccm of SiH4 flow rate was found to be highly resistive. This sample

has the almost identical concentration between carbon and Si according to SIMS results. The

carbon concentration exceeding the Si concentration may be responsible for highly resistive

Si-doped film. It has been reported that carbon plays a role in the formation of a deep

acceptor level, which may lead to carrier trapping, recombination, and a possible cause for

the formation of semi-insulating material.116 As a consequence, carbon is a strong candidate

of acceptor-type compensation for n-type GaN.

Fig. 5.3 (b) shows a sample that was prepared for further SIMS investigation of the

dependence of carbon incorporation on the growth condition such as V/III ratio during the

GaN growth. This sample contained three Si-doping steps with varying V/III ratios (100,

500, and 2000). Each Si-doped layer was separated by undoped GaN layers, which were also

grown with a V/III ratio identical to the following Si-doped layers. The SiH4 flow rate was

kept constant at 5 sccm for all Si-doped layers. Note that the carbon concentration increased

with the increase of the V/III ratio whereas Si concentration was the almost constant

(3~4×1018 cm-3) irrespective the V/III ratio. Carbon concentrations were 1×1018 cm-3, 3×1017

cm-3, and 1×1017 cm-3 for 100, 500, and 2000 in V/III ratio. Although it may seem that the

carbon concentration depends on the partial pressure of ammonia, it may also be interpreted

that carbon concentration strongly depends on the supersaturation since the supersaturation

increased with the increase of V/III ratio. As mentioned in chapter 2, the degree of

supersaturation increased by a factor of 10 when the V/III ratio was increased from 100 to
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2000 in the use of N2 diluent gas. To distinguish between the two dependences, an

experiment with the use of H2 diluent gas may be performed.

Figure 5.3. Si and C concentration profile of Si-doped GaN measured by SIMS. (a) GaN

sample for SIMS was grown by a V/III ratio of 100, varying SiH4 flow rate from 1 to 5

sccm. (b) GaN sample was grown by a SiH4 flow rate of 5 sccm, varying V/III ratio

from 100 to 2000.

5.2.4 Effect of edge type threading dislocations on compensation

The prevalent idea is that edge-type threading dislocations (TD) appears to play a role

in carrier compensation in GaN.103, 104 Edge dislocations worked as acceptor-like trap levels,

while screw dislocations did not remarkably influence the compensation level.103

Conventional GaN films were known to have a very large number of TD (~1010 cm2) due to

the lack of native substrates. The edge dislocation density estimated by measuring the

FWHM of asymmetric x-ray reflections [e.g., the (302) reflection], shows a good agreement

between the one determined by TEM.58 Fig. 5.4 shows FWHM (30.2) values of all grown Si-

doped GaN films using N2 as the diluent gas with a total thickness of 2 µm. Although they
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were randomly distributed in the range from 1200 arcsec to 1750 arcsec, the estimated

edge dislocation density between films ranged from 9×109 cm-2 to 2×1010 cm-2, which

corresponded to 1200 arcsec to 1750 arcsec in FWHM (30.2) reflection, respectively.

Figure 5.4 Dependence of the HRXRD FWHM of the (30.2) plane reflection on the Si-

doped GaN films, varying V/III ratio from 100 to 2000 and SiH4 flow rate from 1 to 5

sccm, respectively.

If an acceptor-like trap level is formed at the end of an atomic plane along the edge

dislocation line and work as the main compensator for our samples, the vertical spacing of

possible trap sites is given by the c-lattice constant of hexagonal GaN (5.185Å),117 leading in

the worst case to an equivalent volume defect density of 2×1017 cm-3 to 4×1017 cm-3 for a

dislocation density between 9.0×109 cm-2 to 2.0×1010 cm-2. Estimated acceptor trap densities

based on this estimates of edge dislocations are in the same order of magnitude as the

estimated compensation levels for our samples, except for the sample grown by a V/III ratio
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of 2000, which exhibited 6×1016 cm-3. Due to the same GaN template used for Si-doped

layers, edge dislocation density must not significantly vary between the films, as discussed.

Thus, edge dislocation density alone cannot explain the compensation mechanism for Si-

doped GaN films.

Our observation that edge dislocation density was not the main compensation in n-

type GaN films was also supported by other authors; an electron trap has been detected in n-

type GaN prepared by various growth techniques such as MBE, MOCVD and HVPE.118, 119

Furthermore, for n-type GaN samples prepared by MOCVD with a residual donor

concentration, different Si-doped concentrations and ELOG, an electron trap was detected in

all samples.120 Especially, GaN grown by ELOG was expected to have a lower dislocation

density than a conventional MOCVD grown GaN film. These observations suggested that the

concentration of this compensation level was insensitive to the extended defect concentration

(ELOG or conventional growth), nor the doping impurity content of the sample, nor the

growth technique (MOCVD, MBE or HVPE). Thus, edge dislocation cannot become the

majority compensator in n-type GaN films.

5.2.5 Compensation model for n-type GaN with respect to point defects

Theoretical and experimental works have indicated that Ga vacancies are possible

compensating centers.100, 118 Ga vacancies have been predicted to be triply charged acceptors

in GaN, and can attract up to three positively charged donors.121 Furthermore, for n-type GaN

with a Fermi level near the conduction band, the formation energy of the Ga vacancy

acceptors is the lowest among those of native defects in GaN.118 The formation of Ga
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vacancies strongly depends on the growth conditions, since Ga vacancies are theoretically

likely to form under N-rich conditions, where Ga lattice sites could be left empty. At a

constant growth temperature, the gas stoichiometry during the growth conditions for a

MOCVD process seems to be easily controlled by varying V/III ratio (lower V/III ratio and

more Ga-rich condition). In fact, according to Saarinen et al.,100 the concentrations of Ga

vacancies significantly increased from 1016 cm-3 to 1019 cm-3, confirmed by the use of

positron annihilation spectroscopy, when the V/III ratio increased from 1000 to 10000.

Simultaneously, the carrier concentration at room temperature decreased from 1020 cm-3 to

1016 cm-3 with the increase of V/III ratio in this range. In contrast to Saarinen’s report,100 Xin

et al.122 concluded that N-rich (higher V/III ratio) growth conditions showed no evidence for

a high concentration of Ga vacancies. These contradicting results can be attributed to the

complexity of the thermodynamic variables space of the MOCVD GaN growth. As

previously discussed in chapter 2, the growth conditions strongly depended on the degree of

supersaturation, which measures the deviation from thermodynamic equilibrium. The

concept of supersaturation was necessary to evaluate the consequence of the richness of the

growth, such as Ga-rich or N-rich, which were related to Ga vacancy incorporation.

It is well known that edge dislocations can act as traps for native defects or

impurities; the surrounding strain field may enhance the formation of point defects such as

Ga vacancies.123  Furthermore, Ga vacancies at the dislocation core were predicted to be most

stable in n-type material grown under N-rich conditions. Thus, edge dislocations were

indirectly participating in compensating free electron carriers. The degree of formation of Ga
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vacancies in the dislocation core still depends on the Ga supersaturation during growth

under almost identical dislocation densities.

5.2.6 Supersaturation effect on the compensation concentration

As discussed in previous sections, either Ga vacancy or carbon could be the major

compensator in n-type GaN films. In order to identify the major compensator in Si-doped

GaN films (Ga vacancy or carbon), it is worth examining the supersaturation dependence of

the compensation level in Si-doped GaN, since both the Ga vacancy formation and the

carbon incorporation in Si-doped GaN depend on the supersaturation.

The use of H2 diluent gas in the Si-doped GaN growth is suitable for the study of the

supersaturation, since the Ga supersaturation significantly increased with increasing the V/III

ratio under particular growth conditions, as discussed in chapter 2. Following the same

procedure already described for the N2 diluent gas, Si-doped layers on the same GaN

templates were deposited using H2 diluent gas, varying the V/III ratio from 100 to 2000 and

SiH4 flow rate from 1 to 5 sccm, respectively. The samples grown in a V/III ratio of 100

under H2 diluent, were fully compensated in this SiH4 flow rate range, thus Hall

measurements could not be achieved. Furthermore, Si-doped films grown in a V/III ratio of

500 were highly resistive below a 5 sccm of SiH4 flow rate. Under a H2 diluent gas process,

the V/III ratio strongly affected the compensation level, ranging from 3×1016 cm-3 to 3×1018

cm-3 or 1019 cm-3 for 2000 to 100 in V/III ratio, respectively.

As expected, a wider range in the compensation level was observed for the H2 diluent

gas process than in the N2 diluent gas process between 100 and 2000 in V/III ratio. Fig. 5.5
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shows a sample that was prepared for SIMS investigation of the carbon incorporation

dependence on the V/III ratio for the H2 diluent gas process. This sample contained four Si-

doping steps with varying V/III ratios (100, 500, 1200, and 2000) in H2 diluent gas in the

same manner as N2 diluent gas.  The SiH4 flow rate was kept constant at 5 sccm.

Unintentionally doped GaN template, 1 µm thick, was grown using a V/III ratio of 100 and

N2 as the diluent gas. Si concentration was 3~4×1018 cm-3 which was identical as that for the

N2 diluent gas process at the same SiH4 flow rate. This indicated that Si incorporation was

unaffected by the choice of H2 or N2 diluent gas. On the other hand, carbon incorporation

contrasted to the Si incorporation. It is important to note that the carbon incorporation

drastically increased by two orders of magnitude as the V/III ratio increased from 100 to

2000. Carbon exceeded and approached the amount of Si that was found in the doped GaN

layers grown using V/III ratios of 100 and 500, respectively. The estimated compensation

levels by Hall measurements were in good agreement with the observed carbon

concentrations in these GaN films.
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Figure 5.5. Si and C concentration profile of Si-doped GaN measured by SIMS. GaN

sample for SIMS was grown by various V/III ratios (100, 500, 1200, and 2000) under H2

diluent gas. The SiH4 flow rate was kept constant at 5 sccm. The 1µm-thick

unintentionally doped GaN template was grown by a V/III ratio of 100 under N2 diluent

gas.

Figs. 5.6 show the dependence of the supersaturation (a), the estimated compensation

level (b), and carbon concentration (c) as a function of the V/III under N2 and H2 diluent gas.

Compensation level was assumed to be 4×1018 cm-3 or higher for the films grown by V/III

ratio of 100 in H2 diluent gas (Fig. 5.6 (b)), since Si concentration of 4×1018 cm-3 confirmed

by the SIMS result (Fig. 5.5) was fully compensated. The arrow implied that the actual

acceptor concentration could be higher than 4×1018 cm-3. The compensation level changed

with supersaturation based on Fig. 5.6 (a) and (b). In the H2 diluent gas process,

supersaturation increased by two orders of magnitude (Fig. 5.6 (a)), while the compensation

level decreased by two orders of magnitude (Fig. 5.6(b)). In contrast to the H2 based process,
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the N2 diluent gas process did not have a strong influence on the compensation level,

from 6×1016 cm-3 to 6×1017 cm-3, since the supersaturation in the N2 diluent gas process

increased only 3 times (Fig. 5.6 (a)&(b)). The change in the carbon concentration followed

that of the supersaturation as a function of V/III ratio (Fig.5.6 (c)). Furthermore, the carbon

concentrations were similar to the compensation levels. From this, the main compensator in

Si-doped GaN could be assigned to carbon, but since we could not obtain a functional

dependence of the Ga vacancy (or its complexes) concentration as a function of

supersaturation, it cannot be disregarded as the cause of compensation.



107

Figure 5.6. Dependence of the Ga supersaturation (a), compensation level (b), and

carbon concentration (c) as a function of V/III ratio ranging from 100 to 2000 in the

case of the use of  N2 diluent and H2 diluent gases.

5.2.7 Scattering mechanism of compensated Si-doped GaN

In traditional semiconductors such as Si and GaAs where the only scattering

mechanism is the ionized impurity scattering, the mobility increases as the carrier

concentration is reduced. In contrast to these traditional semiconductors, for n-type GaN, the

mobility as a function of the carrier concentration follows a set of bell-shaped curves.124  In
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addition, moderately doped n-type GaN films have a mobility significantly lower than

predicted by pure ionized impurity scattering. Dislocation scattering may be responsible for

the behavior of the electron mobility, since the amount of dislocations existing in state of the

art GaN films grown on sapphire, ranges from 1×109 cm-2 to 1×1011 cm-2. The influence of

scattering at a charged dislocation line on the total mobility becomes significant at threading

dislocation densities above 1×108cm-2.74

Two samples with different dislocation densities were chosen to investigate the effect

of the dislocation scattering component on the total mobility (Table 5.1). They were grown

under identical growth conditions such as V/III ratio and SiH4 flow rate, so it could be

assumed that they contained the same amount of carbon. Hall effect measurements revealed

that they contained the same carrier concentration. In contrast to the carrier concentration, a

slightly lower mobility was obtained for the sample with a higher edge dislocation density.

Table 5.1. Samples were grown using a V/III ratio of 100 and a SiH4 flow rate of 2 sccm

with different mobilities and dislocation densities at a constant carrier concentration.

The carrier concentration and the electron mobility were determined by a Hall effect

measurement. The dislocation density was estimated from HRXRD FWHM (30.2)

reflection.

Sample V/III SiH4(sccm) n (cm-3) µ (cm2/Vs) (30.2) Ndis (cm-2)

1 (sm363) 100 2 4.6×1017 120 1203 9.0×109

2 (sm366) 100 2 4.6×1017 80 1372 1.5×1010
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The influence of scattering at charged dislocation lines on the total mobility was

investigated by using Mathiessen’s rule,125 given by:

 

€ 

1
µ total

=
1

µ latt

+
1

µdis

+
1

µ ion

(5.1)

where µdis is the mobility component of dislocation scattering, µion is the mobility component

of ionized impurity scattering and µlatt is the mobility component of lattice scattering. µion and

µlatt are assumed to be the same, since measured carrier concentrations were identical.

Therefore, according to eq. (5.1), the ratio of µtotal between two samples can be expressed by:

€ 

µtotal1 −µtotal2
µtotal1µtotal2

=
µdis1 −µdis2
µdis1µdis2

(5.2)

The value of right side of the equation was 0.003 by inserting measured mobilities (µtotal

1=120 cm2/Vs and µtotal 2=80 cm2/Vs). The electron mobility by dislocation scattering

component is given by the expression:126
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(5.3)

where c is the c-lattice constant, f is the occupation rate of the acceptor centers, Ndis is the

density of dislocations, and λd is the Debye length. This length is given by:
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where n is the carrier concentration (4.6×1017 cm-3) obtained by Hall effect measurements.

The only physical constants required in these above formalisms are the effective mass

m*(=0.22 m0), the static dielectric constant ε (=8.9ε0), and the c-lattice constant (=5.185Å).7,

127 Debye length is 5.27nm from eq. (5.4). f ranges from 0 to 1, and at 4.6x1017 cm-3 of

carrier concentration and 1x1010 cm-3 of dislocation density f  is approximated to be 0.7.74
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The mobility components due to scattering at charged dislocation lines were 780 cm2/Vs

and 470 cm2/Vs for sample 1 and sample 2, respectively. Therefore, the calculated total

mobility ratio (right hand side of eq. (5.2)) considering dislocation mobility components was

0.001, which close agreement to the value obtained by Hall measurements. Difference

between measured mobility and calculated may be attributed to the occupation rate of the

acceptor centers, f, since it may vary with the dislocation density.

Table 5.2. Samples grown by N2 and H2 diluent gases with different V/III ratio (100 in

N2 and 2000 in H2). They exhibited a significantly different mobility at the same carrier

concentration.

Sample V/III
SiH4

(sccm)

ND

(cm-3)

NA

(cm-3)

n

(cm-3)

µ

(cm2/Vs)

Ndisl

(cm-2)

3

(sm363)
100 2 1.1×1018 6×1017 4.6×1017 120 9.0×109

4

(sm368)
2000 1 4.9×1017 3×1016 4.6×1017 280 9.0×109

In addition to the dislocation scattering component, the effect of the ionized point

defect scattering (Si, carbon, and Ga vacancy) on the total mobility was investigated by

choosing two different samples with different compensation levels (Table 5.2). For

simplicity, two samples with almost identical edge dislocaions density were required;

furthermore, a significant difference in mobility was desirable. The Conwell-Weisskopf

formula was used for ionized impurity scattering components, given by:126, 128
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where Nion is the density of ionized impurity:
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The density of ionized impurities can be determined from the neutrality condition,

€ 

n + NA = ND , where ND and NA are the donor and acceptor concentration, respectively. n is

the electron concentration in the conduction band. All donors can be assumed to be

completely ionized due to the small ionization energy of about 27 meV for Si donor and are

likely to exhibit a single charge, forming positively charge centers. NA is approximated to the

compensation level obtained in Fig. 5.1. Assuming the acceptor to be singled-charged

carbon, Z=1. The combined mobility including ionized impurity scatterings is now given by

Mathiessen’s rule,

€ 

1
µtotal

=
1

µlatt
+
1

µdis
+

1
µSi-ion

+
1

µC-ion
(5.7)

The mobility component for lattice scattering was referred as µlatt=450 cm2/Vs.74  The

mobility component of the dislocation scattering was calculated from eq. (5.3) where

µdis=780 cm2/Vs at the dislocation density of 9.0×109 cm-2. For sample 3, calculated µSi-ion

and µC-ion were 850 cm2/Vs and 1380 cm2/Vs, respectively. The calculated µSi-ion and µC-ion

were 1740 cm2/Vs and 17700 cm2/Vs for sample 4, respectively. These mobility components

for sample 4 were significantly higher than the lattice and dislocation mobility components,

thus, according to Mathiessen’s rule, ionized impurity scatterings could be neglected. For
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sample 3, on the other hand, the mobility components of ionized impurity scatterings had

an influence on the total mobility, since these are close to the other two mobility components

of lattice and dislocation scattering. Calculated total mobilities were 310 cm2/Vs and 180

cm2/Vs for sample 4 and sample 3, respectively. These values are in good agreement with the

measured ones (280 cm2/Vs and 120 cm2/Vs). Consequently, for n-type GaN with a lower

compensation level, of the order of ~1016 cm-3, only dislocation scattering played an

important role in reducing the carrier mobility, while the decrease in mobility in higher

compensated n-type GaN can be accounted for by ionized impurity scatterings. Mobilities

obtained by Hall measurement and calculated by Mathiessen’s rule along with all mobility

components from each scattering process were summarized in Table 5.3. This estimation also

could hold for Ga vacancies instead of carbon as the major compensator in Si-doped GaN

films.

Table 5.3. Comparison of measured mobility with calculated mobility together with

mobility components due to lattice, dislocation, and ionized impurities for sample 3 and

sample 4.

Sample
µHall

(cm2/Vs)

µtotal

(cm2/Vs)

µlatt

(cm2/Vs)

µdis

(cm2/Vs)

µSi-ion

(cm2/Vs)

µC-ion

(cm2/Vs)

3 120 180 450 780 850 1380

4 280 310 450 780 1740 17700
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5.3 Mg-doped GaN

5.3.1 Sample procedure

The GaN films used in this section were grown by following the previously described

conditions. Mg-doped GaN was achieved by means of bis-cyclopentadienyl magnesium

(Cp2Mg) during growth. The flow rate of Cp2Mg was 0.2 µmol/min with a V/III ratio of 100

under N2 diluent gas. Post-growth thermal annealing was then performed under flowing N2

for 20 min at 900°C in the MOCVD reactor. The incorporation of Mg was verified by SIMS.

The SIMS depth profiles revealed a uniform distribution of Mg throughout the film at a

concentration of 1.5×1019cm-3.

A 100 nm-thick film of Ni followed by a 60 nm-thick film of Au were subsequently

deposited onto each p-type layer by e-beam evaporation. The contact annealing was

performed in flowing N2 and air at 500, 600, and 700°C using a conventional tube furnace.

5.3.2 P-type GaN dependent on contact anneal condition

In general, the as-grown Mg-doped GaN films grown by MOCVD show high

resistivity and p-type conduction cannot be obtained. It is well known that hydrogen

passivation of the Mg acceptor is considered to be the main reason for the hole

compensation. However, a few reports suggested that hydrogen passivation of the Mg

acceptor was due to the H2 ambient during growth.129 They concluded that low-resistivity p-

type GaN films have been obtained by H2 free MOCVD growth without any post-growth

thermal annealing treatments. As-grown Mg-doped GaN films using N2 diluent gas showed

high resistance and p-type conductivity could not be obtained. In contrast to reports,130 and in
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spite of using a solely N2 gas process throughout the GaN growth, as-grown Mg-doped

films did not show any measurable conductivity. Fig. 5.7 shows SIMS analysis performed on

as-grown Mg-doped GaN in order to investigate the hydrogen passivation of the Mg

acceptor. The SIMS sample included two different Mg concentration steps on the

unintentionally doped GaN template with 1 µm thickness. The shallow drop-off observed

with increasing depth is an artifact known to occur during the determination of magnesium

concentrations by SIMS. The hydrogen concentration was constant through the

unintentionally doped GaN template. It is interesting to note that hydrogen concentration

drastically increased during the Mg doping. The hydrogen incorporation trend exactly

followed that of Mg incorporation. As the absence of H2 diluent gas in our growth process,

atomic hydrogen must be produced by the NH3 dissociation. Nakamura et al.109 reported that

hydrogen decomposed from NH3 was also the cause of the Mg passivation, since the already

electrically activated Mg-doped GaN became semi-insulating after annealing it under the

presence of NH3. It was concluded that atomic hydrogen produced by the NH3 dissociation

was the main reason for the hole compensation mechanism as a result from the hydrogen

passivation of the Mg acceptor.
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Figure 5.7. Magnesium and hydrogen concentration profile of Mg-doped GaN

measured by SIMS. GaN sample included two different Mg concentration steps on the 1

µm-thick unintentionally doped GaN template.

After a post-growth thermal anneal under N2 at 900°C, Mg-doped films have a typical

resistivity in the order of a 1 Ω cm. Fig. 5.8 shows annealing temperature dependence of the

current-voltage (I-V) characteristics of Ni/Au contacts on p-type GaN films, with the

measurements made at room temperature. The samples were annealed at temperatures of 500,

600, and 700°C for 20 min under N2 flowing (Fig. 5.8 (a)) and in air (Fig. 5.8 (b)) in a

conventional furnace. The I-V curves showed non-ohmic behavior on the annealed samples at

a temperature of 500°C. In the case of the thermal anneal under flowing N2, non-ohmic

behavior persisted even with elevated anneal temperatures of up to 700°C. In contrast to the

results obtained from the N2 annealing, the I-V curve became linear (ohmic behavior) when

the annealing temperature was increased up to 700°C in air. Hall effect measurements

showed that the films with air annealed contacts at 700°C were p-type with hole
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concentrations of 9×1016 cm-3 and mobility of 10 cm2/Vs, which are seen in most Mg-

doped GaN.
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Figure 5.8. Typical I-V curves of p-type GaN samples with contacts of Ni/Au, annealing

in (a) N2 at 500 °C and 700 °C for 20 min and (b) air at 500 °C and 700 °C for 20 min
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Figure 5.9. I-V characteristics of Au/Ni contacts on p-GaN films with different Mg

incorporations.  The contacts were annealed in air at 700°C for 20 min.
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I-V characteristics were improved after increasing the Mg concentration and

annealing the contact/GaN assembly at 700°C for 20 minutes in air (Fig. 5.9). However

increasing the Mg concentration above ~1×1020 cm-3 resulted in a severely degraded GaN

surface131 and polarity inversion.132

5.4 Summary

The degree of compensation in Si-doped GaN strongly depended on that of

supersaturation. Higher supersaturations significantly decreased the compensation level.

Carbon was found to be a strong candidate for compensating Si-doped GaN, since carbon

incorporation followed the compensation level and supersaturation trends as a function of

V/III ratio and diluent gas process. However, Ga vacancies cannot be disregarded as the

cause of compensation, since we could not obtain a functional dependence of the Ga vacancy

(or its complexes) concentration as a function of supersaturation. Furthermore, threading

dislocations may also work as acceptor traps, however, this has to be combined with Ga

vacancies. The electron mobility of Si-doped GaN films was strongly influenced by edge

dislocations especially for material with low compensation level of down to 1016 cm-3. This is

the reason why all reported GaN mobilities never reached the theoretically estimated

mobility. Once the compensation level reaches the same order as the donor density, the

reduction of electron mobility strongly depended on the ionized impurity scatterings. In order

for conventional GaN to achieve the highest possible mobility, the compensation level is

reduced by controlling the degree of superssaturation.
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Hydrogen passivation of the Mg acceptor was independent of the gas ambient

during growth, but on active hydrogen that is dissociated from ammonia. Achievement of p-

type GaN required a few steps such as post-thermal N2 annealing and proper contact

annealing. Au/Ni contacts on p-type GaN must be annealed in air at 700°C in order to obtain

ohmic contacts. Achievement of Mg-doped GaN with p-type conductivity would be applied

to lateral p/n junction devices utilizing the polarity control scheme as previously mentioned.
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6 Fabrication of GaN lateral polarity p/n junction

6.1  Overview

The polarity of GaN strongly influences the quality of thin films as well as the

performance of GaN-based devices. Differences in the incorporation of intentional and

unintentional impurities and other point defects have been observed between the two polar

orientations. In addition, for a given polarity, defect incorporation is sensitive to the process

supersaturation. In this study, as-grown Ga-polar films were insulating (Rs >1 MΩ/sq.),

while N-polar films exhibited n-type conductivity with carrier concentrations in the 1×1019

cm-3 range. The concentration of oxygen impurities, which are known to act as shallow

donors, was higher in the N-polar films than in the Ga-polar films.133 As a consequence, the

high carrier concentration observed in the N-polar films was attributed to the higher oxygen

incorporation.

This polarity-dependent doping selectivity can be applied to the fabrication of a

lateral p/n junction in GaN by the simultaneous growth of the p- and n-type regions

coinciding with the Ga- and N-polar domains, respectively. In the lateral p/n junction

configuration, the expected depletion region (estimated width of ~0.1-0.2 µm) occurring at or

around the IDB, is perpendicular to the growth direction, in contrast to the traditional vertical

configuration in which the depletion region opens parallel to the growth direction. It is

important to note that the IDB should play a role in carrier recombination since IDBs have

been recognized as optically active traps that can function as bright emission centers.134
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The following chapter describes the fabrication process for attainment of a lateral

p/n junction in GaN and characterization of each polar domain as well as the formed p/n

junction. Based on these results, recommendation for further improvement is given.

6.2 Fabrication of the lateral p/n junction structure

The lateral p/n junction structure was grown on a GaN LPJ template. The fabrication

procedure of the GaN LPJ was described in detail in chapter 4. A patterned AlN/bare

sapphire template was necessary for the growth of the GaN LPJ. A simple patterning process,

which did not make use of lithography, was used to demonstrate the concept of a lateral p/n

junction based on polar selectivity.

The overall fabrication procedure is shown in Fig. 6.1. The first step was initiated by

the deposition of a LT-AlN layer grown for 5.5 min at a temperature of 620°C on a nitrided

sapphire substrate (Fig. 6.1 (a)). Prior to the LT-AlN deposition, the sapphire substrate was

annealed under flowing H2 for 7 min at 1100°C, and then nitrided for 4 min at 950°C.

Following the LT-AlN deposition, the film was annealed in NH3 for 15 min at 1040°C and an

NH3 partial pressure of 2 Torr (diluted in N2) at a total molar flow of 2.2 slm. After the

annealing step, the AlN film was quenched to room temperature for the next processing step,

which consisted of an ex-situ etching process. The AlN/bare sapphire patterned template was

fabricated by dipping half the AlN film into an aqueous solution of 5M KOH at 60°C for 1

min, resulting in complete removal of the LT-AlN from half of the surface of the sapphire

substrate (Fig. 6.1 (b)). The fabricated template was rinsed in de-ionized H2O and dried with

N2 before reintroducing it into the MOCVD reactor.
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Figure 6.1. Schematic illustration of the processing steps for simultaneous growth of p-

and n-type GaN on a sapphire substrate: (a) LT-AlN deposition, (b) etching of half the

LT-AlN layer by 5M KOH at 60°C for 1 min, and (c) lateral p/n structure deposition.

The temperature was then ramped up immediately to 1040°C in flowing H2. A second

NH3 annealing step for 11 min under an NH3 partial pressure of 10 Torr was performed prior

to the GaN film growth. As previously discussed in chapter 4, GaN films grown without

performing these last two steps had properties of mixed-polar films. Following the NH3

annealing, an unintentionally doped GaN film, 1.5 µm thick, was grown on the patterned

sapphire template with a V/III ratio of 100. The N-polar GaN domain grew on the region in

which the LT-AlN layer was completely removed, while the Ga-polar domain grew on the

region with the remaining LT-AlN film. Following deposition of the unintentionally doped

GaN, Mg-doped GaN film with a thickness of 0.7 µm was grown on top of the LPJ template

at a temperature of 1050°C, with a TEG flow rate of 67 µmol/min, and a corresponding V/III

ratio of 200 at a total molar flow of 7.5 slm (Fig. 6.1 (c)). The Cp2Mg molar flow rate was
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0.2 µmol/min during the Mg:GaN film growth. Post-growth thermal annealing was

performed under flowing N2 for 20 min at 900°C in the MOCVD reactor.

A sample was cut from the center of the wafer, such that it was divided by the IDB, for

electrical characterization purposes. An indium ohmic contact on the n-type domain was

achieved by annealing at 600°C under N2 flow in a conventional furnace. The Ni/Au (100

nm/60 nm) p-type contact was subsequently deposited by e-beam evaporation and was

annealed in air at 700°C in order to achieve the ohmic behavior.

6.3 Characteristics of Mg-doped Ga- and N-polar GaN deposited simultaneously

Each polar domain was first characterized individually. Structural characterization

was performed by HRXRD. Rocking curves were measured from each type of domain away

from the IDB. The FWHM of the (00.2) symmetric reflection and the (30.2) skew-symmetric

reflection from the N-polar domains were 774 arcsec and 1395 arcsec, respectively, while

those from the Ga-polar domains were 293 arcsec and 996 arcsec, respectively. The observed

difference in the FWHM of the ω-rocking curves between the two domains was attributed to

the absence of the LT-AlN NL in the N-polar domains, resulting in a slight increase in the

mosaicity.

Fig. 6.2 shows the SIMS depth profiles from the N- and Ga-polar domains for the

first 1.6 µm of the total structure. Oxygen and magnesium impurity concentrations in the N-

polar domain were 6×1019 cm-3 and 1.7×1019 cm-3, respectively, while for the Ga-polar

domain the impurity concentrations were 1.7×1017 cm-3 and 1.5×1019 cm-3, respectively.

Magnesium was only observed within the top 0.7 µm of the structure for both domains. The
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shallow drop-off observed with increasing depth is an artifact known to occur during the

determination of magnesium concentrations by SIMS. The oxygen concentration (6×1019 cm-

3 for N-polar and 1.7×1017 cm-3 for Ga-polar domains) was constant through the whole

thickness of the structure for both domains, irrespective of Mg doping. The concentrations of

carbon and silicon were less than 3×1017 cm-3 and 1×1017 cm-3 for N- and Ga-polar domains,

respectively. As expected, a large difference in unintentionally incorporated oxygen

impurities was observed between both domains. Zywietz et al. 40 theoretically calculated that

the adsorption energy for oxygen under low surface coverage was approximately 1.3

eV/atom lower on a N-polar surface than on a Ga-polar surface, assuming the corresponding

expected reconstructions during growth. For our growth conditions, nearly 400 times more

oxygen was incorporated in the N-polar than in the Ga-polar domain. In contrast to oxygen

impurity incorporation, the doping behavior of Mg was identical for both polar domains.

Figure 6.2. SIMS depth profiles of Mg and O impurities from (a) a N-polar domain and

(b) a Ga-polar domain.
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As may be expected, the large difference in unintentionally incorporated oxygen

impurities, on the one hand, and the similar concentration of intentionally doped magnesium

impurities, on the other hand, affected the electrical characteristics of both polar domains. It

has been demonstrated that unintentionally doped Ga-polar and N-polar domains are

insulating (RS>1 MΩ/sq.) and n-type with varying carrier concentrations above 1×1019cm-3,

respectively. The different polar regions of the lateral p/n junction were characterized by Hall

measurements. Hall measurement revealed that Mg-doped, Ga-polar GaN exhibited p-type

conductivity with a hole concentration of 1.1×1017 cm-3 and a mobility of 12 cm2/Vs, while

Mg-doped, N-polar GaN exhibited n-type conductivity with an electron carrier concentration

of 1.7×1019 cm-3 and mobility of 99 cm2/Vs. As expected for the doping levels employed, N-

polar GaN remained n-type due to the large amount of oxygen impurities, up to ~6×1019 cm-

3. Thus, the differing concentrations of unintentional and intentional dopants within each

domain resulted in the n-type conductivity observed in the N-polar domains, and the p-type

conductivity observed in the Ga-polar domains. The initial 1.5 µm thick unintentionally

doped Ga-polar layer was electrically insulating, so that only the 0.7 µm thick intentionally

Mg-doped, Ga-polar GaN layer was responsible for the p-type conductivity. In contrast to the

Ga-polar domain, the N-polar domain was expected to be n-type through the whole thickness

of the film. Results of HRXRD, Hall, and SIMS measurements on both polar domains are

summarized in Table 6.1.
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Table 6.1. Summary of HRXRD, Hall, and SIMS characterization results on Ga-

polar and N-polar domains of a lateral p/n junction structure deposited by

simultaneous growth on a single sapphire substrate.

HRXRD FWHM Hall SIMS

Polar type (002)

(arcsec)

(302)

(arcsec)

p(+) or n(-)

(cm-3)

µ

(cm2/Vs)

[Mg]

(cm-3)

[O]

(cm-3)

Ga 293 996 +1.1×1017 12 1.5×1019 1.7×1017

N 774 1395 -1.7×1019 99 1.7×1019 6.0×1019

6.4 The lateral polarity p/n diode

The achievement of n-type and p-type conductivities in the N-polar and the Ga-polar

domains by the polar doping selectivity enabled us to make a lateral p/n diode in GaN. The

characterization of the optical and electrical properties of this diode was performed under a

direct current (d.c.) bias condition at room temperature. Fig. 6.3 shows a picture of the device

under bias. The region to the right of the boundary is the p-type, Ga-polar domain, while the

region left of the boundary is the n-type, N-polar domain. Indium and Ni/Au ohmic contacts

were made on n-type, N-polar and p-type, Ga-polar domains, respectively. The diameter of

round contacts was 2.5 mm and the distance between the two contacts was 1 cm.

Electroluminescence (EL) visible to the eye occurred under the forward bias (p-type region

biased positively and n-type region grounded) above 60 mA (Fig. 6.3). The brightest feature

on the sample was the IDB itself. This was evidence that the IDB likely played a role in the
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recombination processes. IDBs have been recognized as optically active traps that

function as bright emission centers.134

Figure 6.3. Image of the lateral p/n diode. The region to the right of the boundary is the

p-type, Ga-polar domain, while the region left of the boundary is the n-type, N-polar

domain. Bluish EL was observed from the IDB under forward bias above 60 mA.

The current-voltage (I-V) characteristics of the lateral p/n diode are shown in Fig. 6.4.

Two samples cut from the wafer were characterized. The forward and reverse voltages varied

from 0 to 10 V. The measured current rectification ratio was 1.5 at 5V, with a large series

resistance (sheet resistance of the p-type domain is 68 kΩ/sq.) and a significant reverse

current level. The observed large series resistance was attributed to the large separation

between the p-type contact and the IDB. The large reverse current indicated the existence of

a leakage current path. Identifying the origin of the leakage current path in this structure is a

topic that is still under investigation.
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Figure 6.4. I-V plots of two lateral p/n diodes. Samples 1 and 2 were cut from the same

wafer.

In order to investigate the interface of this lateral p/n junction structure (i.e. the IDB),

photocurrent measurement at room temperature was employed. The light of a Xe lamp was

monochromated and used to illuminate only the vicinity of the IDB. Fig. 6.5 shows the

photocurrent plot collected at the ohmic electrodes of the lateral p/n sample under zero bias

condition. The photocurrent was measured as a function of wavelength ranging from 200 nm

to 700 nm. No apparent photocurrent was observed above a wavelength of 450 nm. The only

significant peaks appeared in the wavelength range from 360 nm to 400 nm, which

corresponded to the wavelength region of the GaN band gap. Three main peaks were

resolved: 382 nm (3.25 eV), 366 nm (3.39 eV), and 360 (3.44 eV). The highest energy peak

(3.44 eV) was attributed to the free or donor-bound exciton transitions (distinction was not

possible due to the low resolution in this measurement), while the lowest energy peak (3.25

eV) was related to the Mg acceptor state (200 meV from the GaN energy gap at room

temperature of 3.45 eV).89, 135 The peak at 366 nm (3.39 eV) has been suggested to
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correspond to transitions belonging to the excitons bound to inversion domain

boundaries.136 It is important to note, that no photovoltaic effect or current rectification was

measured for the n/n LPJ.
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Figure 6.5. Spectral response of the photocurrent under no applied bias for

monochromatic light incident on the boundary from a Xe lamp (the response is not

corrected for the spectrum of the Xe lamp) at room temperature.

The fabricated structure just described was not intended to be an optimized device, but

rather a construction to demonstrate the feasibility of a lateral p/n junction based on polar

doping selectivity. These results are the first realization of a GaN lateral p/n diode and LED.

Further improvement of this device can be achieved by improving the geometry and the

fabrication processes.
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6.5 Suggested lateral p/n junction processing

The possibility of a lateral p/n diode fabricated by utilizing the doping selectivity of

two types of polar domains was demonstrated in the previous section. The described

fabrication process was not optimized and thus a large series resistance was observed due to

a large distance between the contacts. It is necessary to develop a proper fabrication

procedure for the improvement of this device’s performance and the realization of a practical

application. In addition to the GaN LPJ fabrication procedure, achievement of ohmic contacts

to both polar domains is crucial; p- and n-contacts require different metals and annealing

conditions. In this section, a scheme for the fabrication of lateral p/n diodes is suggested for

further improvement of performance in future research work.

The proposed lateral p/n diode configuration is a N-polar/Ga-polar structure with

circular geometry similar to that used in the n/n LPJ described in chapter 4 (Fig. 6.6). The p-

type ohmic contact is in the center of the Ga-polar domain, while the ohmic contact on the N-

polar domain almost covers the whole domain. Ohmic contacts of Ti/Al/Ni/Au and Ni/Au are

used for the n-type, N-polar and p-type, Ga-polar domains, respectively.
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Figure  6.6. Configuration of the proposed lateral p/n diode structure fabricated using

the suggested process: (a) in-plane micrograph and (b) cross-sectional schematic image.

Fig. 6.7 shows a schematic of the suggested process flow for the fabrication of lateral

p/n diodes. In the first step, a LT-AlN layer is grown on a nitrided sapphire substrate (Fig.

6.7 (1)). A thin Ti mask layer (~30 nm) is then deposited on the AlN layer, and photoresist is

spun on the sample and patterned using optical lithography. Unmasked regions are etched

using a 0.1% HF solution in order to expose the AlN layer. After removal of the photoresist

mask with acetone, the unmasked AlN regions are etched down to the sapphire substrate

using a hot (50°C) 6M KOH solution for 1 min. The remaining Ti mask is then removed

using 1% HF. These lithography and etching procedures on the AlN layer result in a sample

with an AlN/bare sapphire circular geometry (Fig. 6.7 (2)). The sample is finally cleaned

using a de-ionized H2O rinse and dried with nitrogen before re-introduction into the MOCVD

chamber.

A sequence consisting of a 1.5 µm thick unintentionally doped GaN layer and 0.7 µm

thick intentionally Mg doped GaN layer is grown on the patterned sapphire template. Upon
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completion of the growth, the sample now has regions of Ga- and N-polar GaN with p-

type and n-type electrical characteristics, respectively (Fig. 6.7 (3)).

The slight difference in roughness of the polar domains allows for optical alignment

in order to pattern the metallic contacts. The ohmic contacts have to be formed on both N-

and Ga-polar domains by a sequence of e-beam evaporation, lithography, and lift-off

processes. Ti/Al/Ni/Au metallic layers with thicknesses of 15 nm/200 nm/150 nm/150 nm on

the n-type, N-polar domain, and Ni/Au 100 nm/60 nm thick on the p-type, Ga-polar domain

are used as ohmic contacts. N-type contact rapid thermal annealing is carried out in N2

atmosphere at 800°C for 35 sec, while the p-type contact is annealed in air at 700°C for 20

min in a conventional furnace. The n-type ohmic contact is first deposited on the N-polar

domain (Fig.6.7 (4)). Following this, the contact is annealed in rapid thermal annealing

process. Next, the p-type ohmic contact is deposited on the Ga-polar domain (Fig.6.7 (5)) and

annealed in air.

This suggested fabrication process for a lateral p/n diode is expected to drastically

reduce the device’s series resistance. Based on the distance between the p-type ohmic contact

and the IDB, the expected series resistance is 7.5 kΩ, which is one order of magnitude lower

than the sheet resistance experimentally observed in the lateral p/n diode described

previously.
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Figure 6.7. A schematic of the process flow for fabricating a lateral p/n diode: (1) LT-

AlN growth, (2) AlN layer patterning, (3) GaN growth, (4) n-type ohmic contact

formation on N-polar domains, and (5) p-type ohmic contact formation on Ga-polar

domains.

6.6 Summary

The fabrication of a lateral p/n junction in GaN by the simultaneous growth of the p-

and n-type regions was demonstrated by utilizing the doping selectivity of the two different

polar domains. The identification of the basic characteristics of a p/n junction, current

rectification and EL, confirmed that the fabricated structure was a functional p/n diode.

Further improvement of this device is expected by utilizing proper fabrication procedures in

order to reduce the series resistance. Another challenge to be overcome is the large leakage
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current observed in the reverse bias. The cause of this large leakage current has not been

identified so far and requires further studies.
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7 Conclusions and possible future work

The polarity control scheme of GaN films grown by MOCVD was established by the

use of N2 as a diluent gas. Following an established polarity control scheme, a fabrication

process for lateral polarity junctions (LPJs) was developed; furthermore, doping selectivity of

two polar domains in a LPJ was observed. This allowed us to fabricate a lateral p/n junction

in GaN by the simultaneous growth of the p- and n-type regions.

By the use of Ga-polar GaN films, the role of the diluent gas on the GaN growth was

evaluated using the concept of Ga supersaturation. Terrace width, unintentional carbon

incorporation, and the n-type carrier compensation level in GaN films strongly depended on

the Ga supersaturation.

Even more interesting results are expected in the basis of the present results relating

to the GaN polarity control and Ga supersaturation studies. Thus, future work is suggested on

each topic, as follows;

• Polarity control

 Understanding AlN NL surface roughening mechanism during annealing.

 Exploring N-polar GaN films (smooth N-polar has been obtained).

• Lateral polar junction

 Developing proper lateral p/n junction device fabrication procedure.

 Identifying the cause of the current leakage path.

 Exploring other LPJ-based devices.
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• Growth supersaturation issues

 Identifying the origin of the acceptor-like trap levels.
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